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ABSTRACT 

Efficient molecular design and synthesis of novel fluorescent organic small 

molecules have attracted significant attention among the researchers for their 

promising solid-state lighting applications. Precise bandgap engineering of an organic 

molecule achieved by various chemical routes have shown significant progress in the 

past few decades by generation of different color emission, sweeping over the entire 

visible spectrum. Ease of functionalization, a good stability under wider range of 

operating conditions and a low-cost synthetic route have always motivated researchers 

in developing novel molecules for optoelectronic applications.  

The present work is aimed at design and synthesis of few organic small 

molecules to uncover some of its interesting photophysical phenomena. 

Solvatochromic behavior of all the molecules of the series were studied under 

solvents of varying dielectric constants. Precise bandgap tuning achieved by variation 

of ancillary substituents on the core system was successful in generation of vivid 

emission colors. Solid-state emission of few of the molecules of the series exhibited 

an emission intensity higher in comparison with their solution state supporting 

aggregation induced emission (AIE) phenomena. Single crystal X-ray analysis on few 

of the molecules resulted in system adopting a larger intermolecular π-π stacking that 

would in turn block all the non-radiative channels leading to enhanced emission upon 

aggregation. Design strategies of few of the synthesized molecules resulting in an 

optimal HOMO and LUMO energy levels were successfully realized for OLED 

device applications. Density functional calculations on series were carried out to 

understand the nature of geometry at its ground state along with their electronic 

orbital information. Estimated electronic transitions for few of the series correlate 

well with the experimental absorption and emission energy transitions. Theoretical 

calculations uncovering excited state proton transfer dynamics resulting in estimation 

of excited state proton transfer barrier, questionable step-wise or hypothetical 

simultaneous double proton transfer for few of the molecular series were well 

discussed. 

Keywords: Aggregation induced emission, Density functional theory, Excited state 
intramolecular proton transfer, Fluorescence, OLED, Potential energy surface, 
Tautomerism  
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1.1 ORGANIC ELECTRONICS 

Organic electronics has attracted greater attention amongst academic and industrial 

research owing to its wide infra of applications in the field of organic light emitting diodes 

(OLED), organic field effect transistors (OFETs) and organic photovoltaics (OPVCs) 

(Müllen and Scherf 2006). Organic electronics is a branch of material science that deals in 

design and synthesis of novel organic molecules aiming towards various optoelectronics 

device applications (Brütting 2006). Organic molecules serving as an active component in 

organic devices possess a good amount of conjugation in their structure (Brütting and 

Adachi 2012). Organic systems are mainly composed of carbon and hydrogen, and often 

contains various other elements like oxygen, nitrogen and sulphur. These may also contain 

various metal atoms like aluminium, zinc, platinum or iridium that are generally termed as 

organo-metallic complexes (Brütting 2006). This is in contrast with conventional 

electronics that basically rely on two most prominent materials such as silicon and 

germanium for various inorganic device applications. Organic semiconductors are 

classified into two different classes, a class of small organic molecules and a class of 

organic polymers, i.e. long chain molecules composed of repeating structural units. Though 

the classes of both materials are purely organic, however, their basic difference lies in the 

techniques and methodology adopted for device processing. Organic polymers are 

generally solution processed and hence can be deposited onto the substrates either by spin-

coating or by printing. On the other, organic small molecules are generally deposited by 

sublimation process, wherein, organic molecules tend to crystallize into ordered arrays 

forming thin films. Some of the well-explored organic molecules used in device 

applications are illustrated in the Fig. 1.1. Organic molecules interact with one another 

through Van der Waals forces that are comparatively much weaker than forces arise out of 

covalent bonds (Tang and VanSlyke 1998). Van der Waals forces acting on these materials 

adopt a good amount of structural flexibility and possess a relatively low melting 

temperature. Organic semiconductors are often amorphous in nature and hence their device 

functioning doesn’t rely upon crystalline nature of the system (Forrest et al. 1997). Whereas 

the devices constructed using inorganic semiconductors demands a high amount of 

structural crystallinity and a strong covalent bond between the lattice atoms. Amorphous 

nature of organic molecules exhibits a tremendous amount of structural flexibility, that 

rules out epitaxial growth at the organic-organic or organic-metal interface and thus can be 
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easily mounted on flexible substrates. Conversely, inorganic semiconductors demand a 

good lattice matching between the substrate and the film being deposited on it. Lattice 

mismatching in inorganic semiconductors lead to defects that are highly detrimental 

resulting in shallow and deep traps. Ease of molecular synthesis and chemical versatility 

benefits tuning of optical and electronic properties in organic system owing towards a 

specific application (Brütting 2006). Further, for OLED devices, emission colour tuning in 

active organic materials is easily achieved by mere chemical synthesis (Montes et al. 2004). 

Organic device processing techniques is by far much simpler and cost-effective method in 

comparison with that required for processing inorganic devices. Structural flexibility 

facilitates organic molecules to be processed using various printing technologies such as 

ink-jet printing, stamping and roll-to-roll printing for large area devices, have been proven 

successful in device fabrication (Zhang et al. 2013).  

Fig. 1.1 Molecular structure of few organic semiconductors 

Organic light emitting diodes have revolutionized lighting and display technology 

since the advent of organic luminescent materials. Tang and Van Slyke at Eastman Kodak 

reported their first organic light emitting diodes in 1987 (Tang and VanSlyke 1987). Soon 

after their first report, Eastman Kodak and Sanyo Electric launched Kodak’s LS633 digital 

camera with active-matrix-driven OLED (AMOLED). OLED based displays were 

developed since then for mobile cellular phones, GPS devices, and portable multimedia 

players. OLED displays offer improved image quality with better contrast, higher-
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brightness, a wider range of colours, and faster refreshing rates. Simpler in design, offering 

ultrathin flexible displays with low power consumption and wide range of operating 

temperature have made OLED displays advantageous over conventional light sources. 

1.2 CONDUCTION MECHANISM  

Atomic orbitals in organic molecules fuse to form new hybridized orbitals 

possessing a mixed behaviour of s-shell and p-shell, and accordingly sp, sp2 and sp3 

hybridization are the three major classifications. Organic molecules possessing sp2 

hybridization overall controls the activity of charge conduction and charge transport in 

organic systems. The sp2 constitutes hybridization of a single 2s orbital with three 2p 

orbital, wherein, the three 2p orbitals formed in a plane possess a 120º angular separation 

between them as shown in Fig. 1.2. The remaining un-hybridized 2p orbital orient 

orthogonal to the plane containing three 2p orbitals. Hybridized carbon atoms when bonded 

to each other forms a head-on bond also called as σ bond developed over the two 2p orbitals. 

The remaining two perpendicular p orbitals interact to form a more diffusely overlapping 

bond, termed as π bond that further delocalizes electronic density in the system. In general, 

the σ bond is much stronger than a π bond as the head-on overlapping is more direct and 

effective. This combination of a stronger σ and weaker π bond describes the ubiquitous 

carbon-carbon double bond. Hence, the nature of electronic transition pertaining to π-π∗ 

orbital requires a minimal energy in comparison with that of electronic transition involved 

in σ-σ∗ orbital. Bonding π orbitals are formed by constructive interference of their 

individual wave function, whereas, anitbonding π∗ is formed by destructive interference. 

The molecules upon condensation undergo an overlap of their delocalized π-electronic 

system forming a channel to guide charges through it. The term highest occupied molecular 

orbital (HOMO) represents highest filled orbital formed by overlapping of bonding π-

orbitals (π) and lowest unoccupied molecular orbital (LUMO) is an empty orbital formed 

by overlapping of anti-bonding π-orbitals (π*) (Li and Kwok 2012). Owing to partially 

filled pz orbital, there exist a significant energy gap between the HOMO and LUMO energy 

levels, generally referred as energy band gap. Hence, the band gap energy Eg, is the 

minimum energy required to excite an electron from HOMO to LUMO orbital, or in other 

words, it is the difference between HOMO and LUMO energy levels. Organic 

semiconductors typically possess a band gap value ranging between 1 – 3 eV (Brütting 

2006).   
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Organic molecules, whose photophysical properties can be tuned at ease by means 

of chemical synthesis have attracted greater interest amongst the researchers. Results 

prove that organic molecules possessing carbon backbone as a main constituent 

exhibits semiconducting properties that are exciting for various device applications (Li 

and Kwok 2012). Semiconducting properties in organics is highly predominant for 

system possessing alternate single and double bond along the carbon backbone. 

Alternate single and double bond in organic molecules governs some of the most prominent 

parameters like conductivity, chemical nature and optical properties of the system 

(Karimov et al. 2008).  Charge transport and conduction in an organic system is through 

the π bonded orbitals that exhibits a large amount of delocalization along the conjugation 

length. Charge transfer occurring between the donor and acceptor species in a molecule is 

known as intramolecular charge transfer, while charge transfer between two adjacent 

molecules is termed as intermolecular charge transfer. Condensation of organic molecules 

leads to stacking of molecular system that readily alters the charge transfer behaviour in 

the system. Presence of strong intermolecular overlapping between π orbital of interacting 

molecules leads to weaker charge transport in organics (Datt 1969).  

Mechanism of charge conduction in organic semiconducting materials is far 

different than the conventional valence band theory applicable for inorganic semiconductor 

materials. Conduction mechanism in organics primarily describes the movement of mobile 

charge carriers inside the solids under the influence of external electric field. In accordance 

with inorganic band theory, charge carriers are permitted to transport only in allowed 

orbitals. In organic systems charge carriers are generated within the delocalized π orbitals 

due to overlap of individual atomic orbitals. Irregularity in molecular structures greatly 

affects the charge carrier mobility in organic systems (Li and Kwok 2012). Energy 

distribution in organics hold a Gaussian distribution pattern and are referred to as density 

of states (DOS). Owing to the presence of high charge trap density and defects due to 

irregularity, band theory fails to support charge transport in organic system. Instead, 

organic system support charge hopping mechanism, wherein, charges hop from one energy 

state to another energy state within an orbital. Hole charge carriers are guided along HOMO 

orbital while the electron charge carriers are transported along LUMO orbital as shown in 

the Fig. 1.3.  
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Fig. 1.2 Schematic representation of orbital overlap and energy level diagram 

 

 

Fig. 1.3 Illustration of charge hopping in HOMO and LUMO energy states 
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1.3 EXCITONS 

Photoexcitation in organic semiconductor induces an electron to get excited from 

HOMO to LUMO energy level and in turn leaves a localized hole in the HOMO energy 

level. Thus the localized hole and the excited electron pair forms a bound energy state and 

this bound pair is called an exciton. The minimum energy required to separate the bound 

electron-hole pair into discrete charges is defined as exciton binding energy. Exciton 

binding energy is the energy that corresponds to the sum of energy gap between the 

HOMO-LUMO and the exciton energy (Bulović et al. 2001). On the basis of distance 

between the bound electron-hole pair, excitons can be classified into Frenkel type or 

Wannier-mott type. Frenkel type excitons are the one whose bound electron-hole pair 

possesses the shortest intramolecular distance as shown in Fig. 1.4. Frenkel excitons 

possesses a relatively stronger binding energy as they are highly localized on a single 

molecule. Charge transfer excitons, that is quite similar to that of Frenkel type excitons is 

also observed at some cases in organic systems. Supposing, if the exciton binding distance 

is enhanced by two or more lattice constants, then that would result in electron residing on 

donor species, while the hole residing on the acceptor species of a molecule as illustrated 

in Fig. 1.5. Such a formation is achieved with an increased delocalization of charges in the 

system, and are generally termed as charge transfer exciton (CT). Binding energy of charge 

transfer exciton and Frenkel type excitons typically fall in the range between ~ 0.1 – 1 eV 

(Alvarado et al. 1998; Barth and Bässler 1997; Hill et al. 2000; Knupfer et al. 1998). Frenkel 

and charge transfer excitons are generally found in organic small molecules owing to weak 

Van der waals intermolecular force that are localized on a molecule (Bulović et al. 2001). 

Wannier-Mott type of excitons are generally perceived in inorganic semiconductors, that 

are highly delocalized possessing a fairly large electron-hole binding distance as shown in 

Fig. 1.6. The typical binding energy of Wannier-Mott type of exciton falls in orders of few 

millielectron volt and hence the dielectric constant of the material are high enough to easily 

separate the bound charges (Ashcroft and Mermin 1976).  



 

 

7 

 

 

Fig. 1.4 Frenkel type of excitons wherein distance r < a 

 

Fig. 1.5 Charge transfer type of excitons wherein distance r = a 

 

Fig. 1.6 Wannier-Mott type of excitons wherein distance r > a 
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Generated excitons at the active layer undergo recombination transferring energy 

in the form of vibrational relaxation or radiative relaxation. If the energy transfer between 

molecules whose intermolecular distance falls above 10 nm, i.e., d > 10 nm, then such 

energy transfer would be radiative in nature. One of the main reason would be that the 

energy transfer between the molecules emerge without direct interaction between the 

molecules (Gaspar and Polikarpov 2015). Columbic forces acting on the bound exciton 

pair, assists in recombination, resulting in an exciton energy transfer in the form of 

generated photon. The photons that are generated by exciton recombination at donor 

molecules may be reabsorbed by the acceptor molecules. Reabsorption by the system may 

occur provided, if the emitted photonic energy of donor molecules overlaps with the 

absorption energy of acceptor molecules. This photon reabsorption process maybe 

unending if there exists a strong overlap between the absorption and emission spectrum of 

the system (Pope and Swenberg 1999).     

Energy transfer can also be non-radiative in nature and are realized within short 

range of distances, where d < 10 nm, between the donor and acceptor molecules (Gaspar 

and Polikarpov 2015). Accordingly, there are two kinds of non-radiative energy transfer, 

Förster energy transfer and Dexter energy transfer. Förster energy transfer is a resonant 

energy transfer mechanism that occurs via dipole-dipole coupling between the interacting 

molecules (Braslavsky et al. 2008). Förster energy transfer strongly relies on emission-

absorbance overlap between the donor and the acceptor molecule.  Photoexcitation causes 

the donor molecule to get excited while the acceptor molecule remains at the ground state. 

Energy transfer from the donor to the acceptor occurs when the wavefunction of interacting 

molecule interact coherently causing acceptor wavefunction to oscillate at the same 

frequency. Förster energy transfer can be thought of radiative photon transfer process 

between the donor and the acceptor molecules, without the emitted photon being seen 

(Gaspar and Polikarpov 2015). After a successful energy transfer process, the acceptor 

molecule gets excited and the donor transit back to ground state as illustrated in Fig. 1.7. 

In contrast to Förster energy transfer, Dexter energy transfer involves in physical exchange 

of electrons between the donor and an acceptor molecule. Dexter energy transfer is less 

probable, unlike Förster energy transfer, which is highly dominant in organic systems. 

Dexter transfer is highly predominant for triplet-triplet interaction as the molar extinction 

coefficient of triplet levels are significantly low in comparison with that of the singlet 

levels. Further, physical exchange of electrons between the molecules is a time consuming 
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process, and hence, long-lived triplet states are apt for Dexter transfer mechanism providing 

sufficient interaction time for exchange. Dexter energy transfer occurs at short range of 

interaction distances much lesser than the Förster energy transfer distance, typically a few 

nanometers. Photoexcited donor molecule transfers an electron to the acceptor molecule 

and simultaneously ground state acceptor transfers an electron to the donor molecule 

accomplishing an energy transfer.  

 

Fig. 1.7 Illustration of Förster and Dexter energy transfer process with initial and final state 

Exciton energy transfer can also occur between the two excited states of a system 

provided if the excitation density of the system is very high. Annihilation or exciton energy 

transfer is a process involved in transfer of energy from one excited state to another excited 

state resulting in a higher excited state and a ground state of the molecular system. Energy 

exchange can occur between an exciton and a polaron or it can occur between a singlet-

singlet exciton or between a singlet-triplet exciton (Gutman and Lyons 1981). Accordingly, 

there are three classifications, singlet-single annihilation (SSA), triplet-triplet annihilation 

(TTA) and singlet-triplet annihilation (STA). Annihilation occurring between excitons in 

an organic play significant role in altering the optical properties of the system.  

Singlet-singlet annihilation involves in two singlet excitons annihilating resulting 

in a combination of a higher excited singlet exciton and a singlet ground state. Excited 

singlet exciton then undergoes recombination providing a first excited singlet state and a 
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singlet ground state with the remaining energy spent over vibrational relaxation in 

generation of heat in the system. Fig. 1.8 illustrates this mechanism, wherein, S0, S1 and Sn 

represents singlet ground state, first excited singlet state and higher excited singlet state 

respectively. An excited singlet state exciton can also annihilate with excited triplet state 

exciton resulting in higher excited triplet exciton and a ground singlet state. Higher excited 

triplet exciton then relaxes to the first excited state by vibrational relaxation in the form of 

heat, and the process involved is termed as internal conversion. First excited triplet energy 

state may then relax back to ground state by vibrational relaxation or radiative emission 

provided if the triplet to singlet energy levels are favourable for radiative emission as shown 

in Fig. 1.9. Singlet-triplet annihilation mechanism occurs via Förster energy transfer, 

whereas, triplet-triplet annihilation is based on dexter energy transfer. TTA involves in 

energy transfer between two excited triplet excitons, resulting in the energy being 

transferred either by radiative or by non-radiative means. Two triplet state exciton 

recombines to result in generation of singlet ground state and a higher excited singlet state. 

Excited singlet state further relaxes to the ground state via radiative emission, since the 

system has to transit from excited triplet to excited singlet state, the whole process is 

relatively delayed and hence coined delayed fluorescence. The other outcome of TTA can 

be non-radiative relaxation, wherein, the TTA can result in generation of a singlet ground 

state and a higher excited triplet state. This higher excited triplet state then further relaxes 

back to the ground state via internal conversion also termed as triplet quenching and the 

mechanism is as shown in the Fig. 1.10.   

 
 

Fig. 1.8 Mechanism illustrating singlet-singlet annihilation 
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.  

 

Fig. 1.9 Mechanism illustrating singlet-triplet annihilation 

 
 

Fig. 1.10 Mechanism illustrating triplet-triplet annihilation 

The mechanism involved in exciton energy transfer is provided below 

𝑆𝑖𝑛𝑔𝑙𝑒𝑡 − 𝑆𝑖𝑛𝑔𝑙𝑒𝑡 𝑎𝑛𝑛𝑖ℎ𝑖𝑙𝑎𝑡𝑖𝑜𝑛 −  𝑆1 + 𝑆1  → 𝑆𝑛
∗ + 𝑆0 → 𝑆1 + 𝑆0 + ℎ𝑒𝑎𝑡  

𝑆𝑖𝑛𝑔𝑙𝑒𝑡 − 𝑇𝑟𝑖𝑝𝑙𝑒𝑡 𝑎𝑛𝑛𝑖ℎ𝑖𝑙𝑎𝑡𝑖𝑜𝑛 −  𝑆1 + 𝑇1  → 𝑇𝑛
∗ + 𝑆0 → 𝑇1 + 𝑆0 + ℎ𝑒𝑎𝑡 

𝑇𝑟𝑖𝑝𝑙𝑒𝑡 − 𝑇𝑟𝑖𝑝𝑙𝑒𝑡 𝑎𝑛𝑛𝑖ℎ𝑖𝑙𝑎𝑡𝑖𝑜𝑛 − 𝑇1 + 𝑇1  → 𝑇𝑛
∗ + 𝑆0 → 𝑇1 + 𝑆0 + ℎ𝑒𝑎𝑡 

𝑇𝑟𝑖𝑝𝑙𝑒𝑡 − 𝑇𝑟𝑖𝑝𝑙𝑒𝑡 𝑎𝑛𝑛𝑖ℎ𝑖𝑙𝑎𝑡𝑖𝑜𝑛 −  𝑇1 + 𝑇1  → 𝑆𝑛
∗ + 𝑆0 → 𝑆1 + 𝑆0 + ℎ𝑒𝑎𝑡 
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1.4 LUMINESCENCE 

Radiative de-excitation and non-radiative de-excitation are the two different 

possibilities of deactivation of excited state in an organic molecular system. Radiative de-

excitation involves in emission of visible photons while the non-radiative de-excitation 

losses its energy in the form of vibration, rotation and translation of neighbouring 

molecules. Photoluminescence is a radiative process involving in absorption of higher 

energy photons by a molecule followed by the emission of photons of lower energy (Harris 

et al. 2008). Unlike conventional sources, luminescence is a mechanism not involved in 

light generation that are solely conditioned by the rise in temperature. Bioluminescence, 

cathodoluminescence, photoluminescence, radioluminescence, sonoluminescence, 

thermoluminescence, chemiluminescence, triboluminescence are a few different types of 

luminescence. The classification and type of luminescence is in accordance to their mode 

of excitation in a system. Fluorescence and phosphorescence are two major classifications 

of photoluminescence, classified purely based on their mode of excitation. 

 Fluorescence is spontaneous emission of visible radiation that lasts for few 

nanoseconds after photo-excitation. Photons of suitable energy when absorbed by a 

molecule experiences excitation in a system. Excited molecules then undergoes vibrational 

relaxation to arrive at the lowest vibrational level of the excited state. Relaxation from these 

excited states finally ends up in radiative decay via fluorescence. Phosphorescence is a 

phenomenon in which the materials that are phosphorescent in nature does not re-emit the 

absorbed photons immediately and there is a certain amount of delay observed in their 

emission behaviour. The delay in time is mainly associated with the energy emission from 

triplet energy levels that are quantum mechanically forbidden. Since, transitions occur from 

triplet energy states, the emission energy would be of lower intensity with longer duration 

of phosphorescence emission from the molecules. Phosphorescent lifetime of these energy 

transitions is of the order of 10-6 seconds to tens of seconds. Unlike fluorescence, 

phosphorescence is majorly realized at lower temperatures as the internal conversion and 

radiation less energy transfer overrule phosphorescence phenomena from triplet energy 

states.  
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Fig. 1.11 Schematic representation of Jablonski diagram 

  Jablonski diagram as shown in the Fig. 1.11, provides a detailed mechanism 

supporting the fundamentals of electronic energy levels and electronic transitions in an 

organic material (Frackowiak 1988). The ground state of an organic molecule is its singlet 

ground state denoted as S0 corresponds to electronic ground state. Photoexcitation causes 

the system to achieve excited singlet state, wherein, S1 and S2 denotes the first and second 

excited states while T1 represents first excited triplet state. The process begins when a 

photon gets absorbed by a molecule which initially at the ground state gets excited to singlet 

state. Transitions from the topmost level of singlet excited state to the next immediate 

singlet level occurs at a time duration of 10-15 seconds. This process involves in vibrational 

energy loss and during the process the molecules starts to collide with the neighbouring 

molecules. Process continues as the molecules keep transiting from every vibrational level 

until it reaches the bottom of the singlet excited state, this process is also called as internal 
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conversion. Internal conversion from the top of singlet excited state to the bottom of the 

singlet excited state happens at a rate of 10-13 to 10-14 seconds. Following which the 

molecules come down to the lowest of the excited singlet state and either undergoes a 

radiative relaxation (fluorescence) or a non-radiative relaxation. Excited molecules at 

singlet state can also undergo intersystem crossing from singlet excited state to triplet 

excited state T1 at a rate of 10-10 to 10-8 seconds. Transition into triplet states is quantum 

mechanically forbidden but still their occurrence is highly perceived and inevitable. 

Relaxation from triplet excited state can then be either radiative transition termed as 

phosphorescence or a non-radiative relaxation. The rate of transition from excited triplet to 

singlet ground state occurs at a time duration of 10-3 to 100 seconds.      

1.4.1 Spin orbit coupling (SOC) 

Excitons are formed by columbic interaction between the negatively charged 

electrons and positively charged holes. Exciton confinement efficiently confines generated 

excitons to the emissive layer of OLED. Spin angular momentum of an electron at an 

unoccupied orbital can either be parallel or antiparallel with the occupied orbitals of the 

system. Antiparallel spin state would give rise to singlet excitons, whereas, parallel spin 

states would give rise to triplet excitons. Singlet excited state transitions are quite efficient 

and their excited state lifetime is of the order of few nanoseconds. Since longer time 

durations of 0.1 to 1 µs are associated with intersystem crossing, the deactivation of excited 

triplet states undergo non-radiative emission. This leads to 75% of the excitons, namely the 

triplet excitons, are lost without radiative energy emission. However, 100% quantum yield 

in organic fluorescent molecules can also be achieved by preventing triplet intersystem 

crossing.  This mechanism is achieved by designing fluorescent system to possess a faster 

singlet de-excitation decay time, thus avoiding intersystem crossing to a triplet state 

(Kalinin et al. 2001; Langhals et al. 1998). Electrical excitations in electroluminescent 

materials results in poorer radiative emission in comparison to their optical excitation. 

Unlike optical excitation, electrical excitation of a molecule is brought about by charge 

hopping mechanism that are not energetic enough to support electron-electron spin 

correlation in fluorescent material. This inefficiency limits the number of generated 

radiative singlet excitons in material to 25% while that of non-radiative triplet excitons to 

75%. Device efficiency will enhance if those 75% of non-radiative triplet excitons are made 

radiative, and that is made possible by spin-orbit coupling of electrons.  
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Spin-orbit coupling is an interaction existent between spin and orbit associated with 

the electron by the action of induced magnetic field. Pure organic molecules possess a very 

weak spin-orbit coupling. Weaker SOC of the system exhibits a small energy splitting 

between the singlet and triplet charge transfer states. Further, the longer time duration 

associated with the intersystem crossing from singlet to triplet states doesn’t occur and 

system chooses to relax to the lower levels of excited state without spin flipping. However, 

such weaker interaction can be strengthened by incorporating heavy metal atoms like 

platinum, osmium, iridium and gold into the organic molecules. In principle, heavier atoms 

possessing enhanced magnetic field, influences an electron to achieve greater acceleration 

during its motion. Enhanced acceleration of electrons influenced by induced magnetic field 

changes the spin angular momentum of electron causing spin flip. Overall, a strong spin-

orbit coupling of an electron in a system can influence radiative emission from triplet state 

by promoting significant intersystem crossing (Goushi et al. 2004; Sajoto et al. 2009). 

Researchers have reported phosphorescence mechanism on iridium doped organometallic 

complex and established phosphorescent lifetimes of the orders of microseconds (Baldo et 

al. 2000; Kalinowski et al. 2002). Since then various different organometallic complexes 

using heavy atoms were designed to completely harvest triplet excitons for radiative 

emission. In organometallic complexes, initially hole is trapped at the HOMO of emitter 

material and an electron is drawn subsequently toward the hole (Lamansky et al. 2001). 

Heavier atom present at its central core then induces significant coupling between spin and 

orbit of an electron, leading to an increased occurrence of intersystem crossing. Heavy 

metal complex are usually very efficient that at a suitable energy separation between the 

S1 and T1 states, an emission from a singlet excited state is highly quenched. SOC in 

principle can gather and convert all the singlet and triplet excitons formed by electron-hole 

pair into radiative emission. Yersin proposed a new electroluminescent mechanism wherein 

both the singlet and triplet excitons can be harvested for radiative emission (Yersin 2008). 

The phenomenon known as thermally activated delayed fluorescence, which can occur only 

if the energy gap between the triplet and the singlet state is lesser than 0.025 eV (Brown et 

al. 1972; Parker and Hatchard 1961). Spin orbit coupling favours ISC that in turn pushes 

the electrons from excited singlet to triplet states. Since, the energy gap between the singlet 

and excited triplet states are very small, the electrons are pumped back into the excited 

singlet state at room temperature. In summary, the acronym TADF harvest both the singlet 
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and triplet excitons, the triplet excitons generated undergoes reverse intersystem crossing 

and that introduces a minor time delay in fluorescence emission.  

1.5 AGGREGATION INDUCED EMISSION (AIE) 

Organic luminescent materials were extensively studied by researchers owing to 

their multitude of application in the field of light emitting diodes, fluorescence chemical 

sensors and fluorescence bio-imaging (Kwok et al. 2015). Organic fluorescent molecules 

generally tend to exhibit good emission in non-aggregated state and rather show a weaker 

emission upon aggregation. Luminophores exhibiting fluorescence emission quenching 

upon aggregation, the mechanism known as aggregation caused quenching (ACQ) has been 

documented for more than few couple of decades (Förster and Kasper 1954). Though 

organic molecules with ACQ characteristics have been employed for various practical 

applications, however, their full potential in solid state haven’t been realized (Bünau 1970). 

Since their solid state emission is quite weak in comparison to the solution state, their 

practical applications are greatly restrained (Sensors 2006; Tang and VanSlyke 1987; 

Zhelev et al. 2006). However, the AIE phenomenon have revitalized the whole concept, 

wherein, the traditionally accepted AIE inactive materials can be made AIE active by mere 

structural modification. AIE has opened up new avenues to explore various numerous 

possibilities in practical applications (Ding et al. 2013; Kwok et al. 2015; Mei et al. 2014). 

Weaker emission of organic luminescent materials in aggregated state limits their 

practical use in applications demanding solid state emission properties. Organic 

luminophores upon aggregation are in close vicinity with one another as they tend to stack 

in a tight molecular packing arrangement. The aromatic rings of nearby luminophores that 

resembles disc-like or rod-like shapes, experience intense intermolecular π-π stacking. This 

π-π stacking interactions in aggregates is highly responsible in governing the solid state 

quantum efficiency of the system (Mei et al. 2015). Excited state of luminophores 

possessing a smaller π-π stacking distance often relax back to ground state via non-radiative 

pathways, resulting in fluorescence emission quenching. Perylene and fluorescein are good 

examples for system supporting ACQ and their structure is presented in Fig. 1.12. Perylene 

in pure solvents e.g., tetrahydrofuran (THF), exhibits strong fluorescence, and with gradual 

increase in ratio of poor solvent via 10%, 20% and so on, the emission is quenched as 

illustrated in Fig. 1.13. The structural planarity possessed by polycyclic aromatic perylene 

when aggregated involves in smaller intermolecular π-π stacking, results in ACQ.  
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Fig. 1.12 Examples of planar type ACQ molecules 

 

Fig. 1.13 Fluorescence of solutions with increasing water fractions exhibiting ACQ effect 

In contrast to ACQ, aggregation induced emission materials are the one whose 

emission is enhanced upon aggregation in comparison with that of non-aggregated state 

(Luo et al. 2001; Tang et al. 2001). AIE emitters are highly desired and intensive research 

is being carried out to design and synthesize new materials for solid state device application 

(Hong et al. 2009; Hu et al. 2009).  Few of the well-known AIE luminogen is provided in 

Fig. 1.14 and their emission behaviour with varying water fraction is provided in Fig. 1.15. 

Tertraphenyl ethylene (TPE) for example possesses a central core olefin stator surrounded 

by four peripheral phenyl rings or the aromatic rotors (Wang et al. 2010; Zhao et al. 2012b). 

The non-aggregated TPE in dilute solvent does not show any emission. The intramolecular 

rotations of the phenyl rings against the olefin, deactivate the exciton energy non-

radiatively in the form of rotational and vibrational motion. Owing to intense π-π stacking 

upon aggregation, intramolecular rotation of the phenyl rings is restricted. Restriction of 

rotation of phenyl rings in TPE utilizes the deactivation energy into enhanced radiative 

emission upon aggregation.  
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Fig. 1.14 Few of the most prominent AIEgens 

 

Fig. 1.15 Fluorescence of solutions with increasing water fractions exhibiting AIE effect 

Since the discovery of AIE chromophores, researchers have shown interest in 

developing concepts that support some of the fundamentals of AIE in a system. Formation 

of J-aggregates, E/Z isomerization, twisted intramolecular charge transfer (TICT), 

conformational planarization and ESIPT are few of the theories hypothesized that support 

the AIE mechanism. These hypotheses only provide theoretical understanding of 

aggregated emission and cannot be realized by experimental techniques. However, three 

main hypotheses have been validated both by theoretical and experimental works to provide 

proof for AIE mechanism. The three main mechanisms for AIE are illustrated in the Fig. 

1.16. 
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1.5.1 Restriction of intramolecular rotation (RIR) 

Restriction of intramolecular rotation was proposed based on systematic study of 

hexaphenylsilole (HPS) (Chen et al. 2003; ZhongáTang 2008), wherein the highly flexible 

phenyl rings that are attached to the central silole moeity can freely rotate around the central 

core. Crystal structure reported for HPS confirms the existence of good amount of torsion 

present between the central core and the peripheral phenyl rings. Results from XRD further 

reveals HPS possessing a large amount of intermolecular π-π stacking between the adjacent 

molecule (Chen et al. 2003). In diluted state, these phenyl rings deactivate the energy of 

excited state via non-radiative means by rotation of phenyl rings around silole group. 

Aggregation of HPS restricts these rotation, hindering all the non-radiative relaxation 

pathway leading to enhanced emission in the solid state (Ren et al. 2005). 

1.5.2 Restriction of intramolecular vibration (RIV)  

Restriction of intramolecular vibration was hypothesized based on AIE luminogen 

10,10′,11,11′-tetrahydro-5,5′-bidibenzo[a,d][7]-annulenylidene(THBA) (Leung et al. 

2014; Mei et al. 2014), wherein, the rotation of the phenyl rings are locked by a pair of 

ethylene tethers. In HPS, the rotating phenyl rings around the core, relaxes the excited state 

by non-radiative pathways, in a similar manner relaxation of excited state can also occur 

by vibrational motion. Experimental evidences on THBA validate the exciton energy 

consumption is due to the vibrational motion of attached phenyl rings. Analysis of the 

vibrational modes on THBA molecule clearly highlights the reduction in intensity of 

vibrational modes for a clustered THBA in comparison with that of isolated THBA 

molecule.  

1.5.3 Restriction of intramolecular motion (RIM)  

Restriction of intramolecular rotation and vibration in a system would undoubtedly 

help system achieve enhanced emission in aggregated state (Kamaldeep et al. 2014; Liu et 

al. 2013; Yao et al. 2014). This particular aspect is realized on a system that contain a 

vibrating core and a rotating peripheral ring. The derivative of phenothiazine follows this 

mechanism, wherein, the system possesses a non-planar molecular configuration with 

rotating peripheral rings (Banal et al. 2014; Liu et al. 2013; Mei et al. 2015). Isolated 

phenothiazine is non-luminescent in solution but emits bright red fluorescence in solvent-

poor-solvent mixture at a volumetric ratio of 70% establishing AIE phenomena.  
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Fig. 1.16 Illustration of intramolecular rotation, vibration and motion 

Overall, restrictions of intramolecular rotation, vibration and motion would surely 

block all the non-radiative deactivation pathway and help the system to exhibit an enhanced 

emission upon aggregation.  

1.6 EXCITED STATE INTRAMOLECULAR PROTON TRANSFER (ESIPT) 

Organic chromophores that exhibit a phenomenon of excited state intramolecular 

proton transfer (ESIPT), have gathered immense attention amongst researchers in recent 

years. ESIPT is a four-level photochemical process in which the original excited system 

produces a tautomer system with a different electronic structure (Gao et al. 2010; Hsieh et 

al. 2010; Wu et al. 2011; Zhao et al. 2012a). Organic molecules that readily form 

intramolecular hydrogen bonding with the neighbouring species are highly attractive for 

novel optoelectronic applications (Padalkar and Seki 2015). The pre-requisite of ESIPT in 

a system is the presence of proton donor moiety (–OH or –NH) and a proton acceptor 

moiety (=N– and –C=O) linked by intramolecular hydrogen bonding between them. 

