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GENERAL REMARKS 

All commercially obtained chemicals were used as received. As required the solvents 

were dried as per the standard protocols. Silica gel or neutral alumina used as stationery 

phase for column chromatography. Alluminium sheets coated with silica gel were used 

for thin layer chromatography (TLC) to monitor the reactions and column purifications. 

Infrared spectra were measured on a Perkin Elmer IR spectrometer at room temperature 

by preparing the KBr pellet. 
1
H and 

13
C NMR spectra were recorded using Varian 

Mercury 400 MHz (at 298K) or Bruker 600 MHz NMR spectrometer. Mass spectrometry 

was carried out using MALDI-TOF mass spectrometer (Bruker Autoflex Speed MALDI 

TOF/TOF Mass Spectrometer) or High Resolution Mass Spectrometer. Polarizing optical 

microscope (POM) (Nikon Eclipse LV100POL) in conjunction with a controllable hot 

stage (Mettler Toledo FP90) was used for the characterization of mesogens. The phase 

transitions, associated enthalpy changes were obtained by differential scanning 

calorimeter (DSC) (Mettler Toledo DSC1). X-ray diffraction (XRD) studies were carried 

out using image plate and a detector. This setup had Cu K (0.15418 nm) radiation 

from a source (GeniX3D, Xenocs) operating at 50 kV and 0.6 mA in conjunction with a 

multilayer mirror was used to irradiate the sample. Glass capillaries containing the sample 

were used for the measurements. Thermogravimetric analysis (TGA) was accomplished 

with a thermogravimetric analyzer (Mettler Toledo, model TG/SDTA 851 e). Perkin-

Elmer Lambda 750, UV/VIS/NIR spectrometer was used to obtain UV-Vis spectra, while 

Fluoromax-4 fluorescence spectrophotometer and Perkin Elmer LS 50B spectrometer 

were used to obtain emission spectra in solution state and solid thin film state 

respectively. Steady State anisotropy experiment was performed on Horiba Scientific 

Fluoromax spectrofluorometer 4. Time resolved lifetime measurements were done on 

time correlated single photon counter from Horiba Jobin Yvon (excitation by 440 nm 

laser diode). Cyclic Voltammetry (CV) studies were carried out using a Versa Stat 3 

(Princeton Applied Research) instrument. Atomic Force microscopy (AFM) images were 

obtained for the spin-coated films using Agilent 5500-STM instrument. SEM images 

were obtained on a JEOL 7600F FESEM instrument. Rheological data is obtained using 

Rheometer MCR-302 Anton Paar. 
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PREFACE 

Liquid crystals (LCs) are unique functional soft materials combining both order and 

mobility on molecular, supramolecular and macroscopic levels. The shape anisotropic 

molecules which exhibit this unique behavior are also known as mesogens. They can be 

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

lyotropic phases) or organometallic (metallomesogens) in nature. Conventionally, the 

anisometric molecules employed to stabilize thermotropic LC phases are either rod-like 

(calamitic) or disc-like (discotic). Calamitics form the backbone of the well-established 

flat panel display industry. Discotic LCs also have made notable progress in recent years, 

both from scientific and application viewpoints and slowly they are finding a foothold in 

the main stream of organic electronics. It is also known that LC behavior is realizable 

with molecules differing in their shape from conventional LCs. The general feature of 

majority of such materials is the molecular structural contrast with in the molecule i.e., 

these molecules are made up of chemically different molecular parts that are incompatible 

with each other. Some of the important examples of non-conventional systems are 

oligomers, polycatenars, bent-core molecules, polyhydroxy amphiphiles, octahedral 

complexes, star-shaped molecules, rod-coil molecules and dendrimers. In the case of non-

conventional LCs, the main driving force for the self-assembly of these molecules to form 

liquid-crystalline (LC) phases is based on the nano-segregation of chemically or 

physically different building blocks and the tendency to efficiently fill the space in 

condensed state.
 

 Polycatenars and star-shaped molecules belong to the class of non-conventional 

LCs, which display a remarkable mesophase behavior. Compared to the synthetic 

difficulty associated with discotics, these molecular designs are advantageous due to the 

inherent synthetic flexibility. Thus in the literature we find several structurally diverse 

polycatenar and star-shaped molecules stabilizing variety of mesophases and interesting 

properties. All the synthesized materials have been characterized by the requisite 

characterization techniques for their structural identity, thermal, photophysical and 

electrochemical behavior. This special state of matter is very sensitive to external 

perturbations like heat, pressure, electrical and magnetic fields. These materials are 

extremely sensitive to external stimuli and exhibit the self-healing of structural defects. 

These properties make such compounds fascinating and extremely appealing for the 

applications in material sciences as well as in life science. Important applications of 
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thermotropic LCs are liquid crystal displays, temperature sensors, privacy windows and 

selective reflecting pigments. 

This thesis entitled “Studies on the self-assembly of some heterocycle containing star-

shaped and polycatenar mesogens” have been divided into four chapters. Contents 

included in this thesis are based on the research output gained from my research program. 

Chapter 1 This is an introductory chapter to LCs in general describing their classification 

and their important significance in material science. The chapter focuses in greater detail 

on the physical properties of non-conventional liquid crystals. Beginning with an 

overview of thermotropic LCs and their brief history, this chapter mainly focuses the 

major classes of columnar mesophases formed by non-conventional LCs, relevant 

mesomorphic and physical properties and finally, some applications and perspectives in 

material science and molecular electronics. Lastly a brief introduction on organic gelators 

and liquid crystalline physical gels along with their practical application has been 

described. 

Chapter 2 This chapter deals with the synthesis and characterization of eight new star-

shaped molecules with a central 2,4,6-triphenyl triazine core attached with three 

symmetrically substituted 1,3,4-oxadiazole arms with the variation in the number, length 

and pattern of peripheral chain substitution. Their thermal, electrochemical and 

photophysical properties with the help of various techniques were investigated. 

Compounds with three flexible chains at the periphery turned out to be crystalline 

irrespective of the chain length, whereas compounds with six and nine peripheral chains 

stabilized the Colh phase over a wide thermal range. One of the compounds with 

peripheral n-hexadecyloxy substitution at 3 and 4 positions showed a technologically 

important room temperature Colh phase. The mesophase range enhanced by lowering the 

chain length of these star shaped compounds from n-hexadecyloxy to n-dodecyloxy. The 

compound with three alkyl tails was crystalline, while the compound with six alkyl tails, 

where the alkoxy groups are in an adjacent position, exhibited the Colh phase with a slight 

enhancement in the thermal range. A marked difference was visible in the case of 

compounds, where the alkyl tails were in alternate positions. These compounds exhibited 

high temperature Colh and low temperature Colr phases with an enhanced thermal range. 

A similar behavior was observed in the case of compounds with nine alkoxy tails. 

Overall, the lowering of chain length has increased the core-core interaction, leading to 
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the stabilization of the Colr phase along with the Colh phase and enhanced the thermal 

range. This demonstrated how a subtle change in the molecular structure through 

peripheral substitution alters the LC self-assembly. The photophysical properties of these 

star shaped molecules were extremely dependent on the number and pattern of peripheral 

chain substitution. They exhibited blue and green fluorescence in the solid/liquid crystal 

state. Preserved fluorescence in the solid state is explained due to the formation of 

aggregates, which do not quench the fluorescence. The aggregation quenching is not 

occurring here probably due to the columnar packing that includes several different 

diastereomeric conformations. Cyclic voltammetry studies revealed that these molecules 

possess lower LUMO levels and bandgaps compared to the 2,4,6-triphenyl triazine which 

is used in OLEDs, thus making them better candidates for electron transporting emissive 

layers. 

Chapter 3 This chapter presents two series of polycatenar mesogens that contain a 

central thiophene moiety flanked with two substituted oxadiazole or thiadiazole moieties 

connected with alkoxyphenyl substituents. The number, length and position of 

substitution of the peripheral chains were varied. The oxadiazole-based polycatenars 

exhibited a columnar phase with rectangular and hexagonal or oblique symmetry, 

whereas thiadiazole-based polycatenars exhibited columnar phases with rectangular 

and/or hexagonal symmetry. All the compounds exhibited bright emission in the solution 

and thin-film states. Two oxadiazole-based molecules and one thiadiazole-based molecule 

exhibited good ability to undergo gelation in hydrocarbon solvents at very low 

concentrations, which qualifies them as supergelators. The supergelation is mainly 

supported by attractive π-π interactions, along with other secondary interactions. Of these 

gels, the oxadiazole- and thiadiazole-containing hexacatenars with n-hexadecyloxy chains 

were studied extensively. These gels showed aggregation-induced enhanced emission, 

which is of high technological importance for applications in solid-state emissive 

displays. X-ray diffraction studies showed that the fibers of the xerogels formed by the 

columnar organization of oxadiazole-based polycatenars with a rectangular lattice, 

whereas those of the thiadiazole-based polycatenars self-assembled with a hexagonal 

columnar arrangement. The number, length, and position of substitution of the peripheral 

tails and the type of the heterocycle moiety adjacent to the thiophene ring greatly affected 

the self-assembly of the molecules in the LC and gel states. Rheological measurements 

carried out on the samples confirmed the formation of gels quantitatively and showed that 
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these gels are mechanically robust. The impact of an atomic-scale difference (oxygen to 

sulfur, < 2% of the molecular weight) on the self-assembly and the macroscopic 

properties of these self-assembled compounds have been clearly visualized. This 

molecular design helps in the development of long molecular nanowires with a strong 

overlap of central conducting cores and an insulating peripheral sheath of flexible chains, 

which are promising fort the applications in organic electronic devices. 

Chapter 4 In this chapter, we have synthesized and characterized several bent-shaped 

molecules with a central pyridine unit flanked by two unsymmetrically substituted 1,3,4-

oxadiazole and thiadiazole moieties. The number and position of the terminal tails were 

varied. The type of the heterocycle and the number of peripheral tails had a significant 

impact on the stabilization of the liquid crystalline and organogel self-assembly as well as 

the photophysical properties. Thiadiazole based compounds exhibited higher mesophase 

stability in comparison to oxadiazole derivatives, while oxadiazole based compounds 

exhibited higher gelation tendency. In the case of oxadiazole derivatives, tetracatenar and 

hexacatenars exhibited gelation behavior, while in the case of thiadiazole derivatives only 

hexacatenars exhibited gelation. The number of peripheral tails also plays an important 

role in stabilizing the gelation in hydrocarbon solvents, which is evident from the fact that 

all the hexacatenars stabilized supergelation irrespective of the type of the heterocycle. 

The gelation is mainly promoted by attractive π-π interactions, which is in contrast to 

other supergelators that require strong intermolecular hydrogen bonding. The 

supergelators showed the capability to form self-standing, moldable gel at higher 

concentration. Thiadiazole based compounds exhibited bathochromically shifted 

absorption and emission in comparison to oxadiazole derivatives but with a lower 

quantum yield. In addition these compounds showed the ability to sense the acid with a 

quenching/shifting in the emission spectrum, which makes it possible to detect acids by 

naked eye at low concentration. Two of the hexacatenar supergelators investigated, 

exhibited aggregation induced enhanced emission with a several fold increase in 

luminescence intensity in the gel state. The variation in the gelation capability of these 

molecules shows that although the π-π interactions plays a major role in self-assembly, 

the nanoseggregation of incompatible molecular segments like peripheral flexible tails 

also contribute in organogelation and LC self-assembly. Scanning probe microscopic 

studies of the xerogels revealed a fibrillar network of several micrometers corroborating 

the long range supramolecular self-assembly. Extensive rheological studies proved the 
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viscoelastic and thixotropic nature of the gels. Similar AIEE effect was observed in the 

thin film state too. Stabilization of columnar self-assembly over a long range, along with 

AIEE behavior is significant from the perspective of emissive solid-state displays. In a 

nutshell, this study accounts the effect of molecular structural variations on the nature of 

supramolecular self-assembly and the resultant macroscopic properties, that is of 

substantial significance to the scientific community working in the broad area of 

supramolecular chemistry. 

In conclusion the thesis presents a systematic study on the molecular structure and 

resulting self-assembly behavior of star-shaped and polycatenar molecules in liquid 

crystals and organogels.  Again, it describes the effect of molecular structure in terms of 

the type of the heteroatom as well as the number and position of peripheral chains on the 

liquid crystalline and photophysical behavior of polycatenars. It is interesting to note that 

how  an atomic-scale difference affects the self-assembly and the macroscopic properties 

of the mesogens studied in this thesis. The insights obtained from this work may provide 

new directions to the study of liquid crystalline organogelators and sensors. 
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Chapter 1 

3 

 

1.1. The liquid crystal state 

Liquid crystals (LCs) are ordered fluids. In contrast to a solid crystal, where the 

molecules or atoms are situated on the points of a three-dimensional lattice, the molecules 

in a liquid crystal phase are distributed more or less at random directions along all three 

or at least two directions of space. Liquid crystal phases possess long-range orientational 

order. The degree of organization of liquid crystal is lesser than that of the solid 

crystalline state, but having more degree of organization than that in the liquid state. In 

other words, solids usually have both positional and orientational order, which implies 

that the center of mass of molecules is situated at a specific location and molecular axes 

point at certain directions. In case of a liquid, there is no specific location for the center of 

mass of molecules as it varies, since the molecules diffuse in all directions as shown in 

Fig. 1.1. Therefore, physical properties are not dependent on directions and hence this 

state is called isotropic state. The organization of the molecules in a well-defined way, 

provides anisotropic properties to the liquid crystals. The intermediate role between fully 

ordered and completely disordered systems has given the liquid crystalline state the name 

“mesomorphic state” and liquid crystal phases are sometimes referred to as 

“mesophases”. Likewise, a molecular structure generally suitable for the formation of 

liquid crystalline phases is called mesogenic and such molecules are called as mesogens. 

Overall, mesogens are anisotropic ordered fluids and sometimes described as 

"positionally disordered crystals" or "orientationally ordered liquids".
1
 They have 

combined properties of crystal such as optical and electrical anisotropy and liquid-like 

molecular mobility and fluidity. This special state of matter is very sensitive to external 

perturbations like heat, pressure, electrical and magnetic fields. The molecular mobility 

and the tendency for self-organization stimulate the self-healing processes even after the 

material’s responses to these external stimuli. The self-healing and self-organizing 

properties make such compounds extremely attractive for applications in material 

sciences and biology.
2 

1.2. History of liquid crystals 

In 1888, the botanical physiologist Friedrich Reinitzer
3a

 was extracting cholesterol and 

their derivatives from carrots to establish its chemical formula.  Again, he examined the 

physical and chemical properties of several derivatives of cholesterol and found that 

cholesteryl benzoate (I) (Fig. 1.2) had two different melting points.  One is at 145 °C 
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where it liquefied to a cloudy liquid and the other one is at 179 °C where it went to a 

transparent liquid. The phenomenon was reversible. Similar behavior of cloudy liquid 

phenomenon observed from 116 
o
C to 134

 o
C in para-azoxy anisole (II) (Fig. 1.2)

 
by 

Gattermann.
3b 

Because of this preliminary work, Reinitzer is often recognized with the 

discovery of the new intermediate phase of matter - the liquid crystal phase.   

 

Figure 1.1.  Basic structural difference among crystalline solid, liquid crystal and isotropic liquid. 
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Otto Lehmann
3c

 was the first to observe combined properties of both the liquids in their 

mobility and crystals in their optical properties suggesting the name liquid crystals for 

these substances.  He was also the first to use the term "fliessende krystalle" (flowing 

crystals) in 1889.
3d

 In 1922, Friedel
4a

 stressed that, although these states did exhibit some 

of the properties of crystalline matter and some of the properties of an isotropic liquid, 

these states are genuinely neither crystalline nor liquid.  He suggested that it would be 

preferable to refer to the liquid crystalline state as mesophase. On the basis of optical 

studies, Friedel
4b

 distinguished clearly three different types of mesophases namely 

smectic, nematic and cholesteric phases. During the first half of the twentieth century, 

Vorländer
4c

 started systematic synthetic work in order to find out the molecular structure-

property relationship. He remarked that the compounds having an elongated shape or rod-

like shape exhibit mesophases. 

 

Figure 1.2. Structure of cholesteryl benzoate (I) and para-azoxy anisole (II). 

  Thus it was believed for a long time that only molecules, with a rod-like 

structure, could exhibit mesomorphism. In 1977, Chandrasekhar and his colleagues 

discovered that not only rod-like (calamitic) molecules but also compounds with disc-like 

(discotic) molecular shape are capable to form mesophases.
5
 Generally discotic liquid 

crystals (DLCs) have flat or nearly flat, rigid aromatic cores surrounded by 3, 4 or 5 

flexible peripheral aliphatic chains. Based on this general template, thousands of DLCs 

have been reported over the years. In 1996, a new addition to liquid crystal field was 

introduced, which are commonly known as banana-shaped (bent-shaped) molecules.
6
 

These molecules contain a central angular unit, two linear rigid cores and terminal 

flexible chains. The discovery of ferroelectricity in non-chiral banana-shaped molecules 

increased the research activity in this field of LCs. These and many other non-

conventional structures exhibited interesting mesophase morphologies, which motivated 

scientists to attempt several non-conventional molecular structures that stabilize liquid 

crystallinity. 

O

O

O

N
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O
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1.3. Classification of liquid crystals 

Liquid crystals can be classified as shown in the Fig. 1.3. Broadly they can be classified 

into lyotropic and thermotropic LCs, depending on how the liquid crystalline phase has 

been obtained, whether by solvent addition on the amphiphilic system (lyotropic)
7
 or by 

temperature variation (thermotropic).
7a

 In thermotropic LCs the mesophase formation is 

temperature dependent, while in the case of lyotropic LCs the mesophase formation is 

solvent and concentration dependent. Besides, there are some molecules that exhibit LC 

phases under the influence of both heat and solvent; such systems have been referred as 

amphotropic LCs.
7c

 Lyotropic LC phases are frequently encountered in everyday life and 

most importantly, life itself is critically based on such ordered fluids. Despite the 

significance of lyotropic LCs, thermotropic LCs have claimed a relatively greater 

attention, firstly because they are simple to realize and easy to handle and secondly, they 

serve as an important medium in the fabrication of low-power devices. 

 

 

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

The classification of mesophases is a complicated task as over the last few decades’ 

varieties of mesophases have been discovered or synthesized through conventional, 

nonconventional or via new molecular architecture. There are different ways to classify 

these mesophases, in terms of shape (calamitic, discotic and banana-shaped mesogens 
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etc.), molecular size (as low and high molecular weight) and with respect to the type of 

mesophase formed (nematic, cholesteric, smectic and columnar etc.).  The research work 

presented in this thesis focuses on thermotropic LCs and hence the discussion is restricted 

to this topic only. 

1.4. Thermotropic liquid crystals 

Most of the crystals on heating transform into the isotropic liquid phase by simultaneous 

loss of the long-range positional and orientational orders. If the molecules possess a 

certain amount of shape anisotropy, then the disappearance in one, two or three 

dimensions of long-range translational periodicity in the crystals may precede the 

collapse of the long-range orientational order. Such compounds may show a series of 

mesomorphic transitions into fluid states that exhibit varying degrees of the structural 

symmetries. The temperature at which the crystal transforms into mesophase is called 

melting point while that from the mesophase to isotropic state is called clearing point. 

Thermodynamically stable mesophases which appear both on heating and cooling are 

termed as enantiotropic, while the thermotropic mesophases that appear only on cooling 

are monotropic. Thermotropic LCs can be either high molar mass (polymeric) or low 

molar mass. Low molar mass thermotropic LCs can be classified further into 

conventional and non-conventional LCs.
8
 

1.5. Conventional liquid crystals 

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

they are popularly known as calamitics and discotics respectively. For many years it was 

believed that the molecule has to be long or rod-shaped molecule
9
 (Fig. 1.4b) such as 4-

methoxybenzylidene-4’-n-butylaniline (MBBA) (III) and 4′-pentyl-4-cyanobiphenyl 

(5CB) (IV)
9l 

could be mesogenic. However, in 1977 Chandrasekhar et.al. demonstrated 

that disc-like molecules (Fig. 1.4c) such as benzene-1,2,3,4,5,6-hexayl hexaoctanoate (V) 

also can display mesomorphism.
5b 

Rod-like or calamitic molecules have an elongated shape i.e. the molecular length 

(l) is notably greater than the molecular breadth (h) as depicted in Figure 1.4a. The shape 

anisotropy in combination with micro-segregation of incompatible parts in calamitic LCs 

results in a number of mesophase structures. Most of the rod-shaped mesogenic 

compounds contain two or more ring structures, linked together directly or through 

connecting groups. They frequently have terminal hydrocarbon chains and in some cases  
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Figure 1.4. General templates for the rod-like (a), disc-mesogen (c) mesogens and representation of 

calamitic LCs where l >> h (b) and their respective representative examples III, IV, and V. 

may contain lateral substituents as well. The representative chemical structure of these 

molecules can be demonstrated by the general template as shown in Figure 1.4b. RC1 and 

RC2 are the rigid cores that are often aromatic in nature (e.g. 1,4-phenyl, 2,5- 

pyrimidinyl, 2,6-naphthyl etc.) but can also be alicyclic (e.g. trans-4-cyclohexyl, 

cholesteryl etc.). In many examples, these two cores are connected via a covalent bond 

and in some cases, they are connected by linking unit L (e.g. -COO-, -CH2-CH2, -CH=N-, 

-N=N- etc.). The terminal substituents R and R' are usually either alkyl or alkoxy chains. 

In many cases, one of the terminal units is a polar substituent (e.g. CN, F, NCO, NCS, 

NO2 etc.). In some special cases, lateral units X and Y (e.g. F, Cl, CN, CH3 etc.) are also 

incorporated in the main molecular structure. 

Discotic LCs are composed of a rigid core which is surrounded by three or more 

flexible aliphatic chains. Any type of change in the rigid core and peripheral flexible 

chains alter their self-assembly in bulk as well as in solution. These materials frequently 

have two, three, four or six-fold rotational symmetry. However, there are many 

exceptions and materials with low symmetry, a non-planar, non-aromatic core having a 

shorter number of chains are also documented to display discotic mesophase.
5c

 The 

TH-1882_136122026



Chapter 1 

9 

 

mesomorphism is the result of the micro-segregation of the two constituents: the face on 

interactions between the conjugated rigid cores promote the crystalline character while 

the liquid character originates from the melting of the flexible peripheral alkyl chains in 

the mesophase. The search for such mesophase is mostly regulated by delicate 

changes in the number, size and nature of the lateral chains in addition to the central core. 

A general template for discotic mesogens is shown in Figure 1.4c. Most of the disc-

shaped molecules display only one type of mesophase but few examples are known to 

exhibit polymorphism. Mesophases formed by discotic molecules are primarily classified 

as nematic (N), columnar (Col) and lamellar phases.
5
 Most common phase in discotics is 

Col phase followed by nematic phase whereas the other phases are rarely observed. Since 

this thesis deals with non-conventional LCs, the discussion on conventional LCs is 

limited. 

 

1.6. Non-conventional liquid crystals 

In recent times a great deal of attention has been given to the formation of self-organized 

systems with multifarious mesophase morphologies. This is attained by modifying the 

shape of rigid parts by increasing the number of incompatible units in the molecules or by 

varying the volume-fractions of the incompatible fragments. These molecules with a 

shape deviating from the conventional rod or disc-shape are known as non-conventional 

LCs.
10 

It is well known that anisotropic molecular shape and space filling play a vital role 

in self-assembly of mesogens. However, nanoscale segregation of incompatible molecular 

parts i.e. micro segregation has also been realized to play an important role in mesogenic 

self-assembly, resulting into new mesophase morphologies. The overall feature for the 

majority of such molecular systems is the molecular structural contrast within the 

molecule i.e. these molecules possess chemically different molecular units that are 

incompatible with one another. Some of the important examples of non-conventional 

systems (Fig. 1.5) are oligomers (VI)
11

, polycatenars (VII-IX)
12

, bent-core molecules 

(X)
13,10d

, star-shaped molecules (XI)
14

, polyhydroxy amphiphiles (XII)
15

, dendrimers 

(XIII)
16 

and octahedral complexes (XIV)
17

. Since this thesis deals with star-shaped and 

polycatenar LCs, we elaborate on these two classes in the next sections.  
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Figure 1.5. Molecular structures of different types of non-conventional LCs. 

1.7. Star-shaped mesogens (Hekates) 

Non-conventional LCs lack shape anisotropy in the core unit, but their lack of 

shape anisotropy to exhibit mesophases is compensated by the nanophase segregation of 

chemically or physically different molecular subunits and their tendency of efficient 

space filling. The simplest multiarm mesogens that do not fall in the category of rod-

shaped mesogens, dimers or bananas are molecules with three arms symmetrically linked 

with core units, which possess C3 symmetry where all arms are identical. These are 

commonly known as star-shaped mesogens or hekates (Fig. 1.6).
 18,19 

The star-shaped mesogens can be divided into three subgroups; stars with three 

mesogenic or promesogenic units linked to the central core with flexible spacers 

(subgroup I),
20

 stars with a semi-flexible scaffold (subgroup II)
21

 and shape-persistent 
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stars that are obtained by connecting the three rigid arms to central core through linkers 

(subgroup III)
22

 as shown in Figure 1.7 and 1.8. 

 

Figure 1.6. A general structure of star-shaped mesogens with three arms. 

 

Figure 1.7. Schematic representation of general classification of star-shaped three-arm mesogens. 

 

core

repeating unit

peripheral chains

Folding

Subgroup I

Subgroup II

Subgroup III

Hekates
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Figure 1.8. Flexible hekates (subgroup I) (XV); semi-flexible hekates (subgroup II) (XVI) and shape-

persistent hekates (subgroup III) (XVII). 

 

Inherent synthetic flexibility made these molecules advantageous over discotic molecules 

associated with synthetic difficulties. Thus the Col phases can be incorporated with other 

functional properties like hole or electron transport, nonlinear optical activity or 

fluorescence. The presence of the voids between the arms of the molecular structure helps 

to avoid the crystallization of mesophases and promote the glassy state. Col phases with 

glassy nature are important as they allow the movement of charge carriers through them 

with the simultaneous restriction of ionic impurities. There is a large void between the 

individual arms that have to be filled in condensed phases. Thus, one would not expect 

these molecules to form mesophases based on nanoseggregation of incompatible parts, 

due to the presence of large voids, which may promote the mixing of core and peripheral 

chains, especially in the subgroup of shape-persistent molecules (Subgroup III). 

1.8. Polycatenars 

Polycatenar mesogens or phasmids are regarded as the connecting link between 

conventional rod-like (calamitics) and disc-like (discotics) mesogens as they possess the 

structural features (Fig. 1.9) and exhibit rich mesomorphic behavior common to both 

classes of conventional LCs.
23

 With regard to the stabilization of Col phase, this class of 

molecules are advantageous due to their lower melting/clearing point which helps in the  

XV

XVI

XVII
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Figure 1.9. General templates for the polycatenar system and representative example. 

alignment and the inherent synthetic flexibility to incorporate various functionalities, in 

comparison to calamitics and discotics. These molecules self-assemble into different LC 

phases due to the nanosegregation of aromatic units and flexible chains. Since 

polycatenars share the structural features of both calamitic and discotic LCs, they exhibit 

various LC phases like nematic, smectic (lamellar), cubic and Col phases, depending on 

the number of peripheral tails. Gin et. al. described a polycatenar structure (XVIII) with 

photophysical utilities.
24a 

Prasad et. al. presented a polycatenar structure with a 

photoisomerizable azobenzene unit (XX).
24b 

Gallardo et. al. described a bent-polycatenar 

with cyanopyridine as a central unit (XIX) which stabilized Colh phase and also exhibit 

luminescence properties.
24c

 

1.9. Mesophase morphologies of thermotropic columnar liquid crystals 

On the basis of their chemical structure, shape of the constituent molecules and exterior 

factors such as temperature and pressure determine different types of LC phases. In this 

section, several types of columnar phases that exhibited by conventional and non-

conventional LCs are discussed. 

 

1.10. Types and structures of columnar phase 

Depending on the degree of order in the molecular stacking, orientation of the molecules 

along the columnar axis, dynamics of the molecules within the columns and the two-

dimensional lattice symmetry of the columnar packing, the Col phases may be classified 

in to seven classes as follows: (i) columnar hexagonal mesophase (Colh), (ii) columnar 

square (tetragonal) phase (Colsq or Coltet), (iii) columnar rectangular mesophase (Colr), 
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(iv) columnar oblique phase (Colob), (v) columnar plastic phase (Colp), (vi) helical phase 

(H) and (vii) columnar lamellar phase (ColL). 

1.10.1. Columnar hexagonal phase (Colh)  

Hexagonal packing of the molecular columns is characteristics for columnar hexagonal 

mesophase as shown in table 1.1. The suggested abbreviation for columnar hexagonal 

phase is “Colh” and the planar space group is p6mm. The X-ray scattering profiles of a 

Colh phase consist of several peaks in small angle region whose spacings are in the ratio 

1:1/√3:1/√4:1/√7:1/√9:1/√12:1/√13: …1/√h
2
+k

2
+l

2
 correspond to 100, 110, 200, 210, 300, 

220, 310, …hkl planes respectively along with two broad peaks in the wide-angle region. 

These two peaks at wide-angle region correspond to the packing of flexible alkyl chains 

and intra columnar stacking of discotic cores respectively.
25

 

1.10.2. Columnar tetragonal (square) phase (Colt)   

Tetragonal packing of the molecular columns is characteristics for columnar tetragonal 

mesophase as shown in table 1.1. The suggested abbreviation for columnar tetragonal 

phase is “Colt” and the planar space group is p4mm. The X-ray scattering profiles of a 

columnar tetragonal phase consist of several peaks in small angle region whose spacings 

are in the ratio 1:1/√2:1/√4:1/√5:1/√8:1/√9:1/√10:1/√13:1/√17: …1/√h
2
+k

2
 correspond to 

100, 110, 200, 210, 220, 300, 310, 230,140 …hk0 planes respectively along with two 

broad peaks in the wide-angle region. In this mesophase the columns are vertical and they 

are self-organized in a quadrangular/square lattice. This phase is reported in few sugar 

molecules, phthalocyanines and supramolecular fluorinated LCs.
26

 

1.10.3. Columnar rectangular phase (Colr) 

Here the columns are arranged in a rectangular pattern as shown in table 1.1 and is 

denoted by Colr. The two dimensional space group of rectangular columnar phase are 

p2mm, c2mm, p2gg and p2mg which depends on the direction of the principle symmetry 

axis, that is the direction of columns. The molecules are elliptically placed in the plane 

which results in the deviation of symmetry of Colr from a proper hexagonal arrangement. 

For that reason, strong core-core interactions are needed in the stabilization of the Colr 

phase because the cores of one column must be tilted with respect to cores of neighboring 

columns. Therefore, with increasing of side-chain length, cross over from columnar 

rectangular to columnar hexagonal has been observed.
27
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1.10.4. Columnar oblique phase (Colob) 

In a columnar oblique (Colob) mesophase, columns are arranged in a parallelogram lattice 

and the molecules in each column are tilted as shown in table 1.1. The symmetry of this 

2D lattice corresponds to the space group p1. Examples of Colob phases are rare because 

of the requirement of strong core-core interactions.
28b-d

 Since p1 is a primitive planar 

space group, there are no reflection conditions as in the case of Colh and Colr phases and 

therefore all the reflections are allowed. Hence, the assignment of the oblique mesophase 

by X-ray diffraction study is not so straightforward. Fan-shaped textures and spiral 

textures are characteristic for Colob phase.
28 

1.10.5. Columnar plastic phase (Colp) 

Columnar plastic phase is characterized by 3D crystal-like order of the 

center of mass of the molecules, but the columns are organized in a 2D hexagonal lattice, 

while the discs within the columns are able to interchange about the column axis (Table 

1.1). The suggested abbreviation for columnar plastic phase is “Colp”. In the case of Colh 

phase, structural disorders such as nonparallel arrangement of the discs, longitudinal and 

lateral displacements, and rotation around the columnar axis take place, while the 

motional freedom of disks in the Colp phase is limited. The X-ray diffraction pattern of 

Colp phase exhibits low angle reflections that can be indexed to form a 2D hexagonal 

lattice. In addition, the profile for the plastic phase has reflections having mixed indices. 

The occurrence of the diffuse peaks in the wide-angle region which is due to the alkyl 

chains differentiates this phase from a crystalline phase. The wide-angle core-core 

reflection, which is usually diffuse in the Col phase, becomes very sharp and splits into 

two peaks.
29 

 

1.10.6. Columnar helical phase (H) 

Columnar helical phase (H) is characterized by helically arranged columns with the 

hydrocarbon chains interdigitated in groups of three columns as shown in table 1.1. This 

exceptional mesophase structure with the helical order was observed in a triphenylene 

derivative namely hexahexylthiotriphenylene (HHTT).
30a,b 

X-ray diffraction experiments 

have proved that the helical H phase is distinctive to HHTT and certain mixtures of 

compounds with an average chain length close to 6 carbons. 
30c 
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1.10.7. Columnar lamellar phase (ColL) 

Columnar lamellar mesophase is characterized by a layered structure with the columnar 

organization as shown in table 1.1 and exist in certain discotic compounds.
31,32

 The 

suggested abbreviation for the columnar lamellar phase is “ColL”. The physical 

characteristics arrangements of molecules for this columnar lamellar phase are: firstly, the 

disc-shaped molecules arranged one above the other to form columns and secondly, these 

columns are assembled into different layers without any positional or translational 

correlation. The X-ray scattering profiles of a columnar lamellar phase consist of several 

peaks in the low angle region whose spacings are in the ratio 1:2:3 corresponding to the 

lamellar association of columns. 

All the typical Col phases discussed in this thesis are summarized in table 1.1 with 

related schematics and structural parameters. The number of molecules in the unit cell can 

be calculated by using following equation: 

Z = (ρ × NA × S × hc)/M 

Where ρ is the density of the liquid crystal phase, NA is Avogadro’s constant, S is the 

columnar cross-section area, hc is the height of the columnar slice and M is the molecular 

weight of the constitutive molecule. S can be easily calculated from the cell parameters, 

keeping in mind that its expression depends on the geometry of the cell (Table 1.1). 

Therefore, a hypothesis on how mesogen molecules are eventually organized to form the 

discoidal shape can be formulated. 

 

1.11. Identification of thermotropic mesophases 

Since the discovery of LC molecules, till date a number of liquid crystalline phases have 

been observed. Precise characterization of LC phases generally requires the use of 

different techniques
1
 as the structural differences between these phases are quite narrow. 

The most commonly used device to identify the LC phases is the polarizing optical 

microscope (POM) that reveals the characteristic optical texture of a mesophase.
1
 The 

identification of mesophases through POM usually involves the magnified view of a thin 

sample of a mesogenic material sandwiched between a glass microscope slide and a glass 

coverslip. The textures are usually examined between crossed polarizers, in white light 

under orthoscopic illumination; the substrates are either chemically treated for 

homogeneous/homeotropic alignment or used without any pretreatment. 
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Table 1.1. Two-dimensional space groups of columnar liquid crystals with corresponding cross-section area 

and number of discoids (disc or ellipsoid) Zdisc in a cross section. 

 

 

b
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A calorimetric study using differential scanning calorimetry (DSC) is a complementary 

tool to microscopic studies to know the precise phase transition temperature and the 

enthalpy change associated with the transition. However, there are limitations in 

mesophase characterization by either of these methods as the optical textures of different 

smectic or Col phases are difficult to distinguish and the enthalpy values cannot be so 

characteristic for different phase transitions. Sometimes miscibility studies, in which a 

well-known liquid crystal phase is physically mixed with an unknown phase to ascertain 

the nature of the phase, are carried out based on the criterion of complete miscibility of 

identical phases. For unambiguous identification of mesophases, structural information 

such as relative molecular positions, the presence of long-range positional order, the 

quality of preferred molecular orientation etc. can be obtained from diffraction studies. X-

ray, electron, and neutron radiations are suitable for diffraction studies. X-rays are 

probably the most convenient and widely used whereas electrons and neutrons have 

advantages in particular situations. Other experimental techniques such as electro-optic 

measurements and nuclear magnetic resonance (NMR) spectroscopy are also in use for 

the characterization of mesophases. 

1.12. Applications of columnar phases 

Numerous potential application of LCs and its technology has become the inseparable 

part of our daily life viz. wrist watches, pocket calculators, computer, laptop and 

televisions. LC displays were grown up rapidly due to their small size, ease of viewing, 

low power consumption and durability. Col phase offers a one-dimensional pathway for 

the charge migration where the central aromatic core acts as a conducting unit, while the 

external peripheral chains act as an insulating mantle. This LC phase is of great 

importance due to their inherent self-assembling and self-healing ability, which in turn 

enhances the physical properties (optical and conductive) due to the ordered organization. 

A careful molecular engineering can be employed to tailor these physical properties for 

enhancing the performance of Col phases as active materials in solar cells (good 

processability, large absorption coefficient, good charge carrier mobility), as they can be 

cheaper alternatives in comparison to inorganic counterparts. To meet all these objectives 

Col phases derived from electron rich/poor DLCs is the best choice, which mimic the 

single crystalline organic semiconductors. The “edge on” orientation of the Col phases 

can be translated into the active layers of field effect transistors (FET) which are the vital 

components of molecular electronic devices. The high mobility for photo-induced charge 
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carriers in the Col phases also makes them worthy of their application in fast and high 

resolution xerographic and laser printing as active charge transport layers.
33

 Col LCs can 

be used as a sensitive sensors for both polar and nonpolar molecules because they have a 

unique conductive surface that can be altered due to the disturbance in the surface.
34

 

Recent years efforts are made to employ Col phases for construction of the organic light 

emitting diodes (OLEDs)
 
as they can act as good emitting and conductive materials. Col 

phase with a combination of hole/electron transport and luminescence properties is an 

ideal material for the fabrication of OLEDs.
35

 

 

 

Figure 1.10. Schematic representations of molecular electronic devices from Col mesophases: (a) field 

effect transistor; (b) gas sensors; (c) photovoltaic or solar cells and (d) organic light emitting diodes, 

(Reproduced from reference [33a] with the permission from Royal Chemical Society) 

 

1.13. The Gel state 

In general, gels are viscoelastic solid-like materials comprised of an elastic 

cross-linked network and a solvent, which is the major component. Thus by weight, the 

gels are mostly liquid, but they behave like solids due to a three dimensional cross-linked 

network within the liquid. In other words, the gels are a dispersion of molecules of a 

liquid within a solid in which the solid is the continuous phase and the liquid is the 

discontinuous phase. Gels are defined as a substantially dilute cross-linked system, which 

exhibits no flow when in the steady-state. The three-dimensional cross-linked network 

within the liquid may result from physical bonds (physical gels) or chemical bonds 

(chemical gels). Gelation relies on a balance between solvent-gelator and gelator-gelator 

interactions.
36c,37b-g

 The non-covalent interactions responsible for gelation are mainly the 

H-bonding, π-π stacking, donor-acceptor
36

 interactions, metal coordination, solvophobic 

(a)

(b)

(c)

(d)
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forces (hydrophobic forces for gels in water) and van der waals interactions. Most of the 

naturally occurring gelators are macromolecular and they form gels by physical cross-

linking (usually H-bonding
37

). Such macromolecules include gelatin, collagen, agar, 

starch etc. Gels derived from synthetic compounds can be subdivided on the basis of their 

constitution into macromolecular (polymer) and molecular. When the gels are formed by 

strong chemical bonds, they cannot be redissolved and are thermally irreversible (e.g. 

polyester, polyamide, poly(vinyl alcohol), polyethylene) whereas gels formed by weak 

noncovalent interactions (physical entanglements) are reversible (e.g. polyacrylate, 

polymethacrylate). Depending on the dispersion medium or the sol, gel can be classified 

as hydrogels, organogels and aerogels (Fig. 1.11). Since this thesis deals with organogels, 

our discussion is restricted to this topic only. 

