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GENERAL REMARKS 

 

All commercially obtained chemicals were used as received, and solvents were dried according 

to standard protocols. Silica gel or neutral alumina was used as the stationary phase for column 

chromatography. In contrast, aluminum sheets coated with silica gel were used for thin-layer 

chromatography (TLC) to monitor reactions and column purifications. Infrared spectra were 

recorded at room temperature using a Perkin Elmer IR spectrometer (PerkinElmer UATR 

TWO), with spectral positions reported in wave numbers (cm⁻¹). NMR spectra were acquired 

on a 400 MHz and 600 MHz Nuclear Magnetic Resonance (NMR) Spectrometer (Bruker, 

Model: ADVANCE III HD). Chemical shifts in ¹H NMR were referenced to TMS as an internal 

standard and reported in ppm, with coupling constants given in Hz. Mass spectra were obtained 

using a MALDI-TOF mass spectrometer (BRUKER, Model: AUTOFLEX SPEED), with α-

Cyano-4-hydroxycinnamic acid as the matrix. The liquid crystalline behavior of mesogenic 

compounds, including birefringence and fluidity, was investigated using a polarized optical 

microscope (Nikon Eclipse LV100POL) equipped with a programmable hot stage (Mettler 

Toledo FP90), with observations made on clean glass slides and coverslips. Differential 

scanning calorimetry (DSC) under a nitrogen atmosphere determined transition temperatures 

and enthalpy changes. A Mettler Toledo DSC1 instrument was employed, and transition 

temperatures were consistent with those observed under the polarizing microscope. The first 

heating and cooling cycles were performed at 5°C/min. Variable temperature X-ray diffraction 

(XRD) studies were carried out using samples in Lindemann capillaries. A high-resolution X-

ray powder diffractometer (PANalytical X'Pert PRO) with a fast detector (PIXcel) was used, 

and the sample temperature was controlled using a Mettler hot stage/programmer 

(FP82HT/FP90). Thermogravimetric analysis (TGA) was performed using a Mettler Toledo 

TG/SDTA 851 e under nitrogen flow at a heating rate of 10 ℃/min. UV-Vis spectra were 

recorded using a Perkin Elmer Lambda 750 UV/VIS/NIR spectrometer. Fluorescence emission 

in solution was investigated using a Horiba Fluoromax-4 fluorescence spectrophotometer or a 

Perkin Elmer LS 50B spectrometer. Fluorescence and phosphorescence decay lifetimes were 

measured using an FLS1000 fluorescence spectrometer. For nematode cell imaging, nematodes 

were cultured on Nematode Growth Medium (NGM) agar plates and stained before 

examination under a Lynx LM-52-3001 fluorescence microscope equipped with RGB filters, 

with images captured using Motic Image Plus software. Cyclic Voltammetry (CV) studies were 

conducted using a Metrohm Autolab PGSTAT204 electrochemical workstation with the 
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assistance of NOVA software. Particle size and polydispersity indices (PDI) were measured 

using a Malvern DLS CS90. 
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PREFACE 

Liquid crystals (LCs) are distinctive functional soft materials exhibiting order and mobility at 

molecular, supramolecular, and macroscopic levels. The molecules responsible for this unique 

behavior, mesogens, are anisotropic in shape. These mesogens can be organic (forming 

thermotropic and lyotropic phases), inorganic (metal oxides forming lyotropic phases), or 

organometallic (metallomesogens). Traditionally, the anisometric molecules that stabilize 

thermotropic LC phases are rod-like (calamitic) or disc-like (discotic). Calamitic LCs form the 

foundation of the well-established flat-panel display industry. In recent years, discotic LCs 

have also seen significant progress, both scientifically and in terms of applications, and are 

gradually gaining traction in organic electronics. It is also recognized that LC behavior can be 

achieved with molecules that deviate from conventional LC shapes. A common feature of most 

such materials is the structural contrast within the molecule; these molecules consist of 

incompatible chemically distinct parts. In these cases, the primary driving force for the self-

assembly of these molecules into LC phases is the nano-segregation of chemically or physically 

different building blocks, which allows for efficient space filling in the condensed state. 

This thesis, entitled "Design and Synthesis of Novel Columnar Liquid Crystalline Molecules," 

is organized into four chapters, each reflecting the research findings accumulated during this 

study. Chapter 1 introduces liquid crystals, focusing mainly on discotic liquid crystals, and 

explores their wide range of applications in fields such as photovoltaic devices, OLEDs, 

OFETs, and sensing technologies. Chapter 2 presents the synthesis of a novel cyclic dipeptide-

isatin hybrid, crafted through a double Knoevenagel condensation process using 2,5-

diketopiperazine and a variety of isatin derivatives. These new compounds, featuring flexible 

chains and extended aromatic rings, exhibit high solubility and excellent thermal stability, with 

decomposition temperatures surpassing 370 °C. Notably, their molecular design facilitates 

efficient space-filling, stabilizing the columnar liquid crystalline phase. The charge carrier 

mobility of these compounds was assessed using the space charge limited current (SCLC) 

technique. Chapter 3 introduces a series of phenoxazine (PO) derivatives, where the addition 

of peripheral alkyl chains stabilizes a room-temperature columnar phase while imparting 

luminescent properties. One derivative demonstrates phosphorescence, solvatochromism, and 

ambipolar behavior, with remarkable charge carrier mobilities. Furthermore, it shows excellent 

cellular permeability and uniform tissue distribution, positioning it as an effective fluorescent 

probe for bioimaging applications. Chapter 4 delves into the design, synthesis, and exploration 

of mesomorphic behavior in four indole [2,3-b]quinoxaline-based D-A molecules. These 
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compounds, particularly those with a higher number of alkyl chains and a more aromatic core, 

stabilize liquid crystalline phases such as columnar hexagonal and oblique phases, each with 

distinct isotropic points. Density functional theory (DFT) calculations reveal crucial structural 

and electronic characteristics, while photophysical studies highlight their broad absorption 

spectra, significant Stokes shifts, and enhanced emission in the solid state. Additionally, AIE 

experiments confirm the compounds' solid-state emission properties, which, in the aggregate 

state, are harnessed for bioimaging applications. 
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Introduction to Liquid Crystal
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1.1. Introduction to liquid crystals 

Until 1888, it was believed in the scientific community that matter could only exist in three 

possible states—solid, liquid, and gas—under appropriate temperature and pressure conditions. 

However, liquid crystals represent a unique phase between these traditional phases. In 

crystalline solids, molecules are arranged in a regular lattice, exhibiting both positional and 

orientational order. In contrast, amorphous solids do not have long-range orientational order. 

Liquids, on the other hand, lack both types of order, allowing the molecules to move freely and 

adopt random orientations.1-4 

 

Figure 1.1. Schematic representation of molecular order in the crystal, liquid crystal, liquid, and 

gaseous states. 

When a crystalline solid (Cr) is heated, it melts into a turbid, viscous liquid at temperature T1 

(K). As the temperature increases, the substance transitions into a clear isotopic liquid (I.L) at 

a higher temperature, T2 (> T1). Between T1 and T2, the liquid exhibits birefringence, an optical 

anisotropy visible under polarized light, suggesting a crystalline structure while maintaining 

fluidity. This unique phase, combining crystalline order and liquid-like fluidity, is called a 

liquid crystal (LC).5 These intriguing intermediate states of matter form through the self-

assembly of shape-anisotropic molecules, known as mesogens. The liquid crystal phase is 

susceptible to external stimuli such as temperature, pressure, light, and electric and magnetic 

fields. These phases are positioned thermodynamically between crystalline solids and isotropic 

liquids called mesomorphic or mesophases.6-9 

 

TH-3684-196122023



2 
 

1.2. A brief history of liquid crystals 

The field of liquid crystals began in 1888 when F. Reinitzer discovered cholesteryl benzoate's 

(1.1) "double melting" behavior. This phenomenon was later studied by German physicist Otto 

Lehmann, a specialist in polarizing optical microscopy.10 

In the early 20th century, Ludwig Gattermann observed a liquid crystal phenomenon with p-

azoxyanisole compound (1.2),10 and Daniel Vorländer later synthesized around 1100 liquid 

crystals, proposing that linear molecules, known as calamitic liquid crystals, exhibited the 

liquid crystal phase.10 In 1972, G. W. Gray synthesized cyanobiphenyl mesogens, with 5CB 

(1.3) being the most effective, leading to advancements in liquid crystal display (LCD) 

technology.11 In 1977, S. Chandrasekhar discovered that disc-shaped (discotic) molecules 

could also exhibit mesophases (1.4), and over 3000 discotic liquid crystals were later 

documented.12 In 1996, Niori et al. introduced bent-core (banana-shaped) mesogens (1.5), 

which led to significant research, especially after the discovery of ferroelectricity in non-chiral 

forms.13 Liquid crystals have become vital in many applications, including displays, sensors, 

and more. 

 

Figure 1.2. Structure of cholesteryl benzoate derivative (1.1); para-azoxyanisole derivative (1.2); a 

calamitic (rod-like) LCs 4-alkyl-4’-cyanobiphenyl (1.3); discotic (disc-like) LCs benzene-hexa-n-

alkanoates (1.4) and bent-core (banana-shaped) mesogen (1.5). 

1.3. Classification 

Liquid crystals can be classified in different ways. One approach is based on the molar mass 

of the constituent molecules, with categories including low molar mass (monomeric, dimeric, 
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and oligomeric) and high molar mass (main, side, and mixed chain polymeric) liquid crystals. 

Another classification is based on achieving the liquid crystalline phase through temperature 

changes (thermotropic) or a solvent (lyotropic).14 

  

 

Figure 1.3. Schematic representation of general classification of liquid crystals. 

This thesis focuses exclusively on thermotropic liquid crystals (LCs), which are significant for 

fundamental research and practical applications, such as electro-optic displays and temperature 

or pressure sensors. In contrast, lyotropic liquid crystals are biologically essential and are 

believed to play a crucial role in living organisms. 

1.4. Thermotropic liquid crystals 

When the liquid crystalline phases are obtained by varying the compounds' temperature, they 

are called thermotropic liquid crystals. 13,15 The mesophase can be obtained by heating a solid 

or cooling an isotropic liquid. The transition temperature from the crystal to the mesophase is 

called the melting point, while the transition temperature from the mesophase to the isotropic 

liquid is called the clearing point. When thermodynamically stable mesophases are obtained 

by heating and cooling, the phases are called enantiotropic. If the mesophase is obtained only 

while cooling the isotropic liquid, it is called the monotropic phase. Thermotropic liquid crystal 

materials have specific molecular structures, which are composed of two parts: the central core 
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and the side chain. Here, the core part is a rigid body that carries shape anisotropy to the 

molecule, and the side chain part is a flexible region that provides mobility.  

Materials exhibiting thermotropic liquid crystal (LC) properties are primarily organic or metal-

containing organic compounds. While countless organic compounds are known, few display 

this fascinating LC behavior. These compounds typically consist of rigid (hard) and flexible 

(soft) regions. Aromatic or certain non-aromatic cores often provide the rigidity, while 

paraffinic chains contribute to the flexibility. The unique combination of these distinct regions 

is carefully designed to impart a specific anisotropic shape to the molecule. The mobility in 

such systems arises from the large amplitude motions of the flexible chains, while orientational 

order is achieved through the parallel alignment of anisotropic molecules. Positional order, on 

the other hand, primarily results from specific attractive forces and amphilicity. The presence 

and magnitude of permanent dipole moments and the anisotropy of molecular polarizability 

are key factors in determining the strength and effectiveness of these molecular interactions. 

Ultimately, the molecular shape anisotropy plays a crucial role in governing the formation and 

nature of the liquid crystalline phases. 

1.4.1. Conventional liquid crystals 

Conventionally, rod-like and disc-shaped mesogens exhibit thermotropic mesomorphism, 

known as calamitics and discotics.  

1.4.1.1. Calamitic liquid crystals 

The most common type of molecules that form mesophase is rod-like molecules. These 

molecules possess an elongated (molecular length is significantly greater than the molecular 

breadth), as depicted in Figure 1.4. 

 

Figure 1.4. The general template for calamitic liquid crystals, where l >> b. 

Rod-like or calamitic molecules stabilize nematic (N) and smectic (Sm) mesophases. In the 

nematic phase (N), the mesogens align to exhibit long-range orientational order, but there is no 

positional order. This phase represents the least ordered mesophase, closest to the isotropic 
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liquid state, with molecules spontaneously orienting themselves with their long axes 

approximately parallel to one another, though they lack positional order. 

 

Figure 1.5. Schematic showing the mesophases stabilized by calamitic liquid crystal.  

In contrast, smectic (Sm) liquid crystals exhibit orientational and positional order. Smectic 

phases are divided into subclasses based on each layer's molecular arrangement. While the total 

number of smectic mesophases is not fixed, several types have been defined, including SmA, 

SmB, SmC, SmF, and SmI. Among these, the SmA and SmC phases (Figure 1.5) are the least 

ordered and most common. The SmA phase, characterized by its layered structure and strong 

aromatic stacking, shows great promise for charge carrier applications. The SmC phase shares 

the same layered structure as SmA but with molecules tilted relative to the layer plane. In both 

phases, there is no positional order between molecules within the layers.16,17 Besides the 

nematic and smectic mesophases, calamitic liquid crystals display a chiral variant of the 

nematic mesophase, known as the chiral nematic or cholesteric (N*) phase. This phase arises 

in systems where the molecules themselves are chiral.17 

1.4.1.2. Discotic liquid crystals  

In 1977, S. Chandrasekhar and co-workers discovered that disk-like molecules, known as 

discotics, such as benzene hexaalkanotes, could self-assemble into liquid crystal phases.18 This 

finding challenged the prevailing belief that only rod-like compounds could exhibit 

mesomorphism,19 thus ushering in a new era of liquid crystal research. Over the following four 
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decades, extensive studies have highlighted the importance of discotics in both fundamental 

science and technological applications. A general structural template (Figure 1.6) illustrates 

that disc-shaped mesogens typically consist of flat or nearly flat molecules with three-, four-, 

or six-fold rotational symmetry.20 These molecules are connected to several alkyl chains of the 

same or varying lengths through ester, ether, or thioether linkages.  

 

Figure 1.6. The general template of discotic liquid crystals. 

 

 Figure 1.7. Selected aromatic cores used in discotic mesogens (1.6-1.29). 

Discotic liquid crystals have been reported with a wide range of discotic cores,20 including 

benzene (1.6), triphenylene (1.7), diazatriphenylene (1.8), hexatetratriphenylene (1.9), pyrene 

(1.10), dibenzo [g, p] chrysene (1.11), dibenzonaphthacene (1.12), tristriazootriazine (1.13), 

triazine (1.14), rufigallol (1.15), truxne (1.16), triazatruxene/triindole (1.17), 

tricyacloquinazoline.(TCQ,.1.18),..hexaaazatrinaphthylene.(HATAN,.1.19),.perylene.diimide
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.(1.20),.coronene.diimide.(1.21),.phathalocyanine.(PC,.1.22),.porphyrin.(1.23),.quinoxalinop

henenthrophenezine.(TQPP,.1.24),.pyrazinopyrazinoquinoxalinophenantthrophenazine.(TPP

QPP,. 1.25), dodecazatrianthracene (DATAN, 1.26), and hexa-perrihexabenzocoronene (HBC, 

1.27), as shown in Figure 1.7. 

1.4.1.2.1. Discotic mesophase  

As is well known, discotic molecules exhibit two types of mesophase, namely, (a) nematic (N) 

phase and (b) columnar (Col) phase. The salient features of this LC phase are described 

below.21 

1.4.1.2.1.1. Nematic (N) phase 

The nematic phases of disc-shaped molecules can be categorized into three types: (a) nematic 

discotic or discotic nematic, (b) chiral nematic, and (c) nematic columnar.                                   

The molecules remain parallel in the nematic discotic phase, exhibiting orientational order 

without long-range positional order (Figure 1.8a). The discotic nematic phase is the least 

ordered mesophase. The flat molecules in this phase have complete translational and rotational 

freedom around their short axes. On average, their long axes (spanning the discotic mesogen's 

plane) align parallel to a general plane. The nematic phase of disc-shaped molecules is 

generally immiscible with the nematic phase of rod-shaped molecules, even though both 

exhibit similar fluid schlieren textures. Unlike typical calamitic nematics, the discotic nematic 

phase is optically negative, with the director being the preferred axis of orientation for the disc 

normals (or the short molecular axis). The symbol "ND" is commonly used to represent the 

discotic nematic phase. Still, since the symmetry of the nematic phase formed by disc-shaped 

molecules is the same as that formed by rod-shaped molecules, it has been suggested that the 

subscript "D" be removed from the "ND" symbol.22 

 

Figure 1.8. Structure of different nematic phases formed by discotic liquid-crystal compounds: (a) 

discotic nematic (ND), (b) chiral discotic nematic (ND*), (c) columnar nematic (Ncol). 
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Like chiral calamitic or cholesteric phases, chiral discotic nematic mesophases ND* also exit. 

The mesophase occurs in mixtures of discotic nematic, mesomorphic, or non-mesomorphic 

chiral dopants and pure chiral discotic molecules. The chiral discotic nematic (ND*) structure 

is schematically shown in Figure 1.8b. A columnar stacking of the molecules characterizes the 

nematic columnar (NCol) phase. However, these columns do not form two-dimensional lattice 

structures. They display a positional short-range and orientational long-range order (Figure 

1.8c). 23,24 

1.4.1.2.1.1.2. Columnar (Col) phase 

In the columnar phase of discotic liquid crystals (DLCs), molecules with flexible alkyl chains 

naturally stack into columns, which then arrange into various two-dimensional lattice 

structures, such as hexagonal (Colh), rectangular (Colr), or oblique (Colob) phases. The 

columnar hexagonal mesophase is characterized by a hexagonal packing of the molecular 

columns, often denoted as Colh, where "h" stands for hexagonal. The planar space group of the 

hexagonal columnar mesophase is P6/mmm. 25-32 

 

Figure 1.9. Schematic showing the mesophases stabilized by discotic LC phases (adopted from ref. 38). 
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The columnar rectangular mesophase features aromatic cores of molecules stacked in columns, 

surrounded by disordered aliphatic chains arranged in a rectangular pattern. The symmetries of 

the 2D lattices are described by three planar space groups: P21/a, P2/a, and C2/m, which belong 

to a subset of space groups with no transitional periods along the principal symmetry axis, the 

column direction.33-35 The arrangement of columns in a columnar oblique mesophase is 

illustrated in Figure 1.9, with elliptical cross-sections representing the tilted columns. This 2D 

lattice follows the symmetry of the space group P1. 
5 Due to the strong core-core interactions, 

columnar oblique mesophases are rare. A layered structure exists in the mesophases of certain 

discotic compounds, such as bis(p-n-decyl benzoyl), methane copper (II), and some perylene 

derivatives. This columnar lamellar mesophase, represented by the symbol ColL, is shown in 

Figure 1.9.36-38 

DLCs are characterized by long-range ordering into stacked discs that form columns, causing 

aromatic cores to overlap while the alkyl chains provide fluidity and liquid crystalline 

properties.39-41 These are multifunctional soft materials with many applications, including 

energy generation and storage, photovoltaics, drug delivery, sensing, and nanomaterials.42 

Additionally, DLCs can be integrated into nanoporous solids and have potential in adaptive 

photonic metamaterials. DLCs exhibit high anisotropic charge mobilities in the columnar 

phase, with the greatest mobilities along the column axes. Notably, DLCs can self-heal grain 

boundaries and other structural defects through thermal annealing followed by cooling from 

the isotropic state. Although DLCs do not naturally carry charge, external stimuli such as 

electrical current can induce charge within the system. The alkyl chains maintain the spacing 

between columns and act as insulating sheaths that prevent lateral charge migration.  

 

Figure 1.10. One-dimensional charge migration in DLCs. 
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As a new class of organic semiconductors, DLCs transport charges and excitons more 

efficiently than traditional conjugated polymers. Ongoing research, including ours, has 

demonstrated that DLCs with columnar phases can function as 'molecular wires,' making them 

highly effective for various organic electronic devices.43-50 

To measure charge-carrier mobility in DLC materials, several techniques and geometries have 

been used, including pulse radiolysis time-resolved microwave conductivity (PR-TRMC), 

time-of-flight (TOF), steady-state space charge-limited current (SCLC), and field-effect 

mobility.20 

1.4.2. Non-conventional liquid crystals 

Driven by curiosity and the pursuit of new mesophases, considerable attention has been given 

to the design and synthesis of novel molecular architectures where the anisometric shape 

deviates from the traditional rod or disc form.51 These compounds are collectively referred to 

as 'non-conventional liquid crystals.' 51 A key characteristic of most such materials is the 

structural contrast within the molecule, meaning they consist of chemically distinct molecular 

parts incompatible with each other. Non-conventional LCs encompass a wide range of 

anisotropic molecular designs, including oligomeric,52 phasmidic, polycatenars (dumbbell-

shaped or hybrid structures combining rod and disc-like forms),53 bananas (bent-core 

molecules),54 star-shaped molecules,55 dendrimers,56 and rod-coil type LCs.57 The molecular 

shapes and structures of various non-conventional LCs (1.28-1.32) are illustrated in             

Figure 1.11. 

 

Figure 1.11. Schematic showing the non-conventional molecular shapes used to stabilize LC 

phases. 
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Figure 1.12. Molecular structures of different types of non-conventional LCs (1.28-1.33). 

1.5.  Identification and characterization of mesophase morphology 

Three key techniques are essential for identifying and characterizing mesophase morphologies: 

polarized optical microscopy (POM), differential scanning calorimetry (DSC), and X-ray 

diffraction (XRD). Employing one or more of these methods provides a reliable means of 

developing accurate models for the material's mesophase morphology and thermal behavior. 2 

           Polarized Optical Microscopy (POM) is a key technique for characterizing the 

mesomorphism of a compound. In this method, a small sample (less than 1 mg) is placed 

between a glass slide and cover slip and then positioned on a heated stage under a microscope. 

The technique relies on the birefringence of the mesophase, where plane-polarized light passes 

through the sample and a second polarizer, oriented at 90° to the first. This creates characteristic 

interference patterns due to the interaction of refracted rays. In contrast, when the material is 

in the isotropic state (in this case, liquid), it appears black between crossed polarizers. This 

happens because the isotropic nature of the sample does not allow it to split the incident light 

into ordinary and extraordinary rays. Consequently, the second polarizer blocks the light, 

resulting in a dark appearance. These textures indicate a particular mesophase and are most 

distinct when the sample is cooled from the isotropic state (Figure 1.14).2 
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Figure 1.13. (a) Birefringent crystals/liquid crystals between crossed polarizers. (b) The basic 

configuration of a programmable hot-stage equipped polarizing optical microscope (POM) ©Nikon 

Corporation (adopted from ref. 58). 

 

Figure 1.14. (a) Different textures of columnar mesophases (a) nematic, (b) smectic, and (c) columnar 

(adopted from ref. 2) 

In a DSC experiment, the enthalpy change accompanying a phase transition of the sample is 

recorded as a function of temperature. Since thermotropic mesophases can form during heating, 

cooling, or both, the transitions associated with these phases typically appear as exothermic or 

endothermic peaks. Thermograms of mesomorphic materials usually show multiple peaks 

corresponding to different transformations. The enthalpy associated with these thermal events 

helps correlate phase transitions with the degree of ordering, leading to initial insights into their 

structural organization. For example, a small enthalpy change during the transition from a 

liquid crystal (LC) to an isotropic liquid suggests a more disordered mesophase. Therefore, 

phase transition information can be inferred from the relative magnitudes of the transition 

enthalpies, with larger values typically observed for crystal-to-mesophase transitions than 

mesophase-to-mesophase or mesophase-to-isotropic liquid transitions. While this information 

is valuable, it does not allow for broad generalizations, and the corresponding entropy changes 

provide more valuable insights (Figure 1.15).2 

TH-3684-196122023



13 
 

 

Figure 1.15. a) Differential scanning calorimeter (DSC); (b) DSC thermogram of a mesogenic 

compound showing columnar phase transitions (adopted from ref. 59). 

X-ray diffractometry is a powerful technique for structural analysis, obeyed by Bragg's law 

(nλ= 2dsin(ѳ)). 60 Powder X-ray diffractometry can provide some insight into the nature of the 

phases, but it cannot distinguish between reflections caused by inter-columnar and intra-

columnar order. Therefore, macroscopically oriented samples suitable for structural analysis 

must be extruded. Wide-angle X-ray scattering (WAXS) measurements, taken with the vertical 

orientation of filaments perpendicular to the incident X-ray beam, generate two-dimensional 

diffractograms that offer information about the stacking within columns and the two-

dimensional packing of those columns, separated along the vertical and horizontal directions, 

respectively (Figure 1.16). Analysis of the X-ray patterns yields, in addition to structural 

symmetry information in terms of planar space groups, quantitative data on (i) the ordering of 

the chains and the cores of the mesogens, (ii) the core-core correlation length along the column 

axis, and (iii) the spacing between columns.5,61 

 

Figure 1.16.  (a) The experimental setup for SAXS/WAXS Xenocs Xeuss 2.0 instrument reproduced 

from ©2019-2020 MGML. (b) The XRD plot of a columnar liquid crystalline compound (intensity vs 

2θ). 

Other experimental techniques, such as electro-optic measurement and nuclear magnetic 

resonance (NMR) spectroscopy, are also used to characterize mesophases. 
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 1.6. Applications and prospects of liquid crystals 

Liquid crystals (LCs) and their associated technologies have become essential in everyday life, 

with applications ranging from wristwatches and pocket calculators to computers, laptops, and 

televisions.  

1.6.1. Display applications 

Twisted and supertwisted nematic displays, which use calamitic liquid crystals (rod-shaped 

molecules), have been dominant in commercial LCDs. However, they suffer from narrow and 

non-uniform viewing angles. Recent developments, such as multidomain techniques and 

optical compensators, have improved viewing angles but require complex processes. Recently, 

discotic nematic liquid crystals have been used as an alternative to calamitic nematics to 

address this issue, offering broad and symmetric viewing angles without contrast reversal—

however, their high viscosity results in slow devices. To overcome problems like viewing 

angle, brightness, and contrast, compensation films with negative birefringence, made from 

discotic liquid crystals, have been introduced. Fuji Photo Films commercialized such films 

using a triphenylene-based cross-linked polymer, which has become the most successful 

commercial application of discotic liquid crystals.62-65 

1.6.2. Thermal Sensors 

The chiral nematic phase of cholesteric liquid crystals reflect light at a wavelength proportional 

to the pitch, which is temperature-dependent. This allows the reflected wavelength to serve as 

a temperature indicator, enabling temperature measurement by observing the color. By 

combining different cholesteric liquid crystals, devices can be created to detect a wide range 

of temperatures. These mixtures are highly sensitive to even small temperature changes, 

making them useful in various practical applications, such as thermal sensors in medicine, 

packaging, and electronics. 
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1.6.3. Columnar fluid phases as a promising media for modern applications 

The self-organization of discotic mesogens, driven by π-π interactions between the aromatic 

cores, forms the columnar mesophase. This columnar (Col) phase is especially notable for its 

ability to facilitate charge migration along a one-dimensional path. In this phase, the central 

aromatic core functions as the conductive unit, while the surrounding peripheral chains act as 

an insulating barrier. This phase's self-assembling and self-healing properties enhance its 

optical and conductive performance through structured organization. By carefully designing 

the molecules, these properties can be optimized for organic solar cells (OSCs) (Figure 1.17.a), 

providing benefits such as excellent processability, high absorption coefficients, and efficient 

charge carrier mobility, making them cost-effective alternatives to inorganic materials.  

 

Figure 1.17. (a) Schematic showing the device structure of an organic heterojunction solar cell. (b) 

Organic light-emitting diode. (c) Schematic of the organic field-effect transistor with a top-contact 

device, where the source and drain electrodes are deposited on an organic semiconducting layer, (d) a 
bottom-contact device, where the organic semiconductor is deposited on the prefabricated source and 

drain electrodes (adopted from ref. 68). (e) Schematic illustration of gas sensor. 

Col phases derived from electron-rich and electron-poor discotic liquid crystals (DLCs) show 

great promise, closely mimicking the behavior of single-crystal organic semiconductors. 

Additionally, the "edge-on" alignment of Col phases can be integrated into the active layers of 

organic field-effect transistors (OFETs), crucial components in molecular electronics (Figure 

1.17c, d). Recently, Col phases have become essential in developing organic light-emitting 

diodes (OLEDs), which can act as effective emitting and conductive layers with appropriate 

structural design. A columnar phase combining hole/electron transport and luminescent 

properties is ideal for OLED fabrication (Figure 1.17 b).66-70 
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1.6.4. Other applications 

Liquid crystals find numerous other applications also. Polymers form an essential subclass of 

liquid crystal materials and occur in nature as the solution of some biopolymers. They are 

critical to processing advanced high-modulus engineering materials like Kevlar.71 Apart from 

columnar liquid crystals, other forms of liquid crystals like nematic, smectic, cholesteric liquid 

crystals are utilized in a wide range of modern technologies, including organic solar cells,72,73 

switchable bright windows74-76 (such as polymer-dispersed liquid crystals (PDLC)), 

intracellular fluorescent imaging,77 drug delivery, and liquid crystalline (LC) polymers, 

elastomers, mechanical actuators, and sensors,78,79 paints,80 Biomedical application,81 among 

other applications. 