Photoexcitation of the molecule causes the proton to translocate from a proton donor to a 

proton acceptor species via a pre-linked hydrogen bonding (Zhao et al. 2012a). The whole 

process is illustrated in the Fig. 1.17, wherein, the normal form of the molecule (N) at 

ground state gets excited to (N*) upon photoexcitation. At this point the proton is ready to 

translocate from a donor to acceptor in a time span of femtoseconds. The transferred proton 

alters the N* geometry to a tautomer T* form, which then relaxes to T ground state and 

back to normal form via ground state intramolecular proton transfer (GSIPT), realizing a 

four-level photo-cyclic process (N→N*→T*→T→N) (Padalkar and Seki 2015). Large 
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stokes shift is achieved for ESIPT chromophores wherein the tautomer emission is highly 

red shifted with respect to normal absorption. Dual fluorescence emission is uniqueness of 

ESIPT chromophores as there is an emission from normal form (N*) as well as the tautomer 

form (T*) (Mutai et al. 2008). ESIPT molecules find its applications in designing 

fluorescence sensors, UV filters, and aggregation-induced emissive materials (Arnaut and 

Formosinho 1993; Barbara et al. 1980, 1989; Douhal et al. 1996; Hsieh et al. 2010; Kwon 

and Park 2011). Researchers were successful in generating white light emission from a 

single molecule gelator by careful control and tuning of normal and tautomer emission 

(Maity et al. 2015).  

 

Fig. 1.17 Four level photo-cyclic process of ESIPT 

Excited state proton transfer phenomenon was first observed by Waller in 1950s for 

salicylic acid. This observance led researchers to explore deep into some of the fundamental 

concepts of proton transfer dynamics, time-resolved ESIPT fluorophores, kinetics and 

thermodynamics at the singlet state, pico-second kinetics and vibronically resolved 

spectroscopy. The remarkable properties of ESIPT fluorophores are the existence of large 

Stokes shift (~200 nm), an ultrafast proton transfer process, dual emission peak and high 

amount of spectral sensitivity to the surrounding medium. Proton transfer at the excited 

state involves in generation of various transition structure and hence their spectral response 

is highly affected by microenvironmental changes. Spectral properties of the system is 

highly dependent on the nature of hydrogen bonding, rotamerisation process, acidity or 
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basicity of the surrounding medium and on the substituents present on donor and acceptor 

groups.  

Some of the most promising ESIPT fluorophores are the derivatives of 2-(2′-

hydroxyphenyl) benzimidazole (HBI) (Benelhadj et al. 2013; Furukawa et al. 2012), 2-(2′-

hydroxyphenyl) benzoxazole (HBO) (Padalkar et al. 2012, 2014) and 2-(2′-hydroxyphenyl) 

benzothiazole (HBT) (Cheng et al. 2015; Padalkar et al. 2012; Patil et al. 2013). Further, 

the derivatives of benzophenone (Ignasiak et al. 2015), flavones (Ghosh et al. 2015; Jin et 

al. 2015), hydroxyquinolones (Padalkar et al. 2014), quinoxalines (Nakane et al. 2015), 

anthraquinones (Schmidtke et al. 2004), benzotriazoles (Paterson et al. 2004), thiodiazoles 

(Oliveira et al. 2010), salicylidene aniline (Hadjoudis and Mavridis 2004), benzazoles 

(Iijima et al. 2010), chromones (Das et al. 2014), coumarins (Barman et al. 2015; Xiao et 

al. 2014) and napthalimides (Ma et al. 2012; Wilbraham et al. 2014) have been well 

reported for ESIPT. Most of the reported fluorophores are highly emissive in solution state 

and tend to show a weaker emission in solid state. Aggregation induced enhanced emitters 

are highly desired for solid state optoelectronic applications. Large number of ESIPT 

chromophores that have been designed show good emission in solution state, however, very 

few reports are available on ESIPT chromophores that exhibit solid state emission. Solid 

state emission in organic chromophore is achieved by suppressing all the non-radiative 

deactivation pathways. Aggregation induced emission, aggregation induced emission 

enhancement, precise control over molecular packing arrangement and restriction of 

intramolecular rotation are few techniques employed to achieve solid state emission in 

ESIPT system (Douvali et al. 2015; Hong et al. 2011; Li et al. 2015; Zhou et al. 2009).  

Solid state ESIPT chromophores are highly preferred over the solution state and 

there are numerous shortcomings that needs to be addressed when designing a solid state 

ESIPT system. Hydrogen bonding plays a crucial role in governing proton transfer process 

in a system, as the hydrogen bonding is capable of forming a cyclization of five or six 

membered ring that highly alters the property of ESIPT chromophore (Hsieh et al. 2010; 

Kwon and Park 2011; Wu et al. 2011). In polar solvents, in addition to intramolecular 

hydrogen bonding, intermolecular hydrogen bonding with solvent molecules is likely to 

occur (Cheng et al. 2015). This intermolecular hydrogen bonding between the solute and 

solvent molecules further suppresses tautomeric emission in the system (Kasha 1986). 

However, in solid state, ESIPT process is undisturbed and thus enhances tautomeric 
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emission in the system. Restriction of intramolecular rotation (RIR) nullifies all the non-

radiative deactivation pathways, thus leading to an enhanced emission in solid state (Kwon 

and Park 2011). Careful design of system that restricts intramolecular rotation upon 

aggregation would surely exhibit higher efficiency in solid state. RIR in ESIPT system 

would help the system attain a favorable geometry that would further support ESIPT and 

AIEE. ESIPT system that possess a cis-conformation, upon photoexcitation may turn to 

trans-conformation breaking the intramolecular hydrogen bonding in solution state. 

However, such cis-trans conformal changes are restricted in tight molecular packing in 

solid state (Cai et al. 2012; Ikegami and Arai 2002). Aggregation effect on the efficiency 

of ESIPT is highly crucial, wherein, J-aggregates (slip stacking arrangement) are highly 

preferred over H-aggregates (face to face arrangement) (Qian et al. 2007; Wu et al. 2015). 

The packing arrangement totally depend on the nature of the groups present in the system, 

and thus, results prove that structure possessing bulky group and good amount of steric 

hindrance would surely form J-aggregates enhancing AIEE of ESIPT (Kwon and Park 

2011). ESIPT is a four-level photo-cyclic process and thus the structural stability of 

tautomer depends on torsion between the proton donor and proton acceptors rings. In 

solution state, the torsional motion between the proton donor and proton acceptor brings 

down the tautomer emission through vibrational relaxation (Shigemitsu et al. 2012; Wu et 

al. 2012). However, in most of the reported literatures, the torsion between the proton donor 

and proton acceptor ring is coplanar leading to an enhanced fluorescence emission in solid 

state (Shigemitsu et al. 2014).  

1.7 ORGANIC LIGHT EMITTING DIODES  

Organic light emitting diodes that makes use of electroluminescent materials, are of 

two types, small molecule organic light emitting diodes (SM-OLED) and polymer light 

emitting diodes (PLED). In small molecule based LED, the electroluminescent active 

material used is of organic small molecules, whereas, in PLED it is an organic polymer. 

The basic electroluminescent working principle of these two types is quite similar, 

however, the difference is in the techniques involved in device processing and device 

fabrication. Generally, SM-OLEDs are fabricated using physical thermal vapour deposition 

technique under high vacuum conditions, whereas, wet processing or solution processing 

techniques are employed for PLED fabrication under inert conditions. Fabrication 
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techniques used for small organic molecule based devices provide access for stacking 

multiple layers with good control over layer engineering in comparison with PLEDs.  

 

Fig. 1.18 Generic structure of an OLED 

A generic structure of OLED with an emissive material sandwiched between anode 

and cathode is as shown in the Fig. 1.18. Light emission from these active organic materials 

is by electron-hole recombination injected at the respective electrodes. OLEDs can be 

categorized based on the emission at a surface and hence can be of top-emitting, bottom-

emitting or a transparent-type. OLEDs demand at least one of the electrodes must be 

transparent for the photons to escape from the device, this is true for both top-emitting and 

the bottom emitting type devices. However, transparent type emitting OLEDs have both of 

their anode and cathode material transparent and such configurations allow light emission 

from both the sides of their electrodes. Indium tin oxide coated glass substrate is optically 

transparent allowing the emitted photons to escape out of device and hence generally used 

as anode material in OLEDs.  Cathode layer is formed by a metal of good conductivity with 

high values of optical reflectivity. Organic electroluminescent material that forms the active 

part of OLEDs is usually deposited with a thickness ranging between 50~150 nm. When a 

potential is applied across the device, holes from anode and electron from cathode get 

injected into the adjacent layers. Injected charges further move into organic emitter material 

and recombine to form an exciton. Exciton recombination window is defined by the charge 
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mobility of an organic material and the electric field distribution across the device. Excitons 

formed at the active layer further diffuses to undergo radiative emission and the mechanism 

is as shown in the Fig. 1.19. Emission wavelength of an OLED is a function of energy 

difference between the HOMO and LUMO energy levels of an organic electroluminescent 

material. Precise control over the conjugation length in a molecular network can efficiently 

tune the bandgap of an organic system.  

 
 

Fig. 1.19 A generic working mechanism of single layer OLED device 

OLEDs functioning solely on single layer organic material for light emission suffer 

from poor device performance, and hence, different layers are introduced to enhance the 

overall device efficiency. In a two layered device, electron transport layer (ETL) and hole 

transport layer (HTL) are sandwiched between the anode and cathode electrodes as shown 

in the Fig. 1.20. Electrons are injected from the cathode into the LUMO of the ETL and 

holes are injected from anode into HOMO of the HTL, and recombination of holes and 

electrons generates radiative excitons. The three-layered OLED is formed by a combination 

of organic emitter material sandwiched between ETL, HTL and electrodes.  When a 

potential is applied, anode is relatively at a higher electrical potential with respect to the 

cathode. This electric potential gradient at the anode-organic interface drives the holes into 

HOMO of HTL and electrons are injected from cathode to LUMO of ETL. Localization of 

few of the holes and electrons on a single emissive material recombine to form an exciton. 

Some of these excitons further decay spontaneously to ground state via radiative relaxation 

or via non-radiative relaxation. 
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Fig. 1.20 Working mechanism of double layer OLED device 

 Two layered and three layered devices suffer from charges diffusing through the 

organic materials and reaching the other side of the electrodes. Such discrepancies are 

overcome by introducing organic layers that blocks the charges reaching the other side of 

the electrodes. Accordingly hole blocking layer (HBL) and electron blocking layer (EBL) 

are introduced in multi-layered device architecture. Further, in order to enhance and boost 

the charges being injected to the electrodes, electron injection layer (EIL) and hole injection 

layer (HIL) is also introduced. Overall, a multi-layered device architecture consists of HIL, 

HTL, HBL, and an organic emissive material, EBL, ETL and EIL as shown in the Fig. 1.21. 

Researchers have strived to improvise the OLED device performance by adopting various 

different layers into device architecture (Ohmori et al. 1993; So and Forrest 1991). 

Fabrication of a multi-layered OLED can be achieved by either solution processing 

technique or by physical vapour deposition technique. One of the main advantages of a 

multi-layered architecture is that the carrier confinement within the organic emissive 

material is intense and this improves the chances of generation of radiative excitons. 

Understanding of basic functioning of these different layers in a multi-layered architecture 

is highly necessary to extract maximum efficiency out of a device. In general, ITO anode 

and aluminium cathode injects hole and electrons respectively into the adjacent layer. Hole 

injection layer injects the hole received from anode into hole transporting layer. Hole 

transport layer then transfers the hole into the HOMO of emissive material. Electron 

injection material on the other hand helps in better injection of electrons from the cathode, 
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while electron transport layer transport electrons to LUMO of the emissive material. Hole 

blocking and electron blocking layers assist in confining the charges within the emissive 

material, that has reached the emissive layer via hopping. Further, HBL and EBL 

introduced in the device architecture will help to minimize ohmic losses arising due to the 

imbalance in the hole and electron current across the emissive layer (Huang et al. 2002; 

Qiu et al. 2002). Negating such discrepancies in a well-designed architecture would 

drastically improve the OLED device efficiency. However, adding up of such additional 

layers would evidently build-up huge charge densities at organic interfaces, overall 

affecting the device lifetime (Yu et al. 2015). Additionally, a very thin layer of lithium 

fluoride (LiF) or cesium fluoride (CsF) is introduced that eases the electron injection 

process from the cathode to the electron injection material. LiF and CsF further prevents 

the metallic cathode undergoing chemical reactions with the organic ETL material (Pribat 

and Plais 2001). 

 

Fig. 1.21 Scheme of the electroluminescence mechanism in an OLED 
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1.7.1 OLED Efficiency 

Efficiency of an organic light emitting diodes is defined by external quantum 

efficiency (EQE). EQE is defined as the number of photons that is generated out of the 

device surface to the number of charges injected from the source.  

EQE % =  
𝑁𝑝

𝑁𝑒
 𝑋 100 

where, Np – Number of photons emitted out of device surface 

Ne – Number of charges injected into the OLED device 

External quantum efficiency (ηext) is also defined as  

 

𝜂𝑒𝑥𝑡 = (ϒ). (𝜂𝑟). (𝜂𝑃𝐿). (𝜂𝑜𝑢𝑡) 

 

where, γ is the charge injection efficiency, ηr is the internal quantum efficiency, ηPL is the 

solid-state quantum yield of the emitter material and ηout is the device out-coupling 

efficiency.  

1.7.1.1 Injection efficiency (γ) 

Injection efficiency refers to the charge balance factor (Geffroy et al. 2006; Kafafi 

2018). It is a ratio of exciton recombination relative to the number of charge carriers 

injected into the device from the electrodes. An injection efficiency value closer to 1 can 

be achieved for a well optimized device architecture (Adachi et al. 2001). Charge balance 

in a device strongly depends on current density across the device. Lighting applications 

demands higher brightness in OLEDs and this in turn depends on higher current densities 

in devices. Higher current densities generate large number of excitons approaching a value 

of injection efficiency closer to 1 (Giebink and Forrest 2008; Reineke et al. 2007). The 

main disadvantage would be that the materials degrade faster due to constant exposure to 

higher current densities. Thus, injection efficiency is the ratio of number of charges that 

recombine to the number of charges injected into the device as provided in the equation.  

Injection efficiency =  
Number of charges recombine

Number of charges injected into the device
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1.7.1.2 Internal quantum efficiency (IQE) ηr 

Internal quantum efficiency (IQE) is the amount of luminescent exciton 

recombination to the total number of exciton recombined within the device. Organic 

luminescent material that are purely fluorescent, a maximum internal quantum efficiency 

of value ηr = 0.25 is achievable, whereas, materials that harvest both singlet and triplet 

excitons should reach a value of ηr = 1. In general, IQE is the ratio of radiative excitons to 

the total number of excitons recombined as given below.  

IQE =  
Number of excitons radiatively recombined 

Total number of excitons recombined
 

1.7.1.3 Quantum yield ηPL  

Quantum yield is a measure of number of photons emitted from an organic 

luminescent material to the number of photons absorbed by that material.   

Quantum yield =  
Number of photons emitted by a system

Total number of photons absorbed by it
 

  Quantum yield =    
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟 

Where, kr is radiative rate constant, while knr is a non-radiative rate constant.  

1.7.1.4 Out coupling efficiency ηout   

In a generic OLED device, a simple planar glass is used as a substrate material. 

These materials act like photon reflectors and hence most of the generated photons at the 

active layer are guided back to the material. Surface plasmon losses at the metal organic 

interface may also affect the out-coupling efficiency of the device. Practical outcoupling 

efficiencies are too low (ηout < 20%), hence the OLEDs still suffer to function as 

conventional light sources.  

Out-coupling efficiency is generally defined as the ratio of number of photons 

collected at the surface of a device to the total number of photons generated within the 

device. 

Out coupling efficiency =  
Number of photons coming out of the device

Number of photons generated  within the device
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The whole process indicating the efficiency of the device is illustrated in the Fig. 1.22 

 

Fig. 1.22 Flowchart illustrating overall device efficiency of an OLED 
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1.8 LITERATURE REVIEW 

Maxim and co-workers (2008) have synthesized Schiff base copper (II) and zinc(II) 

complexes (S1.1) N- [(2-pyridyl)-methyl]-salicylimine (Hsalampy), N-[2-(N,N-dimethyl-

amino)-ethyl]-salicylimine (Hsaldmen), and N-[(2-pyridyl)-methyl]-3-methoxy-

salicylimine (Hvalampy). Four new coordination compounds [Cu(salampy)(H2O)(ClO4)]1, 

[Cu2(salampy)2(H2trim)2]2 (H2trim– = the mono-anion of the trimescic acid), 

[Cu4(valampy)4](ClO4)4_2CH3CN3, and [Zn3(saldmen)3(OH)] (ClO4)2-0.25H2O4 that were 

synthesized and structurally characterized. Compound 4 exhibits a solid-state 

photoluminescence at room temperature. 

 

Tang and co-workers (2009) have reported a series of salicylaldehyde azine 

derivatives (S1.2) exhibiting interesting aggregation-induced emission enhancement 

(AIEE) characteristics. All these compounds displayed very weak fluorescence in good 

solvents, while strong emission was observed when they were placed in poor solvent. 

Moreover, the aggregation induced emission enhancement colour of these compounds 

varied from green to red depending on the substituents on azines. 

 

Song and co-workers (2013) have designed and synthesized a series of green 

dopants for organic light emitting device applications based on arylamine 2,3-disubstituted 

bithiophene derivatives (S1.3) by Suzuki and witting coupling reactions. 
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Photoluminescence reports reveal that molecule with 9-phenylcarbazole moiety exhibited 

a highest quantum yield among the series and thus has been chosen for OLED device 

application. The device exhibited a yellowish green emission with a maximum brightness 

and luminous efficiency of 5,100 cd/m2 and 2.56 cd/A with colour co-ordinates of CIE 

(0.42, 0.54).  

 

Gu and co-workers (2015) have synthesized three novel phenazine derivatives 

(2,3,7,8-tetrakis(decyloxy)phenazine,2,3-didecyloxy-5,14-diaza-7,12-dioxo-9,10- dicyano 

pentacene and 2,3,13,14-tetradecyloxy-5,11,16,22- tetraaza-7,9,18,20- tetraoxo-8,19-

dicyanoenneacene  (S1.4) realizing the importance of controlled emission colours of single 

molecules in the development of full-colour emitting materials. Compound emit blue light 

in toluene solution (450 nm), green light in the powder/film state (502/562 nm), and red 

light in the TFA state (610 nm). The OLED with compound as an emitter material emits a 

strong green light at a peak of 536 nm with a maximum luminance of about 8600 cd m−2 

finding its potential as emitters in OLEDs.  
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 Jarczyk-Jedryka and co-workers (2016) have synthesized four symmetrical N-

acylsubstituted dihydrazones containing bithiophene core by condensation of 2,2’-

bithiophene-5,5’-dicarboxylaldehyde with benzoic, isonicotinoyl, 2- thiophenic and 2-

furoic hydrazide (S1.5). The compounds were characterized by various standard 

spectroscopic techniques such as 1H-NMR, IR and elemental analysis. UV-Vis 

spectroscopy and photoluminescence spectroscopy were carried out in order to study their 

photophysical response. The molecules exhibited an emission wavelength in the range of 

499 - 530 nm in solution and blue emission in blend with PMMA. DFT studies were carried 

out to estimate the electronic orbitals supporting the electronic transitions in the system. 

Further, these selected compounds were tested preliminary as component of active layer in 

organic photovoltaic cells. The highest value of power conversion efficiency equals to 

1.68% under simulated 100 mW/cm2 for device architecture of ITO/PEDOT:PSS/ 

P3HT:PCBM: FBTH (1:2:2)/Al.  

 

Srinivas and co-workers (2017) have synthesized various azomethine-zinc (II) 

complexes (S1.6) of bis(salicylidene)cyclohexyl-1,2-diamino organic ligands by one pot 

reaction of salicylaldehydes/2-hydroxy-1-naphthaldehyde, cyclohexyl- 1,2-diamine and 

zinc acetate. Their photophysical properties such as Photoluminescence (PL) and Diffused 

Reflectance Spectra (DRS) were studied. PL studies revealed that the emission peaks of the 
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complexes in both solution and solid states appeared to occur at 395 - 600 nm. The band 

gap energies determined from DRS were 2.98 eV, 2.91 eV, and 2.73 eV. These complexes 

can serve as a suitable non-dopant blue light emitting compound for flat panel display 

applications.  

 

 

Kanlayakan and co-workers (2017) investigated the effect of proton donors on the 

excited state intramolecular proton transfer of hydrogen bonding using DFT and TDDFT 

on system (S1.7). ESIPT process is strongly dependent on the reaction and activation 

energy, and thus the system that are thermodynamically stable and kinetically labile would 

in turn support ESIPT. The results involving bond parameters and stronger red-shift in the 

vibrational spectra clearly establishes the stronger nature of O-H to donate proton in 

comparison with N-H donors. Potential energy surface studies show that the proton transfer 

occurring in O-H type possesses a small proton transfer barrier in comparison with that of 

N-H type of donors. Proton transfer time were also simulated for all the system using on-

the-fly dynamic simulations for the first excited state. The results of proton transfer time 

reveals the O-H proton donor type to support faster proton transfer of 80 fs in comparison 

with N-H type.  

 

Khimich and co-workers (2017) have designed and synthesized 2-amino-3-(2’-

benzoxazolyl)-quinoline (ABO) and 2-amino-3-(2’-benzothiazolyl)-quinoline (ABT) 

(S1.8) that support proton transfer at the excited state. Fluorescence spectra of the system 

exhibited dual emission bands arising from normal and tautomer emission. Tautomer 

emission intensity depends on the basicity of the proton acceptor group and the temperature 
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of the system. Theoretical calculations predicts the system supports ESIPT only by 

overcoming a significant potential barrier. It is important to note that the increasing 

potential barrier would further decrease the basicity of the proton accepting benzazole 

moiety. Proton transfer time determined using femtosecond absorption and nanosecond 

fluorescence spectroscopy show a faster proton transfer time upon decreasing temperature. 

 

Li and co-workers (2017) have studied the photoluminescence and 

electroluminescence behaviour of 2-(20-hydroxyphenyl)oxazoles containing one 

triphenylamine (TPA) (1) and two TPAs (2) (S1.9) ESIPT molecules. Device fabricated 

using TPA(1) exhibited a greenish-white emission with CIE colour coordinates of (0.25, 

0.41). The external quantum efficiency (EQE) of device using TPA(1) exhibited up to 5.3% 

and is the highest recorded for a single molecule white light-emitting diode. Device with 

TPA(2) showed a sky-blue emission with CIE coordinates of (0.18, 0.16) with an EQE of 

8.0% and a highest recorded for reported HLCT materials. Enolic emission intensities are 

higher in comparison with that of their keto counterpart. Theoretical and experimental 

analysis reveal the system to support reverse intersystem crossing process. The reverse 

intersystem crossing of the enol-form from the triplet state to the singlet triggers a larger 

number of enol singlet excitons leading to a shift in ESIPT equilibrium towards an 

enhanced enol emission.  

 

Padalkar and co-workers (2017) have designed and synthesized molecules based on 

carbazole (Cz) and hydroxyl benzothiazole (HBT) (S1.10) by Suzuki coupling reaction. 
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Position substitution of the side chain on the core group readily alters the structural and 

photophysical properties significantly. The molecules of the series exhibited an enhanced 

emission in solid state in comparison with that in the solution. A solid state quantum yield 

of value 0.4 is achieved in comparison with that in the solution exhibiting 0.026 to 0.17. 

Density functional theory calculations performed on the system well correlates with the 

experimental results and supports some of the geometrical concepts.  

 

Kula and co-workers (2018) have synthesized a series of phenanthro[9,10-

d]imidazole (S1.11) derivatives containing thiophene units aiming towards organic light 

emitting device application. All phenanthro[9,10-d]imidazole derivatives were luminescent 

both in solution and solid state. Emission maximum for all the molecules were centred 

around 414 - 461 nm in solution state with their quantum yields ranging from 56% to 64% 

in chloroform. Solid state quantum yields recorded for the molecules showed a range 

between 12 to 23% with their emission in blue region. The device application was 

successfully carried out using PID-3 containing bithiophene unit as the active emitting 

layer.  
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Krishna and co-workers (2018) have designed and synthesized a set of donor-

acceptor based triphenylamine-bithiophene dyes TPT, TPT-Ben and TPT-Ac (S1.12) as 

RGB emitters for white light generation. The effect of substituents on the triphenylamine 

moiety induces a change in the emission wavelength of the molecules. The molecules were 

found to emit in Blue, Green and Orange-Red regions of the visible spectrum owing to the 

differences in their Stokes shift values. A mixture of all the three molecules with a ratio of 

3:2:1 resulted in white light generation with a colour coordinate of (0.32, 0.36) in both at 

solution and solid state.  

 

Szlapa-kula and co-workers (2018) have synthesized tetrasubstituted naphthalene 

derivatives bearing thiophene or carbazole (S1.13) for organic light emitting applications. 

The naphthalene derivatives were electrochemically active and exhibited a very low energy 

bandgap between 1.64 and 1.85 eV. Molecules exhibited an emission wavelength in the 

range of 379-436 nm with their photoluminescence quantum yield ranging between 9.5 to 

19.8% in solution. Electroluminescence enhancement was observed with increase in the 

blend ratio with PVK. Devices exhibited an emission band centred on 593 to 637 nm. 

Highest emission intensity was observed for the devices that bears carbazole derivative 

with one methyl group.  
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Xuemei Lu co-workers (2018) have investigated the intramolecular hydrogen bonds 

occurring between (O1‐H2···N3 and O4‐H5···N6) of a new photochemical sensor 4‐(3‐

(benzo[d]thiazol‐2‐yl)‐5‐tert‐butyl‐4‐hydroxybenzyl)‐2‐(benzo[d]thiazol‐2‐yl)‐6‐tertbutyl 

phenol (Bis‐HPBT) (S1.14) through DFT and TD-DFT methods. Bond lengths estimated 

of (O1‐ H2···N3 and O4‐H5···N6) at the excited state clearly affirms the strengthening of 

intramolecular hydrogen bond. Theoretical results corresponding to absorption and 

emission spectra well reproduces the experimental results, and hence approves the use of 

the level of theory effective for the studied system. Analysis of the frontier orbitals supports 

proton transfer process in the system. Frontier molecular orbitals depict the nature of 

electronically excited state to well support the proton transfer reaction. Proton transfer 

barrier of 1.399 kcal/mol is observed at S1 state, this further supports single proton transfer 

at its excited state.  
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Yusheng Wang and co-workers (2018) have theoretically investigated 3‐hydroxy‐

2‐(5‐(5‐(5‐(3‐hydroxy‐4‐oxo‐4H‐chromen‐2‐yl)thiophene‐2‐yl)thiophen‐2‐yl) thiophen‐2‐

yl)‐4H‐hromen‐4‐one (S1.15)  based on DFT and TDDFT methods. Formation of dual 

intramolecular hydrogen bonds existing between (O1─H2···O3 and O4─H5···O6) were 

confirmed with reduced density gradient (RDG) map. Structural parameters and their 

corresponding vibrational spectra of ground and excited state clearly affirms the 

strengthening of the intramolecular hydrogen bonds on both the arms at excited state. 

Theoretical level of B3LYP/TZVP used herein well reproduces the experimental results 

and validates the use of functional to accurately predict the nature of excited state of the 

system. Potential energy curves predicted clearly shows the system to support single proton 

transfer at the excited state, in spite of structure possessing intramolecular hydrogen 

bonding on both the arm.  

 

Takagi and co-workers (2018) have designed and synthesized three 2-

hydroxyphenylbenzimidazole isomers 1, 2, and 3 (S1.16) possessing methoxy group at 6, 

4, and 3-position. Substitution of methoxy group at various position designed in the system 

exhibited various distinct characters. Molecule 1 showed excited state proton transfer 

behaviour irrespective of the solvent medium in comparison with molecule 2 that showed 

ESIPT emission in only THF and MeCN. However, molecule 3 exhibited a dual emission 

band and demonstrated strange behaviour in protic solvents. Crystal packing of the system 

purely contributes to the emission behaviour observed in the solid state.  
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Qiaoli Zhang and co-workers (2019) have theoretically explored the excited state 

proton transfer dynamics of novel (benzo[d]thiazol‐2‐yl)‐5‐(9H‐carbazol‐9‐yl)phenol 

(HBT‐Cz) (S1.17)  system based on DFT and TDDFT methods.  Electrostatic potential 

mapping estimated clearly for the system confirms the existence of intramolecular 

hydrogen bond O2—H3···N4 in the S0 state. Structural parameters of the system at the 

excited state, further confirms the strengthening of intramolecular hydrogen bonding 

resulting in proton transfer at excited state. The charge transfer characteristics of the system 

around the hydrogen bonding overall facilitates ESIPT process. Further, transition state 

structure was determined along the proton transfer pathway by simulating intrinsic reaction 

coordinate (IRC) path. ESIPT process were further confirmed by molecular dynamic 

simulation using atom-centered density matrix propagation (ADMP). 
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1.9 SCOPE OF THE WORK 

Owing to the availability of wide variety of organic materials, electronic properties 

of organic systems can be precisely tuned by various chemical means have attracted the 

attention of researchers. The simplicity in organic device processing, cost-effective 

manufacturing techniques and versatile molecular design enhances their use in organic light 

emitting diodes. OLEDs are self-illuminating and easy disposable devices when compared 

to the conventional incandescent bulbs and fluorescent lights that contain mercuric toxin. 

OLEDs are potential light sources, that minimizes energy requirement by their improved 

power efficiency several times in contrast with the existing incandescent and fluorescent 

lighting technologies. Ultrathin and flexible panels could be manufactured of varying size 

and shapes have made OLEDs suitable for lighting applications.  

OLEDs of present generation fail to exhibit a good external quantum efficiency 

caused due to various losses in the devices and hence improvement regarding device 

efficiency is of greater need for lighting sources with acceptable standards. Issues related 

to shorter device lifetime, high turn-on voltage and faster device degradation still remains 

a challenge. One of the main reasons is that the organic materials forming an active layer 

in the device fails to exhibit enhanced fluorescence in solid state. Organic molecules 

generally tend to exhibit weaker emission in solid state in comparison with the solution 

state. This general tendency of organic molecules can be easily curbed by careful design of 

fluorescent AIE emitters to show enhanced solid-state emission, a strategy to improvise 

OLED device efficiency. Further, organic system that exhibit excited state intramolecular 

proton transfer (ESIPT) has been a hot topic of research interests lately. Researchers have 

designed organic emitters that exhibit ESIPT phenomenon to generate energy over a broad 

range of spectrum. This phenomenon has directed to realize white light emission from a 

single molecule. 

Research areas focussing on design and synthesis of new organic molecules 

exhibiting high quantum yield in solid state is highly desirable for solid state lighting 

applications. Extensive research in this field is vital to gain insight into some of the 

fundamental processes that govern the operation of these devices. Hence, this provides 

numerous interesting challenges to precisely design materials aiming towards greater 

efficiency for OLED applications.  
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1.10 OBJECTIVES OF THE WORK 

1. To design and synthesize new small organic molecules aiming towards an efficient 

active layer for OLEDs. 

2. To characterize and analyse molecules through FT-IR, 1H-NMR and Mass 

spectrometry. 

3. To study the photo-physical properties of synthesized molecules by UV-Vis 

spectrophotometry and Photo Luminescence spectrometry. 

4. To study electrochemical characteristics of synthesized molecules. 

5. To study theoretical aspects of the designed and synthesized molecules and to 

corroborate with the experimental results. 

6. To study the OLED device applications of the synthesized molecules as an active 

emitter material. 

 

Overall, the present research is focused on design and synthesis of small organic 

fluorescent molecules that exhibit a mechanism of aggregation induced emission and 

excited state intramolecular proton transfer aiming toward OLED device application. In 

this regard, few molecular series were designed and synthesized to study their 

optoelectronic properties towards device application. Chapter 2 deals with the syntheses of 

Schiff’s base salicylaldehyde with substituted hydrazide derivatives to study their 

photophysical properties. DFT and TDDFT correlates well with the experimental results. 

Chapter 3 deals with the design and syntheses of multi-coloured emitter materials based 

on thiophene core to study its optoelectronic properties. Synthesized molecules exhibited 

emission enhancement upon aggregation in condensed state with that of the solution state. 

SCXRD analysis validated the observed AIE effect is due to the larger intermolecular π-π 

stacking distance. DFT and TDDFT performed on the molecular series supports 

experimental results. Chapter 4 deals with the design and syntheses of orange and red 

emitter materials based on bithiophene core to study its optoelectronic properties. All the 

molecules synthesized exhibited aggregation induced emission enhancement effect. DFT 

and TDDFT performed on the molecular series supports experimental results. Chapter 5 

deals with the design and syntheses of organic fluorescent materials based on single and 

bi-thiophene core appended with hetero-substituted hydrazides. Synthesized molecules 

clearly support the mechanism of excited state intramolecular proton transfer. 
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Photoluminescence study performed for solid and solution state exhibiting double peak 

clearly validates the excited state intramolecular proton transfer mechanism in the system. 

Theoretical studies were extensively carried out to corroborate with the experimental 

results and to estimate the proton transfer barrier in a system. Few of the synthesized 

molecules were then successfully employed as an emitter material in organic light emitting 

diodes. Chapter 6 deals with the detailed theoretical calculation involving dynamics of 

proton transfer with few supporting experimental evidences for bi-thiophene core with 

acyl-substituted hydrazides. Results reveal the system with bithiophene core exhibited 

good ESIPT mechanism supporting experimental evidences. Further, theoretical 

calculations performed on an extended central thiophene core reveals a much harder proton 

transfer at the excited state. Chapter 7 summarizes the conclusion of the present research 

work and highlights the scope for future work.   

Design of the molecules in each of the series were rooted on the structural aspects of 

the molecules more related to the functionalities present on it. Following are few of the 

design criteria adopted to successfully synthesize the chemical product.  

1. Substitution: The presence of electron donating group such as such as hydroxyl, 

methoxy, ethoxy and dimethyl amino and electron withdrawing group such as nitro 

substituents in the molecules could alter and fine tune the optical properties of the 

system. Molecules possessing substituents with ‒OH moiety can also involve in 

intermolecular hydrogen bonding with the solvent molecules either in polar protic 

solvent or at solvents of higher polarity. Such species exhibited a well pronounced 

AIE effect.  

2. Nature of the heterocyclic atom and mono/di/tri substituted heterocyclic rings: The 

presence of lone pair electrons on the heteroatoms is known to influence the 

optoelectronic properties in the system, in specific absorption and emission 

behaviour of the system is readily altered. Lone pair electron gained via heteroatoms 

would contribute to the overall electronic π-orbital density, thus altering property 

of the system. Apart from this, the heterocyclic rings with substituted hydrazides is 

certain to alter the effect of excited state proton transfer explored in the system. 

3. Influence of the planarity in inducing AIE effect: The sterically hindered peripheral 

groups of the molecules would certainly disrupt the proton transfer at excited state. 

Planar structure would better support proton translocation at the excited state. 
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Hence, design criteria involving bithiophene as the central core moiety would 

uproot the possibilities of steric hindrance in the structure. Further, symmetrical 

molecules were also designed and synthesized, that could further adopt planarity in 

the structure. This in turn would alter the emission behaviour of the molecule and 

forms a critical factor while designing structurally planar system. Having 

considered planarity to be a key factor in inducing AIE effect, design criteria 

involves in introducing different groups to understand its role in favouring/ 

disfavouring planarity.  

4. Nature of solute-solvent interactions: Solvents of higher polarity tend to generally 

stabilize the excited state of the molecule yielding a characteristic pattern in the 

solvatochromic studies. Molecules are carefully designed with different 

functionalities to induce positive-solvatochromic effect through the solute-solvent 

interaction. Such interaction would drastically alter the optical properties of the 

system and help us to understand the subtleties of the system for its optical property 

tuning by mere solvent effect.  

Having considered all the above key points as the basis of the design criteria, nearly 24 

molecules has been synthesized and presented in the thesis. 
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PHOTOPHYSICAL AND ELECTROCHEMICAL 

PROPERTIES OF ORGANIC MOLECULES: 

SOLVATOCHROMIC EFFECT AND DFT 
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Abstract 

A series of five Schiff base fluorescent molecules have been designed, synthesized and 

characterized by standard spectroscopic techniques. The solvatochromic behavior of 

molecules in solvents of varying polarity were investigated by UV-Vis and fluorescence 

spectroscopy.  