Organogels or organic gelators are non-crystalline, non-glassy, thermoplastic solid 

materials composed of a liquid organic phase entrapped in a three-dimensionally, cross-

linked network. The liquid can be, for example, an organic solvent, mineral oil or 

vegetable oil. The solubility and particle dimensions of the structures are important 

characteristics for the elastic properties and firmness of the organogel. Organogels are 

frequently found in food processing, pharmaceuticals and cosmetics.  

 

 

Figure 1.11. Schematic representation of general classification of gels.
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Gels of a low molecular mass compound are usually prepared by heating the 

gelator in an appropriate solvent and cooling the resulting isotropic supersaturated 

solution to room temperature. When the hot solution is cooled, the molecules start to 

condense and three situations are possible: (i) a highly ordered aggregation giving rise to 

crystals, (ii) a random aggregation resulting in an amorphous precipitate or (iii) an 

aggregation process intermediate between these two, yielding a gel (Fig. 1.12). The 

process of gelation involves self-association of the gelator molecules to form long, 

polymer-like fibrous aggregates, which get entangled during the aggregation process 

forming a matrix that traps the solvent mainly by surface tension. This process prevents 

the flow of solvent under gravity and the mass appears like a solid. Determination of the 

sol-to-gel phase transition temperature (TSG or Tgel) is necessary.
38d 

It is generally 

determined by a “dropping-ball method” where a small ball will be placed on top of the 

gel in a test tube and slowly heated in an oil bath at a fixed heating rate. Tg is defined as 

the temperature, when the ball had reached the bottom of the test tube.
38

 Another 

important factor is critical gelation concentration (CGC) which means the minimum 

concentration is required to form a stable gel at room temperature
38b

 and it is well known 

in literature that when the CGC is below or equal to 1 weight% it is called a 

supergelator.
39 

Xerogels are solids formed from gels that do not suffer from shrinkage in 

the process. If the liquid system is almost entirely or wholly removed from the gel, then it 

will be called as a xerogel. Xerogels generally retain a high degree of porosity. Rubber 

and gelatin are examples of xerogels. 

 

 

Figure 1.12. Schematic representation of the self-assembly of low molecular weight gelators into one 

dimensional aggregates and the subsequent formation of an entangled network.
43c
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LCs can be gelated with chemical or physical 3D network strucutures. The LC 

chemical gels
40 

have been prepared by polymerisation of LC or non-LC monomers in 

liquid crystals. Liquid-crystalline physical gels are obtained by the self-assembly of 

fibrous solid networks of gelators in liquid crystals (Fig.1.13).
41

 Liquid crystals become 

soft solids by gelation, keeping their stimuli-responsive properties. The formation of 

anisotropic phase-separated structures leads to the induction of new functions and the 

enhancement of the properties. The LC physical gels are normally formed by thermal 

processes, in which two independent transitions, the sol-gel transition of a gelator and the 

isotropic-anisotropic transition of a LC, are observed. 

Due to the combination of two components which form phase separated 

anisotropic structures, LC physical gels exhibit enhanced or induced electronic, 

photochemical and electro-optical properties.
41

 Furthermore, these gels can be exploited 

as a material for electro-optical memory,
41f

 which can be attained by controlling 

reversible aggregation process under electric fields. The enhanced hole mobility
41g

 was 

reported with the introduction of fibrous aggregates into triphenylene-based columnar 

liquid crystals. Similarly, the incorporation of photochromic azobenzenes or electroactive 

tetrathiafulvalenes into the chemical structures of gelators leads to the preparation of 

ordered functional materials.
41h

  

 

Figure 1.13. Schematic illustration of (a) chemical gels; (b) physical gels; (c) liquid-crystalline (LC) 

chemical gels and (d) LC physical gels (Reproduced from reference [46] with the permission from Royal 

Chemical Society). 
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An efficient methodology to elucidate the nature of an organogel is to begin with a 

characterization of its rheological and thermodynamic properties. Rheology is the study 

of the flow of matter, primarily in a liquid state, but also as 'soft solids' or solids under 

conditions in which they respond with plastic flow rather than deforming elastically in 

response to an applied force. Rheology offers a convenient method to measure the flow 

properties of gel like materials and facilitates the classification between “strong” and 

“weak” gel types.
42 

Dynamic rheological measurements are done to establish the elastic 

nature of the gel samples that involved strain sweep, angular frequency sweep and step-

strain measurements and it is characterized by G*(ω) = G’(ω) + iG’’(ω), where G’ is the 

storage modulus, G’’ is the loss modulus and ω is the angular frequency. At the 

microscopic level, the structures and morphologies of supramolecular gels have been 

investigated by conventional imaging techniques such as scanning electron microscope 

(SEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM) 

while thermal and mechanical studies are used to understand the interactions between 

these structures. However, at the nanoscale, X-ray diffraction, small angle neutron 

scattering (SANS) and small angle X-ray scattering (SAXS) are required to elucidate the 

structures of supramolecular gels. 

Application of organogels in drug delivery can be illustrated with the example of 

active enzymes and bacteria entrapped in apolar gels of gelatin. Highly concentrated oil-

in-water (O/W) emulsions and various gels have been used as aviation fuels and in 

cosmetics while highly concentrated water-in-oil (W/O) emulsions are used in some 

explosives technologies.
43a Many aqueous gels

43b
 are employed for macromolecular 

separations, protein crystallization etc. While there are wide ranging applications for 

organogels in general, π-gels (formed due to π-π stacking interaction mainly) are of 

particular interest with respect to electronic and photonic applications.
44a,b

 The special 

interests in π-gels are associated with their inherent electronic properties such as 

fluorescence,
45

 charge carrier mobilities,
44d

 electronic conductivities,
44d

 etc. Therefore, in 

recent years, considerable effort has been put in by the scientific community to the design 

of π-gels for specific application in the field of advanced materials.
44,45 

The present thesis 

also deals with the π-gels formed by some of the polycatenar mesogens. 
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2.1. Introduction  

The last four decades have witnessed tremendous research activities with respect to 

design and synthesis of various discotic liquid crystals.
1 

Discotic liquid crystals are 

designed with the general structural template where a central disc-like core is substituted 

with three or more flexible chains. Discotic Liquid crystals mainly stabilize two 

mesophases viz. columnar (Col) phase and nematic (N) phase. Columnar phase formed by 

the one-dimensional stacking of discs to form columns. Based on the arrangement of 

these columns into different lattices they are classified into different columnar phases. 

Nematic phase is formed by the organization of discs with long-range orientational order 

but with no positional order. Over the years several innovative nonconventional 

molecular designs were shown to stabilize Col phases, which were initially observed for 

disc shaped molecules. These classes are polycatenars, dendrimers, metallomesogens, 

bent shaped molecules, oligomers, polymers and star shaped molecules.
2 

Star shaped 

mesogens or ‘hekates’ are relatively a new class of nonconventional molecules that 

stabilize columnar liquid crystalline phases. These molecules are formed by the covalent 

linking of three arms symmetrically to a central core.
3 

These arms may be linked to the 

central core through flexible or semi flexible or rigid linkers. Shape persistent star shaped 

mesogens are obtained, when the linkers connecting central core and three arms are rigid. 

These molecules lack the shape anisotropy of discotics required to exhibit mesophases, 

but their ability to form mesophases is solely driven by the nanophase segregation of 

chemically or physically different molecular subunits and their tendency to fill the space 

efficiently in bulk. Advantage of this molecular design with respect to discotics is, the 

synthetic flexibility provided to incorporate various functional units into the molecular 

structure. Hekates or star shaped mesogens can exhibit a variety of phases like nematic, 

columnar, cubic or soft crystal phases, because of the peculiar structure and the ease of 

tunability associated with this molecular design. The presence of the voids between the 

arms of the molecular structure helps the mesophases to freeze in glassy state. Several 

1,3,5-substituted benzene based or heterocyclic cores have been utilized to prepare these 

star shaped mesogens. s-1,3,5-Triazine is a readily available C3-symmetrical, trifunctional 

core to prepare star shaped mesogens.
4 

Being a C3-symmetric planar central core which 

helps in the self-assembly, it also acts as an n-type semiconductor owing to its electron 

poor nature. Triazine core can also be employed as an H-bonding acceptor, which 

stabilizes supramolecular liquid crystalline self-assembly.
5 

Triazine based central core is 
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also used in the synthesis of oligomers
6
 and dendrimers.

7 
This core has also been utilized 

in the construction of octupolar materials
8 

which show nonlinear optical activity with 

large first hyperpolarizability. 1,3,5-Triazine based star shaped mesogens have been 

prepared by one of the following methods, (i) the reaction of nucleophilic group 

functionalized aromatics with cyanuril chloride
9
; (ii) nucleophilic

9
 or palladium catalyzed 

substitutions
10

 with trihalo-1,3,5-triazines and (iii) cyclotrimerization of nitriles.
11, 12b, 17 

Many fluorophores like styrene,
9,12 

tolane,
13

 carbazole
14 

and triazole
15

 and thiophenes
16 

are connected to this central 1,3,5-triazine core to obtain luminescent mesogens. Marder 

et.al. prepared triazine derivatives where three trialkoxy phenyl substituted 1,3,4-

oxadiazole moieties are directly connected to the central triazine cores.
18 

Incorporation of 

1,3,4-oxadiazoles in to the molecular structure has some advantages, as 1,3,4-oxadiazoles 

are well-known for their stability towards thermal, hydrolytic and oxidative degradation, 

intense fluorescence and good electron transporting properties. These compounds are 

widely used as electron carrier/hole blocking materials and also as electroluminescent 

layers in organic light emitting devices. Many other research groups have prepared star 

shaped molecules containing oxadiazole moieties connected to central benzene core at 1,3 

and 5-positions.
18,19

 In comparison to these benzene based hekates, reports on the triazine 

based hekates with 1,3,4-oxadiazole moieties are scarce. Probably the associated increase 

in the melting points with the incorporation of heterocycles discouraged the researchers. 

 In this chapter we present hitherto unreported fluorescent triazine based hekates 

with three unsymmetrically substituted 1,3,4-oxadiazole moieties, which stabilize wide 

range columnar hexagonal phases. The synthesized compounds vary from each other with 

respect to the number and length of the flexible chains. The number and length of the 

peripheral tails have a significant eff ect on the type and range of the Col phase. The 

lower chain length usually enhances the core-core interaction, which leads to the 

stabilization of the columnar rectangular (Colr) phase, while the higher chain length 

usually promotes the columnar hexagonal (Colh) phase.
1d

 We attempt to shed light on the 

structure-property relationship in this class of star shaped molecules with respect to their 

thermal behavior and photophysical properties. 

2.2. Results and discussion 

2.2.1. Synthesis and Characterization 

The synthetic strategy to obtain the target molecules and their precursors is illustrated in 

scheme 2.1. General procedures for the syntheses of ethyl gallate, 3,4-hexadecyloxy or 
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3,4-dodecyloxy ethyl benzoate, 3,5-hexadecyloxy ethyl benzoate, 3,5-dodecyloxy ethyl 

benzoate, 3,4,5-hexadecyloxy ethyl gallate,
20

 3,4,5-dodecyloxy ethyl gallate,
20

 4-

hexadecyloxy ethyl benzoate
21

 and 4-dodecyloxy ethyl benzoate
21

 are reported earlier. 

Alkoxy esters (3a-h) were transformed to their respective hydrazides (4a-h) by treating 

with hydrazine hydrate in ethanol or n-butanol as solvent.
19,22 

Hydrazides 4a-h upon 

refluxing with 4,4',4''-(1,3,5-triazine-2,4,6-triyl)tribenzoic acid chloride in THF in 

presence of triethylamine yielded tri-N-benzoylbenzohydrazides.
19 

These compounds 

were heated with POCl3 to obtain the target molecules TZ1-8.
19,22

 The key intermediate 

4,4',4''-(1,3,5-triazine-2,4,6-triyl)tribenzoic acid (2) was prepared by chromic oxide 

mediated oxidation of 2,4,6-tri-p-tolyl-1,3,5-triazine (1) in good yield.
23 

Compound 1 was 

in turn obtained by the triflic acid catalyzed trimerization of p-tolunitrile.
24 

The structures 

of all the intermediates and target molecules were confirmed using 
1
H NMR, 

13
C NMR, 

IR spectroscopy and HRMS or MALDI-TOF mass spectra. (See experimental part 

presented in section 2.4 for the details). 

 

 

Figure 2.1. The molecular structures of star-shaped LCs derived from s-triazine and 1,3,4-oxadiazoles. 
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Scheme 2.1. Synthesis of star- shaped LCs. (i) CF3SO3H, dry DCM, 0 

O
C - rt, 12 h, 90%; (ii) CH3COOH, 

H2SO4, CrO3, Ac2O, 0 
O
C - rt, 24 h, 85%; (iii) NH2NH2.H2O, ethanol, reflux, 48 h (65–75%); (iv) 4,4',4''-s-

triazine-2,4,6-triyl-tribenzoic acid chloride, THF, triethylamine, 6 h, reflux; (v) POCl3, reflux, 17 h (45-

50%). 

 

2.2.2. Thermal behavior 

All the compounds were investigated with the help of Polarizing Optical Microscopy 

(POM) and Differential Scanning Calorimetry (DSC). Mesomorphic behavior, phase 

transition temperatures and associated enthalpy changes are presented in table 2.1. Figure 

2.2 graphically represents the thermal behavior of compounds TZ1-8 in the first cooling 

cycle. Compound TZ1 with three hexadecyloxy tails did not show any mesophase and 

showed a crystal to isotropic transition at 173 
o
C. It did not show any mesophase on 

cooling cycle, instead an isotropic to crystal transition at 172 
o
C. This shows that three 

flexible tails are not enough to induce the nanophase segregation of molecular subunits in 

this class of star shaped molecules.
25

 POM images of this compound at different 

temperatures indicated the crystalline nature of the sample (Fig. 2.4a-b). This was 

surprising considering a small enthalpy change (2-3 kJ/mol) observed in DSC studies. 
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Figure 2.2. Bargraph summarizing the thermal behavior of compounds TZ1-8 (first cooling cycle). 

 

Compound TZ2 with six hexadecyloxy tails exhibited enantiotropic mesomorphic 

behavior. In the heating cycle the compound showed a crystal to mesophase transition 

(ΔH = 104.2 kJ/mol) at a temperature of ≈52 
o
C. This birefringent liquid undergoes 

further transition at ≈153 
o
C as observed in DSC scans before going to an isotropic liquid 

state at 239 
o
C. Upon cooling the isotropic liquid a dendritic growth was appeared which 

soon coalesces in to a mosaic pattern interspersed with homeotropic regions (Fig. 2.3a). 

At 149 
o
C a transition was observed in the mesophase, where the texture remains same, 

but the color of the mosaic pattern gets changed (Fig. 2.3b-c). On further cooling a broad 

exothermic peak (ΔH = 207.1 kJ/mol) corresponding to crystallization was observed in 

the DSC scan at ≈50 
o
C, while the texture remains unchanged with a concurrent loss of 

fluidity (Fig. 2.3d & 2.5a). In the next heating scan a transition appeared at a temperature 

of ≈53 
o
C (ΔH = 106.3 kJ/mol) showing that this transition is not due to glass forming. In 

order to assign the symmetry of the columnar phase powder X-ray diffraction of the 

sample was carried out at different temperature intervals. X-ray diffraction of the sample 

carried out at 200 
o
C showed a sharp peak centered at 43.2 Å at the low-angle region, 

followed by two diffused peaks at 5.18 and 3.76 Å respectively (Fig. 2.5b, Table 2.2). 

 

TZ1

TZ2

TZ3

TZ4

TZ5

TZ6

TZ7

TZ8
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Table 2.1. Phase transition temperatures
 a
 (

o
C) and corresponding enthalpies (kJ/mol) of star shaped LCs. 

 

 

Figure 2.3. Photomicrographs of textures as seen by POM for the Colh3 phase of compound TZ2 (a) at 230 

°C; (b) Colh3 phase at 155 
o
C; (c) Colh2 phase at 134 

o
C; (d) Colh1 phase at 28 

o
C. 

Entry Phase sequence 

2
nd

 Heating 1
st
 Cooling 

TZ1 Cr 175.4 (3) I I 172.4 (2.4) Cr 

TZ2 Colh1 53.4 (106.3) Colh2 152.5 (80.6) Colh3 

238.5(18.4) I 

I 237.1 (17.2) Colh3 149 (80.2) Colh2 50.37 

(207.1)  Colh1 

TZ3 Cr 5.4 (127.4) Colh 156.8 (9.9) I I 154.6 (11.1) Colh 3 (173.7) Cr 

TZ4 Cr 47.4 (163.8) Colh 240 (34.1) I I 238.1 (31.7) Colh 39.9 (526.8) Cr 

TZ5 Cr1 53.6 (17.2) Cr2 157.7 (126.1) I I 154.1 (9.5) Cr2 41.4 (20.8) Cr1 

TZ6 Cr 48.8 (225.03) Colh2 161.1 (69.1) Colh1 

251.2 (14.7) I 

I 255.3 (14.0) Colh1 148.1 (59.9) Colh2
b
 

TZ7 Cr 48.9 (382.04) Colr2
c
 90 Colr1 170 Colh 190.1 

(22.3) I 

I 188.1 (20.9) Colh
c
165  Colr1 84.9 (25.3) 

Colr2
b
 

TZ8 Colr 86.6 (135.2) Colh 276.38 (24.8) I I 267.9 (429.0) Colh  69.7 (26.32) Colr
b
 

a
Peak temperatures in the DSC thermograms obtained during the first heating and cooling cycles at 5 

o
C/min. Colh = Columnar hexagonal phase; 

b
Mesophase freezing in the glassy state; 

c
Transition detected in 

polarizing optical microscope but not observed in DSC. 
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Figure 2.4. Photomicrographs of textures as seen by POM of Compound TZ1 at (a) 140 
o
C and (b) 40 

o
C. 

 

Though the observation of a single peak at low angle does not confirm the Colh phase, 

textural evidence strongly suggests that it is Colh phase. The absence of other peaks in 

low angle is ascribed to a minimum in the form factor.
22,26 

The sharp peak at the low 

angle specifies the distance between the adjacent (100) planes, i.e. d10, from which lattice 

parameter ‘a’ can be calculated. Lattice parameter ‘a’ gives the intercolumnar distance, 

which was found to be 49.9 Å. This is significantly lesser (25 %) than the molecular 

diameter, i.e. 65.78 Å, which may be due to the intercalation of peripheral flexible chains. 

This is understandable considering the large voids present between the arms of the star 

shaped molecule, where there is a possibility of alkyl chains filling up the voids (Fig. 

2.6). The first diffused peak at 5.18 Å in wide-angle region corresponds to the packing of 

peripheral flexible tails, while the second diffused peak at 3.76 Å corresponds to the 

stacking of molecules in the individual columns (Fig. 2.5b). Similar intracolumnar 

distances are found in triindole-based discotics (3.9-4.4 Å), where the authors ascribed 

this due to the presence of phenyl linkers between the central core and peripheral flexible 

chains.
27

 It is possible that with the increase in the length of the arms in hekates, the arms 

are twisted in conformation with respect to the central planar core and this leads to an 

increase in the core-core stacking distance. Additionally these three different arms may 

have different diastereomeric conformations too. The small textural change observed at 

149 
o
C along with the exothermic peak (ΔH = 80.2 kJ/mol) in DSC prompted us to carry 

out XRD studies well below this transition temperature, i.e. at 100 
o
C. The XRD pattern 

showed two peaks at low angle centered at 45.37 and 22.30 Å, along with the two 

diffused peaks at 4.96 and 3.74 Å. This diffraction pattern is similar to the high 

temperature Colh phase observed for compound TZ2. 

(a) (b)

(c) (d)

(e) (f)(a) (b)
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Figure 2.5. DSC traces obtained for first cooling (blue trace) and second heating (red trace) cycles of 

compound TZ2 at a rate of 5 
o
C/min (a); XRD profiles depicting the intensity against the 2θ obtained for 

the Colh3 phase of compound TZ2 at 200 °C (b); Colh2 phase of compound TZ2 at 100 °C (c) and Colh1 

phase of compound TZ2 at 25 °C (d); inset shows the image pattern obtained. 

The intercolumnar distance was found to be 52.4 Å. The intercolumnar distance ‘a’ is 

more than the observed intercolumnar distance at 200 
o
C (20 % lesser than molecular 

diameter). Thus the transition at 153 
o
C points to a transition between two Colh phases. 

Such transition between two Colh phases is not very common, but has been reported in 

literature.
26c

 As the intracolumnar distance remains constant at both temperatures, we 

observe only an increase in the intercolumnar distance by 5 Å. This may be due to the 

stretching of peripheral alkyl tails. Considering the transition at 50 
o
C with the unchanged 

texture we measured the XRD well below this temperature, i.e. at room temperature. The 

XRD pattern was almost similar to the measurement carried out at 100 
o
C, with the 

comparable intercolumnar distance. The only difference was the decrease in alkyl chain 

stacking and core-core stacking distance. Thus compound TZ2 exhibited a transition 

between three columnar hexagonal phases (designated as Colh1, Colh2 and Colh3), as 

evidenced from POM, DSC and XRD studies. The difference between these three Colh 

phases is very subtle as seen from XRD studies. 
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Figure 2.6. Schematic showing the self-assembly of compound TZ2 into Colh phase at 200 
o
C. 

 

Figure 2.7. Photomicrographs of textures as seen by POM for the Colh phase of compound TZ3 at 30 °C 

(a) and compound TZ4 at 237 
o
C (b). 

As shown in the table 2.2, for other compounds (TZ3-4), there was no significant change 

in intercolumnar distance with respect to temperature, which is very hard to explain. 

However, we can infer from the data obtained that, compound TZ2 with peripheral chains 

substituted at 3 and 4 positions of the benzene ring self-assembles with more intercalation 

at higher temperature Colh3 phase than in low temperature Colh2 and Colh1 phase. 
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Table 2.2. Results of the (hkl) indexation of the XRD profiles of the compounds TZ2-4 at a given 

temperature (T) of the mesophases
a
. 

 

There is also a possibility that it can achieve various conformations due to its 

unsymmetrical peripheral substitution, which may be a reason for this observation. The 

decrease in the d-spacing values at wide-angle region with the decrease in temperature 

follows the usual trend. This difference between compound TZ2 and TZ3-4 is again due 

to the peripheral substitution. 

 

Compounds (D/Å) Phase (T/
o
C) dobs(Å)

b
 dcal(Å)

b
 Miller indices 

hkl 

Lattice parameter (Å) 

TZ2 

(65.78) 

 

Colh3   

(200) 

 

43.20 

5.18 (ha) 

3.76 (hc) 

43.20 100 

 

001 

a = 49.89 

 

 

 

Colh2   

(100) 

 
 

45.37 

22.30 

4.96 (ha) 

3.74 (hc) 

47.63 

23.81 
100 

200 

 

001 

a = 52.36 

 

 

 

 

Colh1 

(25) 

 

 

45.34 

21.21 

4.68 (ha) 

3.63 (hc) 

45.33 

22.66 
100 

200 

 

001 

a = 52.35 

 

 

 

TZ3 

(64.31) 

 

Colh  

(140) 

 

39.54 

5.11 (ha) 

3.77 (hc) 

39.51 100 

 

001 

a = 45.63 

 

 

 

Colh  

(100) 

 

39.56 

14.59 

5.07 (ha) 

3.76 (hc) 

39.53 

14.94 

100 

210 

 

001 

a = 45.65 

 

 

 

 

Colh 

(25) 

 

39.59 

15.09 

4.88 (ha) 

3.78 (hc) 

39.56 

14.95 

 

 

100 

210 

 

001 

a = 45.69 

 

 

 

TZ4 

(66.46) 

 

 

Colh  

(200) 

 

 

41.33 

23.04 

16.06 

5.20 (ha) 

3.82 (hc) 

41.32 

23.86 

15.62 

100 

110 

210 

 

001 

a = 47.72 

 

 

 

 

 Colh  

(150) 

 

 

41.32 

23.51 

15.89 

5.12 (ha) 

3.76 (hc) 

41.29 

23.84 

15.60 

100 

110 

210 

 

001 

a = 47.68 

 

 

 

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

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

Spacings marked ha and hc correspond to diffuse reflections in the wide-angle region that arise from 

correlations between the alkyl chains and core regions, respectively. 
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Compound TZ3, which is a regioisomer of compound TZ2 with six hexadecyloxy 

tails, exhibited a wide range enantiotropic columnar mesophase over 150 degrees 

including room temperature. This is quite interesting to see how a small change in the 

substitution pattern, i.e. transition from peripheral 3,4- to 3,5-alkoxyl group substitution 

improves the mesophase stability of the star shaped molecules.  

 

Figure 2.8. XRD profiles depicting the intensity against the 2θ obtained for the Colh phase of compound 

TZ3 at 140 °C (a); Colh phase of compound TZ3 at 100 °C (b); Colh phase of compound TZ3 at 25 °C (c); 

Colh phase of compound TZ4 at 200 °C (red trace) and at 150 °C (black trace) (d); inset shows the image 

pattern obtained. 

 

Figure 2.9. POM images of Colh phase of compound TZ4 on a cooling process from isotropic melt at (a) 

200
o
C; (b) 100

o
C and (c) 50

o
C. 

(a) (b) (c)Colh at 
140 oC

Colh at 
100 oC

Colh at 
25 oC

(a) (b) (c)Colh at 
140 oC

Colh at 
100 oC

Colh at 
25 oC

(deg)

d100

200 oC 150 oC

(d)
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The texture was a combination of mosaics, small focal conics and homeotropic regions 

and it remained unchanged at room temperature (Fig. 2.7a). Compound TZ3, in the 

cooling cycle DSC traces showed a peak centered at 3 
o
C (ΔH = 173.7 kJ/mol) (Table 

2.1). Powder XRD studies conducted at different temperature intervals suggested that the 

phase under investigation is Colh as explained below. The powder XRD patterns at 

different temperatures showed a single reflection corresponding to Miller indices 100 

(Fig. 2.8a-c). The intercolumnar distance with the decrease in temperature showed little 

variation in contrast to the Colh phase exhibited by compound TZ2, but higher 

interdigitation of peripheral alkyl tails. Compound TZ4, with nine peripheral 

hexadecyloxy tails also exhibited a wide range columnar hexagonal mesophase (table 2.1) 

of almost 200 degrees, with higher melting and isotropic temperatures in comparison to 

compound TZ3, which is confirmed by POM (Fig. 2.9), DSC and XRD investigations. 

We were curious to know the impact of shortening the length of peripheral alkyl chain on 

the thermal behavior of the star shaped molecules as in TZ5-8 in comparison to 

compounds TZ1-4. Compounds TZ5-8 are the lower homologues of compounds TZ1-4 

with n-dodecyloxy chains at the periphery, prepared by maintaining the same substitution 

pattern. 

Compound TZ5 with three n-dodecyloxy chains was crystalline, but with a lower 

isotropic temperature than its higher homologue TZ1. Compound TZ6 with six n-

dodecyloxy chains exhibited an enantiotropic behavior with a higher isotropic 

temperature than compound TZ2 and hence showing a larger mesophase width. The 

compound TZ6 on cooling from the isotropic liquid state showed a birefringent pattern of 

mosaic texture (Fig. 2.10a), which is frequently observed for Colh phases. DSC scans in 

cooling cycle showed a transition at ≈148 
o
C (ΔH = 60 kJ/mol) (Table 2.1), while texture 

did not show much variation except the change in color of the mosaic pattern, which 

remained unchanged till room temperature (Fig. 2.10b). The texture is not shearable, thus 

confirming the freezing of Colh phase in glassy state. But the second heating showed a 

crystallization peak at ≈49 
o
C (ΔH = 225 kJ/mol), before converting to form a birefringent 

fluidic pattern. XRD studies have been carried out at 220, 130 and 25 
o
C. The XRD 

patterns were characteristic of Colh phase (Table 2.3 & Fig. 2.13). The peaks at low angle 

can be indexed into Miller indices 100 and 200. These values are in the ratio of 1:1/√4 

conforming the hexagonal lattice (except the missing 1/√3 reflection), which is similar to 

the XRD pattern observed for compound TZ2. 
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Figure 2.10. POM images obtained for the Colh phase of compound TZ6 at 238 °C (a) and RT (b). 

 

 

Figure 2.11. POM images of compound TZ7 in Colh phase at 175 
o
C(a); Colh to Colr1 transition at 165 

o
C 

(b); Colr1 phase at 100 
o
C (c); Colr2 phase at 25 

o
C (d); DSC scans for the first cooling (blue trace) and 

second heating (red trace) cycles (e); XRD profiles depicting the intensity against the 2θ obtained for the 

Colh phase of compound TZ7 at 175 °C, Colr1 phase at 100 
o
C and Colr2 phase at 25 

o
C (f). 

 

 

(a) (b)
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Table 2.3. Results of the (hkl) indexation of the XRD profiles of the compounds TZ6-8 at a given 

temperature (T) of the mesophases
a
. 

 

Compounds (D/Å) Phase (T/oC) dobs(Å)b dcal(Å)b Miller indices 

hkl 

Lattice parameter 

(Å) 

TZ6 

(54.89) 

 

Colh1 (220) 42.97 

5.22(ha) 

3.75(hc) 

42.94 100 

 

001 
a = 49.59 

 

 

Colh2 (130) 45.67 

22.53 

5.01(ha) 

3.76(hc) 

45.64 

22.82 

100 

200 

 

001 

a = 52.70 

 

 

 

Colh2 (25) 46.78 

23.27 

16.64 

9.11 

4.65(ha) 

3.72(hc) 

46.75 

23.38 

17.67 

100 

200 

210 

 

 

001 

a = 53.98 

 

 

 

 

 

TZ7 

(53.94) 

 

Colh(175) 41.48 

23.29 

15.79 

5.25(ha) 

3.76(hc) 

41.46 

23.94 

15.67 

100 

110 

210 

 

001 

a = 47.87 

 

 

 

 

 

Colr1(100) 41.47 

30.81  

23.67 

18.88 

15.47 

5.10(ha) 

3.73(hc) 

37.54 

30.81 

23.67 

18.77 

15.41 

110 

200 

020 

220 

300 

 

001 

a = 61.62 

b = 47.34 

 

 

 

 

 

 

Colr2(25) 39.73 

30.75 

23.06 

18.13 

15.21 

12.26 

4.50(ha) 

3.71(hc) 

36.90 

30.75 

23.06 

18.45 

15.38 

11.53 

110 

200 

020 

220 

300 

030 

 

001 

a = 61.5 

b = 46.12 

 

 

 

 

 

 

TZ8 

(56.24) 

 

Colh (230) 41.50 

22.81 

15.61 

5.31(ha) 

3.83(hc) 

41.47 

23.94 

15.68 

100 

110 

210 

 

001 

a = 47.89 

 

 

 

 

 Colr (25) 41.47 

31.77 

23.14 

18.33 

15.64 

12.45 

4.54(ha) 

3.71(hc) 

37.41 

31.77 

23.14 

19.26 

15.88 

11.57 

110 

200 

020 

310 

300 

030 

 

001 

a = 63.54 

b = 46.28 

 

 

 

 

 

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

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

and Colr).  Spacings marked ha and hc correspond to diffuse reflections in the wide-angle region that arise 

from correlations between the alkyl chains and core regions, respectively. 
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Compound TZ7 exhibited higher melting and isotropic temperatures than 

compound TZ3, which may be due to the increased core-core interaction and decreased 

fluidity of the molecular structure. On cooling from the isotropic liquid the compound 

exhibited a mosaic texture interspersed with homeotropic domains. This optical texture 

showed a small change in the color and brightness at a temperature of 165 
o
C (Fig. 2.11a-

b), while there was no corresponding signature in DSC scans (Fig. 2.11e). Further cooling 

showed a transition at ≈85 
o
C (ΔH = 25.3 kJ/mol), but the change in texture was minimal. 

Powder XRD studies carried out at 175 
o
C, 100 

o
C and at room temperature to investigate 

these observations (Fig. 2.11f & Table 2.3). The XRD pattern obtained at 175 
o
C was 

reminiscent of Colh phase. The pattern consisted of three reflections at low angle 

corresponding to the d spacings of 41.48, 23.29 and 15.79 Å, which can be indexed to 

100, 110 and 210 reflections with a reciprocal spacing ratio of 1:1/√3:1/√7. This was 

accompanied with the two diffused peaks at the wide-angle region at d spacings of 5.25 

and 3.76 Å, which correspond to the packing of flexible tails and the rigid cores in the 

Colh phase. The diffraction pattern observed at 100 
o
C showed many peaks at low angle 

region. The five d spacings in the low angle region can be assigned to (110), (200), (220), 

(030) and (400) reflections from a rectangular lattice. The lattice constants were found to 

be a = 61.62 Å and b = 56.06 Å. Formation of Colr phase requires higher core-core 

interaction as the first column should know how the neighboring column will organize. It 

is often found that in a series of compounds the compounds with shorter chains exhibit 

Colr phase.
1b,d,26g

 In the case of a columnar hexagonal to rectangular transition the (100) 

splits into two peaks mainly (110) and (200).This is because as soon as the lattice deviates 

from the hexagonal symmetry the d110 and d200 spacing no longer remains degenerate and 

two separate reflections are observed in the small angle region.
1b

 The diffused peaks at 

wide-angle region with the d spacings 5.1 and 3.73 Å correspond to the packing of alkyl 

tails and the stacking of the aromatic cores. The room temperature XRD pattern also 

showed a similar diffraction pattern that can be assigned to Colr phase. Since there was an 

enthalpy change detected in DSC along with textural variation we have denoted these 

phases as Colr1 and Colr2. Compound TZ8 exhibited an improved thermal behavior in 

comparison to compound TZ4, but exhibited a transition between wide range Colh phase 

and Colr phase. Again the optical texture did not show much variation during this 

transition (Fig. 2.12), but DSC scans showed the enthalpy change corresponding to this 

phase transition, which was further corroborated by XRD studies carried out at different 

temperatures (Table 2.3 & Fig. 2.13). 
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Thus the eff ect of lowering of chain length in these star shaped compounds from 

n-hexadecyloxy to n-dodecyloxy can be summarized as follows. The thermal behavior of 

the compounds with three alkyl tails (TZ1 and TZ5) was similar as they turned out to be 

crystalline irrespective of the chain length. The compounds with six alkyl tails (TZ2 and 

TZ6), where the alkoxy groups are in the adjacent position, exhibited the Colh phase. The 

lower chain analogue TZ6 exhibited a slightly enhanced thermal range. These two 

compounds show transitions between three Colh phases, where the decrease in 

temperature led to the Colh phase with a shorter core-core distance and a longer 

intercolumnar distance. The transition between different Colh phases may be due to the 

possibilities of attaining various conformations with respect to temperature, due to the 

unsymmetric peripheral substitution. This observation is limited to the type of peripheral 

substitution, which is not seen in the other compounds of the respective series. A marked 

difference was visible in the case of compounds TZ3 and TZ7, where the alkyl tails are 

in alternate positions. Compound TZ3 exclusively stabilized the Colh phase, while TZ7 

was bimesomorphic exhibiting high temperature Colh and low temperature Colr phases 

with an enhanced thermal range. A similar behavior was observed in the case of 

compounds with nine alkoxy tails, i.e. compounds TZ4 and TZ8. Overall, the lowering of 

chain length has increased the core-core interaction, leading to the stabilization of the Colr 

phase along with the Colh phase and enhanced the thermal range. This demonstrated how 

a subtle change in the molecular structure through peripheral substitution alters the liquid 

crystal self-assembly. Overall, these star shaped compounds showed enhanced mesophase 

stability in comparison to the earlier reported triazine based polyether derivatives, which 

showed the Col phase only upon complexation with trinitroflurenone (TNF).
29

  

 

Figure 2.12. POM images of compound TZ8 in Colh phase at 130 
o
C (a) and Colr phase at RT (b). 
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Figure 2.13. XRD profiles depicting the intensity against the 2θ obtained for compounds TZ6-8 (Inset 

shows the expanded regions and image patterns obtained). 

When compared to the similar star shaped mesogens containing tolane moieties which 

exhibit short range disordered Colh phases, the present series of compounds exhibit an 

ordered Colh phase over a wide thermal range, which may be due to the enhanced core–

core interaction caused by the polar oxadiazole units.
13

 

 

2.2.3. Photophysical properties 

We expected an influence on photophysical properties based on the substitution pattern 

but not on the length of the peripheral chain.
26h

 The photophysical properties of the star 

shaped molecules TZ1-8 were studied in detail, i.e. in solution and thin film (Table 2.4). 