 

Figure 1.18. (a) Various applications of LC-based biosensors concerning targeted diseases (adopted 

from ref. 81). (b) Schematic representation of the self-regulating energy-saving window (adopted from 

ref. 75). (c) Application of the Cholesteric liquid crystal paints as fingernail polish (adopted from ref. 

79). (d) Photos of the color variation during arm movement (adopted from ref. 80). 

1.7.  Thesis layout 

This thesis investigates the synthesis and characterization of a new class of organic materials, 

focusing on structure-property relationships, mesomorphic properties, and photophysical and 

theoretical analyses. Some of these molecules exhibit both room-temperature and high-

temperature discotic columnar liquid crystal behavior, which has been applied in various fields, 

including mobility studies and bioimaging. A brief overview of the subsequent chapters is 

provided. 
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Chapter 2 presents the synthesis and characterization of six new cyclic dipeptide-isatin (CI) 

hybrid derivatives, modified with peripheral flexible tails of varying lengths. These hybrids 

were synthesized through a double Knoevenagel condensation of 2,5-diketopiperazine with 

isatin derivatives that feature flexible chains and aromatic rings. The resulting compounds 

exhibit high solubility and excellent thermal stability (decomposition temperatures >370°C), 

and in particular, especially the molecular design with efficient space-filling stabilized 

columnar liquid crystalline phase. One of the liquid crystalline derivatives' hole and electron 

carrier mobilities was measured as 9.46 × 10⁻4 cm²V-1s-1 and 7.88 × 10⁻4 cm²V-1s-1, 

respectively, indicating promising ambipolar charge transport properties. The study aims to 

combine liquid crystal behavior with the unique features of cyclic dipeptides and isatin to create 

self-assembling organic semiconductors.  

Chapter 3 introduces a series of phenoxazine (PO) derivatives, where the addition of 

peripheral alkyl chains stabilizes a room-temperature columnar phase while imparting 

luminescent properties. One derivative demonstrates phosphorescence, solvatochromism, and 

ambipolar behavior, with remarkable hole and electron carrier mobilities measured as    

1.92×10-4 cm²V-1s-1 and 1.19×10-4 cm²V-1s-1, respectively. Furthermore, it shows excellent 

cellular permeability and uniform tissue distribution, positioning it as an effective fluorescent 

probe for bioimaging applications.  

Chapter 4 focuses on the synthesis of a class of Indolo[2,3-b]quinoxaline (IQ) luminescent 

liquid crystal molecules obtained by condensing extended N-alkylated isatin derivatives with 

various benzene diamine compounds. These new compounds exhibit high solubility and 

exceptional thermal stability. Their efficient space-filling interactions stabilize a room-

temperature columnar liquid crystalline phase in compounds with two and four peripheral N-

alkoxy chains. Density functional theory (DFT) calculations provide insights into their 

structural and electronic properties, while photophysical studies reveal broad absorption 

spectra, significant Stokes shifts, and enhanced solid-state emission. Additionally, AIE 

experiments confirm the compounds' solid-state emission properties, which are effectively 

utilized in bioimaging applications. 
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2.1. Introduction  

         Cyclic dipeptides, consisting of two amino acids joined in a cyclic structure by an amide 

bond, are abundant in nature and can be synthesized using various chemical and enzymatic 

methods.1 These compounds exhibit a broad range of biological activities and have been 

extensively researched for their potential in pharmaceuticals and medicine. The self-assembly 

of cyclic dipeptides is primarily driven by non-covalent interactions such as hydrogen bonding, 

hydrophobic interactions, van der Waals, and electrostatic forces.2 The exceptional hydrogen-

bonding capability of cyclic dipeptides is critical, providing the foundational intermolecular 

interactions necessary for their self-assembly.3  

Other non-covalent interactions like π-π stacking and hydrophobic interactions can also 

contribute to the self-assembly process, depending on the specific amino acid composition or 

chemical modifications of the cyclic dipeptide molecules.4 The cyclic dipeptide (CDP) is a 

versatile and modular unit in molecular architecture, contributing to the creation of various 

innovative materials.5-8 These include 1D and 2D biomimetic materials, low molecular weight 

gelators (2.1),9 detection of phenolic nitro compound (2.2),10 photoluminescent gels (2.3),11 

quantum-confined nanostructure (2.4),11 modifiers for chirality in noncovalent molecular 

assemblies and supramolecular polymers, ambidextrous super gelators (2.5),12 high-strength 

organic crystals, controlled drug delivery systems, anticancer agents, and agents for DNA 

delivery (2.6).12  

 

Figure 2.1. Structures of different cyclic dipeptide (CDP) based compounds used for various 

applications (2.1-2.6). 
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Isatin, a component of the indoline-2,3-dione group, shown in Figure 2.3, is widely distributed 

in nature, and its derivatives display a wide range of pharmacological activities, including 

anticancer,13 antibacterial,14 antimalarial,15,16 antituberculosis,17,18 anti-convulsant,19 and 

antiviral properties. The structure of isatin facilitates functionalization and modification, 

making it a versatile starting material in organic synthesis. Its derivatives can be customized to 

enhance specific properties or target biological pathways such as SHP1 inhibitors (2.7), 

broadening their potential applications. Isatin-based molecules can be integrated into 

polymers.20 or nanomaterials to confer desired biological activities or enhance material 

characteristics.21 Their ability to undergo diverse chemical reactions enables the creation of 

hybrid materials or functional surfaces with tailored properties. Several studies highlight the 

importance of these molecules in developing compounds with promising optoelectronic 

properties 21 and third-order nonlinear (NLO) optical properties (2.8-2.10) 22-24 relevant to 

optical communication, information storage, and sensing (2.11).25 Isatin crystals are 

particularly significant in advancing OLEDs (2.12), facilitating efficient emission of red light 

for enhanced power efficiency and favorable external quantum yield.26 

 

Figure 2.2. Structures of different isatin-based compounds used for various applications (2.7-2.12). 

Discotic liquid crystals (DLCs) are advanced organic semiconductors known for their superior 

charge and exciton transport due to self-assembly driven by π-π interactions. These materials 

spontaneously form columnar structures that organize into two-dimensional mesophases, ideal 

for energy, sensing, and organic electronics applications. Their cost-effective synthesis and 

potential as 'molecular wires' make them promising for a wide range of cutting-edge 

technologies.27-37 
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We envisaged that the amalgamation of liquid crystal behavior to the unique properties of 

cyclic dipeptides and isatin moiety could open up the self-assembly of functionalized cyclic 

dipeptide-isatin hybrid (CI) to form columnar phases, which is unknown. There is a single 

report on cyclic dipeptide-based compound stabilizing layered mesophases. 4 At the same time, 

there are no reports on CDP-isatin hybrids stabilizing columnar LCs to the best of our 

knowledge. In our pursuit of achieving liquid crystallinity in a novel CDP-isatin-based hybrid 

molecules (CI) class, the central core was designed by combining a CDP moiety and two 

moieties of isatin. Further variation was conducted by introducing flexible chains on the 

aromatic unit and isatin nitrogen. Initially, N-alkylated bromoisatin with straight or branched 

chains was condensed with 1,4-diacetylpiperazine-2,5-dione. The molecular structure was 

conceptualized to combine electron-rich and poor moieties in a single molecular platform to 

realize an ambipolar self-assembling organic semiconductor.38-41 Such materials simplify the 

device structure in organic electronic devices and make them more economically viable.42 The 

resultant products were crystalline, even with the CDP-isatin hybrids bearing dendrons on 

isatin nitrogen (CI3 and CI4). This motivated us to increase the number of peripheral alkyl 

chains around the central aromatic core by connecting through the phenyl groups, represented 

by molecules CI5 and CI6. The CI5 and CI6 exhibited a columnar rectangular phase over a 

long thermal range. One of these liquid crystalline CDP-isatin-hybrids (CI5) investigated 

exhibited hole and electron carrier mobility of 9.46 ×10-4 cm²V-1s-1 and 7.88 ×10-4 cm²V-1s-1, 

respectively, as evidenced by the space charge limited current (SCLC) technique. 

 

Figure 2.3. Schematic diagram of (a) Cyclic dipeptide (piperazine-2,5-dione), Isatin (indoline-2,3-

dione), CDP-isatin hybrid (CI). (b) Structures of CIs (CI1-6) studied in this work. 
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2.2 Result and Discussion  

2.2.1 Synthesis and molecular structural characterization  

The synthetic approach utilized to prepare target CIs is outlined in scheme 2.1. 

 

Scheme 2.1. Synthesis of target cyclic dipeptide-isatin hybrid (CI); Reagents and Conditions: (i) Acetic 
anhydride, 130 ℃, 24 h, reflux, 55%; (ii) RBr, anhydrous K2CO3, DMF, 80 ℃, 24 h, 65-70 %; (iii) 

Et3N, DMF, 40 ℃, 24 h, 60-66%; (iv) NBS, DMF, N2, 25 ℃, 12 h, 40%; (v) RBr, anhydrous K2CO3, 

DMF, 80 ℃, N2 atm, 24 h, 66%; (vi) 1,3,5-Tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) benzene, 
Pd(PPh3)Cl2, KOAc, Toluene ,110 ℃, N2 atm, 24 h, 70-76%; (vii) anhydrous K2CO3, Toluene: water, 

Pd(PPh3)4, reflux, 18 h, 76-78%. 

 

The target CIs (CI 1-6) were prepared following a straightforward synthetic pathway (Scheme 

2.1). In the first step, 2,5-diketopiperazine was acylated in the presence of acetic anhydride to 

prepare 1,4-diacetylpiperazine-2,5-dione.43,44 The N-alkylation of compound 3 was carried out 

via the nucleophilic substitution reaction with different alkyl and benzyl halides in the presence 

of anhydrous K2CO3. Compound 6 was achieved through the Suzuki coupling reaction using 

the dioxaborolane derivative, Pd(PPh3)4, as a catalyst in the presence of K2CO3 as a base.45 

Finally, the CI derivatives were synthesized by a double Knoevenagel condensation reaction 
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of N-alkylated isatin derivatives and 1,4-diacetylpiperazine-2,5-dione. The recrystallization of 

the product using a dichloromethane-methanol mixture yielded a sticky solid with a good yield. 

All compounds were characterized using standard analytical techniques, including MALDI-

TOF mass spectrometry, 1H NMR, 13C NMR, and IR spectroscopy.  

2.2.2. Thermal Behavior  

The determination of mesomorphism involved complementary techniques. Initially, polarized 

optical microscopy (POM) with a programmable hot stage was employed to observe optical 

textures. This method allowed the visualization of linear defects that emerged from the 

homeotropic domain on cooling from the isotropic state. These structures were then 

transformed into a mosaic pattern of the columnar rectangular (Colr) phase (Figures 2.5 and 

2.6 c). Further, differential scanning calorimetry (DSC) confirmed the transition temperatures 

and quantified the associated enthalpy changes (Figure 2.5 and Figure A14). 

Thermogravimetric analysis (TGA) was conducted to assess the thermal stability of CIs, which 

revealed a decomposition onset temperature of 370-390 °C, corresponding to 5 wt.% 

decomposition (Table 2.1 and Figure 2.4 a).  

Furthermore, powder X-ray diffraction (XRD) analyses were conducted to 

unequivocally assign the symmetry of the columnar phase observed at high and low 

temperatures. A summarized overview of phase transition temperatures and enthalpy values 

for all compounds investigated are provided in Table 2.1, Figure 2.5, and Figure A14. The 

enhanced attractive interactions by extending the aromatic core and the increased fluidity 

induced by alkyl chains in compounds CI5 and CI6 were suggested as contributing factors that 

realized the liquid crystalline nature compared to compounds CI1-CI4. 

 

 

Figure 2.4.  (a) TGA plots of compound (heating rate of 10 ℃/min, Nitrogen atmosphere). (b) Bargraph 

representing the mesomorphic behaviors (Considered the first cooling scan of DSC) of CI compounds. 
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Compared to earlier reports, the POM images observed for both compounds at high 

temperatures showed characteristic textures for columnar phases. However, fluidity was noted 

with the application of mechanical shear on the samples in the mesophase range.  

Table 2.1. Phase transition temperatures (℃), corresponding enthalpies (kJmol-1), and decomposition 

temperatures were obtained from DSCa and TGAb. 

 

During heating and cooling cycles, the DSC thermogram profiles exhibited prominent peaks 

corresponding to the phase transitions from crystal to columnar phase and columnar to isotropic 

phase. For example, in the case of compound CI5, there is an endothermal transition from one 

crystalline (Cr1) phase to another crystalline (Cr2) phase at ≈ 23 ℃ (ΔH = 10.6 kJ/mol), 

followed by another endothermal transition to a mesophase (Colr) at ≈ 105 ℃ (ΔH = 3.7 kJ/mol) 

in the DSC curves (Figure 2.5). During the second heating cycle, a transition from mesophase 

(Colr) to isotropic liquid was seen at ≈ 211 ℃ (ΔH = 35.3 kJ/mol). Upon cooling, exothermic 

peaks are observed at ≈ 207 ℃ (ΔH = 39 kJ/mol) and ≈ 91 ℃ (ΔH = 3.9 kJ/mol), corresponding 

to transitions from isotropic liquid to mesophase (Colr) and from mesophase (Colr) to 

crystalline phase (Cr2), respectively. A transition from crystal phase (Cr2) to crystal phase (Cr1) 

is detected at ≈ 21 ℃ (ΔH = 20.4 kJ/mol). Similar behavior was noticed in the case of CI6, 

containing all dodecyl alkyl chains but with a reduced clearing point due to increased chain 

length. 
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Figure 2.5. DSC thermograms were obtained for (a) CI5 and (b) CI6 (blue trace, first cooling scan; red 
trace, second heating scan). POM images were obtained for the Colr phase (c) CI5 at 180 °C, (d) CI6 

at 125°C (scale bar corresponds to 100 μm). 
 

X-ray diffraction studies for compound CI5 conducted at 180 °C showed several peaks at small 

angle regions with the d-spacings corresponding to the Miller indices (20), (01), (31), (40), 

(02), (51), (42), (60), (13), (33), (71) and (80), which could be indexed to a columnar 

rectangular phase with lattice parameters a = 57.4 Å and b = 26.6 Å. (Figure 2.6 a, c, and Table 

A2.1). In the wide-angle region, a broad halo was observed at 4.54 Å owing to the packing of 

alkyl and alkoxy chains surrounding the central aromatic core (ha). A diffused peak with a d-

spacing of 3.44 Å was observed, corresponding to the core-core interaction (hc), confirming 

the close packing of disc-like units of CI5 in the columnar structure. A similar diffraction 

pattern was seen at a lower temperature (i.e., at 150 °C), which again could be indexed to a 

Colr phase (Figure A15, Table A2.1), similar to the one observed at a higher temperature, with 

a unit rectangular cell comprising of a single molecule (Z ≈ 1).46,47 A model depicting a 

rectangular columnar arrangement of compound CI5 at 180 °C is shown in Figure 2.6 c. 
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Figure 2.6.  X-ray diffractograms for the Colr phases of (a) CI5 at 180 °C, (b) CI6 at 125 °C (insets 
show the images of the wide-angle region), and (c) the schematic depicting the self-assembly of CI5 

into the Colr phase at 180 °C. 

A similar diffraction pattern was noted in the XRD plots of compound CI6; the intensity of 

core-core peaks was relatively low (Figure 2.6 b). This could result from out-of-plane aromatic 

rings and overcrowding of the alkyl chains, which is quite commonly found in literature.48 The 

XRD patterns obtained at 125 °C and 160 °C suggested stabilizing the Colr phase in the case 

of CI6 (Table A2.1, Figure 2.6 b, Figure A15). The number of molecules forming a disc in a 

unit rectangular cell at both temperatures was calculated and found to be one (Z ≈ 1).  

2.2.3. Photophysical properties 

The absorption and fluorescence characteristics of CIs were studied in solution and spin-coated 

thin films. We have tried to dissolve the compounds in various solvents at a concentration of 1 

wt%/vol. Compounds showed good solubility in polar aprotic solvents like chloroform, THF, 

cyclohexane, and toluene, except ethanol and DMF, where the compounds precipitated. In 

DMSO, the compounds were insoluble, and precipitation was observed in apolar solvents like 

hexane, decane, and dodecane. Photophysical studies in solution were carried out with 20 μM 

chloroform solutions, while 1 wt%/vol. The solution in toluene was used to prepare the thin 
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film. Table 2.2 summarizes the results, while Figures 2.7 and A16–A18 illustrate them. In 

solution, CIs, particularly CI5 and CI6, displayed two distinct absorption features: a prominent 

band at 464 nm and a shoulder band at 485 nm. The absorption spectra of CIs 5 and 6 were 

consistent with those of other CIs, showing a broad absorption band around 485 nm in the 

more extended wavelength region. This indicates effective charge transfer from electron-

donating alkoxy groups to electron-withdrawing imide units, suggesting minimal variation in 

electronic structure due to substituent differences at the imide nitrogen. Conversely, CIs 1-4 

showed absorption maxima at 423, 425, and 426 nm, each with a shoulder band at 443, 444, 

and 446 nm, respectively. The primary peak in the 423-464 nm range is characteristic of the 

CDP-isatin hybrid core. All CIs exhibited high molar extinction coefficients at their absorption 

peaks (ε: 18,900 to 21,900 Lmol⁻¹cm⁻¹).  

The optical band gap for these CIs ranged from 2.21 to 2.41 eV, as determined from the red 

edge of the absorption spectra. The emission spectra were not prominent, likely due to 

reabsorption by the molecules. The emission spectra of CI5 showed a single maximum and a 

shoulder peak at 531 and 581 nm, respectively, with lower intensity, similar to other derivatives 

with slight positional variations (Figures A17, Table 2.2).  

 
Figure 2.7. Absorption spectra of (a) CI5 and (b) CI6 in both solution and thin film states. 

CIs generally exhibited low fluorescence in solution, which was further quenched in thin film 

states (Figure A18). This fluorescence quenching in thin films may be attributed to 

aggregation-caused quenching (ACQ), typical in organic molecules, due to their planar 

structure and efficient π-π interactions.36 Broad absorption bands observed in thin films 

indicated the formation of excimers (Figure 2.7) 35,36 with a slightly bathochromic shift, 

suggesting J-type or head-to-tail aggregates. Additionally, a red-shifted shoulder peak in the 

absorption spectra of CIs in the thin film could be explained by short-distance charge transfer 

TH-3684-196122023



34 
 

interactions that facilitate coupling among the π-conjugated aromatic core, enhancing wave 

function overlap.49,50 

Table 2.2. Photophysical properties of CIs in solution state 

 

 

2.2.4. Electrochemical properties 

The energy and electron transfer processes, as well as the reversibility of redox reactions, are 

strongly influenced by the electronic energy levels, particularly the frontier molecular orbitals 

(HOMO and LUMO levels) of organic semiconductors. These characteristics were examined 

using cyclic voltammetry (CV) in 0.5 mM solutions of CI in anhydrous dichloromethane, with 

0.1 M tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte, and a scan rate 

of 100 mV/s. The results of the electrochemical studies are summarized in Table 2.3. 

Compounds CI1, CI3, and CI5 displayed an irreversible first reduction at -0.95, -1.02, and -

1.33 V, respectively. Consequently, the lowest occupied molecular orbital (LUMO) levels of 

CI1, CI3, and CI5 were estimated to be approximately -3.34, -3.28, and -2.97 eV, respectively. 

Respective highest occupied molecular orbital (HOMO) levels, derived from their optical band 

gaps (Eg, opt) of 2.41, 2.39, and 2.32 eV, were found to be around -5.75, -5.67, and -5.29 eV, 

respectively (Table 2.3, Figure 2.8 and Figure A19). In general, this shows that the introduction 

of more aromatic units in the periphery, as in CI5, leads to an increase of HOMO and LUMO 

levels with a concurrent decrease in the energy gap between the two. 

 

 

Entry 

Absorption 

[nm] 

Emission 

[nm] 

Stokes 

Shift 

(cm-1) 

Molar extinction 

coefficient (ɛ)  

(L mol-1 cm-1) 

ΔE g, opt 

[eV] 

CI1 423, 443 468,531 2273 21625 2.41 

CI2 423, 444 469,532 2318 18125 2.40 

CI3 425, 446 466,524 2070 18900 2.39 

CI4 426, 444 467,534 2061 22450 2.45 

CI5 463, 486 531,581 2765 21350 2.32 

CI6 464, 487 533,575 2790 21900 2.21 
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Figure 2.8. (a) Overlay of cyclic voltammograms of CI derivatives. (b) Energy band level diagram 

showing experimental HOMO and LUMO energy levels of CI derivatives. 

 

Table 2.3. Electrochemical a, b data and data obtained from DFTh calculations for compounds CI1, CI3, 

CI5 

 

Electrochemical data Data from DFT calculation 

Entry E1st red
[c] ELUMO 

[d,e] EHOMO 
[d,f] ΔEg, (opt) 

[d,g]
 

ELUMO 
[d,h] 

EHOMO 
[d,h] 

ΔEg
[d,h] 

CI1 -0.95 -3.34 -5.75 2.41 -3.29 -5.87 2.57 

CI3 -1.02 -3.28 -5.67 2.39 -3.27 -5.81 2.54 

CI5 -1.33 -2.97 -5.29 2.32 -2.87 -5.22 2.35 
[a] 0.5mM Dichloromethane solutions; [b]experimental conditions: Ag/AgNO3 as reference electrode, glassy 

carbon working electrode, platinum wire counter electrode, TBAP (0.1M) as a supporting electrolyte, room 

temperature; [c] in volts (V); [d] in eV; [e] estimated from the formula by using ELUMO= -(4.8 - E1/2, Fc/Fc+ + E red, onset) 

eV; [f] estimated from the formula EHOMO = ELUMO – E (g, opt) eV; [g]calculated from the red edge of the absorption 

band of each compound. E1/2, Fc/Fc
+ = 0.50 V.[h] Obtained from DFT calculations by employing the combination 

of Becke3-Lee-Yang-Parr (B3LYP) hybrid functional and 6-31G (d, p) basis set using the Gaussian 09 package. 

 

2.2.5. DFT Studies 

Computational studies were carried out in the B3LYP/6-31g (d, p) method using the Gaussian 

09 program package to understand the electronic properties and frontier molecular orbital 

energy level of compound CIs. The absence of imaginary frequency ensured the energy-

minimized structure of all the compounds.     
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Figure 2.9. Energy minimized molecular model of CIs (obtained from Chem3D Ultra) (a) CI1 (b) CI3 

(c) CI5; 3D molecular electrostatic potential contour map of the optimized structure of (d) CI1, (e) CI3, 
and (f) CI5 (In the mapped electro-static potential surface, the red and blue colors refer to the electron-

rich and electron-poor regions, respectively, whereas the green color signifies the zero electrostatic 

potential, chain length is limited to methyl for the sake of computational time). 

 

 

Figure 2.10. Frontier molecular orbitals of compounds (a) CI1, (b) CI2, and (c) CI3 obtained from 
DFT calculations at the B3LYP/6-31G (dp) level; EH and EL denote energies of the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) respectively (Chain 

length is limited to methyl for the sake of computational time). 
 

In comparison, introducing a tri-n-alkoxy benzyl unit at the imide nitrogen in CI3 decreased 

the HOMO energy by 0.053 eV, thereby slightly narrowing the HOMO–LUMO gap. However, 

in CI5, due to extended conjugation, the band gap decreased by 0.19 eV compared to CI3. As 

a result, CI5 exhibits the narrowest HOMO–LUMO gap (2.32 eV) among the three hybrids. 

These theoretical calculations concord with the experimental data, demonstrating that the band 

gap decreases by incorporating the aromatic rings decorated with peripheral side chains in the 

order CI1 > CI3 > CI5. The optimized molecular diameters of CI1, CI3, and CI5 were 

approximately 23.62 Å, 36.07 Å, and 50.92 Å, respectively, as shown in Figure 2.9. The 3D 
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molecular electrostatic potential (MEP) contour maps display red and blue colors representing 

negative and positive electrostatic potentials, respectively, with green indicating zero potential. 

The MEP surfaces highlight electron density concentration around the oxygen atoms of the CI, 

while the central core appears electron deficient (Figures 2.9 and 2.10). Theoretical band gaps 

for CI ranged from 2.57 to 2.35 eV, slightly larger than the optical band gaps but following the 

same trend as presented in Table 2.3. 

 

2.2.6. Morphology studies 

The morphology of the CI5 compound spin-coated onto ITO-coated glass substrates was 

analyzed using atomic force microscopy (AFM) and field-emission scanning electron 

microscopy (FESEM). AFM images indicated a smooth surface with a roughness of 1.362 nm 

(Figure 2.11 a), while FESEM images showed a uniform surface for CI5 (Figure 2.11 b). This 

smooth film formation of CI5 is a requirement to achieve consistent and reliable results in 

organic electronic devices. 

 
 

Figure 2.11. (a) The AFM and (b) SEM images of compound CI5 solution in chlorobenzene were spin-
coated on ITO-coated glass substrate, respectively. 

 

2.3. Charge carrier mobility studies  

To determine the charge-carrier mobilities of the liquid crystal CI5, current density-voltage (J–

V) characteristics of the material sandwiched between two electrodes were measured, and the 

space-charge-limited currents (SCLC) were fitted according to the Mott–Gurney equation 

(Eq.2.1). 

𝐽 =  
9

8
𝜀0𝜀𝑟𝜇

𝑉2

𝐿3                    (2.1) 

where J is the current density, 𝜀𝑟 is the dielectric constant of the compound, 𝜀0is the permittivity 

of free space, 𝜇 is the charge carrier mobility, L is the thickness of the compound, and V is the 
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voltage drop across the device. This method estimates the material's charge-carrier mobility in 

the bulk.  

Two distinct SCLC cells, one for measuring hole mobility and another for electron mobility, 

were fabricated to understand the ambipolar charge transport of the material. Hole-only devices 

(HOD) were fabricated with an ITO/PEDOT: PSS bottom layer and MoO₃/Ag top layer. In 

contrast, electron-only devices (EOD) were fabricated with an ITO/ZnO bottom layer and 

PDINN/Ag top layer. The liquid crystal layer thicknesses of the single-carrier devices were 

around 130 nm, and the material's dielectric constant calculated from the capacitance–

frequency measurement was 5.025. The SCLC data and the corresponding fits according to 

Equation 2.1 are shown in Figures 2.12 (a) and 2.12 (b), and the device structure is given in 

Figures 2.12 c & d. The carrier mobility obtained using equation (2.1) is 9.46 ×10-4 cm2V-1s-1 

for the hole-only device and 7.88 × 10-4 cm2V-1s-1 for the electron-only device, indicating the 

ambipolar nature of the material. 

 

 
Figure 2.12.  J-V characteristics of the (a) hole-only device, (b) electron-only device in the dark. Energy 

level diagram for the (c) hole-only device, (d) electron-only device. 
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2.4. Conclusions 

In summary, we successfully synthesized six molecular hybrids featuring cyclic dipeptide and 

isatin moieties and characterized them. Among these molecules, two compounds with more 

peripheral chains stabilized the liquid crystalline behavior, marking the first such examples in 

this class of molecules. Further structural aspects of these compounds related to the molecular 

orientation, frontier molecular orbitals, band gap, and electron density distribution were also 

analyzed through DFT calculations. All derivatives exhibited high thermal stability and 

excellent solubility in common organic solvents. Among the six compounds, CI5 and CI6 

stabilized columnar rectangular liquid-crystalline phase, while the others exhibited crystalline 

behavior. Photophysical investigations revealed broad absorption spectra with band gap values 

ranging from approximately 2.21 to 2.41 eV, accompanied by significant Stokes shifts and high 

molar extinction coefficients. One of these liquid crystalline CDP-isatin-hybrids (CI5), 

investigated with the help of the space charge limited current (SCLC) technique, exhibited hole 

and electron carrier mobility of 9.46 ×10-4 cm2V-1s-1 and 7.88 × 10-4 cm2V-1s-1 respectively, 

making it the first example of ambipolar columnar LC in this class of molecules. These findings 

underscore the potential of this class of solution-processable, self-assembling molecules as 

ambipolar materials in organic electronic devices.  

2.5. Experimental section  

This section presents the detailed synthesis procedure and the molecular structural 

characterization data for the intermediates (2, 8) and target compounds mentioned in the 

scheme.43,44,52 

Procedure for synthesis of 4a, b 51 

5-bromoindoline-2,3-dione (0.5 g, 2.1 mmol), 1-bromododecane and or 2-butyl-1-octyl-

bromide (0.828 mL, 3.31 mmol), and potassium carbonate (0.917 g, 6.63 mmol) were taken in 

50 mL of N, N-dimethylformamide. This mixture was heated at 80 ℃ with stirring for 24 h. 

The reaction mixture was extracted with ethyl acetate (3 × 30 mL), and subsequently, the 

organic layer was washed with water (twice) and brine. Then, the organic extract was dried 

over anhydrous Na2SO4, and the obtained residue was purified by column chromatography 

(silica gel, ethyl acetate-hexane 1:9). 