 

2.1 INTRODUCTION 

The design and synthesis of organic luminescent materials have attracted 

considerable attention in academic and industrial circles ever since the pioneering work of 

Tang et al. in 1987 (Tang and VanSlyke 1987). Extensive research by the scientific 

community have unveiled the wide range of applications of organic luminescent materials 

such as organic light-emitting diodes (OLEDs) (Hung and Chen 2002; Mitschke and 

Bäuerle 2000; Xiang et al. 2013; Yersin 2008), light-emitting electrochemical cells (LECs) 

(Costa et al. 2011; Slinker et al. 2007), triplet–triplet annihilation based upconversion 

(Singh-Rachford and Castellano 2010; Zhao et al. 2011a, 2013), fluorescence probes 

(Cheng et al. 2015; Feng et al. 2012; Kaur et al. 2012; Kim et al. 2008; Martínez-Máñez 

and Sancenón 2003; Nolan and Lippard 2008; Yang et al. 2013; Zhang et al. 2011; Zhao et 

al. 2010), therapy (Feng et al. 2013; Sun and Che 2009), and bio-imaging (Fernández-

Moreira et al. 2009; Mallesham et al. 2014; Zhao et al. 2011b; Zhu and Yang 2013). OLEDs 

have thrived in the field of organic electronics leading to practical applications such as flat-

panel displays and solid-state lighting resources, due to their low cost (Bünau 1970; Luo et 

al. 2001; Yoo et al. 2013). Most widely used organic luminescent material is composed of 

a polycyclic aromatic molecule with one plane of π-conjugated system, which would be 

favorable to the larger wavelength of absorption (λabs) and emission (λem) bands with the 

stronger absorption intensity and higher luminescence quantum yield (Ф). Nevertheless, 

luminescence is often weakened or quenched at high concentration or in solid state induced 

by the phenomenon of aggregation-caused quenching (ACQ) effect (Bünau 1970) that is 

usually arisen from the intermolecular π−π stacking interactions of π-conjugated plane 

molecules. ACQ effect in organic molecules is quite severe and challenging for applications 

demanding solid-state fluorescence emission. More recently, Tang et al have discovered a 

phenomenon opposed to ACQ effect known as phenomenon of aggregation-induced 

emission (AIE) (Luo et al. 2001). AIE active materials have seen progressive path in the 

field of organic electronics and has attracted great research interest (Hong et al. 2009, 2011; 
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Tang and Qin 2013; Wang et al. 2010). 

 Organic functional materials, by virtue of their ease of processing and tunability of 

properties through a simple chemical modification, lead to myriads of applications in 

comparison with inorganic materials. The incorporation of functional groups in organic 

materials have enriched the molecular materials with unique and interesting optoelectronic 

properties (Leclerc et al. 2005; Morin et al. 2004; Wong et al. 2003). Gondek and co-

workers have investigated the effect of nitrogen and methyl substituent on the 

photophysical properties of organic molecules (Gondek et al. 2006). Kouari and coworkers 

have studied the effect of hydroxyl and methoxyl substituents on anthocyanidin and their 

effect on UV-Vis absorption spectra, with decreasing bandgap and increasing the ground 

state dipole moment enhancing NLO coefficient in the system (El Kouari et al. 2015). Small 

organic molecules possessing electron donor and electron acceptor species have proven to 

exhibit interesting optical and spectral properties aided by intramolecular charge transfer 

(ICT). The charge transfer transitions have brought in wide infra of applications in 

photoelectronic and nonlinear optical devices (Arias et al. 2010; Rahulan et al. 2014), 

chemical sensing (Singh et al. 2014) and revealing the photochemical and photobiological 

processes (Grabowski et al. 2003).  Moreover, an azobenzene based iminopyridine ligand 

has been synthesized by condensation reaction between N,N-dimethyl-4,4′-azodianiline 

and 2-formylpyridine to study its practical application in the field of non-linear optics 

(Guezguez et al. 2014). Researchers have investigated structure-property relationship on 

tetrathiafulvalene–quinones and their effect on third-order optical nonlinearity properties 

(Karakas et al. 2013). The unique properties of small organic molecules such as strong 

solvent polarity dependent changes in their photophysical characteristics have made them 

quite interesting owing to their resultant large red shifts in their emission spectra, stokes 

shifts between absorption and fluorescence spectra, significant reduction in the 

fluorescence quantum yield and lifetime on increasing the solvent polarity (Huang et al. 

2002; Pham and Clarke 2008; Shaikh et al. 2010). 

Salicylaldehyde derivatives have received considerable attention for their facile 

preparation, good stabilities, biological activities, and rich photophysical properties. Five 

derivatives of salicylaldehyde M1, M2, M3, M4 and M5 have been designed and 

synthesized. M1 possesses salicylaldehyde covalently attached through an imine linkage to 

benzohydrazide moiety without any ancillary substituent in its structure. M2 and M4 

possess an additional –OH functionality and an additional benzene ring on benzohydrazide 
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group respectively covalently attached through an imine linkage to salicylaldehyde moiety 

whereas M4 comprises of an –OH functionality on the napthoic hydrazide unit. M5 

comprises of nitro (NO2) functionality on the benzohydrazide unit at position para to the 

imine linked salicylaldehyde.  The aim of the present work is focused towards detailed 

investigation on the spectral behavior and photophysical properties of Schiff base 

salicylaldehyde derivatives in solvents of varying polarity. The effect of solvation on the 

photophysical properties of molecules M1 to M5 have been investigated to understand the 

excited state properties in solvents of varying polarity. It was observed under present study 

that the presence of ancillary substituent, like –OH, naphthyl and NO2 had profound 

influence on the physicochemical properties. UV-Vis absorption studies, 

photoluminescence studies and cyclic voltammetric studies performed on the molecules 

reveal the utility in OLED applications. Realization of ground state geometry and the nature 

of electronic transitions in the system through density functional studies (DFT) in support 

of the experimental techniques has been the main theme of the present work. 

 

2.2 EXPERIMENTAL SECTION 

2.2.1 Materials and methods 

All the chemicals used in the present study were procured from Sigma-Aldrich and 

Alfa Aesar and were used as received without further purification. All the solvents were 

purchased from SD Fine, India, were of HPLC grade and used without further distillation. 

Melting point was measured on Stuart SMP3 melting-point apparatus in open capillaries. 

Infrared spectrum was recorded on Bruker Apex FTIR spectrometer. UV-Vis spectroscopy 

was performed with analytik jena Specord S600 spectrometer in standard 3.0 mL quartz 

cell with 1 cm path length. The 1H-NMR spectra were recorded on Bruker Ascend (400 

MHz) instrument using TMS as internal reference and DMSO-d6 as solvent. Resonance 

multiplicities are described as s (singlet), d (doublet), t (triplet) and m (multiplet). Cyclic 

voltammogram was recorded on IVIUM electrochemical workstation (Vertex) at a scan 

rate of 20 mV/s with the potential range -2.5 V to 2.5 V. DSC was performed using 

Shimadzu DSC-60. 

 

2.2.2 Synthesis of molecules 

The molecules M1, M2, M3, M4 and M5 were synthesized by simple condensation 

reaction between salicylaldehyde and different substituted hydrazides. The compounds 
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have been characterized by various spectral techniques such as DSC, FT-IR and 1H-NMR 

analysis. The structures of the molecules M1 to M5 are shown in Scheme 2.1. DSC analysis 

were carried out to measure the melting point of all the molecules and the result is provided 

in the Fig. 2.11.   
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Scheme 2.1 Structure of molecules M1, M2, M3, M4 and M5 

Synthesis of (E)-N'-(2-hydroxybenzylidene)benzohydrazide (M1) 

Benzohydrazide (0.11 g, 0.81 mmol) and salicylaldehyde (0.1 g, 0.81 mmol) were 

appropriately weighed and transferred to a round bottom flask. 5 ml of ethanol and a drop 

of acetic acid was added and the mixture was refluxed for about 4 h at 78 0C. The progress 

of reaction was confirmed by TLC.  After cooling to room temperature, the reaction mixture 

was filtered through filter paper, washed with ethanol to obtain pure product.  
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M1 (E)-N'-(2-hydroxybenzylidene)benzohydrazide White solid (75%). M.p. 173.06 ºC. 

FT-IR (ATR, cm-1) ν: 3587(OH), 3264 (NH), 1669 (-CH=N-). 1HNMR (400 MHz, DMSO-

d6, δ ppm):12.10 (s, NH), 11.31 (s, OH), 8.66 (s, -CH=N), 7.96 (d, 2Ar-H), 7.60 (dt, 4Ar-

H), 6.95 (t, Ar-CH), 7.32 (t, 2Ar-H)  

Synthesis of (E)-N'-(2-hydroxybenzylidene)-2-hydroxybenzohydrazide (M2) 

Salicylhydrazide (0.124 g, 0.81 mmol) and salicylaldehyde (0.1 g, 0.81 mmol) were 

appropriately weighed and transferred to a round bottom flask. 5 ml of ethanol and a drop 

of acetic acid was added and the mixture was refluxed for about 4 h at 78 0C. The progress 

of reaction was confirmed by TLC.  After cooling to room temperature, the reaction mixture 

was filtered through filter paper, washed with ethanol to obtain pure product.  

M2 (E)-N'-(2-hydroxybenzylidene)-2-hydroxybenzohydrazide Pale yellow solid (82%). 

M.p.  293 ºC. FT-IR (ATR, cm-1) ν: 3686(OH), 3427 (NH), 1612 (-CH=N-). 1HNMR (400 

MHz, DMSO-d6, δ ppm): 12.04 (s, NH), 11.77 (s, OH), 11.18 (s, OH), 8.68 (s, -CH=N-), 

7.89 (dd, Ar-H), 7.57 (dd, Ar-H), 7.46 (ddd, Ar-H), 7.32 (td, Ar-H), 6.99 (m, Ar-H), 6.95(m, 

Ar-H) 

Synthesis of (E)-N'-(2-hydroxybenzylidene)-1-naphthohydrazide (M3) 

Naphthohydrazide (0.152 g, 0.81 mmol) and salicylaldehyde (0.1 g, 0.81 mmol) were 

appropriately weighed and transferred to a round bottom flask. 5 ml of ethanol and a drop 

of acetic acid was added and the mixture was refluxed for about 4 h at 78 0C. The progress 

of reaction was confirmed by TLC.  After cooling to room temperature, the reaction mixture 

was filtered through filter paper, washed with ethanol to obtain pure product.  

M3 (E)-N'-(2-hydroxybenzylidene)-1-naphthohydrazide Pale yellow solid (85%). M.p. 

242.54 ºC. FT-IR (ATR, cm-1) ν: 3649(OH), 3427 (NH), 3001(CH stretching), 1644 (-

CH=N-). 1HNMR (400 MHz, DMSO-d6, δ ppm): 12.25 (s, NH), 11.22 (s, OH), 8.55 (s, -

CH=N-), 8.25 (m, Ar-H), 8.09 (m, Ar-H), 7.80 (dd, Ar-H), 7.62 (m, 6Ar-H), 7.32 (m, Ar-

H), 6.95 (m, 2Ar-H) 

Synthesis of (E)-3-hydroxy-N'-(2-hydroxybenzylidene)-2-naphthohydrazide (M4) 

3-hydroxy,2-naphthohydrazide (0.165 g, 0.81 mmol) and salicylaldehyde (0.1 g, 0.81 

mmol) were appropriately weighed and transferred to a round bottom flask. 5 ml of ethanol 

and a drop of acetic acid was added and the mixture was refluxed for about 4 h at 78 0C. 

The progress of reaction was confirmed by TLC.  After cooling to room temperature, the 

reaction mixture was filtered through filter paper, washed with ethanol to obtain pure 

product.  
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M4 (E)-3-hydroxy-N'-(2-hydroxybenzylidene)-2-naphthohydrazide: White solid (77%). 

M.p. 299.69 ºC. FT-IR (ATR, cm-1) ν: 3251(OH), 3165 (NH), 3051(CH stretching), 1642(-

CH=N-). 1HNMR (400 MHz, DMSO-d6, δ ppm): 12.16 (s, NH), 11.26 (s, OH), 11.19 (s, 

OH), 8.68 (s, -CH=N-), 8.46 (s, Ar-H), 7.85 (dd, 2Ar-CH), 7.55 (m, 1Ar-CH), 7.34 (m, 

4Ar-H), 6.95 (m, 2Ar-H) 

Synthesis of (E)-N'-(2-hydroxybenzylidene)-4-nitrobenzohydrazide (M5) 

4-Nitrobenzohydrazide (0.148 g, 0.81 mmol) and salicylaldehyde (0.1 g, 0.81 mmol) were 

appropriately weighed and transferred to a round bottom flask. 5 ml of ethanol and a drop 

of acetic acid was added and the mixture was refluxed for about 4 h at 78 0C. The progress 

of reaction was confirmed by TLC.  After cooling to room temperature, the reaction mixture 

was filtered through filter paper, washed with ethanol to obtain pure product.  

M5 (E)-N'-(2-hydroxybenzylidene)-4-nitrobenzohydrazide Pale yellow solid (83%). M.p. 

299.58 ºC. FT-IR (ATR, cm-1) ν: 3215 (OH), 3062 (NH), 3001(CH stretching), 1647 (-

CH=N-). 1HNMR (400 MHz, DMSO-d6, δ ppm): 12.36 (s, NH), 11.09 (s, OH), 8.69 (s, -

CH=N), 8.39 (d, 2Ar-H), 8.18 (d, 2Ar-H), 7.61 (m, Ar-H), 7.32 (t, Ar-H), 6.94 (m, Ar-H)  

 
2.2.2.6 Characterization results 
 

 

Fig. 2.1 FT-IR spectrum of molecule M1 
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Fig. 2.2 FT-IR spectrum of molecule M2 

 

 
Fig. 2.3 FT-IR spectrum of molecule M3 
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Fig. 2.4 FT-IR spectrum of molecule M4 

 

 
Fig. 2.5 FT-IR spectrum of molecule M5 
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.  

 

Fig. 2.6 1H NMR spectra of molecule M1 

 
 

Fig. 2.7 1H NMR spectra of molecule M2 
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Fig. 2.8 1H NMR spectra of molecule M3 

 

 
 

Fig. 2.9 1H NMR spectra of molecule M4 
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Fig. 2.10 1H NMR spectra of molecule M5 

 
 

Fig. 2.11 Differential Scanning calorimetry of molecules M1 to M5 
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2.3 RESULTS AND DISCUSSION 

2.3.1 UV-Vis studies 

The optical properties of synthesized molecules were studied in order to probe the 

influence of substituents such as extension of π conjugation or increasing donor character 

on the photophysical properties of salicylaldehyde derivatives. With a view to evaluate the 

effect of polarities and hydrogen bond forming abilities of various organic solvents on the 

fluorescence and absorption spectra of molecules, UV-Vis spectra and fluorescence spectra 

of M1 to M5 have been recorded. 10‒5 M solution of the molecules were prepared in 

solvents of varying polarity such as THF, DCM, acetone, EtOH, ACN, DMF and DMSO. 

Molecules M2 and M4 exhibited significant fluorescence in solution phase when 

illuminated with UV lamp as shown in Fig. 2.12. 

The UV-Vis spectra of these molecules reveal that the absorption band in the region 

~ 300 nm corresponds to the transition between the p-orbital localized on the central bond 

of azomethine (HC=N-) and the carbonyl (C=O) group. The second band located in the 

range of ~350 to 400 nm refers to an intramolecular charge transfer (CT) transition within 

the molecule (Gabr 1990). Furthermore, the band at 400 nm is highly significant in 

salicylaldimine derivatives which indicates the occurrence of strong intramolecular 

hydrogen bond between the hydroxyl group and the azomethine nitrogen that causes 

planarity of the molecules. This further facilitates the charge transfer bands which are more 

sensitive to solvent changes than bands which are resulting from local transition (Gabr 

1990). The results are shown in Table 2.1. The role of solvent is significant in spectroscopic 

analysis as it induces predominant changes in the position, intensity and shape of the 

absorption and fluorescence bands (Wirth 1982). The effect of changes in the polarity of 

the solvents is reflected in changes in the excitation and emission wavelengths on whether 

S1 or S0 is more stabilized by the solvent (Mishra and Dogra 1983) .Among all the solvents 

used in the present study, each molecule showed highest Stokes shift values in a specific 

solvent. This reveals the influence of solvent polarity in promoting or nullifying the solute-

solvent interactions. 10-5 M solution of molecule M1 in DMSO, M2 in EtOH, M3 and M4, 

in DMF and M5 in ACN exhibited maximum Stokes shift differing by 223, 162, 165, 188 

and 111 units respectively. This proved the complex nature of solute solvent interactions 

dominated by the hydrogen bond accepting nature of the solvents to have a prominent role 

in inducing red shift. The red shift and the Stokes shift observed for the molecules with the 

increase in solvent polarity reveals that the long wavelength band of the molecule is due to 
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n-π* transitions existing in the neutral molecules.  

 

 
Fig. 2.12 Fluorescent response of molecules M1 to M5 (10-5 M) in solvents of varying 

polarity under UV illumination 

 

The UV-Vis spectral studies of the molecules M1 to M5 in solvents of varying 

polarity reveals the following results. The molecules M1 and M5 exhibited linear 

correlation between the solvent polarity and red shift in the absorption bands in solvents 

such as THF, DCM and acetone. The absorption band for M1 and M5 exhibited a red shift 

in solvents of increasing polarity following an order THF< DCM< acetone differing by 50 

units respectively. THF and acetone being polar aprotic solvents, DCM being a non-polar 

solvent exhibited less prevalent solute-solvent interactions on the molecules. Molecules 

M1 and M5 did not exhibit any linear correlation between solvent polarity and red shift in 

absorption band in solvents of higher dielectric constants such as EtOH, DMF, ACN, and 
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DMSO. The UV-Vis spectra of molecules M1 and M5 is as shown in the Fig. 2.13 to Fig. 

2.17. Ethanol being a polar protic solvent, DMF, ACN and DMSO being polar aprotic 

solvent introduced complex nature of solute solvent interactions dominated by the 

hydrogen bond accepting nature of the solvents. The hydrogen bonding capacity of the 

solvents is necessary to be considered from a view point of its importance over polarity. 

This is justified with the anomalous behavior observed in the case of ACN which is more 

polar than DMF, yet exclusively a hydrogen-bond acceptor. Molecules M2 and M4 by 

virtue of the presence of an additional -OH functionality did not show any linear 

dependence on the solvent polarity and the red shift, yet indicating complex nature of solute 

solvent interactions. This justifies the role of -OH functionality as a hydrogen bond donor 

site aiding the solute-solvent interactions with hydrogen bond acceptor solvents such as 

DMSO, ACN and EtOH. Molecules M2 and M4, possessing two –OH functionalities, 

exhibited a significant red shift at 385 nm and 400 nm respectively in DMSO which is 

attributed to the hydrogen bond interactions dominating over the solute-solvent 

interactions.  

 

 
Fig. 2.13 UV-Vis spectra of molecule M1 (10-5 M) in various solvents 
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Fig. 2.14 UV-Vis spectra spectra of molecule M2 (10-5 M) in various solvents 

 

 
 

Fig. 2.15 UV-Vis spectra of molecule M3 (10-5 M) in various solvents  
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Fig. 2.16 UV-Vis spectra of molecule M4 (10-5 M) in various solvents  

 

 
 

Fig. 2.17 UV-Vis spectra of molecule M5 (10-5 M) in various solvents  
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Table 2.1 Photophysical aspects of molecules M1 to M5 in solvents of varying polarity 

Molecule λabs (nm) λex (nm) λems (nm) Stoke Shift FWHM 

THF 

M1 250, 295, 334 250 306 56 34 
M2 250, 295, 334 334 446 112 75 
M3 250, 295, 334 334 436 102 69 
M4 250, 295, 305, 335 250 311 61 38 
M5 250, 295, 338 250 311 61 39 

DCM 

M1 285, 294, 330 294 392 98 99 
M2 293, 335 293 392 99 102 
M3 294, 328 294 393 99 103 
M4 308, 334 308 394 86 59 
M5 292, 340 292 393 101 78 

Acetone 

M1 345, 415 345 426 81 79 
M2 331 331 484 153 150 
M3 343 343 428 85 124 
M4 350 350 513 163 86 
M5 350 350 427 77 77 

EtOH 

M1 285, 296, 330, 400 330 429 99 68 
M2 301, 333, 400 301 463 162 80 
M3 297, 329, 400 329 429 100 65 
M4 275, 337, 400 400 557 157 125 
M5 345 345 430 85 64 

ACN 

M1 271, 285, 295, 333  271 373 102 105 
M2 291, 335 335 474 139 102 
M3 294, 332 294 376 82 121 
M4 290, 303, 339  290 360 70 121 
M5 267, 290, 339  267 378 111 96 

DMF 

M1 286, 298, 329, 397  397 458, 553 61, 156 105 
M2 330, 364, 381, 412 330 455 125 82 
M3 300, 329, 395 395 560 165 95 
M4 340 340 528 188 104 
M5 357, 380 380 453 73 73 

DMSO 

M1 288, 299, 329 329 552 223 175 
M2 329, 385 385 458 73 78 
M3 285, 329 285 336 51 51 
M4 276, 333, 400 400 557 157 104 
M5 276, 342 276 330 54 55 
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2.3.2 Photoluminescence studies 

Photoluminescence studies were performed for the molecules M1 to M5 in solvents 

of varying polarity. Furthermore, all the materials show good solvatochromic effect in wide 

range of solvent polarities. The probability of absorption is greater in polar solvents in 

contrast with the fluorescence intensity which is affected by other processes such as internal 

conversion and intersystem crossing.  These processes are favored by greater hydrogen 

bond accepting character of ACN relative to other polar and hydrogen-bond donor solvents 

such as methanol which inhibit these non-radiative processes. Fluorescence emission is 

favored in solvents of higher dielectric constants such EtOH and DMF. M2, by virtue of 

the presence of two OH functionalities which is in direct conjugation with the imine 

linkage, further favors delocalization of electrons. This in turn influences the electronic 

transition in the molecule leading to emission intensity greater in comparison with the other 

molecules of the series. The fluorescence emission spectrum of M1 to M5 in various 

solvents is provided in Fig. 2.18 to Fig. 2.22. Variation of emission wavelengths of the 

molecules M1 to M5 in solvents of varying polarity is shown in Fig. 2.23.  

 

 
 

Fig. 2.18 Photoluminescence spectra of molecule M1 (10-5 M) in various solvents 
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Fig. 2.19 Photoluminescence spectra of molecule M2 in solvents of varying polarity 

 

 
Fig. 2.20 Photoluminescence spectra of molecule M3 (10-5 M) in various solvents 
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Fig. 2.21 Photoluminescence spectra of molecule M4 (10-5 M) in various solvents  

 

 
Fig. 2.22 Photoluminescence spectra of molecule M5 (10-5 M) in various solvents  



 
 

65 

 

 
Fig. 2.23 Variation in the emission wavelength of molecules M1-M5 under solvents of 

varying polarity 

 

Molecules M1 to M5 were deposited onto chemically cleaned glass substrates with 

the help of thermal vacuum deposition to study its solid-state emission properties. M4 

exhibited a weaker emission as compared to M2 under UV illumination as shown in the 

Fig. 2.24. The -OH functionality in M2 and M4 are known to have prominent role in 

exhibiting solid state luminescent property. M1 and M3 devoid of -OH substitution on one 

of the aromatic counterparts did not exhibit solid state emission. Further, molecule M5, due 

to the presence of -NO2 group quenched the emission intensity and hence no significant 

solid-state emission was observed. Photoluminescence spectra of thin films of molecules 

M2 and M4 is provided in the Fig. 2.25 with their photophysical parameters tabulated in 

Table 2.2. Molecule M2 exhibited a solid-state emission at 512 nm red shifted in 

comparison with the solution state whereas M4 exhibited an emission at 520 nm with a 

FWHM of 88. A good color purity would imply in achieving a value of FWHM lesser than 

60 and molecule M2 exhibited a value of 70.  
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Fig. 2.24 Solid-state emission of molecules M1 to M5 under UV lamp. 

 
Fig. 2.25 Solid-state photoluminescence spectra of molecule M2 and M4. 

 

Table 2.2 Photoluminescence parameters of molecule M2 and M4 in solid state 

Molecule λex (nm) λems (nm) Stokes Shift FWHM 
M2 360 512 152 70 
M4 350 520 170 88 

 

2.3.3 Quantum Yield measurement  

The fluorescence quantum yields (ϕS) were evaluated according to the following 

Equation 2.1, where Coumarin 153 in cyclohexane was used as a reference (R) for molecule 

M2 and quinine sulphate in 0.5 M H2SO4 chosen as the reference (R) for other molecules 

in the series. Molecules M1 to M5 whose quantum yield to be determined is denoted as S. 

Grad corresponds to the gradient from the plot of integrated fluorescence intensity vs 
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absorbance at the excitation wavelength, and η the refractive index of the solvent for 

standard and reference (Dhami et al. 1995; Williams et al. 1983). Molecule M2 exhibited 

a highest quantum yield value of 0.35 in DMSO, whereas molecules M1 and M4 showed 

a quantum yield value of 0.005 and 0.06. The estimated quantum yield of the molecules is 

presented in Table 2.3. Further there were no significant emissions from M3 and M5 with 

reference to the standard.   

 

∅𝑆 = ∅𝑅

𝐺𝑟𝑎𝑑𝑆

𝐺𝑟𝑎𝑑𝑅
 
𝜂𝑆

2

𝜂𝑅
2                                  Eq. 2.1 

 

Table 2.3 Measured quantum yield for molecule M1, M2 and M4 

Molecule M1 M2 M3 M4 M5 

φS 0.005 0.35 ND* 0.06 ND* 

*ND – not determined (emission intensity is very low in comparison with standard) 

 

2.3.4 Fluorescent lifetime measurement 

Measurements of the fluorescence lifetime have been performed with standard 

time-correlated single-photon counting method (TCSPC). An LED with an excitation 

wavelength of 346 nm and a spectral width of 1.2 nm has been used to excite the molecules. 

The lifetime curves for M1 to M5 are represented in the Fig. 2.26 with their standard 

deviation profile is provided in Fig. 2.27. The decay curves obtained are then fitted with a 

DAS6 software to obtain the fluorescence lifetime of the molecules (τs ) and the results are 

tabulated in Table 2.4. In general, certain materials exhibit only first order progression 

decay having a single lifetime component, and other materials can exhibit second or third 

order progression decay, resulting in two or three component lifetimes (Song et al. 2017). 

Decay curve with a good fit resulted in a XSQR value of lesser than 1.2 for the molecules 

with a three and two-component lifetime. 
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Table 2.4 The lifetime of molecules M1 to M5 and its ΧSQR value 

 

 

 

 

 

 

 

 
Fig. 2.26 Fluorescence decay curve of molecules M1 to M5 excited with a source of 346 

nm  

 

Molecule XSQR 
Lifetime (ns) 

T1 T2 T3 
M1 1.095 1.3 5.59 0.079 
M2 1.184 1.63 2.91 0.0763 
M3 1.069 0.163 1.65 2.69 
M4 1.063 0.78 4.39 - 
M5 1.053 0.982 2.59 - 
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Fig. 2.27 Standard deviation profile for decay curve fitting for molecules M1 to M5 

 

2.3.5 Cyclic voltammetry  

Cyclic voltammetric studies of molecules hasve been performed with three 

electrode cell in ACN medium and tetrabutylammonium perchlorate as supporting 

electrolyte.  The anodic peak corresponds to the oxidation of –NH functionality and the 

cathodic peak corresponds to the reduction of keto (C=O) functionality. Molecule M5 has 

a NO2 and a keto functionality which can undergo reduction. The cyclic voltammogram is 

represented in Fig. 2.28.  Further, the onset potentials of oxidation and reduction of a 

material can be correlated to the ionization potential (Ip) and electron affinity (Ea). The 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) have been calculated (Duvenhage et al. 2015) by using Equation 2.2 and Equation 

2.3 and the energy band gap EG deduced from Equation 2.4 for the molecules are 

represented in Fig. 2.29. The estimated value of HOMO and LUMO for molecules M1 to 

M5 is tabulated in Table 2.5. 

𝐼𝐼𝑃𝑃 = −(𝐸𝐸𝑂𝑂𝑂𝑂 + 4.4) 𝑒𝑒𝑒𝑒                                     𝐸𝐸𝐸𝐸.  2.2 

𝐸𝐸𝑎𝑎 = −(𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 + 4.4) 𝑒𝑒𝑒𝑒                                  𝐸𝐸𝐸𝐸.  2.3 

𝐸𝐸𝐺𝐺 = �𝐸𝐸𝑎𝑎 − 𝐼𝐼𝑝𝑝� 𝑒𝑒𝑒𝑒                                          𝐸𝐸𝐸𝐸.  2.4 
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Table 2.5 Estimation of HOMO, LUMO and bandgap of molecule M1 to M2 from 

electrochemical studies 

Molecule Iox (V) a Ered (V) b EHOMO (eV) ELUMO (eV) Eg (eV) 

M1 0.82 -1.43 -5.22 -2.97 2.25 

M2 1.41 -0.91 -5.81 -3.49 2.32 

M3 1.45 -0.87 -5.85 -3.53 2.32 

M4 1.4 -0.9 -5.8 -3.5 2.3 

M5 2.04 -1.22 -6.44 -3.18 3.26 

 

a Oxidation onset measured from cyclic voltammogram 

b Reduction onset measured from cyclic voltammogram 

 

 

Fig. 2.28 Cyclic voltammogram of molecules M1 to M5 
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Fig. 2.29 HOMO, LUMO and band gap of molecule M1 to M5 by cyclic voltammetry 

 

2.3.6 DFT studies 

The geometrical and electronic properties of molecules M1 to M5 were performed 

using Gaussian 09 package (Frisch et al. 2009). The geometry optimization was achieved 

by means of B3LYP (Becke three parameters hybrid functional with Lee-Yang-Perdew 

correlation functionals) (Lee et al. 1988) with the 6-311++G (d, p) basis set (Hariharan and 

Pople 1973; Hehre et al. 1972). The molecules M1 to M5 with their optimized geometry 

and their dihedral angle is shown in the Fig. 2.30. Highest occupied molecular orbitals and 

lowest unoccupied molecular orbitals were visualized using Avogadro software (Hanwell 

et al. 2012). Vertical transition energies of singlet excited states in gas phase was estimated. 

Oscillator strengths for all the structures were estimated using time-dependent DFT method 

(TD-DFT) at the same level of calculation with the same basis set that was used for ground 

state optimization. 
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Fig. 2.30 DFT optimized structures of the molecules M1 to M5 with their dihedral angle. 

TD-DFT calculation under the same basis set with vertical transition energies up to 

first 20 singlet excited states for all the molecules under various solvents have been 

estimated. The effect of solvent on the energy parameters has been incorporated by self-

consistent reaction field using inbuilt conductor polarizable continuum model (SCRF-

CPCM) (Tomasi and Persico 1994) as implemented in Gaussian 09 software. The energy 

distribution diagram in gas phase representing HOMO and LUMO is shown in Fig. 2.31. 

Molecules M1 to M4 have their LUMO energy distributed on the entire molecule except 

for M5 where it is localized on nitro phenyl moiety. HOMO is localized on salicylaldehyde 

and the imine group for molecules M1, M2 and M5, whereas it is delocalized on the entire 

molecule for M3 and localized on naphthohydrazide for M4. Charge transfer transition is 

occurring between the salicylaldehyde and the entire molecular network as seen in the 

spatial distribution. The corresponding UV-Vis spectra are represented in Fig. 2.32 to Fig. 

2.36. Computed electronic transitions obtained for the molecules M1 to M5 were in good 
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agreement with the experimentally obtained absorbance. The overall trend of the spectrum 

remained the same in comparison with the experimental results and the discrepancies seen 

in the energy transition may be attributed to the theoretical overestimation. 

 

 
 

Fig. 2.31 Representation of energy distribution in molecules M1 to M5 in gas phase 

 
 

Fig. 2.32 Theoretical UV-Vis spectra of molecule M1 in various solvent. 
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Fig. 2.33 Theoretical UV-Vis spectra of molecule M2 in various solvents 

 

 
 

Fig. 2.34 Theoretical UV-Vis spectra of molecule M3 in various solvents 
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Fig. 2.35 Theoretical UV-Vis spectra of molecule M4 in various solvents 

 

 
Fig. 2.36 Theoretical UV-Vis spectra of molecule M5 in various solvents 
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2.4 CONCLUSIONS 

Molecules M1 to M5 have been synthesized by Schiff’s base condensation reaction 

in good yield and characterized by standard spectroscopic techniques like FT-IR, 1H-NMR 

and DSC. Solvent dependent studies of molecules M1 to M5 exhibited a meager linear 

correlation between the solvent polarity and the observed red shift value. This confirmed 

the solute-solvent interaction dominating over the hydrogen bond accepting nature of the 

solvents. Fluorescent quantum yield determined for the molecules resulted in M2 

exhibiting a high quantum yield of 35% in comparison with the others. Fluorescent lifetime 

measurement carried out on all the molecules show a multicomponent lifetime value with 

an average lifetime of ~5 ns. Ground state optimized geometry of the molecules shows the 

molecules to possess a good amount of steric hindrance. Excited state energy calculations 

on the ground state optimized geometry estimates the probability of electronic transitions 

in the system that correlates well with the experimental UV-Vis spectra.  
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Abstract  

A series of Schiff base thiophene derivatives, D1 to D9, which exhibits a phenomenon of 

aggregation-induced emission enhancement (AIEE) have been synthesised. Multi-

coloured emission enhancement has been achieved just by introduction of electron 

donating and withdrawing substituent on the thiophene moiety.  

3.1 INTRODUCTION 

Small organic molecules that exhibit a phenomenon of aggregation induced 

emission enhancement (AIEE) is gaining considerable interest. Aggregation induced 

emission (AIE) molecules have multitude of applications in the fields of solid state 

electronics such as organic light emitting diodes (OLED), photovoltaic devices (Buyruk 

et al. 2016; Hadsadee et al. 2017; Mandal and Ramanujam 2016; Zara et al. 2017), and 

photofunctional materials (Asahi et al. 2008; Chan et al. 2002; Chung et al. 2009; Friend 

et al. 1999; Jones et al. 2017; Kumbhar et al. 2016; Samuel and Turnbull 2007; Scherf et 

al. 2001; Tian et al. 2017; Zhu et al. 2003). High device efficiency can be achieved if the 

luminophores used in devices would show an enhanced emission in solid-state supporting 

AIE phenomenon. Generally, conventional luminophores exhibit good emission in diluted 

medium and rather show a weaker emission in solid state due to the intense 

intermolecular π–π stacking, a phenomena generally termed as Aggregation Caused 

Quenching (ACQ) (Li and Li 2017). The occurrence of π–π stacking interactions lead to 

the formation of aggregative species such as delocalized excitons and excimer that has 

always been a hindrance in the development of efficient OLEDs (Hong et al. 2011). In 

contrast to ACQ, various mechanisms have been proposed supporting AIE behaviour in 

luminophores via restriction of intramolecular rotation (Chan et al. 2002; Luo et al. 2001; 

Tong et al. 2006; Yu et al. 2005), formation of J-aggregates, intramolecular planarization, 

inhibition of photoisomerization, photocyclization and blockage of nonradiative 

relaxation pathways of the excited species (An et al. 2002; Bao et al. 2006; Bhongale et 

al. 2005; Han et al. 2006; Itami and Yoshida 2006; Jayanty and Radhakrishnan 2004; Li 

et al. 2015; Sun et al. 2006; Toal et al. 2005; Tracy et al. 2005; Wang et al. 2005; Xie et 

al. 2006; Yeh et al. 2003). In general, AIE materials have twisted type structure that 

avoids possible intermolecular π–π interactions. However, in contrast to twisted type, 

certain planar type conjugated molecules do exhibit AIE wherein the excimer responsible 

for the emission appear to be in pairwise stacking state or the π–π stacking interactions is 
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absent in their resultant molecular packing arrangement. Moreover, design of a better 

molecular structure and their supportive solid state molecular packing arrangements play 

a crucial role in achieving an efficient AIEE (Li and Li 2017). 