Absorption and fluorescence spectra of compounds TZ1-8 were taken in micromolar 

THF solution (Fig. 2.14 and Fig. 2.15). As can be seen, the absorption spectra for the 

solutions of compounds TZ1-4 showed two absorption maxima in the range of 275-343 

nm, while that of compounds TZ5-8 showed two absorption maxima in the range of 279-

349 nm. These compounds showed large values of molar extinction coefficients  

TZ6 at 220 oC TZ6 at 130 oC TZ6 at 25 oC

TZ7 at 175 oC TZ7 at 100 oC TZ7 at 25 oC

TZ8 at 230 oC TZ8 at 150 oC
TZ8 at 25 oC
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(ε = 16610-28490 M
-1

cm
-1

). The absorption bands are corresponding to π-π* and n-π* 

transitions of this molecular system. The first band at a lower wavelength originates from 

the 1,3,5-triazine system according to the previous reports.
13

 Optical bandgaps of these 

systems were calculated from the long edge of the absorption spectrum and found to fall 

in the range of 3.12-3.36 eV. Emission spectra of compounds TZ1-8 exhibited a single 

emission maximum centered around 453-540 nm with a large Stokes shift of 123-197 nm. 

Emission spectra changed with respect to the substitution pattern at the periphery but not 

on the length of the peripheral tails. Compounds TZ1 and TZ3 showed emission maxima 

centered at 458 and 453 nm with a blue emission in solution (at 365 nm UV light, Fig. 

2.14e). Compounds TZ2 and TZ4 showed emission maxima centered at 506 and 540 nm 

with a green and yellow-green emission (at 365 nm UV light, Fig. 2.14e). A similar 

emission behavior was observed for compounds TZ5-8 (Fig. 2.15). Relative quantum 

yield for compounds TZ1-8 were measured with respect to quinine sulphate solution (0.1 

M H2SO4 with a quantum yield of 0.54) and found to be in the range of 0.28-0.31 (Table 

2.4, 2.5 and Fig. 2.16). 

Figure 2.14. Normalized absorption (a) and emission spectra (b) in THF solution (20 μM) obtained for 
TZ1-4; normalized absorption (c) and emission spectra (d) in thin film state; Pictures of solutions of 
compounds TZ1-4 in THF and in thin film state (drop casted from 2 mM solutions in toluene) as seen with 
365 nm UV light (e). 

 

 

 

(a) (b)

(c) (d)
TZ1 TZ2 TZ3 TZ4(e)

N
o

rm
a
li

s
e
d

 A
b

s
o

rb
a
n

c
e

N
o

rm
a
li

s
e
d

 A
b

s
o

rb
a
n

c
e

N
o

rm
a
li

s
e

d
 I
n

te
n

s
it

y
N

o
rm

a
li

s
e
d

 I
n

te
n

s
it

y

Wavelength (nm) Wavelength (nm)

Wavelength (nm) Wavelength (nm)

TH-1882_136122026



Chapter 2 

49 

  

Table 2.4. Photophysical properties of compounds TZ1-8 in solution
a
 and film state. 

 

 

Figure 2.15. Absorption (a) and normalized emission spectra (b) in THF solution (20 μM) obtained for 
TZ5-8; absorption (c) and normalized emission spectra (d) in thin film state; Pictures of solutions of 
compounds TZ5-8 in THF and in thin film state (drop casted from 2 mM solutions in toluene) as seen with 
365 nm UV light (e). 

Quantum yield was measured according to established procedure by using quinine 

sulfate in 0.1 M H2SO4 solution as the standard. Absolute values were calculated 

according to the following equation: QS = QR x (mS / mR) x (nS / nR)
 2 

Where, Q: Quantum 

yield, m: Slope of the plot of integrated fluorescence intensity vs absorbance; n: refractive 

index (1.407 for THF and 1.33 for distilled water); the subscript R refers to the reference 

fluorophore i.e. quinine sulphate solution in 0.1 M H2SO4 and subscript S refers to the 

(b)
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Entry 

Solution State Thin film State 

Absorpti

on(nm) 

Emission
b
(nm)

 

Stokes 

shift(nm) 

λonset 

(nm) 

ΔE
c,d

opt 

Relativ

e Q. Y. 

Absorpti

on (nm) 

Emission
b
(nm)

 

Stokes 

shift(nm) 

TZ1 275,335 458 123 386 3.21 0.28 356 442 86 

TZ2 286,343 506 163 397 3.12 0.31 276, 352 495 143 

TZ3 285,331 453 122 369 3.36 0.29 262, 345 435 90 

TZ4 271,343 540 197 395 3.14 0.31 352 495 143 

TZ5 279, 340 456 116 387 3.21 0.25 349 455 107 

TZ6 279, 349 501 152 394 3.15 0.33 263, 354 487 133 

TZ7 270, 329 451 122 366 3.39 0.27 267, 346 449 105 

TZ8 283, 344 537 193 385 3.23 0.31 357 504 147 
a
micromolar solutions in THF; 

b
excited at the respective absorption maxima; 

c
Band gap determined from 

the red edge of the longest wave length (λonset) in the UV-vis absorption spectra; 
d
 In volts (eV). 
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(2a)(1a)(Q.S.) (2a)(1a)(1a)

sample under investigation. In order to minimize re-absorption effects, absorbance was 

kept below 0.15 at the excitation wavelength of 347 nm. Quantum Yield of quinine 

sulphate is 0.54.  Simplified equation for the calculation after substituting the appropriate 

values is given as: QS = 0.54 × (mS/2.71) × (1.407/1.33)
2
 = 0.223 × mS and values obtained 

are given in the table 2.5. 

Thin films of the samples were produced by drop casting the 2 milimolar solutions 

of compounds in toluene on glass slides. The absorption spectra of these films were found 

to be broad, comprising single or two bands with a small red shift (Table 2.4, Fig. 2.14c 

& 2.15c), while the emission spectra did not vary much from the solution spectra, but 

they showed a blue shift. In the case of compounds TZ1 and TZ2 the observed blue shift 

was 16 and 11 nm respectively, while in the case of compounds TZ3 and TZ4 the blue 

shift was found to be 18 and 45 nm respectively. A similar behavior was observed in the 

case of compounds TZ5-8 (Fig. 2.15). Further if we look closely at the absorption spectra 

of these compounds in the thin film state, we see that there is a band at a lower 

wavelength observed only for compounds TZ2, TZ3, TZ6 and TZ7. This is observed 

specifically for these compounds, which contain six alkyl tails, confirming that this arises 

because of the solid-state packing that is different from compounds TZ1, TZ4, TZ5 and 

TZ8. The emission colors observed under the long wavelength UV light was almost 

similar to that obtained in solutions (Fig. 2.14e). Red shifted absorption bands in the solid 

state is usually observed with the formation of J-aggregates; where the molecules are 

stacked in a head to tail fashion,
11

 but we cannot rule out this observation due to the 

organization of the star shaped molecules in different diastereomeric conformations 

within the column. In order to get a clear view of the aggregation phenomena we have 

measured the UV and fluorescence spectra of these compounds as a function of 

increasing concentration starting from micromolar solution in THF. 

Table 2.5. Results of the quantum yield of the compounds TZ1-8 in THF solution. 

 

Entry mS mR Qs
a,b,c

 Entry mS mR Qs
a,b,c

 

TZ1 1.26 2.71 0.28 TZ5 1.13 2.71 0.25 

TZ2 1.40 2.71 0.31 TZ6 1.45 2.71 0.33 

TZ3 1.29 2.71 0.29 TZ7 1.22 2.71 0.27 

TZ4 1.39 2.71 0.31 TZ8 1.36 2.71 0.31 
a
 Measured in THF; 

b
Excited at absorption maxima; 

c
Standard quinine sulphate (Qf = 0.54) in 0.1M H2SO4. 
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Figure 2.16.  Plots of integrated photoluminescence intensity vs absorbance of Quinine sulphate (0.1M 

H2SO4 solution) and compounds TZ1-8 (micromolar THF solution). 

At a particular concentration (6.25 × 10
5
 M for compounds TZ1-3, 3.12 × 10

5
 M for 

compound TZ4) the luminescence intensity was found to be high (Fig. 2.17a). A further 

increase in concentration reduced the luminescence intensity, which may be due to the 

aggregation induced quenching. We have measured the fluorescence lifetime at three 

different concentrations to understand this observation. Fluorescence lifetime 

measurements at micromolar concentrations revealed the existence of one species, which 

is a solvated monomer. At a concentration where the luminescence intensity was high, we 

observed two species, one with a lower lifetime and the other with a higher lifetime. This 

biexponential decay is due to the presence of aggregated species and solvated monomers. 

The presence of two species is due to the high solubility of these compounds in THF. 

Some of the molecules may prefer to remain as solvated monomers even at the highest 

concentration (Fig. 2.18, Table 2.6). The absorption spectra showed two maxima where 

the first one at a lower wavelength was found with reduced intensity in comparison to the 

absorption spectra obtained for micromolar solution (Fig. 2.17b). All the compounds 

except compound TZ3 showed a small red shift in their absorption maximum, while the 

absorption maximum of TZ3 did not change much (Tables 2.4 and 2.6). Similarly the 

luminescence spectra showed a blue shifted emission maximum for all the compounds 

 

 

 

(
)

(Q.S.) (TZ1) (TZ2)

(TZ3) (TZ4) (TZ5)

(TZ6) (TZ7)
(TZ8)

TH-1882_136122026



Chapter 2 

52 

  

except compound TZ2, which showed a small red shift. Thus as we see from Tables 2.4 

and 2.6, absorption and emission spectra follow a similar trend (either a gradual decrease 

or increase in the wavelength) as they move from low to high concentration or to the thin 

film state. The fluorescence lifetime measurements carried out for the thin films showed 

two lifetimes, one is of a higher lifetime corresponding to aggregates, while the lower one 

is corresponding to monomer species. The data are comparable to the properties of these 

compounds in the solution state (Table 2.7).  

 We were particularly interested to examine the photophysical properties of 

compounds TZ3 and TZ7, which exhibit room temperature Colh and Colr phases 

respectively. A thin film of compound TZ3 was prepared by heating the sample 

sandwiched between two glass slides to the isotropic state and annealing it to room 

temperature. Similarly, a thin film of compound TZ7 was prepared by annealing it in the 

Colr phase. The liquid crystal film of compound TZ3 showed an absorption maximum of 

347 nm, which is red shifted by 16 nm in comparison to solution spectra. The emission 

spectrum was blue shifted with an emission maximum of 435 nm (stoke’s shift of 90 nm) 

(Fig. 2.19a). This observation was in line with the data obtained for the drop casted 

samples. In the literature, observation of a red-shifted absorption maximum in 

comparison with that in the solution state is attributed to the formation of J-type 

aggregates.
28

 But considering the possibilities of various diastereomeric conformations 

that can be attained by these molecules; we cannot specify this observation for the 

formation of J-type aggregates. 

 

Figure 2.17. Emission intensity vs concentration plots of compounds TZ1-4 in THF solution (a); 

Absorption and emission spectra at the concentration where highest emission intensity was observed (b). 
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Figure.2.18. The fluorescence decay profiles of compounds TZ1-4 in THF at high dilution (black trace), at 

a concentration where the emission intensity is high (red trace) and at high concentration where the 

emission intensity is less (blue trace). (Orange trace is instrument response function: IRF; λexc = 336 nm).  

 

 

Figure 2.19. (a) Normalized absorption (black trace) and emission spectra (red trace) of LC thin film of 

compound TZ3 (inset shows the thin film under UV light); (b) Normalized absorption (black trace) and 

emission spectra (red trace) of LC thin film of compound TZ7 (inset shows the thin film under UV light). 
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Table 2.6. Photophysical properties of compounds TZ1-4 in 6.25 × 10
-5 

M THF solution and in thin film 

drop casted from 2 mM solutions in toluene. 

 

Table 2.7. Fluorescence life time data obtained for compounds TZ1-4 at different concentrations. 

 

The absorption spectra of compound TZ7 were also red-shifted in comparison to the 

solution spectra by 16 nm (absorption maximum: 349 nm), while there was no much 

diff erence with respect to the emission spectra (emission maximum: 452 nm). This 

behavior is similar to that of compound TZ3 irrespective of the chain length and type of 

columnar packing. Similar star shaped compounds reported by others, where a central 

triazine core connected with trans-stilbene chromophores showed a blue shifted 

emission,
12b

 while the molecules with tolane moieties showed red shifted emission.
13a

 

Preservation of solid-state/liquid crystal state emission along with good thermal stability 

makes these compounds promising for organic dye lasers and OLEDs.  

 

Entry Absorption 

(nm) 

Emission 

(nm) 

Fraction 

of 

molecules 

Life 

time (ns) 

Absorption 

(nm) 

Emission 

(nm) 

Fraction 

of 

molecules 

Life 

time (ns) 

TZ1 
275, 338 452 65% 3.50  

356 442  
86% 3.64 

35% 1.67 14% 0.72 

TZ2 
293, 346 510 53% 13.40  276, 352  495  50% 10.19 

47% 3.01 50% 2.55 

TZ3 
274, 331 435 53% 6.24 262, 345  435  51% 10.83 

47% 0.82 49% 2.11 

TZ4 
286, 344 535 49%  3.79  352 495  74% 8.65 

51% 0.93 26% 2.81 

Entry Absorption 

(nm) 

Emission 

(nm) 

Concentration(M) Fraction of molecules 

(%) 

Life 

time (ns) 

TZ1 275, 338 452 1 × 10
-6

 100% 2.41 

6.25 × 10
-5

 65%, 35% 3.50, 1.67 

1 × 10
-3

 26%, 74% 7.24, 2.25 

TZ2 293, 346 510 1 × 10
-6

 100% 2.52 

6.25 × 10
-5

 53%, 47% 13.40, 3.01 

1 × 10
-3

 65%, 35% 12.14, 2.77 

TZ3 274, 331 435 1 × 10
-6

 100% 4.14 

6.25 × 10
-5

 53%, 47% 6.24, 0.82 

1 × 10
-3

 65%, 35% 5.04, 0.70 

TZ4 286, 344 535 1 × 10
-6

 100% 1.23 

3.12 × 10
-5

 49%, 51% 3.79, 0.93 

1 × 10
-3

 60%, 40% 3.41, 0.78 
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2.2.4. Electrochemical behavior 

Energy levels of frontier molecular orbitals (HOMO and LUMO) and the energy gap of 

these levels in star shaped molecules TZ1-4 were obtained by cyclic voltammetry (CV) 

and the data are tabulated in table 2.8. All the compounds exhibited irreversible oxidation 

and reduction waves (Fig. 2.20). The optical band gap Eopt was estimated from the red 

edge of the absorption spectra. Energy levels of LUMO and HOMO were determined by 

using the formulae ELUMO = - (4.8 - E1/2, Fc, Fc
+
 + Ered, onset) eV and EHOMO = - (4.8 - E1/2, Fc, 

Fc
+ 

+ Eox, onset) eV. There was no much impact on the energy levels of frontier molecular 

orbitals with respect to substitution, and the bandgaps were found to be in the range of 

2.53-2.62 eV. These values are slightly smaller than their corresponding optical band gap 

values (Table 2.4). These values can be compared with 2,4,6-triphenyl-1,3,5-triazine, 

which is one of the oldest materials used in OLED fabrication as a hole-blocking 

material.
29

  

 

Figure 2.20. Cyclic voltammograms of the compounds TZ1-4 (a-d) in anhydrous dichloromethane solution 

of tetra-n-butyl ammonium perchlorate (0.1 M) at a scanning rate 0.5mV/s; the half wave potential of 

Fc/Fc
+ 

was found to be 0.517 V relative to Ag/Ag
+
 reference electrode. 

(a) (b)

(c) (d)
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Table 2.8. Electrochemical properties of compounds TZ1-4 in micromolar DCM solutions. 

 

This compound exhibits a LUMO and HOMO levels of -2.8 eV and -6.5 eV respectively. 

The optical band gap was found to be 3.71 eV
30

, which is higher than the present series 

where three symmetrically substituted 1,3,4-oxadiazoles are connected to the central ring 

(3.2-3.4 eV) (Table 2.8). The LUMO levels of the compounds TZ1-4 were lower than 

2,4,6-triphenyl-1,3,5-triazine (-3.23 to -3.32 eV), while the HOMO levels higher and 

were in the range of -5.8 to -5.9 eV. Thus the substitution with alkoxyphenyl oxadiazole 

moiety on the 2,4,6-triphenyl-1,3,5-triazine lowers the LUMO; increases the HOMO level 

and thus a resultant lowering of the band gap. The lower LUMO level and bandgaps of 

these star-shaped molecules may reduce the barriers for electrons, with the simultaneous 

blocking of the hole movement. Thus the extensive π-conjugation and the introduction of 

the electron donating groups to the electron deficient central triazine ring is a simple 

method to modify the frontier molecular orbital energy levels and band gap. Additionally, 

the 1,3,4-oxadiazole units bring about the higher thermal stability and emissive nature 

that is very vital for the solid-state display devices. Similar comparable values were 

observed when the central triazine unit was connected to fluorene through different 

linkers.
30-32

 

2.3. Conclusion 

In summary, we have synthesized eight new star-shaped molecules with a central 2,4,6-

triphenyl triazine core attached with three symmetrically substituted 1,3,4-oxadiazole 

arms with the variation in the number, length and pattern of peripheral chain substitution. 

These compounds were investigated for their thermal, electrochemical and photophysical 

properties with the help of various techniques. Compounds with three flexible chains at 

Entry
 a
 E1red (V)

 c
 E1oxd (V) EHOMO (eV)

b
 ELUMO (eV)

c
 ΔECV (eV)

d
 ΔE g, opt (eV)

e
 

TZ1 -1.02 1.57 -5.91 -3.32 2.59 3.21 

TZ2 -1.05 1.48 -5.82 -3.29 2.53 3.12 

TZ3 -1.11 1.48 -5.82 -3.23 2.59 3.36 

TZ4 -1.03 1.59 -5.93 -3.31 2.62 3.14 
a
Experimental conditions: Ag/AgNO3 as the reference electrode, glassy carbon as the working electrode, 

platinum rod as the counter electrode, TBAP (0.1M) as the supporting electrolyte, RT, scanning rate 0.05 

mV s
-1

; 
b
Estimated from the onset oxidation peak values by using the formula EHOMO= -(4.8-E1/2, Fc, Fc+ + Eox, 

onset); 
c
Estimated from the onset reduction peak values by using ELUMO= -(4.8-E1/2, Fc, Fc+ + Ered, onset), E1/2, Fc, 

Fc+ = 0.46 V; 
d
Estimated from the formula ∆ECV= ELUMO-EHOMO; 

e
Bandgap determined from the red edge of 

the longest wavelength in the UV/Vis absorption spectrum. 
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the periphery turned out to be crystalline irrespective of the chain length, whereas 

compounds with six and nine peripheral chains stabilized the Colh phase over a wide 

thermal range. One of the compounds with peripheral n-hexadecyloxy substitution at 3 

and 4 positions showed a technologically important room temperature Colh phase. 

Lowering the chain length of these star shaped compounds from n-hexadecyloxy to n-

dodecyloxy enhanced the mesophase range. The compound with three alkyl tails was 

crystalline, while the compound with six alkyl tails, where the alkoxy groups are in an 

adjacent position, exhibited the Colh phase with a slight enhancement in the thermal 

range. A marked difference was visible in the case of compounds, where the alkyl tails 

were in alternate positions. This compound exhibited high temperature Colh and low 

temperature Colr phases with an enhanced thermal range. A similar behavior was 

observed in the case of compounds with nine alkoxy tails. Overall, the lowering of chain 

length has increased the core-core interaction, leading to the stabilization of the Colr 

phase along with the Colh phase and enhanced the thermal range. This demonstrated how 

a subtle change in the molecular structure through peripheral substitution alters the liquid 

crystal self-assembly. The photophysical properties of these star shaped molecules were 

extremely dependent on the number and pattern of peripheral chain substitution. They 

exhibited blue and green fluorescence in the solid/liquid crystal state. Preserved 

fluorescence in the solid state is explained due to the formation of aggregates, which do 

not quench the fluorescence. The aggregation quenching is not occurring here probably 

due to the columnar packing that includes several different diastereomeric conformations. 

Cyclic voltammetry studies revealed that these molecules possess lower LUMO levels 

and bandgaps compared to the 2,4,6-triphenyl triazine which is used in OLEDs, thus 

making them better candidates for electron transporting emissive layers. The ability to 

overcome the aggregation induced quenching of fluorescence; higher thermal stability 

and beneficial band gap are the properties which make these molecules promising from 

the viewpoint of emissive displays and organic lasers. 
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2.4. Experimental Section 

In this section the detailed synthetic procedures and the molecular structural 

characterization data have been presented for the intermediates and target compounds 

mentioned in the scheme. 

Synthesis of 2,4,6-tri (p-tolyl)-1,3,5-triazine (1): 

p-Tolunitrile (17.07 mmol, 1 equiv.) was dissolved in dry dichloromethane (15 mL). At 0 

o
C, trifluoromethanesulfonic acid (51.22 mmol, 3 equiv.) was slowly added to this 

solution. The mixture was stirred at room temperature for 12 h, then poured into ice water 

and neutralized with ammonium hydroxide. The precipitate was filtered out and then 

washed with water and acetone several times. Then the compound was recrystallized 

from toluene. 

Rf = 0.4 (20% EtOAc-hexane); white solid; yield: 90%; IR (KBr pellet): νmax in cm
-1 

2981, 

2928, 2856, 1715, 1579, 1511, 1468, 1436, 1366, 1313, 1254, 1167, 1103, 770, 647; 
1
H 

NMR (CDCl3, 400 MHz, 298 K): δ 8.65 (d, 6H, J = 8Hz, HAr), 7.36 (d, 6H, J = 7.6Hz, 

HAr), 2.48 (s, 9H, 3 × CH3); 
13

C NMR (CDCl3, 100 MHz, 298 K): δ 171.62, 143.09, 

133.97, 129.55, 129.13, 21.95; HRMS (+ESI) exact mass calculated for C24H22N3 

(M+H
+
): 352.1814, Found: 352.1814. 

Synthesis of 4,4′,4″-s-triazine-2,4,6-triyl-tribenzoic acid (2): 

2,4,6-tri(p-tolyl)-1,3,5-triazine (5.69 mmol, 1 equiv.) was taken in a round bottom flask 

with acetic acid (20 mL). Then, 4.4 mL of H2SO4, chromium oxide (34.14 mmol, 6 

equiv.) and 4.8 mL of acetic anhydride were added to the flask with stirring under ice 

bath. The resulting black slurry was stirred overnight and then poured into cold water. 

Then the precipitate was filtered out and the solid was washed with water. This solid was 

dissolved in aqueous NaOH solution. Again the solution was filtered out to remove 

undissolved starting material and then, the solution was acidified with HCl to give white 

precipitate. Then, the precipitate was filtered out and recrystallized from DMF. 

Rf = 0.4 (EtOAc); white solid; yield: 85%; IR (KBr pellet): νmax in cm
-1 

2781, 2664, 1720, 

1627, 1516, 1432, 1283, 1207, 878, 665; 
1
H NMR (DMSO-d6, 600 MHz, 298 K): δ 8.78 

(d, 6H, J = 8.4Hz, HAr), 8.16 (d, 6H, J = 8.4Hz, HAr), 3.37 (b s, 3H, 3 × COOH); 
13

C 

NMR (DMSO-d6, 150 MHz, 298 K): δ 170.44, 166.81, 138.64, 134.68, 129.73, 128.76; 
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HRMS (-APCI) exact mass calculated for C24H14N3O6 (M-H
+
): 440.0883, Found: 

440.0434. 

Synthesis of ethyl 4-(n-hexadecyloxy)benzoate (3a): 

A mixture of ethyl 4-hydroxybenzoate (18.1 mmol, 1 equiv.), anhydrous K2CO3 (39.82 

mmol, 2.2 equiv.), n-bromohexadecane (19.91 mmol, 1.1 equiv.) were taken in dry DMF 

(15 mL) and heated at 80 
o
C for 24 h under nitrogen atmosphere. After the reaction time 

was over, the reaction mixture was poured into ice water and extracted with ethyl acetate. 

The extract was washed with brine, dried over anhydrous Na2SO4 and then concentrated. 

The crude product was purified by column chromatography on silica gel. Elution with 

hexane followed by 2-5% ethyl acetate-hexane yielded the desired product. 

Rf = 0.4 (5% EtOAc-hexane); white solid; yield: 85%; IR (KBr pellet): νmax in cm
-1 

2921, 

2847, 1714, 1606, 1511, 1470, 1367, 1287, 1243, 1105, 695; 
1
H NMR (CDCl3, 400 MHz, 

298 K): δ 7.98 (d, 2H, J = 9.2Hz, HAr), 6.89 (d, 2H, J = 8.4Hz, HAr), 4.34 (q, 2H, J = 

7.2Hz, COOCH2), 3.99 (t, 2H, J = 6.4Hz, OCH2), 1.75-1.83 (m, 2H, CH2), 1.39-1.47 (m, 

2H, CH2), 1.36 (t, 3H, CH3), 1.25-1.32 (m, 24H, 12 × CH2), 0.88 (t, 3H, CH3); 
13

C NMR 

(CDCl3, 100 MHz, 298 K): δ 166.65, 163.09, 131.70, 122.87, 114.21, 68.40, 60.78, 

32.14, 29.91, 29.88, 29.80, 29.77, 29.58, 29.34, 26.20, 22.91, 14.60, 14.33; HRMS 

(+APCI) exact mass calculated for C25H43O3 (M+H
+
): 391.3207, Found: 391.3100. 

Synthesis of ethyl 3,4-bis(hexadecyloxy)benzoate (3b): 

A mixture of ethyl 3, 4-dihydroxybenzoate (16.5 mmol, 1 equiv.), anhydrous K2CO3 (72.6 

mmol, 4.4 equiv.), n-bromohexadecane (36.3 mmol, 2.2 equiv.) were taken in dry DMF 

(15 mL) and heated at 80 
o
C for 24 h under nitrogen atmosphere. Then the reaction 

mixture was poured into ice water and extracted with ethyl acetate. The extract was 

washed with brine, dried over anhydrous Na2SO4 and then concentrated. The crude 

product was purified by column chromatography on silica gel. Elution with hexane 

followed by 2-5% ethyl acetate-hexane yielded the desired product. 

Rf = 0.45 (5% EtOAc-hexane); white solid; yield: 80%; IR (KBr pellet): νmax in cm
-1 

3419, 

2919, 2849, 1710, 1598, 1518, 1277, 1211, 1129, 761; 
1
H NMR (CDCl3, 400 MHz, 298 

K): δ 7.63 (d, 1H, J = 8Hz, HAr), 7.54 (s, 1H, HAr), 6.86 (d, 1H, J = 8Hz, HAr), 4.34 (q, 

2H, J = 8Hz, COOCH2), 4.02-4.05 (m, 4H, 2 × OCH2), 1.78-1.87 (m, 4H, 2 × CH2), 1.43-

1.49 (m, 4H, 2 × CH2), 1.38 (t, 3H, CH3), 1.25-1.36 (m, 48H, 24 × CH2), 0.88 (t, 6H, 2 × 
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CH3); 
13

C NMR (CDCl3, 100 MHz, 298 K): δ 166.75, 153.35, 148.70, 123.66, 122.99, 

114.56, 112.14, 69.52, 69.21, 60.90, 32.15, 29.93, 29.89, 29.85, 29.83, 29.64, 29.61, 

29.59, 29.42, 29.30, 26.24, 26.20, 22.91, 14.62, 14.33; HRMS (+ESI) exact mass 

calculated for C41H75O4 (M+H
+
): 631.5665, Found: 631.5665. 

Synthesis of ethyl 3,5-bis(hexadecyloxy)benzoate (3c): 

A mixture of ethyl 3,5-dihydroxybenzoate (16.5 mmol, 1 equiv.), anhydrous K2CO3 (72.6 

mmol, 4.4 equiv.), n-bromohexadecane (36.3 mmol, 2.2 equiv.) were taken in dry DMF 

(15 mL) and heated at 80 
o
C for 24 h under nitrogen atmosphere. Then the reaction 

mixture was poured into ice water and extracted with ethyl acetate. The extract was 

washed with brine, dried over anhydrous Na2SO4 and then concentrated. The crude 

product was purified by column chromatography on silica gel. Elution with hexane 

followed by 2-5% ethyl acetate-hexane yielded the desired product. 

Rf = 0.45 (5% EtOAc-hexane); white solid; yield: 80%; IR (KBr pellet): νmax in cm
-1 

3434, 

1703, 1596, 1452, 1399, 1164, 1029, 1001, 851, 771; 
1
H NMR (CDCl3, 600 MHz, 298 

K): δ 7.16 (s, 2H, HAr), 6.63 (s, 1H, HAr), 4.36 (q, 2H, J = 6Hz, COOCH2), 3.97(t, 4H, 2 × 

OCH2), 1.75-1.80 (m, 4H, 2 × CH2), 1.39-1.47 (m, 4H, 2 × CH2), 1.37 (t, 3H, CH3), 1.26-

1.34 (m, 48H, 24 × CH2), 0.88 (t, 6H, 2 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K): δ 

166.73, 160.34, 132.41, 107.85, 106.51, 68.52, 61.25, 32.15, 29.92, 29.88, 29.82, 29.80, 

29.59, 29.41, 26.24, 22.91, 14.54, 14.33; HRMS (+ESI) exact mass calculated for 

C41H75O4 (M+H
+
): 631.5665, Found: 631.5651. 

Synthesis of ethyl 3,4,5-trihexadecyloxy benzoate (3d): 

A mixture of ethyl gallate (15.1 mmol, 1 equiv.), anhydrous K2CO3 (99.9 mmol, 6.6 

equiv.), n-bromohexadecane (49.83 mmol, 3.3 equiv.) were taken in dry DMF (15 mL) 

and heated at 80 
o
C for 24 h under nitrogen atmosphere. Then the reaction mixture was 

poured into ice water and extracted with ethyl acetate. The extract was washed with 

water, dried over anhydrous Na2SO4 and then concentrated. The crude product was 

purified by column chromatography on silica gel. Elution with hexane followed by 2-5% 

ethyl acetate-hexane yielded the desired product. 

Rf = 0.5 (5% EtOAc-hexane); white solid; yield: 75%; IR (KBr pellet): max in cm
-1 

2922, 

2850, 1716, 1583, 1468, 1426, 1331, 1218, 1110, 1041; 
1
H NMR (CDCl3, 400 MHz, 298 

K):  7.25 (s, 2H, HAr), 4.35 (q, 2H, J = 7.2Hz, COOCH2), 4.01 (t, 6H, 3 × OCH2), 1.25-
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1.82 (m, 84H, 42 × CH2), 0.87(m, 12H, 4 × CH3);
 13

C NMR (CDCl3, 100 MHz, 298 K): δ 

166.70, 153.04, 142.61, 125.28, 108.29, 73.72, 69.44, 61.17, 33.05, 32.16, 30.56, 29.94, 

29.89, 29.87, 29.80, 29.63, 29.60, 29.57, 26.32, 26.29, 22.92, 14.63, 14.33; HRMS (+ESI) 

exact mass calculated for C57H107O5 (M+H
+
): 871.8113, Found: 871.8031. 

Synthesis of ethyl 4-(n-dodecyloxy)benzoate (3e): 

A mixture of ethyl 4-hydroxybenzoate (18.1 mmol, 1 equiv.), anhydrous K2CO3 (39.82 

mmol, 2.2 equiv.), n-bromododecane (19.91 mmol, 1.1 equiv.) were taken in dry DMF 

(15 mL) and heated at 80 
o
C for 24 h under nitrogen atmosphere. After the reaction time 

was over, the reaction mixture was poured into ice water and extracted with ethyl acetate. 

The extract was washed with brine, dried over anhydrous Na2SO4 and then concentrated. 

The crude product was purified by column chromatography on silica gel. Elution with 

hexane followed by 2-5% ethyl acetate-hexane yielded the desired product. 

Rf = 0.35 (5% EtOAc-hexane); white solid; yield: 90%; IR (KBr pellet): νmax in cm
-1 

2921, 

2847, 1714, 1606, 1511, 1470, 1367, 1287, 1243, 1105, 695; 
1
H NMR (CDCl3, 600 MHz, 

298 K): δ 7.98 (d, 2H, J = 8.4Hz, HAr), 6.89 (d, 2H, J = 9Hz, HAr), 4.34 (q, 2H, J =6Hz, 

COOCH2), 3.99 (t, 2H, J = 6Hz, OCH2), 1.79 (m, 2H, CH2), 1.42-1.46 (m, 2H, CH2), 1.37 

(t, 3H, CH3), 1.26-1.35 (m, 16H, 8 × CH2), 0.88 (t, 3H, CH3); 
13

C NMR (CDCl3, 150 

MHz, 298 K): δ 166.66, 163.06, 131.69, 122.80, 114.17, 68.34, 60.78, 32.12, 29.83, 

29.79, 29.76, 29.56, 29.31, 26.81, 22.90, 14.58, 14.33; HRMS (+APCI) exact mass 

calculated for C21H35O3 (M+H
+
):335.2586, Found: 335.2586. 

Synthesis of ethyl 3,4-bis (dodecyloxy)benzoate (3f): 

A mixture of ethyl 3, 4-dihydroxybenzoate (16.5 mmol, 1 equiv.), anhydrous K2CO3 (72.6 

mmol, 4.4 equiv.), n-bromododecane (36.3 mmol, 2.2 equiv.) were taken in dry DMF (15 

mL) and heated at 80 
o
C for 24 h under nitrogen atmosphere. Then the reaction mixture 

was poured into ice water and extracted with ethyl acetate. The extract was washed with 

brine, dried over anhydrous Na2SO4 and then concentrated. The crude product was 

purified by column chromatography on silica gel. Elution with hexane followed by 2-5% 

ethyl acetate-hexane yielded the desired product. 

Rf = 0.40 (5% EtOAc-hexane); white solid; yield: 84%; IR (KBr pellet): νmax in cm
-1 

3419, 

2919, 2849, 1710, 1598, 1518, 1277, 1211, 1129, 761; 
1
H NMR (CDCl3, 600 MHz, 298 

K): δ 7.64 (d, 1H, J = 6Hz, HAr), 7.54 (s, 1H, HAr), 6.86 (d, 1H, J = 6Hz, HAr), 4.34 (q, 
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2H, J = 6Hz, COOCH2), 4.04 (t, 4H, 2 × OCH2), 1.83-1.84 (m, 4H, 2 × CH2), 1.47 (m, 

4H, 2 × CH2), 1.38 (t, 3H, CH3), 1.26-1.35 (m, 32H, 16 × CH2), 0.88 (t, 6H, 2 × CH3); 
13

C 

NMR (CDCl3, 150 MHz, 298 K): δ 166.67, 153.32, 148.68, 123.65, 122.96, 114.46, 

112.08, 69.47, 69.20, 60.90, 32.14, 29.90, 29.86, 29.82, 29.62, 29.58, 29.40, 29.28, 26.21, 

26.18, 22.90, 14.61, 14.32; HRMS (+ESI) exact mass calculated for C33H59O4 (M+H
+
): 

519.4413, Found: 519.4412. 

Synthesis of ethyl 3, 5-bis(dodecyloxy)benzoate (3g): 

A mixture of ethyl 3,5-dihydroxybenzoate (16.5 mmol, 1 equiv.), anhydrous K2CO3 (72.6 

mmol, 4.4 equiv.), n-bromododecane (36.3 mmol, 2.2 equiv.) were taken in dry DMF (15 

mL) and heated at 80 
o
C for 24 h under nitrogen atmosphere. Then the reaction mixture 

was poured into ice water and extracted with ethyl acetate. The extract was washed with 

brine, dried over anhydrous Na2SO4 and then concentrated. The crude product was 

purified by column chromatography on silica. Elution with hexane followed by 2-5% 

ethyl acetate-hexane yielded the desired product. 

Rf = 0.40 (5% EtOAc-hexane); white solid; yield: 87%; IR (KBr pellet): νmax in cm
-1 

3434, 

1703, 1596, 1452, 1399, 1164, 1029, 1001, 851, 771; 
1
H NMR (CDCl3, 600 MHz, 298 

K): δ 7.16 (d, 2H, J = 6Hz, HAr), 6.62 (t, 1H, HAr), 4.35 (q, 2H, J = 6Hz, COOCH2), 3.96 

(t, 4H, 2 × OCH2), 1.73-1.81 (m, 4H, 2 × CH2), 1.40-1.46 (m, 4H, 2 × CH2), 1.38 (t, 3H, 

CH3), 1.26-1.36 (m, 32H, 16 × CH2), 0.88 (t, 6H, 2 × CH3); 
13

C NMR (CDCl3, 150 MHz, 

298 K): δ 166.73, 160.29, 132.35, 107.78, 106.44, 68.48, 61.28, 32.14, 30.04, 29.99, 

29.98, 29.88, 29.86, 29.82, 29.79, 29.59, 29.57, 29.39, 26.22, 22.91, 14.54, 14.35; HRMS 

(+ESI) exact mass calculated for C33H59O4 (M+H
+
): 519.4413, Found: 519.4412. 

Synthesis of ethyl 3,4,5-tridodecyloxy benzoate (3h): 

A mixture of ethyl gallate (15.1 mmol, 1 equiv.), anhydrous K2CO3 (99.9 mmol, 6.6 

equiv.), n-bromododecane (49.83 mmol, 3.3 equiv.) were taken in dry DMF (15 mL) and 

heated at 80 
o
C for 24 h under nitrogen atmosphere. Then the reaction mixture was 

poured into ice water and extracted with ethyl acetate. The extract was washed with 

water, dried over anhydrous Na2SO4 and then concentrated. The crude product was 

purified by column chromatography on silica gel. Elution with hexane followed by 2-5% 

ethyl acetate-hexane yielded the desired product. 
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Rf = 0.45 (5% EtOAc-hexane); white solid; yield: 82%; IR (KBr pellet): max in cm
-1 

2922, 

2850, 1716, 1583, 1468, 1426, 1331, 1218, 1110, 1029, 985, 820; 
1
H NMR (CDCl3, 600 

MHz, 298 K):  7.25 (s, 2H, HAr), 4.35 (q, 2H, J = 7.2Hz, COOCH2), 4.01 (t, 6H,  3 × 

OCH2), 1.79-1.83 (m, 4H, 2 × CH2), 1.72-1.75 (m, 2H, 1 × CH2), 1.44-1.49 (m, 6H, 3 × 

CH2), 1.30 (t, 3H, CH3), 1.26-1.35 (m, 48H, 24 × CH2), 0.88 (m, 9H, 3 × CH3);
 13

C NMR 

(CDCl3, 150 MHz, 298 K): δ 166.67, 152.98, 142.45, 125.23, 108.17, 108.12, 73.68, 

69.34, 61.16, 32.16, 32.14, 30.53, 30.08, 30.05, 29.97, 29.95, 29.94, 29.92, 29.88, 29.85, 

29.79, 29.61, 29.59, 29.52, 26.30, 26.71, 22.91, 14.61, 14.33; HRMS (+ESI) exact mass 

calculated for C45H83O5(M+H
+
): 703.6241, Found: 703.6240. 