4a:  Rf = 0.6 (10% EtOAc-Hexane); orange solid, yield: 70 %; IR: vmax in cm-1: 2921, 2856, 

1735, 1602, 1464, 1441, 1325, 1259, 1120, 1054, 832, 711. 1H NMR (600 MHz, CDCl3, ppm):  
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δ 7.69 (d, J = 7.8 Hz, 1H, HAr), 7.68 (s, 1H, HAr), 6.81 (d, J = 9 Hz, 1H, HAr), 3.70 (t, J = 7.2 

Hz, 2H, - NCH2), 1.67 (m, 2H, -CH2), 1.33 (bm, 18H, 9×-CH2), 0.87 (t, J = 7.2 Hz, 3H, CH3). 

13C NMR (150 MHz, CDCl3, ppm): δ 182.53, 157.41, 149.78, 140.52, 128.24, 118.76, 116.43, 

11.88,40.44, 31.92, 29.61, 29.53, 29.46, 29.35, 29.21, 27,17, 26.87, 22.70, 14.15. MALDI-

TOF mass calculated for C20H28BrNO2 (M
+): 393.13, found: 393.421 

4b: Rf = 0.5 (10% EtOAc-Hexane); red-orange solid, yield: 75%; IR: vmax in cm-1: 2917, 2849, 

1729, 1598, 1466, 1433, 1289, 1121, 841, 707; 1H NMR (600 MHz, CDCl3, ppm): δ 7.66 (d, J 

= 8.4 Hz, 1H, HAr), 7.62 (s, 1H, HAr), 6.78 (d, J = 8.4 Hz, 1H, HAr), 3.55 (d, J = 7.2 Hz, 2H, - 

NCH2), 1.79 (m, 1H, -CH), 1.25 (bm, 16H, 8×-CH2), 0.84 (m, 6H, 2×-CH3); 
13C NMR (150 

MHz, CDCl3, ppm): δ 182.42, 157.71, 150.14, 140.52, 128.03, 118.68, 116.35, 112.17, 44.81, 

35.89, 31.74, 31.42, 31.11, 29.59, 28.50, 26.30, 22.99, 22.61, 14.08.  MALDI-TOF mass 

calculated for C20H28BrNO2 (M
+): 393.13, found: 393.421. 

Procedure for synthesis of 4c, d 51 

5-bromoindoline-2,3-dione and or indoline-2,3-dione (0.1g, 4.42 mmol), 5-(chloromethyl)-

1,2,3-tris(dodecloxy)benzene (0.45g, 6.63 mmol), and potassium carbonate (0.183g, 13.26 

mmol) were taken in 30 mL of N, N-dimethylformamide. This mixture was heated at 80 ℃ 

with stirring for 24 h. The resulting compound was extracted with ethyl acetate (3×30 mL), and 

subsequently, the organic solution was washed with water (twice) and brine. The organic 

solutions were dried over anhydrous Na2SO4, and the obtained residue was then purified by 

column chromatography (silica gel, ethyl acetate-hexane 1:9). 

4c: Rf = 0.6 (10% EtOAc-Hexane); orange solid, yield: 65%; IR: vmax in                                                             

cm-1: 2917, 2851,1730,1591,1437,1228, 993, 721; 1H NMR (600 MHz, CDCl3, 25 °C):   δ 7.71 

(s, 1H, HAr), 7.59 (d, J = 8.4 Hz, 1H, HAr), 6.7 (d, J = 8.4 Hz,1H, HAr), 6.46 (s, 2H, HAr), 4.79 

(s, 2H, -NCH2), 3.91 (t, J = 6Hz, 6H, 3×-OCH2) 1.76 (m, 6H, 3×-CH2), 1.44 (m, 6H, 3×-CH2), 

1.29 (bm, 48H, 24×-CH2), 0.88 (t, J = 9 Hz, 9H, 3×-CH3). 

13C NMR (150 MHz, CDCl3, ppm): δ 183.17, 182.2, 181.13, 156.5, 152.60, 149.80, 148.5, 

139.46, 137.20, 128.4, 127.9, 127.08, 124.3, 122.82, 117.7, 115.7, 111.8, 110.1, 105.0, 72.4, 

68.30, 43.5, 30.89, 29.26, 28.60, 28.34, 25.0, 21.66,13.09. MALDI-TOF mass calculated for 

C51H82BrNO5 (M
+): 867.54, found: 867.058. 
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4d: Rf = 0.67 (10% EtOAc-Hexane); orange solid, yield: 60%; IR: vmax in                                                             

cm-1: 2917,2851,1730,1591,1437,1337, 1228, 993,721,1H NMR (600 MHz, CDCl3, ppm): δ 

7.61 (d, J = 6Hz, 1H, HAr), 7.49 (t, J = 7.8 Hz, 1H, HAr), 7.1 (t, J = 7.8 Hz,1H, HAr), 6.80  (d, J 

= 7.8 Hz, 1H, HAr), 6.49  (s, 2H, HAr), 4.8 (s, 2H, -NCH2), 3.92  (t, J = 6.6 Hz, 6H, 3×-OCH2), 

1.77 (m, 6H,-3×-CH2), 1.44 (m, 6H, 3×CH2), 1.25 (bm, 48H, 24×-CH2), 0.88 (t, J = 9 Hz, 9H, 

3×-CH3). 
13C NMR (150 MHz, CDCl3, ppm): δ 182.4, 157.37, 152.3, 149.91, 135.13, 128.5, 

124.4, 122.9, 116.7, 110.2, 104.3, 72.0, 68.30, 64.7, 43.4, 31.01, 29.3, 28.7, 28.4, 25.1, 

21.7,13.20. MALDI-TOF mass calculated for C51H83NO5 (M
+): 789.63, found: 789.621. 

Procedure for synthesis of 9a, b 53 

A mixture of compound 8 (1.06 mmol, 1 eq.), bis(pinacolato) diboran (2.12 mmol, 2 eq.), 

KOAc (12.77 mmol, 12 eq.)  and Pd (PPh3)Cl2 (0.10 mmol, 1 eq.) in toluene (40 mL) was 

degassed by gently bubbling N2 for 20 min. The mixture was heated at 110 ℃ for 36 h. After 

cooling, it was extracted with Ethyl Acetate (100 mL × 3). The combined organic layer was 

washed with water (100 mL) and brine solution (100 mL). The combined organic extracts were 

dried over anhydrous Na2SO4, and the obtained residue was then purified by column 

chromatography (silica gel, ethyl acetate-hexane 2:8). 

9a: Rf = 0.6 (10% EtOAc-Hexane); white solid, yield: 70%; IR: vmax in cm-1: 2918, 2851, 1601, 

1511,  1350, 1136, 964, 688; 1H NMR (600 MHz, CDCl3, ppm): δ 7.40 (d, J = 7.8,  1H, HAr), 

7.31 (s, 1H, HAr), 6.8 (d, J = 6 Hz,1H, HAr), 4.04 (m, 4H, 2×-OCH2) 1.83 (m, 4H, 2×-CH2), 

1.47 (m, 4H, 2×-CH2), 1.36 (bm, 36H, 12×-CH2, 4×-CH3), 0.90 (t, J = 6 Hz, 6H, 2×-CH3).
13C 

NMR (150 MHz, CDCl3, ppm): δ 150.93, 147.40, 133.70, 127.60, 126.64, 118.40, 111.69, 

82.50, 68.21, 67.84, 30.89, 28.62, 28.59, 28.57, 28.55, 28.42, 28.39, 28.33, 28.32, 28.17, 25.04, 

24.98, 23.82, 21.66, 13.07.MALDI-TOF mass calculated for C32H57BO4 (M+H)+: 517.44, 

found: 517.813. 

9b: Rf = 0.67 (10% EtOAc-Hexane); white solid, yield: 76%; IR: vmax in cm-1: 2919, 2850, 

1608, 1515, 1350, 1156, 964, 688; 1H NMR (600 MHz, CDCl3, ppm):  δ 7.39 (d, J = 7.8,  1H, 

HAr), 7.30 (s, 1H, HAr), 6.88 (d, J = 7.8 Hz,1H, HAr), 4.04 (m, 4H, 2×-OCH2), 1.83 (m, 4H, 2×-

CH2), 1.47 (m, 4H, 2×-CH2), 1.30 (bm, 44H, 16×-CH2, 4×-CH3), 0.90 (t, J = 6 Hz, 6H, 2×-

CH3).
13C NMR (150 MHz, CDCl3, ppm): δ 152.16, 148.71, 128.85, 119.62, 112.89, 83.76, 

69.07, 32.16, 29.88, 29.85, 29.68, 29.64, 29.60, 29.41, 26.29, 26.23, 25.06, 22.92, 

14.34.MALDI-TOF mass calculated for C36H65BO4Na (M+Na)+: 595.49, found: 595.742. 
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Procedure for synthesis of 6 54 

Compound 5 (4.3 mmol,1 eq.) in N, N-dimethylformamide (10 mL), and NBS (6.45 mmol, 1.5 

eq.) were added to a solution of the compound. The resulting reaction mixture was stirred at 

25 ℃ for 12 h. After the reaction, the mixture was diluted with water (20 mL), the resultant 

precipitate was filtered, and the precipitate was dried in vacuo. The crude product was directly 

used for the next step. 

Procedure for synthesis of 7 54 

5,6-bromoindoline-2,3-dione (6), (0.5 g, 1.64 mmol), 1-bromododecane (0.6 mL, 2.46 mmol), 

and anhydrous potassium carbonate (0.681 g, 4.92 mmol) were taken in 10 mL of N, N-

dimethylformamide. This mixture was heated at 80 ℃ with stirring for 24 h. The reaction 

mixture was extracted with ethyl acetate (3×30 mL), and subsequently, the organic layer was 

washed with water (twice) and brine. Then, the organic extract was dried over anhydrous 

Na2SO4, and the obtained residue was purified by column chromatography (silica gel, ethyl 

acetate-hexane 1:9). 

7:  Rf = 0.65 (10% EtOAc-Hexane); red-orange solid, yield: 66%; IR: vmax in cm-1: 2925, 2859, 

1734, 1608, 1545, 1468, 1441, 1320, 1259, 1120, 1057, 832, 708; 1H NMR (600 MHz, CDCl3, 

ppm):  δ 7.85(s, 1H, HAr), 7.66 (s, 1H, HAr), 4.10 (t, J = 7.8 Hz, 2H, -NCH2), 1.71 (m, 2H, -

CH2), 1.36 (bm, 18H, 9×-CH2), 0.88 (t, J = 7.2 Hz, 3H, CH3).
 13C NMR (150 MHz, CDCl3, 

ppm): δ 180.4, 156.58, 145.62, 143.85, 126.13, 120.03, 115.42, 103.4, 40.27, 30.58, 28.29, 

25.14, 21.37, 12.81. MALDI-TOF mass calculated for C20H27Br2NO2 (M+): 471.04, found: 

471.040. 

Procedure for synthesis of 10a, b 45 

 A mixture of compound 9a and or 9b (0.34 mmol, 2 eq.), 5,6-dibromo-1-dodecylindoline-2,3-

dione (0.158 mmol, 1 eq.), 2M K2CO3 (aq.) (10.5 ml, 6.33 mmol), and Pd(PPh3)4 (0.006 mmol, 

0.042 eq.) in toluene (52.5 mL) was degassed by gently bubbling N2 for 30 min. The mixture 

was heated at 110 ℃ for 24 h. The reaction mixture was extracted with ethyl acetate (3×30 

mL), and subsequently, the organic layer was washed with water (twice) and brine. Then, the 

organic extract was dried over anhydrous Na2SO4, and the obtained residue was purified by 

column chromatography (silica gel, ethyl acetate-hexane 1:9). 
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10a: Rf = 0.65 (10% EtOAc-Hexane); reddish brown color color solid, yield: 78 %; IR: vmax in 

cm-1: 2919, 2851, 1721, 1594, 1513, 1463, 1248, 1136, 1069, 850, 722, 655; 1H NMR (600 

MHz, CDCl3, ppm):  δ 7.80 (d, J = 3Hz, 1H, HAr), 7.56 (d, J = 3Hz, 1H, HAr), 7.07 (m, 2H, 

HAr), 6.93 (m, 4H, HAr), 4.06 (m, 8H, 4×-OCH2) 3.4 (m, 2H, -NCH2), 1.87 ( m, 8H,  4×-CH2) 

1.53 (m, 8H,  4×-CH2) 1.35 (bm, 68 H, 34×-CH2), 0.88 (m, 15H, 5×-CH3). 
13C NMR (150 

MHz, CDCl3, ppm): δ 184.35, 149.60, 149.43, 148.8, 146.0,139.5, 136.4, 131.42, 129.83, 

127.67, 122.41, 121.9, 119.53, 119.08, 115.09, 114.04, 133.28, 112.27, 69.59, 69.51, 69.36, 

41.96, 41.36, 36.08, 34.67, 34.53, 31.92, 31.60, 29.67, 29.64, 29.59, 29.44, 29.36, 29.31, 26.05, 

25.28, 22.70, 22.66, 22.62, 20.70, 20.45, 18.76, 14.32, 14.11,11.43. MALDI-TOF mass 

calculated for C72H117NO6Na (M+): 1091.89, found: 1091.041. 

10b: Rf = 0.66 (10% EtOAc-Hexane); reddish brown color solid, yield: 76 %; IR: vmax in          

cm-1: 2920, 2852, 1734, 1594, 1464, 1349, 1139, 1066, 796, 722, 457; 1H NMR (600 MHz, 

CDCl3, ppm):  δ 7.79 (d, J = 2Hz, 1H, HAr), 7.57 (d, J = 2Hz, 1H, HAr), 7.04 (m, 2H, HAr), 6.90 

(m, 4H, HAr), 4.04 (m, 8H, 4×-OCH2) 3.45 (m, 2H, -NCH2), 1.85 (m, 8H, 4×-CH2) 1.49 (m, 

8H, 4×-CH2) 1.3 (bm, 84 H, 42×-CH2), 0.88 (m, 15H, 5×-CH3). 
13C NMR (150 MHz, CDCl3, 

ppm): δ 184.3, 159.65, 149.55, 148.79, 146.04, 139.52, 136.43, 131.3, 129.8, 127.6, 122.3, 

121.9, 119.5, 119.04, 115.0, 113.9, 113.19, 112.16, 111.91, 110.88, 68.02, 40.18, 30.68, 28.42, 

28.12, 26.76, 25.29, 24.79, 21.44,12.87. MALDI-TOF mass calculated for C80H133NO6 (M
+): 

1204.21, found: 1204.651.l, 

General procedures for the synthesis of CIs 44 

1,4-diacetylpiperazine-2,5-dione (1eq.), compound 4a-d, and 10a, b (2.2 eq.), and triethyl 

amine (0.404 mmol, 4 eq.) were taken in a round bottom flask. The mixture was heated at 40 

℃ for 24 h. After cooling, the reaction mixture was filtered. The precipitate was washed with 

EtOH, and further purification was done by recrystallization from dichloromethane-methanol. 

CI1: Rf  = 0.5 (10% EtOAc-Hexane); dark purple color solid, yield: 65 %; IR: vmax in cm-1: 

3126, 2917, 2849, 1704, 1654, 1614, 1465, 1428, 1320, 805, 676; 1H NMR (600 MHz, CDCl3, 

ppm):  δ 13.42 (s, 2H, -NHCDP), 9.06 (s, 2H, HAr), 7.43 (d, 9.6 Hz, 2H, HAr) 6.75 (d, J = 9.6 Hz, 

2H, HAr), 3.80 (t, J = 8.4 Hz, 4H, -NCH2);1.68 (m, 4H, -CH2), 1.33 (bm, 36H, 18 × -CH2), 0.88 

(t, J = 6Hz, 6H, 2×-CH3).
13C(150MHz, CDCl3, 25 ℃): δ 169.04, 155.89, 141.06, 132.85, 

121.76, 115.78, 109.77, 40.19, 31.92, 29.62, 29.56, 29.48, 29.35,29.24, 27.45,26.91, 22.69, 

14.12. MALDI-TOF mass calculated for C44H58Br2N4O4 (M+): 864.28, found: 

864.699. 
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CI2: Rf = 0.5 (10% EtOAc-Hexane); dark purple color solid, yield: 63 %; IR: vmax in cm-1: 

3122, 2956, 2921, 2854, 1707, 1648, 1454, 1430, 1316,800, 677; 1H NMR (600 MHz, CDCl3, 

25 °C):  δ 13.46 (s, 2H, -NHCDP), 9.07 (s, 2H, HAr), 7.44 (m, 2H, HAr), 6.73 (d, J = 8.4Hz, 2H, 

HAr), 3.68 (d, J = 7.2Hz, 4H, -NCH2); 1.86 (s, 2H, -CH), 1.35 (bm, 32H, 16×-CH2), 0.89 (m, 

12H, 4×-CH3). 
13C NMR (150 MHz, CDCl3, ppm): δ 168.37, 154.8, 140.44, 132.37, 

131.77,130.36 ,120.70, 114.73, 108.91, 43.59, 35.26, 30.76, 30.54, 30.21, 28.61, 27.57, 25.39, 

22.0, 21.6, 13.04. MALDI-TOF mass calculated for C44H58Br2N4O4 (M+): 864.28, 

found: 864.087. 

CI3: Rf = 0.5 (10% EtOAc-Hexane); dark brown color solid, yield: 66 %; IR: vmax in cm-1: 

3126, 2918, 2850, 1701, 1652, 1466, 1433, 1329, 804, 678; 1H NMR (600 MHz, CDCl3, ppm):  

δ 13.45 (s, 2H, -NHCDP), 9.10 (s, 2H, HAr), 7.38 (d, J = 7.2 Hz, 2H, HAr), 6.71 (d, J = 8.4 Hz, 

2H, HAr), 6.44 (s, 4H, HAr) 4.90 (s, 4H, 2×- NCH2), 3.90 (m, 12H, 6×-OCH2); 1.77 (m, 12H, 

6×-CH2), 1.43 (m, 12H, 6×-CH2), 1.28 (bm, 96H, 48×-CH2) 0.88 (t, J = 6Hz, 18H, 6×-CH3). 

13C (150MHz, CDCl3, 25 ℃): δ 169.31, 156.20, 153.94, 141.04, 138.29, 13.49, 132.99, 131.40, 

129.37, 121.74, 116.24, 110.73, 109.58, 106.17, 73.10, 69.19, 44.19, 32.0, 30.32, 29.75, 29.38, 

26.08, 22.75, 14.12. MALDI-TOF mass calculated for C106H166Br2N4O10Na (M+Na) +: 

1836.09, found: 1836.267. 

CI4: Rf  = 0.49 (10% EtOAc-Hexane); dark brown color solid, yield: 68 %; IR: vmax in  cm-1: 

3121, 2917, 2849, 1696,1647, 1613, 1467, 1440, 1382,843, 689: 1H NMR (600 MHz, CDCl3, 

ppm):  δ 13.45 (s, 2H, -NHCDP), 8.94 (d, J = 7.8 Hz, 2H, HAr), 7.13 (t, J = 7.2 Hz, 3H, HAr), 

6.85 (d, J = 7.8 Hz, 3H, HAr),  6.48 (s, 4H, HAr) 4.92 (s, 4H, 2×- NCH2), 3.90 (m, 12H, 6×-

OCH2); 2.17 (s, 6H, 3×-CH2), 1.73 (m,12H, 6×-CH2), 1.42 (m,12H, 6×-CH2), 1.28 (bm, 90H, 

45×-CH2)  0.87 (t, J = 7.2 Hz, 18H, 6×-CH3).
13C(150MHz, CDCl3, 25 ℃): δ 168.78, 155.22, 

152.52, 141.11, 137.05, 131.98, 129.45,129.31,127.88, 122.28, 119.15, 109.73, 108.29, 

105.10, 72.48, 68.32, 43.07, 30.97, 2879, 28.69, 28.65,28.50, 28.44, 28.42, 25.15, 21.74, 13.16. 

MALDI-TOF mass calculated for C106H168N4O10 (M
+): 1657.28, found: 1657.111. 

CI5: Rf = 0.5 (10% EtOAc-Hexane); dark brown color solid, yield: 62 %; IR: vmax in cm-1: 

2919, 2851, 1694, 1642, 1606, 1464, 1312, 839, 714; 1H NMR (600 MHz, CDCl3, ppm): δ 

13.64 (s, 2H, 2×- NHCDP), 9.31 (s, 2H, HAr), 7.34 (s, 2H, HAr), 7.18 (m, 4H, HAr), 6.93 (d, J = 

8.4 Hz, 8H, HAr), 4.0 (m, 16 H, 8 ×-OCH2), 3.49 (m, 4H, 2×- NCH2), 1.87 (m, 16H, 8×-CH2), 

1.59 (s, 8H, 4×-CH2), 1.50 (m, 16H, 8×-CH2), 1.27 (bm, 128H, 64 ×-CH2), 0.87 (m, 30H, 10×-

CH3). 
13C (150MHz, CDCl3, 25 ℃): δ 169.66, 155.20, 148.39, 147.90, 147.90, 147.63, 136.65, 

133.84, 132.33, 133.02, 130.89, 130.51, 124.88, 124.47, 121.11, 120.87, 118.14, 114.41, 

113.23, 112.26, 114. 42, 109. 68, 68.50, 68.37, 40.91, 30.92, 28.71, 28.67, 28.62, 28.57, 28.49, 
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28.46, 28.41, 28.36, 25.08, 25.06, 21.28, 13.10. MALDI-TOF mass calculated for 

C148H236N4O12 (M
+): 2261.80, found: 2261.408. 

CI6: Rf = 0.56 (10% EtOAc-Hexane); dark brown color solid, yield: 64 %; IR: vmax in      cm-1: 

2918, 2850, 1694, 1601, 1642, 1465, 1313, 840, 714; 1H NMR (600 MHz, CDCl3, ppm):  δ 

13.65 (s, 2H, 2×- NHCDP), 9.31 (s, 2H, HAr), 7.34 (s, 2H, HAr), 7.19 (d, J = 12 Hz, 4H, HAr), 

6.94 (d, J = 9Hz, 8H, HAr), 4.07 (m, 16 H, 8 ×-OCH2), 3.47 (d, J = 4Hz, 4H, 2×- NCH2), 1.84 

(m, 16H, 8×-CH2), 1.55 (m, 16H, 8×-CH2), 1.27 (bm, 168H, 84×-CH2), 0.88 (m, 30H, 10×-

CH3). 
13C (150MHz, CDCl3, 25 ℃): δ 170.68, 156.24, 149.40, 148.91, 148.65, 137.68, 134.88, 

133.35, 133.35, 133.05, 131.93, 131.52, 125.92, 125.50, 122.13, 110.72, 69.52, 69.39, 41.94, 

31.96, 31.95, 29.76, 29.70, 29.69, 29.54, 29.43, 29.41, 22.72, 14.4. MALDI-TOF mass 

calculated for C164H268N4O12Na (M+Na) +: 2509.04, found: 2509.940. 
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2.6. Appendix 

 

2.6.1. NMR Spectra 

 

 
Figure A1. 1H NMR (600 MHz) spectra of CI1 in CDCl3. 

 

Figure A2. 13C NMR (150 MHz) spectra of CI1 in CDCl3. 
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Figure A3. 1H NMR (600 MHz) spectra of CI2 in CDCl3. 

 

Figure A4. 13C NMR (150 MHz) spectra of CI2 in CDCl3. 
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Figure A5. 1H NMR (600 MHz) spectra of CI3 in CDCl3. 

 

Figure A6. 13C NMR (150 MHz) spectra of CI3 in CDCl3. 
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Figure A7. 1H NMR (600 MHz) spectra of CI4 in CDCl3. 

 

Figure A8. 13C NMR (150 MHz) spectra of CI4 in CDCl3. 
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Figure A9. 1H NMR (600 MHz) spectra of CI5 in CDCl3. 

 

Figure A10. 13C NMR (150 MHz) spectra of CI5 in CDCl3. 
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Figure A11. 1H NMR (600 MHz) spectra of CI6 in CDCl3. 

 

Figure A12. 13C NMR (150 MHz) spectra of CI6 in CDCl3. 
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2.6.2. Polarizing optical microscopy (POM) 

 

Figure A13. POM images were obtained for a) CI1, b) CI2, c) CI3, d) CI4, e) CI5, and f) CI6 on a 

cooling process from isotropic melt at different temperatures (scale bar 100 µm). 

 

2.6.3 Differential Scanning calorimetry (DSC) 

 

Figure A14.  DSC thermograms were obtained for a) CI1, b) CI2, c) CI3, d) CI4, e) CI5, and f) CI6 

for the first cooling (blue trace) and second heating (red trace) taken at 5 ℃/min. 
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2.6.4 X-Ray Diffraction (XRD) Studies 

 

Figure A15.  X-ray diffractograms for the Colr phases of (a) CI5 at 150℃, (b) CI6 at 160℃. 

 

Table A2.1.  Results of (hkl) indexation of XRD profiles of CIs at a given temperature (T) of 

mesophase.  
 

 

Compounds 

(D/Å) 
Phase 

(T/oC) 
     d-spacing  

Miller  

Index 

(hk) 

Lattice parameters (Å), 

Lattice area S (Å2), 

Molecular volume (Å3) dobs (Å) dcal(Å) 

CI5 

(50.92) 

MW: 

2263.53 

Colr 

(180 °C) 

28.69 
26.64 
15.83 
14.27 
13.24 
10.57 
9.78 
9.50 
8.79 
7.99 
7.87 
7.18 
4.54 (ha) 
3.44 (hc) 

28.69 
26.64 
15.54 
14.34 
13.32 
10.54 
9.76 
9.56 
8.77 
8.05 
7.83 
7.17 
 

20 
01 
31 
40 
02 
51 
42 
60 
13 
33 
71 
80 

a = 57.38 
b = 26.64 
A = 1528.60 
V = 5258.39 
Z ≈ 1 
 

Colr 

(150°C) 

 

28.84 
26.03 
15.83 
14.42 
12.98 

28.84 
26.03 
15.47 
14.42 
13.01 

20 
01 
31 
40 
02 

a = 57.68 
b = 26.03 
A = 1501.41 
V = 5119.81 
Z ≈ 1 
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10.77 
10.32 
9.58 
8.65 
4.51(ha) 
3.41 (hc) 

10.77 
10.54 
9.61 
8.63 
 

32 
51 
60 
52 

 

  CI6 

 (55.61) 

 MW:     

 2487.96 

Colr 

(160 ℃) 

30.44 

27.59 

17.24 

15.22 

13.73 

11.19 

10.74 

10.15 

9.21 

7.77 

4.59(ha) 

3.47(hc) 

30.44 

27.59 

17.32 

15.22 

13.79 

11.13 

10.56 

10.15 

9.19 

7.71 

11 

02 

21 

22 

04 

32 

15 

33 

06 

17 

a = 36.49 

b = 55.18 

A = 2013.52 

V = 6986.91 

Z ≈ 1 

 

 Colr 

(125 ℃) 

31.13 

26.73 

17.29 

15.51 

13.32 

11.51 

10.43 

10.32 

9.74 

8.59 

7.59 

7.09 

4.52 (ha) 

3.35 (hc) 

31.13 

26.73 

17.38 

15.56 

13.36 

11.59 

10.38 

10.43 

9.88 

8.66 

7.59 

7.10 

 

10 

11 

03 

20 

22 

23 

30 

05 

15 

25 

26 

43 

a = 31.13 

b = 52.15 

A = 1623.43 

V = 5438.49 

Z ≈ 1  

 

The diameter (D) of the disk (estimated from Chem 3D Pro 8.0 molecular model software from Cambridge 

Soft). dobs: spacing observed; dcal: spacing calculated (deduced from the lattice parameters; a,b for Colr 

phase). The spacings marked ha and hc correspond to diffuse reflections in the wide-angle region arising 

from correlations between the alkyl chains and core regions. Z indicates the number of molecules per 

columnar slice of thickness hc, estimated from the lattice area S and the volume V. 
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2.6.5. Photo physical studies 

 

Figure A16. Absorption spectra of compounds a) CI1, b) CI2, c) CI3, d) CI4, e) CI5, and f) CI6 in 

micromolar chloroform solutions as a function of concentration. 
 

 

Figure A17. Emission spectra of compounds a) CI1, b) CI2, c) CI3, d) CI4, e) CI5, and f) CI6 in 

micromolar chloroform solutions. 
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Figure A18. Emission spectra of compounds a) CI5, b) CI6 in thin film state. 

 

2.6.6. Electrochemical Studies 

  

 

Figure A19. Cyclic voltammograms of CIs (CI1, CI3, CI5) (insets show the reduction half of CI5) in 

micromolar dichloromethane solutions in scan rate 100 mv/s. 

2.6.7. Device fabrication 

To initiate the process, glass/ITO substrates were cleaned in an ultrasonic water bath with a 

diluted detergent solution, deionized water, acetone, and isopropanol successively. The cleaned 

ITO substrates were then treated with UV-ozone for 30 minutes. For the fabrication of hole 

only device, PEDOT: PSS solution was spin-coated onto the ITO substrates at 3000 rpm for 

40 seconds, followed by annealing at 150 °C for 10 minutes. On top of the PEDOT: PSS layer, 

a solution of CI5 in chlorobenzene (35 mg/ml) was spin-coated at 1500 rpm for 60 seconds. 