Amongst the various reported AIE fluorophores, thiophene based materials have 

gained a major interest due to their simplistic synthesis and excellent AIE effect. A series 

of thiophene derivatives that exhibit emission intensity proportional to the number of 

conjugated thiophene units have been reported by Shirota and coworkers (Noda et al. 

1997, 1999). Moreover, thiophene moiety is reported to induce enhanced film forming 

ability and overall high thermal stability (Noda and Shirota 1998). Depending on the type 

of additional aromatic groups attached, thiophene derivatives are known to exhibit either 

electron transporting, hole transporting (Cho et al. 2003), or bipolar characteristics (Doi et 

al. 2003). Owing to the synthetic flexibility and the strong polarizability of the sulfur 

atoms giving rise to strong S---S and S—π intermolecular interactions for contributing 

high charge mobility (Hutchison et al. 2005; Muruganantham et al. 2017), thiophene 

based materials have been the focus of research. Researchers have extensively studied the 

AIE effect of various organic molecules and validated by photophysical, electrochemical 

and DFT studies (Arathi et al. 2016; Kothavale et al. 2017; Maragani et al. 2017; Padalkar 

et al. 2017; Pathak et al. 2016; Srinivasan et al. 2017; Yao and Qian 2018; Zhou et al. 

2016). Suitable substitution of electron donating and electron withdrawing substituents on 

the aromatic ring covalently linked to the thiophene moiety, leads to multitudes of 

emission with varying intensity. With this in view, a series of nine derivatives have been 

synthesized by Schiff base condensation reaction of thiophene carboxylic acid hydrazide 

and various substituted aromatic aldehydes. Molecule D1 has no substituent and is used 

as a control sample. In comparison with D1, the role of substituent on the fluorescent 

behaviour of molecules D2 to D9 was investigated. D2 and D3 possess electron rich –OH 

functionality appended at position ortho and para respectively to the covalently linked 

heterocyclic ring. D4 comprising of electron withdrawing –NO2 functionality imparts 

electron deficient nature to the molecule. D5 consist of an electron donating –OC2H5 

appended at positions meta, whereas D6 and D7 consists of –OCH3 functionality, 

appended at para and meta positions to the covalently linked thiophene unit. Molecule D8 

differs from D7 in possessing an electron withdrawing –NO2 group at position para to –

OH functionality. Molecule D9 comprises of highly electron donating dimethyl amino 
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functionality at position para to the imine linked thiophene ring and is known to have 

profound influence on the fluorescent emission. 

3.2 EXPERIMENTAL SECTION 

3.2.1 Materials and methods 

All the chemicals used in the present study were procured from Sigma-Aldrich 

and Alfa Aesar and were of 98% purity, used as received without further purification. All 

the solvents were purchased from SD Fine, India, were of HPLC grade and used without 

further distillation. Infrared spectrum was recorded on Bruker Apex FTIR spectrometer. 

UV-Vis spectroscopy was performed with analytik Jena Specord S600 spectrometer in 

standard 3.0 mL quartz cell with 1cm path length. The 1H NMR spectra were recorded on 

Bruker Ascend (400 MHz) instrument using TMS as internal reference and DMSO-d6 as 

solvent. Resonance multiplicities are described as s (singlet), d (doublet), t (triplet) and m 

(multiplet). Mass spectrum was recorded on Bruker Daltonics. Cyclic voltammogram was 

recorded on Ivium electrochemical workstation (Vertex) at a scan rate of 20 mV/s with 

the potential ranges from -5V to +5V. DSC analysis was performed on Shimadzu DSC-

60. Single crystal X-Ray Diffraction (SCXRD) was performed on Bruker AXS APEX II 

system. Steady-state fluorescence emission spectra were recorded with the help of 

Fluoromax 4 HORIBA spectrofluorometer. Fluorescence quantum yield were determined 

for the series with coumarin 153 in cyclohexane as a standard. Fluorescence decay of the 

series was acquired employing the Time Correlated Single Photon Counting (TCSPC) 

technique with a nano-LED with a spectral width of 1.2 nm as an excitation source. 

Decay profiles were best fit with DAS6 software to estimate the fluorescence lifetime of 

the series. The fitting was assumed to be precise with a value of chi-sqr lower than 1.2. 

Molecules were thermally deposited onto chemically cleaned glass substrates under 

vacuum of 10-6 mbar to study solid state emission characteristics. All the measurements 

were carried out at an ambient temperature.  

3.2.2 Synthesis of molecules D1 to D9 

The molecules D1 to D9 have been synthesized by Schiff base condensation of 

Thiophene-2-hydrazide with various substituted aldehydes namely, benzaldehyde; 

salicylaldehyde; 4-hydroxy benzaldehyde; 4-nitrobenzaldehyde; 3-ethoxy 2-hydroxy 

benzaldehyde; 2-hydroxy, 4-methoxy benzaldehyde; 2-hydroxy 5-methoxy benzaldehyde; 
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2-hydroxy, 5-nitrobenzaldehyde and p-diethylamino 2-hydroxy benzaldehyde 

respectively. The reactants were weighed and transferred to round bottom flask and to it 5 

ml of ethanol and a drop of acetic acid was added. The reaction mixture was refluxed for 

about 4 hrs at 78 ºC to get the desire product. The structure of the molecules D1 to D9 are 

represented in Scheme 3.1. All the synthesized molecules have been well characterized by 

standard spectroscopic techniques as provided in Fig. 3.1 to Fig. 3.27. DSC analysis were 

carried out to measure the melting point of few of the molecules and the results are 

provided in the Fig. 3.28 and Fig. 3.30. 

D1 (E)-N'-benzylidenethiophene-2-carbohydrazide, Yield: 80%., 1H NMR (DMSO-d6, 

400 MHz, ppm): δ 11.89 (s, NH), 8.45 (s, Ar-H), 8.13-8.07 (dd, Ar-H), 7.98-7.89 (d, 2Ar-

H), 7.82-7.71 (ddd, 2Ar-H,), 7.52-7.71 (ddd, 3Ar-H), 7.2 (s, N=CH). FT-IR (cm-1): (C=N) 

1638, (C-H) 2951, (NH) 3233. ESI-MS Calculated: 230.05, Obtained: 231.05 (M+H+) 

D2 (E)-N'-(2-hydroxybenzylidene)thiophene-2-carbohydrazide, Yield: 67%., 1H NMR 

(DMSO-d6, 400 MHz, ppm): δ 12.12 (s, NH), 11.11 (s, OH), 8.63 (s, N=CH), 8.44 (s, Ar-

H), 7.90-7.96 (d, 2Ar-H), 7.58 (d, Ar-H,), 7.25 (s, Ar-H), 6.91-6.92 (d, 2Ar-H). FT-IR 

(cm-1): (C=N) 1610, (C-H) 3027, (NH) 3182, (OH) 3340. ESI-MS Calculated: 246.05, 

Obtained: 247.00 (M+H+) 

D3 (E)-N'-(4-hydroxybenzylidene)thiophene-2-carbohydrazide, Yield: 78%., 1H NMR 

(DMSO-d6, 400 MHz, ppm): δ 11.65 (s, NH), 9.99 (s, OH), 8.33 (s, N=CH), 8.02-7.96 

(ddd, 3Ar-H), 7.63--7.56 (dd, 2Ar-H), 7.24 (s, Ar-H), 6.85-6.86 (d, 2Ar-H). FT-IR (cm-1): 

(C=N) 1597, (NH) 3116, (OH) 3225. ESI-MS Calculated: 246.05, Obtained: 247.00 

(M+H+) 

D4 (E)-N'-(4-nitrobenzylidene)thiophene-2-carbohydrazide, Yield: 83%., 1H NMR 

(DMSO-d6, 400 MHz, ppm): δ 12.17 (s, NH), 8.55 (s, OH), 8.24 (s, N=CH), 8.34-8.32 

(ddd, 2Ar-H), 8.03 (dd, 4Ar-H), 7.20-7.25 (dd, Ar-H). FT-IR (cm-1): (C=C) 1504, (C=N) 

1644, (C-H) 2808, (NH) 2830. ESI-MS Calculated: 275.04, Obtained: 273.85 (M-H+) 

D5 (E)-N'-(3-ethoxy-2-hydroxybenzylidene)thiophene-2-carbohydrazide, Yield: 88%., 1H 

NMR (DMSO-d6, 400 MHz, ppm): δ 12.10 (s, NH), 10.76 (s, OH), 8.66 (s, N=CH), 7.92 

(d, 2Ar-H), 7.26 (dd, 2Ar-H), 7.18 (d, Ar-H), 6.87 (m, 2Ar-H), 4.89( C2H5, 5H). FT-IR 

(cm-1): (C=C) 1575, (C=N) 1638, (NH) 3083, (OH) 3541. ESI-MS Calculated: 290.07, 

Obtained: 291.05 (M+H+) 
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D6 (E)-N'-(2-hydroxy-4-methoxybenzylidene)thiophene-2-carbohydrazide, Yield: 78%., 
1H NMR (DMSO-d6, 400 MHz, ppm): δ 12.03 (s, NH), 11.45 (s, OH), 8.54 (s, N=CH), 

7.90-7.69 (dd, 2Ar-H), 7.48 (s, Ar-H), 7.24 (s, Ar-H), 6.53-6.51 (dd, 2Ar-H), 3.79 ( 

OCH3, 3H). FT-IR (cm-1): (C=N) 1613, (C-H) 3009, (NH) 3191, (OH) 3437. ESI-MS 

Calculated: 276.06, Obtained: 277.05 (M+H+) 

D7 (E)-N'-(2-hydroxy-5-methoxybenzylidene)thiophene-2-carbohydrazide, Yield: 76%., 
1H NMR (DMSO-d6, 400 MHz, ppm): δ 12.11 (s, NH), 10.54 (s, OH), 8.63 (s, N=CH), 

8.41 (s, Ar-H), 7.99-7.94 (ddd, 2Ar-H), 7.22-7.16 (dd, 2Ar-H), 6.92-6.88 (dd, 2Ar-H), 

3.76 ( -OCH3, 3H). FT-IR (cm-1): (C=C) 1497, (C=N) 1573, (C-H) 2999, (NH) 3223, 

(OH) 3334. ESI-MS Calculated: 276.06, Obtained: 277.05 (M+H+) 

D8 (E)-N'-(2-hydroxy-5-nitrobenzylidene)thiophene-2-carbohydrazide, Yield: 73%., 1H 

NMR (DMSO-d6, 400 MHz, ppm): δ 12.28 (s, NH), 11.99 (s, OH), 8.99-8.78 (d, Ar-H), 

8.73 (s, N=CH), 8.60 (s, Ar-H), 8.43 (s, Ar-H), 8.18-8.19 (d, Ar-H), 7.27-7.26 (dd, Ar-H), 

6.92-6.88 (dd, 2Ar-H), 3.76 ( OCH3, 3H). FT-IR (cm-1): (C=C) 1552, (C=N) 1624, (C-H) 

3025, (NH) 3063, (OH) 3289. ESI-MS Calculated: 291.03, Obtained: 289.90 (M-H+) 

D9 (E)-N'-(4-(diethylamino)-2-hydroxybenzylidene)thiophene-2-carbohydrazide, Yield: 

75%., 1H NMR (DMSO-d6, 400 MHz, ppm): δ 11.79 (s, NH), 11.26 (s, OH), 8.40 (s, 

N=CH), 7.86 (dd, Ar-H), 7.23-7.21 (dd, 2Ar-H), 6.27 (dd, Ar-H), 6.12 (d, Ar-H), 

3.34(6H,(CH3)2) 1.12(4H,(CH2)2). FT-IR (cm-1): (C=C) 1552, (C=N) 1624, (C-H) 3025, 

(NH) 3185, (OH) 3351. ESI-MS Calculated: 317.12, Obtained: 318.15 (M+H+) 
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Scheme 3.1 Structure of molecules D1-D9 
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3.2.3 Characterization data 

 

Fig. 3.1 FT-IR spectra of D1 

 

Fig. 3.2 FT-IR spectra of D2 
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Fig. 3.3 FT-IR spectra of D3 

 

Fig. 3.4 FT-IR spectra of D4 
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Fig. 3.5 FT-IR spectra of D5 

 

Fig. 3.6 FT-IR spectra of D6 
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Fig. 3.7 FT-IR spectra of D7 

 

Fig. 3.8 FT-IR spectra of D8 
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Fig. 3.9 FT-IR spectra of D9 

 

Fig. 3.10 1H NMR spectra of D1 
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Fig. 3.11 1H NMR spectra of D2 

 

Fig. 3.12 1H NMR spectra of D3 
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Fig. 3.13 1H NMR spectra of D4 

 

Fig. 3.14 1H NMR spectra of D5 
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Fig. 3.15 1H NMR spectra of D6 

 

Fig. 3.16 1H NMR spectra of D7 
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Fig. 3.17 1H NMR spectra of D8 

 

Fig. 3.18 1H NMR spectra of D9 
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Fig. 3.19 ESI-MS spectrum of molecule D1 

 

Fig. 3.20 ESI-MS spectrum of molecule D2 

 

Fig. 3.21 ESI-MS spectrum of molecule D3 
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Fig. 3.22 ESI-MS spectrum of molecule D4 

 

Fig. 3.23 ESI-MS spectrum of molecule D5 

 

Fig. 3.24 ESI-MS spectrum of molecule D6 
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Fig. 3.25 ESI-MS spectrum of molecule D7 

 

Fig. 3.26 ESI-MS spectrum of molecule D8 

 

Fig. 3.27 ESI-MS spectrum of molecule D9 
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Fig. 3.28 Differential Scanning colorimetry of molecules D2, D3, D4 and D6 

 

Fig. 3.29 Differential Scanning colorimetry of molecules D5, D7 and D9 

 



 

96 
 

3.3 RESULTS AND DISCUSSION 

3.3.1 UV-Vis Studies 

With a view to understand the nature of the electronic transitions, UV-Vis studies 

have been performed on molecules D1 - D9 in solvents of varying polarity and 

summarized in Table 3.1. The absorption spectra of these molecules revealed the presence 

of absorption bands in the range 230-245 nm corresponding to the excitation of the 

aromatic π electrons, 260-300 nm corresponding to the π-π* transitions of the imine 

linkage and 301-427 nm corresponding to the π-π* transitions of the CONH linkage and 

OH functionality respectively (Gabr 1990). The presence of electron donor species was 

found to have direct impact on tuning the photophysical properties of the molecules. With 

various combination of donor and acceptor (D/A) species in the molecules, substantial red 

shift was observed corresponding to the charge transfer interaction between the donor and 

acceptor. Depending on the electron donating ability of substituents, consistent with the 

predicted trend, molecules D1 to D9 exhibited bathochromic shift possessing groups with 

different electron-donating abilities, in the order N(C2H5)2, OC2H5, OCH3 and OH 

functionalities. This confirms the active role of intramolecular charge-transfer behaviour 

between the donors and acceptors in solvents of varying polarity such as THF, MeOH, 

DMF, ACN and DMSO. UV-Vis spectra of molecules D1-D9 in solvents of varying 

polarity is provided in Fig. 3.30 – 3.38. 

Table 3.1 Photophysical studies of molecules D1 to D9 under various solvents and its 

optical band gap for UV-Vis absorption spectra 

 

Tetrahydrofuran (THF) 

 λabs (nm) λex (nm) λems (nm) Stoke Shift (nm) FWHM (nm) 
D1 301, 310 310 343 33 40 
D2 297, 333, 388 333 410 77 83 
D3 297, 332 332 403 71 103 
D4 297, 342 342 406 64 67 
D5 297, 340 340 376 36 91 
D6 297, 335 335 371 36 82 
D7 296, 355 355 404 49 62 
D8 296, 335, 396 335 406 71 72 
D9 296, 368 368 474 106 108 
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Methanol (MeOH) 
 λabs (nm) λex (nm) λems (nm) Stoke Shift (nm) FWHM (nm) 
D1 310 310 432 122 69 
D2 270, 329, 383 383 445 62 79 
D3 270, 324, 370 370 432 62 70 
D4 270, 333, 370 370 432 62 70 
D5 272, 333, 370 370 433 63 88 
D6 271, 335, 381 381 445 64 79 
D7 271, 349, 375 375 433 58 147 
D8 272, 360, 380 360 433 73 73 
D9 270, 384 384 463 79 73 
Acetonitrile (ACN)  
 λabs (nm) λex (nm) λems (nm) Stoke Shift (nm) FWHM (nm) 
D1 300, 270, 242 300 361 61 167 
D2 330, 299, 289 330 429 99 72 
D3 271, 285, 297, 317 317 403 86 67 
D4 271, 335 335 429 94 69 
D5 301, 340 340 430 90 68 
D6 272, 289, 299, 332, 397 332 430 98 63 
D7 284, 353 353 430 77 60 
D8 293, 332, 396 332 431 99 69 
D9 369 369 531 162 120 
N,N – dimethylformamide (DMF) 
 λabs (nm) λex (nm) λems (nm) Stoke Shift (nm) FWHM (nm) 
D1 271, 302 271 337 66 48 
D2 277, 331, 400 400 468 68 73 
D3 273, 324 324 428 104 111 
D4 273, 343 343 432 89 75 
D5 273, 303, 401 401 489 88 97 
D6 275, 335, 396 396 474 78 101 
D7 273, 297, 307, 350, 427 427 514 87 100 
D8 273, 285, 393 285 333 48 43 
D9 272, 372 372 510 138 122 
Dimethylsulfoxide (DMSO) 
 λabs (nm) λex (nm) λems (nm) Stoke Shift (nm) FWHM (nm) 
D1 395, 410 395 442 47 63 
D2 317, 384 384 488 104 107 
D3 305, 334, 388 388 437 49 67 
D4 275, 303, 327 275 330 55 73 
D5 346 346 504 158 106 
D6 323, 397 397 478 81 99 
D7 276, 341, 393 393 522 129 110 
D8 315, 355, 413 355 413, 435 58, 80 82 
D9 392, 444 392 510 118 114 
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 . 

Fig. 3.30 UV-Vis absorbance spectra of molecule D1 in solvent of varying polarity. 

 

Fig. 3.31 UV-Vis absorbance spectra of molecule D2 in solvent of varying polarity. 
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Fig. 3.32 UV-Vis absorbance spectra of molecule D3 in solvent of varying polarity. 

 

Fig. 3.33 UV-Vis absorbance spectra of molecule D4 in solvent of varying polarity. 
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Fig. 3.34 UV-Vis absorbance spectra of molecule D5 in solvent of varying polarity. 

 

Fig. 3.35 UV-Vis absorbance spectra of molecule D6 in solvent of varying polarity. 
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Fig. 3.36 UV-Vis absorbance spectra of molecule D7 in solvent of varying polarity. 

 

Fig. 3.37 UV-Vis absorbance spectra of molecule D8 in solvent of varying polarity. 
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Fig. 3.38 UV-Vis absorbance spectra of molecule D9 in solvent of varying polarity. 

 

3.3.2 Photoluminescence Studies  

Photoluminescence spectral data for molecules D1-D9 of concentration 1x10-5 M 

in solvents of varying polarity is listed in Table 3.1 and their corresponding spectra is 

provided in Fig. 3.39 – 3.47. The substitution on the parent molecule D1 via functionality 

and conjugation resulted in overall bathochromic shift in the emission wavelength for 

entire series except for D4 and D8.  D4 and D8 showed hypsochromic shift in the 

emission wavelength with respective emission peaks at 330 nm in DMSO and 333 nm in 

DMF. All molecules except D4 and D8 showed a bathochromic shift in the emission 

wavelength with the increase in the solvent polarity as shown in Fig. 3.48. It can be 

observed that, with increasing solvent polarity the emission wavelength shifts by a value 

of around 100 nm for D1, D2, D5, D6 and D7. For molecule D3, only 30 nm shift was 

observed in emission wavelength. Excited state intramolecular proton transfer (ESIPT) is 

generally favoured in phototautomeric molecules with a difference of electron charge 

distribution between the ground state and the excited states (Forés et al. 1998). 

Substitution of varied functional groups both in its position and its chemical properties 
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influence the ESIPT process (Catalan et al. 1992). The existence of salicylaldimine 

derivatives as phenol-imine tautomer in polar aprotic solvents and keto-amine form in 

other solvents is well known (Watanabe et al. 1998). Moreover, presence of electron 

donating groups ortho to the phenolic -OH group generally favours the formation of 

intramolecular hydrogen bond interaction (Catalan et al. 1992). Molecules D5, D6 and D7 

owing to the presence of electron donating groups exhibited emission corresponding to 

phenol imine form in the lower wavelength region. A tautomer emission band 

corresponding to ketoamine form appears in the higher wavelength region, as the keto 

form is more stable than the enol form, consequently the emission is red-shifted (Forés et 

al. 1998). 

 

Fig. 3.39 Photoluminescence spectra of molecule D1 in solvent of varying polarity. 
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Fig. 3.40 Photoluminescence spectra of molecule D2 in solvent of varying polarity 

 

Fig. 3.41 Photoluminescence spectra of molecule D3 in solvent of varying polarity 
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Fig. 3.42 Photoluminescence spectra of molecule D4 in solvent of varying polarity 

 

Fig. 3.43 Photoluminescence spectra of molecule D5 in solvent of varying polarity. 
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Fig. 3.44 Photoluminescence spectra of molecule D6 in solvent of varying polarity 

 

Fig. 3.45 Photoluminescence spectra of molecule D7 in solvent of varying polarity 
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Fig. 3.46 Photoluminescence spectra of molecule D8 in solvent of varying polarity 

 

Fig. 3.47 Photoluminescence spectra of molecule D9 in solvent of varying polarity 
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Fig. 3.48 Emission wavelength of molecule D1-D9 in solvent of varying polarity. 

3.3.3 Quantum yield measurement 

The fluorescence quantum yield (ϕS) for D1-D9 molecules in methanol were 

evaluated according to Equation 3.1, where Coumarin 153 is the reference denoted as (R). 

Grad corresponds to the gradient extracted from the plot of integrated fluorescence 

intensity vs absorbance at the excitation wavelength and η represents the refractive index 

of the solvent for standard and reference (Dhami et al. 1995; Williams et al. 1983). 

Molecules D6, D7 and D9 exhibited a highest quantum yield value of 3.20 %, 2.52 % and 

2.40 % in comparison with the others in the series as given in the Table 3.2.  

∅𝑆𝑆 = ∅𝑅𝑅
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑆𝑆
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑅𝑅

 
𝜂𝜂𝑆𝑆2

𝜂𝜂𝑅𝑅2
                                 Eq. 3.1 

Table 3.2 Fluorescence quantum yield of molecule D1-D9 in methanol solvent  

Molecule D1 D2 D3 D4 D5 D6 D7 D8 D9 
QY (%) 0.82 2.4 0.19 0.24 0.57 3.20 2.52 0.25 2.40 
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3.3.4 Solid state photoluminescence studies 

Thermally deposited thin films of the molecules were examined for their solid-

state emission behaviour and the solid-state emission under UV illumination is shown in 

Fig.3.49. Molecule D1 did not exhibit any emission in the solid state due to lack of -OH 

functionality in the structure which is essential to favour charge transfer transition. 

Molecules D2-D9 exhibited good AIE phenomenon in comparison with the solution state. 

Emission wavelength (λems) with full width half maximum (FWHM) for the entire series 

is tabulated in Table 3.3, a FWHM value of less than 70 accounts for good colour purity 

(Li et al. 2014). A good bathochromic shift was observed for all the molecules in the solid 

state except for D3 that did not show any shift in comparison with the solution state. 

However, D3 and D8 showed the highest colour purity in comparison with the others in 

the series with an emission wavelength of 420 nm. Further, D2, D4, D6 and D7 exhibited 

a FWHM less than 90 nm in their solid state.  Solid state PL spectra of molecules D2-D9 

is as shown in the Fig. 3.50. 

 

Fig. 3.49 Solid state emission of molecule D2-D9 under UV illumination 
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Fig. 3.50 Solid state photoluminescence spectra of molecule D2-D9  

Table 3.3 Photophysical studies for molecule D2-D9 in solid state 

 λex (nm) λems (nm) Stokes Shift FWHM 
D2 320 528 208 88 
D3 360 420 60 69 
D4 370 503, 533 133, 163 75 
D5 350 562 212 112 
D6 380 508 128 87 
D7 390 594 204 110 
D8 360 512 152 70 
D9 410 512 102 128 

 

3.3.5 Fluorescent lifetime measurement 

Lifetime measurements were recorded for the molecular series in methanol and 

the decay profile is provided in Fig. 3.51 and their standard deviation profile is given in 

Fig. 3.52. In general, all the molecules exhibited two component lifetimes, except for D7 

and D8 wherein three lifetime components have been recorded as represented in Table 

3.4. The multicomponent lifetime exists due to the presence of different conformations in 

the excited state with different spin multiplicities. For D7 and D8, owing to the presence 
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of three lifetime components, their emission is from three excited states (Muruganantham 

et al. 2017).  

Table 3.4 Fluorescence Lifetime for the molecules D1 to D9 

Lifetime (ns) 
 T1 T2 T3 Χ2 

D1 1.38 4.11 -- 1.09 
D2 1.37 3.04 -- 1.03 
D3 1.37 3.24 -- 1.08 
D4 1.34 2.93 -- 1.06 
D5 1.27 2.32 -- 1.08 
D6 1.32 2.22 -- 1.13 
D7 0.13 1.35 4.23 1.06 
D8 1.06 1.35 3.37 1.10 
D9 1.47 2.25 -- 1.08 

 

 

Fig. 3.51 Fluorescence Lifetime decay of molecule D1-D9 in methanol medium 
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Fig. 3.52 Standard deviation profiles for the determination of fluorescence lifetime values 

for molecule D1-D9 

3.3.6 Aggregation induced emission studies 

Fluorescence emission intensity of the molecules are quite weak in solvents of 

higher polarity due to positive solvato kinetic effect and other interactions like 

photoinduced electron transfer (Usuki et al. 2018). Aggregation of the molecules in poor 

solvent mixture enhances the fluorescence emission intensity viz restriction of 

intramolecular motions and intramolecular rotations leading to aggregation induced 

emission. To quantitatively estimate the emission process of the molecules exhibiting 

AIEE phenomenon, fluorescence emission spectra were recorded in varying 

methanol/water mixtures. Solutions of molecules D2-D9 were prepared in methanol of 

concentration (10-5 M) and their mixtures in varying water fractions fw were considered 

for the fluorescence emission study. Fluorescence emission of molecules D2-D9 with 

varying mixtures of fw under ultra violet radiation is as shown in the Fig. 3.53 wherein, 0 

corresponds to 0.1% fw, 1 corresponds to 90% fw, 2 corresponds to 80% fw and so on with 
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9 corresponds to 100% fw.  D3, D4 and D8 exhibited very low emission intensity and 

didn’t show much variation with varying fw. Molecules D2, D6, D7 and D9 

exhibited an emission enhancement with increase in fw and gradual decrease on further 

increasing fw. However, in contrast D5 exhibited a drop in emission intensity upon 

gradual increase in fw as provided in Fig.3.55. D5 exhibited a good emission in pure 

solvent and its emission is quenched upon aggregation in solvent mixture. Molecule 

D6 and D9 attained a maximum intensity at an fw of 50% as shown in Fig. 3.56 and 

Fig. 3.58 respectively. D2 exhibited higher emission intensity at fw 40% and D7 at 20% 

as shown in the Fig. 3.54 and Fig. 3.57 respectively. The fluorescence intensities of 

the compounds gradually increase due to aggregation as the fw increases and attain 

a maximum. Upon further increase of fw the fluorescence emission intensity 

gradually diminishes and can be ascribed to a corresponding decrease in the 

solubility (Zhang et al. n.d.). The trend is often observed in case of AIEE molecules 

and D2, D6, D7 and D9 display a similar trend as provided in the inset plot respectively.  

There is small amount of redshift observed in the emission peak in addition to 

intensity variation upon increasing fw. The redshift is highly predominant in molecule 

D9 and a 12 nm shift was observed in the emission wavelength on increasing fw. 

However, meagre redshift was observed for other molecules in the series with varying fw. 

The redshift observed in the fluorescence spectrum implies the bandgap energy 

reduction caused due to the increased solvent polarity that enhances the HOMO energy 

level of the molecular system (Hu et al. 2009).  
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Fig. 3.53 Photographs of molecules D2-D9 in methanol/water mixtures with different fw 

taken under UV illumination at a wavelength of 365 nm 



 

115 
 

 

Fig. 3.54 Fluorescence emission spectrum of D2 with varying fw and inset gives the 

intensity value with varying fw  

 

Fig. 3.55 Fluorescence emission spectrum of D5 with varying fw and inset gives the 

intensity value with varying fw  
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Fig. 3.56 Fluorescence emission spectrum of D6 with varying fw and inset gives the 

intensity value with varying fw  

 

Fig. 3.57 Fluorescence emission spectrum of D7 with varying fw and inset gives the 

intensity value with varying fw  
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Fig. 3.58 Fluorescence emission spectrum of D9 with varying fw and inset gives the 

intensity value with varying fw  

3.3.7 Cyclic Voltammetry  

The electrochemical properties of the molecules have been investigated by cyclic 

voltammetry to estimate their HOMO and LUMO energy levels. The presence of –OH 

and –NH functionality in the molecules D1 to D9 is expected to yield an oxidation peak. 

The cyclic voltammogram displayed an irreversible oxidation curve ascribed to the 

removal of electron from the conjugated system as given in the Fig. 3.59 (a) and (b). 

HOMO energy levels have been determined from cyclic voltammogram oxidation peak in 

accordance with the equation EHOMO = -(Ip+4.4) eV (Duvenhage et al. 2015). LUMO 

energy levels of the series were derived from the solid-state photoluminescence spectra 

and estimated HOMO energy level from cyclic voltammetry. The molecules possess 

oxidation peak in a range between 1.31 V to 2.7 V. Fig. 3.60 shows the energy level 

diagram of molecules D1 to D9. The HOMO and LUMO levels of the molecules are 

listed in Table 3.5. Molecule D2, possessing an ortho substituted OH group exhibits a 

very high oxidation potential of 2.5 V leading to a high HOMO of -6.90 eV, similar to D4 

and D8. Molecule D4 and D8, owing to the presence of NO2 functionality that enhances 

electron withdrawing capability from the parent chain, exhibits a greater oxidation 
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potential at a positive value of 2.7 V and 2.58 V, yielding a very deep HOMO energy 

level of -7.1 eV and - 6.98 eV respectively. Molecule D3, D5, D6 and D7 exhibited low 

oxidation peak contributed by higher electron density owing to the presence of electron 

donor species. The lowest oxidation peak observed in molecule D9 is due to the highly 

electron donating di-ethylamino group. Such electron donating ability enhances the hole 

transporting nature in the system. Overall, relatively shallow HOMO, LUMO energy was 

observed only in D9 molecule which is expected to facilitate a good hole and electron 

transport in the material. 

 

Fig. 3.59 Cyclic voltammogram representing (a) oxidation cycle and (b) reduction cycle 

for the molecules D1 to D9 

Table 3.5 Electrochemical results for the molecules D1 to D9 

 
Ip  (V) HOMO (eV) LUMO (eV) EG (eV) 

D1 1.02 -5.42 -3.16 2.26 

D2 2.50 -6.90 -3.57 2.35 

D3 2.12 -6.52 -4.63 2.95 

D4 2.70 -7.10 -4.30 2.47 

D5 2.11 -6.51 -4.17 2.21 

D6 2.21 -6.61 -4.33 2.44 

D7 2.02 -6.42 -4.56 2.09 

D8 2.58 -6.98 -3.29 2.42 

D9 1.31 -5.71 -4.55 2.42 

 

HOMO obtained from oxidation peak from cyclic voltammogram, LUMO – estimated 

from the solid-state fluorescence spectra (LUMO = EG – HOMO). 
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Fig. 3.60 HOMO and LUMO energy levels of molecule D1 to D9 

3.3.8 X-ray crystal structure analysis 

The X-ray crystal structures of few molecules in the series have been analysed to 

understand the molecular structure and the molecular packing density in support of AIE. 

Crystal structures for molecule D6 and D7 were obtained and analysed with the help of 

single crystal X-ray diffraction. ORTEP diagram of molecule D6 and D7 is provided in 

Fig. 3.61 and Fig. 3.62. The crystal structures of the molecules D1 and D3 have been 

reported by J.-H. Jiang (Jiang 2011) and Yu-Feng Li (Li et al. 2010). To the best of our 

knowledge, the crystal structures for molecules D6 and D7 have not been reported earlier. 

Single crystal XRD analyses prove that molecules D6 and D7 exhibit a high amount of 

planarity and arrange themselves in a slipped parallel stacking arrangement in a unit cell 

as illustrated in the Fig. 3.63 and Fig. 3.64. The ring normal and the vector between the 

ring centroids form an angle of about 37° and the centroid–centroid distances of 4.636 Å. 

The molecules in the lattice exhibit herringbone type of molecular packing arrangements, 

wherein there exists π–π stacking between the C-H•••π and aromatic rings in the form of 

slipped face-face and edge to face interactions.  The distances of the intermolecular π–π* 

interaction play a crucial role, as it can lead to the deactivation of the photo-excited 

molecules via non-radiative energy transfer leading to ACQ.  It is reported earlier that the 

influence of π–π interaction on stacking is quite strong if the distance between the 

aromatic ring is lesser than 3.3 Å and for a weaker interaction it is around 3.6 Å, with 3.8 

Å being approximately the maximum contact for which π–π interactions are accepted 

(Janiak 2000). In the present study, the intermolecular π–π interaction distance between 

the aromatic rings for D6 and D7 is of the order of 4.866 Å and 4.636 Å leading to a 
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weaker interaction, in turn, such weak interaction would block all the pathways for non-

radiative energy transfer, rather favouring AIEE.  

 

 

Fig. 3.61 ORTEP diagram of molecule D6 

 

Fig. 3.62 ORTEP diagram of molecule D7 
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Fig. 3.63 Molecular packing arrangement of molecule of D6 obtained by single crystal 

XRD 

Fig. 3.64 Molecular packing arrangement of molecule of D7 obtained by single crystal 

XRD 
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Table 3.6 Crystallographic data of molecule D6 and D7 

Crystal parameters D6 D7 

Empirical formula C13 H14 N2 O4 S C13 H14 N2 O4 S 

Formula weight (g mol-1) 294.33 294.33 

Temperature 296 (2) K 296 (2) K 

Wavelength 0.71073 0.71073 

Crystal system, space group triclinic, 'P 1' Orthorhombic, 'P 21' 

Unit cell dimension a = 4.8655(10), α = 89.8640 
b = 6.4488(13), β = 89.4530  
c = 21.972(5),γ = 75.7070 

a = 23.5149(12), α = 900 
b =4.6361(3), β = 900  
c = 12.4729(7),γ = 900 

Volume 668(2)Å3 1359.76 (14)Å3 

Goodness-of-fit on F2 1.16 0.803 

R indices (all data) 0.0484 0.0344 

CCDC No. 1583561 1583560 

3.3.9 DFT studies 

The geometrical and electronic properties of the molecules were estimated using 

Gaussian 09 package (Frisch et al. 2013)  in order to study the structure–property 

relationship. Singlet ground state optimization of the geometry was achieved by means of 

the B3LYP with the 6-311++G (d, p) basis set (Hariharan and Pople 1973; Hehre et al. 