Synthesis of ethyl 4-(hexadecyloxy)benzhydrazide (4a): 

A mixture of ethyl 4-(hexadecyloxy)benzoate (19 mmol, 1 equiv.), excess hydrazine 

hydrate (20 equiv.) in ethanol were refluxed for 48 h. Excess solvent was removed and 

water (100 mL) was added to it. Resulting precipitate was collected by filtration, washed 

with excess water, dried under vacuum and recrystallization from ethanol gave white 

solid product. 

Rf = 0.25 (30% EtOAc-hexane); white solid; yield: 75%; IR (KBr pellet): νmax in cm
-1 

3429, 2919, 2850, 1648, 1617, 1508, 1472, 1252, 1180, 836; 
1
H NMR (CDCl3, 400 MHz, 

298 K): δ 7.69 (d, 2H, J = 8Hz, HAr), 7.33 (b s, 1H, CONH), 6.91 (d, 2H, J = 8Hz, HAr), 

4.07 (b s, 2H, NH2), 3.98 (s, 2H, OCH2), 1.75-1.82 (m, 2H, CH2), 1.41-1.45 (m, 2H, 

CH2), 1.25-1.31 (m, 24H, 12 × CH2), 0.87 (m, 3H, CH3); 
13

C NMR (CDCl3, 100 MHz, 

298 K): δ 168.61, 162.31, 128.81, 124.77, 114.62, 68.43, 32.12, 29.88, 29.85, 29.78, 

29.75, 29.56, 29.31, 29.18, 22.88, 14.31; HRMS (+APCI) exact mass calculated for 

C23H41N2O2 (M+H
+
): 377.3168, Found: 377.3082. 

Synthesis of ethyl 3,4-bis(hexadecyloxy)benzhydrazide (4b): 

A mixture of ethyl 3,4-bis(hexadecyloxy)benzoate (10.2 mmol, 1 equiv.), excess 

hydrazine hydrate (20 equiv.) in ethanol were refluxed for 48 h. Excess solvent was 

removed and water (100 mL) was added to it. Resulting precipitate was collected by 

filtration, washed with excess water, dried under vacuum and recrystallization from 

ethanol gave white solid product. 

Rf = 0.25 (20% EtOAc-hexane); white solid; yield: 70%; IR (KBr pellet): νmax in cm
-1 

3248, 2919, 2848, 1711, 1514, 1467, 1278, 1212, 1150, 761; 
1
H NMR (CDCl3, 400 MHz, 
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298 K): δ 7.34 (d, 1H, J = 8Hz, HAr), 7.26 (b s, 1H, CONH), 7.22 (dd, 1H, J = 4Hz, J = 

8Hz, HAr), 6.85 (d, 1H, J = 8Hz, HAr), 4.08 (b s, 2H, NH2), 4.00-4.05 (m, 4H, 2 × OCH2), 

1.79-1.86 (m, 4H, 2 × CH2), 1.38-1.50 (m, 4H, 2 × CH2), 1.25-1.36 (m, 48H, 24 × CH2), 

0.88 (m, 6H, 2 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K): δ 168.77, 152.55, 149.33, 

125.21, 119.70, 112.76, 112.65, 69.62, 69.37, 32.15, 29.94, 29.89, 29.85, 29.63, 29.59, 

29.43, 29.34, 26.23, 22.90, 14.33; HRMS (+ESI) exact mass calculated for C39H73N2O3 

(M+H
+
): 617.5621, Found: 617.5726. 

Synthesis of ethyl 3,5-bis(hexadecyloxy)benzhydrazide (4c): 

A mixture of ethyl 3,5-bis(hexadecyloxy)benzoate (10.2 mmol, 1 equiv.), excess 

hydrazine hydrate (20 equiv.) in ethanol were refluxed for 48 h. Excess solvent was 

removed and water (100 mL) was added to it. Resulting precipitate was collected by 

filtration, washed with excess water, dried under vacuum and recrystallization from 

ethanol gave white solid product. 

Rf = 0.25 (20% EtOAc-hexane); white solid; yield: 70%; IR (KBr pellet): νmax in cm
-1 

3446, 2920, 2849, 1597, 1469, 1332, 1170, 1064, 913, 721; 
1
H NMR (CDCl3, 400 MHz, 

298 K): δ 7.38 (b s, 1H, CONH), 6.83 (s, 2H, HAr), 6.58 (s, 1H, HAr), 4.08 (b s, 2H, NH2), 

3.95 (t, 4H, 2 × OCH2), 1.74-1.79 (m, 4H, 2 × CH2), 1.42-1.46 (m, 4H, 2 × CH2), 1.26-

1.41 (m, 48H, 24 × CH2), 0.88 (m, 6H, 2 × CH3); 
13

C NMR (CDCl3, 100 MHz, 298 K): δ 

168.91, 160.71, 134.76, 105.34, 105.02, 68.57, 32.14, 29.92, 29.88, 29.82, 29.79, 29.58, 

29.38, 26.22, 22.91, 14.34; HRMS (+ESI) exact mass calculated for C39H73N2O3 (M+H
+
): 

617.5621, Found: 617.5600. 

Synthesis of ethyl 3,4,5-tris(hexadecyloxy)benzhydrazide (4d): 

A mixture of ethyl 3,4,5-tri-n-hexadecyloxybenzoate (10 mmol, 1 equiv.), excess 

hydrazine hydrate (20 equiv.) in ethanol were refluxed for 48 h. Excess solvent was 

removed and water (100 mL)was added to it. Resulting precipitate was collected by 

filtration, washed with excess water, dried under vacuum. The solid was recrystallized 

from ethanol to yield a white solid product. 

Rf = 0.52 (20% EtOAc-hexane); white solid; yield: 75%; IR (KBr pellet): max in cm
-1

 

3448, 3248, 2921, 2850, 1635, 1579, 1466, 1427, 1238, 1122;  
1
H NMR (CDCl3, 400 

MHz, 298 K):  7.22 (b s, 1H, CONH), 6.92 (s, 2H, HAr), 4.07 (s, 2H, NH2), 3.99 (m, 6H, 

3 × OCH2), 1.26-1.80 (m, 84H, 42 × CH2), 0.88 (m, 9H, 3 × CH3);  
13

C NMR (CDCl3, 

TH-1882_136122026



Chapter 2 

65 

  

150 MHz, 298 K): δ 168.70, 153.54, 141.92, 127.68, 105.74, 69.60, 30.53, 29.97, 29.95, 

29.88, 29.60, 26.30, 22.92, 14.33; HRMS (+ESI) exact mass calculated for C55H105N2O4 

(M+H
+
): 857.8074, Found: 857.8151. 

Synthesis of ethyl 4-(dodecyloxy)benzhydrazide (4e): 

A mixture of ethyl 4-(dodecyloxy)benzoate (19 mmol, 1 equiv.), excess hydrazine 

hydrate (20 equiv.) in ethanol were refluxed for 48 h. Excess solvent was removed and 

water (100 mL) was added to it. Resulting precipitate was collected by filtration, washed 

with excess water, dried under vacuum and recrystallization from ethanol gave white 

solid product. 

Rf = 0.30 (40% EtOAc-hexane); white solid; yield: 85%; IR (KBr pellet): νmax in cm
-1 

3429, 2919, 2850, 1648, 1617, 1508, 1472, 1252, 1180, 836; 
1
H NMR (CDCl3, 600 MHz, 

298 K): δ 7.69 (d, 2H, J = 9Hz, HAr), 7.31 (b s, 1H, CONH), 6.92 (d, 2H, J = 6Hz, HAr), 

4.07 (b s, 2H, NH2), 3.98 (t, 2H, OCH2), 1.76-1.80 (m, 2H, CH2), 1.43-1.46 (m, 2H, 

CH2), 1.26-1.36 (m, 16H, 8 × CH2), 0.88 (m, 3H, CH3); 
13

C NMR (CDCl3, 150 MHz, 298 

K): δ 168.64, 162.36, 128.80, 124.77, 114.67, 68.45, 32.09, 29.76, 29.57, 29.51, 29.32, 

26.19, 22.88, 14.32; HRMS (+APCI) exact mass calculated for C19H33N2O2 (M+H
+
): 

321.2542, Found: 321.2522. 

Synthesis of ethyl 3, 4-bis (dodecyloxy)benzhydrazide (4f): 

A mixture of ethyl 3,4-bis(dodecyloxy)benzoate (10.2 mmol, 1 equiv.), excess hydrazine 

hydrate (20 equiv.) in ethanol were refluxed for 48 h. Excess solvent was removed and 

water(100 mL) was added to it. Resulting precipitate was collected by filtration, washed 

with excess water, dried under vacuum and recrystallization from ethanol gave white 

solid product. 

Rf = 0.3 (30% EtOAc-hexane); white solid; yield: 78%; IR (KBr pellet): νmax in cm
-1 

3248, 

2919, 2848, 1711, 1514, 1467, 1278, 1212, 1150, 761; 
1
H NMR (CDCl3, 600 MHz, 298 

K): δ 7.34 (d, 1H, J = 6Hz, HAr), 7.26 (b s, 1H, CONH), 7.22 (dd, 1H, J = 4Hz, J = 8Hz, 

HAr), 6.85 (d, 1H, J = 9Hz, HAr), 4.04 (b s, 2H, NH2), 4.00-4.03 (m, 4H, 2 × OCH2), 1.79-

1.86 (m, 4H, 2 × CH2), 1.33-1.46 (m, 4H, 2 × CH2), 1.25-1.29 (m, 32H, 16 × CH2), 0.88 

(m, 6H, 2 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K): δ 168.77, 152.55, 149.33, 

125.21, 119.70, 112.76, 112.65, 69.62, 69.37, 32.15, 29.94, 29.89, 29.85, 29.63, 29.59, 

TH-1882_136122026



Chapter 2 

66 

  

29.43, 29.34, 26.23, 22.90, 14.33; HRMS (+ESI) exact mass calculated for C31H57N2O3 

(M+H
+
): 505.4364, Found: 505.4258. 

Synthesis of ethyl 3, 5-bis (dodecyloxy)benzhydrazide (4g): 

A mixture of ethyl 3,5-bis(dodecyloxy)benzoate (10.2 mmol, 1 equiv.), excess hydrazine 

hydrate (20 equiv.) in ethanol were refluxed for 48 h. Excess solvent was removed and 

water (100 mL) was added to it. Resulting precipitate was collected by filtration, washed 

with excess water, dried under vacuum and recrystallization from ethanol gave white 

solid product. 

Rf = 0.35 (30% EtOAc-hexane); white solid; yield: 80%; IR (KBr pellet): νmax in cm
-1 

3446, 2920, 2849, 1597, 1469, 1332, 1170, 1064, 913, 721; 
1
H NMR (CDCl3, 600 MHz, 

298 K): δ 7.44 (b s, 1H, CONH), 6.83 (s, 2H, HAr), 6.57 (s, 1H, HAr), 4.88 (br s, 2H, 

NH2), 3.94 (t, 4H, 2 × OCH2), 1.73-1.78 (m, 4H, 2 × CH2), 1.33-1.43 (m, 4H, 2 × CH2), 

1.25-1.32 (m, 32H, 16 × CH2), 0.87 (m, 6H, 2 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 

K): δ 168.94, 160.40, 134.71, 105.34, 105.03, 68.56, 32.13, 29.87, 29.83, 29.79, 29.56, 

29.36, 26.20, 22.89, 14.32; HRMS (+ESI) exact mass calculated for C31H57N2O3 (M+H
+
): 

505.4364, Found: 505.4258. 

Synthesis of ethyl 3, 4, 5-tris (dodecyloxy)benzhydrazide (4h): 

A mixture of ethyl 3,4,5-tri-n-dodecyloxybenzoate (10 mmol, 1 equiv.), excess hydrazine 

hydrate (20 equiv.) in ethanol were refluxed for 48 h. Excess solvent was removed and 

water (100 mL) was added to it. Resulting precipitate was collected by filtration, washed 

with excess water, dried under vacuum. The solid was recrystallized from ethanol to yield 

a white solid product. 

Rf = 0.4 (20% EtOAc-hexane); white solid; yield: 80%; IR (KBr pellet): max in cm
-1

 3448, 

3248, 2921, 2850, 1635, 1579, 1466, 1427, 1238, 1122;  
1
H NMR (CDCl3, 600 MHz, 298 

K):  7.31 (b s, 1H, CONH), 6.92 (s, 2H, HAr), 4.98 (s, 2H, NH2), 3.99 (t, 6H, 3 × OCH2), 

1.79-1.82 (m, 4H, 2 × CH2), 1.70-1.75 (m, 2H, 2 × CH2), 1.44-1.45 (m, 6H, 3 × CH2), 

1.25 (m, 48H, 24 × CH2), 0.87 (m, 9H, 3 × CH3);  
13

C NMR (CDCl3, 150 MHz, 298 K): δ 

168.95, 153.38, 141.52, 127.63, 106.61, 73.71, 69.47, 32.13, 30.49, 29.90, 29.84, 29.59, 

29.57, 29.51, 26.27, 22.89, 14.31; HRMS (+ESI) exact mass calculated for C43H81N2O4 

(M+H
+
): 689.6196, Found: 689.5764. 
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Synthesis of TZ1: 

A suspension of 4,4′,4″-s-triazine-2,4,6-triyl-tribenzoic acid (2.5 mmol), thionyl chloride 

(6 mL) and one drop of DMF (catalytic amount) was refluxed for 24 h. The excess of 

thionyl chloride was removed by distillation and then the crude product was dried in 

vacuo and used for the next reaction without further purification and characterization. A 

solution of 4,4′,4″-s-triazine-2,4,6-triyl-tribenzoic acid chloride (2.2 mmol, 1 equiv.) in 

THF was added dropwise into a solution of ethyl 4-(hexadecyloxy)benzohydrazide (6.8 

mmol, 3.05 equiv.) and triethylamine (6.6 mmol, 3 equiv.) in THF under argon 

atmosphere. The reaction mixture was refluxed for 18 h. After cooling to room 

temperature, THF was evaporated in rotavapor and the residue was extracted with ethyl 

acetate and concentrated. The resulting crude product was directly used for next reaction. 

The crude product (0.3 mmol, 1 equiv.) was dissolved in POCl3 (20 equiv.) and refluxed 

for about 16 h. The whole solution was slowly added to ice water and extracted with 

chloroform. The extract was washed with brine, dried over anhydrous Na2SO4 and then 

concentrated. Then, the crude product was further purified through column 

chromatography on neutral alumina. Elution with 20-30% chloroform-hexane yielded the 

desired product. 

Rf = 0.35 (20% chloroform-hexane); off white solid; yield: 45%; IR (KBr pellet): νmax in 

cm
-1 

3444, 2923, 2851, 1610, 1581, 1518, 1495, 1367, 1256, 1176, 1016, 800, 745, 657, 

516; 
1
H NMR (CDCl3, 600 MHz, 298 K): δ 8.69 (d, 6H, J = 7.8Hz, HAr), 8.15 (d, 6H, J = 

7.8Hz, HAr), 7.99 (d, 6H, J = 8.4Hz, HAr), 6.98 (d, 6H, J = 9Hz, HAr), 4.00 (t, 6H, 3 × 

OCH2), 1.80-1.85 (m, 6H, 3 × CH2), 1.42-1.50 (m, 6H, 3 × CH2), 1.25-1.39 (m, 72H, 36 × 

CH2), 0.89 (t, 9H, 3 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K): δ 170.74, 165.12, 

163.93, 160.86, 138.45, 138.41, 129.67, 127.69, 127.15, 125.04, 105.33, 68.64, 32.15, 

29.95, 29.90, 29.72, 29.59, 29.49, 26.31, 22.91, 14.32; MALDI TOF MS: m/z for 

C93H124N9O6[M+H
+
], calculated: 1463.9708, Found: 1464.1720. 

Synthesis of TZ2: 

4,4′,4″-s-triazine-2,4,6-triyl-tribenzoic acid (2.5 mmol) in 6 mL of thionyl chloride and 

one drop of DMF (catalytic amount) was refluxed for 24 h. The excess of thionyl chloride 

was removed by distillation and then the crude product was dried in vacuo and used for 

the next reaction without further purification and characterization. A solution of 4,4′,4″-s-

triazine-2,4,6-triyl-tribenzoic acid chloride (2.2 mmol, 1 equiv.) in THF was added drop 
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wise into a solution of 3,4,-bis(hexadecyloxy) benzhydrazide (6.8 mmol, 3.05 equiv.) and 

triethylamine (6.6 mmol, 3 equiv.) in THF under argon atmosphere. The reaction mixture 

was refluxed for 18 h. After cooling to room temperature, THF was evaporated in 

rotavapor and the residue was extracted with ethyl acetate and concentrated. The resulting 

crude product was directly used for next reaction. The crude product (0.3 mmol, 1 equiv.) 

was dissolved in POCl3 (20 equiv.) and refluxed for about 16 h. The whole solution was 

slowly added to ice water and extracted with chloroform. The extract was washed with 

brine, dried over anhydrous Na2SO4 and then concentrated. Then, the crude product was 

further purified through column chromatography on neutral alumina. Elution with 50-

60% chloroform-hexane yielded the desired product. 

Rf = 0.25 (60% chloroform-hexane); yellow solid; yield: 45%; IR (KBr pellet): νmax in cm
-

1 
3447, 2920, 2850, 1607, 1558, 1515, 1465, 1370, 1275, 1215, 1014, 816, 738, 697, 520; 

1
H NMR (CDCl3, 600 MHz, 298 K): δ 8.75 (d, 6H, J = 6.6Hz, HAr), 8.20 (d, 6H, J = 

6.6Hz, HAr), 7.56 (d, 6H, J = 9Hz, HAr), 6.94 (d, 3H, J = 8.4Hz, HAr), 4.06 (m, 12H, 6 × 

OCH2), 1.85-1.89 (m, 12H, 6 × CH2), 1.48-1.55 (m, 12H, 6 × CH2), 1.26-1.42 (m, 144H, 

72 × CH2), 0.87 (t, 18H, 6 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K): δ 171.15, 

165.34, 163.79, 152.71, 149.61, 138.52, 129.82, 128.01, 127.24, 120.75, 116.17, 113.09, 

111.90, 69.67, 69.37, 32.17, 29.97, 29.91, 29.72, 29.69, 29.60, 29.49, 29.39, 26.30, 26.26, 

22.92, 14.35; MALDI TOF MS: m/z for C141H220N9O9[M+H
+
], Calculated: 2184.7068, 

Found: 2184.3430. 

Synthesis of TZ3: 

4,4′,4″-s-triazine-2,4,6-triyl-tribenzoic acid (2.5 mmol) in 6 mL of thionyl chloride and 

one drop of DMF (catalytic amount) was refluxed for 24 h. The excess of thionyl chloride 

was removed by distillation and then the crude product was dried in vacuo and used for 

the next reaction without further purification and characterization. A solution of 4,4′,4″-s-

triazine-2,4,6-triyl-tribenzoic acid chloride (2.2 mmol, 1 equiv.) in THF was added 

dropwise into a solution of 3,5,-bis(hexadecyloxy)benzhydrazide (6.8 mmol, 3.05 equiv.) 

and triethylamine (6.6 mmol, 3 equiv.) in THF under argon atmosphere. The reaction 

mixture was refluxed for 18 h. After cooling to room temperature, THF was evaporated in 

rotavapor and the residue was extracted with ethyl acetate and concentrated. The resulting 

crude product was directly used for next reaction. The crude product (0.3 mmol, 1 equiv.) 

was dissolved in POCl3 (20 equiv.) and refluxed for about 16 h. The whole solution was 
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slowly added to ice water and extracted with chloroform. The extract was washed with 

brine, dried over anhydrous Na2SO4 and then concentrated. Then, the crude product was 

further purified through column chromatography on neutral alumina. Elution with 30-

40% chloroform-hexane yielded the desired product. 

Rf = 0.35 (60% chloroform-hexane); yellow solid; yield: 45%; IR (KBr pellet): νmax in cm
-

1 
3444, 2922, 2852, 1601, 1554, 1518, 1463, 1373, 1232, 1170, 1015, 819, 741, 677, 517; 

1
H NMR (CDCl3, 600 MHz, 298 K): δ 8.74 (d, 6H, J = 8.4Hz, HAr), 8.20 (d, 6H, J = 

8.4Hz, HAr), 7.16 (s, 6H, HAr), 6.55 (s, 3H, HAr), 3.97 (t, 12H, 6 × OCH2), 1.79-1.84 (m, 

12H, 6 × CH2), 1.46-1.51 (m, 12H, 6 × CH2), 1.34-1.42 (m, 144H, 72 × CH2), 0.87 (t, 

18H, 6 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K): δ 170.74, 165.12, 163.96, 163.93, 

160.86, 138.41, 129.65, 127.69, 127.16, 125.04, 105.33, 68.64, 32.15, 29.95, 29.90, 

29.72, 29.59, 29.49, 26.31, 22.91, 14.32; MALDI TOF MS: m/z for 

C141H220N9O9[M+H
+
], calculated: 2184.7068, Found: 2184.1720. 

Synthesis of TZ4: 

4,4′,4″-s-triazine-2,4,6-triyl-tribenzoic acid (2.5 mmol) in 6 mL of thionyl chloride and 

one drop of DMF (catalytic amount) was refluxed for 24 h. The excess of thionyl chloride 

was removed by distillation and then the crude product was dried in vacuo and used for 

the next reaction without further purification and characterization. A solution of 4,4′,4″-s-

triazine-2,4,6-triyl-tribenzoic acid chloride (2.2 mmol, 1 equiv.) in THF was added 

dropwise into a solution of 3,4,5-tris(hexadecyloxy)benzhydrazide (6.8 mmol, 3.05 

equiv.) and triethylamine (6.6 mmol, 3 equiv.) in THF under argon atmosphere. The 

reaction mixture was refluxed for 18 h. After cooling to room temperature, THF was 

evaporated in rotavapor and the residue was extracted with ethyl acetate and 

concentrated. The resulting crude product was directly used for next reaction. The crude 

product (0.3 mmol, 1 equiv.) was dissolved in POCl3 (20 equiv.) and refluxed for about 

16 h. The whole solution was slowly added to ice water and extracted with chloroform. 

The extract was washed with brine, dried over anhydrous Na2SO4 and then concentrated. 

Then, the crude product was further purified through column chromatography on neutral 

alumina. Elution with 20-30% chloroform-hexane yielded the desired product. 

Rf = 0.45 (60% chloroform-hexane); off white solid; yield: 50%; IR (KBr pellet): νmax in 

cm
-1 

3444, 2919, 2850, 1592, 1556, 1521, 1493, 1375, 1238, 1121, 1015, 843, 794, 696, 

519; 
1
H NMR (CDCl3, 600 MHz, 298 K): δ 8.96 (d, 6H, J = 8.4Hz, HAr), 8.38 (d, 6H, J = 
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8.4Hz, HAr), 7.37 (s, 6H, HAr), 4.11 (t, 12H, 6 × OCH2), 4.07 (t, 6H, 3 × OCH2), 1.85-1.90 

(m, 12H, 6 × CH2),1.76-1.81 (m, 6H, 3 × CH2), 1.48-1.55 (m, 18H, 9 × CH2), 1.33-1.41 

(m, 216H, 108 × CH2 ), 0.87 (t, 27H, 9 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K): δ 

171.19, 165.40, 164.02, 153.87, 141.89, 138.63, 129.83, 127.92, 127.33, 118.39, 105.78, 

73.87, 69.65, 32.15, 30.62, 29.96, 29.91, 29.85, 29.70, 29.60, 26.36, 22.91, 14.33; 

MALDI TOF MS: m/z for C189H316N9O12[M+H
+
], calculated: 2906.4461, Found: 

2906.1250. 

Synthesis of TZ5: 

A suspension of 4,4′,4″-s-triazine-2,4,6-triyl-tribenzoic acid (1.5 mmol), thionyl chloride 

(6 mL) and one drop of DMF (catalytic amount) was refluxed for 24 h. The excess of 

thionyl chloride was removed by distillation and then the crude product was dried in 

vacuo and used for the next reaction without further purification and characterization. A 

solution of 4,4′,4″-s-triazine-2,4,6-triyl-tribenzoic acid chloride (1.2 mmol, 1 equiv.) in 

THF was added dropwise into a solution of ethyl 4-(dodecyloxy)benzohydrazide(3.96 

mmol, 3.3 equiv.) and triethylamine (3.6 mmol, 3 equiv.) in THF under argon 

atmosphere. The reaction mixture was refluxed for 18 h. After cooling to room 

temperature, THF was evaporated in rotavapor and the residue was extracted with ethyl 

acetate and concentrated. The resulting crude product was directly used for next reaction. 

The crude product (0.2 mmol, 1 equiv.) was dissolved in POCl3 (20 equiv.) and refluxed 

for about 16 h. The whole solution was slowly added to ice water and extracted with 

chloroform. The extract was washed with brine, dried over anhydrous Na2SO4 and then 

concentrated. Then, the crude product was further purified through column 

chromatography on neutral alumina. Elution with 60-70% DCM-hexane yielded the 

desired product. 

Rf = 0.25 (40% DCM-hexane); off white solid; yield: 43%; IR (KBr pellet): νmax in cm
-1 

3444, 2919, 2850, 1592, 1556, 1521, 1493, 1375, 1238, 1121, 1015, 843, 794, 696, 519; 

1
H NMR (CDCl3, 600 MHz, 298 K): δ 8.69 (d, 6H, J = 6Hz, HAr), 8.15 (d, 6H, J = 6Hz, 

HAr), 7.99 (d, 6H, J = 8.4Hz, HAr), 6.98 (d, 6H, J = 6Hz, HAr), 4.00 (t, 6H, J = 6Hz, 3 × 

OCH2), 1.82-1.83 (m, 6H, 3 × CH2), 1.47-1.51 (m, 6H, 3 × CH2), 1.15-1.44 (m, 48H, 24 × 

CH2), 0.88 (t, 9H, 3 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K): δ 170.77, 165.16, 

163.96, 160.90, 138.49, 138.45, 129.71, 127.73, 127.20, 125.08, 105.37, 68.68, 32.19, 
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29.99, 29.94, 29.76, 29.63, 29.53, 26.34, 22.95, 14.36; MALDI TOF MS: m/z for 

C81H100N9O6[M+H
+
], calculated: 1294.7797, Found: 1294.6316. 

Synthesis of TZ6: 

4,4′,4″-s-triazine-2,4,6-triyl-tribenzoic acid (1.5 mmol) in 6 mL of thionyl chloride and 

one drop of DMF (catalytic amount) was refluxed for 24 h. The excess of thionyl chloride 

was removed by distillation and then the crude product was dried in vacuo and used for 

the next reaction without further purification and characterization. A solution of 4,4′,4″-s-

triazine-2,4,6-triyl-tribenzoic acid chloride (1.2 mmol, 1 equiv.) in THF was added drop 

wise into a solution of 3,4,-bis(dodecyloxy) benzhydrazide (3.96 mmol, 3.3 equiv.) and 

triethylamine (3.6 mmol, 3 equiv.) in THF under argon atmosphere. The reaction mixture 

was refluxed for 18 h. After cooling to room temperature, THF was evaporated in 

rotavapor and the residue was extracted with ethyl acetate and concentrated. The resulting 

crude product was directly used for next reaction. The crude product (0.2 mmol, 1 equiv.) 

was dissolved in POCl3 (20 equiv.) and refluxed for about 16 h. The whole solution was 

slowly added to ice water and extracted with chloroform. The extract was washed with 

brine, dried over anhydrous Na2SO4 and then concentrated. Then, the crude product was 

further purified through column chromatography on neutral alumina. Elution with 40-

50% DCM-hexane yielded the desired product. 

Rf = 0.4 (30% DCM-hexane); pale yellow solid; yield: 52%; IR (KBr pellet): νmax in cm
-1 

3444, 2922, 2852, 1601, 1554, 1518, 1463, 1373, 1232, 1170, 1015, 819, 741, 677, 517; 

1
H NMR (CDCl3, 600 MHz, 298 K): δ 8.75 (d, 6H, J = 6.6Hz, HAr), 8.20 (d, 6H, J = 

6.6Hz, HAr), 7.58 (d, 6H, J = 6Hz, HAr), 6.93 (d, 3H, J = 6Hz, HAr), 4.04-4.07 (m, 12H, 6 

× OCH2), 1.84-1.89 (m, 12H, 6 × CH2), 1.48-1.54 (m, 12H, 6 × CH2), 1.25-1.42 (m, 96H, 

48 × CH2), 0.87 (t, 18H, J = 6Hz, 6 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K): δ 

171.15, 165.34, 163.79, 152.71, 149.61, 138.52, 129.82, 128.01, 127.24, 120.75, 116.17, 

113.09, 111.90, 69.67, 69.37, 32.17, 29.97, 29.91, 29.72, 29.69, 29.60, 29.49, 29.39, 

26.30, 26.26, 22.92, 14.35; MALDI TOF MS: m/z for C117H172N9O9[M+H
+
], calculated: 

1848.3312, Found: 1848.3049. 

Synthesis of TZ7: 

4,4′,4″-s-triazine-2,4,6-triyl-tribenzoic acid (1.5 mmol) in 6 mL of thionyl chloride and 

one drop of DMF (catalytic amount) was refluxed for 24 h. The excess of thionyl chloride 
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was removed by distillation and then the crude product was dried in vacuo and used for 

the next reaction without further purification and characterization. A solution of 4,4′,4″-s-

triazine-2,4,6-triyl-tribenzoic acid chloride (1.2 mmol, 1 equiv.) in THF was added 

dropwise into a solution of 3,5,-bis(dodecyloxy)benzhydrazide (3.96 mmol, 3.3 equiv.) 

and triethylamine (3.6 mmol, 3 equiv.) in THF under argon atmosphere. The reaction 

mixture was refluxed for 18 h. After cooling to room temperature, THF was evaporated in 

rotavapor and the residue was extracted with ethyl acetate and concentrated. The resulting 

crude product was directly used for next reaction. The crude product (0.2 mmol, 1 equiv.) 

was dissolved in POCl3 (20 equiv.) and refluxed for about 16 h. The whole solution was 

slowly added to ice water and extracted with chloroform. The extract was washed with 

brine, dried over anhydrous Na2SO4 and then concentrated. Then, the crude product was 

further purified through column chromatography on neutral alumina. Elution with 40-

50% DCM-hexane yielded the desired product. 

Rf = 0.3 (30% DCM-hexane); white sticky solid; yield: 46%; IR (KBr pellet): νmax in cm
-1 

3447, 2920, 2850, 1607, 1558, 1515, 1465, 1370, 1275, 1215, 1014, 816, 738, 697, 520; 

1
H NMR (CDCl3, 600 MHz, 298 K): δ 8.74 (d, 6H, J = 8.4Hz, HAr), 8.20 (d, 6H, J = 

8.4Hz, HAr), 7.15 (s, 6H, HAr), 6.54 (s, 3H, HAr), 3.96 (t, 12H, J = 6Hz, 6 × OCH2), 1.79-

1.82 (m, 12H, 6 × CH2), 1.42-1.49 (m, 12H, 6 × CH2), 1.26-1.39 (m, 96H, 48 × CH2), 

0.87 (t, 18H, J = 6Hz, 6 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K): δ 170.76, 165.15, 

163.99, 163.95, 160.89, 138.44, 129.68, 127.72, 127.19, 125.07, 105.36, 68.67, 32.18, 

29.98, 29.93, 29.75, 29.62, 29.52, 26.33, 22.94, 14.35; MALDI TOF MS: m/z for 

C117H172N9O9[M+H
+
], calculated: 1848.3312, Found: 1848.4331. 

Synthesis of TZ8: 

4,4′,4″-s-triazine-2,4,6-triyl-tribenzoic acid (1.5 mmol) in 6 mL of thionyl chloride and 

one drop of DMF (catalytic amount) was refluxed for 24 h. The excess of thionyl chloride 

was removed by distillation and then the crude product was dried in vacuo and used for 

the next reaction without further purification and characterization. A solution of 4,4′,4″-s-

triazine-2,4,6-triyl-tribenzoic acid chloride (1.2 mmol, 1 equiv.) in THF was added 

dropwise into a solution of 3,4,5-tris(dodecyloxy)benzhydrazide (3.96 mmol, 3.3 equiv.) 

and triethylamine (3.6 mmol, 3 equiv.) in THF under argon atmosphere. The reaction 

mixture was refluxed for 18 h. After cooling to room temperature, THF was evaporated in 

rotavapor and the residue was extracted with ethyl acetate and concentrated. The resulting 

TH-1882_136122026



Chapter 2 

73 

  

crude product was directly used for next reaction. The crude product (0.2 mmol, 1 equiv.) 

was dissolved in POCl3 (20 equiv.) and refluxed for about 16 h. The whole solution was 

slowly added to ice water and extracted with chloroform. The extract was washed with 

brine, dried over anhydrous Na2SO4 and then concentrated. Then, the crude product was 

further purified through column chromatography on neutral alumina. Elution with 20-

30% DCM-hexane yielded the desired product. 

Rf = 0.35 (40% DCM-hexane); off white solid; yield: 52%; IR (KBr pellet): νmax in cm
-1 

3444, 2923, 2851, 1610, 1581, 1518, 1495, 1367, 1256, 1176, 1016, 800, 745, 657, 516; 

1
H NMR (CDCl3, 600 MHz, 298 K): δ 8.96 (d, 6H, J = 6Hz, HAr), 8.38 (d, 6H, J = 6Hz, 

HAr), 7.23 (s, 6H, HAr), 4.11 (t, 12H, J = 6Hz, 6 × OCH2), 4.06 (t, 6H, J = 6Hz, 3 × 

OCH2), 1.86-1.89 (m, 12H, 6 × CH2),1.51-1.57 (m, 6H, 3 × CH2), 1.37-1.39 (m, 18H, 9 × 

CH2), 1.25-1.34 (m, 144H, 72 × CH2 ), 0.86 (t, 27H, J = 6Hz, 9 × CH3); 
13

C NMR 

(CDCl3, 150 MHz, 298 K): δ 171.21, 165.43, 164.05, 153.89, 141.92, 138.66, 129.86, 

127.95, 127.36, 118.42, 105.81, 73.90, 69.68, 32.18, 30.65, 29.99, 29.94, 29.88, 29.73, 

29.63, 26.39, 22.94, 14.36; MALDI TOF MS: m/z for C153H244N9O12[M+H
+
], calculated: 

2400.8793, Found: 2400.6810. 
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3.1. Introduction 

Thiophene-based molecular materials are an extensively studied type of heterocyclic 

materials because of their synthetic flexibility and applications as n-type (electron-rich) 

semiconductor systems.
1
 Thiophene-based oligomers and polymers are known for their 

unique optoelectronic properties and have found utility in the fabrication of field-effect 

transistors,
2
 light emitting diodes,

3
 and photovoltaic cells.

4
 Most oligothiophenes must be 

purified by vacuum-sublimation techniques due to their poor solubility. Thus, liquid-

crystalline (LC) thiophene derivatives seem to be good alternatives due to their good 

solubility because of which they can be easily purified. Furthermore, good-quality thin 

films can be obtained by simple solution-processing techniques and further molecular 

alignment can be addressed through annealing. Most of the thiophene-based liquid 

crystals reported stabilize nematic and smectic phases.
5
 A few oligomers with a higher 

number of flexible terminal tails were reported to stabilize columnar (Col) phases.
6
 

Stabilization of Col phases in this class of materials is beneficial because the stacking of 

molecules one above the other to form columns of indefinite length provides a pathway 

for one-dimensional charge migration. As mentioned earlier, the ease of processability 

makes the Col phase an ideal substitute for conjugated polymers or organic single crystals 

from the viewpoint of optoelectronic devices.
7
 π-Conjugated molecules that contain 

strong donor (D) and acceptor(A) systems show intramolecular charge transfer and low 

bandgap properties, which make them attractive.
8
 Kato et. al. reported star shaped 

molecules containing three donor thiophene moieties connected to a central electron-

accepting triazine moiety, which exhibited a Col phase with ambipolar conductivity.
6b

 

1,3,4-Oxadiazole derivatives, which are known for their electron-deficient and 

fluorescence nature, are finding applications in OLEDs as electron transport and 

electroluminescent layers.
9
 These have been integrated into the liquid-crystal design to 

obtain conductive smectic or columnar mesophases.
10

 1,3,4-Thiadiazole derivatives are 

less often reported, but they also exhibit promising thermal and photophysical behavior.
11

 

The self-assembly of thiophene-based molecules into organogels has been studied 

extensively because of the enhanced charge transport behavior and optoelectronic 

properties due to molecular packing in the self-assembled systems.
3a,12

 In most cases, 

such self-assembled systems are assisted by intermolecular hydrogen bonding augmented 

by peptide or amide units. Recently, a few liquid crystalline polycatenars with 1,3,4-

oxadiazole units have exhibited gelation, which is exclusively supported by π-π 
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interactions.
13

 However, there are no reports on thiophene-containing organogels, which 

are stabilized mainly by π-π interactions. Tailoring the molecular structure to obtain these 

long-range-ordered self-assembled structures is important, given their potential 

applications in optoelectronic devices. 

Considering all these aspects, we aspired to design a new polycatenar system that 

contains a central electron-rich thiophene unit connected to two electron-deficient 

fluorophores, such as substituted 1,3,4-oxadiazole or 1,3,4-thiadiazole units. We expected 

that these compounds would show good luminescence, thermal behavior, and ability to 

undergo organogelation. The alternate arrangement of donor and acceptor moieties may 

modulate the bandgap of these molecules. We envisaged that the presence of oxadiazole 

and thiadiazole could result in a drastic difference in the self-assembly and related 

macroscopic properties. The number of flexible chains, their positions and their length 

were modified to understand the impact on the self-assembly and photophysical 

properties of these polycatenar systems. 

 

 

Figure 3.1. The molecular structures of thiophene based 1,3,4-oxadiazole and 1,3,4-thiadiazole derivatives. 