Finally, 10 nm of MoO3 and 100 nm of silver were deposited sequentially on the CI5 layer via 

thermal evaporation. For the fabrication of an electron-only device, a ZnO solution prepared 

by the sol-gel method was spin-coated onto the ITO substrate at 4000 rpm for 50 seconds and 

annealed at 210°C for 15 minutes. The CI5 solution was then spin-coated at 1500 rpm for 60 

seconds. A PDINN solution in methanol was subsequently spin-coated to form a thin layer 

(less than 5 nm), followed by a 100 nm thick silver layer deposition via thermal evaporation. 
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2.6.6. Dielectric constant calculation  

To determine the dielectric constant of the material, capacitance-frequency (C-F) 

measurements were carried out. For C-F measurements, a 200 nm thick layer of CI5 was spin-

coated on top of UV-Ozone treated ITO, and 100 nm Au was thermally evaporated. The 

material's dielectric constant was calculated from the flat region, corresponding to the 

geometric capacitance of the C-F curve (Figure A20). 
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Figure A20. Capacitance- frequency measurement of the device fabricated with CI5. 
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3.1. Introduction  

         Phenoxazine, an intriguing heterocyclic compound with a fused tricyclic structure and a 

distinctive butterfly-shaped conformation resulting from the folding of its two benzene rings 

around the O–N axis, is gaining attention as a promising candidate for electronic and 

optoelectronic applications. Its unique structure enhances its electron-donating properties, as 

evidenced by its ionization potential, 0.7 eV lower than carbazole's, making its radical cations 

more stable.1-3 Heterocycles like phenoxazine have long been incorporated into organic 

semiconducting materials, where their presence improves thermal, chemical, thermo-oxidative, 

and photochemical stabilities and fluorescence quantum yields.4 Despite the extensive research 

on carbazole-based emissive molecules, phenoxazine has been less explored as a building block 

for OLEDs (3.2, 3.3),2 OFETs, and bio-imaging materials (3.8, 3.9).5-9 Notably, phenoxazine 

has been employed in dye-sensitized solar cells (DSSCs) as an electron donor (3.1), where its 

strong electron-donating ability has led to higher conversion efficiencies compared to similar 

sensitizers like triphenylamine and phenothiazine.10-12 Before its role in perovskite solar cells 

(PSCs, 3.4), phenoxazine was widely used in designing light harvesters for bulk heterojunction 

organic solar cells (3.5) due to its ease of modification and powerful electron-donating 

properties.14-16 The presence of an oxygen atom in its structure slightly diminishes the overall 

aromaticity of the ring system,1, while the dipole moment (µ = 1.93 D) suggests a non-planar 

configuration.17 The proton or substituent on the nitrogen atom can adopt positions between 

and outside the planes of the lateral rings, adding to the compound's versatility. While most 

phenoxazine derivatives exhibit melting points below 200 °C and are generally stable, those 

substituted with hydroxy or amino groups at the para position relative to the bridging nitrogen 

are more prone to oxidation. Furthermore, phenoxazine has become a key component in 

monochromic luminescence (3.7)18, and the design of thermally activated delayed fluorescence 

(TADF, 3.6) molecules 19,20 plays an essential role as an electron donor.21 By understanding 

the relationship between the stacking modes of phenoxazine derivatives and their luminescent 

properties, researchers can better design and synthesize organic compounds with phenoxazine 

substructures, ultimately enhancing the performance of optoelectronic devices.    

 

 

 

 

TH-3684-196122023



65 
 

 

 Figure 3.1. Structures of Phenoxazine-based compounds are used in various applications (3.1-3.9). 

Recently, luminescent liquid crystals (LLCs) have garnered increasing interest due to their 

fundamental phenomenological significance and appealing technological applications, 

including anisotropic light-emitting diodes, polarized organic lasers, light-emitting liquid 

crystal displays (LCDs), information storage, sensors, and one-dimensional semiconductors. 

The intrinsic light-emitting properties and unique self-organizing features give LLCs several 

novel advantages. For instance, LLCs can create various stimuli-responsive luminescent 

materials because liquid crystals are highly sensitive to external stimuli of mechanical, 

electrical, thermal, and magnetic origin.22,23 

Traditional fluorescent stains have issues like limited tissue penetration, photobleaching, high 

background noise, stability concerns, cell toxicity, staining anomalies, and reduced specificity 

that can impact these dyes' effectiveness in various applications.24 Using phenoxazine as a 

biological stain offers numerous advantages, including high photostability, strong 

fluorescence, application versatility, biocompatibility, and potential therapeutic benefits. These 

compounds exhibit strong fluorescence, enhancing stained structures' visibility under 

microscopy.25 Their high quantum yields contribute to transparent and bright images of cellular 

components, facilitating detailed analysis of biological samples. Many phenoxazine derivatives 

exhibit low cytotoxicity, making them suitable for live cell staining without adversely affecting 

cellular viability. 

Despite the exciting potential of LLCs, preserving light-emitting properties remains a 

significant challenge due to aggregation-caused emission quenching (ACQ) in traditional 
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organic luminophores. 26-28 Thus, preventing quenching in the aggregated state of liquid crystal 

materials becomes a key concern while preserving the liquid crystalline self-assembly.29-31         

A comprehensive literature review revealed a striking scarcity of research on phenoxazine-

based bioimaging derivatives, with little to no exploration in this area. Moreover, to our 

knowledge, phenoxazine-based room-temperature luminescent liquid crystals (LLCs) have yet 

to be synthesized or studied. This gap in the literature presented a unique challenge and an 

exciting opportunity to design and synthesize novel phenoxazine-based liquid crystals. To our 

surprise, the field of phenoxazine-based luminescent liquid crystal compounds remains notably 

underexplored. Driven by this void, we have successfully synthesized a new class of room-

temperature LLCs. These materials consist of two alkoxy phenyl groups, connected via a 

cyano-vinylene bond to an N-alkylated phenoxazine, resulting in a bent-shaped molecular 

structure. The non-planar nature of phenoxazine17 and the cyano-phenylvinylene fluorophore 

groups lend themselves to strong fluorescence in both solution and solid states.32 Furthermore, 

the photophysical properties of cyano-phenylvinylenes can be finely tuned by external factors 

such as temperature, pressure, solvents, pH, and light.32 

 

Figure 3.2. Structures of PO are studied in this work. 

Our synthesis journey began with the reaction of a mono-alkoxy benzyl acetonitrile derivative 

with an N-alkylated phenoxazine dialdehyde, resulting in a crystalline material (PO1, with two 

alkoxy chains). To explore further, the number of peripheral alkoxy chains was increased to 

four, while varying the substitution positions (PO2 and PO3) still resulted in crystalline 

materials. Interestingly, the tri-n-alkoxy derivative (PO4, with six alkoxy chains) maintained 

a stable room-temperature columnar hexagonal phase over a wide thermal range without 

compromising its luminescent properties in the solid state. The molecular design combines 
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electron donor and acceptor components in a single structure, imparting ambipolar charge 

transport characteristics in the columnar phase. These materials' excellent solubility and 

stability also facilitated the visualization of nematodes and MCF7 human breast cancer cells 

under fluorescence microscopy.  

3.2. Result and Discussion  

3.2.1. Synthesis and molecular structural characterization  

The synthetic approach utilized to prepare target POs is outlined in schemes 3.1 and 3.2 

 

Scheme 3.1. Synthesis of phenyl acetonitrile derivatives 6; Reagents and Conditions: (i) C2H5OH, conc. 

H2SO4, 80 ℃, 24 h, 86%; (ii) C12H25Br, 80 ℃, N2 atm, 90%, 24 h; (iii) LAH, THF, 0 ℃ -rt, 12 h, 80%; 

(iv) SOCl2, dry DCM, N2 atm, 0 ℃ -rt, 2 h, 97%; (v) NaCN, DMF, 100 ℃, 18 h, 65-70%. 

 

Scheme 3.2. Synthesis of target Phenoxazine derivatives (POs); Reagents and Conditions: (i) POCl3, 

DMF, 0 ℃-80 ℃, 24 h, 75%; (ii) KOt-Bu, tert-BuOH, 2 h, 50 ℃, 60-72%.  
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The target POs were prepared following a straightforward synthetic pathway (Scheme 3.1 and 

3.2). In the first step, N-alkylated phenoxazine dialdehyde 2 is prepared using POCl3 and DMF 

by a well-known Vilsmeier–Hack reaction.33,34 Finally, the PO derivatives were synthesized 

by a double Knoevenagel condensation reaction of phenyl acetonitrile derivatives (4a,d) and 

N-alkylated phenoxazine dialdehyde (2) using potassium tert-butoxide as a base and tert-

butanol as a solvent in mild temperature.35 The column purification of all the products using a 

hexane-ethyl acetate mixture yielded a sticky solid with a good yield. All compounds were 

characterized using standard analytical techniques, including MALDI-TOF mass spectrometry, 

1H NMR, 13C NMR, and IR spectroscopy. Thermogravimetric analysis (TGA) was performed 

to evaluate the thermal stability of the compounds, revealing a decomposition onset 

temperature of 249-397 °C for 5 wt% decomposition (Table 3.1, Figure 3.3). 

3.2.2. Thermal Behaviour  

The mesomorphism was initially explored with polarized optical microscopy (POM) with a 

controllable hot stage to observe optical textures. This method allowed the visualization of the 

fluidity (in response to mechanical shear) and birefringent patterns by heating the sample at 

room temperature and cooling it from the isotropic state. While the compounds PO1-PO3 did 

not show any such changes, they transformed into isotropic liquid. In contrast, the compound 

PO4, which was a sticky gummy solid, showed birefringence coupled with the fluidity on 

heating, while cooling from the isotropic liquid showed the formation of a mosaic pattern that 

is usually observed for columnar phases (Figure 3.3b and Figure 3.4a).36 

 

Figure 3.3.  (a) TGA plots of compound (heating rate of 10 ℃/min, Nitrogen atmosphere). (b) Bargraph 

representing the mesomorphic behaviors (Considered the first cooling scan of DSC) of PO compounds. 

 

The isotropic point of the compound PO4 was first determined using polarized optical 

microscopy. The DSC thermograms revealed two distinct transitions upon heating: crystal to 

mesophase and mesophase to isotropic state, concurrent with the POM observations (Figure 
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3.4b, Table 3.1, Figure A10). After cooling the isotropic state, two transitions were noticed 

again, i.e. isotropic to mesophase and mesophase to crystal. Notably, the crystal-to-mesophase 

transition occurred well below room temperature (at approximately 4 °C, ΔH = 15.8 kJ/mol), 

confirming the compound's liquid crystalline nature at room temperature. The relatively low 

clearing point ≈ 53°C (ΔH = 2.0 kJ/mol, Figure 3.4b), makes this compound particularly 

suitable for device applications. 

Table 3.1. Phase transition temperatures (℃), corresponding enthalpies (kJmol-1), and decomposition 

temperatures were obtained from DSCa and TGAb 

Entry Phase sequence (kJ/mol)
a
 T

5

b
 

(℃) 

Second Heating              First Cooling   

PO1 Cr 73.9 (41.3) I Gc 249 

PO2 Cr 74.5 (16.0) I  I 37.8 (11.0) Cr 378 

PO3 Cr 72.0 (0.04) I Gc 260 

PO4 Cr 4.07 (15.8) Col
h 

52.7 (2.0) I     I 47.6 (13.8) Col
h
5.8 (17.6) Cr 397 

aPeak temperatures in the DSC thermograms obtained during the second heating and first cooling 

cycles at 5 ℃ min-1; Colh = Columnar hexagonal phase; I = Isotropic phase; b = Temperature at 

which 5 wt% decomposition occurred (℃); c = crystallization is not detected, the compound 

remains liquid and slowly freezes to a glassy state. 

 

Furthermore, the Powder X-ray diffraction analyses were conducted to unequivocally assign 

the symmetry of the columnar phases observed at high and low temperatures. A summarized 

overview of phase transition temperatures and enthalpy values for all compounds investigated 

is provided in Table 3.1 and Figure A10. The enhanced attractive interactions of the aromatic 

core complemented with the increased fluidity/nanophase segregation offered by the alkyl 

chains in compound PO4 were suggested as contributing factors that realized the liquid 

crystalline behavior compared to other compounds PO1-PO3.  

The symmetry of the Col phase exhibited by PO4 was investigated using powder X-ray 

diffraction studies at 50 ℃ and room temperatures. Both the XRD patterns were almost similar. 

The XRD pattern of PO4 at 50 °C revealed one distinct Bragg peak in the small-angle region 

at 30.96 Å, corresponding to the Miller indices (10) (Figure 3.4c; Table 3.2). Though the single 

peak can not confirm any particular mesophase, in literature, there are many references where 

such a single peak is assigned to the columnar phase with a hexagonal lattice,37 with a lattice 

parameter of a ≈ 35.75 Å. In the wide-angle regime, a d-spacing of 4.71 Å was observed, 

indicative of the fluid-like packing of alkyl chains. The intracolumnar distance, i.e., the 

distance between the discs within a column, was 4.19 Å. Thus, the mesophase was confirmed 
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to be a columnar hexagonal phase. The lattice parameters remained almost unchanged over the 

entire mesophase temperature range (28 °C to 50 °C). The molecular organization within the 

Col phase was further examined, revealing that approximately two molecules formed a unit 

cell (Z ≈ 2). A schematic representation (Figure 3.4 d) illustrates the self-assembly of PO4 

molecules into columns, which subsequently organize into a columnar hexagonal lattice. This 

analysis underscores the unique ability of PO4 to maintain a stable room temperature Colh 

phase (Figure A11), distinguishing it from other phenoxazine derivatives under similar 

conditions. Thus, the PO unit bearing only six peripheral chains exhibits a liquid crystalline 

phase, while the same bearing lesser chains did not stabilize the liquid crystalline phase; in 

other words, compound PO1-PO3 do not efficiently fill the space, while the two molecules 

PO4 efficiently fill the space to form a disc-like structure, which then self-assemble to form 

columnar structures. 

 

Figure 3.4.  (a) POM image obtained for the Colh phase PO4 at 50 °C (scale bar corresponds to 100 

μm). (b) DSC thermogram was obtained for PO4 (blue trace, first cooling scan; red trace, second 

heating scan). (c) X-ray diffractograms for the Colh phases of PO4 at 50 °C (insets show the images of 

the wide-angle region) and (d) the schematic diagram depicting the self-assembly of PO4 into the Colh 

phase at 50 °C. 
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Table 3.2. Results of (hkl) indexation of XRD profiles of POs at a given temperature (T) of mesophase 

 

3.2.3. Photophysical properties 

The photophysical properties of the four compounds (PO1, PO2, PO3, and PO4) were studied 

in both solution and thin film states, with the thin films spin-coated on a quartz substrate. The 

compounds exhibited good solubility in various solvents of varying polarity like chloroform, 

THF, cyclohexane, and toluene at a concentration of 1 wt%/vol. Photophysical measurements 

in solution were conducted using 20 μM chloroform solutions, while 1 wt%/vol. toluene 

solutions were used to prepare the thin films. The absorption spectra of the PO derivatives in 

micromolar solutions displayed broad absorption bands around 480-485 nm in the more 

extended wavelength region, indicating effective intramolecular charge transfer (ICT) from 

the electron-donating phenoxazine moiety to the electron-withdrawing cyano vinylene units. 

The results are summarized in Table 3.3, with Figures 3.5 and A12 illustrating the data. 

Corresponding emission spectra revealed emission maxima in the 537−545 nm range (Figures 

3.5 and A13), with significant Stokes shifts ranging from 2082−2269 cm−1 (Table 3.3). These 

compounds also exhibited high molar extinction coefficients ranging from 15395−27880 L 

Compounds 

(D/Å) 

Phase 

(T/oC) 

dobs (Å) dcal 

(Å) 

Miller 

indices 

hkl 

Lattice parameters (Å), 

Lattice area S (Å2), 

Molecular volume (Å3) 

 

PO4 

(52.68 Å) 

MW: 
1711.76 

 

Colh 

 

(50) 

30.96 

8.74 (d) 

4.71(ha) 

4.19 (hc) 

30.96 

 

  10 

  22 

a = 35.75 

S = 1106.80 

V = 5213.03 

Z ≈ 2 

Colh 

 

(28) 

31.68 

8.70 (d) 

4.69 (ha) 

4.19 (hc) 

31.68 

 

  10 

  22 

 

a = 36.58 

S = 1158.79 

V = 5434.73 

Z ≈ 2 

aThe diameter (D) of the disk (estimated from Chem 3D Pro 8.0 molecular model software 

from Cambridge Soft). dobs: spacing observed; dcal: spacing calculated (deduced from the lattice 

parameters; a for Colh phase; c is the height of the unit cell). The spacings marked ha and hc 

correspond to diffuse reflections in the wide-angle region arising from correlations between 

the alkyl chains and core regions, d = diffuse peak. 
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mol−1 cm−1 (Table 3.3). The optical energy gap, estimated from the absorption onset, was 2.30 

eV. 

 

Figure 3.5. (a) Absorption spectra (black) & emission spectra (red) of compound PO4 solution states. 

(b) Absorption spectra & (c) emission spectra of compound PO4 solution and thin film states. (d) 

Photographs of micromolar solutions of compounds PO1− PO4 in chloroform; (e) spin-coated thin 

films on quartz plates under UV light of long wavelength (λ = 365 nm). (f) CIE coordinate of emission 

of PO4 compound. 

Thin films of the compounds on quartz plates displayed broad, red-shifted absorption and 

emission bands, with the Stokes shift increasing to 3658 cm−1-3851 cm−1 compared to the 

solution state (Figure 3.5 & A14, Table 3.3). The compounds emitted bright yellow 

fluorescence in the solution, which shifted to orange-red fluorescence in the solid state, as 

shown by the CIE coordinates, and the position changed from a to b (Figure 3.5c-f).  

Table 3.3. Photophysical properties of POs in solution and thin film state 

 

This shift in fluorescence emission in longer wavelengths in thin films may be attributed to the 

non-planarity of the phenoxazine molecule, which reduces nonradiative decay by restricting 

torsional motion and with further enhancements by appropriate intermolecular arrangements 
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(e.g., J-aggregation).38 The broad absorption bands observed in thin films suggest the formation 

of excimers (Figures 3.5 b, A14), with a slight bathochromic shift indicative of J-type or head-

to-tail aggregates. Additionally, a red-shifted λmax peak in the absorption spectra of the POs in 

the thin film, as shown in Figure 3.5 b, could be explained by short-distance charge transfer 

interactions that promote coupling among the π-conjugated aromatic cores, enhancing wave 

function overlap.39 The fluorescence efficiency of the compounds was assessed by measuring 

their absolute quantum yields, which ranged from 24% to 43% (Table 3.3, Figures A15). Time-

resolved photoluminescence measurements in both solution and thin film states (Figures 3.6 

and 3.7) showed that among all the derivatives, PO4 exhibited the highest lifetime of 2.78 ns 

in the thin film state (Table 3.4). 

 

Figure 3.6. Time-resolved PL decay curves of PO (PO1-PO4) in solutions state. 
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Figure 3.7. Time-resolved PL decay curves of PO (PO1-PO4) in a thin film state. 

Table 3.4. The fluorescence lifetime of POs in solution and thin film state and phosphorescence lifetime 

in solution 

 

 

The phosphorescence behavior of the PO4 compound was investigated at room temperature 

(RT) and 77 K in THF, as shown in Figure 3.8. Upon irradiation at 485 nm, PO4 displayed 

dual emission, consisting of fluorescence and phosphorescence at RT. The phosphorescence 

peak at 654 nm exhibited a typical emission lifetime of 0.067 ms. At 77 K (Table 3.4), two 

prominent phosphorescence peaks were observed at 598 and 645 nm, with a phosphorescence 

decay lifetime of 2.7 ms. The fine vibrational structure observed in the phosphorescence is 

likely associated with the locally excited (LE) state. Thus, compound PO4 exhibits weak room-

Entry         Fluorescence Lifetime (ns) Phosphorescence Lifetime (ms)  

 

Solutiona  Thin filmb                Solutions 

 

RT 77K 

PO1 2.84 0.76 --- -- 

PO2 2.82 0.75 --- --- 

PO3 2.07 1.85 --- --- 

PO4 2.35 2.78 0.067  2.7 
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temperature phosphorescence, which increases at 77 K due to the reduced flexibility of the 

luminescent species, leading to the radiative relaxation processes.40-43. From the time-

dependent-density functional theory (TD-DFT) calculations, the S1 and T1 levels of PO4 were 

2.32 eV and 1.53 eV, with a ΔEST of 0.79 eV. 

 

Figure 3.8. (a) Steady-state PL spectra (blue trace) at RT and 77K (green trace) (delay100 μs & 0.1 

gatting) of PO4 and (b) decay lifetime. 

3.2.3.1. Solvatochromic effect 

To further investigate the nature of the excited state in PO4, we examined the solvatochromic 

behavior by analyzing its absorption and emission spectra in various solvents, ranging from 

non-polar solvents like hexane to highly polar solvents such as DMSO (Figure 3.9b & 3.9c). 

PO4 exhibited a significant positive solvatochromic shift, as shown in Figure 3.9a. The 

compound displayed greenish fluorescence in the non-polar solvent hexane (f = 0.0012), with 

absorption and emission maxima at 420 nm and 507 nm, respectively. As the solvent polarity 

increased, from toluene to chloroform to DMSO (f = 0.313), the emission color progressively 

shifted from greenish-yellow to yellow and eventually to orange-red (Figure 3.9). This color 

change was accompanied by a substantial bathochromic shift of 85 nm in the emission spectra 

of PO4.  This shift can be attributed to changes in the absorption maximum, which arise from 

differences in solvation energy between the ground and excited states in various solvents. The 

red shifted emission in more polar solvents, such as acetone and DMSO, suggests that the 

excited state, which is more polar than the ground state, becomes more stable, requiring less 

excitation energy. This results in a bathochromic shift in comparison to non-polar solvents like 

hexane. This red shift in emission with increasing solvent polarity by stabilization of the excited 

state is known as positive solvatochromism.44 
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Figure 3.9. (a) A photograph depicting solvatochromism under 365 nm UV irradiation. (b) Absorption 

& (c) emission spectra (20 μM) in different solvents, and (d) CIE coordinate of showing different colors 

in different solvents of PO4 compound. 

In a donor-acceptor (D–A) molecule, the low-lying excited state (S1) can be categorized into 

three types: a localized π–π* state (LE), a delocalized charge-transfer (CT) state, and a 

hybridized π–π* and CT state (HLCT).45 To understand this solvatochromic effect of the low-

lying excited state (S1) of PO4, the relationship between the Stokes shift (υa - υf) and solvent 

polarity is explored using the Lippert-Mataga plot (Figure 3.10, formula A1, Table A1). As 

depicted in Figure 3.10, the slope of the plot, which correlates the Stokes shift (υa - υf) with the 

solvent polarizability (f (ɛ, n)), shows a variation between low- and high-polarity solvents. This 

non-linear behavior suggests that the excited-state S1 of PO4 displays a hybridized character, 

combining both locally excited (LE) and charge transfer (CT) states, i.e., hybridized local and 

charge-transfer (HLCT) excited states. The nature of the excited state changes with the solvent: 

in low-polarity solvents such as hexane, the excited state is primarily LE, while in highly polar 

solvents like DMSO, the excited state is dominated by CT character. In solvents of intermediate 

polarity, such as dichloromethane and THF, the excited state exhibits a hybrid of both LE and 

CT characteristics.46-48 
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Figure 3.10 Lippert-Mataga plot of compound PO4 obtained in a diverse range of solvents. 

 

3.2.4. Electrochemical properties 

The energy and electron transfer processes, as well as the reversibility of redox reactions, are 

significantly influenced by the electronic energy levels, particularly the frontier molecular 

orbitals (HOMO and LUMO levels) of organic semiconductors.  

 

Figure 3.11. (a) Overlay of Cyclic voltammogram of POs. (b) Energy band level diagram showing 

experimental HOMO and LUMO energy levels of POs. 

These characteristics were investigated through cyclic voltammetry (CV) in 0.5 mM solutions 

of POs in anhydrous dichloromethane, with 0.1 M tetrabutylammonium perchlorate (TBAP) 

as the supporting electrolyte and at a scan rate of 100 mV/s. The electrochemical results 

summarized in Table 3.5, Figures 3.11 and A17, show that compounds PO1, PO2, PO3, and 
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PO4 exhibited an irreversible first reduction at -1.27, -1.37, -1.36, and -1.38 V, respectively. 

From these values, the estimated lowest occupied molecular orbital (LUMO) levels of POs 

were found to be -3.03, -2.92, -2.93, and -2.91 eV, respectively. The corresponding highest 

occupied molecular orbital (HOMO) levels, derived from their optical band gaps (Eg, opt) of 

2.32, 2.31, 2.31, and 2.30 eV, were found to be around -5.35, -5.23, -5.24, and -5.21 eV, 

respectively (see Table 3.5, Figure 3.11). Overall, these results indicate that the number of 

alkoxy chains has minimal effect on the electrochemical properties of these compounds. 

Table 3.5. Electrochemicala,b data, and the data obtained from DFTh calculations for POs 

Electrochemical data Data from DFT calculation 

Entry E1st red
[c] ELUMO 

[d,e] EHOMO 
[d,f] 

ΔEg, (opt)   
[d,g]

   

                       
ELUMO 

[dh] EHOMO 
[dh] ΔEg 

[d,h] 

PO1 -1.27 -3.03 -5.35 2.32 -2.03 -4.99 2.96 

PO2 -1.37 -2.92 -5.23 2.31 -2.06 -4.98 2.92 

PO3 -1.36 -2.93 -5.24 2.31 -1.98 -4.90 2.92 

PO4 -1.38 -2.91 -5.21 2.30 -2.02 -4.93 2.91 
[a] 0.5mM Dichloromethane solutions; [b]experimental conditions: Ag/AgNO3 as reference electrode, glassy carbon 
working electrode, platinum wire counter electrode, TBAP (0.1M) as a supporting electrolyte, room temperature; 
[c] in volts (V); [d] in eV; [e] estimated from the formula by using ELUMO = -(4.8 – E 1/2, Fc/Fc+ + E red, onset) eV; [f] 
estimated from the formula EHOMO = ELUMO - Eg, opt) eV; [g]calculated from the red edge of the absorption band 
of each compound. E1/2, Fc/Fc+ = 0.50.[h] Obtained from DFT calculations by employing the combination of 
Becke3-Lee-Yang-Parr (B3LYP) hybrid functional and 6-31G(d, p) basis set using the Gaussian 09 package. 

 

3.2.5. DFT studies 

To investigate the geometry, electronic structure, molecular conformation, and frontier 

molecular orbitals (FMOs: HOMO and LUMO) of POs, we conducted density functional 

theory (DFT) calculations using the B3LYP/6-31G (d, p) method. Analysis of the HOMO and 

LUMO distributions revealed that the energy levels are mainly localized around the central 

aromatic ring and the phenyl acetonitrile group, as shown in Figure 3.12, A19 and A20. For 

PO1, the calculated HOMO and LUMO energy levels were -4.99 eV and -2.03 eV, 

respectively, yielding a HOMO–LUMO gap of 2.96 eV. In contrast, the introduction of a tri-

n-alkoxy chain in the phenyl acetonitrile unit of PO4 lowered the HOMO energy by 0.04 eV, 

slightly reducing the HOMO–LUMO gap. However, in PO2 and PO3, the band gap remained 

nearly the same as in PO4. These theoretical results are consistent with the experimental data, 

confirming the slight decrease in the band gap with the increase in peripheral side chains. The 

optimized molecular diameters of the POs were approximately 53 Å, as shown in                 

Figure A19 a. The 3D molecular electrostatic potential (MEP) maps reveal electron density 

concentration around the oxygen atom and CN units of the POs, while the central core remains 
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electron-deficient (Figure 3.12 d). The theoretical band gaps for the POs ranged from 2.96 to 

2.91 eV, slightly larger than the optical band gaps, but showed the same trend as presented in 

Table 3.5. 

 
 

Figure 3.12. Schematic representation of (a) the structure of PO4, (b) molecular models, (c) frontier 

molecular orbitals of PO4 obtained from DFT calculations at the B3LYP/6-31G (d, p) level, and (d) 

3D molecular electrostatic potential contour maps. (EH and EL denote the energies of the HOMO and 

LUMO, respectively (chain length is limited to methyl for the sake of computational time)). 

 

 
 

Figure 3.13.  Schematic diagram showing the HOMO-LUMO level and energy band-gap performed of 

compound PO4 in the gaseous phase, heptane, toluene, chloroform, acetone, and DMSO solvents (TD-

DFT studies were calculated at B3LYP/6-31G (d, p), PCM model). 
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To investigate the HLCT characteristics in the excited state, time-dependent density functional 

theory (TD-DFT) calculations using the CAM-B3LYP/6-31G (d, p) level of theory were 

performed to explore the excited-state properties of the first 10 singlets (S0 to S10) and triplets 

(T1 to T10) states (Table A2). The energy difference between the high-lying singlet state S1 and 

the triplet state T3 was 0.31 eV, while the difference between S2 and T4 was 0.24 eV. These 

relatively large ΔEST values (S1-T3 and S2-T4) suggest that reverse intersystem crossing (RISC) 

is unlikely to occur between these states.53,54 Therefore, RISC is expected to proceed from the 

triplet state closest to the HLCT singlet state via the hot exciton channel. Due to the narrow 

energy gaps, hot exciton RISC can occur from T7 to S3, with a ΔE(S3–T7) of 0.03 eV (Figure 

A21and Table A2).52,55 Analysis of the natural transition orbitals (NTOs) revealed that some 

excited states are dominated by local excitation (LE), confirming the presence of LE states 

(e.g., S3, S4, S5, S6, S8, S9, S10, T1, T4, T5, T6, T7 and T8), where the hole and particle are located 

in the same fragment. Additionally, states where the hole and particle are located in different 

fragments indicate charge transfer (CT) excited states dominance (e.g., S1, S2, S7, T2, T3, T9, 

and T10). As a result, the excited states of PO4 exhibited HLCT characteristics, showing a 

combination of both LE and CT states (Figure 3.14, Table A2).55-65 Fluorescent molecules with 

HLCT characteristics exhibit higher external quantum efficiency (EQE) above the theoretical 

limit of 5% in OLED devices, highlighting the potential of PO4 as an emissive layer in OLEDs. 