1972; Lee et al. 1988) and electronic orbitals were visualized using Avogadro software 

(Hanwell et al. 2012) . The effect of solvent on the energy parameters of the molecules 

was incorporated by self-consistent reaction field using conductor polarizable continuum 

model (Tomasi and Persico 1994) (SCRF-CPCM). Vertical transition energies up to first 

10 singlet excited states and molar extinction coefficients of the entire series both in gas 

and solvents phase were estimated.  

Ground state optimized geometry shows that the molecule of the series adopts a 

highly planar structure having 0° dihedral angle, except for D3 possessing a dihedral 

angle of 15°, as shown in the Fig. 3.65. DFT predictions for the molecule of the series 

strongly support few of the crystallographic results mentioned. Fig. 3.66 shows the spatial 

distributions of the orbitals of the molecules. HOMO and LUMO orbital are well 

distributed on the whole structure due to their high planarity, both in ground and excited 

states. The large overlap between HOMO and LUMO orbitals results in efficient 
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absorption and emission. Further, molecule D4 and D8 have their HOMO distributed on 

the entire molecular network and LUMO on aromatic ring and imine group can be 

attributed to the presence of NO2 group. However, molecules D1- D9, in contrast have 

their HOMO distributed on the imine linkage and the aromatic ring and LUMO is 

distributed on the entire molecular network. TD-DFT calculations were carried out on 

molecules D1-D9 to predict their excited state transition and the nature of absorption 

bands. Spatial distributions of the molecular orbitals of D1-D9 with their oscillator 

strength are provided as well. Clearly, TDDFT predictions are in good agreement with the 

experimentally obtained absorption spectra, with the underestimated energy difference of 

0.18 eV. This energy difference can be attributed to the fact that there exist many 

conformers in the solution state whereas such conformers may not be considered for the 

calculation (Linton et al. 2012). Nevertheless, the spectral trend for all the molecules is 

well reproduced in the computed spectra, except for series in DMSO solvent medium. 

Molecule D1, D2, D3, D5 and D9 exhibited either a single peak or a profound shift in the 

spectra maintaining the trend observed for other solvents, such behaviour of the solvent 

shift was unable to be reproduced through computational calculations. Owing to the high 

dielectric constant of the solvent, the solvent polarizes the electron density of the solute 

molecule building up many vibrational levels providing access to higher wavelength 

transition. Lowest energy transitions observed are assigned to the charge-transfer 

transitions occurring between substituted benzaldehyde donor unit and the thiophene 

hydrazide acceptor unit. The spectra obtained from TD-DFT calculations for the entire 

molecular series in solvent of varying polarity is provided in the Fig. 3.67 – Fig. 3.75. 
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Fig. 3.65 Optimized geometry of molecules D1 - D9 using DFT B3LYP functional. 
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Fig. 3.66 Molecular spatial orbitals of molecule D1 to D9 with their oscillator strength  
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Fig. 3.67 TD-DFT absorbance spectra of molecule D1 in solvent of varying polarity 

 

 

Fig. 3.68 TD-DFT absorbance spectra of molecule D2 in solvent of varying polarity 
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Fig. 3.69 TD-DFT absorbance spectra of molecule D3 in solvent of varying polarity 

 

 

Fig. 3.70 TD-DFT absorbance spectra of molecule D4 in solvent of varying polarity 
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Fig. 3.71 TD-DFT absorbance spectra of molecule D5 in solvent of varying polarity 

 

 

Fig. 3.72 TD-DFT absorbance spectra of molecule D6 in solvent of varying polarity 
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Fig. 3.73 TD-DFT absorbance spectra of molecule D7 in solvent of varying polarity 

 

 

Fig. 3.74 TD-DFT absorbance spectra of molecule D8 in solvent of varying polarity 
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Fig. 3.75 TD-DFT absorbance spectra of molecule D9 in solvent of varying polarity 

3.4 CONCLUSIONS 

A series of thiophene derivatives D1 to D9 have been synthesized in good yield 

and characterized by standard spectroscopic techniques. The positional substitution of 

electron donating and withdrawing groups on molecules D2 to D9 showed profound 

influence on the emission wavelength. Few of the molecules in the series exhibited AIE 

confirmed by comparing the emission intensities of the molecules in pure solvent and 

solvent/methanol mixture.  Molecules of the series exhibited a fluorescence lifetime value 

of ~2-4 ns. SCXRD results of D6 and D7 shows that the molecule possesses a high 

amount of planarity with zero dihedral angle and a herring bone type of molecular 

packing arrangement that blocks the non-radiative pathways and aids in emission 

enhancement. Cyclic voltammogram reveals a very high redox potential resulting in 

higher negative values of LUMO in the system. Ground state optimized geometry of the 

entire series reveals the structure possesses a high amount of planarity in them, well 

supported by SCXRD. Excited state properties of the molecules computed are in good 

agreement with the experimentally observed absorption spectra, with an energy 

overestimation of 0.18 eV.   
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Abstract  

In this chapter, the design, syntheses, photophysical and electrochemical studies of 

substituted bithiophene derivatives have been described. The theoretical and experimental 

aspects have been elaborately discussed by DFT studies.  

4.1 INTRODUCTION 

Design of good solid-state emitters for organic light emitting diode applications 

have been a topic of interest for academic and industrial research since their development 

by Tang and Vanslyke. Organic light emitting diodes have attracted much attention for their 

use in full color flat panel displays constituting red, green and blue colors. Emission in red 

region by a molecule is relatively weak in comparison with blue or green region as these 

materials are highly susceptible to aggregation quenching and hence become either weakly 

emissive or non-emissive in solid state. Design of a better red emitting material that exhibit 

a good emission in solid-state still remains a challenge. Bithiophene based materials have 

been at the research forefront for their remarkable characteristics namely low oxidation 

potential, low energy gaps, and high thermal stability (Brzeczek et al. 2016; Fernandes et 

al. 2018; Gupta et al. 2015; Han et al. 2015; Karthik et al. 2016; Krishna et al. 2018; Zhang 

et al. 2018). The electronic rich property of thiophene rings are known to provide a good 

number of electrons for the whole system. In contrary, five membered heterocycle 

imidazole possess two distinct nitrogen atoms N1 and N3 being electron rich like pyrrole 

and electron deficient like pyridine respectively. In conjunction with this, lone pair from 

N1 occupies 2pz orbital contributing to the whole aromaticity and lone pair of N3 fills the 

hybridized sp2 orbital. The intrinsically bipolar electronic structure of imidazole meets the 

requirement of balanced charge transport leading to be more suitable for OLED 

applications.(Chen et al. 2018).  In the present work, synthesis and phototphysical 

properties of pyrazole and imidazole derivatives bearing the bithiophene backbone and 

cyano substitution have been attempted. The nature of the system is known to exhibit 

variant photophysical properties due to the interaction between the cyano substitutent and 

core heterocyclic unit. Owing to the above-mentioned positives of imidazole, an attempt is 

made to investigate the effect of number of cyano groups on the optical property of 

materials. The number of cyano substituent is limited to one in pyrazole by virtue of their 

inherent property as electron donor and electron acceptor and is increased to two 
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substituents in imidazole moiety to achieve for an enhanced photophysical property. The 

cyano group is introduced in the system to ensure the absence of donor-acceptor interaction 

but enhanced electronic delocalization over the entire molecule through a conjugated 

backbone. Planar structure of bithiophene assists better conjugation that is otherwise 

reduced by twisting of the end groups. The presence of good electron delocalization yields 

equalized C-C bond lengths within the thiophene units. Considering these facts three 

molecules with bithiophene core have been designed and synthesized that shows enhanced 

emission in solid-state with that of the solution state. 

4.2 EXPERIMENTAL SECTION 

4.2.1 Materials and methods 

All the chemicals used in the present study were procured from Sigma-Aldrich and 

were used as received without further purification. All the solvents were purchased from 

purchased from SD Fine, India, were of HPLC grade and used without further distillation. 

Melting point was measured on Stuart SMP3 melting-point apparatus in open capillaries. 

Infrared spectrum was recorded on Bruker Apex FTIR spectrometer. UV-Vis spectroscopy 

was performed with Ocean optics SD2000 spectrometer in a standard 3.0 mL quartz cell 

with 1 cm path length. Cyclic voltammogram was recorded on IVIUM electrochemical 

workstation (Vertex) at a scan rate of 10 mV/s, 20 mV/s and 50 mV/s with the potential 

ranges from -3V to +3V. Photoluminescence studies were carried out using Horiba Jobin 

Yuan spectrofluorometer. All the measurements were performed under room temperature. 

4.2.2 Synthesis 

Molecules B1, B2, B3 have been synthesized by Schiff base condensation of 2,2'-

bithiophene-5,5’-dicarboxaldehyde (0.1 g, 0.44 mmol) with 3-amino-1H-pyarazole-4-

carbonitrile (0.048 g, 0.44 mmol), 5-amino-1H-imidazole-4-carbonitrile (0.048 g, 0.44 

mmol), 2-amino-1H-imidazole-4,5-dicarbonitrile (0.059 g, 0.44 mmol) respectively. All 

the reactions were carried out in ethanol solvent. The reaction mixtures were stirred under 

ambient conditions in the presence of acetic acid as a catalyst. The general scheme of 

synthesis is shown in Scheme 4.1. 
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Scheme 4.1 Synthetic scheme of molecules B1, B2 and B3 

 

B1 3,3'-(((1Z,1'Z)-[2,2'-bithiophene]-5,5'-diylbis(methaneylylidene))bis(azaneylylid ene)) 

bis(1H-pyrazole-4-carbonitrile) Yield: 82 %, melting point: 245ºC, FTIR (ATR) (cm-1): 

3130 (NH), 3078 (CH), 2225 (CN), 1585 (CH=N). 1H NMR (400 MHz, DMSO-d6) δ 13.63 

(s, 2H), 9.15 (d, J = 2.6 Hz, 2H), 8.54 (s, 2H), 7.87 (d, J = 3.9 Hz, 3H), 7.70 (d, J = 3.9 Hz, 

2H). ESI-MS Calculated: 402.45, Obtained: 401.00 (M-H+) 

 

B2 5,5'-(((1Z,1'Z)-[2,2'-bithiophene]-5,5'-diylbis(methaneylylidene))bis(azaneylylid ene)) 

bis(1H-imidazole-4-carbonitrile) Yield: 76 %, melting point: 249ºC, FTIR (ATR) (cm-1): 

3083 (NH), 2921 (CH), 2229 (CN), 1660 (CH=N). 1H NMR (400 MHz, DMSO-d6) δ 13.44 

(s, 2H), 9.09 (s, 2H), 7.93 (s, 2H), 7.81 (d, J = 4.1 Hz, 2H), 7.68 (s, 2H). ESI-MS Calculated: 

402.45, Obtained: 401.45 (M-H+) 

 

B3 2,2'-(((1Z,1'Z)-[2,2'-bithiophene]-5,5'-diylbis(methaneylylidene)) bis(azaneylylid ene)) 

bis(1H-imidazole-4,5-dicarbonitrile) Yield: 66 %, melting point: 242ºC, FTIR (ATR) (cm-

1): 3424 (NH), 3123(CH), 2232 (CN), 1587 (CH=N). 1H NMR (400 MHz, DMSO-d6) δ 

13.44 (s, 2H), 7.93 (s, 2H), 7.81 (d, J = 4.1 Hz, 2H), 7.68 (s, 2H). ESI-MS Calculated: 

452.04, Obtained: 451.05 (M-H+) 
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4.2.3 Characterization data 

 

Fig. 4.1 FT-IR spectra of B1 
 

 

Fig. 4.2 FT-IR spectra of B2 
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Fig. 4.3 FT-IR spectra of B3 
 
 

 

 
Fig. 4.4 1H-NMR spectra of B1 
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Fig. 4.5 1H-NMR spectra of B2 
 
 

 

Fig. 4.6 1H-NMR spectra of B3 
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Fig. 4.7 ESI-Mass spectra of B1 
 
 

 

Fig. 4.8 ESI-Mass spectra of B2 
 

 

Fig. 4.9 ESI-Mass spectra of B3 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Photophysical studies 

The optical properties of heterocyclic derivatives B1, B2 and B3 were investigated 

in solvents of various polarity such as THF, MeOH, ACN, DMF and DMSO to analyze the 

nature of ground state. The concentration of solution of the molecules were set to 10–5 M 

and all the photophysical studies were performed at this concentration. UV–Vis spectra of 

molecules B1, B2 and B3 are shown in Fig. 4.10 - 4.12. The high energy absorption band 

at ~400 to 480 nm in molecules B1, B2 and B3 can be attributed to the n-π* transition of 

the bithiophene core. This has been confirmed with the addition of acid to the solution that 

resulted in diminution of the peaks as seen in Fig. 4.13. After the reduction of n-π* peak, 

newer peaks start to appear at a region around 365 nm, can be assigned to π-π* transition. 

The corresponding data are tabulated in Table 4.1. Studies indicate that, the dependence of 

the absorption spectra of the molecules on the polarity of the different solvents used is less 

significant. This suggests the non-polar ground state for all of the molecules.  

 

 
 

Fig. 4.10 UV-Vis spectra of molecule B1 in solvents of varying polarity 
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Fig. 4.11 UV-Vis spectra of molecule B2 in solvents of varying polarity 
 
 

 

Fig. 4.12 UV-Vis spectra of molecule B3 in solvents of varying polarity 
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Fig. 4.13 UV-Vis spectra of molecules B1, B2 and B3 in the presence and absence of acid 

The emission spectra of compounds recorded in solvents of varying polarity are 

displayed in Fig. 4.14 to Fig. 4.16 and the pertinent data is provided in Table 4.1. The 

emission spectra of the molecules show vibrational fine structure and trend similar to 

absorption. The vibrational fine structure indicates the rigidity of the molecules and lack of 

appreciable structural changes on excitation. The molecules B1, B2 and B3 exhibited 

emission band in the region ~460 nm and in particular B3 exhibited a broad emission band 

at 625 nm. The broad band indicated that, substitution of bithiophene core with two cyano 

groups in  B3 resulted in a red shift in its emission maxima (Justin Thomas et al. 2019). 

Fluorescence emission of molecules in day light and under UV-irradiation are shown in 

Fig. 4.17. The molecules of the series were deposited onto chemically and ultrasonically 

cleaned glass substrates by vacuum thermal vapor deposition at a base pressure of 5x10-6 

mbar. Thin films of thickness 50 nm obtained after deposition were investigated for their 

photophysical responses. UV-Vis spectra and photoluminescence spectra of the molecules 

are as shown in the Fig. 4.18. Solid state photophysical parameters of the molecules are 

provided in Table 4.2. B1 and B2 exhibited a solid-state emission at a wavelength of ~650 

nm possessing a very high FWHM of 170 nm. However, B3 possessing two cyano group 

exhibited a wavelength at 633 nm possessing a lower FWHM of 107 nm.  
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Table 4.1 Photophysical parameters of molecules in solvents of varying dielectric constant  

 λabs (nm) λexe (nm) λemi (nm) Stokes Shift (nm) 
THF 

B1 366,418,430 366 420 54 
B2 365,441 365 420 55 
B3 365,441,455 365 421 56 

MeOH 
B1 366,406,416 366 450 84 
B2 365,430 365 449 84 
B3 365, 432,448 365 449 84 

ACN 
B1 366,389,400 366 428 62 
B2 365,430 365 428 63 
B3 365,432 365 413 48 

DMF 
B1 366,419 366 424 58 
B2 365,460 365 420 55 
B3 366,437,460 366 430 64 

DMSO 
B1 366,426 366 444 78 
B2 365,449 365 441 76 
B3 365,461 365 424, 611 59,246 

 

 

Fig. 4.14 Photoluminescence spectra of molecule B1 in solvents of varying polarity 
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Fig. 4.15 Photoluminescence spectra of molecule B2 in solvents of varying polarity 

 

Fig. 4.16 Photoluminescence spectra of molecule B3 in solvents of varying polarity 
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Fig. 4.17 Fluorescence emission of molecules in day light and at UV-irradiation  
 

 

Fig. 4.18 Solid-state UV-Vis and PL spectra of molecule B1, B2 and B3 

Table 4.2 Solid state photophysical properties of all the molecules 

Molecule λAbs (nm) λEmis (nm) Stokes Shift (nm) FWHM (nm) 
B1 464 653 189 170 
B2 402 655 253 169 
B3 475 633 158 107 
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4.3.2 Quantum Yield measurement 

Fluorescence quantum yields (φS) were evaluated according to the following 

Equation 4.1, wherein 9,10-diphenylanthracene in cyclohexane is considered as reference 

(R). Samples whose QY needs to be determined is denoted as S. Grad corresponds to the 

gradient from the plot of integrated fluorescence intensity vs absorbance at the excitation 

wavelength, and η the refractive index of the solvent for standard and reference (Dhami et 

al. 1995; Williams et al. 1983). The highest QY recorded for B1 exhibited a value of 

18.66% and with the lowest recorded for B3 with 2.4% as provided in the Table.4.3. 

∅𝑆𝑆 = ∅𝑅𝑅
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑆𝑆
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑅𝑅

 
𝜂𝜂𝑆𝑆2

𝜂𝜂𝑅𝑅2
                                            Eq. 4.1 

 

Table 4.3 Measured quantum yield of molecules in methanol solvent 

Molecule B1 B2 B3 
QY (%) 18.66 9.05 2.4 

 

4.3.3 Aggregation induced emission studies 

Restriction of vibrational and rotational traits of a molecule when aggregated 

enhances the possibility of larger number of photon emission in a system. This phenomenon 

is highly anticipated in a system to find its application in solid-state electronics. Solid-state 

molecular packing that adopts various types of aggregation is an important factor that 

overall governs quantum efficiencies of the chromophore (Padalkar and Seki 2015). It is to 

better verify the effect of aggregation on the emission intensity of the molecules, AIE 

studies were performed for the all the molecules at different ratios of H2O/THF mixture. 

Solutions were prepared with a concentration (10-5 M) in THF and their mixtures in varying 

water fractions fw were used for AIE studies. Fig. 4.19 to Fig. 4.21, shows the fluorescence 

emission of the series with different H2O/THF mixtures under UV irradiation of 365 nm. 

Herein, 10% of fw implies 10:90 of the mixture with 10% of THF solution and 90% of H2O 

and 20% of fw would imply 20:80 with 20% THF solution and 80% of H2O so on. All the 

molecules of the series exhibited good AIE response as shown in the Fig. 4.22. All the 

molecules showed an emission enhancement from 20% to 80% of fw as observed. 

Molecules steadily increased its emission upon addition of water, reaches a maximum and 

then gradually diminishes. The drop in emission intensity at higher ratios of H2O/THF 

mixtures is due to the poor solubility of the solute in solvent mixture (Zhang et al. 2016). 



145 
 

B1 showed good emission behavior in comparison with the others of the series. Further, 

the photoluminescence spectra reveals the curve to undergo a redshift upon increase in the 

water mixture. This is mainly attributed to the effect of polarity on the system caused due 

to the addition of H2O to lessen the bandgap of the system under solvent poor-solvent 

mixture (Hu et al. 2009). The redshift observed at higher mixtures of water indicates the 

system exhibiting positive solvatochromism (Zhang et al. 2016), wherein such behavior is 

merely observed under solvents of lower dielectric constants.  

 

 
Fig. 4.19 Fluorescence spectrum of B1 with varying fw % and inset show intensity vs fw 
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Fig. 4.20 Fluorescence spectrum of B2 with varying fw % and inset show intensity vs fw 

 

 

 

 
Fig. 4.21 Fluorescence spectrum of B3 with varying fw % and inset show intensity vs fw 
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Fig. 4.22 Photographs of molecules in THF/water mixtures with different fw under UV 

illumination 

 

4.3.4 Cyclic voltammetry 

The electrochemical properties of the molecules were studied by cyclic 

voltammetry to estimate their electronic energy levels and the bandgap thereof. Cyclic 

voltammogram at a varying scan rate of 10 mV/s, 20 mV/s and 50 mV/s with the potential 

ranges from -3V to +3V were recorded. All the molecule exhibited a good quasi reversible 

oxidation and reduction peak as shown in Fig. 4.23 and Fig. 4.24 respectively. Onset peak 

potentials for the lowest scan rate for oxidation and reduction were used for energy level 

estimation. The energy bandgap of B1, B2 and B3 with their HOMO is estimated using the 

equation EHOMO = - (Ip+4.4) eV and LUMO by ELUMO = - (EA+4.4) eV (Duvenhage et al. 

2015). A pictorial representation of electronic energy levels for all the molecules is 

presented in Fig. 4.25. Oxidation peak is observed in cyclic voltammogram curve 

corresponds to the involvement of –NH functionality in oxidation process. HOMO energy 

level is estimated using the oxidation potential and the LUMO energy levels of the 

molecules were obtained from the reduction onset potential from the cyclic voltammogram 

curve.   
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Fig. 4.23 Cyclic voltammogram representing oxidation peak for molecules B1, B2 and B3  

 

 

Fig. 4.24 Cyclic voltammogram representing reduction peak for molecules B1, B2 and B3 
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Fig. 4.25 Electronic energy levels for the molecules B1, B2 and B3 
 
Table 4.4 Electrochemical parameters with their energy levels for all the molecules  
 

Molecule VOX (V) VRED  (V) HOMO (eV) LUMO (eV) EG (eV) 
B1 1.26 -1.3 -5.66 -3.1 2.56 
B2 1.29 -1.16 -5.69 -3.24 2.45 
B3 1.55 -1.21 -5.95 -3.19 2.76 

 

4.3.5 DFT Studies 

Computational calculation for the work is achieved using Gaussian 09 package 

(Frisch et al. 2013). Ground state calculations were carried out with DFT Becke’s three-

parameter hybrid exchange function with the Lee-Yang-Parr gradient-corrected correlation 

functional (B3LYP) (Lee et al. 1988; Miehlich et al. 1989) with 6-31G, 6-311+G (d, p) 

(Hariharan and Pople 1973; Hehre et al. 1972) and Def2TZVP (Schäfer et al. 1992) basis 

set. The excited state calculations were carried out using TD-DFT Coulomb-Attenuated 

Method B3LYP (Yanai et al. 2004) for 6-31G and 6-311+G(d,p), whereas for Def2TZVP 

method with the same basis set used for its excited state. The self-consistent field (SCF) 

convergence thresholds pertaining to energy minimizations for both ground and excited 

state optimization was set to 10-6. Solvent effects on the energy parameters of the system 

was studied by using self-consistent reaction field based on polarizable continuum model 

(PCM) (Tomasi and Persico 1994) using the integral equation formalism variant (IEFPCM) 

(Cammi and Tomasi 1995; Cancès et al. 1997; Mennucci et al. 1997; Miertuš et al. 1981; 

Miertus ̃ and Tomasi 1982). IEFPCM model studies the effect of solvent by placing the 

solute in a cavity of overlapping solvent and in effect reproduces the electrostatic potential 

arising due to the polarized dielectric created by the apparent charges surrounding the solute 
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(Wei et al. 2017). The selection of functional was made in accordance with previous 

numerous benchmarks validating their accuracy in predicting ground state energies and 

excited state energies (An et al. 2017; Liu et al. 2017; Zhao and Han 2008). Initially ground 

state optimizations were carried out in vacuum and the resultant geometry was further 

optimized in solvent medium. Frequency calculations were performed for the geometry 

optimized to confirm their geometry corresponds to a true local minimum on the ground 

and excited state potential energy surface. Geometry optimizations were carried out without 

any constraints on bond lengths, bond angles or dihedral angles. The calculation of vertical 

excitation energy of first singlet excited state was estimated from the ground state 

optimized structure based on TDDFT with IEFPCM solvation model with methanol chosen 

as a solvent medium. The optimized geometry and the electronic orbital distribution of all 

the molecules were visualized using Avogadro software (Hanwell et al. 2012). Ground state 

optimized geometry of all the molecules in 6-311+G(d,p) along with their side view is as 

given in the Fig. 4.26 along with their color codes for atomic representation. We observe 

that the system exhibits a high amount of planarity irrespective of the effect of side chain 

substituents. This implies that the molecules of the series upon aggregation is sure to 

acquire J-aggregate type of molecular packing supporting a larger π-π stacking distance 

between monomers.  

 
Fig. 4.26 Optimized geometry of all the molecules with B3LYP/ 6-311+G (d,p) with their 
side view showing structural planarity.  
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4.3.5.1 Spectral studies and orbital analysis 

Molecular orbitals mainly highest occupied molecular orbitals (HOMO) and lowest 

unoccupied molecular orbitals (LUMO) play an important role that controls the chemical 

stability of the system (Selvaganapathi et al. 2017). Theoretically estimated HOMO, 

LUMO levels and energy band gap of all molecules in methanol solvent is provided in Fig. 

4.27. We observe that the nature of charge transfer occurring in the system is of π-π* type 

of transition mainly involving HOMO and LUMO orbitals. Further, the major contribution 

of electronic transitions occurring in the system is mainly from HOMO and LUMO and 

these orbitals provide a CI of ~90% for 6-31G, 6-311+G (d,p) and CI of ~99% for 

Def2TZVP basis set. The HOMO and LUMO energy levels along with their energy band 

gap estimated theoretically correlates well with the experimental results with an energy 

difference lesser than ~0.5 eV.  We observe that molecules of the series have their HOMO 

and LUMO orbitals highly distributed across the entire molecular system. Calculations 

yielding lowest lying six singlet vertical excitations were opted with state specific approach 

for all the energy estimation. Fig. 4.28 shows the electronic transitions occurring in the 

system estimated for all the three different functional along with the vertical lines indicating 

the experimental values. Table 4.5 provides energy and type of electronic transitions with 

their oscillator strength and contribution of orbitals for such transitions. The discrete 

transition energies obtained after the calculations were broadened by setting the value of 

FWHM to 35 nm so as to better accommodate the experimental parameters in the spectra. 

Results reveal the major transition for the emission spectra S1S0 occurring in the system 

is mainly from a π-π* cloud. Oscillator strength of the emission energy is higher to that of 

the absorption energy in all the cases. Overall, we observe that 6-311+G(d,p) estimates 

energy values nearer to the experimental figures for both absorption and emission spectra 

with an maximum energy difference of ~0.3 eV (Houari et al. 2013; Lan and Liu 2015; 

O. Hubin et al. 2014; Yang et al. 2016). The emission energy estimated for B1 is highly 

accurate and correlates well with the experimental values however their absorption energy 

was underestimated by a value ~50 nm.  Further, 6-31G was closer in estimating energy 

absorption and emission for B1 alone and followed a similar pattern with 6-311+G(d,p), 

while Def2TZVP fails to reproduce the experimental results in all the molecules and hence 

not suitable for our system. Theoretically estimated optical parameters pertaining to energy 
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transition, oscillator strength, configuration interaction using CAM-B3LYP 6-311+G(d,p) 

and using Def2TZVP in methanol medium are shown in Table 4.6 and 4.7. 

 

Fig. 4.27 Electronic orbital representation of the molecules B1 to B3  
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Fig. 4.28 Theoretically derived absorption and fluorescence emission spectrum of all the 
molecules with experimental values. 
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Table 4.5 Theoretically estimated optical parameters pertaining to energy transition, 

oscillator strength, configuration interaction using CAM-B3LYP 6-31G(d,p) in methanol 

medium  

 
Molecule Type Energy (nm) f Type CI (%) 

B1 
Absorbance 419 1.6764 

H(103)→L(104) 94.51 
H-1(102)→L+1(105) 3.73 

Emission 464 1.8342 H(103)→L(104) 96.39 
H-1(102)→L+1(105) 2.3 

B2 
Absorbance 449 1.8506 H(103)→L(104) 92.99 

H-1(102)→L+1(105) 4.58 

Emission 502 2.0309 H(103)→L(104) 95.33 
H-1(102)→L+1(105) 2.88 

B3 
Absorbance 440 2.1694 H(115)→L(116) 93.2 

H-1(114)→L+1(117) 3.73 

Emission 486 2.2496 H(115)→L(116) 95.36 
H-1(114)→L+1(117) 2.39 

 
Table 4.6 Theoretically estimated optical parameters pertaining to energy transition, 

oscillator strength, configuration interaction using CAM-B3LYP 6-311+G(d,p) in 

methanol medium  

 
Molecule Type Energy (nm) f Type CI (%) 

B1 
Absorbance 417 1.638 H(103)→L(104) 93.7 

H-1(102)→L+1(105) 4.06 

Emission 465 1.7829 H(103)→L(104) 95.86 
H-1(102)→L+1(105) 2.44 

B2 
Absorbance 460 1.8362 H(103)→L(104) 91.85 

H-1(102)→L+1(105) 5.17 

Emission 502 2.0094 H(103)→L(104) 94.54 
H-1(102)→L+1(105) 3.19 

B3 
Absorbance 469 2.1159 H(115)→L(116) 92.46 

H-1(114)→L+1(117) 3.96 

Emission 481 2.1686 H(115)→L(116) 94.85 
H-1(114)→L+1(117) 2.46 
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Table 4.7 Theoretically estimated optical parameters pertaining to energy transition, 

oscillator strength, and configuration interaction using Def2TZVP in methanol medium  

 

Molecule Type Energy (nm) f Type CI (%) 

B1 Absorbance 461 1.6817 H(103)→L(104) 99.50 
Emission 503 1.9518 H(103)→L(104) 99.72 

B2 Absorbance 500 1.8123 H(103)→L(104) 99.80 
Emission 549 2.1196 H(103)→L(104) 99.82 

B3 Absorbance 484 2.1665 H(115)→L(116) 99.40 
Emission 529 2.4085 H(115)→L(116) 99.57 

 

4.3.5.2 Reorganization and dimer interaction energies 

Coherent band transfer and incoherent charge hopping are the two well-known 

models that have been widely employed to evaluate the charge mobility in a system. In 

coherent band model, charge carriers move as a delocalized plane wave in an energy band 

with a relatively long mean free path. In such system, the dynamic disorder is extremely 

low in comparison with charge transfer integral between a dimer. Coherent band transfer 

model supports inorganic system that possesses room temperature charge mobility higher 

than 1 cm2V-1s-1 and such high mobility is obvious for systems interacting via strong 

valence bonds. On the other hand, incoherent charge hopping model well appropriates the 

charge transfer is organic systems. Herein, the charges are highly localized and charge 

transport is mainly through hopping from site to site, carrying a structural deformation 

along with it. Existence of strong coupling between the lattice phonons and the mobile 

charge carriers in organics results in non-conserved wave momentum (k) and hence the 

room temperature charge mobility is smaller than 1 cm2V-1s-1. Mobility (µ) at a defined 

temperature (T) in organics is directly governed by activation energy Ea and is given by µ 

= -Ea/kT, where k being a Boltzmann constant. Activation energy or reorganization energy 

Ea is that energy possessed by the charges to overcome the energy barrier set up by the 

adjacent molecular sites.  

Reorganization energy determines the rate of charge transfer in a system. Electron 

or hole transport at a molecular level can be understood as the electron or hole transfer 

reactions occurring between the neighboring molecular sites. The reorganization energy for 

an electron is the sum of relaxation energy along the anionic state potential energy surface 

when a hole is removed from the neutral geometry and the relaxation energy along the 

ground state potential energy surface when a hole is reaccepted from the anionic geometry. 
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Similar approach is adopted in defining and determining the reorganization energy of hole 

in organic system. The illustration provided in Fig. 4.29 helps in evaluation of hole or 

electron reorganization energy for organic system. 𝐸0
𝐴  is the energy of ground state neutral 

geometry and 𝐸0
𝐴∗  is the energy of cationic/anionic charged species defined at ground state 

geometry of neutral molecule. The term 𝐸+/−
𝐴∗  is the energy of cationic or anionic geometry 

at charged state of geometry and  𝐸+/−
𝐴  is the energy of optimized cationic or anionic 

geometry of the charged species. The difference between energy pertaining to charged and 

neutral along the ground state potential energy surface determines 𝜆2  and along the charged 

state potential energy surface determines 𝜆1. Finally, the reorganization energy λ would be 

the sum of 𝜆1 + 𝜆2. 

 

Fig. 4.29 Definition of reorganization energy in an organic system 

 

Table 4.8 Computational evaluation of the reorganization energies k (eV) for hole and 

electron transport in all the molecules  

 

Molecule λ1 (hole) λ2 (hole) λ1 (electron) λ2 (electron) 
Reorganization energy 

λ Hole λ Electron 

B1 0.1174 0.1181 0.1621 0.1596 0.2355 0.2802 

B2 0.1127 0.1154 0.1539 0.1516 0.2281 0.2693 

B3 0.0986 0.0998 0.166 0.1648 0.1984 0.2658 
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Reorganization energies were computed at B3LYP functional at 6-311+G(d,p) basis 

set and the computational results of hole and electron reorganization energies of all the 

molecules are tabulated in Table 4.8. In effect, reorganization energy is a key factor that 

governs the overall charge transport in organic systems.  We observe that all the molecules 

of the series exhibited a lower hole reorganization energy in comparison with that of 

electron reorganization energy, suggestive of good hole transporting ability. 

Reorganization energy of charge carriers and mobility of charge carriers can be effectively 

varied by suitable functionalization of the organic molecules. B3, additionally possessing 

a -CN group in comparison with B1 and B2, resulted in relatively low hole reorganization 

energy, in turn effectively boosting its hole transport properties.  

Dimer interaction energies were computed for all the molecules using counterpoise 

method with basis set superposition error considered. Interaction energies were computed 

using long range corrected hybrid density functional wb97xd with damped dispersion 

corrections and 6-311+G(d,p) basis set was used for all the calculations(Chai and Head-

Gordon 2008). To arrive at computing interaction energy, three different stacking modes 

were realized viz slip stacking (SS), face to face stacking (FF) and edge to face stacking 

(EF) for all the molecules as illustrated in the Fig 4.30. The interaction distance between 

the monomer is varied in steps and their interaction energy is computed. The plot of 

interaction energy vs the variation between the monomer distance for all the molecules is 

as shown in the Fig. 4.31 to Fig. 4.33. Interaction energies were further computed for the 

slipping angular variation θ, wherein, adopting FF stacking mode, one of the monomers is 

made to slide over the other monomer at periodic steps to arrive at optimum slip angle 

possessed by the dimer system. The plot of interaction energy along with the slipping angle 

variation θ between the monomers for all the molecules is as shown in the Fig. 4.34. It is 

observed that B1 and B3 to possess an angle of 39.6⁰ and B2 to possess an angle of 61⁰ 

between the centroid of closest thiophene ring of the interacting monomer. Results from 

the plots suggests that the molecules behold a slip-stacking mode of packing arrangement 

at its condensed state. Further, a very minimal interaction energy exists at a monomer 

separation distance of 3.4 Å, 3.6 Å and 3.5 Å for the molecules B1, B2 and B3 respectively. 

The influence of π–π interaction on stacking is quite strong if the distance between the 

aromatic ring is lesser than 3.3 Å and for a weaker interaction it is around 3.6 Å, with 3.8 

Å being approximately the maximum contact for which π–π interactions are accepted 

(Janiak 2000). Overall, results conclude the existence of a large π-π stacking distance of 
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~3.5 Å for all the molecules at its condensed state. This large π-π stacking would in turn 

activate an enhanced emission of the fluorophore at its condensed state by blocking all the 

non-radiative deactivation pathways.  

 
Fig. 4.30 Illustration of face to face (FF), edge to face (EF) and slip stacking (SS) modes. 