 

3.2. Results and discussion 

3.2.1. Synthesis and Characterization 

The synthetic route is elucidated in scheme 3.1. Common methodologies for the synthesis 

were same as reported elsewhere.
11

 Alkoxyethyl benzoates 3b-d, 5d were prepared by 

using the williamson’s ether synthesis. Alkylation of ethyl-3,4-dihydroxy benzoate gave 

compound 3b. Ethyl-3,5-dihydroxy benzoate was O-alkylated to give compound 3c, 

whereas alkylation of ethyl-3,4,5-trihydroxy benzoate gave compounds 3d and 5d. On 

treatment with hydrazine hydrate, these esters gave respective hydrazides 4b-d, 6d, which 
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were treated with thiophene-2,5-diacid chloride under basic conditions to give the 

corresponding hydrazides (7a–d). These hydrazides were treated with phosphoryl 

chloride to give the corresponding dioxadiazoles (TO1-4) or with Lawesson’s reagent to 

give the thiadiazole derivatives (TT1-4). The electron-withdrawing nature of the 

oxadiazole units compared with the thiadiazole units is reflected by the low-field 
1
H 

NMR signals obtained for compounds TO1-4 with respect to compounds TT1-4 (see the 

section 3.4). For example, the 
1
H NMR spectrum of compound TO3 with two oxadiazole 

units showed low-field signals for protons Ha and Hb compared with those of compound 

TT3 with two thiadiazole units (Fig. 3.2).
 
The structures of all the intermediates and 

target molecules were confirmed using 
1
H NMR, 

13
C NMR, IR spectroscopy, HRMS and 

MALDI-TOF mass spectra. (See experimental part presented in section 3.4 for the 

details). 

 

Figure 3.2. Overlay of the expanded portion of the 
1
H NMR spectra (CDCl3, 600 MHz) of TO3 and TT3. 

 

 

 

3.2.2. Thermal behavior 

All the compounds were investigated by using thermogravimetric analysis (TGA), 

polarizing optical microscopy (POM) and differential scanning calorimetry (DSC). 

Polycatenars were stable up to at least 315 
o
C, except for compounds TO2 and TT2. 

These compounds, which have alkoxy groups at the 3,5-positions, were stable only up to 

approximately 230 
o
C, as shown by the TGA results (Fig. 3.4). The mesophase-type, 

phase-transition temperatures and associated enthalpy changes are presented in Table 3.1. 

Fig. 3.3 graphically represents the thermal behavior of compounds in the second heating 

scans. 

TO3

TT3
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Scheme 3.1. Synthesis of thiophene based 1,3,4-oxadiazole and 1,3,4-thiadiazole derivatives. i) n-

bromoalkane, anhydrous K2CO3, DMF, 80
 o

C, 24h (70-80%); ii) NH2NH2·H2O, ethanol or butanol, reflux, 

48h (70-80%); iii) thiophene-2,5-acidchloride, THF, Et3N, 12h, reflux (70-80%); iv) POCl3, reflux, 17h 

(60-70%); v) Lawesson’s reagent, toluene, reflux, 17h (40-50%). 
 

A crystalline sample of oxadiazole-based polycatenar TO1, with four 

hexadecyloxy tails connected to the terminal benzene rings at the 3,4-positions, exhibited 

enantiotropic mesomorphism; on heating, the crystalline sample showed a transition to a 

birefringent fluid at a temperature of approximately 113 
o
C, after passing through a few 

crystal-to-crystal transitions as observed in the DSC scans. The birefringent fluid was 

shearable and converted to an isotropic liquid at a temperature of about 138 
o
C. On 
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cooling (5 
o
C min

-1
), the isotropic liquid showed a transition to a birefringent texture 

comprised of a mosaic pattern interspersed with homeotropic domains (Fig. 3.5a). The 

mesophase existed up to 129 
o
C over a temperature range of 9 

o
C and then transformed 

into another mesophase, as shown by a sudden change in the birefringence accompanied 

by an enthalpy change in the DSC (Fig. 3.5b, c). This mesophase existed up to around 88 

o
C, and then crystallized as observed with a loss of shearability and change in the textural 

pattern. The XRD studies were carried out at two different temperatures, that is, 136 and 

122 
o
C (Table 3.2). The XRD pattern obtained at 136 

o
C showed several peaks in the low 

angle region with d-spacings of 44.41, 42.34, 41.28, 40.36, and 36.12 Å, along with a 

diffuse peak at a wide angle with a d-spacing of 4.61 Å. The wide-angle diffuse peak 

corresponds to the packing of flexible tails.  

 

Figure 3.3. Bar graph summarizing the thermal behavior of TO1-4 and TT1-4 (second heating cycle); 

Colob = Columnar oblique phase, Colr = Columnar rectangular phase, Colh = Columnar hexagonal phase, Cr 

= Crystalline phase. 

 

 

Figure 3.4. TGA curves of compounds TO1-4 (a); compounds TT1-4 (b) carried out at a rate of 10 
o
C/min 

under nitrogen atmosphere. 
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1,3,4-Oxadiazole based polycatenar with central thiophene ring

1,3,4-Thiadiazole based polycatenar with central thiophene ring

(a) (b)

W
e

ig
h

t

W
e

ig
h

t

Temperature(oC) Temperature(oC)

TH-1882_136122026



Chapter 3 

84 

  

Table 3.1. Phase transition temperatures
 a
 (

o
C) and corresponding enthalpies (kJ/mol) of polycatenar LCs. 

 

Figure 3.5. POM images of TO1 a) at 132 (Colob1 phase) and b) 122 
o
C (Colob2 phase); c) DSC 

thermograms of TO1 showing the first cooling (upper trace) and second heating (lower trace); XRD 

patterns obtained for TO1 at d) 136 (Colob1 phase) and e) 122 
o
C (Colob2 phase). 

Entry Phase sequence 

2
nd

 Heating 1
st
 Cooling 

TO1 Cr 113.0 (138.1) Colob2 130.2 (28.4) 

Colob1138.1 (25.4) I 

I 138.2 (24.8) Colob1 129.3 (27.3) Colob2  87.9 

(125.7)  Cr 

TO2 Cr1 29.1 (203.1) Cr2 73.5 (124.1) Cr3 77.3 

(129.4) I 

I 20.6 (142.38) Cr  

TO3 Colr2 58.8 (56.1) Colr1 65.7 (127.07) Colh 

81.1(2.8) I 

I 77 (3.9) Colh 53.5 (127.5) Colr1  48.7 (71.7)  

Colr2
b
 

TO4 Cr 24.24 (28.7) Colob 78.8 (10.5) I I 75.4 (10.3) Colob 16.3 (16) Cr 

TT1 Cr1 64.2 (10.4) Cr2 101.3 (19.8) Cr3 105.8 (7.1) 

Cr4125.8 (17.9) I 

I 100.6 (33.2) Cr3 91.2 (99.3) Cr2 55.4 (10.6) 

Cr1 

TT2 Cr 88.3 (277.6) I I 65.5 (278.5) Cr 

TT3 Colr2 55.8 (11.3) Colr1 59.7 (65.4) Colh2 93 

(26.7) Colh1 97.2 (20.2) I 

I 96.1 (20.9) Colh1 90.9 (25.4) Colh2 55.1 

(75.2) Colr1 48.1 (10.9) Colr2
b
 

TT4 Colh2 71.5 (16.0) Colh1 120.5 (71.6) I I 116.6 (69.5) Colh1 67.4 (15.8) Colh2
 b
 

a
Peak temperatures in the DSC thermograms obtained during the first heating and cooling cycles at 5 

o
C/min. Colh = Columnar hexagonal phase; 

b
Mesophase freezes in glassy state and does not crystallize upto 

-20
0
C. Colob = Columnar oblique phase, Colr = Columnar rectangular phase, Colh = Columnar hexagonal 

phase, Cr = Crystalline, I=Isotropic. 
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The low-angle d spacings (0 < 2θ < 5
o
) correspond to the miller indices (02), (12), (20), 

(21) and (-12) of a columnar oblique (Colob) lattice. The lattice parameters derived from 

these reflections were found to be a = 83.9 and b = 90.2 Å with at tilt angle of γ = 79.9
o
. 

The XRD pattern obtained at 122 
o
C showed a complex diffraction pattern with many 

peaks at low angles, but they could be assigned to another Colob phase with at tilt angle of 

γ = 68
o
, and the lattice parameters a and b were reduced to almost half compared with the 

high-temperature Colob phase. The number of molecules in a unit cell (Z) was found to be 

1.3. These two Colob phases are denoted as Colob1 andColob2. 

Compound TO2, with four alkoxy tails connected to the terminal benzene rings at 

the 3- and 5-positions, proved to be crystalline, which shows the delicate balance 

involved in the LC self-assembly. Compound TO3, with six hexadecyloxy tails 

connected to the terminal benzene rings at the 3,4,5-positions, showed a mixture of 

pseudo-focal conic fans with mosaic patterns (Fig. 3.6a) on slow cooling of the isotropic 

liquid at a rate of 5 
o
C min

-1
. DSC scans during cooling showed transitions at 

approximately 54 (∆H = 127.5 kJ mol
-1

) and 49 
o
C (∆H = 71.7 kJmol

-1
; Fig. 3.6d). The 

first transition did not show a major difference in the optical texture, except for a decrease 

in the birefringence (Fig. 3.6b), whereas the next transition showed the growth of a 

needle-like texture on the existing mosaic pattern (Fig. 3.6c). This pattern remained 

unchanged up to room temperature. We carried out XRD studies at 65 and 40 
o
C and 

room temperature (Table 3.2). The diffraction pattern at 65 
o
C exhibited two sharp 

reflections at low angles with d spacings of 35.47 and 20.53 Å, along with a diffuse peak 

at wide angle with a d spacing of 4.48 Å. The first two d spacings in the low-angle region 

correspond to Miller indices (10) and (11) of a columnar hexagonal (Colh) lattice. The 

lattice parameters were found to be a = 41 Å. The spacing ratio is 1:0.578, which 

corresponds to a Colh phase. The number of molecules derived from this lattice parameter 

in the unit hexagonal cell was found to be approximately 2. On cooling, this phase passed 

through a transition that spanned 5 
o
C, as seen in the DSC scans (Fig. 3.6d), with a slight 

change in the color of the textural pattern. We could not carry out XRD studies in this 

short interval. The XRD studies carried out at 40 and 25 
o
C were almost identical. For 

example, the XRD pattern at 25 
o
C exhibited several peaks in the low-to-mid angle region 

with d spacings of 37.52, 21.02, 18.27, and 13.68 Å that corresponded to Miller indices 

(01), (10), (11), and (12) of a rectangular lattice. The spacing ratios were 

1:0.56:0.49:0.36, which vary slightly from the spacing ratio in the higher-temperature 
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XRD pattern obtained for Colh phase. This could indicate the continuation of a higher-

temperature Colh phase. However, in view of the signatures from the DSC scans and a 

better agreement between the measured and calculated spacing values, we suggest that the 

lattices could be rectangular in nature. The wide angle region showed two diffuse peaks at 

4.15 and 4.17 Å. Here, the first peak corresponds to the packing of flexible alkyl tails, 

whereas the second diffuse peak originates from the stacking of the cores. There was not 

much change in the lattice parameters and the number of molecules within the rectangular 

unit cell. The number of molecules in a unit cell was found to be one irrespective of 

temperature. We denote this phase as Colr2, whereas the phase present between Colh and 

Colr2 that spans a thermal range of 5 
o
C is denoted as the Colr1 phase because of the high 

enthalpy change associated with the phase transition from the high-temperature Colh 

phase (Fig. 3.6a-c). Compound TO4 with six n-decyloxy chains showed a mosaic texture 

on cooling from the isotropic liquid state, and the texture remained unchanged to room 

temperature (Fig. 3.7a, b). This compound showed crystallization at 16 
o
C, as determined 

from the DSC cooling scan (∆H = 16 kJmol
-1

; Fig. 3.7c). From the XRD studies, it was 

found that the Colob phase was stabilized throughout the thermal range (Fig. 3.7d, e). 

Thus polycatenars with shorter alkyl chains stabilized the Colob phase, whereas 

polycatenars with longer alkyl chains (TO3) stabilized the Colh and Colr phases. 

 

Figure 3.6. POM images of TO3 at a) 65 (Colh phase); b) 50 (Colr1 phase) and c) 28 
o
C (Colr2 phase); d) 

DSC thermograms of compound TO3 showing first cooling (upper trace) and second heating (lower trace); 

XRD patterns obtained for TO3 at e) 65 (Colh phase) and f) 25 
o
C (Colr2 phase). 
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Table 3.2. Results of indexation of XRD profiles of compounds TO1, TO3 & TO4, at a given temperature 

(T) of the mesophases
a
. 

 

 

Compounds (D/Å) Phase, Symmetry 

(T/oC) 

dobs(Å)b dcal(Å)b Miller indices 

hkl 

Lattice 

 parameter c 

TO1 

(56.24) 

 

Colob1, p1 

(136) 

44.41 

42.34 

41.28 

40.36 

36.12 

4.61(ha)
d 

44.41 

42.34 

41.28 

40.24 

36.53 

02 

12 

20 

21 

-12 

 

a = 83.9 Å 

b = 90.2 Å 

γ = 79.9o 

 

 

 

Colob2, p1 

(122) 

 

 

 

 

 

35.24 

22.80 

20.44 

17.83 

15.29 

14.53 

13.38 

4.50 (ha)
d 

35.24 

22.80 

20.44 

17.62 

15.36 

14.70 

13.50 

10 

-11 

02 

20 

-12 

13 

23 

a = 38.0 Å 

b = 44.1 Å 

γ = 68.0o 

 

 

TO3 

(60.30) 

 

Colh, p6mm 

(65) 

35.47 

20.53 

4.48 (ha)
d 

35.47 

20.53 

10 

11 

a = 41 Å 

 

Colr2, p2mm 

(40) 

 

37.63 

21.00 

18.28 

13.64 

4.20 (ha)
d 

4.19 (hc)
d 

37.63 

21.00 

18.33 

14.01 

 

 

01 

10 

11 

12 

 

a = 21.0 Å 

b = 37.6 Å 

 

 

Colr2, p2mm 

(25) 

37.52 

21.02 

18.27 

13.68 

4.15 (ha)
d 

4.17 (hc)
d 

37.52 

21.02 

18.34 

13.99 

 

01 

10 

11 

12 

 

a = 21.0 Å 

b = 37.5 Å 

TO4 

(45.35) 

 

 

Colob, p1 

(72) 

 

 

 

33.78 

33.01 

29.24 

4.50 (ha)
d 

3.61 (hc)
d 

33.78 33.01 

29.24 

01 

11 

10 

 

 

a = 35.2 Å 

b = 40.7 Å 

γ = 56.1o 

 

 Colob, p1 

(50) 

 

32.59 

30.71 

30.05 

4.48 (ha)
d 

3.59 (hc)
d 

32.59 

30.71 

30.05 

01 

11 

10 

a = 34.4 Å 

b = 37.2 Å 

γ = 61.0o 

 Colob, p1 

(25) 

32.09 

31.18 

15.57 

4.41 (ha)
d 

3.52 (hc)
d 

32.09 

31.18 

15.57 

11 

01 

12 

a = 33.06 Å 

b = 32.12 Å 

γ = 76.1o 

aThe diameter (D) of the disc (estimated from Chem 3D Pro 8.0 molecular model software from Cambridge Soft). bdobs: 

spacing observed; dcal: spacing calculated (deduced from the lattice parameters; a and b for Colob and Colr). 
c γ is the 

column tilt angle. dSpacings marked ha and hc correspond to diffuse reflections in the wide-angle region that arise from 

correlations between the alkyl chains and core regions, respectively. 
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 The thermal behavior of the next series of polycatenars, in which the central 

thiophene ring was connected to two symmetrically substituted 1,3,4-thiadiazole rings, is 

discussed below. Compounds TT1 and TT2, with four n-hexadecyloxy tails connected to 

the terminal benzene rings at the 3,4- and 3,5- positions, proved to be crystalline.  

Figure 3.7. POM Images of compound TO4 at a) 75 (Colob phase) and b) 30 
o
C (Colob phase); c) DSC 

thermograms of compound TO4 showing first cooling (blue trace) and second heating (red trace); XRD 

patterns obtained for compound TO4 at d) 72 (Colob phase) and e) 25 
o
C (Colob phase). 

 

 

Figure 3.8. POM images of TT3 at a) 95 (Colh1 phase); b) 88 (Colh2 phase); c) 50 (Colr1 phase) and d) 25 
o
C (Colr2 phase). 
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On cooling from the isotropic temperature, hexacatenar TT3, with six n-hexadecyloxy 

tails, showed a mosaic pattern interspersed with homeotropic domains, which is 

characteristic of a uniaxial phase (Fig. 3.8a). At approximately 91 
o
C (∆H = 25.4 kJ mol

-

1
), a transition was observed in the DSC scan, whereas this change was very hard to detect 

in the POM (Fig. 3.9a and 3.8b). The XRD pattern obtained at 90 
o
C shows two peaks at 

low angle with d spacings of 35.51 and 20.49 Å, along with two diffuse peaks at wide 

angle with d spacings of 4.58 and 3.7 Å (Table 3.3, Fig. 3.9b). The first two low-angle 

peaks can be indexed to (10) and (11) reflections from a hexagonal lattice. The wide-

angle spacing corresponds to the packing of alkyl tails and the distance between the cores. 

The calculated lattice parameter a was 41 Å, which is 30% less than the molecular length 

(60.4 Å) of the polycatenar in the all-trans conformation. This difference indicates an 

intercalation of the peripheral tails of neighboring molecules in the Colh phase. We denote 

this columnar phase as Colh2, whereas the one at higher temperature (>91 
o
C) is denoted 

as the Colh1 phase, based on the textural similarity. The number of molecules in the unit 

hexagonal cell was found to be two. This columnar phase spanned a thermal range of 36 

o
C before showing a textural change at approximately 48 

o
C, coupled with an enthalpy 

change of 104.9 kJmol
-1

. The XRD pattern obtained at 50 
o
C showed d spacings of 42.01, 

25.63, 10.31, 5.77, 4.27, and 4.22 Å (Fig. 3.9c). The relatively diffuse peak at 4.27 Å can 

be assigned to the packing of alkyl tails, whereas the other peaks correspond to Miller 

indices (01), (11), (31), and (45) of a rectangular lattice. The lattice parameters of the 

rectangular cell are a = 32.3 and b = 42 Å, with approximately two molecules (Z = 1.9) in 

the unit cell. We denoted this phase as Colr1. The DSC scan showed a further transition at 

approximately 48 
o
C (∆H = 38.5 kJ mol

-1
), whereas the texture remained same without 

showing signs of crystallization to room temperature. The XRD pattern obtained at room 

temperature (Fig. 3.9d) exhibited additional reflections in the mid-angle region, but these 

reflections fit to a rectangular lattice and we denoted this phase as Colr2.The two phases 

differ from each other with respect to the value of a. The Colr2 phase shows a reduced 

value of a, whereas the value of b remains almost same. 

 On cooling, the isotropic liquid of compound TT4, which is the lower homologue 

of compound TT3 (with six n-decyloxy chains), showed the growth of spherulites that 

originated from the dark field of view (Fig. 3.10a). Further cooling resulted in a 

transformation of these spherulites into a mosaic pattern at around 67 
o
C (Fig. 3.10b), 

which remained unchanged to room temperature (Fig. 3.10c). 
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Figure 3.9. a) DSC thermograms of TT3 showing first cooling (upper trace) and second heating (lower 

trace); XRD patterns obtained for TT3 at b) 90 (Colh2 phase); c) 50 (Colr1 phase); and d) 25 
o
C (Colr2 

phase). 
 

 
 

Figure 3.10. POM Images of compound TT4 at a) 110 (Colh1 phase); b) 65 (Colh2 phase) and c) 28 
o
C 

(Colh2 phase); d) DSC thermograms of compound TT4 showing first cooling (blue trace) and second 

heating (red trace); XRD patterns obtained for compound TT4 at e) 110 (Colh1 phase); f) 60 (Colh2 phase) 

and g) 25 
o
C (Colh2 phase). 
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Table 3.3. Results of the (hkl) indexation of the XRD profiles of the compounds TT3-4 at a given 

temperature (T) of the mesophases
a
. 

 

 

Figure 3.11.  Comparison of the bent angles of different central and side rings of the polycatenars.
 23

  

Compounds 

(D/Å) 

Phase, Symmetry 

(T/
o
C) 

dobs(Å)
b
 dcal(Å)

b
 Miller 

indices hkl 

Lattice parameter     

(Å) 

TT3 

(60.40) 

 

Colh2, p6mm 

(90) 

35.51 

20.49 

4.58 (ha)
c
 

3.70 (hc)
c
 

35.51 

20.43 

 

 

10 

11 

 

 

a = 41.0 

 

 

 

 

Colr1, p2mm 

(50) 

 

 

 

42.01 

25.63 

10.31 

5.77 

4.27 (ha)
c
 

4.22 (hc)
c
 

42.01 

25.63 

10.44 

5.83 

 

01 

11 

31 

45 

 

a = 32.3 

b = 42.0 

 

 

 

Colr2, p2mm 

(25) 

41.76 

25.60 

21.06 

13.83 

10.32 

5.74 

4.19 (ha)
c
 

4.17 (hc)
c
 

41.76 

25.60 

20.88 

13.92 

10.44 

5.81 

 

 

01 

10 

02 

03 

04 

43 

 

a = 25.6 

b = 41.8 

TT4 

(46.49) 

 

Colh1, p6mm 

(110) 

 

29.82 

5.77 (ha) 

4.34 (hc) 

29.82 

 

 

10 

 

 

a = 34.4 

 

 

 

Colh2, p6mm 

(60) 

 

 

 

Colh2, p6mm 

(25) 

32.68 

16.38 

11.74 

5.78 (ha)
c
 

4.26 (hc)
c
 

35.52 

16.27 

12.19 

5.74 (ha)
c
 

4.18 (hc)
c
 

32.68 

16.34 

12.35 

 

 

35.52 

16.26 

12.29 

10 

20 

21 

 

 

10 

20 

21 

a = 37.7 

 

 

 

 

a = 37.6 

a
The average diameter (D) of the polycatenars (estimated from Chem 3D Pro 8.0 molecular model software 

from Cambridge Soft). 
b
dobs: spacing observed; dcal: spacing calculated (deduced from the lattice 

parameters; a and b for Colh and Colr phase; 
c
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. 

TH-1882_136122026



Chapter 3 

92 

  

This transition was confirmed by the DSC scans, which showed an enthalpy change of 

15.8 kJmol
-1 

(Fig. 3.10d, table 3.1). There was no sign of crystallization up to -20 
o
C, as 

revealed by the DSC results. The XRD patterns obtained at 110, 60, and 25 
o
C confirmed 

a Colh phase (Fig. 3.10e-g, Table 3.3). The DSC scans showed that there is a transition 

between two Colh phases, which we denoted as Colh1, and Colh2. It is surprising that the 

lower homologue exhibited a Colh phase in contrast to the oxadiazole analogue (TT4), 

which exhibited a Colob phase. 

 Looking at the thermal behavior, we can conclude that the length of the peripheral 

chain and pattern of substitution matters in determining the thermal range of the 

mesophase. Oxadiazole derivative TO2 and thiadiazole-based polycatenar compound 

TT2 were crystalline in nature and showed that peripheral chain substitution at the 3,5-

positions is not conducive for mesophase stabilization. This may be due to the lack of 

space filling and nano segregation. Compound TO1, with four peripheral alkyl chains 

substituted at the 3- and 4-positions of the terminal benzene ring, was liquid crystalline, 

whereas corresponding thiadiazole compound TT1 was crystalline, which indicated the 

effect of the thiadiazole ring on the self-assembly. Compounds TO3 and TT3 showed an 

enhanced mesophase range with respect to TO1-2 and TT1-2, which showed that 

substitution at the 3, 4 and 5-positions stabilized the columnar packing. Furthermore, a 

reduction in the length of the peripheral chain from n-hexadecyloxy to n-decyloxy (for 

compounds TO4 and TT4) led to the broadest thermal range in the respective series. 

Oxadiazole derivatives TO1, TO3 and TO4 showed stabilized Colr, Colh or Colob phases, 

whereas thiadiazole derivatives TT3-4 exhibited Colr and Colh phases. Liquid 

crystallinity and the width of the mesophase exhibited by compounds TO1, TO3, TO4 

and TT3, TT4 is a summation of bent-angle, dipole moment, and space-filling effects and 

nanophase segregation. It is difficult to pinpoint a certain factor that establishes a 

relationship between the structure and the thermal behavior. This shows that a delicate 

ratio of incompatible subunits in a shape-anisotropic molecule is required to affect the 

nanophase segregation, which results in LC self-assembly. A general comparison of 

oxadiazole- and thiadiazole-based polycatenars based on a central thiophene leads to the 

following generalizations: Compounds with thiadiazole linkage show a rich phase 

sequence compared with oxadiazole derivatives. More importantly, the longer the chain 

length, the richer the phase sequence for both linking groups (oxadiazole or thiadiazole). 

For example, the higher (C16) homologue of the thiadiazole linking group (TT3) shows a 

Iso–Colh1–Colh2–Colr1–Colr2 phase sequence, whereas the lower (C10) homologue (TT4)  
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Figure 3.12. Bar graph summarizing the thermal behavior of 1,3,4-oxadiazole based polycatenars
10c,d

 with a 

central benzene ring substituted at p- and m- position and 1,3,4-thiadiazole based polycatenars
11b

 with a 

central benzene ring substituted at p- and m- position (second heating cycle) (Colob = Columnar oblique 

phase; Colh = Columnar hexagonal phase.) 

has only two mesophases. Similarly, the C16 homologue of the oxadiazole linking group 

(TO3) exhibits a Colh phase and two rectangular columnar phases, whereas the C10 

homologue (TO4) shows only the oblique columnar mesophase. A possible reason for 

this difference could be better isolation of the central cores in a columnar structure, 

provided by the longer peripheral chains. 

 Another point to be noted is that replacing a benzene ring with a thiophene ring 

leads to a richer mesophase scenario. We can compare the thermal behavior of these 

polycatenars (Fig. 3.3) with previously reported polycatenars with a central benzene ring 

and substituted 1,3,4-oxadiazole
10c, d

 or 1,3,4-thiadiazole
11b

 as side rings. Figure 3.12 

shows the phase-transition temperatures and mesophase widths of these polycatenars. To 

make a clear comparison, we chose the hexacatenar with n-decyloxy tails from each 

series. The bent angles of the central cores and other heterocycles help us to understand 

their impact on the self-assembly (Fig. 3.11). The bent angle of polycatenars with a 

central benzene ring can be either 180 (for p/ 10 and pT/10, p-substituted compounds) or 

120
o
 (for m/10 and mT/10, m-substituted compounds). Here, for both series of 

oxadiazole- and thiadiazole-based polycatenars, m-substituted compounds show higher 

mesophase stabilization. Note that oxadiazole derivative p/10 was crystalline, whereas 
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m/10 exhibited a Colh phase. For the thiadiazole-based polycatenars, again the m-

substituted compound mT/10 showed a wider thermal range than p-substituted compound 

pT/10.Compared with polycatenars with oxadiazole side rings (bent angle ≈134
o
), 

polycatenars based on thiadiazole side rings (bent angle ≈160
o
) show higher mesophase 

stability. Therefore, an increase in the bent angle of the side rings helps to enhance the 

mesophase width. 

 

Figure 3.13. Space filling energy minimized (all-trans) molecular models obtained for polycatenars with a 

central benzene ring and for polycatenars with a central thiophene ring (estimated from Chem 3D Pro 8.0 

molecular model software from Cambridge Soft). 

TO4 TT4
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Herein, the bent angle of the central thiophene ring is around 150
o
.
23
 This is an 

intermediate angle compared with p or m-substituted benzene. In this case, polycatenars 

with oxadiazole and thiadiazole side rings exhibited liquid crystallinity. The mesophase 

width is larger than m- and p-substituted polycatenars (both oxadiazole and thiadiazole) 

with a central benzene ring. It should be noted that, as in the case of benzene-centered 

polycatenars, thiadiazole-based polycatenar TT4 showed a wider thermal range than its 

oxadiazole counterpart (TO4). Molecular models of hexacatenars with n-decyloxy chains 

are provided in figure 3.13. This study confirms that this very small deviation in the bent 

angle (which is the effect of the hetero atom of the constituent rings in the polycatenar) 

leads to a huge difference in the self-assembly in the bulk. Smaller bent angles lead to a 

higher dipole moment, as in the case of oxadiazole derivatives, whereas larger bent angles 

reduce the overall dipole moment, as in the case of thiadiazole or thiophene derivatives. 

This also has a direct consequence on the mesophase stability. Another important factor is 

the bent angle provided by the central thiophene unit, which is very favorable for 

mesophase stabilization compared with previously reported benzene-centered 

polycatenars. 

3.2.3. Photophysical properties 

Photophysical properties of the polycatenars TO1-4 and TT1-4 were investigated in the 

solution and thin film states (Table 3.4). Absorption and emission spectra of these 

compounds were recorded for micromolar solution in THF (Fig. 3.14). As can be seen, 

the absorption spectra for the solutions of oxadiazole based compounds TO1-4 showed 

absorption maxima in a range of λ = 362 to 365 nm (Fig. 3.14a), whereas the thiadiazole 

based compounds TT1-4 showed slightly red-shifted absorption spectra λ = 368 to 394 

nm (Fig. 3.14b). Oxadiazole derivatives TO1-4 showed higher bandgaps (3.07-3.2 eV) 

than thiadiazole derivatives TT1-4 (2.73-2.92 eV). Similarly, the emission maxima of 

compounds TO1-4 were in the range of λ = 442 to 476 nm, whereas the emission maxima 

of compounds TT1-4 were in the range of λ = 476 to 490 nm. The molar extinction 

coefficients of oxadiazole derivatives TO1-4 (ε = 28,800-31,150 M
-1 

cm
-1

) were found to 

be more than thiophene derivatives TT1-4 (ε = 20,650-22,900 M
-1 

cm
-1

). The absorption 

bands mainly correspond to π-π* transition of this molecular system. Thin films of these 

compounds showed small shifts in their absorption and emission spectra due to 

aggregation. Oxadiazole-based compounds TO1-4 showed higher quantum yields of 0.56 
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Table 3.4. Photophysical properties of compounds TO1-4 and TT1-4 in solution
a
 and film state. 

 

Figure 3.14. Absorption (solid trace) and emission (dotted trace) spectra of compounds a) TO1-4 and b) 

TT1-4; c) photographs taken under the UV light (λex = 365 nm; micromolar solution in THF. 

to 0.72, whereas thiadiazole-based compounds TT1-4 exhibited slightly lower quantum 

yields in the range of 0.5 to 0.61 (Fig. 3.15, Table 3.5). The observed quantum yields are 

higher in comparison to polycatenars with a central benzene ring instead of thiophene.
11b

 

Quantum yield was measured according to established procedure by using quinine sulfate 

in 0.1 M H2SO4 solution as the standard. Absolute values were calculated according to the 

following equation: QS = QR x (mS / mR) x (nS / nR)
 2 

Where, Q: Quantum yield, m: Slope 

of the plot of integrated fluorescence intensity vs absorbance; n: refractive index (1.407 

for THF and 1.33 for distilled water); the subscript R refers to the reference fluorophore 

i.e. quinine sulphate solution in 0.1 M H2SO4 and subscript S refers to the sample under 

investigation. In order to minimize re-absorption effects, absorbance was kept below 0.15 

at the excitation wavelength of 347 nm. Quantum Yield of quinine sulphate is 0.54.  

Simplified equation for the calculation after substituting the appropriate values is given 

as: QS = 0.54 × (mS/2.71) × (1.407/1.33)
2 

= 0.223 × mS and values obtained are given in 

the table 3.5. 

TO1 TO2 TO3 TO4

TT1 TT2 TT3 TT4
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Entry 

Solution State Thin film State 

Absorpti

on(nm) 

Emission
b
(nm)

 

Stokes 

shift(nm) 

λonset 

(nm) 

ΔE
c,d

opt 

Relativ

e Q. Y. 

Absorpti

on (nm) 

Emission
b
(nm)

 

Stokes 

shift(nm) 

TO1 365 442 77 405 3.07 0.72 365 473 108 

TO2 353 476 123 388 3.20 0.65 368 453 85 

TO3 362 472 110 405 3.07 0.57 367 478 111 

TO4 362 472 110 405 3.07 0.56 367 501 134 

TT1 368 476 108 455 2.73 0.50 373 486 113 

TT2 374 476 102 425 2.92 0.50 371 473 102 

TT3 383 487 104 455 2.73 0.54 365 512 147 

TT4 394 490 96 441 2.82 0.61 369 507 138 
a
micromolar solutions in THF; 

b
excited at the respective absorption maxima; 

c
Band gap determined from 

the red edge of the longest wave length (λonset) in the UV-vis absorption spectra; 
d
 In volts (eV). 
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Table 3.5. Results of the quantum yield of the compounds TO1-4 and TT1-4 in THF solution. 

 

Figure 3.15.  Plots of integrated photoluminescence intensity vs absorbance of Quinine sulphate (0.1M 

H2SO4 solution), compounds TO1-4 and TT1-4 (micromolar THF solution). 

The thin films of these compounds were prepared by drop casting the micromolar 

solutions of these compounds in toluene onto glass slides. The absorption spectra and 

emission spectra of these compounds were found to be broad compared with their 

solution spectra (Fig. 3.16). The absorption spectra of the thin films of oxadiazole-based 

compounds TO1-4 show a red-shift compared with the solution spectra; even though the 

absorption maximum of compound TO1 in the thin film state shows the same value as in 

solution, the difference spectra shows the red-shift (Fig. 3.17, 3.16a). Other than 

compound TO2, the emission spectra of TO1, TO3 and TO4 showed a red-shift (Fig. 

3.16b). In the case of thiadiazole-based compounds, all the compounds exhibited blue-

shifted absorption spectra except for compound TT1 (Fig. 3.16d). The emission spectra 

(Q.S.) (TO1) (TO2)

(TO3) (TO4) (TT1)

(TT2) (TT3) (TT4)

Entry mS mR Qs
a,b,c

 Entry mS mR Qs
a,b,c

 

TO1 3.21 2.71 0.72 TT1 2.25 2.71 0.50 

TO2 2.91 2.71 0.65 TT2 2.22 2.71 0.50 

TO3 2.55 2.71 0.57 TT3 2.43 2.71 0.54 

TO4 2.49 2.71 0.56 TT4 2.72 2.71 0.61 
a
 Measured in THF; 

b
Excited at absorption maxima; 

c
Standard quinine sulphate (Qf = 0.54) in 

0.1M H2SO4. 
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of the films of thiadiazole derivatives TT1 and TT3-4 showed a red-shift, while that of 

the compound TT2 was blue-shifted (Fig. 3.16e). All the compounds showed a visually 

perceivable bright emission in the thin-film state on irradiation with long-wavelength UV 

light (Fig. 3.16c and f). It is evident from previous reports that the red-shifted absorption 

spectra in the aggregated state points to the formation of J-type aggregates,
14

 in which the 

molecules are arranged in a slipped-stack position, whereas the blue shifted absorption 

spectra indicates the formation of H-type aggregates, in which the molecules are arranged 

in a cofacial manner. J-aggregates are supposed to be highly luminescent compared with 

H-aggregates, in which luminescence is quenched. However, there are a few reports of 

fluorescent H-type aggregates.
15

 Here we cannot provide conclusive proof of the 

formation of a particular type of aggregate in the thin films because of the possibility of 

several diastereomeric conformations for these polycatenars. 

Photophysical properties of representative compounds TO3 and TT3 in solution 

were studied with respect to different solvents to examine their behavior with solvent 

polarities (Fig. 3.18, Table 3.6). The absorption spectra did not vary much with respect to 

solvent polarity, which indicates the nonpolarity of the molecules in the ground state. In 

contrast to the absorption spectra the emission spectra showed a red-shift, which indicates 

 

Figure 3.16.  a) Normalized Absorption and b) emission spectra of TO1-4 and d) Normalized Absorption 

and e) emission spectra of compounds TT1-4; c, f) Photographs of thin films of TO1-4 and TT1-4 taken 

under the UV light (λex = 365 nm). 
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the polar nature of the excited state. The presence of donor and acceptor moieties in 

conjugation leads to the localization of π-electrons towards the acceptor unit in polar 

solvents. This leads to an internal charge-transfer state in addition to the locally excited 

state. The internal charge transfer state is affected by solvent polarity. Thus the energy 

gap between the ground and excited state is reduced in polar solvents, which leads to a 

red-shifted emission. 

 

Figure 3.17. Absorption spectra of compound TO1 in THF solution and thin film state, Difference 

spectrum shows a red shift. 

 

Figure 3.18.  a) Normalized absorption and b) emission spectra of TO3 (20 µmol) in different solvents and 

c) Normalized absorption and d) emission spectra of TT3 (20 µmol) in different solvents. 
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Table 3.6. Photophysical properties in different solvents
a
. 

Entry Solvent Absorption (nm) Emission
b

(nm) Stokes shift (nm) 

 

 

TO3 

Decane 362 431 69 

Toluene 362 438 76 

Chloroform 362 468 106 

THF 362 472 110 

 

TT3 

Decane 379 470 91 

Toluene 386 477 91 

Chloroform 386 495 101 

THF 383 487 112 
a

micromolar solutions in Decane, Toluene, Chloroform, THF; 
b

excited at the respective absorption maxima. 

 

3.2.4. Electrochemical behavior 

Energy levels of frontier molecular orbitals (HOMO and LUMO) of the polycatenars 

were obtained by using cyclic voltammetry (CV) and the data are tabulated in table 3.7. 

All the compounds exhibited irreversible oxidation and reduction waves (Fig. 3.19). 

 

Figure 3.19.  Cyclic voltammograms of (a) ferrocene; (b-e) TO1-4 and (f-i) TT1-4 in anhydrous DCM 

solution of tetra-n-butyl ammonium perchlorate (0.1 M) at a scanning rate 0.5mV/s; the half wave potential 

of Fc/Fc
+ 

was found to be 0.46 V relative to Ag/Ag
+
 reference electrode. 

(TO1) (TO2)

(TO3) (TO4) (TT1)

(TT2) (TT3) (TT4)
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Table 3.7. Electrochemical properties of compounds TO1-4 and TT1-4 in micromolar DCM solutions. 

 

The optical band gap Eopt was estimated from the red edge of the absorption spectra. 