 

Figure 3.14. Natural transition orbitals (NTOs) of S1/S2/S3/T3/ T4/ T7 (f: oscillator strength). 

The TD-DFT study of PO4 in the gaseous state and different solvents further supports the 

bathochromic shift from nonpolar to polar solvents, as shown in Figure 3.13. With increasing 

solvent polarity from heptane to DMSO, the HOMO-LUMO gap decreases from 2.57 eV to 

2.50 eV, and the ΔEST value decreases from 0.79 eV to 0.60 eV (Table 3.6).  
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Table 3.6. Theoretical TD-DFT calculations of PO4. 

                                                        TD-DFT analysis  

PO4  

(Phase/ solvent) 

S1 T1 ΔEST 

(eV) 

HOMO 

(eV) 

LUMO 

(eV) 

ΔEg 

(eV) 

Gas phase  2.32 1.53 0.79 -4.89 -2.28 2.61 

Heptane 2.20 1.52 0.68 -4.79 -2.22 2.57 

Toluene  2.18 1.52 0.66 -4.77 -2.21 2.56 

Chloroform 2.16 1.51 0.65 -4.75 -2.22 1.15 

Acetone  2.15 1.50 0.65 -4.74 -2.23 2.51 

DMSO 2.14 1.50 0.64 -4.73 -2.23 2.50 
 

 

3.2.6. Morphology studies 
 

The morphology of the PO4 compound spin-coated onto ITO-coated glass substrates was 

analyzed using atomic force microscopy (AFM) and field-emission scanning electron 

microscopy (FESEM). AFM images indicated a smooth surface with a roughness of 2.7 nm 

(Figure 3.15 b), while FESEM images showed a uniform surface for PO4 (Figure 3.15 a). This 

smooth film formation of PO4 is a requirement to achieve consistent and reliable results in 

organic electronic devices. The AFM and FESEM images of the drop cast of all POs are shown 

in Figure A18. 

 

 
Figure 3.15. (a) The SEM image and (b) AFM image of compound PO4 solution in chlorobenzene 

were spin-coated on ITO-coated glass substrate, respectively. 

 

3.3. Charge carrier mobility studies  

The charge-carrier mobilities of the liquid crystal PO4 were determined by measuring its 

current density-voltage (J–V) characteristics in a device configuration where the material was  

                          (3.1) 
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sandwiched between two electrodes. The space-charge-limited currents (SCLC) were analyzed 

using the Mott–Gurney equation (Eq. 3.1): 

            𝐽 =  
9

8
𝜀0𝜀𝑟𝜇

𝑉2

𝐿3                    (3.1) 

Where J is the current density, 𝜀𝑟 is the dielectric constant of the PO4, 𝜀0is the permittivity of 

free space, 𝜇 is the charge carrier mobility, L is the thickness of the PO4 layer, and V is the 

voltage drop across the device. This method provides an estimate of the material's bulk charge-

carrier mobility. 

Two distinct SCLC cells were fabricated to investigate the ambipolar charge transport 

properties of the material: one for hole mobility and the other for electron mobility. Hole-only 

devices (HODs) consisted of an ITO/PEDOT: PSS bottom layer and a MoO₃/Ag top layer, 

while electron-only devices (EODs) employed an ITO/ZnO bottom layer and a PDINN/Ag top 

layer. The liquid crystal layer thickness in both single-carrier devices was approximately 100 

nm, and the dielectric constant, calculated from capacitance-frequency measurements, was 

3.95 nF (Figure A22). The SCLC data and the corresponding fits according to Equation 3.1 are 

shown in Figures 3.16(a) and 3.16(b), with the device structure depicted in the inset. The 

charge-carrier mobility, calculated using Equation (3.1), is 1.92×10-4 cm2V-1s-1 for the hole-

only device and 1.19×10-4 cm2V-1s-1 for the electron-only device, confirming the ambipolar 

nature of the material. The charge carrier mobilities are comparable to other organic 

semiconductors with similar structures (Table A3).62-70 

 
Figure 3.16.  J-V characteristics of (a) the hole-only device and (b) electron-only device in the dark 

(inset: device structures). 
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3.4. Bioimaging studies 

Fluorescent compounds continue to drive significant advancements in the field of bioimaging. 

The compound PO4 exhibited exceptional fluorescence properties and a high quantum yield, 

highlighting its potential as an effective agent for nematode cell imaging studies. Its low 

crystallization tendency and robust fluorescence characteristics made it well-suited for such 

applications. Nematodes are commonly used as model organisms in scientific research due to 

their simple anatomy, well-understood biology, and adaptability across various experimental 

setups. Their unsegmented, cylindrical body, short lifecycle, and straightforward anatomical 

structure make them ideal for studying biological processes and disease mechanisms. 

Furthermore, their ease of cultivation and minimal maintenance contribute to their widespread 

laboratory use. Numerous studies have established nematodes as a reliable model for 

toxicological evaluations, particularly in assessing the effects of chemical probes.71,72 

 
Figure 3.17. Exposure of nematodes to compound PO4 in THF (10 µM) under different filters (a, d) 

white light; (b, f) with blue filter and (c, g) with green filter. 
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A solution of compound PO4 was prepared in THF solvent and introduced to nematodes for 

imaging (Figure 3.17). Although the compound exhibited aggregation-caused quenching 

(ACQ) in aqueous media, it showed excellent imaging results when dissolved in THF due to 

its enhanced fluorescence, particularly when viewed under green and blue filters in 

fluorescence microscopy. The compound stained the entire body of the nematode, allowing for 

detailed visualization of its anatomical and cellular structures. This uniform staining highlights 

its potential as a reliable tool for advanced imaging in biological research. Notably, no 

crystallization was observed at room temperature, ensuring the compound's even dispersion 

within the nematodes. This consistent distribution allowed for thorough and effective staining 

of the entire organism, providing precise and reliable insights into the nematode's anatomy and 

internal structures. 

The fluorescence observed in the nematodes indicated that the compound could permeate the 

organism effectively. Notably, no visible damage was detected, demonstrating the 

biocompatibility of the phenoxazine-based fluorescent luminophore for biological 

applications. To further evaluate its effectiveness, the luminophore solution was diluted to 10 

μM and introduced to multiple nematodes (Figure 3.18). Fluorescence microscopy revealed 

that all the nematodes absorbed the solution, resulting in uniform staining of their internal and 

external surfaces. Observations were made using simple light microscopy and blue and green 

fluorescence filters. At lower concentrations, the luminophore showed reduced crystallization 

tendencies and moderate fluorescence permeability, suggesting that imaging selectivity could 

be finely tuned by adjusting the compound concentration. In the early stages, the motility of 

the nematodes was tracked, demonstrating the utility of this method for real-time monitoring 

of their movement. This approach allows for direct visualization of nematode locomotion, 

offering valuable insights into their dynamics, responses to external stimuli, and environmental 

interactions. These capabilities are beneficial for studying nematode biology and have potential 

applications in parasitology, toxicology, and ecological research. The findings also highlight 

the broader applicability of phenoxazine-based luminophores for cellular imaging beyond 

nematodes. In addition, freely moving nematodes during imaging suggest the absence of acute 

toxic effects, further supporting the non-toxic nature of PO4 in a living system. No signs of 

cellular damage were observed in our biological studies, providing initial evidence of 

biocompatibility. 
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Figure 3.18. Exposure of multiple nematodes to a solution of compound PO4 in THF (10 µM) was 

observed under different filters (a–f). 

Light-emitting compounds in imaging have become a cornerstone in cancer diagnostics and 

treatment, greatly enhancing the contrast between well-perfused and poorly perfused regions 

within cancer cells. Inspired by the promising performance of the phenoxazine-functionalized 

compound PO4 in nematode cell imaging, we are excited to explore its potential in advancing 

bioimaging applications, particularly for targeting the MCF7 human breast cancer cell line. 

Using fluorescence microscopy, we captured detailed images of PO4-stained cancer cells, 

enabling a thorough examination of cellular morphology and histology. This high-resolution 

technique revealed even the most minor clusters of cells, which traditional imaging methods 

might miss, and holds promise for adapting to a wide range of cancers, potentially integrating 

with other imaging modalities to enhance diagnostic precision.73 Investigating changes in cell 

morphology is vital in cancer research, as these alterations can profoundly impact cell growth, 

gene expression, and overall behavior. Our observations of PO4-stained cells show a 

remarkable improvement in cellular visibility compared to unstained cells, with even minor, 

previously indiscernible cells detected through fluorescence imaging. These compounds enable 

efficient and precise staining of cancer cells with minimal spectral overlap, significantly 

reducing background interference and enhancing imaging clarity.74 Recent strides in cancer 

research have highlighted the value of single-cell analysis, providing a clear, temporal, and 

spatial understanding of apoptosis—the process of programmed cell death.75This approach 

allows researchers to individually track the events leading to cell death, revealing insights often 

hidden in bulk-cell analyses. Studying a single cell also eliminates distractions from 
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neighboring cells, offering a focused investigation of the unique or pathological features 

specific to cancer cells.76 

 

Figure 3.19. Fluorescent staining of MCF7 cancer cells using compound PO4. Panels (a) and (d) show 

unstained normal cells as controls. Panels (b) and (e) display stained cells observed under a blue filter, 

while panels (c) and (f) display the same under a green filter.  

The uptake of compound PO4 into MCF7 cells was examined using fluorescence microscopy 

with various RGB filters. The results revealed that the probe efficiently penetrated the plasma 

membrane, resulting in distinct and compelling staining of the cancer cells, highlighting its 

potential for bioimaging applications. In cancer research assays, DMSO is commonly used as 

a solvent to facilitate the uptake of staining compounds, and this approach was also applied to 

compound PO4. Intense fluorescence staining was observed under different filters, suggesting 

a strong affinity due to π-π stacking interactions from the compound's rigid aromatic structure, 

which enhances its specificity and binding efficiency in cellular environments.77 When the 

stained cells were viewed through a green filter, they emitted bright red fluorescence (Figure 

3.18 c, f), which became even more intense at higher resolutions. At lower resolutions, even 

smaller cells were visible. In contrast, blue filters produced green images (Figure 3.19 b, e) 

with relatively lower fluorescence intensity, providing more apparent cell outlines and 

transparent visualizations. Higher magnification imaging was employed to capture clear, 

localized fluorescence signals, allowing for accurate visualization of intracellular changes that 

might not be evident at lower magnifications. This strategy minimizes the risk of 

misinterpretation and enhances data reliability. Both lower and higher magnifications were 

used to ensure an unbiased and precise analysis of PO4-stained cells. Additionally, regions 

with a dense cell population were prioritized (Figure 3.19 d, f) to optimize imaging conditions, 
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reduce background noise in high-magnification images, and improve clarity and fluorescence 

specificity. Combining these techniques achieved more detailed morphological observations 

essential for diagnostic purposes. Notably, the intense staining did not cause any visible 

changes in cell morphology, indicating that the compound does not induce membrane 

disruption or cell death. Furthermore, it produced rapid effects without requiring intricate 

procedures during staining, making it a user-friendly technique. These findings suggest that the 

compound selectively interacts with cellular structures while enhancing imaging clarity. The 

compound maintained its functional state throughout the staining process, with no 

solidification or precipitation occurring at room temperature. This stability is attributed to 

functionalizing a central hydrophobic aromatic phenoxazine core with terminally substituted 

aliphatic alkyl groups, reducing the compound's crystallinity. This structural design promotes 

efficient cell membrane penetration while maintaining interactions with intracellular targets 

and active sites. The results highlight the compound's potential as a reliable fluorescent probe 

for imaging breast cancer cells. It provides vigorous fluorescence intensity without 

compromising cell integrity, reduces background noise, and ensures consistent and uniform 

staining.78 To accurately quantify fluorescence intensity, as raw intensity measurements could 

underestimate staining in flattened cells compared to rounded ones, we calculated corrected 

total cell fluorescence (CTCF) using Image J 1.54f software. This analysis confirmed that the 

green and blue filters consistently produced the most potent signals (Figure A23). 

In the literature, Ma et al. and Palanisamy et al. reported that phenoxazine-based probes 

had detection limits ranging from 0.11 µM to 0.60 µM for bioimaging in live cells and 

zebrafish.6,7 In contrast, PO4 exhibited exceptional fluorescence imaging capabilities at an 

ultra-low concentration of 0.0004 µM, orders of magnitude lower than previously reported 

probes. This remarkable sensitivity highlights PO4's superior imaging potential without direct 

quantitative fluorescence intensity comparisons. Our study, PO4, demonstrated high quantum 

yields (24–43%) and significant Stokes shifts (2082−2269 cm⁻¹ in solution and 3658−3851 

cm⁻¹ in thin films), contributing to enhanced imaging contrast. Additionally, PO4 exhibited 

excellent photostability, retaining its fluorescence intensity during extended imaging sessions 

without significant photobleaching or signal loss. Unlike conventional fluorescent stains, 

which often suffer from high background noise and stability concerns, PO4 showed strong 

fluorescence in both solution and solid states, facilitating uniform and high contrast staining in 

MCF7 cancer cells and nematodes. Furthermore, the hybridized localized and charge-transfer 

(HLCT) behavior in PO4 enhances emission efficiency, balancing brightness and stability. 
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Techniques such as Forster Resonance Energy Transfer (FRET) could be employed to study 

molecular interactions. At the same time, super-resolution microscopy (e.g., STORM and 

PALM) could provide nanoscale imaging of cancer structures.79 Additionally, approaches like 

Multiphoton Microscopy (MPM) and Fluorescence Lifetime Imaging Microscopy (FLIM) 

offer deep tissue penetration and metabolic insights, respectively, which could further expand 

the applicability of PO molecules in biomedical imaging (Provenzano et al., 2009).80 Future 

studies can explore these integrations to maximize PO molecules' diagnostic and analytical 

potential in future cancer research. 

3.5. Conclusions 
 

In conclusion, we have developed and characterized a new series of phenoxazine (PO) 

derivatives. One of these derivatives stabilizes a room-temperature columnar hexagonal phase 

while retaining its luminescent properties in the solid state. All the compounds showed high 

absorption coefficients and significant Stokes shifts. In solution, they emitted in the yellow 

region, but in the solid state, their fluorescence shifted to the orange-red region due to J-

aggregation. Notably, the PO4 derivative exhibited phosphorescence at 77 K and displayed 

positive solvatochromism with hybrid localized and charge-transfer (HLCT) characteristics. 

PO4 demonstrated ambipolar behavior, with hole and electron mobilities of 1.92 × 10⁻4       

cm2V-1s-1 and 1.19 × 10⁻4 cm2V-1s-1, respectively. Additionally, PO4 showed excellent 

permeability in nematodes, efficiently crossing cellular membranes and distributing uniformly 

across tissues. Imaging studies at room temperature revealed its remarkable permeability, high 

intensity, and resistance to crystallization interference. Overall, the distinctive structural and 

photophysical properties of PO4 position it as a reliable and efficient fluorescent probe for 

imaging MCF7 cancer cells. Its intense fluorescence, minimal background interference, and 

compatibility with standard imaging techniques make it a promising tool for advancing cancer 

diagnostics and research. 

3.6. Experimental section  

This section presents the detailed synthesis procedure and the molecular structural 

characterization data for the intermediates and target compounds mentioned in the scheme. 81,82 
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Procedure for the synthesis of ethyl 3,4,5-tri(dodecyloxy) benzoate (3) 81,82 

A mixture of ethyl gallate (15.1 mmol, 1equiv.), anhydrous K2CO3 (99.7 mmol, 6.6 equiv.), 

and n-bromododecane (50.5 mmol, 3.3 equiv.) were taken in dry DMF (40 mL) and heated at 

80 ℃ for 24 h under a nitrogen atmosphere. Then, the reaction mixture was poured into ice 

water and extracted with ethyl acetate. The combined extract was washed with water and brine, 

later dried over anhydrous Na2SO4, and concentrated. The crude product was purified by 

column chromatography on silica (100-200). Elution with hexanes followed by 5-10% 

ethylacetate-hexanes yielded the desired product. 

Rf = 0.61(10% EtOAc-hexanes); white solid; yield: 90%; IR: vmax in cm-1 2924, 2853, 1716, 

1590, 1504, 1465, 1432, 1333, 1222, 1119; 1H NMR (600 MHz, CDCl3, ppm):  δ 7.25 (s, 2H, 

HAr), 4.37 (q, J = 6 Hz, 2H, OCH2), 4.02 (t, J = 6 Hz, 6H, 3×-OCH2), 1.83 (m, 4H, 2×-CH2), 

1.76 (m, 2H, CH2), 1.49 (m, 6H, 3×-CH2), 1.39 (t, J = 6 Hz, 3H, CH3), 1.26 (bm, 48H, 24×-

CH2), 0.88 (t, J = 6 Hz, 9H, 3×-CH3). 
13C NMR (150 MHz, CDCl3, ppm): δ 166.45, 

152.81,142.35, 125.05, 108.02, 73.47, 69.18, 64.10, 60.92, 31.96, 31.64, 29.77, 29.75, 29.74, 

29.71, 29.68,29.65, 29.41, 29.38, 29.34, 26.10,22.70, 14.40,14.10. MALDI-TOF mass 

calculated for C45H82O5 (M+ Na) +: 725.62, found: 725.623 

Procedure for the synthesis of 3,4,5- tridodecyloxy benzyl alcohols (4) 82 

To a stirred suspension of lithium aluminum hydride (LAH) (4.26 mmol, 1.5 equiv.) in dry 

THF (20 mL) under a nitrogen atmosphere, added the solution of ethyl 3,4,5-tri(dodecyloxy) 

benzoate (2.84 mmol, 1 equiv.) in dry THF dropwise at 0 ℃. Then, the reaction mixture was 

allowed to reach room temperature and stirred for 2 h. The addition of moist sodium sulfate 

quenched the excess LAH present. The reaction mixture was extracted with EtOAc (6 × 30 

mL). The combined extracts were washed with water, dried over anhydrous Na2SO4, and 

concentrated in a vacuum. Purification was done by column chromatography over silica gel 

(60-120) with 10% EtOAc-hexanes as eluent.                    

Rf = 0.15 (10% EtOAc-hexanes), white solid, yield: 80%; IR: vmax in cm-1 3417, 2922, 2852.51, 

1590, 1467, 1438, 1334, 1231, 1124, 806, 722, 466;  1H NMR (600 MHz, CDCl3, ppm): δ 6.55 

(s, 2H, HAr), 4.59 (s, 2 H, CH2), 3.98 (t, J = 6Hz, 4H, 2×-OCH2), 3.93 (t, J = 6Hz, 2H, -OCH2), 

1.80 ( m, 6H, 3×-CH2), 1.47 (m, 6 H, 3×-CH2), 1.33  (bm, 48 H, 24×CH2), 0.88 (t, J = 6 Hz, 

9H, 3×-CH3); 
13C NMR (150 MHz, CDCl3, ppm): δ 153.29, 137.61, 136.04, 105.37, 73.45, 

69.13, 65.09, 31.96, 31.94, 30.34, 29.77, 29.75, 29.72, 29.67, 29.64, 29.44, 29.41, 29.38, 26.16, 
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26.12,22.71, 14.12,  MALDI-TOF mass calculated for C43H80O4 (M+ Na)+: 683.61, found: 

683.613 

Procedure for the synthesis of 3,4,5- tridodecyloxy benzyl chloride (5) 82 

3,4,5- tridodecyloxy benzyl alcohol (1.78 mmol, 1equiv.) was dissolved in Dry DCM (20 mL) 

with stirring and cooled to 0 ℃ under Ar atmosphere. SOCl2 (3.18 equiv.) was added to the 

above reaction mixture and stirred at room temperature for 2 h. The reaction mixture was 

slowly quenched with saturated NaHCO3. The reaction mixture was extracted with methylene 

chloride, and the organic layer was washed with saturated brine solution and dried over 

anhydrous Na2SO4. A light yellowish-white solid was obtained after the removal of the solvent 

and used without further purification for the next step of the reaction. 

Procedure for the synthesis of 2-(4-(dodecyloxy) phenyl) acetonitrile (6a) 81 

1-(chloromethyl)-4-(dodecyloxy) benzene (4.03 mmol, 1equiv.), and Sodium cyanide (20.19 

mmol, 5 equiv.) was dissolved in DMF (20 mL). The mixture was stirred at 100 ℃ for 18 h. 

The reaction mixture was poured into water and extracted with DCM. The combined organic 

layers were washed with water and brine, and anhydrous Na2SO4 was dried and concentrated 

in vacuo. The crude product was purified by column chromatography using a 5-10% ethyl 

acetate-hexane system to get the pure product as a white solid. 

 Rf = 0.50 (10% EtOAc-hexanes), white solid, yield: 70%; IR: vmax in cm-1 2960, 2932, 2847, 

2288, 1588, 1509, 1469, 1449, 1393, 1330, 1250, 1239, 1124, 820, 723; 1H NMR (600 MHz, 

CDCl3, ppm):  δ 7.22 (d, J = 9 Hz, 2H, HAr), 6.89 (d, J = 9 Hz, 2H, HAr), 3.94 (t, J = 6.6 Hz, 

2H, OCH2), 3.67 (s, 2H, CH2), 1.79 (m, 2H, CH2) 1.45 (m, 2H, CH2), 1.30 (bm, 16 H, 8×-CH2), 

0.88 (t, J = 6.6 Hz, 3H, CH3).
13C(150MHz, CDCl3, 25 ℃): δ  158.94, 129.04, 121.53, 118.25, 

115.10, 68.16, 31.93, 31.44, 30.20, 29.67, 29.65, 29.61, 29.58, 29.40, 29.36, 29.22, 26.03, 

22.832, 22.70, 14.13. MALDI-TOF mass calculated for C20H31NO (M+Na) +: 324.24, found: 

324.192. 

Procedure for the synthesis of 2-(3,4-bis(dodecyloxy)phenyl) acetonitrile (6b) 81 

4-(chloromethyl)-1,2-bis(dodecyloxy)benzene (5.72 mmol, 1equiv.), and Sodium cyanide 

(28.62 mmol, 5 equiv.) was dissolved in DMF (20 mL).  The mixture was stirred at 100 ℃ for 

18 h. The reaction mixture was poured into water and extracted with DCM. The combined 

organic layers were washed with water and brine, and anhydrous Na2SO4 was dried and 
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concentrated in vacuo. The crude product was purified by column chromatography using a 5-

10% ethyl acetate-hexane system to get the pure product as a white solid. 

 Rf = 0.52 (10% EtOAc-hexanes), white solid, yield: 68%; IR: vmax in cm-1 2955, 2921, 2855, 

2247, 1595, 1506, 1469, 1443, 1393, 1337, 1250, 1236, 1124, 820, 728; 1H NMR (600 MHz, 

CDCl3, ppm):  δ 6.85 (d, J = 10.2 Hz, 2H, HAr), 6.81 (s, 1H, HAr), 3.98 (m, 4H, 2×-OCH2), 3.64 

(s, 2H, CH2), 1.81 (m, 4H, 2×-CH2) 1.41 (m, 4H, 2×-CH2), 1.26 (bm, 32 H, 16×-CH2), 0.88 (t, 

J = 7.8 Hz, 6H, 2×-CH3).
13C (150MHz, CDCl3, 25 ℃): δ  149.62, 148.97, 122.17, 120.33, 

118.22, 114.10, 113.45, 69.40, 63.10, 32.82, 31.94, 29.71, 29.67, 29.64, 29.43, 29.38, 29.26, 

26.03, 23.18,22.70, 14.12. MALDI-TOF mass calculated for C32H55NO2 (M+Na) +: 508.42, 

found: 508.451. 

Procedure for the synthesis of 2-(3,5-bis(dodecyloxy)phenyl) acetonitrile (6c) 81 

1-(chloromethyl)-1,3-bis(dodecyloxy)benzene (4.03 mmol, 1equiv.), and Sodium cyanide 

(20.19 mmol, 5 equiv.) was dissolved in DMF (20 mL). The mixture was stirred at 100 ℃ for 

18 h. The reaction mixture was poured into water and extracted with DCM. The combined 

organic layers were washed with water and brine, and anhydrous Na2SO4 was dried and 

concentrated in vacuo. The crude product was purified by column chromatography using a 5-

10% ethyl acetate-hexane system to get the pure product as a white solid. 

 Rf = 0.52 (10% EtOAc-hexanes), white solid, yield: 66%; IR: vmax in cm-1 2954, 2918, 2850, 

2246, 1595, 1509, 1469, 1443, 1399, 1337, 1259, 1238, 1124, 820, 729; 1H NMR (600 MHz, 

CDCl3, ppm):  δ 6.49 (s, 2H, HAr), 6.37 (s, 1H, HAr), 4.62 (d, J = 6 Hz, 2H, CH2), 3.94 (t, J = 

6.6 Hz, 4H, 2×-OCH2), 1.75 (m, 4H, 2×-CH2) 1.42 (m, 4H, 2×-CH2), 1.30 (bm, 32 H, 16×-

CH2), 0.87 (t, J = 6.6 Hz, 6H, 2×-CH3).
13C (150MHz, CDCl3, 25 ℃): δ  160.53, 143.22, 118.89, 

105.06, 200.55, 68.08, 65.46, 311.94, 29.69, 29.66, 29.63, 29.61, 29.42, 29.37, 29.28, 29.07, 

22.71, 14.13. MALDI-TOF mass calculated for C32H55NO2 (M+Na) +: 508.42, found: 508.585. 

Procedure for the synthesis of 2-(3,4,5-tris(dodecyloxy)phenyl) acetonitrile (6d) 81 

3,4,5-tridodecyloxy benzyl chloride (0.73 mmol, 1equiv.) and Sodium cyanide (3.67 mmol, 5 

equiv.) were dissolved in DMF (10 mL). The mixture was stirred at 100 ℃ for 18 h. The 

reaction mixture was poured into water and extracted with DCM. The combined organic layers 

were washed with water and brine, and anhydrous Na2SO4 was dried and concentrated in 

vacuo. The crude product was purified by column chromatography using a 5-10% ethyl acetate-

hexane system to get the pure product as a white solid. 

TH-3684-196122023



92 
 

 Rf = 0.53 (10% EtOAc-hexanes), white solid, yield: 65%; IR: vmax in cm-1 2954, 2920, 2850, 

2249, 1595, 1506, 1467, 1443, 1393, 1337, 1250, 1236, 1124, 816, 722; 1H NMR (600 MHz, 

CDCl3, ppm):  δ 6.47 (s, 2H, HAr), 3.96 (t, J = 6 Hz, 4H, 2×OCH2), 3.93 (t, J = 6 Hz, 2H, 

OCH2), 3.65 (s, 2H, CH2), 1.80 (m, 6H, 3×-CH2) 1.46 (m, 6H, 3×-CH2), 1.26 (bm, 48 H, 24×-

CH2), 0.88 (t, J = 6Hz, 9H, 3×-CH3).
13C(150MHz, CDCl3, 25 ℃): δ 153.58, 137.84, 124.67, 

118.01, 106.36, 73.49, 69.25, 31.95, 31.94, 30.31, 29.76, 29.74, 29.71, 29.67, 29.65, 29.61, 

29.41, 29.38, 29.36, 26.12, 26.08, 23.77, 22.70, 14.13. MALDI-TOF mass calculated for 

C44H79NO3 (M+Na) +: 692.61, found: 692.497. 

Procedure for the synthesis of 10-dodecyl-10H-phenoxazine-3,7-dicarbaldehyde (8) 81 

In 100 mL Rbf containing N2 atm, filled with 14 mL of POCl3 and 12 mL DMF at 0 ℃. The 

solution was allowed to warm to room temperature. After 15 min., compound 7 (5.06 mmol, 1 

eq. in 10 mL DCM) is added to the reaction mixture dropwise. Then, the resultant reaction 

mixture was heated to 90 ℃ for 24 h. After completion of the reaction, it cooled to room 

temperature and poured into crushed ice. Then, it was neutralized with aqueous NaOH solution 

and worked up with dichloromethane. The organic layer was washed with water, and the 

solvent was removed and dried. Then, it is purified by column chromatography using a 5-10% 

chloroform-hexane system to get the pure product as a yellow solid. 

Rf  = 0.33 (10% EtOAc-hexanes), yellow solid,  yield: 75%; IR: vmax in cm-1 2915, 2848, 2726, 

1687, 1627, 1499, 1389, 1312, 1134.70, 793, 650, 410; 1H NMR (600 MHz, CDCl3, ppm):  δ 

9.70 (s, 2H, HCHO), 7.35 (d, J = 8.4 Hz, 2H, HAr), 7.11 (s, 2H, HAr), 6.60 (d, J = 8.4 Hz, 2H, 

HAr), 3.58 (t, J  = 7.8 Hz, 2H, -NCH2), 1.70 (m, 2H, CH2) 1.45 (m, 4H, 2×-CH2), 1.28 (bm, 14 

H, 7×-CH2), 0.89 (t, J = 6.6Hz, 3H, CH3).
13C (150MHz, CDCl3, 25 ℃): δ 189.63, 144.97, 

157.46, 131.22, 128.32, 114.86, 111.59, 44.74, 31.92, 29.62, 29.57, 29.54, 29.34, 29.32, 26.80, 

25.08, 22.69, 14.13. MALDI-TOF mass calculated for C26H33NO3 (M+): 407.25, found: 

407.553. 