 

 

Fig. 4.31 Interaction energy of B1 dimer for different stacking arrangement with variation 

in dimer separation distance 
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Fig. 4.32 Interaction energy of B2 dimer for different stacking arrangement with variation 

in dimer separation distance 

 

 
Fig. 4.33 Interaction energy of B3 dimer for different stacking arrangement with variation 

in dimer separation distance 
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Fig. 4.34 Interaction energy of all the molecules for slip-stacking arrangement with 

variation in dimer angular distance 

 

 

 
 

Fig. 4.35 Computed dimer geometries in slip-stacking mode with their stacking distance 

and slip angle 
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4.4 CONCLUSIONS 

Three derivatives B1, B2, and B3 based on bithiophene core substituted with 

heterocyclic units have been designed, synthesized, and characterized to investigate their 

photophysical properties. The photoluminescence spectra revealed the emission intensity 

upon increase in the water mixture confirmed the AIE properties of the molecules. The 

highest quantum yield observed for B1 with a value of 18.66% and with the lowest recorded 

for B3 with 2.4%. DFT studies have been performed and the results correlate well with the 

experimental data. Electron and hole reorganization energies computed for the molecular 

system proved B3 to possess very low hole reorganization energy in comparison with others 

in the series. B3 possessing two -CN group effectively alters the hole mobility in the system 

as evident from the theoretical calculations. Theoretical predictions validate all the 

molecules to adopt a slip stacking mode of molecular packing arrangement at condensed 

state. A large π-π stacking distance of 3.4 Å, 3.6 Å and 3.5 Å for B1, B2 and B3 respectively 

would further facilitate AIE phenomenon in the system. 
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CHAPTER 5 

 

PHOTOPHYSICS OF PROTON TRANSFER IN 

HYDRAZIDES: A COMBINED THEORETICAL 

AND EXPERIMENTAL ANALYSIS TOWARDS 

OLED DEVICE APPLICATION 
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 Abstract 

In this chapter, experimental and theoretical interpretation uncovering the excited state 

proton transfer dynamics of hydrazides are well studied.  

5.1 INTRODUCTION 

Tautomerism in hydrazides at excited state is characterized by translocation of a 

proton from a proton donor (–NH) to a proton acceptor (–C=O) moiety with a pre-linked 

intramolecular hydrogen bonding(Mir et al. 2018). The energy gap between locally excited 

state and relaxed excited state of the system is responsible for an efficient proton transfer 

and the gradient of the surface connecting these two points provides activation kinetics of 

the system (Li and Han 2018; Zhang et al. 2016; Zhao et al. 2015). Tautomer structure 

exhibits exceptional photophysical properties that is highly unique for a system supporting 

excited state intramolecular proton transfer (ESIPT) (Barbara et al. 1980; Zhao et al. 2018). 

The intramolecular hydrogen bond in its normal form (N), when excited (N*) triggers the 

proton transfer, leading toward a structural transformation tautomer (T*) form. Tautomer 

T* relaxes to its tautomer ground state (T) either by a fluorescence emission or internal 

conversion, ensuring which tautomer rolls back to the normal (N) form via reverse ground-

state proton transfer (RGSPT), realizing a four level photocyclic process (N → N* → T* 

→ T → N) (Cheng et al. 2015; Gutiérrez-Arzaluz et al. 2015; Hayaki et al. 2013; Houari et 

al. 2015; Jankowska et al. 2014; Li et al. 2016, 2015; Mahanta et al. 2011; Parada et al. 

2015; Park et al. 2012; Rode and Sobolewski 2010; Roohi et al. 2014; Sakai et al. 2016; 

Singla and Chowdhury 2012; Sobolewski et al. 2006; Stasyuk et al. 2015; Weller 1956; 

Xia et al. 2015; Yang and Chen 2014; Zhao et al. 2012) as presented in the Fig. 5.1. 

Tautomeric emission often highly red-shifted from normal absorption leads to a large 

stokes shifts, that rules out the probabilities of self-absorption of generated photons (Cheng 

et al. 2015; Gutiérrez-Arzaluz et al. 2015; Houari et al. 2015; Li et al. 2016; Parada et al. 

2015; Park et al. 2012; Sakai et al. 2016; Singla and Chowdhury 2012; Weller 1956; Zhao 

and Han 2012; Zhao et al. 2012).  Dual fluorescence emission is highly unusual in 

molecules exhibiting ESIPT, that are highly fascinating for its practical applications in 

designing UV filters (Aparicio et al. 2011; Pinto da Silva et al. 2014; Sherin et al. 2009; 

Tang et al. 2011), fluorescence sensors (Aparicio et al. 2011; Chen et al. 2012; Gu et al. 

2015; Kim et al. 2009; Lan et al. 2011; Pinto da Silva et al. 2014; Sherin et al. 2009; Singh 

et al. 2008; Song et al. 2014; Tang et al. 2011; Xu et al. 2012; Yang et al. 2009; Zhao et al. 
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2012) and aggregation induced emissive materials (Chen et al. 2017; Ciuciu et al. 2013; 

Kwon and Park 2011; Maity et al. 2015; McDonald et al. 2016; Peng et al. 2015; Qin et al. 

2016; Samanta et al. 2017; Singh et al. 2016; Wu et al. 2015; Yao et al. 2014; Zhang et al. 

2017). Finer tuning and systematic control over the dual emission energies has opened up 

research in developing a single molecule that generates while light emission for OLED 

device applications (Kim et al. 2011; Kundu et al. 2016; Liu et al. 2017; Samanta et al. 

2017). 

 

Fig. 5.1 Generic mechanism of keto-enol tautomerism exhibited in acid hydrazides 

Hydrazides are a class of organic system that supports thermodynamically stable 

keto form and kinetically inert enolic tautomer upon photoexcitation. One of the possible 

reason being –C=N group possessing lower bond energy of 615 kJ/mol making hydrazine 

N-H bond more strong, resulting in stable keto form at its ground state. Introduction of 

heterocyclic rings viz thiophene, furan, and pyridine will tend to alter the electronic density 

of the system in turn effectively governing the ESIPT of the system(Lin et al. 2012). The 

photophysical attributes of studied substituted hydrazides are enhanced by covalently 

linking with thiophene and bithiophene moiety to look into their practical applications as 

solid state emitters in OLEDs. Ease of synthetic modification and environmental stability 
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has directed thiophene and bithiophene based materials to be some of the most versatile 

conjugated systems for practical applications (M. et al. 1999). Hence, an attempt has been 

made to study the nature of excited state properties with meticulous initiation of proton 

transfer by incorporating extended conjugation into structures. Theoretical predictions 

validate the presence of extended conjugation to specifically activate proton transfer 

efficiently in comparison with T1, P1 and F1. To the best of our knowledge theoretical 

aspects uncovering the remarkable excited state proton transfer properties of hydrazides 

remains a subject matter of discussion. Information relating to structures that favor 

simultaneous double proton transfer or step-wise double proton transfer is highly necessary 

to understand some of the underlying principles relating to kinetics of hydrazides.  

5.2 EXPERIMENTAL SECTION 

5.2.1 Materials and methods  

All the chemicals used in the present study were procured from Sigma-Aldrich and 

were used as received without further purification. All the solvents purchased from SD 

Fine, India, were of HPLC grade and used without further distillation. Infrared spectrum 

was recorded on Bruker Apex FTIR spectrometer. UV-Vis spectra of all the molecules were 

carried out using Ocean optics SD2000 spectrometer and photoluminescence studies were 

carried out using Horiba Jobin Yvon spectrofluorometer. Cyclic voltammogram was 

recorded on IVIUM electrochemical workstation at a scan rate of 20mV/s with the 

maximum potential ranging between –5V to 5V. Device fabrication was performed using 

physical thermal vapor deposition at a base pressure of 5 × 10−6 Torr. Layers were deposited 

onto patterned indium-tin oxide (ITO) coated glass substrates with a sheet resistance of 15 

Ω/square cm. ITO substrates were cleaned with soap solution followed by ultra-sonication 

in isopropyl alcohol for 20 min and followed by vapor degreasing using acetone. UV-ozone 

treatment was done on ITO substrates for 20 min in order to enhance the work function of 

ITO. The layers as per the device architecture were sequentially deposited under high 

vacuum condition. The deposition rate of organic materials was kept at 0.1 Å s−1 to 0.5 Å 

s−1 and for Aluminium the rate was maintained at 5 Å s−1. The total active device area 

measures to be 1.6 mm2. The EL spectra, current density–voltage–lumens (J–V–L) 

characteristics of the devices were measured using Keithley source-meter (Keithley 2400) 

and calibrated Si photodiode (SM1PD2A) equipped with an integrating sphere. All the 

measurements were carried out at room temperature under ambient conditions.  
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Computational calculation for all the molecules is achieved using Gaussian 09 

package (Frisch et al. 2009). Ground state calculations S0 were carried out with DFT 

Becke’s three-parameter hybrid exchange function with the Lee-Yang-Parr gradient-

corrected correlation functional (B3LYP) (Lee et al. 1988; Miehlich et al. 1989) with 6-

311+G (d, p) (Hariharan and Pople 1973; Hehre et al. 1972) basis set and the excited state 

calculations S1 were carried out using TD-DFT Coulomb-Attenuated Method B3LYP 

(Yanai et al. 2004) method with the same basis set used for ground state. The self-consistent 

field (SCF) convergence thresholds pertaining to energy minimizations for both S0 and S1 

state optimization was set to 10-6. The effect of solvent on the energy parameters of the 

system was studied by using self-consistent reaction field based on polarizable continuum 

model (PCM) (Tomasi and Persico 1994) using the integral equation formalism variant 

(IEFPCM) (Cammi and Tomasi 1995.; Cancès et al. 1997; Mennucci et al. 1997; Miertuš 

et al. 1981; Miertus ̃ and Tomasi 1982). IEFPCM model studies the effect of solvent by 

placing the solute in a cavity of overlapping solvent and in effect reproduces the 

electrostatic potential arising due to the polarized dielectric created by the apparent charges 

surrounding the solute (Wei et al. 2017). The selection of functional was made in 

accordance with previous numerous benchmarks validating their accuracy in predicting 

ground state energies and excited state energies (An et al. 2017; Liu et al. 2017; Zhao and 

Han 2008). Initially, ground state optimizations were carried out at vacuum and the 

resultant geometry was further optimized in the solvent medium. The experimental results 

reveal ESIPT mechanism occurring at solvents of lower dielectric medium and to 

corroborate this effect theoretically, THF was chosen as a solvent medium for all the 

theoretical calculations. Frequency calculations were performed for the geometry 

optimized to confirm their geometry corresponds to a true local minimum on the S0 and S1 

potential energy surface. Geometry optimizations were carried out without any constraints 

on bond lengths, bond angles or dihedral angles, however, such constraints were used while 

constructing potential energy surfaces (PESs) and potential energy curves (PECs). PESs 

and PECs in S0 and S1 states were scanned by constraining the O-H bond length fixed for 

a series of values with other degrees of freedom optimized without any constraint. The 

calculation of vertical excitation energy of first six singlet excited state S1 was estimated 

from the ground state optimized structure based on TDDFT with IEFPCM solvation model. 

The optimized geometry and the electronic orbital distribution of all the molecules were 

visualized using Avogadro software (Hanwell et al. 2012). 
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5.2.2 Synthesis  

Molecules T2, P2 and F2 have been synthesized by Schiff base condensation of 

2,2'-Bithiophene-5-carboxaldehyde (0.1 g, 0.51 mmol) with 2-thiophene carboxylic acid 

hydrazide (0.073 g, 0.51 mmol), nicotinic acid hydrazide (0.071 g, 0.51 mmol) and 2-furoic 

hydrazide (0.071 g, 0.51 mmol) respectively. Molecules T3, P3 and F3 have been 

synthesized by Schiff base condensation of 2,5-Thiophenedicarboxaldehyde (0.1 g, 0.71 

mmol) with 2-thiophene carboxylic acid hydrazide (0.2 g, 1.42 mmol), nicotinic acid 

hydrazide (0.196 g, 1.43 mmol) and 2-furoic hydrazide (0.18 g, 1.43 mmol) respectively. 

All the reactions were performed in ethanol in the presence of acetic acid as a catalyst. The 

structures of the representative molecules is shown in Scheme 5.1. Molecules were 

characterized using standard spectroscopic techniques and the results are provided in Fig. 

5.2 to Fig. 5.19. 

 

 

Scheme 5.1 Synthesized structures of T2, P2, F2, T3, P3 and F3 for the present study 

 

T2: (E)-N'-([2,2'-bithiophen]-5-ylmethylene)thiophene-2-carbohydrazide Yield: 76 %, 

melting point: 210 0C, 1H NMR (DMSO- d6, 400 MHz, ppm): δ 11.88 (br. s; 1H), 8.59 (s; 

1H), 8.01 (m; 1H), 7.89 (br. s; 1H), 7.6 (d; J=4.8, 1H), 7.45 (d; J = 3.8, 1H), 7.33 (d; J = 

3.8; 1H), 7.23 (dd; J=4.8, 1H), 7.14 (dd; J=4.9, 3.8, 1H), FTIR (ATR) (cm-1): 3186 (NH), 

1622 (CH=N), ESI-MS Calculated: 318.00, Obtained: 318.90(M+H+). 
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P2: (E)-N'-([2,2'-bithiophen]-5-ylmethylene)nicotinohydrazide, Yield: 79 %, melting 

point: 234 0C, 1H NMR (DMSO- d6, 400 MHz, ppm): δ 12.03 (s; 1H), 9.05 (m; 1H), 8.77 

(m; 1H), 8.6 (s; 1H), 8.25 (s; 1H), 7.59 (m; 2H), 7.47 (dd; J = 6.7,3.7; 2H), 7.34 (d; J= 3.7; 

1H), 7.14 (s; 1H), FTIR (ATR) (cm-1): 1638 (CH=N), ESI-MS Calculated: 313.39, 

Obtained: 313.95(M+H+). 

 

F2: (E)-N'-([2,2'-bithiophen]-5-ylmethylene)furan-2-carbohydrazide, Yield: 82%, melting 

point: 221 0C, 1H NMR (DMSO- d6, 400 MHz, ppm): δ 11.90 (br. s; 1H), 8.61 (br. s; 1H), 

7.96 (s; 1H), 7.6 (d; J = 5; 1H), 7.46 (d; J= 3.5, 1H), 7.43 (d; J = 3.8, 1H), 7.32 (m; 2H), 

7.15 (m; 1H), 6.72 (br.s; 1H), FTIR (ATR) (cm-1): 3224 (NH), 3065 (Ar-CH), 1640 

(CH=N), ESI-MS Calculated: 302.02, Obtained: 303.00(M+H+). 

 

T3: N',N'''-((1E,1'E)-thiophene-2,5-diylbis(methaneylylidene))bis(thiophene-2-carbo 

hydrazide), Yield: 72 %, melting point: 252 0C, 1H NMR (DMSO- d6, 400 MHz, ppm): δ 

7.24 (br. s; 2H), 7.49 (s; 2H), 7.9 (br. s; 2H), 8.06 (d; J = 1.7; 2H), 8.27 (br. s; 1H), 8.65 

(br. s; 1H), 11.98 (br. s; 2H). FTIR (ATR) (cm-1): 2939 (NH), 2902 (Ar-CH), 1641 (CH=N). 

ESI-MS Calculated: 388.48, Obtained: 389(M+H+). 

 

P3: N',N'''-((1E,1'E)-thiophene-2,5-diylbis(methaneylylidene))di(nicotinohydrazide), 

Yield: 78%, melting point: 276 0C, 1H NMR (DMSO- d6, 400 MHz, ppm): δ 7.58 (m; 4H), 

8.26 (d; J = 8.1, 2H), 8.66 (s; 2H), 8.78 (m; 2H), 9.06 (s; 2H), 12.12 (m; 2H). FTIR (ATR) 

(cm-1): 3209 (NH), 3054 (Ar-CH), 1639 (CH=N). ESI-MS Calculated: 378.41, Obtained: 

379.10(M+H+). 

 

F3: N',N'''-((1E,1'E)- thiophene- 2,5-diylbis (methaneylylidene)) bis (furan-2-carbo 

hydrazide) Yield: 76 %, melting point: 260 0C, 1H NMR (DMSO- d6, 400 MHz, ppm): δ 

6.76 (m; 2H), 7.34 (m; 2H), 7.53 (m; 2H), 7.97 (br. s; 2H), 8.65 (br. s; 2H), 11.98 (br. s; 

1H), 11.89 (m; 1H). FTIR (ATR) (cm-1): 3135 (NH), 1604 (CH=N). ESI-MS Calculated: 

356.36, Obtained: 357(M+H+). 
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5.2.3 Characterization data  

 
Fig. 5.2 FT-IR spectra of T2 

 

 
Fig. 5.3 FT-IR spectra of P2 



170 
 

 

Fig. 5.4 FT-IR spectra of F2 

 

Fig. 5.5 FT-IR spectra of T3 
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Fig. 5.6 FT-IR spectra of P3 

 

Fig. 5.7 FT-IR spectra of F3 
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Fig. 5.8 1H NMR spectra of T2 

 

Fig. 5.9 1H NMR spectra of P2 
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Fig. 5.10 1H NMR spectra of F2 

 

Fig. 5.11 1H NMR spectra of T3 
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Fig. 5.12 1H NMR spectra of P3 

 

Fig. 5.13 1H NMR spectra of F3 
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Fig. 5.14 ESI-MS spectra of T2 

 

Fig. 5.15 ESI-MS spectra of P2 

 

Fig. 5.16 ESI-MS spectra of F2 
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Fig. 5.17 ESI-MS spectra of T3 

 

Fig. 5.18 ESI-MS spectra of P3 

 

Fig. 5.19 ESI-MS spectra of F3 
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5.3 RESULTS AND DISCUSSION 

5.3.1 UV-Vis Studies 

The UV-Vis spectrum of all the molecules exhibited two main bands. The lowest 

lying absorption band centered at 360-370 nm could be attributed to the π-π* transition of 

the aromatic rings. The second band at 400-450 nm corresponds to the n-π* transition of 

the C=O and C=N groups. The second band being split and broad represents the 

intramolecular hydrogen bond which induces –NH proton to be acidic and carbonyl oxygen 

basic with respect to their ground state driving the proton-transfer reaction (Issa et al. 2005). 

UV-Vis spectra of all the molecules under the solvents of different dielectric constants are 

provided in Fig. 5.20 – Fig. 5.25. The observed bathochromic shift in polar protic solvents 

is indicative of strengthening of intermolecular hydrogen bond between solute and solvent 

molecules at their excited state (Song and Ma 2013).  

. 

Fig. 5.20 UV-Vis absorbance spectra of molecule T2 in solvent of varying polarity. 
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Fig. 5.21 UV-Vis absorbance spectra of molecule P2 in solvent of varying polarity. 

. 

Fig. 5.22 UV-Vis absorbance spectra of molecule F2 in solvent of varying polarity. 
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Fig. 5.23 UV-Vis absorbance spectra of molecule T3 in solvent of varying polarity. 

. 

Fig. 5.24 UV-Vis absorbance spectra of molecule P3 in solvent of varying polarity. 
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Fig. 5.25 UV-Vis absorbance spectra of molecule F3 in solvent of varying polarity. 

5.3.2 Photoluminescence studies 

Fluorescence emission studies were carried out in solvents of varying polarities to 

gain a better understanding of the nature of ESIPT under different solvent medium. 

Molecules of the series exhibited a general photoluminescence response of double peak 

that links to keto (k*) and enol (e*) emissions characterized by a four level photo cyclic 

process triggered due to intramolecular H-bonding. The photophysical property of the 

molecules in solvents of varying polarity is summarized in the Table 5.1 and the spectral 

images are provided in Fig. 5.26 – Fig. 5.31. In specific, THF possessing a very low 

dielectric constant supports ESIPT with a distinct keto-enol emission for all the molecules 

of the series as evident from the spectra. Conjugation enhanced structural backbone of T3, 

P3 and F3 with acyl substituted hydrazides on both the arms show a red-shifted keto 

emission in all the solvents in comparison with others in the series. Methanol, a polar protic 

solvent has the tendency to form H-bonding with solute molecules, this being the reason; 

molecules of the series did not show dual emission in methanol. In polar solvents, apart 

from intramolecular H-bonding, intermolecular H-bonding is quite probable between solute 

and solvent molecules (Cheng et al. 2015). Polar solvents acting as hydrogen bond 
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acceptors can impede the ESIPT process by bonding with the proton donor species, 

resulting in suppression of tautomer emission (Kasha 1986). Emission energy of the organic 

system is pivoted on the nature of H-bonding occurring between solute and solvent 

molecules (Zhao and Han 2008). The solvent induced bathochromic shift observed at the 

emission energy indicates the strengthening of the intermolecular hydrogen bond and 

hypsochromic shift indicates the weakening of hydrogen bond (Song and Ma 2013). This 

is highly prevalent in this case, where molecules showed a red-shifted emission in 

comparison with other solvents superseding the linearity, otherwise expected. All the 

molecules showed a bathochromic emission wavelength from THF to ACN excluding 

methanol, exhibiting positive solvatochromic behavior. Polar solvents inducing positive 

solvatochromism in solute-solvent interaction substantiates better stabilization of the 

excited state as compared to that of the ground state; in turn, redistribution of the charges 

occur supporting multi-dimensional intramolecular charge transfer (MDICT) between the 

core and peripheral moieties (Brunel et al. 2003). T2, F2, and F3 furthered positive 

solvatochromic effect in DMF in contrast with the others in the series exhibiting negative 

solvatochromism. P2 and P3 possessing nicotinic hydrazide moiety exhibited similar 

emission pattern supporting positive solvatochromism, however, neglecting slight changes 

offered due to closer dielectric constants offered by ACN and DMF. F3 exhibited a peculiar 

emission characteristic and failed to show tautomer emission in any solvent other than THF. 

The sensitivity of emission energy due to the changes in solvent polarity is highly evident 

for all molecules of the series. Solvent polarity induces a greater charge separation in the 

excited state, in turn, provokes higher dipole moment at the excited state than that possessed 

in the ground state (Wang et al. 2011). Normal stokes shift measured considering the 

excitation energy, and keto emission is roughly 132 nm for T3 in ACN solvent. The so-

called large Stokes shift recorded between keto emission, and enol emission is around 30 

nm in the series, and the highest observed for P2 is 40 nm in DMF solvent.  
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TABLE 5.1 Photophysical parameters of the molecules in solvents of different polarities 

 λabs (nm) λexe (nm) 
λemi (nm) Normal 

Stokes Shift 
(nm) 

Large 
Stokes Shift 

(nm) 
Keto 
(k) 

Enol 
(e) 

THF 
T2 372, 438 372 418 450 46 32 
P2 368, 435 368 413 444 45 31 
F2 372, 436 372 415 441 43 26 
T3 382, 401, 449 382 425 447 43 22 
P3 373, 388, 438 373 417 451 44 34 
F3 407 407 456 484 49 28 
MeOH 
T2 378, 435 378 461 ― 83 ― 
P2 370, 435 370 463 ― 93 ― 
F2 370, 435 370 450 ― 80 ― 
T3 381, 400, 443 381 506 ― 125 ― 
P3 380, 391, 433 391 481 ― 90 ― 
F3 413 413 535 ― 122 ― 
ACN 
T2 372, 440 372 422 450 50 28 
P2 370, 432 370 423 450 53 27 
F2 364, 440 364 446 ― 82 ― 
T3 378, 396, 438 378 510 ― 132 ― 
P3 370, 390, 434 370 465 486 95 21 
F3 405 405 517 ― 112 ― 
DMF 
T2 385, 440 385 462 490 77 28 
P2 376, 440 376 420 460 44 40 
F2 376, 440 376 459 483 83 24 
T3 387, 402, 455 387 484 505 97 21 
P3 378, 398, 441 379 463 487 84 24 
F3 410 410 518 ― 108 ― 
DMSO 
T2 379, 439 379 432 461 53 29 
P2 374, 439 374 427 453 53 26 
F2 374, 439 374 426 451 52 25 
T3 381, 448 381 455 ― 74 ― 
P3 378, 446 378 478 503 100 25 
F3 415 415 508 ― 93 ― 
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Fig. 5.26 PL spectra of molecule T2 in solvent of varying polarity. 

. 

Fig. 5.27 PL spectra of molecule P2 in solvent of varying polarity. 
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Fig. 5.28 PL spectra of molecule F2 in solvent of varying polarity. 

. 

Fig. 5.29 PL spectra of molecule T3 in solvent of varying polarity. 
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Fig. 5.30 PL spectra of molecule P3 in solvent of varying polarity. 

. 

Fig. 5.31 PL spectra of molecule F3 in solvent of varying polarity. 
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5.3.3 Solid state studies 

An enormous amount of work published covers the ESIPT mechanism of molecules 

in the solvent medium. However, solid state emitters undergoing ESIPT have not been 

explored much to a greater extent. The mechanism supporting excited state proton transfer 

in a solid state remains unclear (Padalkar and Seki 2015). The molecules of the series were 

deposited onto chemically and ultrasonically cleaned glass substrates by vacuum thermal 

vapor deposition at a base pressure of 5x10-6 mbar. Thin films of thickness 50 nm obtained 

after deposition were investigated for their photophysical responses. Solid state UV-Vis 

spectra of all the molecules are provided in Fig. 5.32 and its fluorescence spectra shown in 

Fig. 5.33 with the inset showing fluorescence emission under UV irradiation. Solid state 

photophysical parameters of the molecules are provided in Table 5.2. Solid state emission 

of T2, P2, P3, and F2 exhibited a small stokes shift between keto and enol emission. T3 

exhibited a clear well resolved double peak with a yellow emission and F3 exhibited a 

single emission peak centered at 690 nm with a highest normal stokes shift of 270 nm. 

Large stokes shift observed only for T3 exhibited 106 nm, whereas, the rest of the 

molecules showed a value of ~25 nm. 

. 

Fig. 5.32 Solid State UV-Vis absorbance spectra of all the molecules of the series 



187 
 

 

Fig. 5.33 Solid state PL spectra of molecules. Inset shows solid state emission under UV 

illumination 

 

TABLE 5.2 Photophysical parameters of the molecules in thin film 

 λ excitation 

(nm) 

λ emission (nm) Normal 
Stokes Shift 

(nm) 

Large 
Stokes Shift 

(nm) 
FWHM (nm) keto  enol  

T2 385 451 475 66 24 102 
P2 376 463 491 87 28 104 
F2 376 459 482 83 23 100 
T3 435 504 610 69 106 78 
P3 387 494 523 107 29 98 
F3 420 690 ̶ 270 ̶ 136 

 
5.3.4 Quantum yield measurement 

The fluorescence quantum yields (φS) were evaluated according to the following 

Equation 5.1, where Coumarin 153 in cyclohexane is considered as a reference (R) for 

molecule T3, P3, F3 while for T2, P2 and F2, 9,10-diphenyl anthracene was taken as 

reference. Samples whose QY needs to be determined is denoted as S. Grad corresponds to 

the gradient from the plot of integrated fluorescence intensity vs. absorbance at the 

excitation wavelength, and η the refractive index of the solvent for standard and reference 
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(Dhami et al. 1995; Williams et al. 1983). As observed from the table the value of QY 

increases upon an increase in the number of thiophene core unit. The highest QY recorded 

is for T2 with a value of 1.8% and with the lowest recorded for F2 with 0.014% as given 

in Table 5.3. However, amongst the series thiophene substituent present on the side chain 

of the central core gives a better quantum yield in comparison with furan and pyridine.  

∅𝑆𝑆 = ∅𝑅𝑅
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑆𝑆
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑅𝑅

 
𝜂𝜂𝑆𝑆2

𝜂𝜂𝑅𝑅2
                                            Eq. 5.1 

 

TABLE 5.3 The measured quantum yield of all the molecules 

Molecule T2 P2 F2 T3 P3 F3 
QY (%) 1.80 0.15 0.014 0.273 0.02 0.08 

 

5.3.5 Ratiometric studies 

Restriction of vibrational and rotational components in a system upon aggregation 

enhances the emission intensity at solid state over the solution. However, solid-state 

molecular packing and aggregation type decides the quantum efficiencies of ESIPT 

chromophores (Padalkar and Seki 2015). In order to better understand the effect of 

aggregation on the emission intensity of the molecules, AIE studies were performed for the 

series at different ratios of H2O/THF mixture. Solutions were prepared with a concentration 

(10-5 M) in THF, and their mixtures in varying water fractions fw were used for AIE studies. 

Fig. 5.34 shows the fluorescence emission of the series with different H2O/THF mixtures 

under UV irradiation of 365 nm. Herein, 10% of fw implies 10:90 of the mixture with 10% 

of H2O and 90% of THF and 20% of fw would imply 20:80 with 20% of H2O and 80% of 

THF and so on. F3 exhibited good AIE characteristics as shown in Fig. 5.40 in contrast 

with the others in the series that showed Aggregation caused quenching (ACQ) as shown 

in Fig. 5.35 – Fig. 5.39.  Aggregation of F3 under poorer solvent medium shows an 

enhancement in emission intensity and achieves a maximum at 80% of H2O/THF ratio and 

then drops down rapidly upon further increase of fw. The drop in emission intensity at higher 

ratios of H2O/THF mixtures is due to the poor solubility of the solute in solvent mixture 

(Zhang et al. n.d.). The polarity of the mixture increases upon an increase in the ratio of fw, 

further, lessens the energy bandgap in the system and hence, the redshift observed at higher 

fw (Hu et al. 2009). The redshift is highly predominant in F3, and a value of 45 nm shift is 
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observed in the emission wavelength with increasing fw is indicative of positive 

solvatochromism (Zhang et al. 2016b). On the other hand, F2 at initial ratios exhibited an 

increasing trend in the intensity and stabilized to a fixed value with increase in fw and drops 

down at higher fw ratios. The absence of double peaks at higher ratios of fw is indicative of 

nonoccurence of proton transfer at excited state owing to an increase in the solvent polarity.  

 
Fig. 5.34 Photographs of molecules in THF/water mixtures with different fw under UV 
illumination 
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Fig. 5.35 Fluorescence emission spectrum of T2 with varying fw and inset gives the intensity 

value with varying fw 

. 

Fig. 5.36 Fluorescence emission spectrum of P2 with varying fw and inset gives the intensity 

value with varying fw 
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Fig. 5.37 Fluorescence emission spectrum of F2 with varying fw and inset gives the intensity 

value with varying fw 

. 

Fig. 5.38 Fluorescence emission spectrum of T3 with varying fw and inset gives the intensity 

value with varying fw 
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Fig. 5.39 Fluorescence emission spectrum of P3 with varying fw and inset gives the intensity 

value with varying fw 

 

Fig. 5.40 The fluorescence emission spectrum of F3 with varying fw and inset gives the 
intensity value with varying fw 
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5.3.6 Cyclic Voltammetry 

The electrochemical properties of the molecules were studied by cyclic 

voltammetry to estimate their electronic energy levels and the bandgap thereof. T2, P2, and 

F2 showed a good quasi-reversible oxidation and reduction peak as shown in Fig. 5.41, 

whereas, T3, P3 and F3 exhibited quasi-irreversible curves as shown in Fig. 5.42 with their 

estimated energy level is given in the inset plot. Enhanced conjugation in structure found 

in T3, P3 and F3 with hydrazides on both the arms chemically connected with thiophene 

di-aldehyde group hampered peaks during reduction cycle. Oxidation peak corresponds to 

the involvement of –NH functionality in oxidation and reduction peak corresponds to –

C=O functionality involved in the reduction process of the series. The energy levels of 

HOMO, LUMO and band gap of T2, P2 and F2 are closely analogous, and hence the 

substituted hydrazides on the bi-thiophene moiety had no significant role in altering the 

energy levels of the molecule. The energy bandgap of all the molecules is estimated using 

the equation EHOMO = –(Ip+4.4) eV and LUMO by ELUMO = –(EA+4.4) eV (Duvenhage et 

al. 2015) with their results tabulated in Table 5.4. The energy level of HOMO for T3, P3, 

and F3 were obtained from cyclic voltammogram following the equation mentioned above. 

LUMO energy levels of the series were derived from the energy gap of solid-state 

photoluminescence spectra and the estimated HOMO level from cyclic voltammogram. 

The HOMO of T3 and F3 showed a similar energy value of around ~ –6.3 eV with T3 

having a LUMO level of –4.16 eV and that of F3 is –4.34 eV. P3 exhibited a slightly higher 

negative value of HOMO of –6.65 eV in comparison with T3 and F3 and a shallow LUMO 

level of –4.85 eV. The highest energy bandgap EG obtained in the series is for T2 with 2.27 

eV, and the lowest obtained for P3 is 1.8 eV respectively. 

TABLE 5.4 Electrochemical parameters and their electronic energy levels of all the 

molecules 
 Ip  (V) EA (V) HOMO (eV) LUMO (eV) EG (eV) 

T2 1.38 -0.89 -5.78 -3.51 2.27 
P2 1.27 -0.86 -5.67 -3.54 2.13 
F2 1.13 -0.93 -5.69 -3.47 2.22 
T3 1.95 * -6.35 -4.16 2.16 
P3 2.25 * -6.65 -4.85 1.80 
F3 1.92 * -6.32 -4.34 1.98 

*reduction not obtained from the cyclic voltammogram 
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Fig. 5.41 Cyclic voltammogram for the molecules T2, P2, and F2 with their energy levels 

 

Fig. 5.42 Cyclic voltammogram for the molecules T3, P3, and F3 with their energy levels 
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5.3.7 DFT Studies 

Fig. 5.43 shows the possible normal and tautomeric structures of all the molecules, 

specifically, T2, P2, and F2, can solely support a single proton translocation. Keto form is 

believed to be thermodynamically stable structure denoted as (k), while the enol form (e) 

is believed to be kinetically stable entity corresponds to a tautomeric form occurring after 

photoexcitation of the molecules. T3, P3, and F3, possessing dual hydrazide may undergo 

three different possible structures, firstly, both the arms exhibiting keto form (k); secondly, 

one of the arm exhibiting keto and the other arm exhibiting enol represented as (e). 

Hypothetical tautomeric form denoted as (o) with both the arms showing enol is strictly 

impossible. Supposing, if such a transformation occurs in a system, the system might 

mutate to keto and enol across the arms (i.e., e form) and hence a double enol structure is 

difficult to realize. Zhang et al. provided proof for impossible double proton transfer 

concurrently occurring in the system, despite their structural attributes supporting double 

proton transfer (Zhang et al. 2016).  

 

Fig. 5.43 Probable tautomeric structures with keto (k), enol (e) and double enol (o) form 
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Structures possessing single substituted hydrazide covalently linked with single 

thiophene moiety termed as T1, P1 and F1 were also studied. T1 and F1 have been 

designed and synthesized to look into their practical cation sensing applications92. T1, P1, 

and F1 exhibit extremely weak fluorescence emission in solution and solid state, hence 

difficult to ascertain their keto-enol transition energies. Theoretical aspects dealing with 

excited state dynamics of these molecules were not reported so far and has been solely 

discussed herein for comparison with the present study. Computed ground state vibrational 

spectra of T1, P1, and F1 in comparison with their excited state is redshifted by a finite 

value as shown in Fig. 5.44. This redshift indicates the weakening of intramolecular 

hydrogen bond at their excited state and hence can assure a difficult excited state proton 

translocation. Emission energy transition estimated for k-form is around ~340 nm and of 

e-form is ~ 375 nm. The probability of enolic transition is more in number in comparison 

with that of the keto, and hence the oscillator strength of the e-form is higher than k-form. 