Energy levels of LUMO and HOMO were determined by using the formulae ΔECV = 

ELUMO - EHOMO, EHOMO= - (4.8 - E1/2, Fc, Fc+ + Eox, onset) eV and ELUMO = - (4.8 - E1/2, Fc, Fc+ + 

Ered, onset) eV. Compounds TO1-4 exhibited LUMO levels of -3.04 to -3.21 eV and 

HOMO levels of -5.95 to -6.11 eV. Compounds TT1-4 exhibited LUMO levels of -3.17 

to -3.31 eV and HOMO levels of -5.90 to -5.96 eV. Oxadiazole derivatives TO1-4 

exhibited a higher bandgap of 3.07 to 3.2 eV compared with thiadiazole derivatives TT1-

4, which showed a bandgap of 2.73 to 2.92 eV. Compounds TT1-4 can be compared with 

polycatenars reported previously, in which the central benzene ring is connected to 

thiadiazole rings at 3,5-positions.
11b

 These compounds show reduced LUMO, HOMO 

levels and bandgaps in comparison to their benzene analogues. 

3.2.5. Gelation properties 

Compounds TO3 and TT3 were investigated for their ability to undergo organogelation 

in solutions of hexane, decane, dodecane, hexadecane, chloroform, dichloromethane, 

ethanol, dimethylsulfoxide (DMSO), n-butanol, tetrahydrofuran, benzene, toluene and m-

xylene. Both of these compounds showed gelation in hydrocarbon solvents, such as 

hexane, decane, dodecane and hexadecane (Table 3.8). We also checked the gelation of 

other compounds in decane (Table 3.9). Compound TO2, TT1, TT2 and TT4 

precipitated after being dissolved in decane, whereas compound TO4 dissolved in 

decane. 

Entry
 a
 E1red (V)

 c
 E1oxd (V) EHOMO (eV)

b
 ELUMO (eV)

c
 ΔECV (eV)

d
 ΔE g, opt (eV)

e
 

TO1 -1.16 1.61 -5.95 -3.18 2.77 3.07 

TO2 -1.30 1.74 -6.08 -3.04 3.04 3.20 

TO3 -1.06 1.77 -6.11 -3.28 2.83 3.07 

TO4 -1.13 1.66 -6.00 -3.21 2.79 3.07 

TT1 -1.04 1.60 -5.94 -3.30 2.64 2.73 

TT2 -1.13 1.61 -5.95 -3.21 2.74 2.92 

TT3 -1.03 1.56 -5.90 -3.31 2.59 2.73 

TT4 -1.17 1.62 -5.96 -3.17 2.79 2.82 
a
Experimental conditions: Ag/AgNO3 as the reference electrode, glassy carbon as the working electrode, 

platinum rod as the counter electrode, TBAP (0.1M) as the supporting electrolyte, RT, scanning rate 0.05 

mV s
-1

; 
b
Estimated from the onset oxidation peak values by using the formula EHOMO= -(4.8-E1/2, Fc, Fc+ + Eox, 

onset); 
c
Estimated from the onset reduction peak values by using ELUMO= -(4.8-E1/2, Fc, Fc+ + Ered, onset), E1/2, Fc, 

Fc+ = 0.46 V; 
d
Estimated from the formula ∆ECV= ELUMO-EHOMO. 

e
Bandgap determined from the red edge of 

the longest wavelength in the UV/Vis absorption spectrum. 
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Table 3.8. Gelation behavior and CGCs of compound TO3 and TT3 in various solvents. 

Table 3.9. Gelation behavior and CGCs of compound TO1-4 and TT1-4 in decane. 

Entry Properties CGC (wt%) T
gel

(
o
C) 

TO1 G(O) 0.45 63 

TO2 P ----- ----- 

TO3 G(O) 1.00 71 

TO4 S ----- ----- 

TT1 P ----- ----- 

TT2 P ----- ----- 

TT3 G(O) 0.70 47 

TT4 P ----- ----- 

G = stable gel; P = precipitate; I = insoluble; S = soluble; 

O = opaque. The critical gelation concentration (wt%) is 

the minimum concentration necessary for gelation. Tgel 

(
o
C) is the thermal stability of the gels. 

 

 

Figure 3.20.  a) Photographs of TO1, TO3 and TT3 in solution and gel states under long wavelength UV 

light (λ = 365 nm) at CGC; b) Formation of a self-standing gel of compound TO1 at CGC. 

TO1 TO3 TT3

Sl. No. Solvent TO3 TT3 

Properties CGC (wt%) T
gel

(
 o
C ) Properties CGC (wt%) T

gel
(

 o
C ) 

1 Hexane G(O) 1.05 67 G(O) 0.73 45 

2 Decane G(O) 1.00 71 G(O) 0.70 47 

3 Dodecane G(O) 0.98 72 G(O) 0.67 52 

4 Hexadecane G(O) 0.93 74 G(O) 0.65 55 

5 Toluene S ---- --- S ---- --- 

6 Benzene S ---- --- S ---- --- 

7 m- xylene S ---- --- S ---- --- 

8 DCM S ---- --- S ---- --- 

9 Chloroform S ---- --- S ---- --- 

10 THF S ---- --- S ---- --- 

11 n-butanol P ---- --- P ---- --- 

12 Ethanol P ---- --- P ---- --- 

13 DMSO I ---- --- I ---- --- 

G = stable gel; P = precipitate; I = insoluble; O = opaque. The critical gelation concentration (wt. %) is the 

minimum concentration necessary for gelation. Tgel (
o
C) is the thermal stability of the gels. 
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Of the oxadiazole derivatives, TO1 and TO3 showed gelation whereas for the thiadiazole 

derivatives none of the compounds except TT3 showed gelation in decane. Oxadiazole-

based compound TO1, with four alkyl tails, showed the gelation at a very low critical gel 

concentration (CGC) of 0.45 wt%. This compound was gelated within 6 minutes after 

heat-assisted dissolution. Immediately after adding the compound to decane, the 

suspension was heated to obtain a clear solution. The resultant solution was allowed to 

cool for 10 minutes to form a gel at room temperature. Gel formation was confirmed by 

“stable to inversion of the glass vial” method, that is, the gel was unable to flow on 

inversion of the container, which confirmed the formation of a stable gel. Oxadiazole-

based compound TO3, with six alkyloxy tails, showed a CGC of 1 wt% and took longer 

time to gelate (approximately 3 h), whereas thiadiazole-based compound TT3 (again with 

six alkyl tails) took almost 50 minutes from the point of complete dissolution with a CGC 

of 0.7 wt% respectively. Therefore, compounds TO1 and TT3 qualify as supergelators 

because they are able to gelate at a very low CGC, that is, well below 1 wt%.
16

 All the 

gels were opaque and fluorescent (Fig. 3.20a). Compound TO1 showed the ability to 

form self-standing and moldable gels of any given shape (Fig. 3.20b). It is apparent that 

the gelation depends on a very delicate balance of number and pattern of substitution of 

alkyl tails and the type of the heterocycle present in the polycatenar. 

Because we were interested to deriving the structure-property relationships, we 

decided to investigate compounds TO3 and TT3 by using extensive photophysical 

studies, microscopy and XRD studies. Detailed rheological measurements were also 

carried out on the two representative samples, as described below. Formation of the 

organogel was monitored by measuring the emission spectra of the solution with respect 

to temperature and time. For compound TO3 the emission intensity increased as the 

temperature was decreased from 70 to 20 
o
C with a concomitant red-shift from λ = 461 

nm to 471 nm (Fig. 3.21a-b). A huge four-fold increase in the emission intensity was 

observed on gelation, compared with solution-state emission (5.51 mM in decane; Fig. 

3.22a). Similarly, the intensity of the emission was highest at 115 min and thereafter it 

remained steady (Fig. 3.21d). This is a phenomenon of aggregation-induced enhanced 

emission (AIEE). The emission spectra showed a red-shift upon gelation (Fig. 3.21c), 

which was similar to the observation in Fig. 3.21b. This gel formation was reversible for 

many cycles of heating and cooling, as shown by the change in the emission intensity at 

its emission maximum (Fig. 3.22b). 
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Figure 3.21. a) Emission spectra showing an increase in the emission intensity with the decrease in 

temperature from solution to gel state for TO3; b) Normalized emission spectra of TO3, showing a red shift 

on gelation; c) Emission spectra showing an increase in the emission intensity with time during 

transformation of solution to gel; d) Plot showing the change in the emission intensity at emission 

maximum (λ = 362 nm) vs. time (Concentration: 5.51 mM, decane). 

 

 

Figure 3.22. a) The increase in intensity from the solution state to gelation showing aggregation-induced 

emission for TO3 at the CGC; b) Reversible change in the emission intensity at λ = 362 nm on repeated sol-

gel transition (Concentration: 5.51 mM, decane). 
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Figure 3.23.  a) Emission spectra showing an increase in the emission intensity with the decrease in 

temperature from solution to gel state for TT3; b) Normalized emission spectra of TT3, showing a red shift 

on gelation; c) Emission spectra showing an increase in the emission intensity with time during 

transformation of solution to gel; d) Plot showing the change in the emission intensity at emission 

maximum (λ = 383 nm) vs. time (Concentration: 3.8 mM, decane). 

  

 

Figure 3.24. a) The increase in intensity from the solution state to gelation showing aggregation-induced 

emission for TT3 at the CGC; b) Reversible change in the emission intensity at λ = 383 nm on repeated sol-

gel transition (Concentration: 3.8 mM, decane). 
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Compound TT3 exhibited similar behavior. An increase in the emission intensity 

and red-shift in the emission was observed upon gelation (Fig. 3.23a-b). The increase in 

the emission intensity upon gelation from solution at the CGC (3.8 mM, decane) was 

found to be five-fold, which confirmed the AIEE phenomenon (Fig. 3.24a). From solution 

to the gel state, a red-shift was observed from λ = 520 to 538 nm. The gelation process, 

monitored by fluorescence spectroscopy with respect to time and temperature, showed 

similar behavior (Fig. 3.23). The gelation was complete in 45 min and the intensity of the 

emission remained steady (Fig. 3.23d). Similar to TO3, the gel formation was reversible 

over many cycles of heating and cooling (Fig. 3.24b). 

Fluorescence lifetimes of the excited species formed in dilute (20 μM) or 

concentrated (5.51 mM) solutions of TO3 in decane (at CGC) were measured by 

monitoring at the emission maxima (λ = 472 & 471 nm for dilute solution & concentrated 

solution). The solution with lower concentration showed mono exponential decay with a 

single excited species [T1 = 1.05 ns (100%)]. The solution with higher concentration 

showed the presence of two excited-state species, one with a higher lifetime [T1 = 1.6 ns 

(49%)] and the other with a lower lifetime [T2 = 0.93 ns (51%)] (Fig. 3.25a).  Similar 

behavior was observed for TT3. The fluorescence lifetimes of the excited-species formed 

in the 20 μM and 5.51 mM solutions of TT3 in decane were measured by monitoring at 

their emission maxima (λ = 487 & 538 nm for dilute solution & concentrated solution). 

The 20 μM solution showed single species [T1 = 0.55 ns (100%)]. The solution at higher 

concentration exhibited biexponential decay with two species. One species showed a 

lower life time [T1 = 0.57 ns (22%)], which can be attributed to solvated monomer, 

whereas the other showed a higher life time [T2 = 3.79 ns (78%)], which is due to 

aggregation (Fig. 3.25b). We measured the excitation spectra of TO3 and TT3 at 20 μM 

and also at their CGC. The excitation spectra of TO3 at gelation concentration showed a 

large blue-shift compared with the excitation spectra obtained for 20 μM solution. For 

TT3, a slight red-shift was observed with associated broadening of the excitation 

spectrum (Fig. 3.26). An additional band was also observed at lower wavelengths. This 

shows that although the aggregation takes place in compounds, the extent and nature of 

aggregation is different in each compound. The blue-shifted excitation spectra of TO3 

hint at the formation of H- aggregates. For TT3, both blue-shifted and slightly red-shifted 

bands are present in the excitation spectra, which correspond to the formation of both H- 

and J-aggregates, with the latter being the major product.
14, 22
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Figure 3.25. a) The fluorescence decay of TO3 in decane; IRF is the instrument-response function, λexc = 

375 nm; b) The fluorescence decay of TT3 in decane, λexc = 375 nm.  

 

Figure 3.26.  a) Excitation spectra obtained for TO3 at 20 μM and 5.51 mM decane solution; b) for 

compound TT3 at 20 μM and 3.8 mM decane solution. 

At this point, we were curious to compare the emission of the LC aggregates in the 

thin films and gels of TO3 and TT3. An overlay of the emission spectra of these 

compounds in the solution, gel and thin film states showed that the emission intensity of 

LC thin films was quite high compared with the solution and gel states (Fig. 3.27). It is 

surprising to see that the thin film of TO3 exhibited five-fold enhanced emission (Fig. 

3.27a), whereas TT3 exhibited nine-fold enhanced emission with respect to the solution 

state (Fig. 3.27b). From an application point of view, this is of high technological 

importance in emissive displays. 

These gels were further characterized extensively through atomic force 

microscopy (AFM; Fig. 3.28) and scanning electron microscopy (SEM; Fig. 3.29). The 

AFM microscopic images of the xerogels of TO3 and TT3 show entangled networks of 
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fibers. The fibers found in the xerogels were several micrometers in length, with an 

average height of 30 to 40 nm and average thickness of around 150 nm. The SEM images 

of the xerogels of compound TO3 and TT3 also show similar entangled network of 

fibers. 

 

 

Figure 3.27.  a) Emission spectra of TO3 in solution, gel (5.51 mM, decane) and thin film state and b) 

emission spectra of compound TT3 in solution, gel (3.8 mM, decane) and thin film state. 

 

 

Figure 3.28. a), c) AFM images obtained for the xerogel of TO3 obtained from a 5.51 mM decane (scale 

bar 0.5 μm);  b) Expanded region of (a) showing the height profiles of the individual fibers and d) Expanded 

regions of (b) showing the thickness of an individual fiber; e), g) AFM images obtained for the xerogel of 

TT3 obtained from 3.8 mM solution in decane (scale bar is 0.5 μm); f) Expanded region of (e) showing the 

height profiles of the individual fibers and h) Expanded regions of (g) showing the thickness of an 

individual fiber. 
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POM of the xerogels of TO3 and TT3 show a birefringent pattern as shown in Fig. 

3.30, inset, which suggests the presence of anisotropic order. Therefore, a powder XRD 

study of the xerogel was carried out to investigate the structure of this self-assembly. The 

XRD pattern of the xerogel of compound TO3 shows several peaks at low angles that can 

be indexed to the Colr phase with lattice constants a = 26.5 and b = 36.5 Å (Fig. 3.30a, 

Table 3.10). The presence of several peaks at low and mid-angle region suggested higher 

intercolumnar order in the columnar self-assembly. Therefore, compound TO3 forms a 

columnar self-assembly in LC and gel states. Similarly, the d-spacings obtained from the 

diffraction pattern (Fig. 3.30b) of the xerogel of compound TT3 could be fitted into Colh 

phase with a lattice constant a = 108.3 Å. Thus the self-assembly of the two polycatenars 

in LC and gel states is dependent on the type of hetero atoms present in the adjacent rings 

of the thiophene moiety. 

 

Figure 3.29. a) SEM images obtained for the xerogel of compound TO3 obtained from 5.51 mM decane 

solution; b) an expanded region of the first image (scale bar is 2μm); c) SEM images obtained for the 

xerogel of compound TT3 at 3.8 mM decane solution (scale bar is 2μm); d) an expanded region of the first 

image (scale bar is 1μm). 
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Table 3.10. Results of indexation of XRD profiles of the xerogels of compounds TO3 and TT3 at room 

temperature
a
. 

 

 

Figure 3.30. a) XRD patterns obtained for the xerogel of TO3 (Colr phase, inset shows the POM image of 

the xerogel of compound TO3); b) xerogel of compound TT3 (Colh phase, inset shows the POM image of 

the xerogel of compound TT3. 

This can be schematically represented as shown in the Fig. 3.31a, b. Compound TO3, 

which is in the form of a discoid, self-assembles to form columns and these columns 

further self-organize into a Colr phase that is stable at room temperature. In presence of a 

hydrocarbon solvent, the compound forms nanofibers of several micrometer in length, 

which further entangle to form a dense network of fibers that entrap a huge amount of 

solvent (Fig. 3.31a). In compound TT3, two molecules organize to form a disc that self-

assembles to form columns and these columns further self-organize into a Colh phase. On 

cooling, the arrangement of columns changes to a rectangular lattice that is stable at room 

Compounds 

(D/Å) 

Phase 

(T/
o
C)  

dobs (Å)
b
 dcal (Å)

b
 Miller indices 

hk 

Lattice parameters 

(Å) 

TO3 

(60.3) 

Colr   26.5 

18.3 

15.1 

12.0 

9.6 

7.7 

4.2 

3.7 

3.5 

26.5 

18.3 

15.0 

12.2 

9.1 

7.5 

4.3 

3.7 

3.6 

10 

02 

12 

03 

04 

24 

55 

57 

66 

 

a = 26.5  

b = 36.5 

TT3 

(60.4) 

Colh  54.2 

21.9 

16.4 

13.0 

4.68 

3.98 

54.2 

21.5 

16.9 

13.4 

11 

32 

51 

53 

a = 108.3 

a
The average diameter (D) of the polycatenars (estimated from Chem 3D Pro 8.0 molecular model 

software from Cambridge Soft). 
b
dobs: spacing observed; dcal: spacing calculated (deduced from 

the lattice parameters; a and b for Colh and Colr phase. 
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temperature. Interestingly, on interaction with the hydrocarbon solvent this compound 

forms nanofibers with the columns arranged in a hexagonal lattice, as revealed by the 

XRD studies (Fig. 3.31b). This shows the impact of atomic scale difference (< 2% of the 

molecular weight) on the self-assembly of polycatenars in the gel state. It is also 

important to note that the long nanofibers are mainly formed by the π-π interactions and 

can be termed as molecular nanowires with a central conductive core and a peripheral 

insulating sheath. This long-range self-assembly is helpful from the viewpoint of the 

application in organic electronic devices. 

 

Figure 3.31. Schematics showing the self-assembly of a) TO3 and b) TT3 in LC and gel states. 

 

3.2.6. Rheological properties 

To establish the elastic nature of the gel samples, dynamic rheological measurements that 

involved strain sweep, angular frequency sweep and step-strain measurements were 

carried out. The dependence on the strain amplitude ( of the storage or elastic modulus 

(G') and loss or viscous modulus (G'') obtained for representative gels TO3 and TT3 is 

shown in Fig. 3.32a. At low values, both the samples show strain-independent behavior 

of G' and G'', with G' > G''. This solid-like behavior is typical of a gel structure.
17

 Above a 

critical strain amplitude (c = 0.004 for TT3 and 0.03 for TO3), which defines the upper 

limit of the linear viscoelastic regime (LVR), both G' and G'' become strain-dependent. G' 

shows a monotonic decrease for both samples, whereas G'' for TT3 passes through a 

maximum before decreasing. The latter feature is associated with soft glassy rheological 

(SGR) behaviour
18

 universally seen in materials such as foams, slurries, pastes.
 

TO3 TT3
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Figure 3.32. a) The dependence of storage (G’) and loss (G”) moduli on strain () for TO3 and TT3. The 

temperature was kept constant at 20 
o
C and angular frequency () at 1 rad/s; b) Angular frequency () vs. 

G’ and G” for TO3 and TT3. The temperature was kept constant at 20 
o
C. The strain amplitude () for both 

the samples was kept constant with a value corresponding to the LVR (b). 

The magnitude of G', a direct measure of the mechanical stiffness, was found to be lower 

and the LVR longer for TT3.  These features indicate that although TT3 is a stiff gel 

(higher G'), it is less robust compared to TO3.  In both gels, G' crosses over G'' at higher 

values (above c), which signal a deformation-driven transition from a viscoelastic solid 

to a viscoelastic liquid.
19

 In the steady state measurements the shear viscosity () was 

determined as the samples were subjected to increasing shear rate ( ̇).  The obtained flow 

curves ( vs  ̇) are shown in Fig. 3.34a, b for TT3 and TO3 respectively. Although both 

samples show an overall shear thinning behavior, TT3 exhibits an anomaly in the data 

that gives rise to three distinct regions.  In region I at low shear rates, the viscosity 

decreased as the shear rate was increased, which is a typical shear thinning behavior.  In 

region II,  started increasing as  ̇ was increased and exhibited a shear thickening 

behavior. This unusual behavior is indicative that structural changes taking place in the 

gel and needs extensive opto-rheological measurements to explain the phenomena. 

Similar flow behavior has been observed in triblock-copolymer-decorated systems in 

which region II (termed as transition region) corresponds to the coexistence of lamellar 

and onion phases.
20

 On further increasing the shear rate, the shear-thinning behavior 

reappeared (region III). Regions I and III both show a power-law behavior with an 

identical exponent of 0.8 ± 0.06 which is lower than the power law exponent (0.95 ± 

0.01) obtained for TO3. The neat shear thinning behavior of TO3 with increased shearing 

conditions makes it more suitable for applications that require uniform spreadability.
 21
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Figure 3.33. a) The step-strain with  = 1 rad/s for a gel of TO3 showing the collapse of gel structure 

when the gel was subjected to a high oscillatory strain () of 5 (regions indicated as high), On application of 

low  of 0.001 (regions marked low), the gel recovery took place within about 20 s and was reproduced 

over repeated cycles of measurement, b) The data obtained for the same experiment for compound TT3. 

 

 

Figure 3.34. Shear rate dependence of viscosity () for (a) TT3 and (b) TO3. Whereas TO3 exhibits 

simple shear thinning behavior, TT3 shows an anomaly in the data with regions I and III showing shear 

thinning and region II showing shear thickening behavior. 
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3.3. Conclusion 

Two series of polycatenar mesogens that contain a central thiophene moiety connected to 

two substituted oxadiazole or thiadiazole units have been prepared. These heterocycles 

are connected to peripherally substituted phenyl groups. The number, length and position 

of substitution of the peripheral chains were varied. The oxadiazole-based polycatenars 

exhibited a columnar phase with rectangular and hexagonal or oblique symmetry, 

whereas thiadiazole-based polycatenars exhibited columnar phases with rectangular 

and/or hexagonal symmetry. All the compounds exhibited bright emission in the solution 

and thin-film states. Two oxadiazole-based molecules and one thiadiazole-based molecule 

exhibited good ability to undergo gelation in hydrocarbon solvents at very low 

concentrations, which qualifies them as supergelators. The supergelation is mainly 

supported by attractive π–π interactions, along with other weak forces. Of these gels, the 

oxadiazole- and thiadiazole-containing hexacatenars with n-hexadecyloxy chains were 

studied extensively. These gels showed aggregation-induced enhanced emission, which is 

of high technological importance for applications in solid-state emissive displays. X-ray 

diffraction studies showed that the fibers of the xerogels formed by oxadiazole-based 

polycatenars self-assembled in a rectangular columnar phase, whereas those of the 

thiadiazole-based polycatenars self-assembled in a hexagonal columnar phase. The 

number, length, and position of substitution of the peripheral tails and the type of 

heterocycle moiety adjacent to the thiophene ring greatly affected the self-assembly of the 

molecules in the LC and gel states. Rheological measurements carried out on the samples 

confirmed the formation of gels quantitatively and showed that these gels are 

mechanically robust. The shear-rate dependence of bulk viscosity exhibited an overall 

shear-thinning behavior, with the exception of an anomaly of shear thickening at a 

smaller range of shear rates in one of the gels studied. The impact of an atomic-scale 

difference (oxygen to sulfur, < 2% of the molecular weight) on the self-assembly and the 

macroscopic properties of these self-assembled compounds have been clearly visualized. 

This molecular design helps in the development of long molecular nanowires with a 

strong overlap of central conducting cores and an insulating peripheral sheath, which will 

be helpful for applications inorganic electronic devices. 
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3.4. Experimental Section 

In this section the detailed synthetic procedures and the molecular structural 

characterization data have been presented for the intermediates and target compounds 

mentioned in the scheme. 

Synthesis of ethyl 3, 4-bis(hexadecyloxy)benzoate (3b): 

A mixture of ethyl 3,4-dihydroxybenzoate (16.5 mmol, 1 equiv.), anhydrous K2CO3 (72.6 

mmol, 4.4 equiv.), n-bromohexadecane (36.3 mmol, 2.2 equiv.) were taken in dry DMF 

and heated at 80 
o
C for 24 h under nitrogen atmosphere. Then the reaction mixture was 

poured into water and extracted with ethyl acetate. The combined extract was washed 

with brine, dried over anhydrous Na2SO4 and then concentrated. The crude product was 

purified by column chromatography on silica. Elution with hexane followed by 2-5% 

ethyl acetate-hexane produced the desire product. 

Rf = 0.45 (5% EtOAc-hexane); white solid; yield: 80%; IR (KBr pellet): νmax in cm
-1 

3419, 

2919, 2849, 1710, 1598, 1518, 1277, 1211, 1129, 761; 
1
H NMR (CDCl3, 400 MHz, 298 

K): δ 7.63 (d, 1H, J = 8Hz, HAr), 7.54 (s, 1H, HAr), 6.86 (d, 1H, J = 8Hz, HAr), 4.34 (q, 

2H, J = 8Hz, COOCH2), 4.02-4.05 (m, 4H, 2 × OCH2), 1.78-1.87 (m, 4H, 2 × CH2), 1.43-

1.49 (m, 4H, 2 × CH2), 1.38 (t, 3H, CH3), 1.25-1.36 (m, 48H, 24 × CH2), 0.88 (t, 6H, 2 × 

CH3); 
13

C NMR (CDCl3, 100 MHz, 298 K): δ 166.75, 153.35, 148.70, 123.66, 122.99, 

114.56, 112.14, 69.52, 69.21, 60.90, 32.15, 29.93, 29.89, 29.85, 29.83, 29.64, 29.61, 

29.59, 29.42, 29.30, 26.24, 26.20, 22.91, 14.62, 14.33; HRMS (+ESI) exact mass 

calculated for C41H75O4 (M+H
+
): 631.5665, Found: 631.5665. 

Synthesis of ethyl 3, 5-bis (hexadecyloxy)benzoate (3c): 

A mixture of ethyl 3,5-dihydroxybenzoate (16.5 mmol, 1 equiv.), anhydrous K2CO3 (72.6 

mmol, 4.4 equiv.), n-bromohexadecane (36.3 mmol, 2.2 equiv.) were taken in dry DMF 

and heated at 80 
o
C for 24 h under nitrogen atmosphere. Then the reaction mixture was 

poured into water and extracted with ethyl acetate. The combined extract was washed 

with brine, dried over anhydrous Na2SO4 and then concentrated. The crude product was 

purified by column chromatography on silica. Elution with hexane followed by 2-5% 

ethyl acetate-hexane produced the desire product. 
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Rf = 0.45 (5% EtOAc-hexane); white solid; yield: 80%; IR (KBr pellet): νmax in cm
-1 

3434, 1703, 1596, 1452, 1399, 1164, 1029, 1001, 851, 771; 
1
H NMR (CDCl3, 600 MHz, 

298 K): δ 7.16 (s, 2H, HAr), 6.63 (s, 1H, HAr), 4.36 (q, 2H, J = 7.2 Hz, COOCH2), 3.97 (t, 

4H, 2 × OCH2), 1.75-1.80 (m, 4H, 2 × CH2), 1.26-1.47 (m, 55H, 26 × CH2, CH3), 0.87- 

0.89 (t, 6H, 2 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K):  166.73, 160.34, 132.41, 

107.85, 106.51, 68.52, 61.25, 32.15, 29.92, 29.88, 29.82, 29.79, 29.59, 29.41, 26.24, 

22.91, 14.54, 14.33; HRMS (ESI) exact mass calculated for C41H75O4 (M+1): 631.5665, 

Found: 631.5651. 

Synthesis of ethyl 3,4,5-trihexadecyloxy benzoate (3d): 

A mixture of ethyl gallate (15.1 mmol, 1 equiv.), anhydrous K2CO3 (99.9 mmol, 6.6 

equiv.), n-bromohexadecane (49.83 mmol, 3.3 equiv.) were taken in dry DMF and heated 

at 80 
o
C for 24 h under nitrogen atmosphere. Then the reaction mixture was poured into 

water and extracted with ethyl acetate. The combined extract was washed with water and 

dried over anhydrous Na2SO4 and then concentrated. The crude product was purified by 

column chromatography on silica. Elution with hexane followed by 2-5% ethyl acetate-

hexane produced the desire product. 

Rf = 0.5 (5% EtOAc-hexane); white solid; yield: 75%; IR (KBr pellet): max in cm
-1 

2922, 

2850, 1716, 1583, 1468, 1426, 1331, 1218, 1110, 1041; 
1
H NMR (CDCl3, 400 MHz, 298 

K):  7.25 (s, 2H, HAr), 4.35 (q, 2H, J = 7.2 Hz, COOCH2), 4.01 (t, 6H,  3 × OCH2), 1.25-

1.82 (m, 84H, 42 × CH2), 0.87 (m, 12H, 4 × CH3);
 13

C NMR (CDCl3, 100 MHz, 298 K):  

166.70, 153.04, 142.61, 125.28, 108.29, 73.72, 69.44, 61.17, 33.05, 32.16, 30.56, 29.94, 

29.89, 29.87, 29.80, 29.63, 29.60, 29.57, 26.32, 26.29, 22.92, 14.63, 14.33; HRMS (ESI+) 

exact mass calculated for C57H107O5 (M+1): 871.8113, Found: 871.8031. 

Synthesis of ethyl 3,4,5-tridecyloxy benzoate (5d): 

A mixture of ethyl gallate (15.1 mmol, 1 equiv.), anhydrous K2CO3 (99.9 mmol, 6.6 

equiv.), n-bromodecane (49.83 mmol, 3.3 equiv.) were taken in dry DMF and heated at 

80 
o
C for 24 h under nitrogen atmosphere. Then the reaction mixture was poured into 

water and extracted with ethyl acetate. The combined extract was washed with water and 

dried over anhydrous Na2SO4 and then concentrated. The crude product was purified by 

column chromatography on silica. Elution with hexane followed by 5-10% ethyl acetate-

hexane produced the desire product. 
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Rf  = 0.6 (5% EtOAc-hexane); Low melting white solid; yield: 70%; IR (KBr pellet): max 

in cm
-1 

2920, 2850, 1710, 1597, 1516, 1466, 1424, 1347, 1213, 1103, 760, 613; 
1
H NMR 

(CDCl3, 600 MHz, 298 K):  7.26 (s, 2H, Ar), 4.35-4.36 (m, 2H, COOCH2), 4.01 (s, 6H,  

3 × OCH2), 0.89-1.81 (m, 60H, 24 × CH2, 4 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K): 

 166.67, 152.99, 145.31, 125.24, 108.19, 73.68, 69.37, 61.14, 32.12, 30.53, 29.93, 29.84, 

29.79, 29.60, 29.56, 26.29, 22.89, 14.30; HRMS (ESI+) exact mass calculated for 

C39H71O5 (M+1): 619.5302, Found: 619.5218. 

Synthesis of ethyl 3,4-bis (hexadecyloxy)benzhydrazide (4b): 

A mixture of ethyl 3,4-bis(hexadecyloxy)benzoate (10.2 mmol, 1 equiv.), excess 

hydrazine hydrate (20 equiv.) in butanol was refluxed for 48 h. Excess solvent was 

removed and water was added to it. Resulting precipitate was collected by filtration, 

washed with excess water, dried under vacuum and recrystallization from ethanol gave 

white solid product. 

Rf = 0.25 (20% EtOAc-hexane); white solid; yield: 70%; IR (KBr pellet): νmax in cm
-1 

3248, 2919, 2848, 1711, 1514, 1467, 1278, 1212, 1150, 761; 
1
H NMR (CDCl3, 400 MHz, 

298 K): δ 7.34 (d, 1H, J = 8Hz, HAr), 7.26 (b s, 1H, CONH), 7.22 (dd, 1H, J = 4Hz, J = 

8Hz, HAr), 6.85 (d, 1H, J = 8Hz, HAr), 4.08 (b s, 2H, NH2), 4.00-4.05 (m, 4H, 2 × OCH2), 

1.79-1.86 (m, 4H, 2 × CH2), 1.38-1.50 (m, 4H, 2 × CH2), 1.25-1.36 (m, 48H, 24 × CH2), 

0.88 (m, 6H, 2 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K): δ 168.77, 152.55, 149.33, 

125.21, 119.70, 112.76, 112.65, 69.62, 69.37, 32.15, 29.94, 29.89, 29.85, 29.63, 29.59, 

29.43, 29.34, 26.23, 22.90, 14.33; HRMS (+ESI) exact mass calculated for C39H73N2O3 

(M+H
+
): 617.5621, Found: 617.5726. 

Synthesis of ethyl 3,5-bis(hexadecyloxy)benzhydrazide (4c): 

A mixture of ethyl 3,5-bis(hexadecyloxy)benzoate (10.2 mmol, 1 equiv.), excess 

hydrazine hydrate (20 equiv.) in butanol was refluxed for 48 h. Excess solvent was 

removed and water was added to it. Resulting precipitate was collected by filtration, 

washed with excess water, dried under vacuum and recrystallization from ethanol gave 

white solid product. 

Rf = 0.25 (20% EtOAc-hexane); white solid; yield: 70%; IR (KBr pellet): νmax in cm
-1 

3446, 2920, 2849, 1597, 1469, 1332, 1170, 1064, 913, 721; 
1
H NMR (CDCl3, 400 MHz, 

298 K): δ 7.38 (b s, 1H, CONH), 6.83 (s, 2H, HAr), 6.58 (s, 1H, HAr), 4.08 (b s, 2H, NH2), 
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3.95 (t, 4H, 2 × OCH2), 1.74-1.79 (m, 4H, 2 × CH2), 1.42-1.46 (m, 4H, 2 × CH2), 1.26-

1.41 (m, 48H, 24 × CH2), 0.88 (m, 6H, 2 × CH3); 
13

C NMR (CDCl3, 100 MHz, 298 K): δ 

168.91, 160.71, 134.76, 105.34, 105.02, 68.57, 32.14, 29.92, 29.88, 29.82, 29.79, 29.58, 

29.38, 26.22, 22.91, 14.34; HRMS (+ESI) exact mass calculated for C39H73N2O3 (M+H
+
): 

617.5621, Found: 617.5600. 

Synthesis of ethyl 3, 4, 5-tris (hexadecyloxy)benzhydrazide (4d): 

A mixture of ethyl 3,4,5-tri-n-hexadecyloxybenzoate (10 mmol, 1 equiv.), excess 

hydrazine hydrate (20 equiv.) in butanol was refluxed for 48 h. Excess solvent was 

removed and water was added to it. Resulting precipitate was collected by filtration, 

washed with excess water, dried under vacuum and recrystallization from ethanol gave 

white solid product. 

Rf  = 0.52 (20% EtOAc-hexane); white solid; yield: 75%; IR (KBr pellet): max in cm
-1

 

3448, 3248, 2921, 2850, 1635, 1579, 1466, 1427, 1238, 1122;  
1
H NMR (CDCl3, 400 

MHz, 298 K):  7.22 (b s, 1H, CONH), 6.92 (s, 2H, HAr), 4.07 (s, 2H, NH2), 3.99 (m, 6H, 

3 × OCH2), 1.26-1.80 (m, 84H, 42 × CH2), 0.88 (m, 9H, 3 × CH3); 
13

C NMR (CDCl3, 150 

MHz, 298 K):  168.70, 153.54, 141.92, 127.68, 105.74, 69.60, 30.53, 29.97, 29.95, 

29.88, 29.60, 26.30, 22.92, 14.33; HRMS (ESI+) exact mass calculated for C55H105N2O4 

(M+1): 857.8069, Found: 857.8151. 

Synthesis of ethyl 3,4,5-tris (decyloxy)benzhydrazide (6d): 

A mixture of ethyl 3,4,5-tri-n-decyloxybenzoate (10 mmol, 1 equiv.), excess hydrazine 

hydrate (20 equiv.) in butanol was refluxed for 48 h. Excess solvent was removed and 

water was added to it. Resulting precipitate was collected by filtration, washed with 

excess water, dried under vacuum and recrystallization from ethanol gave white solid 

product. 

Rf  = 0.45 (20% EtOAc-hexane); white solid; yield: 80%; IR (KBr pellet): max in cm
-1 

3475, 2923, 2852, 1746, 1640, 1019, 826, 719, 523;  
1
H NMR (CDCl3, 400 MHz, 298 K): 

 7.33 (b s, 1H, CONH), 6.92 (s, 2H, Ar), 3.99 (m, 8H, NH2, 3 × OCH2), 0.88-1.80 (m, 

57H, 24 × CH2, 3 × CH3); 
13

C NMR (CDCl3, 100 MHz, 298 K):  168.91, 153.37, 

141.60, 127.61, 105.71, 73.70, 69.50, 32.10, 30.50, 29.91, 29.59, 29.53, 22.87, 14.28; 

HRMS (ESI+) exact mass calculated for C37H69N2O4 (M+1): 605.5257, Found: 605.5171. 
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Synthesis of TO1: 

2,5-Thiophenedicarboxylic acid (1 mmol) in 5 mL thionyl chloride and one drop of DMF 

(catalytic amount) was refluxed for around 6 h. Then excess thionyl chloride was 

removed through distillation and the crude product was used as such without purification 

in the next step. The solution of 2,5-Thiophenedicarboxylic acid chloride (0.9 mmol, 1 

equiv.) in dry THF was added dropwise to a solution of 3, 4-di-n-hexadecyloxy 

benzohydrazide (1.8 mmol, 2.05 equiv.) and triethylamine (1.8 mmol, 2 equiv.) in dry 

THF. Then the reaction was heated to reflux for 24 h. After cooling to rt, THF was 

removed completely by distillation and then extracted with ethyl acetate. The extract was 

washed with water, dried over Na2SO4 and concentrated. The resulting crude product (7a) 

was directly used for next reaction. 

The crude product 7a (0.5 mmol, 1 equiv.) was dissolved in POCl3 and refluxed for 24 h. 

The residue was slowly added to ice water and extracted with dichloromethane. The 

combined extract was washed with brine, dried over anhydrous Na2SO4 and then 

concentrated. Then, the crude product was further purified through column 

chromatography on neutral alumina. Elution with 30-40% DCM-hexane produces the 

desire product. 