General procedures for the synthesis of POs 83 

The mixture of compound 8 (0.24 mmol, 1eq.) and compound 6a, d (0.51mmol, 2.1 eq.) in tert-

butylalcohol (10 mL) was stirred at 50 ℃. Potassium tert-butoxide (0.51mmol, 2.1 eq.) was 

added to the mixture and stirred for 2 h. The resulting precipitate was filtered and purified by 

column chromatography using a 2% ethyl acetate-hexane system to get the pure product as a 

reddish-orange solid. 
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PO1: Rf = 0.67 (10% EtOAc-hexanes);  redish-orange solid; yield: 69%; IR: vmax in cm-1: 2920, 

2849, 2204,  1607, 1494, 1358, 1183, 1025, 967, 826, 652; 1H NMR (400 MHz, CDCl3,  ppm):  

δ 7.55 (d, J = 8 Hz, 4H, HAr), 7.41 (d, J = 8Hz, 2H, HAr),  7.17 (s, 2H, HAr), 7.14 (s, 2H, Hvinyl),  

6.93 (d, J  = 8 Hz, 4H, HAr), 6.53 (d, J = 8 Hz, 2H, HAr), 4.0  (t, J = 6.8 Hz, 4H, 2×-OCH2), 

3.55  (t, J = 7.6 Hz, 2H, -NCH2), 1.81 (m, 6H, 3×-CH2), 1.27  (bm, 54H, 17×-CH2), 0.88 (t, J 

= 6.4 Hz, 9H, 3×-CH3). 
13C (150MHz, CDCl3, 25 ℃) δ: 158.73, 143.57, 137.51, 132.96, 

126.69, 126.07, 126.03, 124.94, 117.73, 114.65, 113.94, 110.52, 106.94, 67.25, 43.28, 30.98, 

30.49, 29.23, 28.76, 28.73, 28.70, 28.67, 28.64, 28.46, 28.42, 28.25, 25.95, 25.07, 24.24, 21.76, 

13.20. MALDI-TOF mass calculated for C66H91N3O3 (M
+): 973.71, found: 973.383 

PO2: Rf = 0.68 (10% EtOAc-hexanes); redish-orange solid; yield: 67%; IR: vmax in cm-1 2918, 

2849, 2209,1578, 1498, 1466, 1388, 1119, 1068, 824, 627; 1H NMR (400 MHz, CDCl3, ppm):  

δ 7.40 (d, J = 6.6 Hz, 2H, HAr), 7.16 (s, 4H, 2×HAr, 2×Hvinyl), 7.13 (d, J = 8Hz, 4H, HAr), 6.89 

(d, J = 6.8, 2H, HAr), 4.03 (m, 8H, 4×-OCH2), 3.52 (t, J = 6 Hz, 2H, -NCH2), 1.84 (m, 8H, 4×-

CH2), 1.49 (m, 8H, 4×-CH2), 1.29 (bm, 86H, 43×-CH2), 0.88 (t, J = 6 Hz,15H, 5×-CH3). 
13C 

(150MHz, CDCl3, 25 ℃) δ: 148.98, 148.34, 143.52, 137.70, 132.93, 126.62, 126.58, 124.89, 

117.81, 117.63, 114.64, 112.55, 110.47, 110.27, 107.15, 68.54, 68.26, 43.23, 30.91, 30.48, 

29.12, 28.69, 28.65, 28.62, 28.44, 28.41, 28.36, 28.32, 28.31,28.21, 25.87,2503, 25.01, 21.67, 

13.09. MALDI-TOF mass calculated for C90H139N3O5 (M
+): 1342.07, found: 1342.899. 

PO3: Rf = 0.67 (10% EtOAc-hexanes);  redish-orange solid; yield: 69%; IR: vmax in cm-1: 2918, 

2850, 2209,1589, 1498, 1499, 1466,1386, 1298,  1169, 1058, 826, 651; 1H NMR (600 MHz, 

CDCl3,  ppm):  δ 7.31 (d, J = 6.6 Hz, 2H, HAr), 7.13 (s, 2H, 2×Hvinyl),  7.12 (s, 2H, HAr), 6.68 

(s, 4H, HAr), 6.41 (d, J = 9Hz, 2H, HAr), 6.37 (s, 2H, HAr), 3.92 (t, J = 6Hz, 8H, 4×-OCH2), 

3.39  (m, 2H, -NCH2), 1.77 (m, 8H, 4×-CH2), 1.45 (m, 8H, 4×-CH2), 1.28 (bm, 84H, 42×-CH2), 

0.89 (t, J= 6 Hz,15H, 5×-CH3). 
13C (150MHz, CDCl3, 25 ℃) δ: 159.30, 143.02, 139.03, 135.08, 

132.66, 125.92, 125.36, 117.23, 114.29, 110.11, 106.32, 102.92, 100.04, 66.88, 43.00, 30.68, 

28.45, 28.42, 28.41, 28.38, 28.23, 28.13, 28.06, 25.62, 24.83, 24.77, 23.89, 21.45, 21.40, 12.87. 

MALDI-TOF mass calculated for C90H139N3O5 (M+ H) +: 1343.07, found: 1343.336. 

PO4: Rf = 0.70 (10% EtOAc-hexanes);  reddish-orange sticky solid; yield: 60%; IR: vmax in 

cm-1 2918, 2851, 2202, 1580, 1501, 1389, 1116, 1067, 899, 798, 720, 613; 1H NMR (600 MHz, 

CDCl3,  ppm):  δ 7.42 (d, J = 8.4 Hz, 2H, HAr), 7.18 (s, 2H, 2×Hvinyl),  7.16 (s,  2H, HAr), 6.79 

(s, 4H, HAr), 6.55 (d, J = 9Hz, 2H, HAr), 4.02  (t, J =6.6 Hz, 8H, 4×-OCH2), 3.98 (t, J =6.6 Hz, 

4H, 2×-OCH2), 3.54 (t, J =7.2 Hz, 2H, -NCH2), 1.82 (m, 8H, 4×-CH2), 1.74 (m, 6H, 3×CH2), 
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1.48 (m, 14H, 7×-CH2), 1.26 (bm, 112H, 56×-CH2), 0.88 (t, J = 6 Hz, 21H, 7×-CH3). 
13C 

(150MHz, CDCl3, 25 ℃) δ: 153.45, 144.57, 139.77, 139.08, 134.13, 129.94, 127.50, 126.10, 

118.58, 115.77, 111.54, 108.49, 104.60, 73.61, 69.38, 44.28, 31.94, 29.77, 29.75, 29.73, 29.68, 

29.66, 29.63, 29.44, 29.42, 29.39, 26.12, 22.71, 14.13. MALDI-TOF mass calculated for 

C114H187N3O7 (M+ H) +: 1711.44, found: 1711.388. 
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3.7 Appendix 

3.7.1 NMR Spectra 

 

 
Figure A1. 1H NMR (600 MHz) spectra of PO1 in CDCl3. 

 

Figure A2. 13C NMR (150 MHz) spectra of PO1 in CDCl3. 
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Figure A3. 1H NMR (600 MHz) spectra of PO2 in CDCl3. 

 

 

Figure A4. 13C NMR (150 MHz) spectra of PO2 in CDCl3. 
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Figure A5. 1H NMR (600 MHz) spectra of PO3 in CDCl3. 

 

 

Figure A6. 13C NMR (150 MHz) spectra of PO3 in CDCl3. 
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Figure A7. 1H NMR (600 MHz) spectra of PO4 in CDCl3. 

 

Figure A8. 13C NMR (150 MHz) spectra of PO4 in CDCl3. 
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3.7.2. Polarizing optical microscopy (POM) 

 

Figure A9. POM images of a) PO1, b) PO2, c) PO3, and d) PO4 on a cooling process from isotropic melt. 

3.7.3. Differential Scanning calorimetry (DSC) 

 

Figure A10. DSC thermograms were obtained for a) PO1, b) PO2, c) PO3, and d) PO4 for the first cooling 

(blue trace) and second heating (red trace) taken at 5 oC/min. 
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3.7.4. X-Ray Diffraction (XRD) Studies 

 

 
 

Figure A11. X-ray diffractograms for the Colh phases of PO4 at 28 °C (insets show the images of the 

wide-angle region)  

 

3.7.5. Photophysical studies 

 

Figure A12. Absorption spectra of compounds a) PO1, b) PO2, c) PO3, and d) PO4 in micromolar 

chloroform solutions. 
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Figure A13. Emission spectra of compounds a) PO1, b) PO2, c) PO3, and d) PO4 in micromolar 

chloroform solutions. 

 

Figure A14. (a) Absorption spectra (blue inline); (b) emission spectra (in green line) of POs (PO1-

PO4) in the thin film respectively.  
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Figure A15. Graphical representations of quantum yield data were obtained using the FLS1000 

Fluorescence Spectrometer for (a) PO1, b) PO2, (c) PO3, and (d) PO4 in the solution.  

 

Figure A16. Graphical representations of quantum yield data were obtained using the FLS1000 

Fluorescence Spectrometer for (a) PO1, b) PO2, (c) PO3, and (d) PO4 in the solid.  

3.7.6. Solvatochromic effect 

The influence of the solvent environment on the optical property of the compound PO4 can be 

understood using the Lippert-Mataga equation. This model describes the interactions between 

the solvent and the dipole moment of solute: 

              hc (υa- υf) = hc (υ0
a- υ

0
f) + 2 (μe-μg)

2/a3 f (ɛ, n)                    formula A1 

Where f is the orientation polarizability of solvents, μe is the excited–state dipole moment,  
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μg is the ground-state dipole moment; a is the solvent cavity (Onasagar) radius, derived from 

the Avogadro number (N), molecular weight (M), and density (d = 1.0 g/cm3); ɛ and n are the 

solvent dielectric and the solvent refractive index, respectively; f (ɛ, n) and a can be calculated 

respectively as follows:  

          f (ɛ, n) = (ɛ-1/ 2ɛ+1)- (n2-1/2n2+1), a= (3M/4 Nπd)1/3 

Table A1. Photophysical properties of PO4 in a diverse range of solvents vary with polarity. 

 

 

 

 

 

 

 

 

Solvent Polarity Absorption 

(nm) 

Emission 

(nm) 

Stokes 

Shift 

(cm-1) 

Orientation 

Polarizability 

(Δf) 

Hexane 0.1 445 508 2786 0.0012 

Toluene 2.4 476 535 2316 0.014 

Dichloromethane 3.1 480 536 2176 0.217 

Tetrahydrofuran 4.0 479 539 2323 0.212 

Chloroform 4.1 484 543 2244 0.147 

Ethyl Acetate 4.4 450 544 3839 0.200 

1,4-Dioxane 4.8 478 545 2571 0.022 

Acetone 5.1 475 552 2936 0.284 

Dimethyl Sulfoxide 7.2 486 593 3712 0.313 
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3.7.5. Electrochemical studies 

 

Figure A17. Cyclic voltammograms of POs in micromolar dichloromethane solutions in scan rate 

100mv/s. 

3.7.7. Morphology studies 

 

Figure A18. The SEM images (a, b, c, d); AFM images (e, f, g, h), and 3D view of AFM images (i, j, 

k & l) of PO1, PO2, PO3, and PO4 compounds drop cast respectively. 
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3.7.8. DFT Studies 

Computational studies were carried out in the B3LYP/6-31g (d, p) method using the Gaussian 

09 program package to understand the electronic properties and frontier molecular orbital 

energy level of compound POs.  The absence of imaginary frequency ensured the energy-

minimized structure of all the compounds. 

 

Figure A19. (a) Energy minimized molecular model of PO4 (obtained from Chem3D Ultra). (b) The 

3D molecular electrostatic potential (MEP) contour maps (chain length is limited to methyl for the sake 

of computational time).    

 

Figure A20. Molecular models and frontier molecular orbitals of POs obtained from DFT calculations 
at the B3LYP/ 6-31G (d, p) level (E

H
 and E

L
 denote energies of the HOMO and LUMO, respectively 

(chain length is limited to methyl for the sake of computational time)). 
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Table A2. Calculated natural transition orbitals (NTO) of singlet and triplet excited states.  

Excite

d  

states  

(Energ

ies)  

Hole  Contri  

button  

Particle  Contri  

bution  

S1 

(2.324) 

 

1.00 

 

1.00 

S2 

(2.892) 

 

0.75 

 

0.75 

S3 

(3.355) 

 

0.98 

 

0.98 

S4 

(3.397) 

 

0.79 

 

0.79 

S5 

(3.572) 

 

0.89 

 

0.89 

S6 

(3.603) 

 

0.88 

 

0.88 
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S7 

(3.722) 

 

0.92 

 

0.92 

S8 

(3.936) 

 

0.96 

 

0.96 

S9 

(3.976) 

 

0.72 

 

0.72 

S10 

(4.197) 

 

0.89 

 

0.89 

 

Excite

d  

states  

(Energ

ies)  

Hole  Contri  

bution  

Particle  Contri  

bution  

T1 

 

(1.537) 

 

0.90 

 

0.90 

T2 

(1.895) 

 

0.59 

 

0.59 
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0.40 

 

0.40 

T3 

(2.637) 

 

0.65 

 

0.65 

 

0.32 

 

0.32 

T4 

(2.651) 

 

0.55 

 

0.55 

 

0.43 

 

0.43 

T5 

(3.234) 

 

0.78 

 

0.78 

T6 

(3.243) 

 

0.78 

 

0.78 
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T7 

(3.386) 

 

0.50 

 

0.50 

 

0.47 

 

0.47 

T8 

(3.504) 

 

0.91 

 

0.91 

T9 

(3.540) 

 

0.74 

 

0.74 

T10 

(3.722) 

 

0.66 

 

0.66 

 

 
Figure A21. Energy level diagram of theoretically calculated singlet and triplet. 
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3.7.9. Device fabrication 

The process was initiated by cleaning glass/ITO substrates in an ultrasonic water bath using a 

sequential treatment with diluted detergent solution, deionized water, acetone, and isopropanol. 

After washing, the ITO substrates were treated with UV-ozone for 30 minutes. For the hole-

only device (HOD), a PEDOT: PSS solution was spin-coated onto the ITO substrates at 3000 

rpm for 40 seconds and then annealed at 150 °C for 10 minutes. The PO4 solution in 

chlorobenzene (35 mg/ml) was subsequently spin-coated onto the PEDOT: PSS layer at 1000 

rpm for 60 seconds. Finally, 10 nm of MoO3 and 100 nm of silver were deposited sequentially 

on the PO4 layer using thermal evaporation. For the electron-only device (EOD), the ZnO 

solution prepared via the sol-gel method was spin-coated onto the ITO substrates at 4000 rpm 

for 50 seconds and annealed at 210°C for 15 minutes. The PO4 solution was then spin-coated 

onto the ZnO layer at 1500 rpm for 60 seconds. A thin N, N’-bis{3-[3- 

(dimethylamino)propylamino]propyl}perylene-3,4,9,10-tetracarboxylic iimide (PDINN) 

PDINN layer (less than 5 nm), prepared in methanol, was spin-coated on the top, followed by 

deposition of a 100 nm thick silver electrode through thermal evaporation. 

3.7.10. Dielectric constant calculation  

To determine the dielectric constant of the material, capacitance-frequency (C-F) 

measurements were carried out. For C-F measurements, 180 nm thick layer of PO4 was used. 

Capacitance of the PO4 layer was determined to be 1.70 nF and from that the dielectic constant 

is calculated as 3.95. 

 

Figure A22. Capacitance- frequency measurement of the device fabricated with PO4. 
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Table A3. Charge carrier mobility is measured in organic molecules using different methods. 

 

Sl.No.         Structure of the Molecule Mobility 

(cm2/V.s) 

Measurement 

Method 

Referen

ce  

1a 

 

μh = 6.73× 10-5 OFET  62 

1b 

 

μh = 1.50× 10-4 OFET 62 

2 

 

μh = 2× 10-6 OFET 63 

3a 

            

μh = 0.6× 10-6 OFET 64 

3b 

              

μh = 3× 10-5 OFET 64 

3c 

          

μh = 2× 10-5 OFET 64 

3d 

       

μh = 8× 10-5 OFET 64 
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4a 

    

μh = 1.76× 10-4 SCLC 65 

4b 

         

μh = 5.93× 10-4 SCLC 65 

5 

       

              PTZ−TCNQ co-crystal 

μh = 3× 10-4 OFET 66 

6a 

     

μh = 1.4× 10-4 OFET 67 

6b 

          

μh = 9× 10-5 OFET 

 

67 

 

7a 

             

μh = 1× 10-3 Impedance 

spectroscopy 

 

68 

7b 

         

μh = 1× 10-6 Impedance 

spectroscopy 

 

68 
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7c 

           

μh = 1× 10-6 Impedance 

spectroscopy 

 

68 

 

8a 

 

μh = 5.98× 10-4 SCLC 69 

8b 

 

μh = 4.46× 10-4 SCLC 69 

9 

 

μh= 1.46× 10-4 

μe= 3.07× 10-6 

 

 

SCLC 70 

9  

 

μh= 1.92× 10-4 

μe= 1.19× 10-4 

 

SCLC Present 

work 

μh (p-type) = Hole mobility 

μe (n-type) = Electron mobility 

SCLC = Space Charge Limiting Current 

OFET = Organic Field Effect Transistor 
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Figure A23. Fluorescence intensity of compound PO4 under blue and green filters.  
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Chapter 4

Indolo [2,3-b]quinoxaline, a core for the
stabilization of room temperature

liquid crystalline self-assembly, aggregation-
induced emission bioimaging

applications.
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4.1. Introduction           

Indolo[2,3-b]quinoxaline represents a novel class of heterocyclic compounds with an inherent 

donor-acceptor (D–A) system,1,2 where the electron-rich indole unit is fused with the electron-

deficient quinoxaline moiety.3,4 This structure endows the compounds with exceptional thermal 

stability,5 making them ideal candidates for applications in the pharmaceutical industry, 

optoelectronic devices (4.2),6 and photo-initiators in dye-sensitized solar cells (4.3),4-7 

batteries,8 organic transistor memory (4.4),9 hole injection layer (HIL, 4.7),10  anion sensing 

(4.5), live cell imaging (4.5).11 The first indolo [2,3-b] quinoxaline derivative was synthesized 

in 1895 by condensing 1,2-diaminobenzene with isatine, combining the structural features of 

indoles and quinoxalines.12 The electronic properties of these indolo-quinoxaline derivatives 

can be fine-tuned by modifying the donor group within the D–A framework.13 These 

compounds have been successfully incorporated into multilayer organic light-emitting diodes 

(OLEDs),14 acting as electron-transporting and emitting layers in deep-red organic 

electrophosphorescent devices (4.6).15 Quinoxaline derivatives are widely used in OLEDs16 

due to their favorable electron affinity, emission properties, and thermal stability. Their low-

lying LUMO (Lowest Unoccupied Molecular Orbital) also makes them adequate hole-blocking 

layers in OLEDs.17 The potential of quinoxaline-based compounds was first demonstrated by 

Park and co-worker,18 who introduced them as organic sensitizers. Research has recently 

focused on quinoxaline-based conjugated polymers and small molecules for organic 

photovoltaic cells (OPVs).7,17 The unique dipolar structure of indoloquinoxaline compounds 

promotes excellent intramolecular charge transfer, enhancing their optoelectronic 

performance.3 Further studies have highlighted the biological properties of quinoxaline 

derivatives, including DNA intercalation (4.8), antitumor activity, potent antimalarial effects,19 

selective photo-induced DNA cleavage, cytotoxicity,12 and anti-herpesvirus activity.20,21 

 Developing fused heterocyclic organic dyes with donor-acceptor (D-A) architectures in 

optoelectronic devices has garnered significant attention. These dyes offer advantages such as 

easy synthesis, low-cost processing, good solubility in organic solvents, excellent structure-

property relationships, and tunable optoelectronic properties. They also exhibit unique 

characteristics such as positive solvatochromism, aggregation-induced emission (AIE, 4.1),22 

thermally activated delayed fluorescence (TADF), and strong semiconducting properties. D-

A-based organic dyes enhance charge transfer processes and can be engineered to exhibit either 

hole (p-type) or electron (n-type) transporting properties. While research has primarily focused 

on environmentally stable p-type charge transfer materials, ambipolar materials that can 
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transport electrons and holes are increasingly recognized for their potential to improve power 

efficiency and reduce device costs. 13 

 

Figure 4.1. Structures of Indolo[2,3-b]quinoxaline-based compounds are used in various applications 

(4.1-4.8). 

Researchers have pioneered the creation of advanced materials with tunable fluorescence 

properties by integrating AIE-active fluorophores into systems like liquid crystals (LCs).23-34 

These innovative luminescent liquid crystal (LLC) materials, which merge the unique 

properties of liquid crystals with luminescent molecules, have captured significant attention 

due to their remarkable light-emitting capabilities, self-organizing behavior, and 

responsiveness to external stimuli. These features make LLCs exceptionally well-suited for 

cutting-edge applications in advanced electronics, including OLEDs, lasers, LCDs, sensors, 

and semiconductors.35-39 Moreover, the tunable emission properties of LLCs extend their 

potential to high-resolution, non-invasive biological imaging, enabling deeper insights into 

cellular processes.40-45  

However, despite these exciting advantages, a persistent challenge in OLEDs and other 

optoelectronic devices is the aggregation-caused quenching (ACQ) effect, in which many 

donor-acceptor (D-A) molecules lose their emissive properties or are quenched upon 
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aggregation in the solid state.13,46 To overcome this limitation, Tang et al. (2001) introduced 

the groundbreaking aggregation-induced emission (AIE) phenomenon, which prevents ACQ 

by restricting intramolecular rotation and conformational changes within the molecules.47 This 

innovation has paved the way for the development of solid-state emissive materials, mainly by 

blending AIE-active groups with traditional ACQ blocks, thus unlocking new possibilities for 

high-performance optoelectronic devices. 

One of the critical hurdles in designing luminescent liquid crystals (LLCs) is the tendency of 

chromophoric mesogens to aggregate tightly, leading to fluorescence quenching. However, 

introducing AIE properties has effectively addressed this issue, ensuring enhanced emission 

efficiency even in the solid state. Several strategies, including modifying luminogens with 

flexible chains or incorporating AIE fluorophores into mesogenic structures, have successfully 

created materials that exhibit superior performance in devices such as liquid crystal displays 

(LCDs), benefiting from improved brightness, contrast, efficiency, and viewing angles. 

 

Figure 4.2. Structures of Aggregation-induced emission (AIE) based compounds are used in various 

applications (4.9-4.15). 

Material scientists employ three primary strategies to further tackle these challenges in 

designing luminescent liquid crystalline materials: synthetic, doping, and supramolecular 

approaches.26 The synthetic approach involves modifying luminogens to encourage liquid 

crystalline behavior or pairing AIE luminophores with mesogenic structures. The doping 
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approach incorporates AIE emitters into liquid crystals or their mixtures, enhancing emission 

in the ordered mesophase. Meanwhile, the supramolecular approach utilizes non-covalent 

interactions to assemble structures that combine liquid crystallinity with AIE properties, 

ultimately developing highly efficient luminescent materials. In pursuing luminescent 

mesogens, researchers have advanced the field by introducing flexible terminal chains to 

functionalize emissive cores such as pyrene and anthracene, enhancing their luminescent 

properties within liquid crystalline environments.48-50 This ongoing innovation continues to 

drive the evolution of materials that hold immense promise for various applications across 

optoelectronics, such as OLED (4.10, 4.15),35,37 charge transport (4.14),39 mechnochromic 

(4.11),38 bioimaging (4.9, 4.12),43,44 sensor 51-54 and beyond. 

In the columnar phase of discotic liquid crystals (DLCs), molecules form stacked columns that 

act as 'molecular wires' for efficient charge and exciton transport. These versatile materials 

have energy, photovoltaics, drug delivery, and sensing applications, outperforming traditional 

conjugated polymers.55-66 

 

Figure 4.3. Structures of IQ are studied in this work. 

To the best of our knowledge, indole[2,3-b]quinoxaline based room-temperature liquid crystals 

were not previously reported. Given the significance of indole[2,3-b]quinoxaline derivatives 

in solid-state emissive and liquid crystalline D–A materials, we have designed and synthesized 
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four derivatives, IQ1–IQ4, based on indolo[2,3-b]quinoxaline. These compounds were then 

characterized using various spectroscopic techniques. Among these, IQ3 and IQ4 show the 

liquid crystalline behavior. Additionally, their photophysical properties, including aggregation-

induced emission (AIE) and electrochemical characteristics, were thoroughly investigated. 

Among the four indolo[2,3-b]quinoxaline compounds, we have selected compound IQ4 for 

staining toward nematodes and cancer cells due to its excellent fluorescence behavior and AIE-

active nature. The study revealed high-contrast visualization in both solvent and aggregated 

state, enabling precise observation of cellular structures of nematode without interference from 

background fluorescence or crystallization issues. This unique attribute presents a valuable 

opportunity for targeted MCF7 human breast cancer cell imaging, facilitating improved 

visualization and deeper insights into cellular dynamics and behavior. 

4.2. Result and Discussion  

4.2.1. Synthesis and molecular structural characterization 

The synthetic approach utilized to prepare target IQs is outlined in schemes 4.1 and 4.2 

 

Scheme 4.1. Synthesis of N-alkylated isatin derivative 8; Reagents and Conditions: (i) RBr, anhydrous 

K2CO3, DMF, 80 ℃, N2 atm, 24 h, 80%; (ii) NBS, SiO2, DCM, rt, N2 atm, 24 h, 76%; (iii) 1,3,5-

Tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) benzene, Pd(PPh3)Cl2, KOAc, Toluene ,110 ℃, N2 

atm, 24 h, 70-76%; (iv) NBS, DMF, N2, 25 ℃, 12 h, 40%; (v) RBr, anhydrous K2CO3, DMF, 80 ℃, N2 

atm, 24 h, 66%; (vi) K2CO3, Toluene: water, Pd(PPh3)4, reflux, 18 h, 76-78%.   
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Scheme 4.2. Synthesis of target Indolo[2,3-b] quinoxaline derivatives (IQs); Reagents and Conditions: 

(i) Glacial acetic acid, Et3N, 110 ℃, 24 h, 64-78%.   

 

The target IQ derivatives (IQ1–IQ4) were synthesized using a straightforward synthetic 

pathway (Scheme 4.1 and 4.2). In the first step, catechol 1 was N-alkylated via a nucleophilic 

substitution reaction with n-C12H25Br in anhydrous K2CO3. Compound 3 was then prepared 

using NBS and silica in dry DCM,67 followed by the preparation of the dioxoborolane 

derivative 4 using dioxoborolane reagent, Pd(PPh3)2Cl2, and KOAc in toluene.67 The Suzuki 

coupling reaction of the dioxoborolane derivative with Pd(PPh3)4 as a catalyst and K2CO3 as a 

base led to the formation of compound 8.67 Finally, the IQ derivatives were synthesized 

through a condensation reaction between N-alkylated isatin derivative, 8 and various diamino-

benzene derivatives in the presence of glacial acetic acid and a catalytic amount of triethyl 

amine.11,16 The products were purified by column chromatography using an ethyl acetate-

hexane mixture, yielding solid products in good yields. All compounds were characterized 

using standard analytical techniques, including MALDI-TOF mass spectrometry, 1H NMR, 13C 

NMR, and IR spectroscopy. Thermogravimetric analysis (TGA) was conducted to assess the 
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thermal stability of the compounds, revealing decomposition onset temperatures ranging from 

357 to 397 °C for 5 wt% decomposition. (Table 4.1, Figure 4.4). 

4.2.2. Thermal behaviour  

The determination of mesomorphism involved complementary techniques. Initially, polarized 

optical microscopy (POM) with a programmable hot stage was employed to observe optical 

textures. This method allowed the visualization of linear defects that emerged from the 

homeotropic domain on cooling from the isotropic state. These structures were then 

transformed into a mosaic pattern of the columnar hexagonal (Colh) and pseudo-focal conic of 

the columnar oblique (Colob) phase (Figures 4.5a and 4.5b).62 Differential scanning calorimetry 

(DSC) helped confirm transition temperatures and quantify associated enthalpy changes. These 

measurements confirmed the mesomorphic properties observed under POM. 

  

 

Figure 4.4.  (a) TGA plots of compound (heating rate of 10 ℃/min, Nitrogen atmosphere). (b) The bar 

graph represents IQ compounds' mesomorphic behaviors (Considered the second heating scan of DSC). 