Potential energy scans were attempted to verify any possibility of proton transfer at the 

excited state. However, repeated attempts failed to estimate transition structure of these 

molecules at the excited state. With the above-mentioned reasons, we conclude T1, P1, and 

F1 don’t support excited state intramolecular proton transfer in them.  
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Fig. 5.44 Vibrational stretching frequency of T1, P1 and F1 in S0 and S1 states; specifically 

focusing N-H stretching frequency 

5.3.7.1 Geometry 

Ground state geometry optimized normal form (k) of all the structures is shown in 

Fig. 5.45 and their structural attributes are summarized in Table 5.5. The N-H distance of 

normal form (k) for all the structures remains unaffected to a value of 1.020Å in both S0 

and S1. The intramolecular hydrogen bond distance d and d′, however, is shortened at the 

excited state S1 in comparison with that of the ground state S0. The value of R reduces from 

2.340 Å and 2.378 Å to 2.324 Å and 2.359 Å for P2 and F2, while there was no change 

observed for T2 in S0 and S1. Similarly, the value of d and d′ show a reduction in their 

intramolecular hydrogen bonding distance for T3, P3 and F3 at S1 in comparison with that 

at S0, however, a single proton is expected to translocate from donor to acceptor. The 

lowering of hydrogen bond distance at the excited state S1 in comparison with S0 is highly 

supportive of possible excited state intramolecular proton transfer (Kanlayakan et al. 2017; 
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Zhao et al. 2015). Interestingly, P3 shows a phenomenal reduction in d and d′ in 

comparison to the other five-membered ring of the series. One of the possible reasons is 

that the effect of a six-membered heterocyclic ring tends to stabilize the structure by gaining 

greater control over the distance of H-bonding interaction. P3 possesses a dihedral angle of 

39º at S0 and reduces to 32.6º at S1 between extended thiophene core and pyridine moiety. 

Molecules of the series with bithiophene moiety possess certain minimal dihedral angle 

between the bithiophene core, and at their excited state, this angle turns to zero to support 

ESIPT in the system. T2 and F2 possessing a dihedral angle of 19º and 27º between the 

bithiophene rings at S0, changes to 0.1º at S1. Structural planarity might better support and 

eases proton transfer in a system than for a non-planar structure(Kanlayakan et al. 2017).  

 

Fig. 5.45 Intermolecular associations of molecules of the series with O--H bond distances.  
Color code: O-atoms, red; C-atoms, grey; N-atom: blue, S- atoms, green). 
 
TABLE 5.5 Geometrical parameters of the molecules at S0 and S1 
 N-H distance (Å) d (Å) d′ (Å) 
 S0 S1 S0 S1 S0 S1 
T2 1.019 1.018 2.401 2.401 - - 
P2 1.020 1.020 2.340 2.324 - - 
F2 1.020 1.020 2.378 2.359 - - 
T3 1.019 1.020 2.396 2.377 2.396 2.380 
P3 1.020 1.020 2.404 2.369 2.406 2.370 
F3 1.019 1.020 2.375 2.353 2.377 2.359 
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5.3.7.2 Spectral quality and frontier molecular orbitals 

Molecular orbitals, especially the highest occupied molecular orbitals (HOMO) and 

lowest unoccupied molecular orbitals (LUMO) play an essential role that governs the 

overall chemical reactivity of the system (Selvaganapathi et al. 2017). The energy gap 

between HOMO and LUMO determines the dynamic stability, chemical hardness, and 

chemical reactivity; it further provides an overall understanding of the reaction pathway 

and molecular activity of the complex. Theoretically estimated HOMO, LUMO levels and 

energy band gap of all molecules in THF solvent is provided in Fig. 5.46. The significant 

contribution of electronic transitions (CI ~93% to 97%) occurring within the system for 

both the normal form and the tautomeric form is governed by HOMO and LUMO. Hence, 

the discussion herein is restricted to HOMO and LUMO, corresponds to π-π* orbitals. 

Computed energy levels and the energy band gap values of all the molecules lie around 

~3.3 eV. The significant contribution of HOMO and LUMO is from π orbitals and the core 

moiety. Theoretical estimation of energy bandgap for conjugation enhanced structure of T3 

and F3 exhibited a seemingly small energy reduction in comparison with T2 and F2 

supporting experimental facts, while, such differences were not distinguishable in P3. The 

HOMO and LUMO of T2 are completely distributed on the entire molecular network, 

while, T3, P3, and F3 majorly centered on the thiophene and a portion of it is on the keto 

moiety. Orbitals of the series exhibit a size reduction of electron cloud engulfing proton 

donor moiety (N-H) in LUMO level in comparison with that of the HOMO, while there 

was almost no change in the electron density on the O atom belonging to carbonyl moiety 

(Hao and Yang 2018). Such changes in electron density suggest the enhanced interaction 

between hydrogen donor and acceptor moiety at the excited state and can better induce 

alienation of proton from a donor moiety (Kanlayakan et al. 2017; Li et al. 2016). The effect 

of intramolecular charge transfer (ICT) is highly evident in P2 and F2, which further helps 

easy separation of a proton from a donor moiety (Kanlayakan et al. 2017). Further, upon 

comparing the HOMO and LUMO electronic distributions of all the system, it can be seen 

that proton acceptor oxygen exhibits an σ type of orbital, whereas –NH exhibits a π-π* type 

of distribution. Observed distribution around –NH at HOMO level clearly indicates strong 

electron withdrawing capability of nitrogen moiety, readily giving up proton upon 

photoexcitation from S0 to S1 state (Zhao et al. 2017).  
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Fig. 5.46 Electronic orbital representations of all the molecules with their energy levels  

Analysis of vibrational stretching frequencies of proton donor moiety involved in 

intramolecular hydrogen bonding could provide effective information on the dynamics of 

hydrogen bonding at the excited state (Chansen et al. 2017; Lan and Liu 2015; O. Hubin et 

al. 2014; Zhao et al. 2015). Stretching vibrational frequencies of N-H moiety in S0 and S1 

were analyzed to predict ESIPT mechanism occurring in the system. Vibrational spectra 

reveal the peak corresponding to N-H stretching red-shifted at the excited state in 
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comparison with the ground state as shown in Fig. 5.47 and the Table 5.6 provides the –

NH stretching frequency at S0 and S1 state. Han and co-worker proposed the strengthening 

of the intramolecular hydrogen bond at the excited state is strongly related to the observed 

red-shift in the stretching vibrations of proton donor moiety (Zhao and Han 2007). The 

redshift observed for bithiophene series is higher in comparison with that of thiophene 

series. The reason may be attributed to the extended conjugation possessed in the thiophene 

series enhances their influence over binding hydrogen stronger than bithiophene moieties. 

Higher the red-shift observed at the excited state, lower is the potential energy barrier for 

an efficient proton transfer (Chansen et al. 2017). N-H stretching vibration is relaxed at the 

excited state with that of rigid stretching at the ground state as is evident from the intensity 

of the N-H stretching vibration is higher at the excited state in comparison with the ground 

state.  

TABLE 5.6 Vibrational –NH stretching frequency of all molecules at state S0 and S1 

Molecule 
N-H Stretching (cm-1) 

Shift (cm-1) 
S0 S1 

T1 3488 3464 -23 
P1 3477 3456 -21 
F1 3473 3455 -18 
T2 3473 3486 13 
P2 3473 3488 15 
F2 3471 3486 15 
T3 3485 3489 4 
P3 3475 3482 7 
F3 3469 3477 8 
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Fig. 5.47 Vibrational stretching frequency of all the molecules in S0 and S1 states; 
specifically focusing N-H stretching frequency 
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Calculations yielding six lowest lying singlet vertical excitations and the energy of 

that transition along with their oscillator strength for all the molecules of the series is 

reported in Table 5.7. The electronic transitions associated with keto absorbance (k abs), 

keto emission (k emi) and tautomer enol emission (e emi) for all the molecules are given 

in Fig. 5.48, wherein, k abs*, k emi* and e emi* represents the experimental values. The 

discrete transition energies obtained after the calculations were broadened by setting the 

value of FWHM to 50 nm to better accommodate the experimental parameters in the 

spectra. Results reveal the major transition for the emission spectra occurring in the system 

is mainly from S1S0 proposing a π-π* nature. The spectroscopic nature of the absorption 

spectrum for k form follow similar trend obtained experimentally, and their absorption peak 

centered around 350-370 nm for all the molecules are near the experimental figures. 

Emission energy obtained from the k form and e form correlate well with the 

experimentally observed spectra with a little overestimated energy difference of ~0.3 eV 

(Houari et al. 2013; Lan and Liu 2015; O. Hubin et al. 2014; Yang et al. 2016). Oscillator 

strength of the e form estimated theoretically is higher in comparison with that of the k 

form for few of the molecules, in line with the experimental pieces of evidence. Moreover, 

it is essential to note that the energy emission of the k form for all the series is higher in 

energy in comparison to e form, establishing k form as the thermodynamically stable state. 

The energy difference of the emission spectrum between the k form and the e form of the 

series is analogous to the experimentally obtained values.  
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Fig. 5.48 Experimentally observed and theoretically estimated absorption and emission 
spectra for keto and enol forms of all the molecules.  
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TABLE 5.7 Computed optical parameters of molecules, keto absorbance and emission, 

enol emission, oscillator strengths, composition and CI(%) calculated at DFT/B3LYP and 

TD-DFT/CAM-B3LYP for ground and excited state 

Molecule Type Transition 
Energy 

(nm) 

Oscillator 

strength 
Composition CI (%) 

T2 

k abs S0 →S1 362 0.9357 H(82)→L(83) 93.37 

k emission S1→S0 402 1.0520 H(82)→L(83) 96.76 

e emission S1→S0 428 0.9304 
H(82)→L(83) 96.34 

H-1(81)→L+1(84) 2.33 

P2 

k abs S0 →S1 367 0.9721 H(81)→L(82) 93.61 

k emission S1→S0 407 1.0776 H(81)→L(82) 96.74 

e emission S1→S0 426 1.1281 H(81)→L(82) 96.51 

F2 

k abs S0 →S1 352 0.9325 H(78)→L(79) 94.00 

k emission S1→S0 392 1.044 H(78)→L(79) 97.02 

e emission S1→S0 421 1.145 
H(78)→L(79) 96.62 

H-1(77)→L+1(80) 2.15 

T3 

k abs S0 →S1 363 1.3251 H(100)→L(101) 93.36 

k emission S1→S0 402 1.4021 H(100)→L(101) 96.2 

e emission S1→S0 430 1.5366 
H(100)→L(101) 94.65 

H-1(99)→L+1(102) 3.05 

P3 

k abs S0 →S1 350 1.3135 H(98)→L(99) 95.05 

k emission S1→S0 389 1.3953 H(98)→L(99) 96.81 

e emission S1→S0 410 1.5919 H(98)→L(99) 96.52 

F3 

k abs S0 →S1 358 1.3541 H(92→L(93) 93.73 

k emission S1→S0 397 1.4234 H(92→L(93) 96.38 

e emission S1→S0 420 1.6346 
H(92→L(93) 96.23 

H-1(91)→L+1(94) 2.14 

 

5.3.7.3 Potential energy curve  

Owing to molecules of the series to support single proton transfer alone at the 

excited state, potential energy curves (PECs) for both the ground and the excited state is 
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estimated. PEC is a useful technique that nurtures the subtleties of molecular properties and 

gives information about the nature of hydrogen transfer reactions along the proton transfer 

path. PEC was simulated using B3LYP functional with 6-31G basis set for a complete 

rotation of 0º–180º between the carbonyl and –NH group. Variation in potential energy as 

a function of dihedral angle for all the molecules is provided in Fig. 5.49 and Fig. 5.50. The 

optimized structures with zero dihedral angles between the plane connecting –NH and –

C=O seems to be energetically more stable than that with 180º dihedral as evident from the 

values at the extremities of the curve. The results show that F3 tend to acquire a geometry 

that does not favor for optimal intramolecular hydrogen bonding between the donor and 

acceptor moieties, in turn, hinders ESIPT in comparison with other types.  

 
 

Fig. 5.49 Single point energies of molecule T2, P2 and F2 as a function of rotation of 

dihedral angle for both S0 and S1. Black colored atom - Thiophene, Furan or Pyridine 
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Fig. 5.50 Single point energies of molecule T3, P3, and F3 as a function of rotation of 

dihedral angle for both S0 and S1. Black colored atom - Thiophene, Furan or Pyridine 

Potential energy scans were acquired on constrained optimization of geometry at 

their corresponding electronic states with fixed O-H bond length. The consistency in the 

reproduction of the results by DFT with that of the experimental may not be precise, 

however, the previous calculations have proven effective in providing qualitative results 

for accurate pathways supporting proton transfer (Saga et al. 2010; Serrano-Andrés and 

Merchán 2009; Sobolewski and Domcke 1999; Song and Ma 2013). Potential energy curve 

of all the molecule are provided in is provided in Fig. 5.51 – Fig. 5.55, wherein, the term 

FB indicates forward barrier and the RB indicates the reverse barrier for both S0 and S1 

states. FB refers to the difference between the stable keto state and the point at which the 

potential reaches a maximum along the proton transfer pathway. Similarly, RB refers to the 

difference between the maximum potential and the stable enol tautomer along the proton 

transfer pathway.  Estimation of transition structure for F3 on the potential energy curve at 

excited state was difficult to realize. The molecules of the series at their ground state prefer 

keto form and upon excitation changes to tautomer e-form undergoing ESIPT. The scans 

pertaining to proton transfer were estimated using DFT to realize the FB and RB potential 

in both S0 and S1 state.  Results illustrate the FB for all the molecules of the series at their 

excited state were comparatively lesser in magnitude than that of the ground state. The 
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lessened FB at their respective excited state indicates possible proton transfer at S1 in 

comparison with S0. On an average ~ 3.57 to ~3.78 kcal/mol of energy barrier required for 

a molecule to undergo ESIPT to adopt a tautomer form. The reverse barrier at their ground 

state for all the molecules is lower in energy in comparison with that of their FB, reveals 

the possible ground state intramolecular proton transfer (GSIPT). T3 showed a RB higher 

to FB at its S0 may account for stringent GSIPT. Further, to summarize the whole ESIPT 

mechanism for the present system with –C=O acting as a proton acceptor and –NH acting 

as the proton donor. Initially, –C=O capable of capturing a proton from the nearest –NH 

donor and forms an intramolecular hydrogen bond at the ground state. Upon photo-

excitation, the intramolecular hydrogen bond is strengthened, and a proton translocates 

from –NH to –C=O group through a significant forward energy barrier. At an approximate 

O-H distance of 1.35Å, the system exhibits maximum potential energy, and beyond this 

point, the energy minimizes, and the system possesses desired tautomeric structure. The 

tautomeric structure at S1 undergoes a spontaneous emission either radiative or non-

radiative to reach its ground state S0 and reverts to normal form by crossing over a 

significant RB potential.  

 

Fig. 5.51 Single point energies of molecule T2 in the S0 and S1 states calculated by 

B3LYP and CAM-B3LYP 
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Fig. 5.52 Single point energies of molecule P2 in the S0 and S1 states calculated by B3LYP 

and CAM-B3LYP 

 

Fig. 5.53 Single point energies of molecule F2 in the S0 and S1 states calculated by B3LYP 

and CAM-B3LYP 
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.  

Fig. 5.54 Single point energies of molecule T3 in the S0 and S1 states calculated by B3LYP 

and CAM-B3LYP 

 

Fig. 5.55 Single point energies of molecule P3 in the S0 and S1 states calculated by B3LYP 

and CAM-B3LYP 
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5.3.7.4 PES Surface studies 

PES scans were performed on the system to verify the possibility of double proton 

translocation arising due to the presence of substituted hydrazides present on both the arms 

of thiophene core. Potential energy scans were performed with DFT-B3LYP functional 

with 6-31G basis set for ground state and CAM-B3LYP with the same basis set for the 

excited state. The selection of the function is expected to estimate qualitative energetic 

pathways for ESIPT process (Liu et al. 2017; Padalkar and Seki 2015; Wang et al. 2015; 

Zhao and Zheng 2017; Zhou et al. 2015). Potential energy surface of T3 and P3 for both 

the ground and excited state is provided in Fig. 5.56 and Fig. 5.57 with inset providing the 

surface contour profile. There exist a high amount of symmetry in the surface along the 

diagonal line connecting the ends of normal and double enol form. It is important to note 

that the potential energy surface remains the same irrespective of the change in the 

heteroatom present in the ring. There exist four minima on the PES surface that relates to 

k-form, e-form and o-form, wherein, the estimated potential energy follows an order of 

Ek<Ee<Eo, signifying GSIPT is an endothermic process. A very high potential barrier of 

value ~8 kcal/mol exists for the molecules at S0 and S1 traced along the path (a→d). This 

high potential barrier exhibited by the system validates the impossible simultaneous double 

proton transfer at their excited state. System after photoexcitation induces a proton to 

translocate from proton donor to an proton acceptor species guided along the path (a→c) 

or (a→b) with a minimal potential energy barrier attaining tautomer e-from. Second proton 

transfer or a step-wise double proton transfer can occur provided if the system gets much 

higher external energy to overcome a significant barrier potential of ~4.2 kcal/mol along 

the path (c→e) or (b→e). Higher barrier potential traversed along the path (c→e) or (b→e) 

does not support second proton transfer, thus hindering the step-wise double proton transfer 

kinetically. Further, supposing a step-wise double proton transfer occurs in the system 

(a→b→e or a→c→e), the reverse barrier of ~2.8 kcal/mol from (e→c) or (e→b) is 

significantly far lesser compared to the forward barrier and the system quickly achieves e-

form. Based on the above discussions, we conclude that the system with hetero substituted 

hydrazides to support single proton transfer at their excited state and an impossible double 

proton transfer or step-wise double proton transfer.  
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Fig. 5.56 PES scan of T3 in S0 and S1 states with their contour profile  

 

 
Fig. 5.57 PES scan of P3 in S0 and S1 states with their contour profile  
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5.3.8 Device fabrication and characterization 

Amongst the series T2 exhibited good quantum yield of value 1.8% and the energy 

levels determined from cyclic voltammogram signifies that T2, P2, and F2 can function as 

emitter material for organic light emitting diode applications in comparison to T3, P3 and 

F3 possessing a high HOMO level. To evaluate the electroluminescence performances of 

the synthesized materials, non-doped OLEDs were fabricated with a device structure: 

ITO/N,N′-Bis(3-methylphenyl)-N,N′-diphenylbenzidine [TPD] (40 nm)/ T2 or P2 or F2 

(60 nm)/ 4,4′-Bis(N-carbazolyl)-1,1′-biphenyl [CBP] (6 nm)/ Tris(8-hydroxyquinolinato) 

aluminum [Alq3] (35 nm)/ Lithium fluoride [LiF] (1 nm)/ Aluminium (150 nm) as shown 

in Fig. 5.58. The adopted device architecture is well reported to result in good charge 

injection and recombination at the emitter material (Zucchi et al. 2010). TPD acts as a hole-

injection and hole-transport layer, CBP acts as a hole blocking layer, Alq3 acting as an 

electron transport layer and Aluminium used as a cathode material. Fig. 5.59 shows voltage 

vs. current density plots for devices with T2 and P2 as emitters with inset showing 

electroluminescence and device emission. As observed the device requires a very high turn-

on voltage ~15V for initiating electroluminescence. Voltage vs. luminous flux for T2 and 

P2 is as shown in Fig. 5.60, wherein we observe the device exhibits a maximum luminous 

flux of value 0.035 and 0.015 lumens for T2 and P2. However, F2 possessing a low 

quantum yield amongst the series failed to produce any light.  Current efficiency of 0.94 

Cd/A and power efficiency of 0.94 lm/W is exhibited by molecule T2 while P2 exhibited 

a current efficiency of 0.23 Cd/A and power efficiency of 0.18 lm/W as shown in Fig. 5.61 

and Fig. 5.62 respectively.  
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Fig. 5.58 Device architecture for molecule T2, P2, and F2 as an emitter layer 

 

 

 

 
Fig. 5.59 J-V characteristics of the device with T2, P2, and F2 as emitter material. Inset 

showing the EL spectrum and image showing the light emission from the device. 
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Fig. 5.60 Voltage luminous flux characteristics of molecule T2 and P2 

 

 
Fig. 5.61 Current Efficiency and power efficiencies of the device with T2 as an emitter 

layer 
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Fig. 5.62 Current Efficiency and power efficiencies of the device with P2 as an emitter 

layer 

 

5.4 CONCLUSIONS 

  Six heterocyclic substituted hydrazides have been designed and synthesized that 

initiate intramolecular excited state proton translocation. Photophysical characterization in 

solvents of varying dielectric constants signifies the occurrence of the double peak that 

correlates to keto and enol transitions. Molecules of the series exhibited good ESIPT in 

solvents of lower dielectric constants, this being the reason, molecules of the series 

exhibited a distinct double peak in THF solvent. AIE studies revealed, molecules bereft of 

furan moiety to have their emission intensity quenched upon aggregation. F3 possessing 

furoic hydrazide exhibited a good AIE effect and failed to support ESIPT in the solid state. 

T2 exhibited the highest quantum yield of 1.8% amongst the series, and this value scales 

down upon aggregation. Cyclic voltammetry study reveals bithiophene covalently linked 

with substituted hydrazide possesses energetically favorable HOMO-LUMO level for 

efficient device application. OLEDs were realized using T2 and P2 as emitter material 

embedded in a device architecture with ITO / TPD / T2 or P2 / CBP / Alq3/ LiF/ Al. Current 

efficiency of 0.94 Cd/A and 0.23 Cd/A for T2 and P2 along with their power efficiency 
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value of 0.94 lm/W and 0.18 lm/W respectively. Energy-optimized ground state geometry 

of all the tautomer and their electronic orbital distribution well supports the excited state 

intramolecular proton transfer phenomenon. Theoretically derived vibrational spectra of 

T1, P1 and F1 did not favor ESIPT. However, conjugation enhanced structure possessed 

in synthesized molecules supports ESIPT. Theoretical energy transitions of keto-enol 

tautomer well correlate with the pertinent energy transitions experimentally observed. 

Potential energy scans performed on the molecules revealed the existence of the lower 

forward barrier at its excited state in comparison with its ground state, suggestive of excited 

state proton translocation. Potential energy surface scan performed on T3, P3 and F3 affirm 

impossible double proton transfer and difficult step-wise double proton transfer.
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Abstract  

In this chapter, theoretical aspects uncovering excited state intramolecular proton transfer 

(ESIPT) of N-acylsubstituted hydrazides with bithiophene and trithiophene core have been 

investigated.  

6.1 INTRODUCTION 

It is quite interesting to know that hydrazides exhibit keto – enol tautomerism upon 

photoexcitation (Chohan et al. 2000; Cigáň et al. 2015; Mir et al. 2018). Tautomerism in 

hydrazides is characterized by translocation of a proton from a donor (N–H) moiety to an 

acceptor moiety (C=O) with a pre-established intramolecular hydrogen bond giving birth 

to a phototautomer phenomenon, commonly termed as excited state intramolecular proton 

transfer (ESIPT). Proton transfer is primly induced by the energy difference pertaining to 

locally excited state and the relaxed excited state, and the gradient spread over potential 

energy surface connecting these two extremities governs the relative kinetics of the system 

(Tong et al. 2018; Yang et al. 2018; Yin and Shi 2018; Zhang et al. 2016; Zhao et al. 2018). 

ESIPT properties of various functional small organic systems have attracted research 

community for its extensive applications in the field of biological molecular probes (Deng 

et al. 2016; Paul and Guchhait 2010), organic light-emitting diodes (Kundu et al. 2016; Liu 

et al. 2017; Samanta et al. 2017), fluorescent sensors (Aparicio et al. 2011; Pinto da Silva 

et al. 2014; Tang et al. 2011; Zhao et al. 2012) and UV stabilizers (Sobolewski and Domcke 

2006). ESIPT materials are renowned potent luminescent systems that invariantly exhibit 

a large Stokes shift between their keto and enol emission, hindering self-absorption of 

generated photons (Hao and Yang 2019; Sobolewski and Domcke 2006; Wu 2015; Yang 

et al. 2017, 2018; Zhang et al. 2019). Finer tuning and precise control over the emission 

energies has opened up research in developing a single molecule that generates while light 

emission for OLED device applications (Kim et al. 2011; Kundu et al. 2016; Liu et al. 2017; 

Samanta et al. 2017). Interestingly, solid-state luminescent materials that are ESIPT active 

is highly challenging and intricacies of the scientific mechanism of such occurrences 

remains a subject for discussion until today (Padalkar and Seki 2015; Tong et al. 2018; 

Yang et al. 2018). 

Jedryka-Jarczyk and co-workers have meticulously designed and synthesized 

Schiff’s base symmetrical N-acylsubstituted dihydrazones containing bithiophene core to 
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look into practical solar cell applications (Jarczyk-Jedryka et al. 2016). Amongst the 

molecules designed, bithiophene coupled with furoic hydrazide turns out to be the best 

competitor as an active solar energy harvester. Scientific observations and evidence were 

intimately supported by photophysical and electrochemical characterizations, supported 

with valid reasons and discussions. Optical signatures reveal molecules show dual emission 

in DMF; however, in solvents of lower dielectric constants, this dual emission is profound 

and distinct (Cheng et al. 2015). Further, some of the necessary DFT studies were carried 

out to realize ground state optimized geometry and to understand the effective variation of 

acylsubstituted dihydrazones on the nature of electronic density. However, the revelation 

of excited state properties arising out of conformational changes and alterations in 

electronic distributions is highly essential to theorize principles based on some of the 

experimentally observed phenomena. Theoretical aspects discussing the nature of excited 

state dynamics and the excited state proton transfer pathways providing necessary 

information on potential barrier can enrich concepts on mechanistic details. Owing to the 

presence of bithiophene equipped with hydrazides on both the arm, an exploration into 

possible double proton transfer or step-wise double proton transfer can be enlivening.  

With the above in view, an attempt is made to uncover a few of the interesting 

theoretical fundamentals of ESIPT occurring in substituted hydrazides and correlate the 

experimental findings with the theoretical counterpart. We would like to present further a 

few of the experimental results that were not done and reported earlier by Jedryka-Jarczyk 

et al., to provide necessary support for the theoretical validation. Jarczyk-Jedryka reported 

TBTH, FBTH (herein referred to as T4 and F4 respectively) (Jarczyk-Jedryka et al. 2016). 

P4 varies from NBTH in possessing hydrazide unit at position meta to the pyridine ring 

nitrogen. Additionally, in the current work P4 has been synthesized and characterized by 

various spectroscopic techniques and its necessary experimental details and discussions are 

discussed in details. Further, to understand the limits of proton transfer in substituted 

hydrazides, theoretical aspects of excited state proton transfer dynamics of substituted 

hydrazides on trithiophene core is also studied. Structures supporting double proton transfer 

in substituted hydrazides present over both the arms of trithiophene core were 

computationally verified and results pertaining to such mechanism are well discussed.  
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6.2 EXPERIMENTAL SECTION 

6.2.1 Materials and methods 

All the chemicals used in the present study were procured from Sigma-Aldrich and 

were used as received without further purification. All the solvents were purchased from 

SD Fine, India was of HPLC grade and used without further distillation. Melting point was 

measured on Stuart SMP3 melting-point apparatus in open capillaries. The infrared 

spectrum was recorded on Bruker Apex FTIR spectrometer. UV-Vis spectroscopy was 

performed with Ocean Optics SD2000 spectrometer in a standard 3.0 mL quartz cell with 

1 cm path length. Cyclic voltammogram was recorded on IVIUM electrochemical 

workstation at a scan rate of 20mV/s with the potential range 5V to -5V. Photoluminescence 

studies were carried out using Horiba Jobin Yvan spectrofluorometer. All the 

measurements were performed under room temperature.   

Computational calculation for the work is achieved using Gaussian 09 package 

(Frisch et al. 2009). Ground state calculations S0 were carried out with DFT Becke’s three-

parameter hybrid exchange function with the Lee-Yang-Parr gradient-corrected correlation 

functional (B3LYP) (Lee et al. 1988; Miehlich et al. 1989) with 6-311+G (d, p) (Hariharan 

and Pople 1973; Hehre et al. 1972) basis set and the excited state calculations S1 were 

carried out using TD-DFT Coulomb-Attenuated Method B3LYP (Yanai et al. 2004) with 

the same basis set used for ground state. The molecular system herein exhibits a good 

amount of delocalization owing to their structure possessing good amount of planarity, and 

hence CAM-B3LYP were carefully chosen to predict the nature of electronic transition at 

excited state. CAM-B3LYP functionals for excited state calculations is known to reproduce 

experimental values with greater accuracy. Further, owing to the presence of long-range 

correction scheme present in CAM-B3LYP can predict excited state dynamics accurately 

to a greater extent than B3LYP (Egidi et al. 2014; Gong et al. 2016; Liu et al. 2017; Muriel 

et al. 2019; Yang et al. 2016; Zhao and Zheng 2017). The self-consistent field (SCF) 

convergence thresholds pertaining to energy minimizations for both S0 and S1 state 

optimizations were set to 10-6. The effect of solvent on the energy parameters of the system 

was studied by using self-consistent reaction field based on polarizable continuum model 

(PCM) (Tomasi and Persico 1994) using the integral equation formalism variant (IEFPCM) 

(Cammi and Tomasi 2001.; Cancès et al. 1997; Mennucci et al. 1997; Miertuš et al. 1981; 

Miertus ̃and Tomasi 1982). IEFPCM model studies the effect of the solvent by placing the 
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solute in a cavity of overlapping solvent and the effect reproduces the electrostatic potential 

arising due to the polarized dielectric created by the apparent charges surrounding the solute 

(Wei et al. 2017). The selection of the functional was made following numerous previous 

benchmarks validating their accuracy in predicting ground state energies and excited state 

energies (An et al. 2017; Liu et al. 2017; Zhao and Han 2008). Initially, ground state 

optimizations were carried out under vacuum and the resultant geometry was further 

optimized in a solvent medium. The experimental results reveal ESIPT mechanism 

occurring at solvents of lower dielectric medium and to corroborate this effect theoretically, 

THF was chosen as a solvent medium for all the theoretical calculations. Frequency 

calculations were performed for the geometry optimized to confirm their geometry 

corresponds to a true local minimum on the S0 and S1 potential energy surface. Geometry 

optimizations were carried out without any constraints on bond lengths, bond angles or 

dihedral angles, however, such constraints were used while constructing potential energy 

surfaces (PESs) and potential energy curves (PECs). PESs and PECs in S0 and S1 states 

were scanned by constraining the O-H bond length fixed for a series of values with other 

degrees of freedom optimized without any constraint. The calculation of vertical excitation 

energy of first singlet excited state S1 was estimated from the ground state optimized 

structure based on TDDFT with IEFPCM solvation model. The optimized geometry and 

the electronic orbital distribution of all the molecules were visualized using Avogadro 

software (Hanwell et al. 2012). 

6.2.2 Synthesis of molecule P4 

To a solution of 2,2'-Bithiophene-5,5-carboxaldehyde (0.1 g, 0.51 mmol) in ethanol 

(10 ml), nicotinic acid hydrazide (0.071 g, 0.51 mmol) was added. Acetic acid was used as 

a catalyst and stirred for 4 h to get a thick pale brown curdy precipitate. The product was 

confirmed with TLC. The residue was then washed with cold ethanol, filtered and dried at 

65 ºC to obtain a bright yellow solid compound. The synthesis scheme is as shown in 

Scheme 6.1.  

Yield: 82%, melting point: 220 ºC - 224 ºC, 1H NMR (DMSO- d6, 400 MHz, ppm): δ 12.1 

(br. s; 2H), 9.07 (br. s; 2H), 8.79 (m; 2H), 8.64 (s; 2H), 8.26 (d; J= 7.6, 2H), 7.55 (m; 6H), 

FTIR (ATR) (cm-1): 3067 (Ar-CH), 1641 (CH=N).  
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Scheme 6.1 Synthesis of molecule P4  

6.2.3 Characterization data 

 
Fig. 6.1 FT-IR spectra of P4 

 

Fig. 6.2 1H NMR spectra of P4 
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6.3 RESULTS AND DISCUSSION 

6.3.1 UV-Vis and photoluminescence studies 

Spectroscopic characterizations were carried out on few of the molecules of the 

series to record the nature of electronic transitions in the system. Solutions of concentration 

(10-5 M) of TX, PX and FX, where X=4 in THF solvent were considered for all solvent 

related optical characterization. UV-Vis spectra and photoluminescence spectra of T4, P4 

and F4 under THF solvent is as shown in Fig. 6.3. UV-Vis spectra confirm a band centered 

around 391-410 nm that corresponds π-π* type of transition prominently contributed by 

HOMO and LUMO orbitals.  

Photoluminesce spectra of molecules show a distinct double peak that corresponds 

to normal and tautomer emission generated from keto and enol conformers, validated by 

theoretical results. Methanol being a polar protic solvent has a tendency to form 

intermolecular hydrogen bonding with the solute system (Cheng et al. 2015). In polar 

solvents, solute-solvent interactions can support both the intermolecular and intramolecular 

hydrogen bonding (Kasha 1986). This hydrogen bonding further restricts the molecules to 

undergo structure tautomerism and hence, molecular system exhibits a single emission peak 

in polar solvents in comparison with the distinct double peak seen in other solvent medium. 

The detailed experimental photophysical parameters of all the molecules is provided in the 

Table 6.1 and the photoluminescence spectra of T4, P4 and F4 in various solvents is 

provided in Fig. 6.4 to Fig. 6.6. The emission behavior of all the molecular system didn’t 

exhibit any variation in spectral behavior supporting solvatochromism. The solvent induced 

bathochromic shift observed at the emission energy clearly indicates the strengthening of 

the intramolecular hydrogen bond and hypsochromic shift indicates weakening of hydrogen 

bond (Song and Ma 2013). This is highly prevalent in our systems, wherein, molecules 

showed a red-shifted emission in comparison with other solvents superseding the linearity. 

T4 showed a pronounced bathochromic shift in the emission wavelength from THF to ACN 

excluding methanol, exhibiting positive solvatochromic behavior in comparison with P4 

and F4. Excited state stabilization of the molecules is highly predominant in solvents of 

higher polarity inducing positive solvatochromism during solute-solvent interaction. This 

leads to a redistribution of the charges supporting multi-dimensional intramolecular charge 

transfer (MDICT) between the core and peripheral moieties (Brunel et al. 2003). The 
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highest large stokes shift value of 43 nm was recorded for T4 in DMF solvent and the 

lowest recorded value is 27 nm for F4 in the same solvent.  

Table 6.1 Photophysical parameters of T4, P4 and F4 in solvent of varying polarities 

 

SOLVENT λAbs* 
(nm) 

λexi* 
(nm) 

KETO 
(nm) 

ENOL 

(nm) 

Normal 
Stokes 
Shift* 
(nm) 

Large 
Stokes 
Shift* 
(nm) 

FWHM* 
(nm) 

T4 

THF 415,487 415 462 493 47 31 79 
MeOH 415,437,473 415 496 -- 81 -- 110 
ACN 490,549 490 547 585 57 38 71 
DMF 424,446,486 424 465 508 41 43 95 
DMSO 424,449,498 424 470 500 46 30 83 

P4 

THF 397 397 454 486 57 32 87 
MeOH 412,432,473 412 490 -- 78 -- 93 
ACN 405,483 405 455 487 50 32 120 
DMF 441,476 441 461 495 20 34 81 
DMSO 421,445,493 421 466 495 45 29 85 

F4 

THF 406,481 406 458 487 52 29 83 
MeOH 412,476 412 491 -- 79 -- 86 
ACN 531,553 531 458 485 73 27 76 
DMF 423,443,482 423 501 528 78 27 125 
DMSO 418,496 418 469 497 51 28 77 

 
*λAbs – UV-Vis absorption peaks, *λexi – UV-Vis excitation values, *KETO and ENOL – 
Corresponds to Keto emission and enol emission, *Normal Stokes Shift – Refers to the 
difference between keto absorption and keto emission, *Large Stokes shift – Refers to the 
difference between keto and enol emission, *FWHM – Full width half maximum  
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Fig. 6.3 Experimental UV-Vis absorbance spectra and fluorescence emission spectra of T4, 

P4 and F4 in THF solvent 

 

 
Fig. 6.4 Photoluminescence spectra of T4 in solvents of varying dielectric constants 
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Fig. 6.5 Photoluminescence spectra of P4 in solvents of varying dielectric constants 

 

 

Fig. 6.6 Photoluminescence spectra of F4 in solvents of varying dielectric constants 
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6.3.2 Quantum yield measurement 

The fluorescence quantum yields (∅𝑆𝑆) were evaluated according to the following 

Equation 6.1 given, where Coumarin 153 in cyclohexane is considered as reference (R) for 

all the molecules. Samples whose QY needs to be determined is denoted as S. Grad 

corresponds to the gradient from the plot of integrated fluorescence intensity vs absorbance 

at the excitation wavelength, and η the refractive index of the solvent for standard and 

reference (Dhami et al. 1995; Williams et al. 1983). As observed from the table the value 

of QY increases upon increase in the number of thiophene core unit. The highest QY 

recorded is for T4 with a value of 6.17 %, whereas F4 and P4 exhibited 3.70 % and 3.74 

% respectively. However, amongst the series thiophene substituent present on the side 

chains of the central core gives a better quantum yield in comparison with furan and 

pyridine.  