Rf  = 0.55 (50% DCM-hexane);  pale yellow solid; yield: 60%; λmax = 365 nm; ε = 31,150 

M
-1

 cm
-1

; IR (KBr pellet): max in cm
-1 

 3448, 2955, 2917, 2849, 1706, 1607, 1504, 1466, 

1284, 1015; 
1
H NMR (CDCl3, 600 MHz, 298 K):  7.87 (s, 2H, HAr), 7.64 (d, 2H, J = 

6Hz, HAr), 7.62 (s, 2H, HAr), 6.98 (d, 2H, J = 6Hz, HAr), 4.11-4.07 (m, 8H, 4 × OCH2), 

1.89-1.85 (m, 8H, 4 × CH2), 1.62-1.60 (m, 16H, 8 × CH2), ), 1.52-1.50 (m, 8H, 4 × CH2), 

1.49-1.47 (m, 8H, 4 × CH2), 1.38-1.26 (m, 72H, 36 × CH2), 0.87 (t, 12H, 4 × CH3); 
13

C 

NMR (CDCl3, 150 MHz, 298 K):  165.00, 159.75, 152.85, 149.63, 130.00, 129.05, 

120.89, 115.78, 113.12, 111.90, 69.70, 69.39, 32.14, 29.94, 29.88, 29.84, 29.65, 29.62, 

29.59, 29.42, 29.31, 26.25, 26.21, 22.91, 14.32; MALDI TOF MS: m/z for 

C84H141N4O6S[M+H
+
], calculated: 1334.0572, Found: 1334.7080. 

Synthesis of TO2: 

2,5-Thiophenedicarboxylic acid (1 mmol) in 5 mL thionyl chloride and one drop of DMF 

(catalytic amount) was refluxed for around 6 h. Then excess thionyl chloride was 

removed through distillation and the crude product was used as such without purification 
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in the next step. The solution of 2, 5-Thiophenedicarboxylic acid chloride (0.9 mmol, 1 

equiv.) in dry THF was added dropwise to a solution of 3, 5-di-n-hexadecyloxy 

benzohydrazide (1.8 mmol, 2.05 equiv.) and triethylamine (1.8 mmol, 2 equiv.) in dry 

THF. Then the reaction was heated to reflux for 24 h. After cooling to rt, THF was 

removed completely by distillation and then extracted with ethyl acetate. The extract was 

washed with water, dried over Na2SO4 and concentrated. The resulting crude product (7b) 

was directly used for next reaction. 

The crude product 7b (0.5 mmol, 1 equiv.) was dissolved in POCl3 and refluxed for 24 h. 

The residue was slowly added to ice water and extracted with dichloromethane. The 

combined extract was washed with brine, dried over anhydrous Na2SO4 and then 

concentrated. Then, the crude product was further purified through column 

chromatography on neutral alumina. Elution with 30-40% DCM-hexane produces the 

desire product. 

Rf  = 0.5 (50% DCM-hexane); white solid; yield: 60%; λmax = 353 nm; ε = 29,550 M
-1

 cm
-

1
; IR (KBr pellet): max in cm

-1 
3445, 2920, 2851, 1730, 1597, 1548, 1466, 1441, 1342, 

1172; 
1
H NMR (CDCl3, 600 MHz, 298 K):  7.59 (s, 2H, HAr), 7.12 (s, 2H, HAr), 6.59 (s, 

2H, HAr), 4.01 (t, 8H, 4 × OCH2), 1.83-1.78 (m, 8H, 4 × CH2), 1.47-1.44 (m, 8H, 4 × 

CH2), 1.36-1.35 (m, 8H, 4 × CH2), 1.32-1.26 (m, 88H, 44 × CH2), 0.88 (t, 12H, 4 × CH3); 

13
C NMR (CDCl3, 150 MHz, 298 K):  164.92, 160.97, 160.05, 130.30, 129.06, 124.73, 

105.46, 68.68, 32.14, 29.92, 29.83, 29.81, 29.61, 29.59, 29.40, 26.23, 22.91, 14.33; 

MALDI TOF MS: m/z for C84H141N4O6S[M+H
+
], calculated: 1334.0572, Found: 

1334.5090. 

Synthesis of TO3: 

2,5-Thiophenedicarboxylic acid (1 mmol) in 5 mL thionyl chloride and one drop of DMF 

(catalytic amount) was refluxed for around 6 h. Then excess thionyl chloride was 

removed through distillation and the crude product was used as such without purification 

in the next step. The solution of 2, 5-Thiophenedicarboxylic acid chloride (0.9 mmol, 1 

equiv.) in dry THF was added dropwise to a solution of 3, 4, 5-tri-n-hexadecyloxy 

benzohydrazide (1.8 mmol, 2.05 equiv.) and triethylamine (1.8 mmol, 2 equiv.) in dry 

THF. Then the reaction was heated to reflux for 24 h. After cooling to rt, THF was 

removed completely by distillation and then extracted with ethyl acetate. The extract was 
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washed with water, dried over Na2SO4 and concentrated. The resulting crude product (7c) 

was directly used for next reaction. 

The crude product 7c (0.5 mmol, 1equiv.) was dissolved in POCl3 and refluxed for 24 h. 

The residue was slowly added to ice water and extracted with dichloromethane. The 

combined extract was washed with brine, dried over anhydrous Na2SO4 and then 

concentrated. Then, the crude product was further purified through column 

chromatography on neutral alumina. Elution with 20-30% DCM-hexane produces the 

desire product. 

Rf  = 0.45 (40% DCM-hexane);  pale yellow solid; yield: 70%; λmax = 362 nm; ε = 28,800 

M
-1

 cm
-1

; IR (KBr pellet): max in cm
-1 

3442, 2919, 2850, 1636, 1591, 1492, 1468, 1385, 

1239, 1122; 
1
H NMR (CDCl3, 600 MHz, 298 K):  7.89 (s, 2H, HAr), 7.30 (s, 4H, HAr), 

4.08 (t, 8H, 4 × OCH2), 4.05 (t, 4H, 2 × OCH2), 1.88-1.83 (m, 8H, 4 × CH2), 1.79-1.74 

(m, 4H, 2 × CH2), 1.53-1.47 (m, 12H, 6 × CH2), 1.38-1.26 (m, 144H, 72 × CH2), 0.87 (t, 

18H, 6 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K):  165.05, 159.93, 153.89, 141.97, 

130.15, 129.03, 118.00, 105.77, 73.90, 69.66, 32.15, 30.56, 29.94, 29.88, 29.81, 29.64, 

29.59, 29.56, 26.32, 26.30, 22.91, 14.33; MALDI TOF MS: m/z for C116H204N4O8S[M
+
], 

calculated: 1814.5433, Found: 1814.998. 

Synthesis of TO4: 

2,5-Thiophenedicarboxylic acid (1 mmol) in 5 mL thionyl chloride and one drop of DMF 

(catalytic amount) was refluxed for around 6 h. Then excess thionyl chloride was 

removed through distillation and the crude product was used as such without purification 

in the next step. The solution of 2, 5-Thiophenedicarboxylic acid chloride (0.9 mmol, 1 

equiv.) in dry THF was added dropwise to a solution of 3, 4, 5-tri-n-decyloxy 

benzohydrazide (1.8 mmol, 2.05 equiv.) and triethylamine (1.8 mmol, 2 equiv.) in dry 

THF. Then the reaction was heated to reflux for 24 h. After cooling to rt, THF was 

removed completely by distillation and then extracted with ethyl acetate. The extract was 

washed with water, dried over Na2SO4 and concentrated. The resulting crude product (7d) 

was directly used for next reaction. 

The crude product 7d (0.5 mmol, 1 equiv.) was dissolved in POCl3 and refluxed for 24 h. 

The residue was slowly added to ice water and extracted with dichloromethane. The 

combined extract was washed with brine, dried over anhydrous Na2SO4 and then 
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concentrated. Then, the crude product was further purified through column 

chromatography on neutral alumina. Elution with 20-30% DCM-hexane produces the 

desire product. 

Rf  = 0.45 (40% DCM-hexane);  pale yellow solid; yield: 70%; λmax = 362 nm; ε = 30,670 

M
-1

 cm
-1

; IR (KBr pellet): max in cm
-1 

3198, 2919, 2851, 1639, 1509, 1468, 1444, 1423, 

1238, 1126; 
1
H NMR (CDCl3, 600 MHz, 298 K):  7.89 (s, 2H, HAr), 7.30 (s, 4H, HAr), 

4.08 (t, 8H, 4 × OCH2), 4.05 (t, 4H, 2 × OCH2), 1.88-1.83 (m, 8H, 4 × CH2), 1.77-1.66 

(m, 4H, 2 × CH2), 1.53-1.47 (m, 12H, 6 × CH2), 1.38-1.35 (m, 12H, 6 × CH2), 1.33-1.28 

(m, 60H, 30 × CH2), 0.88 (t, 18H, 6 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K):  

165.04, 159.93, 153.89, 141.96, 130.13, 129.02, 118.00, 105.75, 73.88, 69.65, 32.13, 

30.56, 29.95, 29.89, 29.86, 29.81, 29.62, 29.57, 29.54, 26.29, 22.90, 14.33; MALDI TOF 

MS: m/z for C80H134N4O8S[M+2H
+
], calculated: 1310.9922, Found: 1310.3160. 

Synthesis of TT1: 

2,5-Thiophenedicarboxylic acid (1 mmol) in 5 mL thionyl chloride and one drop of DMF 

(catalytic amount) was refluxed for around 6 h. Then excess thionyl chloride was 

removed through distillation and the crude product was used as such without purification 

in the next step. The solution of 2, 5-Thiophenedicarboxylic acid chloride (0.9 mmol, 1 

equiv.) in dry THF was added dropwise to a solution of 3, 4-di-n-hexadecyloxy 

benzohydrazide (1.8 mmol, 2.05 equiv.) and triethylamine (1.8 mmol, 2 equiv.) in dry 

THF. Then the reaction was heated to reflux for 24 h. After cooling to rt, THF was 

removed completely by distillation and then extracted with ethyl acetate. The extract was 

washed with water, dried over Na2SO4 and concentrated. The resulting crude product (7a) 

was directly used for next reaction. 

The crude product 7a (0.5 mmol, 1 equiv.) was dissolved in dry toluene and added to 

lawesson’s reagent (2.2 equiv.) at room temperature. Then the reaction mixture was 

refluxed for 24 h. After completion of the reaction, toluene was removed by distillation 

and the residue was extracted with dichloromethane. The combined extract was washed 

with brine, dried over anhydrous Na2SO4 and then concentrated. Then, the crude product 

was further purified through column chromatography on neutral alumina. Elution with 

40-50% DCM-hexane produces the desire product. 
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Rf  = 0.45 (70% DCM-hexane);  yellow solid; yield: 40%; λmax = 368 nm; ε = 21,850 M
-1

 

cm
-1

; IR (KBr pellet): max in cm
-1 

3445, 2920, 2850, 1594, 1520, 1465, 1388, 1273, 1138, 

1016; 
1
H NMR (CDCl3, 600 MHz, 298 K):  7.62 (s, 2H, HAr), 7.42 (d, 2H, J = 6Hz, 

HAr), 7.26 (s, 2H, HAr), 6.92 (d, 2H, J = 6Hz, HAr), 4.09 (t, 4H, 2 × OCH2), 4.05 (t, 4H, 2 

× OCH2), 1.86-1.85 (m, 8H, 4 × CH2), 1.49-1.48 (m, 8H, 4 × CH2), 1.36-1.29 (m, 8H, 4 × 

CH2), 1.29-1.25 (m, 88H, 44 × CH2), 0.87 (t, 12H, 4 × CH3); 
13

C NMR (CDCl3, 150 

MHz, 298 K):  165.00, 159.75, 152.85, 149.63, 130.00, 129.05, 120.89, 115.78, 113.12, 

111.90, 69.70, 69.39, 32.14, 29.94, 29.88, 29.84, 29.65, 29.62, 29.59, 29.42, 29.31, 26.25, 

26.21, 22.91, 14.32; MALDI TOF MS: m/z for C84H141N4O4S3[M+H
+
], calculated: 

1366.0115, Found: 1366.575. 

Synthesis of TT2: 

2,5-Thiophenedicarboxylic acid (1 mmol) in 5 mL thionyl chloride and one drop of DMF 

(catalytic amount) was refluxed for around 6 h. Then excess thionyl chloride was 

removed through distillation and the crude product was used as such without purification 

in the next step. The solution of 2, 5-Thiophenedicarboxylic acid chloride (0.9 mmol, 1 

equiv.) in dry THF was added dropwise to a solution of 3, 5-di-n-hexadecyloxy 

benzohydrazide (1.8 mmol, 2.05 equiv.) and triethylamine (1.8 mmol, 2 equiv.) in dry 

THF. Then the reaction was heated to reflux for 24 h. After cooling to rt, THF was 

removed completely by distillation and then extracted with ethyl acetate. The extract was 

washed with water, dried over Na2SO4 and concentrated. The resulting crude product (7b) 

was directly used for next reaction. 

The crude product 7b (0.5 mmol, 1 equiv.) was dissolved in dry toluene and added to 

lawesson’s reagent (2.2 equiv.) at room temperature. Then the reaction mixture was 

refluxed for 24 h. After completion of the reaction, toluene was removed by distillation 

and the residue was extracted with dichloromethane. The combined extract was washed 

with brine, dried over anhydrous Na2SO4 and then concentrated. Then, the crude product 

was further purified through column chromatography on neutral alumina. Elution with 

40-50% DCM-hexane produces the desire product 

Rf  = 0.45 (70% DCM-hexane);  yellow solid; yield: 40%; λmax = 374 nm; ε = 20,650 M
-1

 

cm
-1

; IR (KBr pellet): max in cm
-1 

3445, 2918, 2850, 1603, 1464, 1422, 1346, 1172, 1060; 

1
H NMR (CDCl3, 600 MHz, 298 K):  7.91 (s, 2H, HAr), 7.28 (s, 2H, HAr), 6.66 (s, 2H, 
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HAr), 4.03 (t, 8H, 4 × OCH2), 1.83-1.79 (m, 8H, 4 × CH2), 1.49-1.44 (m, 8H, 4 × CH2), 

1.36-1.32 (m, 8H, 4 × CH2), 1.29-1.26 (m, 88H, 44 × CH2), 0.88 (t, 12H, 4 × CH3); 
13

C 

NMR (CDCl3, 150 MHz, 298 K):  168.57, 160.47, 135.68, 131.29, 129.85, 106.53, 

104.74, 68.65, 32.15, 29.93, 29.85, 29.82, 29.63, 29.59, 29.41, 26.25, 22.91, 14.33; 

MALDI TOF MS: m/z for C84H142N4O4S3[M+2H
+
], calculated: 1367.0193, Found: 

1367.526. 

Synthesis of TT3: 

2,5-Thiophenedicarboxylic acid (1 mmol) in 5 mL thionyl chloride and one drop of DMF 

(catalytic amount) was refluxed for around 6 h. Then excess thionyl chloride was 

removed through distillation and the crude product was used as such without purification 

in the next step. The solution of 2, 5-Thiophenedicarboxylic acid chloride (0.9 mmol, 1 

equiv.) in dry THF was added dropwise to a solution of 3, 4, 5-tri-n-hexadecyloxy 

benzohydrazide (1.8 mmol, 2.05 equiv.) and triethylamine (1.8 mmol, 2 equiv.) in dry 

THF. Then the reaction was heated to reflux for 24 h. After cooling to rt, THF was 

removed completely by distillation and then extracted with ethyl acetate. The extract was 

washed with water, dried over Na2SO4 and concentrated. The resulting crude product (7c) 

was directly used for next reaction. 

The crude product 7c (0.5 mmol, 1 equiv.) was dissolved in dry toluene and added to 

lawesson’s reagent (2.2 equiv.) at room temperature. Then the reaction mixture was 

refluxed for 24 h. After completion of the reaction, toluene was removed by distillation 

and the residue was extracted with dichloromethane. The combined extract was washed 

with brine, dried over anhydrous Na2SO4 and then concentrated. Then, the crude product 

was further purified through column chromatography on neutral alumina. Elution with 

50-60% DCM-hexane produces the desire product 

Rf  = 0.6 (70% DCM-hexane);  yellow solid; yield: 50%; λmax = 383 nm; ε = 21,800 M
-1

 

cm
-1

; IR (KBr pellet): max in cm
-1 

3444, 2919, 2850, 1582, 1466, 1382, 1239, 1122, 1010; 

1
H NMR (CDCl3, 600 MHz, 298 K):  7.58 (s, 2H, HAr), 7.18 (s, 4H, HAr), 4.06 (t, 8H, 4 

× OCH2), 4.03 (t, 4H, 2 × OCH2), 1.85-1.83 (m, 8H, 4 × CH2), 1.77-1.75 (m, 4H, 2 × 

CH2), 1.49-1.41 (m, 12H, 6 × CH2), 1.36-1.35 (m, 12H, 6 × CH2), 1.35-1.34 (m, 136H, 68 

× CH2), 0.87 (t, 18H, 6 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K):  168.60, 160.60, 

153.82, 141.43, 135.66, 129.63, 124.66, 106.76, 73.89, 69.63, 32.15, 30.56, 29.95, 29.88, 
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29.81, 29.64, 29.60, 29.56, 26.31, 22.92, 14.33; MALDI TOF MS: m/z for 

C116H205N4O6S3[M+H
+
], calculated: 1847.5055, Found: 1847.061. 

Synthesis of TT4: 

2, 5-Thiophenedicarboxylic acid (1 mmol) in 5 mL thionyl chloride and one drop of DMF 

(catalytic amount) was refluxed for around 6 h. Then excess thionyl chloride was 

removed through distillation and the crude product was used as such without purification 

in the next step. The solution of 2, 5-Thiophenedicarboxylic acid chloride (0.9 mmol, 1 

equiv.) in dry THF was added dropwise to a solution of 3, 4, 5-tri-n-decyloxy 

benzohydrazide (1.8 mmol, 2.05 equiv.) and triethylamine (1.8 mmol, 2 equiv.) in dry 

THF. Then the reaction was heated to reflux for 24 h. After cooling to rt, THF was 

removed completely by distillation and then extracted with ethyl acetate. The extract was 

washed with water, dried over Na2SO4 and concentrated. The resulting crude product (7d) 

was directly used for next reaction. 

The crude product 7d (0.5 mmol, 1 equiv.) was dissolved in dry toluene and added to 

lawesson’s reagent (2.2 equiv.) at room temperature. Then the reaction mixture was 

refluxed for 24 h. After completion of the reaction, toluene was removed by distillation 

and the residue was extracted with dichloromethane. The combined extract was washed 

with brine, dried over anhydrous Na2SO4 and then concentrated. Then, the crude product 

was further purified through column chromatography on neutral alumina. Elution with 

50-60% DCM-hexane produces the desire product 

Rf  = 0.6 (70% DCM-hexane);  yellow solid; yield: 50%; λmax = 394 nm; ε = 22,900 M
-1

 

cm
-1

; IR (KBr pellet): max in cm
-1 

3444, 2919, 2851, 1583, 1444, 1422, 1382, 1238, 1126, 

1065; 
1
H NMR (CDCl3, 600 MHz, 298 K):  7.59 (s, 2H, HAr), 7.19 (s, 4H, HAr), 4.06 (t, 

8H, 4 × OCH2), 4.03 (t, 4H, 2 × OCH2), 1.87-1.82 (m, 8H, 4 × CH2), 1.79-1.74 (m, 4H, 2 

× CH2), 1.49-1.48 (m, 12H, 6 × CH2), 1.37-1.36 (m, 12H, 6 × CH2), 1.34-1.28 (m, 60H, 

30 × CH2), 0.88 (t, 18H, 6 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K):  168.61, 

160.63, 153.84, 141.45, 135.67, 129.63, 124.68, 106.79, 73.90, 69.65, 32.15, 30.56, 

29.96, 29.90, 29.87, 29.81, 29.63, 29.57, 29.55, 26.30, 22.92, 14.34; MALDI TOF MS: 

m/z for C80H132N4O6S3[M+2H
+
], calculated: 1342.9466, Found: 1342.116. 
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4.1. Introduction 

The molecules possessing an anisotropic shape along with incompatible molecular 

segments exhibit the ability to self-assemble into different liquid crystalline (LC) phases. 

This self-assembly is mainly driven by the nano-segregation of incompatible molecular 

subunits and the tendency of the molecules to align with long-range orientational order 

or/and positional order.
1
 This exceptional amalgamation of order and mobility present in 

LC materials gives rise to a plethora of properties that is being exploited in several 

applications.
2
 Several non-conventional molecular designs that deviate from the 

conventional rod (calamitic) and disc-like (discotic) systems have been prepared over the 

years in quest of novel mesophases and to understand the impact of different anisometric 

shapes and noncovalent interactions on the self-assembly.
1,3

 Polycatenar liquid crystals 

(LCs), are one such nonconventional LCs, which have a combination of central elongated 

rod like and terminal hemi disc shaped units.
4
 The hemi discs may contain four to six 

flexible alkyl chains that provide the necessary fluidity. As they possess the structural 

characters of both calamitic and discotic LCs, they display various mesophases that are 

common to these classes of LCs. This depends on the number of outer flexible tails. The 

columnar self-assembly of such molecules resulting in the one-dimensional (1D) 

columnar (Col) phases with a large π-overlap are interesting, as they resemble „molecular 

wires‟ with an nonconductive external casing of alkyl tails.
5
 This self-assembly shows 

anisotropic conductivity and optical properties and thus holds promise in the development 

of several optoelectronic devices.
6
 Polycatenar molecular design provides a seamless 

synthetic flexibility in tuning the transition temperatures as well as the optical and charge 

transport behavior through proper molecular design, which is a definite advantage in 

comparison to traditional discotics. Most of the polycatenars reported are known to have a 

central linear rod-like structure, while very few are known to have a bent structure.
7
 The 

polycatenars with central bent structure have shown lower transition temperature and an 

enhanced mesophase range.
8
 There is a growing interest in the research community, in the 

incorporation of heterocycles in the LC design, as they help in varying the overall lateral 

and/or longitudinal dipole moment of the molecule, along with the variations in their 

molecular shape.
9,10

 These changes affect the molecular self-assembly and the 

macroscopic properties of such molecules, and therefore can be effectively utilized to 

modify the material properties. 1,3,4-oxadiazole and thiadiazoles are preferential 

candidates among the heterocycles because of their high luminescence and high thermal 
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and photochemical stability.
10

 Incorporation of the heterocyclic moieties has shown 

enhanced mesophase stability due to the increased intermolecular interactions. Col LCs 

that exhibit high luminescence are of significant importance as this combination features 

1D conductivity and luminescence in a single material, which has the potential to be 

utilized as an emissive layer of OLEDs along with good conductivity.
11g

 Such molecular 

materials will be promising in comparison to inorganic semiconductors (which are 

hazardous and expensive) and polymers (which have got processability and conductivity 

issues). Col LCs are known to have high intermolecular order, solution processability and 

self-healing ability of structural defects. Some of our and other group’s recent works on 

luminescent Col LCs based on heterocyclic moieties showed their potential as active 

emissive layers in OLEDs.
12

 Efficient π-conjugated and coplanar molecular structure is a 

major requirement to achieve reduced band gaps in organic semiconductors with high 

charge carrier mobility and an electro-optical response. Recently, donor-acceptor (D-A) 

molecular structures have been investigated to attain low-band gap characteristics.
13 

1,3,4-

Oxadiazole and thiadiazole moieties can be good electron acceptor molecular 

components, because of the presence of electronegative atoms. Their presence creates 

stronger polar induction and reduced molecular symmetry that affects the optical and 

electronic behaviors.
9
 Such molecular structures also promote the ordered self-assembly 

in bulk as well as in the presence of solvents.
14

 Recently we have reported such D-A-D 

structures that stabilized liquid crystal phases over a long range and also showed 

supergelation in hydrocarbon solvents due to the enhanced π-π interactions.
8c-e,10f 

It is 

always interesting to see if such organogelators show aggregation induced enhanced 

emission (AIEE) effect, especially in the case of π-gelators. This is because the molecules 

are prepared with a view to utilize them in organic light emitting diodes (OLEDs), where 

both charge carrier mobility and emission in aggregated state is equally important. In 

most of the cases, such aggregated systems exhibit low luminescence due to the 

aggregation induced quenching (ACQ). Thus columnar self-assembly and AIEE 

contradict each other. However, over the years, several polycatenars including bent ones, 

showed AIEE behavior.
14b,8d,e,10f

 Further, utilization of 2,6-substituted pyridine will 

provide an additional functionality for acid sensing due to the presence of an sp
2
 

hybridized nitrogen atom.
8e

 In addition, only a few number of pyridine based bent 

polycatenars were reported in the literature, prompted us to work on this area.
7c,d,g,h,8e
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 As a part of our efforts to synthesize luminescent liquid crystals toward the 

application in OLEDs, we have synthesized and characterized two series of bent-shaped 

polycatenars with a central pyridine unit flanked with unsymmetrically substituted 

oxadiazole or thiadiazole unit (Fig. 4.1). We were curious to compare the optical, 

photophysical and gelation properties of polycatenars based on 1,3,4-oxadiazole 

derivatives to their thiadiazole counterparts considering the alternate arrangement of 

donor and acceptor moieties in the molecular system. We visualized that the 

incorporation of oxadiazole or thiadiazole in the polycatenar structure had an impact on 

the self-assembly and related macroscopic properties. The number of flexible chains and 

their length were modified to understand the impact on the LC behavior and gelation. 

These molecules exhibit low temperature Colr and/or high temperature Colh phases over a 

wide thermal range. Most importantly five of the polycatenars were able to gelate in 

different hydrocarbon solvents. Some of these compounds exhibited aggregation-induced 

enhancement in emission (AIEE) in thin film and gel state. 

 

Figure 4.1. The molecular structures of pyridine based 1,3,4-oxadiazole and 1,3,4-thiadiazole derivatives. 

 

4.2. Results and discussion 

4.2.1. Synthesis and Characterization 

The synthetic route is elucidated in Scheme 4.1. The target molecules PO1-4 and PT1-4 

(Fig. 4.1) and their precursors were synthesized as presented in scheme 4.1. Syntheses of 

ethyl mono/di/trihydroxy benzoates (8, 10-11) are carried out as reported earlier.
10e

 

Compounds 3a, 3b, 3d, 3h were prepared from corresponding ethyl hydroxyl benzoates 

following williamson‟s ether synthesis protocol. These alkoxy esters (3a, 3b, 3d, 3h) 
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Scheme 4.1. Synthesis of pyridine based 1,3,4-oxadiazole and 1,3,4-thiadiazole derivatives. (i) n-

bromoalkane, anhydrous K2CO3, DMF, 80 
o
C, 24 h (70-80%); (ii) NH2NH2.H2O, Ethanol or butanol, reflux, 

48 h (70-80%); (iii) Pyridine-2,6-diacid chloride, THF, Et3N, 12 h, reflux; (iv) POCl3, reflux, 17 h (60-

72%); (v) Lawesson's reagent, toluene, reflux, 17 h (55-60%). 
 

were utilized to prepare the corresponding hydrazides (4a, 4b, 4d, 4h).
10e

 These 

hydrazides on refluxing with 2,6-pyridine dicarboxyllic acid chloride in the presence of 

triethylamine base provided 2,6-di-N-pyridinebenzohydrazides (12a-d).
8e

 POCl3 mediated 

dehydrocyclization provided dioxadiazole derivatives (PO1-4). The corresponding 

dithiadiazole derivatives (PT1-4) were prepared by refluxing the compounds 12a-d in 

presence of Lawesson‟s reagent in toluene. 

The molecular structures of the final compounds and their precursors were 

confirmed by various analytical techniques such as 
1
H NMR, 

13
C NMR, IR spectroscopy 

and HRMS or MALDI-TOF. (See experimental part presented in section 4.4 for the 

details). The electron withdrawing nature of oxadiazole ring is more in comparison to its 

thiadiazole counterpart due to more electronegative nature of oxygen than sulphur, which 
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is reflected by the 
1
H NMR signals. For illustration, 

1
H NMR of compound PO3 with two 

oxadiazole units showed the down field signal for proton Hb (δ = 8.46 ppm) and in 

comparison to the proton Hb of compound PT3 (δ = 8.42 ppm) with two thiadiazole units 

(Fig. 4.2).  Similarly the proton Ha of compound PT3 (δ = 8.13 ppm) appeared at low 

field in comparison, to that of compound PO3 (δ = 8.04 ppm). On the other hand, 
13

C 

NMR of compound PO3 exhibited low field signals for the heterocyclic ring carbons of 

the 1,3,4-oxadiazole at 171 ppm and 169 ppm in comparison to the heterocyclic ring 

carbons of the 1,3,4-thiadiazole (signals at 169 ppm and 167 ppm) of compound PT3. 

(See experimental part presented in section 4.4 for the details). 

 

Figure 4.2. Overlay of the expanded portion of the 
1
H NMR spectra (CDCl3, 600 MHz) of PO3 and PT3. 

 

4.2.2. Thermal behavior 

The preliminary confirmation for the occurrence of thermotropic liquid crystallinity was 

the appearance of strong birefringence along with the fluidity on gradual heating of the 

sample, under the polarizing optical microscopy (POM) observations. Transition 

temperatures and the enthalpy changes corresponding to these phase transitions were 

obtained by differential scanning calorimetry (DSC) thermograms. Further, the 

mesophase assignment was carried out by performing X-ray diffraction (XRD) 

measurements at different temperature intervals. The phase transitions and the 

PT3

PO3

TH-1882_136122026



Chapter 4 

136 

  

corresponding enthalpy changes are tabulated in table 4.1 and represented in fig. 4.3. In 

comparison to normal carbocyclic LCs, heterocyclic derivatives are expected to show 

higher enthalpy changes associated with phase transitions, which may be due to the 

attractive hetero atom interactions and intermolecular H-bonding interactions.
8,10,15 

Compound PO1 and PT1 with the two terminal n-hexadecyloxy tails and 

compound PO2 with the four terminal n-hexadecyloxy tails attached to the 3 and 4 

positions of the terminal benzene rings turned out to be crystalline (Fig. 4.4). The POM 

images and XRD patterns confirmed their crystalline nature. Hexacatenar PO3 with six n-

hexadecyloxy tails observed as a birefringent fluidic mass under POM observation, which 

at 66 
o
C showed a transition in the DSC thermogram with an enthalpy change of 107.8 

kJ/mol. This mesophase was converted into an isotropic liquid at around 82 
o
C (ΔH = 2.8 

kJ/mol) (Fig. 4.5c). In the cooling cycle, the isotropic liquid showed the growth of mosaic 

Table 4.1. Phase transition temperatures
 a
 (

o
C) and corresponding enthalpies (kJ/mol) of the oxadiazole and 

thiadiazole derivatives. 

 

 

Figure 4.3. Bar graph summarizing the thermal behavior of PO1-4 and PT1-4 (first cooling cycle). 

PO1

PO2

PO3

PO4

PT1

PT2

PT3

PT4

Entry Phase sequence 

2
nd

 Heating 1
st
 Cooling 

PO1 Cr1 131.1 (24.6) Cr2 196.6 (54) I I 191.5 (55.7) Cr2 128.7 (23.5) Cr1 

PO2 Cr1 48.4 (9) Cr2 133.1 (15.5) I I 122 (20.1) Cr2 44.1 (5.9) Cr1 

PO3 Colr1 66 (107.8) Colr2 82.1 (2.8) I I 75.8 (3) Colr2 45.3 (103.8) Colr1
b
 

PO4 Cr 60.8 (18.1) Colh 96.2 (0.9) I I 92.2 (0.2) Colh 42.1 (14.5) Cr 

PT1 Cr1 127.9 (14.3) Cr2 213.9 (22.8) I I 208.2 (27.4) Cr2 124.7 (16.6) Cr1 

PT2 Cr 119.8 (27.2) Colr 129.2 (2) I I 126.7 (2.5) Colr 99.1 (32.7) Cr 

PT3 Colr2 52.4 (2.2) Colr1 87 (9.7) Colh 101 (11.1) I  I 95.6 (1.3) Colh 70 (8.84) Colr1 43.6 (0.6) Colr2
b
 

PT4 Colr 61.6 (9) Colr 95.2 (16.6) Colr 121.6 (3.1) I I 119.7 (3.1) Colr 73 (13.2) Colr1 57.3 (6) Colr
b
 

a
Peak temperatures in the DSC thermograms obtained during the first heating and cooling cycles at 5 

o
C/min.

 b
Crystallization was not observed till -20 

o
C; Cr = crystal; Colh = columnar hexagonal phase; Colr 

= columnar rectangular phase; I = isotropic liquid. 
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pattern at around 76 
o
C (Fig. 4.5a). Further cooling showed a transition in DSC at 45 

o
C 

(ΔH = 103.8 kJ/mol), but the texture did not show much difference (Fig. 4.5b). The X-ray 

diffractogram obtained at 65 
o
C showed a sharp low angle peak along with two diffused 

wide angle peaks. The first diffused peak with a d-spacing of 4.96 Å corresponds to the 

packing of alkyl tails, while the second one at a d-spacing of 4.19 Å corresponds to the 

core-core stacking. As it was difficult to identify the organization of columns in a 2D-

lattice with a single peak at low angle, we decided to investigate through small angle X-

ray scattering (SAXS) studies. The intensity vs 2θ profiles obtained from the SAXS 

patterns for compound PO3 at 65 
o
C (Fig. 4.5d), showed peaks corresponding to d-

spacings of 36.11, 19.2 and 14.48 Å which can be indexed to Miller indices 01, 11, 12 of 

a rectangular lattice. From these values, the lattice parameters were calculated and found 

to be a = 22.67 Å, b = 36.11 Å. The unit cell area (S) was found to be 818.6 Å
2
 and cell 

volume (V) was found to be 3430 Å
3
. The number of molecules (Z) in the unit rectangular 

cell was found to be 1.1. 

The XRD pattern obtained at lower temperatures (i.e. at 40 
o
C and room 

temperature), were well below the transition temperature 45 
o
C in cooling cycle (Fig. 

4.5e-f). The XRD pattern obtained at 40 
o
C showed five peaks at low angle corresponding 

to the d-spacings of 45.62, 21.05, 15.73, 12.73 and 7.69 Å along with a relatively sharp 

peak at 4.55 Å (in comparison to the XRD pattern at 65 
o
C). The peaks at low angle can 

be indexed into miller indices 01, 10, 12, 13 and 24 of a rectangular lattice. Thus the 

transition observed at 45 
o
C is from one Colr to another Colr phase. For the sake of 

identification we have named the higher temperature Col phase as Colr2 and the low 

temperature one as Colr1 phase. The rectangular lattice parameters were calculated and 

from that the total number of molecules (Z) present in a unit cell was found to be 1.5. The 

relatively sharp peak at the wide angle corresponds to the enhanced columnar order. Since 

the texture remained the same even at room temperature we were curious to know 

whether the phase structure remains same or different. The XRD pattern obtained at room 

temperature showed several peaks in the low to mid angle region along with a relatively 

sharp peak in the wide-angle region, which can be fit into a rectangular lattice. Thus the 

Colr phase remains unchanged at room temperature. Compound PO4, the dodecyloxy 

version of compound PO3 exhibited a Colh phase, which was confirmed by POM images, 

DSC and XRD studies (Fig. 4.6 and table 4.2). 
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Figure 4.4. POM images obtained for the Cr phase of PO1 (a); Cr phase of PO2 (b); Colr phase of PO3 (c); 

Colh phase of PO4 (d); Cr phase of PT1 (e); Colh phase of PT2 (f); Colr phase of PT3 (g) and Colr phase of 

PT4 (h). 

 

Figure 4.5. POM images obtained for PO3 at 70 
o
C (a); at RT (b); DSC thermogram of PO3 in the second 

heating (red trace) and first cooling (blue trace) at a scan rate of 5 
o
C/min (c); Intensity vs 2θ profiles 

obtained from the SAXS patterns for PO3 at 65 
o
C for Colr2 phase (d); 40 

o
C for Colr1 phase (e) and 25 

o
C 

(f) for Colr1 phase, inset shows the expanded portion in the middle angle region and the image pattern. 

 

Figure 4.6. POM image obtained for the Colh phase of PO4 at 55 
o
C (a); DSC thermogram of PO4 in the 

second heating (red trace) and first cooling (blue trace) at a scan rate of 5 
o
C/min (b); Intensity vs 2θ 

profiles obtained from the SAXS pattern for PO4 at 65 
o
C for Colh phase (c), inset shows the expanded 

portion in the middle angle region. 

T = 212 oC T = 110 oC

T = 120 oC T = 40 oC

T = 55 oC

T = 93 oC

T = 40 oC

T = 190 oC

T = 70 oC T = 25 oC

T = 55 oC
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Table 4.2. Results of indexation of XRD profiles of compounds PO3 & PO4 at a given temperature (T) of 

the mesophases
a
. 

 

Here again the low angle showed a single peak, which prevented us from the 

unambiguous assignment to a particular mesophase. Thus the SAXS measurements were 

carried out at this temperature and the d-spacings obtained at low angle were closely 

fitting into a hexagonal lattice (Table 4.2 and Fig. 4.6c). The POM texture (Fig. 4.6a) 

with large homeotropic domains supports the uniaxial nature of the Colh phase.  

 Thiadiazole based tetracatenar compound PT2 exhibited enantiotropic Colr phase as 

evidenced from SAXS studies (Fig. 4.7). Preliminary investigation with polarizing optical 

microscopy (POM) and differential scanning calorimetry (DSC) proved that the 

compound PT3 was enantiotropic and bimesomorphic (Fig. 4.8c-f). The compound 

showed a high temperature columnar hexagonal (Colh) phase and low temperature 

columnar rectangular (Colr) phase. Interestingly the Colr phase lost its shearability at 

around 50 
o
C, with an unaltered optical texture, which remains as such upto –20 

o
C  

Compounds 

(D/Å) 

Phase 

(T/
o
C) 

dobs(Å)
b
 dcal(Å)

b
 Miller indices 

hkl 

Lattice parameter
 c
 

PO3 

(59.95) 

 

Colr2 

(65) 

36.11 

19.2 

14.48 

4.96 (ha) 

4.19 (hc) 

36.11 

19.20 

14.12 

 

01 

11 

12 

 

a = 22.67, b = 36.11,  

S =  818.6, V = 3430,  

Z = 1.1 

 

Colr1 

(40) 

 

 

45.62 

21.05 

15.73 

12.73 

7.69 

4.55 (ha) 

45.62 

21.05 

15.47 

12.33 

7.73 

 

01 

10 

12 

13 

24 

 

a = 21.05, b = 45.62,  

S =  960.3, V = 4369.37, 

Z = 1.45 

 

Colr1 

(25) 

45.55 

20.96 

15.69 

12.59 

10.45 

8.85 

7.75 

4.52(ha)  

45.55 

20.96 

15.42 

12.30 

10.48 

8.62 

7.71 

01 

10 

12 

13 

20 

23 

24 

a = 20.96, b = 45.55,  

S = 954.73, V = 4315.37,  

Z = 1.44 

 

PO4 

(49.77) 

 

 

Colh 

(65) 

35.03 

17.47 

4.86(ha) 

3.99(hc) 

35.03 

17.52 

10 

20 

a = 40.45, S = 1417,  

V = 5653.8, Z = 2.3 

 

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

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

phase; c is 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, 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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Figure 4.7. POM image obtained for the Colr phase of compound PT2 at 110 
o
C (a); DSC thermogram of 

compound PT2 in the second heating (red trace) and first cooling (blue trace) at a scan rate of 5 
o
C/min (b); 

Intensity vs 2θ profiles obtained from the SAXS pattern for compound PT2 at 110 
o
C for Colr phase (c), 

inset shows the expanded portion in the middle angle region. 