 

Further, differential scanning calorimetry (DSC) confirmed the transition temperatures and 

quantified the associated enthalpy changes (Figure 4.5 c and 4.5 d). Furthermore, powder X-

ray diffraction (XRD) analyses were conducted to unequivocally assign the symmetry of the 

columnar phase observed at high and low temperatures. A summarized overview of phase 

transition temperatures and enthalpy values for all compounds investigated is provided in Table 

4.1. The enhanced attractive interactions of the aromatic core complemented with the increased 

fluidity/nanophase segregation offered by the alkyl chains in compounds IQ3 and IQ4 were 

suggested as contributing factors that realized the liquid crystalline behavior compared to 

compounds IQ1 and IQ2. 
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Table 4.1. Phase transition temperatures (℃), corresponding enthalpies (kJmol-1), and decomposition 

temperatures were obtained from DSCa and TGAb 

 

 

 

Figure 4.5.  POM images were obtained for the (a) Colh phase IQ3 at 50 °C and (b) Colob phase IQ4 at 

110 ℃ (scale bar corresponds to 100 μm). DSC thermograms were obtained for (c) IQ3, and (d) IQ4 

(blue trace, first cooling scan; red trace, second heating scan). 

 

Compared to earlier reports, the POM images observed for both compounds at different 

temperatures showed characteristic columnar phase textures, and fluidity was noted with the 

application of mechanical shear on the samples in the mesophase range. During heating and 

Entry Phase sequence (kJ/mol)
a T

5

b
 

(℃)       Second Heating                        First Cooling 

IQ1 Cr
1
 3.1 (18.2) Cr

2
 25.6 (0.6) Cr

3 

67.9 (1.7) I 
I -8.0 (16.0) Cr   397  

IQ2 Cr 50.4 (14.3) I I 33.7 (15.9) Cr   357 

IQ3 Cr1 4.01 (1.57) Cr2 42.64 (20.26) 

Col
h
 70.0  Ic 

Ic 69.0 Col
h
 25.2 (0.24) Cr2 -0.79 

(13.79) Cr1 
  384 

IQ4 Cr 22.3 (8.7) Colob 222.8 (28.4) I     I 215.79 (27.7) Col
ob 

14.9 (5.5) Cr  366 

aPeak temperatures in the DSC thermograms obtained during the second heating and first cooling cycles 

at 5 ℃ min-1 Colh = Columnar hexagonal phase; Colob = Columnar oblique phase; I = Isotropic phase.     

b = Temperature at which 5 wt% decomposition occurred (℃). c = Isotopic is not detected, the value 

observed from polarise optical microscope. 
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cooling cycles, the DSC thermogram profiles exhibited prominent peaks in IQ4 corresponding 

to the phase transitions from crystal to columnar phase and columnar to isotropic phase. 

However, in IQ3, the phase transition from Colh to isotropic is not observed in the DSC 

thermogram; the isotropic temperature is noted from a polarized optical microscope.  For 

example, in the case of compound IQ4, there is an endothermal transition from one crystalline 

(Cr) phase to a mesophase Colob at ≈ 22 ℃ (ΔH = 8.7 kJ/mol), followed by another endothermal 

transition from mesophase (Colob) to isotropic liquid was seen at ≈ 222 ℃ (ΔH = 28.4 kJ/mol) 

during the second heating cycle. Upon cooling, exothermic peaks are observed at ≈ 215 ℃ (ΔH 

= 27.7 kJ/mol) and ≈ 14.9 ℃ (ΔH = 5.5 kJ/mol), corresponding to transitions from isotropic 

liquid to mesophase (Colob) and from mesophase (Colob) to crystalline phase (Cr), respectively. 

Similar behavior was noticed in the case of IQ3, with a reduced clearing point due to a decrease 

in the aromatic core. 

 

Figure 4.6. XRD profiles depicting the intensity against 2θ obtained for the (a) Colh phase of IQ3 

at 50 ℃ and (b) the Colob phase of IQ4 at 210 °C (insets show the expansion of the middle and wide-

angle regions, The diffuse peaks-shown as red and blue lines- became more prominent after the 

deconvolution procedure, representing the contribution due to flexible hydrocarbon and the rigid 

core-core packing.  The solid lines (dark, red, blue) are fitting to Lorentzian expression); (c) the 

schematic diagram depicting the self-assembly of IQ3 into Colh phase at 50 °C and (d) IQ4 into 

Colob phase at 210 ℃.  
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The structural organization of IQ-based DLCs was investigated using small-angle X-ray 

scattering (SAXS) and wide-angle X-ray scattering (WAXS) at various temperatures. Among 

the four compounds studied (IQ1, IQ2, IQ3, and IQ4), IQ3 demonstrated a stable columnar 

hexagonal (Colh) phase at 50 ℃, and IQ4 shows a Colob phase at 210 ℃, 110 ℃ and 30 ℃ 

(Table A2). The SAXS pattern of IQ3 at 50 °C revealed three distinct Bragg peaks in the small-

angle region at 27.09Å, 15.64 Å, and 13.54 Å, with a ratio of 1: 0.58: 0.5 corresponding to the 

hexagonal lattice with Miller indices (10), (11) and (20), respectively (Figure 4.6a; Table 4.2). 

Thus, the Col phase was confirmed as the Colh phase with the hexagonal lattice parameter a = 

31.28 Å, effectively the distance between the two columns of a hexagonal lattice. In the wide-

angle regime, a d-spacing of 4.53 Å was observed, indicative of the packing of the fluid-like 

alkyl chains. The SAXS pattern of IQ4 at 210 °C revealed five distinct Bragg peaks in the 

small-angle region at 31.65 Å, 28.80 Å, 17.70 Å, 15.82 Å, and 14.40 Å, corresponding to the 

Miller indices (10), (01), (11), (20) and (02), respectively (Figure 4.6b; Table 4.2). These peaks 

were indexed to a columnar phase with oblique lattice, with lattice parameters of a = 35.43 Å, 

b = 32.24 Å, with an angle of ℽ = 63.27°. In the wide-angle regime, a d-spacing of 4.50 Å was 

observed, indicative of the packing of the fluid-like alkyl chains. The columnar oblique 

mesophase exists till 30 ℃ (Figure A11, Table A1). This stability is consistent with 

complementary data obtained from DSC and polarized optical microscopy (POM). The 

molecular organization within the mesophase was further examined, revealing an estimated 

one molecule per unit cell (Z ≈ 1). A schematic representation (Figure 4.6c ,d) illustrates the 

self-assembly of IQ3 and IQ4 molecules into columnar hexagonal and columnar oblique 

phases. 
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Table 4.2. Results of (hkl) indexation of XRD profiles of IQs at a given temperature (T) of mesophase 

Compounds 

(D/Å) 

Phase 

(T/℃) 

     d-spacing Miller  

Index 

(hk) 

Lattice parameters (Å), 

Lattice area S (Å2), Molecular volume 

(Å3) dobs (Å) dcal(Å) 

IQ3 

(46.24) 

MW: 

1645.70 

Colh 

(50 ℃) 

 

27.09 

15.65 

13.56 

4.52(ha) 

3.75(hc) 

27.09 

15.64 

13.54 

10 

11 

20 

a =31.28 

A = 847.1 

V = 3175.9 

Z ≈ 1 

 

IQ4 

(54.12) 

MW: 

2476.00 

Colob 

(210 °C) 

 

 

 

 

31.65 

28.80 

17.70 

16.16 

15.79 

14.40 

11.78 

11.28 

10.59 

9.58 

4.50 (ha) 

3.59 (hc) 

31.65 

28.80 

17.70 

16.12 

15.82 

14.40 

11.76 

11.26 

10.59 

9.60 

 

10 

01 

11 

-12 

20 

02 

-31 

-32 

-23 

03 

 

a = 35.43 

b = 32.24 

ℽ = 63.27o   

A = 1020.39 

V = 3663.20 

Z ≈ 1 

 

 

 

Colob 

(110°C) 

 

29.64 

28.80 

16.48 

14.85 

14.44 

11.18 

10.81 

9.89 

4.56(ha) 

3.55(hc) 

29.64 

28.80 

16.48 

14.82 

14.40 

11.19 

10.76 

9.88 

 

10 

01 

11 

20 

02 

-13 

12 

30 

 

a = 36.09 

b = 35.06 

 ℽ= 55.22o    

A = 1039.43 

V = 3688.19 

Z ≈ 1 

 Colob 

(30 ℃) 

29.55 

26.46 

17.83 

14.77 

13.21 

11.57 

10.12 

9.83 

7.31 

4.42(ha) 

3.50(hc) 

29.55 

26.46 

17.83 

14.78 

13.23 

11.82 

9.99 

9.85 

7.45 

10 

01 

11 

20 

02 

21 

-31 

30 

-33 

a = 30.32 

b = 27.15 

 ℽ= 77.06o    

A = 802.32 

V = 2806.65 

Z ≈ 1 

aThe diameter (D) of the disk (estimated from Chem 3D Pro 8.0 molecular model software from Cambridge Soft). 

dobs: spacing observed; dcal: spacing calculated (deduced from the lattice parameters; a,b for Colob, and a for Colh 

phase). The spacings marked ha and hc correspond to diffuse reflections in the wide-angle region arising from 

correlations between the alkyl chains and core regions, respectively. Z indicates the number of molecules per 

columnar slice of thickness hc, estimated from the lattice area S and the volume V. 
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4.2.3. Photophysical properties 

The photophysical properties of the four compounds (IQ1–IQ4) were investigated in both 

solution and thin film states, with the thin films spin-coated onto quartz substrates. The 

compounds were dissolved in various solvents at a concentration of 1 wt%/vol, exhibiting good 

solubility in polar aprotic solvents such as chloroform, THF, cyclohexane, and toluene. 

Photophysical measurements in solution were conducted using 20 μM chloroform solutions, 

while thin films were prepared from 1 wt%/vol- toluene solutions. The absorption spectra of 

the IQ derivatives in micromolar solutions displayed broad bands around 274–477 nm in the 

more extended wavelength region. The electronic spectra of the IQs featured higher energy n–

π* and π–π* transitions (λmax = 274 to 394 nm), characteristic of vibrionic patterns, originating 

from the indole-quinoxaline unit. Additionally, lower energy intramolecular charge transfer 

(ICT) transitions (λmax = 431 to 477 nm) were observed (Figure 4.7, A12, and A13).13,17,33 

These lower energy transitions indicate the inherent ICT character within the IQs, arising from 

charge transfer between the electron-donating indole unit and the electron-accepting 

quinoxaline unit.5,13,33 The detailed results are summarized in Table 4.3. Corresponding 

emission spectra revealed emission maxima in the 400–570 nm (Figure 4.7), accompanied by 

significant Stokes shifts ranging from 8700 to 16700 cm−1. These compounds also exhibited 

high molar extinction coefficients, ranging from 19,000 to 20,425 L mol−1 cm−1 (Table 4.3). 

The optical energy gap, estimated from the absorption onset, was between 2.59 and 3.07 eV. 
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Figure 4.7.  Absorption and emission spectra of compounds (a, e) IQ1, (b, f) IQ2, (c, g) IQ3, and (d, 

h) IQ4 in solution and thin film. Photographs of micromolar solutions of compounds (a) IQ1, (b) IQ2, 

(c) IQ3, and (d) IQ4 in chloroform and spin-coated thin films on quartz plates (e) IQ1, (f) IQ2, (g) 

IQ3, and (h) IQ4 under UV light of long wavelength (λ = 365 nm).  

 

Table 4.3. Photophysical properties of IQs in solution and thin film state 

 

For the practical application of D–A molecule, it is crucial for the molecule to exhibit emission 

in the solid or aggregate state. UV-vis absorption and fluorescence studies were conducted on 

their neat solid films to explore the optical properties of IQs in this state. In the solid state, the 

absorption maxima of the IQs were slightly higher and broader compared to the solution, with 

bathochromic shifts in the ICT band, suggesting intermolecular aggregation. Similarly, the 
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emission maxima in the solid films (ranging from 515 to 643 nm) were red-shifted relative to 

the solution state, further indicating aggregate formation (Figure A14). In the case of IQ1, the 

absorption spectra in the thin film state exhibited a slight blue shift compared to the solution, 

indicating the formation of H-type (head-to-head) aggregates. Although H-aggregates typically 

experience fluorescence quenching, some examples of emissive H-aggregates have been 

reported in the literature.68.69 The broad absorption bands observed for other IQs in thin films 

suggest the formation of excimers (Figure 4.7), with a slight bathochromic shift indicative of 

J-type (head-to-tail) aggregates. The red-shifted λmax in the absorption spectra of IQs in the 

thin film could be attributed to short-range charge transfer interactions, which enhance the 

overlap of wave functions among the π-conjugated aromatic cores.70,71 Interestingly, most 

compounds exhibited more intense emissions in the solid state, except for IQ2; in the case of 

IQ2, which has two cyano groups, a significant red shift in both absorption and emission 

spectra suggests increased conformational planarity, structural rigidity, and electronic 

conjugation. This could lead the molecule to adopt a disc-like conformation, promoting 

intermolecular π-π interactions and the formation of detrimental species, such as excimers and 

exciplexes, which results in decreased or quenched emission intensity in the aggregate/solid 

state due to the Aggregation-Caused Quenching (ACQ) effect.13 The absolute quantum yield 

and fluorescence lifetime are higher in the thin film state compared to the solution state for 

most IQ compounds, as shown in Figures 4.8, 4.9, Tables 4.3, and A2, except for IQ2. 

 

 

Figure 4.8. Time-resolved PL decay curves of IQ (IQ1-IQ4) in solutions state. 
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Figure 4.9. Time-resolved PL decay curves of IQ (IQ1-IQ4) in the solid state. 

We hypothesize that the solid-state emissions of the D–A pairs in the fluorescent molecules 

IQ3 and IQ4 may exhibit Aggregation-Induced Emission (AIE) properties. To determine if 

this unusual behavior results from aggregation, we investigated their AIE characteristics, as 

described in the following section. 

4.2.3.1. Aggregation-induced emission (AIE) property 

The AIE activity of the dyes was investigated by forming nano aggregates or nanoparticles 

through a surfactant-free precipitation method. The molecules are highly soluble in THF but 

insoluble in water, leading to aggregation at higher water fractions. Solutions of THF with 

increasing water content (maintaining a constant concentration of 20 μM) were prepared to 

assess nanoparticle formation using UV-vis and emission spectra (Figure 4.10a-d, A17). 

Initially, the addition of water (10-50% fw) reduced the emission intensity compared to the 

neat THF solution (Figures 4.10 c and 4.10 f) due to the formation of a twisted intramolecular 

charge transfer (TICT) state, which is known to be a non-emissive, or "dark," state.3,13 At higher 

water fractions, the immiscibility of the molecules in the THF/water mixture promotes 

aggregate formation. The absence of precipitates suggests nanoscale aggregates (Figure 

4.10a).33 UV-visible spectra showed increased absorption intensity and "level-off tail" features, 

indicating nanoparticle formation due to poor solubility in water.33 At high water fractions, 

nanoparticle formation restricted intramolecular motion (RIM).2 It limited the ICT effect, 

boosting emission intensity, a phenomenon known as the AIE effect.3, 13 Remarkably, at a 70% 

THF/water fraction in IQ3 and an 80% THF/water fraction in IQ4, the emission wavelengths 

closely resemble those observed in solid films (Figure 4.7). The absolute quantum yield of 

different aggregate states shows that with increasing water content, the absolute quantum yield 

increases, with the highest, i.e, 18.23 %, in 80 % THF/water (Table A2).  DLS confirmed 

nanoparticle presence with low polydispersity indices, indicating uniform suspensions (Figure 

A18, Table A4).33 Adding water enhanced emission intensity, indicating nanoparticle 
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formation in the hydrophobic environment. Nanoparticle formation at high water content 

restricted intramolecular motions, blocked non-radiative decay, and prevented less emissive 

excimer species, promoting efficient fluorescence. This demonstrates that IQ3 and IQ4 are 

AIE-active fluorophores capable of overcoming the ACQ problem. DLS showed 

hydrodynamic sizes of 547.5 nm for IQ3 and 906 nm for IQ4., while FESEM confirmed the 

aggregate formation (Figure 4.13). 

 

Figure 4.10. Emission images of (a) IQ3 and (d) IQ4 AIE effects in THF/water mixtures (20 μM) with 

different % water fractions (fw) in daylight and UV light. Emission spectra (b) IQ3 and (e) IQ4. Plots 

of intensity versus % water fraction of (c) IQ3 and (f) IQ4 in THF/water mixtures. 

  

4.2.4. Electrochemical properties 

The energy and electron transfer processes, as well as the reversibility of redox reactions, are 

significantly influenced by the electronic energy levels, particularly the frontier molecular 

orbitals (HOMO and LUMO levels) of organic semiconductors. These characteristics were 

investigated through cyclic voltammetry (CV) in 0.5 mM solutions of IQs in anhydrous 

dichloromethane, with 0.1 M tetrabutylammonium perchlorate (TBAP) as the supporting 

electrolyte and a scan rate of 100 mV/s. The electrochemical results, summarized in Table 4.4, 

Figure 4.11 & A19, show that compounds IQ1, IQ2, IQ3, and IQ4 exhibited an irreversible 

first reduction at -1.25, -1.29, -1.23, and -1.28 V, respectively, corresponding to the reduction 

in quinoxaline unit.13,17  
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Figure 4.11. (a) Cyclic voltammogram of IQs. (b) Energy band level diagram showing experimental 

HOMO and LUMO energy levels of IQs. 

 

Table 4.4. Electrochemicala,b data, and the data obtained from DFTh calculations for IQs 

Electrochemical data Data from DFT calculation 

Entry E1st red
[c] 

ELUMO 

[d,e] 

EHOMO 

[d,f] 

ΔEg,(opt) 
[d,g]

   

                       

ELUMO 

[dh] 

EHOMO 

[dh] 
ΔEg

[d,h] 

IQ1 -1.25 -3.05 -6.06 3.01 -1.85 -5.29 3.44 

IQ2 -1.29 -3.01 -5.63 2.62 -2.73 -5.72 2.99 

IQ3 -1.23 -3.06 -5.71 2.65 -1.68 -5.21 3.53 

IQ4 -1.28 -3.02 -5.61 2.59 -2.02 -4.98 2.96 

[a] 0.5mM Dichloromethane solutions; [b]experimental conditions: Ag/AgNO3 as reference electrode, glassy 

carbon working electrode, platinum wire counter electrode, TBAP (0.1M) as a supporting electrolyte, room 

temperature; [c] in volts (V); [d] in eV; [e] estimated from the formula by using ELUMO= -(4.8 - E1/2, Fc/Fc+ + 

E red, onset) eV; [f] estimated from the formula EHOMO = ELUMO – Eg, opt) eV; [g]calculated from the red edge 

of the absorption band of each compound. E1/2, Fc/Fc+ = 0.50.[h] Obtained from DFT calculations by 

employing the combination of Becke3-Lee-Yang-Parr (B3LYP) hybrid functional and 6-31G (d, p) basis 

set using the Gaussian 09 package. 

 

The lower oxidation waves in IQ1 and IQ2 observed in the range 0.99 to 0.91 V may be due 

to oxidation of the alkoxy group,13 and the first oxidation (Table A5, Figure A19) wave 

observed within 1.29 to 1.24 V attributed to oxidation of indole moiety.13,17 For compounds 

IQ3 and IQ4, the first oxidation peak was 1.27 to 1.26 V due to the oxidation of indole moiety; 

17 however, the prominent lower oxidation peak of the alkoxy group was not observed in IQ3 

and IQ4. From the first reduction potential values, the estimated lowest occupied molecular 

orbital (LUMO) levels of IQs were found to be -3.05, -3.01, -3.06, and -3.02 eV, respectively. 
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The corresponding highest occupied molecular orbital (HOMO) levels, derived from their 

optical band gaps (Eg, opt) of 3.01, 2.62, 2.65, and 2.59 eV, were found to be around -6.06, -

5.63, -5.71, and -5.61 eV, respectively (Table A5). Overall, these results indicate that the more 

conjugate the structures, the band gap decreases, as seen in the IQ4 molecule, with a decrease 

of 0.42 compared to IQ1. 

4.2.5. DFT studies 

To explore the geometry, electronic structure, molecular conformation, and frontier molecular 

orbitals (FMOs: HOMO and LUMO) of IQs, density functional theory (DFT) calculations were 

performed using the B3LYP/6-31G (d, p) method. The HOMO and LUMO distributions 

revealed that the energy levels are primarily localized around the core aromatic rings of the 

indole and quinoxaline units, as shown in Figures 4.12 and A21. For IQ1, the calculated 

HOMO and LUMO energy levels were -5.29 eV and -1.85 eV, respectively, resulting in a 

HOMO-LUMO gap of 3.44 eV. In comparison, introducing a -CN group on the phenyl moiety 

(IQ2) slightly reduced the HOMO-LUMO gap. The band gap for IQ4 is even further reduced 

compared to IQ2 and IQ3, which can be attributed to the increased conjugation in the core 

aromatic rings. These theoretical findings align with the experimental data, confirming the 

slight decrease in the band gap from IQ1 to IQ4 as the structure evolves. The optimized 

molecular diameters of the IQs ranged from approximately 38.26 Å to 54.12 Å, as shown in 

Figure A22. The 3D molecular electrostatic potential (MEP) maps indicate a concentration of 

electron density around the oxygen atom of indole and the nitrogen atom of the quinoxaline 

units. At the same time, the central aromatic core remains electron-deficient (Figures A22 and 

A23). The theoretical band gaps for the IQs ranged from 3.44 eV to 2.96 eV, slightly larger 

than the optical band gaps but following the same trend as shown in Table 4.4. 
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Figure 4.12.  Molecular models and frontier molecular orbitals of IQ3 and IQ4 were obtained from 

DFT calculations at the B3LYP/ 6-31G(dp) level, and 3D molecular electrostatic potential contour maps 
(E

H
 and E

L
 denote energies of the HOMO and LUMO, respectively (chain length is limited to methyl 

for the sake of computational time)). 

 

4.2.6. Morphology studies 
 

The morphology of drop-cast homogeneous suspensions of IQ3 and IQ4, using THF/ water 

mixtures, was analyzed through FESEM. The FESEM images of IQ3 (70% THF/ water) and 

IQ4 (80% THF/ water) revealed the formation of nano-aggregates, corresponding to the 

maximum aggregation-induced emission observed (Figure 4.13). These findings confirm that 

the enhanced emission in these specific THF/water mixtures results from nano-scale 

aggregation. Additionally, the AFM and FESEM images of the drop-cast samples of all IQs, 

shown in Figure A20, demonstrate that they form a very smooth surface. 

 

 
 

Figure 4.13. (a) The FESEM images of drop cast of homogenous suspension of IQ3 in 70% THF/ water 

and (b) IQ4 in 80% THF/water show nano-aggregates formation. 
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4.3. Bioimaging studies 

 

Nematodes belonging to species like Caenorhabditis elegans are widely used model organisms 

in biomedical research due to their simple anatomy, transparent body, and well-characterized 

genetic makeup.72 Their transparency throughout all life stages makes them ideal candidates 

for fluorescence-based bioimaging studies, enabling detailed visualization of cellular structures 

and dynamic biological processes.73-75 Importantly, the fluorescent materials that successfully 

stain the nematode tissues, organelles, or cellular structures often demonstrate similar efficacy 

in cancer cells, as these compounds can target analogous biomolecules such as nucleic acids, 

proteins, or lipids.76 Furthermore, literature reports indicate that nematodes are widely 

recognized as a robust model system for toxicological and imaging studies, offering valuable 

insights into the biological effects of various chemical probes and environmental toxins.77 The 

present study selected indolo[2,3-b]quinoxaline core functionalized compound IQ4 with 

periphery dodecyloxy side chain for its excellent fluorescent, photostability, and AIE-active 

nature for nematode cell imaging study. At the initial stage of the study, a solution of compound 

IQ4 was prepared in THF solvent and subsequently introduced to a nematode cell tube for 

imaging purposes. The compound demonstrated effective penetration through the nematode 

cell tube, allowing interaction with internal structures under the fluorescent environment of the 

solution. This facilitated the evaluation of its fluorescent properties and staining efficiency 

within the nematode body (Figure 4.14). 
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Figure 4.14. Nematode exposure with compound IQ4 in THF (10 µM) under different filters. Panels 

(a), (b), and (d) show nematodes under blue filter; panel (c) displays the same exposure under white 

light (brightfield), Magnification 40x. 

Further, the fluorescence microscopy images depict the staining of multiple nematodes using 

the exact solution of the compound IQ4 in THF under different filters (Figure 4.15). Image 

4.15a shows the bright-field microscopic view of the nematodes, confirming their structural 

integrity before fluorescence imaging. Under UV light excitation, images 4.15b and 4.15c 

reveal the selective uptake and binding of the fluorescent compound, emitting a strong green 

fluorescence along the nematode body, indicating successful staining without any noise 

background and solidification issues. The presence of red fluorescence in image 4.15d under 

the green filter suggests an alternative emission channel. The differential fluorescence response 

in multiple channels highlights the compound's versatility and potential applicability in multi-

wavelength imaging and visualization. The uniform fluorescence distribution along the 

nematodes demonstrates the compound's staining efficiency and potential for bio-imaging 

applications. 
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Figure 4.15. Multiple nematode exposure with compound IQ4 in THF/water (10 µM) under different 

filters. Panel (a) shows exposure under white light; panels (b) show exposure under violet filter, and (c) 

show exposure under blue filter; panel (d) shows exposure under green filter. Magnification 40x.  

However, this compound exhibits excellent fluorescence properties due to its aggregation-

induced emission (AIE) nature, which limits molecular motions and further increases the 

emission intensity.78 The fluorescence intensity significantly increased when water was added 

to the solution of the compound in THF with different proportions. It was observed that 

nematodes exhibited staining across their entire body with higher fluorescence intensity when 

exposed to the aggregate solution of compound IQ4 with lower concentration (Figure 4.16). In 

the top row (4.16a-c) at 40X magnification, the images reveal a pronounced fluorescence signal 

distributed along the nematode body, with blue-green emission observed in 4.16a and 4.16c, 

indicating effective intracellular interaction, possibly localizing in lipid-rich or protein-rich 

areas. The green fluorescence in 4.16b further confirms the AIE-active nature of the compound, 

where molecular aggregation enhances emissive properties. The bottom row (4.16d-f) at 40X 

magnification highlights the nematodes with varying fluorescence intensities. The increased 

fluorescence in 4.16d and 4.16f suggests that the compound aggregates more efficiently on the 

nematode body as the water fraction increases, leading to a brighter fluorescence response. 

Image 4.16e shows a non-uniform fluorescence distribution, likely due to partial aggregation 

in different regions of the nematode cell body. This enhanced fluorescence provided a detailed 

visualization of their anatomical and cellular structures. It can be observed that AIE-based 

water fraction solutions of the compound with a minimal amount of THF solvent demonstrated 
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significantly enhanced staining capability and fluorescence intensity compared to solutions 

prepared solely in THF solvent. This improvement can be attributed to an active AIE nature in 

the compound where molecular aggregation is promoted.79 Additionally, water is a less toxic 

and more biocompatible medium for nematodes, minimizing the potential harmful effects of 

higher concentrations of organic solvents. The reduced toxicity of water-based systems 

enhances the nematode's ability to absorb the compound efficiently, ensuring uniform staining 

without adverse physiological impacts.80 This makes water-rich media safer and more effective 

for imaging studies involving living organisms. Importantly, no solid crystallization and 

background noise were observed at room temperature, ensuring the compound's uniform 

dispersion within the nematodes. This consistent distribution enabled comprehensive and 

effective staining of the entire organism, facilitating detailed and reliable visualization of the 

nematode anatomy and specific internal structures. Furthermore, the indolo[2,3-b]quinoxaline 

core functionalized compounds' ability to display uniform staining underscores its potential as 

an effective tool for further advanced imaging in biological research. These results suggest that 

the synthesized compound exhibits superior bioimaging potential in aqueous environments, 

making it a promising candidate for nematode staining in biological and environmental 

research. 

 

Figure 4.16. Nematode exposure with compound IQ4 in THF/Water solution (5 µM) under different 

blue filters (a-f). Magnification 40x. 

After successfully obtaining promising results in nematode cell imaging studies, we further 

extended our investigation to cancer cell imaging using the same compounds. The fluorescence 

microscopy images depict the staining of MCF7 breast cancer cells using the same compound 
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IQ4 in THF solvent, demonstrating its potential for bioimaging applications at the single-cell 

level. In a recent study, single-cell imaging has emerged as a powerful technique in cancer 

diagnostics, enabling the visualization of cellular processes at high spatial and temporal 

resolution.81 Unlike bulk-cell analysis, this approach reveals subtle biochemical and 

morphological changes in individual cancer cells.82-84 In this study, fluorescence microscopy 

investigated the indolo[2,3-b] quinoxaline functionalized compound for its bioimaging 

potential in MCF7 breast cancer cells. These findings demonstrate IQ4's potential as a 

fluorescent probe for cancer cell imaging, aiding in real-time visualization and targeted 

diagnostics (Figure 4.17). Image 4.17a presents the bright-field microscopy of an individual 

MCF7 cell at 40X magnification, revealing its morphology and structural integrity. Images 

4.17b and 4.17c show the fluorescence emission of IQ4 in different channels, indicating 

successful cellular uptake and membrane localization. The green fluorescence observed in 

4.17b and 4.17c suggests that IQ4 interacts selectively with the cell membrane, likely due to 

hydrophobic interactions. The emission in the red channel 4.17d is relatively weak, implying 

that the fluorescence of IQ4 is primarily in the green region, making it a suitable candidate for 

imaging applications in the visible spectrum. The well-defined membrane staining highlights 

IQ4's affinity for lipid-rich regions, suggesting its potential for live-cell imaging and cancer 

cell differentiation. It can be observed that the compound maintains its functional state during 

the staining process, with no background noise or precipitation occurring in the solution. This 

stability is attributed to highly substituted dodecyloxy side chains, which reduce the 

crystallinity of the compound and enhance its stability at room temperature.  
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Figure 4.17. Fluorescent staining of MCF7 cancer cells with IQ4 in THF (10 µM). Panel (a) shows 

unstained normal cells under white light (brightfield); panels (b) display stained cells under violet 

fluorescence filter and (c) display stained cells under blue fluorescence filter; panel (d) shows stained 

cells under green fluorescence filter. Magnification 40x. 