∅𝑆𝑆 = ∅𝑅𝑅
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑆𝑆
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑅𝑅

 
𝜂𝜂𝑆𝑆2

𝜂𝜂𝑅𝑅2
                                            Eq. 6.1 

6.3.3 Solid state photoluminescence studies 

Enormous amount of work published covers the ESIPT mechanism of molecules in 

solvent medium, however, solid state emitters undergoing ESIPT haven’t been explored 

much to a greater extent. Jedryka-Jarczyk and co-workers have spin coated T4 and F4 with 

a polymer binder for solar cell applications. However, their ESIPT properties in solid state 

were not studied and with this in view, thin films of molecules were prepared by thermal 

vapor deposition under vacuum for solid state photoluminescence studies. The mechanism 

explaining the excited state proton transfer in solid-state still remains undefined (Padalkar 

and Seki 2015). The results of this characterization is provided in the Fig. 6.7 and the inset 

shows images of thin films under UV illumination. We observe that T4 and F4 exhibited a 

double peak supporting ESIPT in its condensed state; however, P4 failed to exhibit a keto 

and enol emission in solid form. There may be possibility of keto and enol emissions getting 

overlapped to give out a broad spectrum in solid state as observed. Photoluminescence 

parameters of thin films of T4, P4 and F4 is provided in the Table 6.2. The lowest FWHM 

value of 95 nm was observed for T4 and the highest value of 166 nm seen for molecules 

P4. The largest stokes shift between keto and enol emission is approximately around 35 nm 

observed for the molecules T4 and P4.  
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Fig. 6.7 Fluorescence emission spectra of T4, P4 and F4 thin films  

Table 6.2 Photoluminescence parameters of thin films of T4, P4 and F4 

Molecule Keto Emission 
(nm) 

Enol Emission 
(nm) 

Large stokes shift 
(nm) 

FWHM 
(nm) 

T4 595 630 35 95 
P4 629 - - 166 
F4 549 587 38 122 

 

6.3.4 Ratiometric studies 

Restriction of vibrational and rotational components in a system upon aggregation 

enhances the emission intensity at solid state over solution, however, solid state molecular 

packing and aggregation type governs the overall quantum efficiencies of ESIPT 

chromophores (Padalkar and Seki 2015). Solutions were prepared with a concentration   

(10-5 M) in THF and their mixtures in varying water fractions fw were used for AIE studies. 

Ratiometric studies of all the molecules with varying THF:H2O mixture were considered 

to test the molecules for aggregation-induced emission behaviour. Fig. 6.8 shows 

photographs of T4, P4 and F4 exhibiting fluorescence response with varying solvent-water 

mixture. Herein, 10% of fw implies 10:90 of the mixture with 10% of H2O and 90% of THF 

and 20% of fw would imply 20:80 with 20% of H2O and 80% of THF and so on. Fig. 6.9 to 
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Fig. 6.11 shows the photoluminesce spectra with varying solvent-water mixture and the 

inset plot provides intensity vs ratiometric increase. Noticeably, F4 shows an increase in 

emission intensity slightly higher than its initial value and retains there until THF:H2O 

mixture of 30%, then falls back on further increase in THF:H2O mixture exhibiting good 

aggregation induced emission. Further, we observe the disappearance of double peak at 

higher THF:H2O mixture clearly establishing the fact that at higher polarity or at higher 

dielectric constant, intermolecular hydrogen bonding overrides intramolecular hydrogen 

bonding. T4 and P4 fails to exhibit an aggregation induced emission behaviour as evident 

from their corresponding spectra.  

 

 
 
Fig. 6.8 Photographs of molecules in THF/water mixtures with different fw under UV 

illumination 

 



231 
 

 
Fig. 6.9 Fluorescence emission spectrum of T4 with varying fw and inset gives the intensity 

value with varying fw 

 

 
Fig. 6.10 Fluorescence emission spectrum of P4 with varying fw and inset gives the 

intensity value with varying fw 
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Fig. 6.11 Fluorescence emission spectrum of F3 with varying fw and inset gives the 

intensity value with varying fw 

 

6.3.5 Cylic voltammetry 

The electrochemical properties of the P4 were studied by cyclic voltammetry to 

estimate their electronic energy levels and the bandgap. However, T4 and F4 have been 

reported previously by Jedryka-Jarczyk and co-workers (Jarczyk-Jedryka et al. 2016). 

Cyclic voltammetry studies reveal a good oxidation peak of value 1.89 yielding a HOMO 

around 6.29 eV calculated in accordance with equation reported as EHOMO = -(Ip+4.4) eV 

and ELUMO = -(EA+4.4) eV (Duvenhage et al. 2015). Cyclic voltammogram curve for P4 is 

as shown in the Fig. 6.12, and inset illustrate an estimated HOMO and LUMO levels 

corresponding to -6.29 eV and -4.34 eV with a band gap value of 1.95 eV.  



233 

 

 

Fig. 6.12 Cyclic voltammogram of molecule P4 in acetonitrile solvent 

 

6.3.6 DFT studies 

Fig. 6.13 shows the possible stable conformations for TX, PX, and FX where 

X=4,5,6 at their ground and excited state. Herein, keto (k) form refers to a 

thermodynamically stable entity possessing keto conformation on both the arm. Enol (e) 

form corresponds to one of the arm exhibiting enol with respect to other possessing keto 

form, wherein, a single proton translocates from a proton donor to an acceptor upon 

photoexcitation. Final conformation is double enol (o) form, which is a hypothetical form, 

wherein, both the proton translocates at their excited state from the proton donor to the 

proton acceptor species as represented.  
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Fig. 6.13 Possible conformations of TX, PX, and FX where X=4,5,6 at its S0 and S1 

state, 
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6.3.7 Structural analysis 

Ground state optimizations of keto (k) form for all the molecules is provided in Fig. 

6.14 to Fig. 6.16 with their structural parameters summarized in Table 6.3. We observe that 

at ground state TX and FX possesses a high amount of planarity and adheres to planarity 

even at their excited state. However, PX, where X=4,5, owing to the presence of six-

membered nitrogen ring gives in a certain minimal steric hindrance disturbing planarity of 

the structure. P4 and P5 possesses a dihedral angle of 39.9º at it's ground state, however, 

this dihedral angle reduces to 36.8º and 33.4º at its excited state between the planes 

connecting the bithiophene unit and the pyridine ring. P6 possessing a trithiophene core 

exhibits a complete planar structure in both ground and the excited state as observed. The 

planar structure might well support the proton transfer process in a system in comparison 

with a sterically hindered structure (Kanlayakan et al. 2017). The dihedral angle between 

the planes possessing N-H and -C=O is 1.7º for P4 at S0 and increases to a value of 2.3º at 

S1, whereas, F4 exhibits 0.0º at S0 and increases to a value of 0.8º at S1 with the rest of the 

molecules maintaining 0.0º for both S0 and S1. Change in geometrical parameters of the 

system at its excited state signifies a better stabilization of the structure to support ESIPT.  

The N-H bond length remains unaltered with a value of ~1.019Å for k form at S0 

and S1 for all the molecules; however, the difference in bond length tabulated at S0 and S1 

are too insignificant for practical discussion. Intramolecular hydrogen bond distance 

denoted as R and R’ is shortened at excited state in comparison with that of ground state 

for all the molecules. The shortening of intramolecular hydrogen bond distance is highly 

suggestive of possible proton transfer via pre-linked hydrogen bond pathway (Kanlayakan 

et al. 2017; Zhao et al. 2015). System possessing pyridine moiety shows a substantial 

change in the R and R’ at their excited state in comparison with that of the ground state 

possibly owing to the effect of six-membered pyridine spreading its influence over the 

proton donor-acceptor moiety. All the molecules of the series exhibited a reduction in the 

proton transfer distance at its excited state suggestive of hydrogen bond strengthening at 

the excited state leading to efficient excited state proton transfer in the system.  

Vibrational frequency analysis of N-H proton donor involved in intramolecular 

hydrogen bonding substantiates the nature of possible ESIPT present in the system 

(Chansen et al. 2017; Lan and Liu 2015; O. Hubin et al. 2014; Zhao et al. 2015). Han and 

co-workers proposed that the observed bathochromic shift or hypsochromic shift at excited 
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state in vibrational spectra strongly correlates with the corresponding strengthening or 

weakening of intramolecular hydrogen bonding (Zhao and Han 2007, 2008). N-H 

stretching vibrations were recorded for all the molecules at S0 and at S1 to evaluate ESIPT 

process. The peak at ~3473 cm-1 corresponds to N-H stretching exhibited a bathochromic 

shift of approximately 23 cm-1 at S1 with intensity higher in comparison with S0 for all the 

molecules as shown in Fig. 6.17 and Fig. 6.18. The observed bathochromic shift supports 

the strengthening of intramolecular hydrogen bond and probable excited state proton 

transfer concurrent in the system (Lu et al. 2018; Wang et al. 2018, 2019). The effect of 

redshift observed is strongly connected to the proton transfer barrier, the stronger the 

redshift, the lower is the potential barrier and the easier the proton transfer (Chansen et al. 

2017). The stronger the red-shift the weaker the energy of interaction between proton and 

proton donor. The weakening of energy further favors proton acceptor moiety to capture 

the proton that is leaving the donor. Further, higher the intensity or the stronger the 

oscillation of the vibrational modes suggest that the bonds tend to become less rigid, in turn 

favoring the proton transfer. Table 6.4 provides the computed vibrational stretching 

frequencies for all the molecules at ground and excited state with their relative frequency 

shift.  

 
Fig. 6.14 Ground state geometry optimized normal form (k) of TX, PX, FX, where X=4, 

Color code: O-atoms, red; C-atoms, grey; N-atom: blue, S- atoms, yellow; H-atoms, white. 
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Fig. 6.15 Ground state geometry optimized normal form (k) of TX, PX, FX, where X=5 
Color code: O-atoms, red; C-atoms, grey; N-atom: blue, S- atoms, yellow; H-atoms, white. 

 
Fig. 6.16 Ground state geometry optimized normal form (k) of TX, PX, FX, where X=6, 
Color code: O-atoms, red; C-atoms, grey; N-atom: blue, S- atoms, yellow; H-atoms, white 
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Table 6.3 Geometrical parameters of the molecules at S0 and S1 

Molecule N-H distance (Å) R (Å) R'(Å) 
S0 S1 S0 S1 S0 S1 

T4 1.0189 1.0186 2.3963 2.3888 2.3963 2.3888 
P4 1.0196 1.0191 2.4066 2.3890 2.4066 2.3890 
F4 1.0198 1.0196 2.3759 2.3643 2.3759 2.3643 
T5 1.019 1.018 2.396 2.390 - - 
P5 1.019 1.019 2.405 2.389 - - 
F5 1.020 1.019 2.376 2.366 - - 
T6 1.019 1.0177 2.395 2.3914 2.395 2.3914 
P6 1.020 1.0182 2.397 2.3942 2.397 2.3942 
F6 1.020 1.0186 2.376 2.3696 2.376 2.3696 

 

 

Fig. 6.17 Vibrational stretching frequency of TX, PX, FX, where X=4, in S0 and S1 states; 

specifically focusing N-H stretching frequency 
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Fig. 6.18 Vibrational stretching frequency of TX, PX, FX, where X=5.6, in S0 and S1 

states; specifically focusing N-H stretching frequency 
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Table 6.4 Computed vibrational NH stretching frequency at ground and excited state 

Mol 

N-H 
Stretching 

(cm-1) 
Shift 
(cm-1) Mol 

N-H 
Stretching 

(cm-1) 
Shift 
(cm-1) Mol 

N-H 
Stretching 

(cm-1) 
Shift 
(cm-1) 

S0 S1 S0 S1 S0 S1 
T4 3473 3496 23 T5 3488 3514 27 T6 3473 3496 23 
P4 3473 3497 24 P5 3471 3507 35 P6 3473 3496 23 
F4 3473 3496 23 F5 3473 3500 27 F6 3473 3496 23 
 

6.3.8 Electronic spectra and molecular orbitals analysis 

To corroborate the concept of ESIPT,  the nature of electronic transition arising due 

to the contribution of electronic density and frontier molecular orbitals were visualized. 

Energy gap plays a crucial role in governing the kinetic stability, chemical hardness and 

chemical reactivity of the system.  Highest occupied molecular orbitals (HOMO), lowest 

unoccupied molecular orbitals (LUMO) and the energy gap (EG) of all the molecules is 

provided in Fig. 6.19. Jarczyk-Jedryka and co-workers have optimized T4 and F4 using 

PCM solvation model with dichloromethane as a solvation medium (Jarczyk-Jedryka et al. 

2016). The HOMO and LUMO values reported by Jarczyk-Jedryka is identical with the 

results reported herein; however, the slight energy differences observed arise due to the 

selection of basis set and the solvent medium considered. The major contribution of 

electronic transitions from S0S1 and S1S0 observed for k form and e form is governed 

by HOMO and LUMO orbitals with CI ~92% to ~96% as provided in Table 6.5. The 

contribution from HOMO-1 and LUMO+1 orbitals are quite insignificant and hence the 

discussion herein is solely restricted to HOMO and LUMO orbitals. The electronic 

distribution of HOMO and LUMO is mainly distributed over bithiophene and trithiophene 

core, and a portion of the hydrazide group excluding the heterocyclic ring on either side as 

observed (Jarczyk-Jedryka et al. 2016). The nature of electronic transition arising from 

HOMO and LUMO is of π-π* type, and one can conclude that the transitions occurring 

within the system is mainly supported by the central core. The energy gap of T4, F4, and 

P4 is nearly the same owing to their structure possessing similar compositions (Jarczyk-

Jedryka et al. 2016) and a similar trend is observed for trithiophene core as illustrated in 

the Fig. 6.20 and Fig. 6.21. Electronic cloud surrounding (N-H) proton donor at LUMO 

level shrinks to a larger extent in comparison to that observed at the HOMO level, and such 
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changes were not observed for the proton acceptor moiety (C=O) (Hao and Yang 2018). 

Such observed changes over electronic cloud support good interactions between proton 

donor and acceptor moieties heading towards a better proton translocation at the S1 as 

observed for all the molecules (Hao and Yang 2018, 2019; Kanlayakan et al. 2017).  

Ground state optimized geometries of the molecules were considered for spectral 

calculations under THF solvent medium. Solvents of higher polarity tend to form hydrogen 

bonding with solute particles, in turn altering the spectral behavior of the system (Cheng et 

al. 2015). Such tendencies can be easily suspended by careful selection of solvent medium, 

this being the reason, both the theoretical and the experimental studies were carried out in 

THF solvent. The experimental emission spectra of T4, P4, and F4 exhibited pronounced 

dual emission bands in THF solvent supportive of ESIPT. However, this dual emission was 

curbed when the system is treated with solvents of higher dielectric constants supporting 

intermolecular hydrogen bonding (Kasha 1986). The simulated spectra associated with keto 

absorbance (k abs), keto emission (k emi) and enol emission (e emi) for T4, P4 and F4 is 

as shown in Fig. 6.22, while, k abs*, k emi* and e emi* highlights the experimental values. 

The simulated discrete energy values obtained were then broadened by scaling up the value 

of FWHM to 30 nm. Theoretically estimated absorption spectra for T4, P4 and F4 centered 

at 404 nm, 394 nm and 398 nm respectively correlate well with experimental values 

centered at 415 nm, 397 nm and 406 nm. The energy difference estimated using CAM-

B3LYP functional at excited state for all T4, P4 and F4 falls below an overestimated energy 

difference of less than 0.08 eV. Experimentally observed electronic transitions from 

S1S0 giving rise to tautomer emission is higher in magnitude in comparison with the 

emission recorded for the normal form. This trend is perfectly reproduced in theoretically 

estimated emission spectra for k form and e form. Further, theoretical calculation of TX, 

PX and FX, where X=5,6 were also performed to estimate the energy transition involving 

keto absorption, keto emission and enol emission in THF solvent medium. T6, P6 and F6 

in comparison with T4, P4 and F4, show a red shifted emission caused due to the presence 

of extended conjugation brought about by inclusion of a thiophene ring. Molar extinction 

coefficient of enol tautomer emission is higher in intensity in comparison with that of the 

keto tautomer emission, establishing the fact that the number of transitions corresponding 

to enol species is higher compared to keto tautomer.  
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Fig. 6.19 Frontier molecular orbitals of T4, P4 and F4 in keto form 
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Fig. 6.20 Frontier molecular orbitals of T5, P5 and F5 in keto form 
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Fig. 6.21 Frontier molecular orbitals of T6, P6 and F6 in keto form 
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Fig. 6.22 Absorption and Fluorescence emission spectrum of all the TX, PX and FX, 

where X=4 with experimental values 
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Fig. 6.23 Absorption and Fluorescence emission spectrum of all the TX, PX and FX, 

where X=5,6 with experimental values 
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Table 6.5 Computed optical parameters of molecules: keto absorbance and emission, enol 

emission, oscillator strengths, composition and CI(%) calculated at DFT/B3LYP and TD-

DFT/CAM-B3LYP for ground and excited state 

Mol Type Transition Energy 
(nm) 

Oscillator 
strength Composition CI (%) 

T4 

k abs S0→S1 404 1.802 H(121)→L(122) 92.06 
    H-1(120)→L+1(123) 4.11 
k emission S1→S0 449 1.8717 H(121)→L(122) 95.35 
    H-1(120)→L+1(123) 2.41 
e emission S1→S0 465 1.9835 H(121)→L(122) 94.64 
    H-1(120)→L+1(123) 3.05 

P4 

k abs S0→S1 394 1.7488 H(119)→L(120) 93.46 
    H-1(118)→L+1(121) 3.41 
k emission S1→S0 438 1.8173 H(119)→L(120) 95.95 
e emission S1→S0 445 1.9562 H(119)→L(120) 95.37 
    H-1(118)→L+1(121) 2.56 

F4 

k abs S0→S1 398 1.8031 H(113)→L(114) 92.43 
    H-1(112)→L+1(115) 4.24 
k emission S1→S0 444 1.8611 H(113)→L(114) 95.6 
    H-1(112)→L+1(115) 2.41 
e emission S1→S0 456 2.0131 H(113)→L(114) 94.95 
    H(112)→L(115) 2.93 

T5 

keto A S0→S1 411 1.3293 H(103)→L(104) 92.01 
    H-1(102)→L+1(105) 2.54 
Keto E S1→S0 459 1.467 H(103)→L(104) 95.82 
Enol E S1→S0 475 1.4892 H(103)→L(104) 95.16 
    H-1(102)→L+1(105) 2.74 

P5 

keto A S0→S1 411 1.3573 H(102)→L(103) 91.81 
    H(101)→L+1(104) 2.12 
Keto E S1→S0 451 1.4555 H(102)→L(103) 96.24 
Enol E S1→S0 472 1.5332 H(102)→L(103) 95.21 
    H(101)→L+1(104) 2.31 

F5 

keto A S0→S1 408 1.3324 H(99)→L(100) 92.92 
    H(98)→L+1(101) 3.02 
Keto E S1→S0 456 1.4677 H(99)→L(100) 96.06 
Enol E S1→S0 469 1.5352 H(99)→L(100) 95.42 
    H(98)→L+1(101) 2.68 

T6 
keto A S0→S1 442 1.6814 H(142)→L(143) 90.51 
Keto E S1→S0 492 1.805 H-1(142)→L+1(143) 94.44 
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    H-1(141)→L+1(144) 3.00 
Enol E S1→S0 498 1.8124 H(142)→L(143) 93.77 
    H-1(141)→L+1(144) 3.44 

P6 

keto A S0→S1 441 1.7426 H(140)→L(141) 90.68 
Keto E S1→S0 472 1.7855 H-1(140)→L+1(141) 94.98 
    H-1(139)→L+1(142) 2.86 
Enol E S1→S0 489 1.8154 H(140)→L(141) 94.54 
    H-1(139)→L+1(142) 3.04 

F6 

keto A S0→S1 438 1.6823 H(134)→L(135) 90.96 
Keto E S1→S0 488 1.7996 H-1(134)→L+1(135) 94.68 
    H-1(133)→L+1(136) 3.02 
Enol E S1→S0 493 1.8339 H(134)→L(135) 94.08 
    H-1(133)→L+1(136) 3.35 

 

6.3.9 Potential Energy Scan 

Potential Energy Curve (PECs) reveals the dynamics of proton transfer and 

provides valuable information concerning the proton transfer pathway upon 

photoexcitation. Potential energy scans were recorded for S0 with B3LYP and S1 with 

CAM-B3LYP to assess the forward and reverse potential barrier for proton translocation 

between donor and acceptor moieties. Scans were performed with constrained O-H bond 

length following optimization of geometry under THF solvation sphere. Approximations 

of the results derived from computational methods may not be precise with the 

experimental values; however, the previous reports have significantly validated the method 

to produce qualitative proton transfer pathways (Saga et al. 2010; Serrano-Andrés and 

Merchán 2009; Sobolewski and Domcke 1999; Song and Ma 2013). Potential energy 

curves have been constructed for a complete rotation of 0º-180º between the carbonyl and 

–NH group. Variation in potential energy as a function of dihedral angle for all the 

molecules is given in Fig. 6.24 to Fig. 6.26. The optimized structures with zero dihedral 

angles between the plane connecting –NH and –C=O seems to be energetically more stable 

than that with 180º dihedral as evident from the values at the extremities of the curve. The 

nature of the graph validates the possible occurrence of ESIPT for hydrazides possessing 

thiophene and pyridine. However, structure possessing furoic hydrazide seems to show 

different behavior and establishes difficulties in ESIPT.  
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Fig. 6.24 SP energies of T4, P4, F4 as a function of rotation of dihedral angle for S0 and 

S1 

 
Fig. 6.25 SP energies of T5, P5, F5 as a function of rotation of dihedral angle for S0 and 
S1 
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Fig. 6.26 SP energies of T6, P6, F6 as a function of rotation of dihedral angle for S0 and 
S1 

Potential energy curve of all the molecules is given in Fig. 6.27 to Fig. 6.35, 

wherein, the forward barrier is termed as FB and that of the reverse barrier as RB for both 

S0 and S1 states. Molecules of the series at their ground state acquire a thermodynamically 

stable k form, and upon photoexcitation alters to e form assisting ESIPT mechanism. 

Analysis of the PECs shows that the molecules need to overcome a FB potential of ~4.0 

kcal/mol at their ground state to translocate a proton from a donor to an acceptor; however, 

this value comes down to ~3.95 kcal/mol at its excited state for T4, P4 and F4. Reduction 

in potential barrier along the reaction pathway reveals a proton transfer likely to occur upon 

photoexcitation. However, addition of thiophene ring in the structure causes excited state 

FB of the system to show a greater value in comparison with that of its ground state. Results 

reveal that the extension of thiophene rings in the system may result in harder proton 

transfer at the excited state. The reverse barrier of all the molecules at their ground state is 

comparatively lower in energy with that of their excited state, and this further supports the 

reverse proton transfer termed as ground state intramolecular proton transfer (GSIPT). The 

reverse barrier for P4 remains the same in both S0 and S1, may result in a harder GSIPT. 

Forward and reverse barrier potential of all the molecules estimated in ground and excited 
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state is provided in Table 6.6. In gist, the ESIPT mechanism for hydrazides with –N-H 

acting as a proton donor and –C=O acting as a proton acceptor could be understood as 

follows. At their ground state, intramolecular hydrogen bond formation occurs between the 

–C=O acceptor group and the nearest –N-H donor group. This intramolecular hydrogen 

bond then strengthens upon photoexcitation leading to translocation of a proton between 

the donor and acceptor moiety with a significant potential barrier. The system experiences 

maximum potential energy at an approximate O-H distance of 1.35Å, and beyond this 

point, the energy of the system minimizes to acquire desired tautomeric structure. Excited 

state tautomer then undergoes spontaneous emission either radiative or non-radiative to 

reach its tautomer ground state. The structure further reverts to normal form by reverse 

proton transfer from –C=O to N-H moiety by crossing over a significant RB potential.  

 

 

Fig. 6.27 SP energies of T4 in the S0 and S1 states calculated by B3LYP and CAM-B3LYP 
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Fig. 6.28 SP energies of P4 in the S0 and S1 states calculated by B3LYP and CAM-B3LYP 
 
 

 
Fig. 6.29 SP energies of F4 in the S0 and S1 states calculated by B3LYP and CAM-B3LYP 
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Fig. 6.30 SP energies of T5 in the S0 and S1 states calculated by B3LYP and CAM-B3LYP 
 
 

 

Fig. 6.31 SP energies of P5 in the S0 and S1 states calculated by B3LYP and CAM-B3LYP 
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Fig. 6.32 SP energies of F5 in the S0 and S1 states calculated by B3LYP and CAM-B3LYP 
 
 

 
Fig. 6.33 SP energies of T6 in the S0 and S1 states calculated by B3LYP and CAM-B3LYP 
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Fig. 6.34 SP energies of P6 in the S0 and S1 states calculated by B3LYP and CAM-B3LYP 
 
 

 
Fig. 6.35 SP energies of F6 in the S0 and S1 states calculated by B3LYP and CAM-B3LYP 
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Table 6.6 Forward and Reverse potential barrier at ground state S0 and excited state S1 for 
all the molecules of the series 
 

Molecule 
Forward Barrier (kcal/mol) Reverse Barrier (kcal/mol) 

S0 S1 S0 S1 
T4 4.04 3.99 3.09 3.20 
T5 3.98 4.01 3.03 3.21 
T6 4.04 4.10 2.98 3.22 
P4 4.04 3.93 2.99 2.99 
P5 3.90 3.94 2.99 3.02 
P6 3.80 4.04 3.01 3.05 
F4 4.00 3.95 2.98 3.07 
F5 3.99 3.96 2.99 3.08 
F6 4.00 4.05 2.99 3.10 

6.3.10 Potential Energy Surface Scan  

Potential energy surface scans were performed to verify the occurrence of 

ambiguous double proton transfer initiated by the presence of hydrazides over both the arm. 

Scans were performed with DFT-B3LYP functional with 6-31G basis set for ground state 

and CAM-B3LYP with the same basis set for the excited state. This selection of the 

functional and basis set is expected to be reliable in providing qualitative energetic 

pathways for excited state proton transfer process. Nonetheless, an obvious error arises due 

to the mismatch in recognizing the order of closely spaced excited states (Du et al. 2019; 

Padalkar and Seki 2015; Wang et al. 2015; Zhou et al. 2015). The 3D potential energy 

surface for all the molecules for both S0 and S1 with their respective contour profile is 

provided in Fig. 6.36 to Fig. 6.41. The potential energy surfaces in both of their ground and 

excited states are highly symmetrical along the diagonal line. Further, the heteroatoms 

present in the ring did not have much influence on the shape of PES. The four minima 

present in PES correspond to k-form, e-form, and o-form, the estimated potential energy is 

in the order of Ek<Ee<Eo, which signifies that GSIPT is an endothermic process.  In S0 and 

S1 state there exist a very high potential barrier of value ~8.2 kcal/mol for TX and FX for 

X=4,6 traced along the path (a→d). While this value of barrier potential is 7.9 kcal/mol for 

P4 and P6 traced along the same path. The double proton transfer in S0 or S1 is highly 

improbable due to the reaction pathway experiencing a very high potential barrier. 

Photoexcitation triggers the system to S1 state, wherein, one proton is likely to translocate 

with a minimal potential energy barrier traversing the path (a→c) or (a→b) to attain 
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tautomer e-form. When e form is attained, the second proton transfer process may occur 

via a step-wise double proton transfer provided the system gets sufficient energy to 

overcome a significantly higher barrier potential of 4.12 kcal/mol along the path (c→e) or 

(b→e). Higher barrier potential along the path (c→e) or (b→e) is not in favor of second 

proton translocation, thus hindering the step-wise double proton transfer kinetically, 

observed in all the systems. Even at instance if we suppose a step-wise double proton 

transfer occurs and the system achieves o-form viz (a→b→e or a→c→e), the reverse 

barrier of ~2.8 kcal/mol from (e→c) or (e→b) is significantly less compared to the forward 

barrier, this in-turn reverts the structure back to e-form. The reverse barrier from (e→c) or 

(e→b) is comparatively less than (b→a) or (c→a) leading to a faster GSIPT. Hence, based 

on the above discussion we claim the hetero-substituted hydrazides to support single proton 

transfer alone at their excited state with a relatively tricky double proton transfer or step-

wise double proton transfer.  

 

 

Fig. 6.36 PES scan of T4 in S0 and S1 states with their contour profile  
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Fig. 6.37 PES scan of P4 in S0 and S1 states with their contour profile  

 

 
Fig. 6.38 PES scan of F4 in S0 and S1 states with their contour profile  
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Fig. 6.39 PES scan of T6 in S0 and S1 states with their contour profile  

 

 
Fig. 6.40 PES scan of P6 in S0 and S1 states with their contour profile  



260 
 

 

Fig. 6.41 PES scan of F6 in S0 and S1 states with their contour profile  

6.4 CONCLUSIONS 

In summary, theoretical investigation of excited state intramolecular proton transfer 

phenomena in N-acylsubstituted hydrazides have been discussed. Analysis of subtle details 

of geometries at its ground and excited state confirms the feasible ESIPT well supported 

with spectral shift observed in N-H stretching frequency. Visualization of electronic density 

at the ground and excited state hints possible excited state proton translocation in the 

system.  Theoretical estimation of electronic transition energies with their oscillator 

strength correlates well with the experimental absorption and emission spectra possessing 

trifling overestimation energy <0.17 eV. Potential energy scans performed on the 

molecules well supports the excited state single proton transfer in the system. Potential 

energy surface studies on the molecules confirm impossible simultaneous double proton 

transfer and hard step-wise double proton transfer. Hence, we conclude that N-acyl 

substituted hydrazides chemically coupled with bithiophene and terthiophene unit supports 

excited state single proton transfer alone.  
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7.1 SUMMARY 

• The main objective of the present work was to strategically design small organic 

molecules that exhibit solid-state fluorescence for OLED device application.  

• To this end, five different series comprising 24 molecules have been designed and 

synthesized by Schiff’s base condensation reaction. Synthesized organic molecules 

exhibited fluorescence emission and were characterized by standard spectroscopic 

techniques such as FT-IR, 1H-NMR and ESI-MS to confirm their structural aspects.  

• Solvatochromic response of all the systems have been examined, to study the 

effective optical response of the system brought about by microenvironmental 

changes. To accomplish this, UV-Vis and photoluminescence spectra were 

recorded for all the systems in solvents of varying dielectric constants. Fluorescent 

lifetime measurement for selected molecules exhibited a lifetime of order of 

nanoseconds. Relative quantum yield measurements were performed for all the 

molecules of the series to estimate quantum efficiency of the system. Further, 

optical characterizations of molecular thin films were recorded that corroborate the 

designed system as potential solid-state emitters. Cyclic voltammetry has been done 

on molecular systems to estimate HOMO, LUMO and the energy bandgap of the 

system.  

• Aggregation induced emission mechanism were confirmed for few of the molecules 

by ratiometric studies of solvent-poor-solvent mixture. Molecular system exhibited 

a maximum emission intensity at a 50% ratiometric v/v of solvent and poor solvent.  

• Excited state intramolecular proton transfer mechanism was studied for few of the 

designed and synthesized molecules. Proton transfer at excited state were highly 

prevalent at solvents of lower dielectric constants. THF solvent facilitated proton 

transfer in the system with photoluminescence spectra containing double peaks 

pertaining to keto and enol emission.  

• Few of the synthesized materials were employed as an active emitter material for 

organic light emitting diode application. Active light emitters were successful in 

photon generation brought about by electrical excitations.  

• Density functional theory calculations were carried out for all the molecules of the 

system to find correlation between structure and optoelectronic properties. 

Electronic orbital densities were computed to analyze the nature of electronic 
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transitions brought about by hybridized orbitals and the type of transitions. 

Emission energies were computed that correlates well with the experimental 

spectra. Dimer interaction energies and reorganization energies were 

computationally determined for few of the molecules. Potential energies with 

constrained geometry were computed to extract various parameters supportive of 

ESIPT in the system. Excited state potential energy barrier for a proton transfer in 

ESIPT system were estimated with theoretical calculations. Structures favoring 

double proton transfer were proven to support single proton transfer alone at the 

excited state.  

 

7.2 CONCLUSIONS 

The present work appends to the field of organic electronics, wherein, organic 

molecules were designed and synthesized aiming towards OLED device 

application. Emphasis on studies pertaining to some of the interesting phenomenon 

such as aggregation induced emission and excited state intramolecular proton 

transfer, exhibited by designed system is highly supportive to hypothesize theories 

based on experimental observances. Such theories and concepts would in turn 

assists in tuning the photophysical property aiming at designing a better material 

for device application.  

Five different series of fluorescent organic small molecules have been designed, 

synthesized and characterized by standard spectroscopic techniques. Photophysical 

and electrochemical characterizations were performed on the synthesized molecules 

and following conclusions have been derived out it. Ring systems possessing 

sulphur atom exhibits a heavier S---S and S—π intermolecular interactions that 

would enhance charge injection and charge transport in a system. Bithiophene core 

appended with substituted heteroaromatics on either side exhibits a good amount of 

structure planarity and adopts a J-aggregate type of molecular packing arrangement 

supporting AIE. However, AIE phenomenon wasn’t observed for system with 

bithiophene core and substituted hydrazides that favors excited state proton transfer 

phenomena. ESIPT luminophores with bithiophene core displayed an optimal 

HOMO and LUMO energy levels well suited for a device application. Undoped 

OLEDs were realized using hydrazides appended with bithiophene core as an active 
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light emitting material. Some of the scientific findings pertaining to absorption and 

emission transitions were adequately supported by theoretical calculations 

correlating well with the experimental results.  

7.3 SCOPE FOR THE FUTURE WORK 

The availability of wide variety of organic materials, and the feasibility of fine 

tuning of electronic properties through various chemical means have gathered great 

attention in the recent times and emerged as an attracting area of research. Organic 

molecules generally tend to exhibit weaker emission in solid state in comparison 

with the solution state. This has certainly been a challenge to realize their full 

potential towards solid-state application. Strategical design and control of 

molecular structure could certainly lead to enhanced emission in organic solid-state 

light emitters. Design of organic molecules focusing on quantum yield 

enhancement in solid-state is highly desirable to combat the shortcomings and to 

promote solid state lighting applications.  

Further, organic systems that undergo a four-level photo-cyclic process of 

excited state intramolecular proton transfer (ESIPT) have gained immense interest 

with their mechanistic aspects driving the photophysical aspects to greater heights. 

Researchers have designed organic emitters that undergo ESIPT phenomenon to 

generate emission energy over a broad range of spectrum and to achieve a white 

light emission from a single molecule. Although many solid-state ESIPT 

luminophores have been reported, yet the mechanism of proton transfer at excited 

state in condensed media remains open for discussion. Extensive research in this 

field is vital to gain insight into some of the core concepts that govern the operation 

of these devices, thereby enhancing the field of OLEDs. Considering all the above 

interesting challenges, there is an immense scope for future work in this direction 

as an ever-exciting field aiming towards greater efficiency for OLED applications. 
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