Most importantly, AIE-active compounds offer significant advantages compared to 

conventional fluorescent materials in cell imaging studies.85-87 Unlike traditional fluorescent 

materials, which often suffer from aggregation-caused quenching (ACQ) at high 

concentrations, AIE-active molecules exhibit enhanced fluorescence upon aggregation, 

improved brightness, photostability, and reduced background interference, making them highly 

suitable for biological imaging.88,89  Further, we have investigated the aggregation-induced 

fluorescence enhancement of IQ4 with MCF-7 breast cancer cells (Figure 4.18). It can be 

observed that the AIE uptake of IQ4 induces molecular aggregation, resulting in a significant 

increase in fluorescence intensity. The brightfield image 4.18a suggested the morphology of 

the aggregates formed in the solution. In contrast, fluorescence images 4.18b-d captured under 

different filters highlight the enhanced emission properties with distinct clusters within the 

cellular environment. This fluorescence enhancement confirms the AIE effect, where restricted 

molecular motion in the aggregated state prevents non-radiative decay, and further increases 

the emission behavior of compounds with high fluorescence intensity.90 The blue emission 

indicates that IQ4 possesses a broad fluorescence response due to its high conjugation, rigid 

planar structure, and electron-rich nature of the indolo[2,3-b]quinoxaline core, which may 

further contribute to selective interactions with intracellular biomolecules. The strong 

fluorescence in MCF-7 cells suggests efficient cellular uptake and selective accumulation of 
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IQ4 aggregates within specific organelles, potentially the cytoplasm, membrane, and 

mitochondria localization, or lysosomes. This property enhances the contrast in cancer cell 

imaging, offering a high signal-to-noise ratio with minimal background interference. 

Importantly, a conjugated system with a highly substituted peripheral alkoxy chain 

environment enhances the solubility and promotes molecular aggregation in an aqueous 

medium. Additionally, it reduces the crystalline tendency of the molecular system and displays 

a columnar oblique phase at room temperature. On the other hand, the fluorescence intensity 

in the imaging results for both nematodes and cancer cells using IQ4 was significantly 

enhanced in the uptake of AIE compared to the normal solvent-based study. This increase in 

intensity is attributed to molecular aggregation in the higher water fraction, promoting AIE 

behavior and improving imaging contrast. Such AIE-active fluorophores are advantageous in 

bioimaging applications as they enable real-time visualization of cancer cells without requiring 

extensive surface modifications or external quenchers. Further, we have calculated corrected 

total cell fluorescence (CTCF) to accurately quantify the fluorescence intensity using Image J 

1.54f software, which further confirmed that the blue and red fluorescence background 

displayed the most potent signals as compared to the green fluorescence background (Figure 

A24).91 

 

Figure 4.18. Fluorescent staining of MCF7 cancer cells incubated with AIE uptake of IQ4 (5 µM). 

Panels (a) show unstained normal cells under white light. Panel (b) display stained cells under violet 

fluorescence filter and (c) display stained cells under blue fluorescence filter; panel (d) shows stained 

cells under green fluorescence filter. Magnification 40x. 
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4.4. Conclusions 

We successfully synthesized four indole[2,3-b]quinoxaline-based D-A molecules. Among 

these, two compounds with more peripheral chains exhibited stabilized liquid crystalline 

behavior, marking the first examples in this class of molecules. Further structural analysis, 

including molecular orientation, frontier molecular orbitals, band gap, and electron density 

distribution, was performed using DFT calculations. All derivatives demonstrated high thermal 

stability and excellent solubility in common organic solvents. IQ3 and IQ4 stabilized columnar 

hexagonal and room-temperature columnar oblique liquid-crystalline phases, while the other 

compounds exhibited crystalline behavior. Photophysical studies revealed broad absorption 

spectra with band gap values ranging from approximately 3.00 to 2.59 eV, significant Stokes 

shifts, and high molar extinction coefficients. All derivatives showed enhanced emission in the 

solid state, except for IQ2, which exhibited quenching in the solid state. This behavior was 

further confirmed through AIE experiments in a THF-water mixture with compounds IQ3 and 

IQ4. The compound IQ4 exhibited strong permeability in nematodes, effectively crossing 

cellular membranes and dispersing uniformly throughout the cell body in solution and 

aggregate. This resulted in improved imaging contrast and higher fluorescence intensity, 

facilitating better visualization of the nematode cell body without interference from 

solidification and precipitation of the compound. Additionally, the AIE-active nature of 

compound IQ4 enabled its successful application in staining MCF-7 breast cancer cells, where 

it exhibited efficient cellular uptake and strong fluorescence, allowing for high-clarity single-

cell imaging. The compound stability, minimal background noise, and enhanced emission in 

aggregated states highlight its potential as a promising candidate for advanced bioimaging 

applications spanning model organisms and pathological cell studies. 

4.5. Experimental section  

This section presents the detailed synthesis procedure and the molecular structural 

characterization data for the intermediates and target compounds mentioned in the scheme. 

Compounds 2, 3, 6 & 11 have been synthesized using the literature-reported methods. 92-95 

Procedure for synthesis of 4 67 

A mixture of compound 3 (1.06 mmol, 1 eq.), bis(pinacolato) diboran (2.12 mmol, 2 eq.), 

KOAc (12.77 mmol, 12 eq.)  and Pd (PPh3)Cl2 (0.10 mmol, 1 eq.) in toluene (40 mL) was 

degassed by gently bubbling N2 for 20 min. The mixture was heated at 110 ℃ for 36 h. After 
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cooling, it was extracted with ethyl acetate (100 mL × 3). The combined organic layer was 

washed with water (100 mL) and brine solution (100 mL). The combined organic extracts were 

dried over anhydrous Na2SO4, and the obtained residue was then purified by column 

chromatography (silica gel, ethyl acetate-hexane 2:8). 

4: Rf = 0.67 (10% EtOAc-Hexane); white solid, yield: 76%; IR: vmax in cm-1: 2919, 2850, 1608, 

1515, 1350, 1156, 964, 688; 1H NMR (600 MHz, CDCl3, ppm):  δ 7.39 (d, J = 7.8,  1H, HAr), 

7.30 (s, 1H, HAr), 6.88 (d, J = 7.8 Hz,1H, HAr), 4.04 (m, 4H, 2×-OCH2), 1.83 (m, 4H, 2×-CH2), 

1.47 (m, 4H, 2×-CH2), 1.30 (bm, 44H, 16×-CH2, 4×-CH3), 0.90 (t, J = 6 Hz, 6H, 2×-CH3).
13C 

NMR (150 MHz, CDCl3, ppm): δ 152.16, 148.71, 128.85, 119.62, 112.89, 83.76, 69.07, 32.16, 

29.88, 29.85, 29.68, 29.64, 29.60, 29.41, 26.29, 26.23, 25.06, 22.92, 14.34.MALDI-TOF mass 

calculated for C36H65BO4Na (M+Na)+: 595.49, found: 595.742. 

Procedure for synthesis of 6 95 

To a solution of compound 11 (4.3 mmol,1 eq.) in N, N-dimethylformamide (10 mL) was added 

NBS (6.45 mmol, 1.5 eq.). The resulting reaction mixture was stirred at 25 ℃ for 12 h. After 

the reaction, the mixture was diluted with water (20 mL), the resultant precipitate was filtered, 

and the precipitate was dried in vacuo. The crude product was directly used for the next step. 

Procedure for synthesis of 7 95 

5,6-bromoindoline-2,3-dione (0.5 g, 1.64 mmol), 1-bromododecane (0.6 mL, 2.46 mmol), and 

anhydrous potassium carbonate (0.681 g, 4.92 mmol) were taken in 10 mL of N, N-

dimethylformamide. This mixture was heated at 80 ℃ with stirring for 24 h. The reaction 

mixture was extracted with ethyl acetate (3×30 mL), and subsequently, the organic layer was 

washed with water (twice) and brine. Then, the organic extract was dried over anhydrous 

Na2SO4, and the obtained residue was purified by column chromatography (silica gel, ethyl 

acetate-hexane 1:9).  

7:  Rf = 0.65 (10% EtOAc-Hexane); red-orange solid, yield: 66%; IR: vmax in cm-1: 2925, 2859, 

1734, 1608, 1545, 1468, 1441, 1320, 1259, 1120, 1057, 832, 708; 1H NMR (600 MHz, CDCl3, 

ppm):  δ 7.85(s, 1H, HAr), 7.66 (s, 1H, HAr), 4.10 (t, J = 7.8 Hz, 2H, -NCH2), 1.71 (m, 2H, -

CH2), 1.36 (bm, 18H, 9×-CH2), 0.88 (t, J = 7.2 Hz, 3H, CH3).
 13C NMR (150 MHz, CDCl3, 

ppm): δ 180.4, 156.58, 145.62, 143.85, 126.13, 120.03, 115.42, 103.4, 40.27, 30.58, 28.29, 

25.14, 21.37, 12.81. MALDI-TOF mass calculated for C20H27Br2NO2 (M
+): 471.04, found: 

471.040. 
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Procedure for synthesis of 8 92 

 A mixture of compound 4 (0.34 mmol, 2 eq.), 5,6-dibromo-1-dodecylindoline-2,3-dione 

(0.158 mmol, 1 eq.), 2M K2CO3 (aq.) (10.5 ml, 6.33 mmol), and Pd(PPh3)4 (0.006 mmol, 0.042 

eq.) in toluene (52.5 mL) was degassed by gently bubbling N2 for 30 min. The mixture was 

heated at 110 ℃ for 24 h. The reaction mixture was extracted with ethyl acetate (3×30 mL), 

and subsequently, the organic layer was washed with water (twice) and brine. Then, the organic 

extract was dried over anhydrous Na2SO4, and the obtained residue was purified by column 

chromatography (silica gel, ethyl acetate-hexane 1:9). 

8: Rf = 0.66 (10% EtOAc-Hexane); reddish brown color solid, yield: 76 %; IR: vmax in cm-1: 

2920, 2852, 1734, 1594, 1464, 1349, 1139, 1066, 796, 722, 457; 1H NMR (600 MHz, CDCl3, 

ppm):  δ 7.79 (d, J = 2Hz, 1H, HAr), 7.57 (d, J = 2Hz, 1H, HAr), 7.04 (m, 2H, HAr), 6.90 (m, 

4H, HAr), 4.04 (m, 8H, 4×-OCH2) 3.45 (m, 2H, -NCH2), 1.85 (m, 8H, 4×-CH2) 1.49 (m, 8H, 

4×-CH2) 1.3 (bm, 84 H, 42×-CH2), 0.88 (m, 15H, 5×-CH3). 
13C NMR (150 MHz, CDCl3, ppm): 

δ 184.3, 159.65, 149.55, 148.79, 146.04, 139.52, 136.43, 131.3, 129.8, 127.6, 122.3, 121.9, 

119.5, 119.04, 115.0, 113.9, 113.19, 112.16, 111.91, 110.88, 68.02, 40.18, 30.68, 28.42, 28.12, 

26.76, 25.29, 24.79, 21.44,12.87. MALDI-TOF mass calculated for C80H133NO6 (M+): 

1204.21, found: 1204.651. 

Procedure for the synthesis of IQs 11,16   

Compounds a, b, c, and d (1 equiv.)  and compound 8 (1.2 equiv. for IQ1, IQ2, IQ3, and or 

2.1 equiv. for IQ4) were transferred into a 50 mL two-neck round bottom flask and 10 mL 

acetic acid under N2 atmosphere, which was heated to 100 ℃. After adding 1.0 mL of 

triethylamine, it was refluxed at 110 ℃ for 24 h and concentrated in the reaction mixture. The 

crude product was purified by column chromatography on silica gel with 2-5% ethyl acetate-

hexane to yield a solid compound. 

IQ1: Rf = 0.80 (10% EtOAc-hexanes), yellow solid, yield: 78%; IR: vmax in cm-1 2918, 

2850,1579,1515, 1467,1246,1128,813,754,680. 1H NMR (600 MHz, CDCl3, ppm):  δ 8.69 (s, 

1H, HAr), 8.33 (d, J = 9.6 Hz, 1H, HAr), 8.14 (d, J = 10.2 Hz, 1H, HAr), 7.72  (m, 4H, HAr), 7.30  

(s, 1H, HAr), 7.09 (d, J = 10.8 Hz, 2H, HAr), 7.02 (m, 2H, HAr), 4.12 (t, J  = 7.8 Hz, 6H, 3×-

OCH2), 4.07 (t, J = 7.8 Hz, 2H, OCH2) 4.03 (t, J = 7.8 Hz, 2H, -NCH2), 1.89 (m, 6H, 3×-CH2), 

1.63 (m, 6H, 3×-CH2), 1.39 (bm, 88H, 44×-CH2), 0.89 (m, 15H, 5×-CH3).
13C (150MHz, 

CDCl3, 25 ℃): δ 149.60, 149.01, 148.75, 147,07, 141.03, 140.59, 140.36, 139.47, 133.82, 

133.54, 132.89, 131.90, 129.97, 129.23, 128.71, 127.95, 127.66, 126.03, 122.27, 121.44, 
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119.15, 119.20, 115.65, 114.26, 113.43, 113.05, 69.45, 43.06, 34.68, 31.95, 31.93, 31.60, 

29.72,  29.69, 29.67, 29.63, 26.14, 26.12, 26.10, 26.08, 25.29, 22.71, 14.13, 11.93. MALDI-

TOF mass calculated for C86H137N3O4 (M+): 1276.0, found: 1276.068. 

 

IQ2: Rf = 0.70 (10% EtOAc-hexanes);  red solid; yield: 64%; IR: vmax in cm-1: 2920, 2852, 

2234,  1511, 1465, 1375, 1244, 1139, 852, 721,604; 1H NMR (600 MHz, CDCl3,  ppm):  δ 8.74 

(s, 1H, HAr), 8.67 (d, J = 2Hz, 1H, HAr),  8.56 (s, 1H, HAr), 7.83 (d, 1H, J = 2Hz, HAr),  7.55 ( 

m, 1H, HAr), 7.27 (s, 1H, HAr), 7.05  (m, 4H, HAr ), 4.11  (t, J = 6.6 Hz, 6H, 3×-OCH2), 4.06 (t, 

J = 6.6 Hz, 2H, -OCH2), 4.02 (t, J= 6.6 Hz, 2H, -NCH2), 2.05 (m, 8H, 4×-CH2), 1.88 (m, 8H, 

4×-CH2), 1.51 (m, 8H, 4×-CH2), 1.39 (bm, 76H, 38×- CH2), 0.88 ( m,  15H, 5×-CH3). 
13C 

(150MHz, CDCl3, 25 ℃) δ: 149.60, 149.01, 148.75, 147.07, 141.03, 140. 59, 140.36, 139. 47, 

133.82, 133.54, 132.89, 131.90, 129.97, 129.23, 128.71, 127.95, 127.06, 126.03, 122.27, 

121.44, 119.65, 119.20, 115.65, 114.26, 113.43, 113.05, 69.45, 43.06, 34.68, 31.95, 31.93, 

31.60, 29.72, 29.69, 29.67, 26.63, 26.14, 26.12, 26.10, 26.08, 22.71, 14.13, 11.43. MALDI-

TOF mass calculated for C88H135N5O4 (M
+): 1326.05, found: 1326.058. 

IQ3: Rf = 0.67 (10% EtOAc-hexanes);  greenish-yellow gummy solid; yield: 68%; IR: vmax in 

cm-1 2920, 2851, 1696, 1598, 1511, 1466, 1373, 1247, 1136, 1025, 805, 631; 1H NMR (600 

MHz, CDCl3,  ppm):  δ 8.63 (d, J = 2Hz, 1H, HAr), 7.67 (d, J = 2Hz, 1H, HAr),  7.59 (s, 1H, 

HAr), 7.40 (s, 1H, HAr), 7.29 (d, J = 2Hz, 2H, HAr), 7.07 (m, 2H, HAr), 7.01 (m, 2H, HAr), 4.22 

(t, J = 6.6 Hz, 4H, 2×-OCH2), 4.10  (t, J = 6 Hz, 4H, 2×-OCH2),  4.06 (t, J = 6.6 Hz, 4H, 2×-

OCH2), 4.01 (t, J = 6.6 Hz, 2H, 2×- NCH2), 1.96 (m, 4H, 2×-CH2), 1.89 (m, 10H, 5×-CH2), 

1.55 (m, 10H, 5×-CH2), 1.36 (bm, 116H, 58×-CH2), 0.87 (m, 21H, 7×-CH3). 
13C(150MHz, 

CDCl3, 25 ℃) δ: 151.46, 149.21, 148.85, 148.15, 147.94, 147.87, 145.54, 138.49, 137.17, 

135.15, 133.17, 132.68, 131.56, 126.20, 121.53, 120.97, 118. 89, 114.89, 113.48, 112.64, 

1122.24, 106. 13, 68.83, 68.74, 68. 47, 42.32, 31.31, 29.08, 29.05, 29.03, 28.90, 28.85, 28.81, 

28.76, 26.01, 25.46, 25.43, 22.07, 13.50. MALDI-TOF mass calculated for C110H185N3O6 (M
+): 

1644.43, found: 1644.431. 

IQ4: Rf = 0.66 (10% EtOAc-hexanes); reddish-orange gummy solid; yield: 66%; IR: vmax in 

cm-1:2920, 2851, 1696, 1598, 1511, 1466, 1373, 1247, 1136,1025, 805, 631; 1H NMR (600 

MHz, CDCl3,  ppm):  8.63 (d, J = 2Hz, 2H, HAr), 8.06 (m, 2H, HAr), 7. 87 (m, 2H, HAr)7.73 (d, 

J = 2Hz, 2H, HAr),  7.28 (m, 2H, HAr), 7.07 (m, 4H, HAr), 7.01 (m, 4H, HAr), 4.11 (t, J = 6.6 

Hz, 8H, 4×-OCH2), 4.06  (t, J = 6.6 Hz, 8H, 4×-OCH2),  4.02 (t, J = 6.6 Hz, 4H, 2×-NCH2), 

1.90 (m, 16H, 8×-CH2), 1.57 (m, 16H, 8×-CH2), 1.35 (bm, 168H, 84×-CH2), 0.89 (m, 30H, 
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10×-CH3). 
13C (150MHz, CDCl3, 25 ℃) δ:  149.55, 149.04, 148.  80, 148. 68, 146.88, 140.31, 

138.04, 135.97, 134.04, 133.28, 133.13, 131.57, 127.14, 122.19, 120.92, 119. 63, 119.12, 

115.55, 114.18, 113.34, 113.02, 69.49, 43.05, 31.88, 29.66, 29.63, 29.621, 29.42, 29.33, 29.31, 

22.64, 14.07, 14.06. MALDI-TOF mass calculated for C166H268N6O8 (M
+): 2474.07, found: 

2474.071. 
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4.6. Appendix 

4.6.1. NMR Spectra 
 

 

 

Figure A1. 1H NMR (600 MHz) spectra of IQ1 in CDCl3. 

 

Figure A2. 13C NMR (150 MHz) spectra of IQ1 in CDCl3. 
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Figure A3. 1H NMR (600 MHz) spectra of IQ2 in CDCl3. 

 

 

Figure A4. 13C NMR (150 MHz) spectra of IQ2 in CDCl3. 
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Figure A5. 1H NMR (600 MHz) spectra of IQ3 in CDCl3. 

 

 

Figure A6. 13C NMR (150 MHz) spectra of IQ3 in CDCl3. 
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Figure A7. 1H NMR (600 MHz) spectra of IQ4 in CDCl3. 

 

Figure A8. 13C NMR (150 MHz) spectra of IQ4 in CDCl3. 
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4.6.2 Polarizing optical microscopy (POM) 

 

Figure A9. POM images of a) IQ1, b) IQ2, c) IQ3, and d) IQ4 on a cooling process from isotropic melt. 

4.6.3. Differential Scanning calorimetry (DSC) 

 

Figure A10. DSC thermograms were obtained for a) IQ1, b) IQ2, c) IQ3, and d) IQ4 for the first cooling (blue 

trace) and second heating (red trace) taken at 5 C/min. 
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4.6.4. X-Ray Diffraction (XRD) Studies 

 

Figure A11. X-ray diffractograms for the Colob phases of IQ4 at 110 ℃ and at 30 °C in the (a) low, 

(b) middle (c) wide angle regions. The diffuse peaks-shown as red and blue lines- became more 

prominent after the deconvolution procedure, representing the contribution due to flexible 

hydrocarbon and the rigid core-core packing.  The solid lines (dark, red,blue) are fitting to Lorentzian 

expression. 

 

Table A1. Results of (hkl) indexation of XRD profiles of IQs at a given temperature (T) of 

mesophase. 

 

Compounds 

(D/Å) 

Phase 

(T/℃) 

     d-spacing Miller  

Index 

(hk) 

Lattice parameters (Å), 

Lattice area S (Å2), Molecular volume 

(Å3) dobs (Å) dcal(Å) 

IQ3 

(46.24) 

MW: 

1645.70 

Colh 

(50 ℃) 

 

27.09 

15.65 

13.56 

4.52(ha) 

3.75(hc) 

27.09 

15.64 

13.54 

10 

11 

20 

a =31.28 

A = 847.1 

V = 3175.9 

Z ≈ 1 

 

IQ4 

(54.12) 

MW: 

2476.00 

Colob 

(210 °C) 

 

 

 

 

31.65 

28.80 

17.70 

16.16 

15.79 

14.40 

11.78 

11.28 

10.59 

9.58 

4.50 (ha) 

3.59 (hc) 

31.65 

28.80 

17.70 

16.12 

15.82 

14.40 

11.76 

11.26 

10.59 

9.60 

 

10 

01 

11 

-12 

20 

02 

-31 

-32 

-23 

03 

 

a = 35.43 

b = 32.24 

ℽ = 63.27o   

A = 1020.39 

V = 3663.20 

Z ≈ 1 

 

 

 

Colob 

(110°C) 

 

29.64 

28.80 

16.48 

14.85 

14.44 

29.64 

28.80 

16.48 

14.82 

14.40 

10 

01 

11 

20 

02 

a = 36.09 

b = 35.06 

 ℽ= 55.22o    

A = 1039.43 

V = 3688.19 
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11.18 

10.81 

9.89 

4.56(ha) 

3.55(hc) 

11.19 

10.76 

9.88 

 

-13 

12 

30 

 

Z ≈ 1 

 Colob 

(30 ℃) 

29.55 

26.46 

17.83 

14.77 

13.21 

11.57 

10.12 

9.83 

7.31 

4.42(ha) 

3.50(hc) 

29.55 

26.46 

17.83 

14.78 

13.23 

11.82 

9.99 

9.85 

7.45 

10 

01 

11 

20 

02 

21 

-31 

30 

-33 

a = 30.32 

b = 27.15 

 ℽ= 77.06o    

A = 802.32 

V = 2806.65 

Z ≈ 1 

aThe diameter (D) of the disk (estimated from Chem 3D Pro 8.0 molecular model software from Cambridge Soft). 

dobs: spacing observed; dcal: spacing calculated (deduced from the lattice parameters; a,b for Colob, and a for Colh 

phase). The spacings marked ha and hc correspond to diffuse reflections in the wide-angle region arising from 

correlations between the alkyl chains and core regions, respectively. Z indicates the number of molecules per 

columnar slice of thickness hc, estimated from the lattice area S and the volume V. 

 

4.6.5. Photophysical studies 

 

Figure A12. Absorption spectra of compounds a) IQ1, b) IQ2, c) IQ3, and d) IQ4 in micromolar 

chloroform solutions. 
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Figure A13. Emission spectra of compounds a) IQ1, b) IQ2, c) IQ3, and d) IQ4 in micromolar 

chloroform solutions. 

 

 

 

Figure A14: CIE coordinate of emission of IQs compound a, b, c, d (in solution state) and a', b', c,' d' 

(in solid state) IQ1, IQ2, IQ3, and IQ4, respectively. 
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Table A2. Absolute quantum yield of the IQ4 compound in different THF/water ratios. 

Entry THF/water (%) Abs.QY 

1 10 3.83 

2 40 13.21 

3 60 16.75 

4 80 18.30 

 

Table A3. Fluorescence lifetime of IQs in solutiona and thin film state stateb 

 

Entry         Fluorescence Lifetime (ns) 

Solution  Solid state 

IQ1 6.05 19.32 

IQ2 2.60 --- 

IQ3 2.01 8.88 

IQ4 1.48 15.88 
 

 

Figure A15. Graphical representations of quantum yield data were obtained using the FLS1000 

Fluorescence Spectrometer for (a) IQ1, b) IQ2, (c) IQ3, and (d) IQ4 in the solution.  
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Figure A16. Graphical representations of quantum yield data were obtained using the FLS1000 

Fluorescence Spectrometer for (a) IQ1, b) IQ2, (c) IQ3, and (d) IQ4 in the solid.  

 

 

Figure A17.  Absorption spectra (a) IQ3 and (b) IQ4 in THF/water mixtures. 

 

 

Figure A18.  Plots of intensity (%) versus size (d. nm) of (a) IQ3 and (b) IQ4 in THF/water mixtures. 
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Table A4. Size and PDI of IQs in THF/water mixtures 

 

 

 

 

4.6.5. Electrochemical studies 

 

Figure A19.  Cyclic voltammograms of IQs in micromolar dichloromethane solutions in scan rate 

100mv/s. 

 

 

 

 

 

 

 

 

 

Compounds Water fraction 
(vol.%) 

Size 
(d.nm) 

PDI 

IQ3 0 87.78 1.00 

70 547.5 0.043 

IQ4 0 141.7 1.00 

80 906.5 0.177 
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Table A5. Electrochemicala,b data and data obtained from DFTh calculations for IQs 

 

  Electrochemical data Data from DFT calculation 

Entry E
peak

oxd

[c]
 E

peak

red

[c]
 

E
LUMO 

[d,e]
 

E
HOMO 

[d,f]
 

ΔE
g
, 

(opt)   

[d,g]

  
 

                      
 

E
LUMO 

[dh]
 

E
HOMO 

[dh]
 

ΔE
σ

[d,h]
 

IQ1 1.29 -1.25 -3.05 -6.06 3.01 -1.85 -5.29 3.44 

IQ2 1.24 -1.29 -3.01 -5.63 2.62 -2.73 -5.72 2.99 

IQ3 1.27 -1.23 -3.06 -5.71 2.65 -1.68 -5.21 3.53 

IQ4 1.26 -1.28 -3.02 -5.61 2.59 -2.02 -4.98 2.96 
[a] 0.5mM Dichloromethane solutions; [b]experimental conditions: Ag/AgNO3 as reference electrode, glassy 
carbon working electrode, platinum wire counter electrode, TBAP (0.1M) as a supporting electrolyte, room 
temperature; [c] in volts (V); [d] in eV; [e] estimated from the formula by using ELUMO= -(4.8 - E1/2, Fc/Fc+ + E 

red, onset) eV; [f] estimated from the formula EHOMO = ELUMO – Eg, opt) eV; [g]calculated from the red edge of 
the absorption band of each compound. E1/2, 

Fc/Fc+ = 0.50.[h] Obtained from DFT calculations by employing 
the combination of Becke3-Lee-Yang-Parr (B3LYP) hybrid functional and 6-31G (d, p) basis set using the 
Gaussian 09 package. 

4.6.6. Morphology studies 

 

Figure A20. The SEM images (a, b, c, & d) and AFM images (d, e, f, & g) of IQ1, IQ2, IQ3, and IQ4 

compounds, respectively. 

4.6.7. DFT Studies 

Computational studies were conducted in the B3LYP/6-31g (d, p) method using the Gaussian 

09 program package to understand compound IQs' electronic properties and frontier molecular 

orbital energy level. The absence of imaginary frequency ensured the energy-minimized 

structure of all the compounds. 
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Figure A21.  Molecular models and frontier molecular orbitals of IQs obtained from DFT calculations 
at the B3LYP/ 6-31G (d, p) level and 3D molecular electrostatic potential contour maps. (E

H
 and E

L 

denote energies of the HOMO and LUMO, respectively (chain length is limited to methyl for the sake 

of computational time)). 

     

                                                     

Figure A22. Energy minimized molecular model of (a) IQ1, (b) IQ2, (c) IQ3, and (d) IQ4 (obtained 

from Chem3D Ultra); The 3D molecular electrostatic potential (MEP) contour maps (e) IQ1, (f) IQ2, 

(g) IQ3, and (h) IQ4 chain length is limited to methyl for the sake of computational time).    
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Figure A23. Frontier molecular orbitals of IQs obtained from DFT calculations at the B3LYP/6-31G 

(d, p) level; EH and EL denote energies of the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO), respectively (Chain length is limited to methyl for the 

sake of computational time). 

 

Figure A24. Fluorescence intensity of compound IQ4 under green, blue, and red filters 
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