 

Figure 4.8. Structure and phase transition of PT3 in first cooling and second heating (a); XRD patterns 

obtained at 90, 65, 45 and 25 
o
C (b); DSC traces obtained for second heating (red trace) and first cooling 

(blue trace) (c); POM image obtained for Colh phase (d); Colr1 phase (e) and Colr2 phase (f). 

T = 110 oC

PT3
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without any signs of crystallization. X-ray diff raction of compound PT3 carried out at 90 

o
C showed a sharp peak centered at 41.48 Å at the low-angle region, followed by a 

diff used peak at 4.99 Å (Fig. 4.8b & table 4.3). The sharp peak at the low angle specifies 

the distance between the adjacent (100) planes, i.e. d100 and from this value the hexagonal 

cell parameter „a‟ was calculated, which provides the intercolumnar distance of 48 Å. 

This value was almost 20% less than the molecular length of compound PT3 in all trans 

conformation suggesting interdigitation of peripheral alkyl chains in the mesophase due 

to the chain melting. The number of molecules present within a hypothetical unit cell (Z) 

with a 4.99 Å height was found to be approximately 3. We can expect that the association 

of three molecules may form a disc, which further self-assembles to form the column, and 

these columns organize in the hexagonal lattice to form the Colh phase. The small textural 

change (Fig. 4.8d, e) along with an exothermic peak (∆H = 131 kJ/mol) at 73 
o
C 

prompted us to carry out XRD studies well below this transition i.e. at 65 
o
C. The XRD 

pattern showed peaks at low angle region centered at 45.52, 16.52, 14.25, 7.95 Å 

corresponding to Miller indices 03, 11, 15 and 25 respectively, which fit well with the 

rectangular lattice with lattice parameters a = 16.6 and b = 136.6 Å. The value of Z for 

this rectangular unit cell comes to be 3 again. During the POM studies, it was seen that at 

around 50 
o
C the sample under investigation was not shearable and there was second 

order transition detected in DSC traces (Fig. 4.8c, f) and remained as such up to -20 
o
C. 

This was attributed to the freezing of the columnar structure in glassy state. Generally 

glassy liquid crystalline state is rigid with distorted alignment. However, in this case the 

molecular alignments remain unaltered and they retain the Colr structure as confirmed 

from XRD analysis (Fig. 4.8b). Glassy columns allow unidirectional charge migration 

with simultaneous restriction on the movement of ionic impurities, which is very 

important from the viewpoint of optoelectronics. In addition, glassy columnar state 

assures long-term morphological stability that provides an easy way to produce defect 

free films due to their self-healing nature.
12 

Interestingly hexacatenar PT4 with six dodecyloxy chains exhibited several phase 

transitions as evidenced from DSC thermograms (Fig. 4.9). POM images showed a 

mosaic texture (Fig. 4.10a-c) and the XRD patterns obtained at different temperature 

intervals showed that there are three different Colr phases (Fig. 4.10d-f, Table 4.3). The 

low temperature Colr phase stayed upto RT without any signs of crystallization. Such 

transitions between different Colr phases have been reported earlier.
15b
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Figure 4.9. DSC scans obtained for the first cooling (blue trace) and second heating (red trace) cycle of 

compound PT1 (a) and PT4 (b). 

 
Figure 4.10. POM image obtained for the Colr1 phase of compound PT4 at 110 

o
C (a); Colr2 phase of 

compound PT4 at 69 
o
C (b); Colr3 phase of compound PT4 at 40 

o
C (c); Intensity vs 2θ profiles obtained 

from the XRD patterns for the Colr1 phase of compound PT4 at 110 
o
C (d); Colr2 phase of compound PT4 

at 69 
o
C (b); Colr3 phase of compound PT4 at 40 

o
C (c). 

 

It was interesting to compare the thermal behavior of pyridine based bent-shaped 

molecules PO3-4 and PT3-4 with corresponding benzene based bent-shaped molecules 

reported earlier (Fig. 4.11). Hexacatenar PO3 with hexadecyloxy chains exhibited Colr 

phase over a wide range including room temperature, while the corresponding benzene 

based hexacatenar 16O was crystalline at room temperature and exhibited a short-range 

Colh phase.
8a 

Similarly, compound PT3 exhibited enhanced mesophase stability by 

exhibiting Colr and Colh phases in comparison to the monomesomorphic 16T which 

exhibited Colob phase.
10b

 Hexacatenar PT4 having shorter alkyl chains exhibited solely 

Colr phase, while the corresponding benzene based hexacatenar 12T exhibited Colob  

(b)

2d: T= 110 oC

(a)

2d: T= 69 oC

(b)

2d: T= 40 oC

(c)

(c) (d) (e)
01

10

23
03

01

04

24

10
02 05

513545

01

10
22

05

T = 110 oC T = 69 oC T = 40 oC

(d) (e) (f)
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Table 4.3. Results of the (hkl) indexation of the XRD profiles of the compounds PT2-4 at a given 

temperature (T) of the mesophases
a
. 

Compounds 

(D/Å) 

Phase 

(T/oC) 

dobs(Å)b dcal(Å)b Miller indices hkl Lattice parameter 

(Å) 

PT2 

(60.0) 

 

Colr 

(110) 

 

40.83 

25.60 

23.79 

16.97 

4.98 (ha) 

4.02 (hc) 

40.83 

25.60 

24.43 

16.33 

02 

10 

11 

05 

a = 25.6, b = 81.7,  

c = 4.02, S = 2091.5,  

V = 8407.9, Z = 3.7 

 

PT3 

(61.06) 

Colh 

(90) 

41.48 

4.99 (hc) 

41.48 10 a = 47.87, S = 1984.47, 

V = 9902.51, Z = 3.2 

 

Colr1 

(65) 

 

 

 

45.52 

16.52 

14.25 

7.95 

4.63(ha) 

4.33(hc) 

45.52 

16.52 

14.21 

7.96 

 

 

03 

11 

15 

25 

 

a = 16.64, b = 136.56,  

c = 4.33, S = 2272.36,  

V = 9839.32, Z = 3.2 

 

 

 

 

Colr 2 

(45) 

 

45.52 

15.69 

9.88 

8.09 

4.63 (ha) 

4.31 (hc) 

45.52 

15.69 

9.78 

8.10 

 

 

01 

22 

42 

52 

 

 

a = 43.32, b = 45.52,  

c = 4.31, S = 1971.93,  

V = 8499.02, Z = 2.78 

 

 

 

Colr2 

(25) 

 

 

 

45.52 

16.24 

10.21 

8.09 

4.61 (ha) 

4.35 (hc) 

45.52 

16.24 

10.20 

8.09 

02 

20 

33 

41 

a = 32.48, b = 91.04,  

c = 4.35, S = 2957,  

V = 12863, Z = 4.2 

 

 

PT4 

(50.85) 

Colr1 

(100) 

 

 

37.99 

19.39 

4.89 (ha) 

4.00 (hc) 

37.99 

19.39 

 

 

01 

10 

 

 

a = 19.39, b = 37.99, 

 c = 4.00, S = 736.63,  

V = 2946.5, Z = 1.2 

 

Colr2 

(68.5) 

41.35 

27.88 

20.47 

13.65 

11.33 

10.20 

8.91 

8.20 

7.32 

6.83 

6.23 

4.74 (ha) 

3.99 (hc) 

41.35 

27.88 

20.68 

13.78 

11.13 

10.34 

9.07 

8.27 

7.43 

6.91 

6.22 

 

 

01 

10 

02 

03 

23 

04 

24 

05 

51 

35 

45 

 

 

a = 37.75, b = 41.35,  

c = 3.99, S = 1560.96,  

V = 6228.24, Z = 2.5 

 

 

 

 

 

 

 

 

 

 

 

Colr3 

(40) 

41.35 

23.09 

10.11 

8.11 

4.55 (ha) 

4.00 (hc) 

41.35 

23.09 

10.08 

8.27 

01 

10 

22 

05 

a = 23.09, b = 41.35, 

c = 4.00, S = 954.77, 

V = 3819.09, Z = 1.5 

aThe diameter (D) of the disc (estimated from Chem 3D Pro 8.0 molecular model software from Cambridge Soft). bdobs: 

spacing observed; dcal: spacing calculated (deduced from the lattice parameters; a and b for Colh and Colr phase; c is 

height of the unit cell). 
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Figure 4.11. Comparison of the thermal behavior of pyridine based bent-shaped molecules PO3-4 and 

PT3-4 with benzene based bent-shaped molecules reported earlier (16O,
8a

 16T and 12T
10b

) considering the 

first cooling cycle. 

phase. In general, the introduction of pyridine as a central core enhanced the mesophase 

stability, by lowering the melting temperature. In both cases, whether it is pyridine or 

benzene; the thiadiazole based hexacatenars exhibited wider mesophase range and higher 

stability, which was in line with earlier reports.
8c-e,10a-f

 

4.2.3. Photophysical properties 

Photophysical properties of oxadiazole and thiadiazole based compounds PO1-4 and 

PT1-4 in THF (20 micromolar) solution and in annealed thin film state were investigated 

and the data are summarized in table 4.4. It is expected that the presence of two different 

heterocycles (substituted 1,3,4-oxadiazole and 1,3,4-thiadiazole) may have a 

distinguishable impact on the photophysical properties.
10

 Absorption and emission spectra 

of the compounds PO1-4 and PT1-4 were measured in micromolar THF solution (Fig. 

4.12a and 4.13a). These compounds exhibited a red-shifted absorption and emission 

spectra, in comparison to the benzene-based polycatenars reported earlier.
8a,10b

 The 

solution absorption spectra of compounds PO1-4 exhibited a single absorption band at a 

wavelength of 314 nm whereas compound PT1-4 showed red-shifted absorption band in 

range of 337-347 nm. Both the series of compounds PO1-4 and PT1-4 showed a large 

value of molar extinction coefficients, which is the inherent property of highly conjugated 

systems. The single absorption band for these compounds can be attributed to spin 

allowed π-π* transition of the aromatic system. The values of molar extinction 

coefficients of oxadiazole derivatives PO1-4 (ε = 13,000-22,500 M
-1

cm
-1

) were found to 

be more in comparison to thiadiazole derivatives PT1-4 (ε = 4,000-11,000 M
-1

cm
-1

). 

PO3
PO4

PT3
PT4 PO4

PT3

PT4

PO3

16O

16T

12T
16T: R = OC16H33

12T: R = OC12H25

PO3: R = OC16H33

PO4: R = OC12H25

16O: R = OC16H33

PT3: R = OC16H33

PT4: R = OC12H25
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Optical bandgaps of these systems obtained from the absorption onset values showed that 

the oxadiazoles derivatives PO1-4 (3.39-3.46 eV) showed higher band gap in comparison 

to their thiadiazole counterpart PT1-4 (3.10-3.22 eV). Likewise, emission spectra 

obtained by exciting the solutions of these compounds at their absorption maxima 

exhibited a single emission maximum in the range of 385-465 nm for PO1-4 and a red-

shifted emission maximum in the range of 421-473 nm for PT1-4 (Table 4.4, Fig. 4.12 & 

4.13) with large stokes shift. Relative quantum yields of these compounds were measured 

with respect to standard quinine sulphate solution (0.1 M in H2SO4), exhibited almost 

similar quantum yields in the range of 0.48-0.58. Quantum yield was measured according 

to established procedure by using quinine sulfate in 0.1 M H2SO4 solution as the standard. 

Absolute values were calculated according to the following equation: QS = QR x (mS / mR) 

x (nS / nR)
 2 

Where, Q: Quantum yield, m: Slope of the plot of integrated fluorescence 

intensity vs absorbance; n: refractive index (1.407 for THF and 1.33 for distilled water); 

the subscript R refers to the reference fluorophore i.e. quinine sulphate solution in 0.1 M 

H2SO4 and subscript S refers to the sample under investigation. 

 

Figure 4.12. Absorption (solid trace) and normalized emission (dotted trace) spectra of compounds PO1-4 

(a); Normalized emission spectra of spin coated thin films (b); photographs taken under the UV light (λexc = 

365 nm) in micromolar THF solution and thin films (c). 

 

Figure 4.13. Absorption (solid trace) and normalized emission (dotted trace) spectra of compounds PT1-4 

(a); Normalized emission spectra of spin-coated thin films (b); photographs taken under the UV light (λexc = 

365 nm) in micromolar THF solution and thin films (c). 

PO1 PO2 PO3 PO4

PT1 PT2 PT3 PT4
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Table 4.4. Photophysical properties of compounds PO1-4 and PT1-4 in solution
a
 and film state. 

In order to minimize re-absorption effects, absorbance was kept below 0.15 at the 

excitation wavelength of 347 nm. Quantum Yield of quinine sulphate is 0.54.  Simplified 

equation for the calculation after substituting the appropriate values is given as: QS = 0.54 

× (mS/2.71) × (1.407/1.33)
2 

= 0.223 × mS and values obtained are given in the table 4.5. 

The thin films of the compounds on quartz plates were made by the spin coating of 

the solutions of these compounds in chloroform. As expected, the absorption and 

emission bands of these compounds were found to be broad in comparison to their 

solution spectra. The absorption spectra of the thin films of most of the oxadiazole based 

compounds PO1-4 as well as thiadiazole based compounds PT1-4 showed a red-shift in 

comparison to the solution spectra, pointing towards the formation of J-type 

aggregates.
14c

 Compound PO3 and PT4 showed a slight blue-shift in the absorption 

maximum, which may be due to the formation of H-aggregates.
20

 Considering the 

possibility of the several conformational isomers, it is difficult to conclude the type of the 

aggregates. As the room temperature Colr phase of compound PO3 and PT3 we 

examined the thin films of the compounds, which were found to be transparent in visible 

light and remained stable over a long period. The irradiation of these films with UV light 

of long wavelength provided blue emission, which masked the pattern placed behind (Fig. 

4.15a-d). The thin film of compound PO3 exhibited higher emission intensity (2 folds) in 

comparison to their micromolar solution in THF, while the emission intensity for 

compound PT3 was reduced by half (Fig. 4.15e-f). Both the solutions and thin films of 

oxadiazole and thiadiazole based compounds exhibited a visually perceivable blue 

emission under the UV light of long wavelength (Fig. 4.12c & 4.13c). 

 

Entry 

Solution State Thin film State 

Absorpti

on(nm) 

Emissio

n
b
(nm)

 

Stokes 

shift(cm
-1

) 

λonset 

(nm) 

ΔE
c,d

opt 

Relativ

e Q. Y. 

Absorpti

on (nm) 

Emissio

n
b
(nm)

 

Stokes 

shift( cm
-1

) 

PO1 314 385 5873 366 3.39 0.58 315 416 7708 

PO2 314 428 8483 367 3.39 0.48 316 461 9954 

PO3 314 465 10342 363 3.42 0.50 311 467 10741 

PO4 314 452 9723 359 3.46 0.48 318 479 10570 

PT1 337 421 5921 386 3.22 0.55 343 453 7080 

PT2 341 446 6904 389 3.19 0.56 345 478 8065 

PT3 343 473 8013 398 3.12 0.53 345 473 7844 

PT4 347 466 7359 401 3.10 0.48 345 464 7434 
a
micromolar solutions in THF; 

b
excited at the respective absorption maxima; 

c
Band gap determined from 

the red edge of the longest wave length (λonset) in the UV-vis absorption spectra; 
d
 In volts (eV). 
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Table 4.5. Results of the quantum yield of the compounds PO3 and PT3 in THF solution. 

 

 

 

 

 

Figure 4.14.  Plots of integrated photoluminescence intensity vs absorbance of Quinine sulphate (0.1M 

H2SO4 solution), compounds PO3 and PT3 (micromolar THF solution). 

 

Figure 4.15. Thin film of compound PO3 annealed in Colr phase placed above a pattern under visible light 

(a); the same under the UV light (λex = 365 nm) (b); Thin film of compound PT3 annealed in Colr phase 

placed above a pattern under visible light (c); the same under the UV light (λex = 365 nm) (d). Comparison 

of the emission spectra of compounds PO3 (e) and PT3 (f) in micromolar THF solution and thin film state. 

 

4.2.4. Solvatochromism and acidochromism 

We investigated the effect of solvent polarity on the absorption and emission properties of 

the compounds. The absorption and fluorescence spectra of representative compounds 

PO3 and PT3 in different solvents like decane, hexane, tetrachloromethane (CCl4), 

dichloromethane (DCM), chloroform (CHCl3), tetrahydrofuran (THF) and toluene were 

recorded and the corresponding photophysical details are summarized in table 4.6. The 

pictures of micromolar solution of compounds PO3 and PT3 in different solvents were 

depicted in figure 4.17 & 4.18. As we know, solvent polarity influences the energy levels 

of the absorption or emission bands.
 16

 From the absorption spectra we found that the 

(PO3) (PT3)(Q.S.)

(e) (f)

Entry mS mR Qs
a,b,c

 

PO3 2.24 2.71 0.50 

PT3 2.38 2.71 0.53 
a
Measured in THF; 

b
Excited at absorption maxima; 

c
Standard quinine sulphate 

(Qf = 0.54) in 0.1M H2SO4. 
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energy levels of the absorption remain almost unaffected indicating non-polar ground 

state. In contrast to the absorption band, the emission was red-shifted on increasing the 

solvent polarity from decane to polar solvents like THF (Fig. 4.16). This corresponds to 

the polar nature of the excited state.
16

   

Table 4.6. Photophysical properties of compound PO3 and PT3 in different solvents
a
. 

 

 

Figure 4.16. Normalized emission spectra of compounds PO3 (a) and PT3 (b) in micromolar 

concentrations of different solvents. 

Considering the presence of a sp
2
 hybridized N atom of the pyridine ring, we 

envisaged that these compounds might act as good proton acceptors. The protonation may 

change the extent of delocalization and thus affect the optical properties of these 

compounds, which can be beneficial in the detection of acids. As seen from the fig. 4.19a 

and b, the emission intensities of compounds PO3 and PT3 were reduced by the addition 

of trifluoroacetic acid (TFA). In the case of compound PO3 the gradual addition of TFA 

led to a blue-shifted emission spectra, and thus the solution under UV light showed blue 

Solvent PO3 PT3 

Absorption 

(nm) 

Emission
b
 

(nm) 

Stokes 

shift (nm) 

Absorption 

(nm) 

Emission
b
 

(nm) 

Stokes 

shift(nm) 

Hexane 310 433 123 343 453 110 

Decane 310 428 118 343 449 106 

DCM 310 460 150 343 484 141 

CCl4 311 427 116 343 457 114 

Toluene 311 435 124 343 471 128 

CHCl3 313 457 144 343 472 129 

THF 314 465 151 343 473 130 
a

micromolar solutions in Decane, Toluene, Chloroform, THF; 
b

excited at the respective 

absorption maxima. 
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light emission, where the difference was not very much detectable visually. However, in 

the case of compound PT3, the gradual addition of TFA led to red-shifted emission 

spectra, with a visually perceivable green emission under UV light of long wavelength 

(Fig. 4.20). In both cases the original blue emission was recovered to a certain extent by 

the addition of an equivalent amount of triethylamine (TEA) (Fig. 4.21 bottom panel). 

 

Figure 4.17. Normalized absorption (a) and emission spectra (b) of PO3 in micromolar concentration in 

different solvents; Images of the same solutions under the light of long wavelength (365 nm) (c). 

 

Figure 4.18. Normalized absorption (a) and emission spectra (b) of PT3 in micromolar concentration in 

different solvents; Images of the same solutions under the light of long wavelength (365 nm) (c). 
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Figure 4.19. Emission spectra obtained for the PO3 on gradual addition of TFA to the in same (50 μM in 

CHCl3) (a); the same obtained for the PT3 on gradual addition of TFA to the in same (50 μM in CHCl3) (b). 

 

Figure 4.20. Comparison of the normalized emission spectra of compounds PO3 (a) and PT3 (b) in 

micromolar THF solution on gradual addition of TFA. 

From the 
1
H NMR spectra, it was visualized that the protonation of the compounds led to 

a large downfield shift of the protons on pyridine ring, whereas the neutralization with the 

triethylamine recovered the signals back to the original in the case of compound PO3 or 

near to the original position in the case of compound PT3 (Fig. 4.21 upper panel). 

We were curious to analyze the proton sensing ability of compound PT3 

considering red-shifted emission spectra, with a visually perceivable green emission 

under UV light of long wave length and may be beneficial in detecting volatile acids like 

trifluoro-acetic acid (TFA). TFA was used as an analyte due to its strong acidic and 

volatile properties. Upon gradual addition of TFA to solution of compound PT3 (20 

µmol), the color of the solution changes from colorless to light yellow, producing a new 

red-shifted shoulder in the absorption spectrum along with lowering of absorbance value 

(Fig. 4.22b). On excess addition of TFA (500 μL), a new broad red-shifted (34 nm) 

absorption band centered at around 368 nm was appeared. This suggests that the 

protonation of PT3 strongly affects the electronic energy levels of the molecule. 
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Figure 4.21. Expanded region of 
1
H NMR spectra of PO3 (a) and PT3 (b) on subsequent addition of TFA 

and TEA in CDCl3 (The bottom panel shows the changes happen on the subsequent addition of TFA and 

TEA, as seen under daylight and UV light of long wavelength). 

 

 

Figure 4.22. Absorbance spectra of compound PT3 in chloroform before and after addition of TFA (a); 

Absorbance spectra (b); Emission spectra of compound PT3 in chloroform upon gradual addition of TFA 

(c); Emission spectra of thin film of compound PT3 before and after addition of TFA (d); Emission spectra 

of compound PT3 in chloroform before and after addition of TFA and TEA (e); Normalized emission 

spectra of compound PT3 in chloroform before and after addition of TFA (f). 

PO3

PO3 + TFA

PO3 + TFA + TEA

PT3

PT3 + TFA

PT3 + TFA + TEA

PO3 PT3
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The emission intensity of compound PT3 gradually decreases with the addition of 

TFA (Fig. 4.22c). On excess addition of TFA (500 μL), along with a decrease in 

emission intensity there was a red-shift in emission maximum from 464 nm to 493 

nm. Visually it was a blue to green emission under the UV light (λ = 365 nm) (Fig. 

4.23d, 4.22f). The emission intensity of compound PT3 reverts back to certain 

extent with the addition of triethyl amine (TEA) to this solution (Fig. 4.23b). 

Hence, a noticeable change in the absorbance and faster luminescence quenching 

along with a red-shifted emission suggests the strong interaction of compound PT3 

with TFA.
11

 From the luminescence quenching the detection limit for the TFA 

solution was calculated and found to be 85 parts per billion. The interaction of 

compound PT3 with TFA was further confirmed by the analysis of 
1
H NMR 

spectra of PT3 in the absence and presence of TFA. All the protons on the pyridine 

ring observed a large downfield shift, which indicated the protonation of the 

pyridine ring. Again, the deprotonation of compound PT3 via addition of TEA 

leads to the upfield shift of the pyridine ring protons (Fig. 4.23a). We also tested 

the application of acidochromic behavior of compound PT3 for making rewritable 

media by coating the solution of PT3 on filter paper. The word written on the filter 

paper („IIT‟) using the solution of compound PT3, turned yellow on treating with 

TFA vapors, which can be erased only upon treating with TEA (Fig. 4.23f). This 

illustrates that compound PT3 can be used as stable rewritable media. This also 

implies that the protonated species of compound PT3 was stable. Qualitatively, we 

have studied the volatile acid sensing or proton sensing ability of PT3 in thin film 

and gel state. The annealed thin film (in Colr phase) of PT3 showed blue emission 

under UV light (365 nm), on exposure to TFA exhibited a quenching (Fig. 4.23e) 

and color of thin film also changed from light yellow to deep yellow. Similar 

behavior was observed in the case of the word “IIT” written on the filter paper 

under the light of long wavelength. Similarly, the organogel, which showed 

aggregation induced blue emission, upon exposure to TFA became unstable, and 

the colorless opaque gel collapsed into a yellow colored solution. Upon keeping 

the solution for a day the solution is again converted to gel (Fig. 4.24). However, 

immediate reconversion to gel state is attained on addition of TEA to the yellow 

solution with TFA (Fig. 4.23c). Similar bent shaped gelator with two pyridine units 

is reported that showed sensing for TFA vapors, but needs a longer synthetic route 

and does not show any ordered arrangement of molecules in bulk or gel state.
11d
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Figure 4.23. Expanded region of 
1
H NMR spectra of PT3 on subsequent addition of TFA and TEA in 

CDCl3 (a); Emission spectra obtained for the same (20 μM in CHCl3) (b); Response of the gel towards TFA 

and TEA (c); response of the solution (d); and annealed thin film towards TFA (e); application of 

acidochromism for a rewritable medium (f). 

 

Figure 4.24. Photographs of PT3 in gel state after exposing to TFA vapour as a function of time. 

PT3

PT3 + TFA

PT3 + TFA + TEA
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Figure 4.25. Fluorescence response of compound PT3 (20 μM) in chloroform toward TFA solution (a); 

Fluorescence intensity of compound PT3 (20 µM) taken in chloroform as a function of TFA concentration 

(b); Stern-Volmer plot for TFA (c). 

Table 4.7. A brief comparison of probe PT3 with other reported sensors of TFA. 

This shows that the present molecular design shows stronger intermolecular 

interactions to form the self-assembled structures over a long range. A brief 

comparison of probe PT3 with other reported sensors of TFA has been analyzed 

from literature (Table 4.7). For calculating detection limit, different samples of 

compound PT3 (20 µM) each containing TFA solution (0, 3.25, 6.5, 9.75 and 13 

µM) in 2 mL CHCl3 were prepared separately and fluorescence spectrum was then  

Publication Properties of the 

materials 

Force of interaction 

/ specific functional 

group for gelation 

State of 

matter used 

for sensing 

Reversibility of 

state of matter 

shown 

Supporting 

data for 

sensing 

Present work 

 

Liquid crystal, 

Organogel 
π-π interaction 

Wet gel, 

Xerogel, 

Thin LC 

film, 

Solution 

In all cases 

(TFA and 

TEA) 

1
H NMR, 

Absorbance, 

Fluorescence. 

Soft Matter, 

2015, 11, 9179-

9187 

Organogel π-π interaction Thin film 
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Fluorescence 

J. Mater. Chem. 

C, 2015, 3, 
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Chem. Eur. J., 
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group 
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Chem. Eur. J., 

2015, 21, 

17508-17515 
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Thin film, 
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Not available Fluorescence 

J. Mater. Chem. 

C, 2015, 3, 

10225−10231 

Chromophore 
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heteroatom 
Solution 
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and NH3) 
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A, 2015, 3, 

22441–22447 

Photochromic 
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Not available 
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and thin 
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PDMS 

Heating and 

UV irradiation 
Absorbance 

Dyes and 
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130, 233-244 
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Dipole-dipole 
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π stacking 
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recorded for each sample by exciting at 343 nm. The detection limit plot for TFA was 

obtained by plotting change in the fluorescence intensity vs. the concentration of 

TFA. The curve demonstrates a linear relationship and the correlation coefficient 

(R
2
) via linear regression analysis were calculated to be 0.9845. The limit of 

detection (LOD) was then calculated using the equation 3ζ/K, where ζ signifies the 

standard deviation for the intensity of compound PT3 in the absence of TFA and K 

denotes slope of the equation. 

LOD = 3 × ζ / k 

= 3 × 25087.88 / 2 × 10
11

 

= 37.63 × 10
-8

M (85ppb) 

4.2.5. Gelation properties 

We were interested in the gelation behavior of these different series of compounds and 

wanted to study the effect of different heterocycles and the number of peripheral alkoxy 

tails. Further the hexacatenars PO3 and PT3 stabilized Col phases in bulk, and thus it is 

interesting to compare their aggregation behavior in presence of solvents (Fig. 4.26). 

Compounds PO3 and PT3 were mixed separately in different solvents of varying polarity 

and proticity. Polar aprotic solvents like chloroform, dichloromethane, tetrahydrofuran 

(THF), dimethylsulfoxide (DMSO), dimethylformamide (DMF); polar protic solvents like 

ethanol, n-butanol; nonpolar aromatic solvents like benzene, toluene, m-xylene, nonpolar 

aliphatic solvents like hexane, decane, dodecane and hexadecane were utilized to probe 

the gelation behavior of these compounds (Table 4.8). Immediately after mixing, the 

suspensions were heated to obtain a clear solution. Then, the solutions were allowed to 

cool to room temperature to form gels. Both the compounds PO3 and PT3 were found to 

be soluble in most of the solvents like chloroform, dichloromethane, tetrahydrofuran, 

toluene, benzene and m-xylene. These compounds were insoluble in DMSO and DMF, 

and found to precipitate in ethanol and n-butanol. In the case of all aliphatic nonpolar 

solvents, the clear solutions of these compounds became turbid, finally forming a 

translucent gel. Finally, the formation of the gel was confirmed by “stable to inversion of 

the glass vial” method (Fig. 4.26a-d). Further we checked the gelation behavior of other 

compounds PO1, PO2, PO4, PT1, PT2 and PT4 in decane (Table 4.9, Fig. 4.27). 

Compounds PO1, PT1 and PT2 precipitated in decane after dissolving in decane. Among 

the oxadiazole derivatives PO2-4 showed gelation, while in the case of thiadiazole 
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derivatives, only compounds PO3 and PO4 have shown gelation. Since we were 

interested to derive the structure-property relationships we decided to investigate the 

compounds PO3 and PT3 by extensive photophysical studies, microscopy and XRD 

studies. Detailed rheological measurements were also carried out on these two 

representative samples, which are described in a later section. The critical gelation 

concentration (CGC) and Tgel of all the gelators were studied in different gelating solvents 

by „dropping ball method‟
17

 and are tabulated in table 4.9. Compounds PO3-4 and PT3-4 

can be classified as supergelators as their CGC was found to be lesser than 10 mg/mL or 

1 wt%.
18

 Again, thermal stability of compounds PO3 and PT3 with respect to 

concentration (Fig. 4.26e-f) was estimated for both derivatives in decane. The plots 

showed a steady increase in the thermal stability on increasing concentration. It may be 

noted that at higher concentration, the gel formed could be casted into any given shape of 

self-standing gel (Fig. 4.26g-j), with higher mechanical strength. It is interesting to note 

that, even with the lack of any specific hydrogen bonding moieties, the compounds PO3 

and PT3 were able to form strong gels. The formation of stable gels can be attributed 

mainly to aromatic π-π interaction, dipole-dipole interaction and van der Waals 

interaction of hydrophobic alkyl chains with long chain hydrocarbon solvents. 

 

Figure 4.26. Solution (a) and gel (b) form of PO3 and the same for PT3 (c, d); Plots of Tgel vs concentration 

for PO3 (e) and for PT3 (f) in decane; Images showing the moldability of both the organogels in decane 

(Concentrations: 1.2 wt% for PO3 and 0.8 wt% for PT3) into shapes like cube for PO3 (g); trigonal prism 

for PO3 (h); trigonal prism for PT3 (j); the same under UV light (365 nm) (k); 2.5 cm long cylinder shaped 

gel of PT3 (i); the same under UV light (365 nm) (l); Images showing response to mechanical forces by 

PO3 and PT3 and their recovery (m). 
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Table 4.8. Gelation behavior and CGCs of compound PO3 and PT3 in various solvents 

 

Table 4.9. Gelation behavior and CGCs of compound PO1-4 and PT1-4 in decane 

Entry Properties CGC (wt%) T
gel

(
o
C) 

PO1 P ----- ----- 

PO2 G(O) 1.5 53 

PO3 G(O) 0.6 56 

PO4 G(O) 0.9 52 

PT1 P ----- ----- 

PT2 P ----- ----- 

PT3 G(O) 0.5 47 

PT4 G(O) 0.7 45 

G = stable gel; P = precipitate; I = insoluble; S = soluble; O = 

opaque. The critical gelation concentration (wt%) is the minimum 

concentration necessary for gelation. Tgel (
o
C) is the thermal 

stability of the gels. 

 

The gel-sol transformation can also be achieved by the appliance of mechanical force 

(Fig. 4.26m) such as vigorous shaking or sonication, while the solutions reverted back to 

the original gel state on standing. Interestingly, these organogels have also shown 

significant self-healing property and can be recovered from any damage imposed on 

them, on standing (Fig. 4.28). 

Sl. No. Solvent PO3 PT3 

Properties CGC (wt%) T
gel

(
 o

C) Properties CGC (wt%) T
gel

(
 o

C) 

1 Hexane G(O) 0.78 48 G(O) 0.56 43 

2 Decane G(O) 0.60 56 G(O) 0.50 47 

3 Dodecane G(O) 0.60 57 G(O) 0.48 52 

4 Hexadecane G(O) 0.58 59 G(O) 0.41 56 

5 Toluene S ---- --- S ---- --- 

6 Benzene S ---- --- S ---- --- 

7 m-xylene S ---- --- S ---- --- 

8 DCM S ---- --- S ---- --- 

9 Chloroform S ---- --- S ---- --- 

10 CCl4 S ---- --- S ---- --- 

11 THF S ---- --- S ---- --- 

12 n-butanol P ---- --- P ---- --- 

13 Ethanol P ---- --- P ---- --- 

14 DMSO I ---- --- I ---- --- 

G = stable gel; P = precipitate; I = insoluble; O = opaque. The critical gelation concentration (wt%) is the 

minimum concentration necessary for gelation. Tgel (
 o
C) is the thermal stability of the gels. 
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Figure 4.27. Images of solutions (left side) and gels (right side) seen under visible light and UV light of 

long wavelength. 

The microstructures of the representative organogels formed from the compounds 

PO3 and PT3 in decane were investigated with field emission scanning microscopy 

(FESEM) and atomic force microscopy (AFM). The xerogel films of compounds PO3 

and PT3 were prepared by evaporating the spin-coated films of decane solutions (5 × 10
-6 

M), followed by their vacuum evaporation for 2-3 h. The AFM images of the xerogels 

(Fig. 4.29a, b), exhibited dense interwoven network of fibers measuring several 

micrometers length. For compound PO3, the height of the fiber is around 30-35 nm with 

a thickness of 0.8 µm. In case of compound PT3, the average length of fibers was 40-60 

nm, with a thickness of around 130 nm. These results were again supported through SEM 

micrographs obtained for the xerogels of PO3 and PT3 (Fig. 4.29c, d). 

 

Figure 4.28. Images showing the transformation of solution to gel for compound PO3 (a) and PT3 (b). 

PO2 PO4 PT4

(a) (b)
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Figure 4.29.AFM image obtained for the xerogel of compound PO3 obtained from 3.33 mM decane 

solution (scale bar is 4.0 µm) (a); xerogel of compound PT3 (scale bar is 550 nm) (b) (Inset shows the 

thickness of an individual fiber); SEM images obtained for the xerogel of compound PO3 (scale bar is 2 

µm) (c); for the xerogel of compound PT3 (scale bar is 200 nm) (d). 

 

Figure 4.30. Intensity vs 2θ profiles obtained from the XRD pattern for the Colr phase of the xerogel of 

compound PO3 (a); Colr phase of the xerogel of compound PT3 (b). 

Further the arrangement of the molecules in the xerogel state was extensively 

probed with the help of small angle X-ray diffraction studies. The XRD pattern for 

xerogel PO3 at room temperature showed several peaks centered at 53.05, 21.11, 19.04, 

15.95, 14.33, 12.51, 9.18, 8.19, 7.57, 7.10, 6.26, 5.66, 5.31 and 4.57 Å. These d-spacings 

were quite ideally fitting into a rectangular (Colr) lattice structure (Fig. 4.30a and table 

4.10). In the wide-angle region we have found two diffused reflections centered at 4.16 

and 3.77 Å, could be ascribed to the packing of flexible alkyl chains and to the packing of 

aromatic cores. Similar rectangular arrangement was found in case of compound PT3 

(a) (b)
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where the XRD pattern for xerogel at room temperature showed several peaks centered at 

47.95, 15.69, 9.89 and 8.04 Å. (Fig. 4.30b and table 4.10).
 8e

 From the lattice parameters 

we calculated the number of molecules forming a columnar slice in the case of PO3 and 

PT3, which was found to be almost 1. It is interesting to note that these molecules exhibit 

liquid crystalline behavior and organogelation, while maintaining the same order 

(Columnar assembly with a rectangular symmetry) over a long range, which is beneficial 

from the viewpoint of organic electronic devices.
 23

 

Table 4.10. Results of (hk) indexation of XRD profiles of the compounds PO3 and PT3 in the xerogel state 

at room temperature (RT). 

 

4.2.6. Aggregation induced enhanced emission (AIEE) behavior 

The gelation of compounds PO3 and PT3 in decane was followed with the help of 

fluorescence spectroscopy. They showed a blue-shifted excitation spectrum in gel state in 

comparison to the excitation spectra of solution state (Fig. 4.31a, c). There was a slight 

red-shifted emission observed in the case of compound PO3, while the emission was not 

shifted in the case compound PT3 (Fig. 4.31b, d). We were curious to know the 

photophysical properties of compound PO3 and PT3 in thin film state. The spin coated 

Compounds 

(state) 

Phase 

(T/
o
C) 

dobs (Å) dcal(Å) Miller 

indices hk 

Lattice parameters (Å), Lattice area 

S (Å
2
), Molecular volume V (Å

3
) 

PO3 

Xerogel 

Colr 

 (RT) 

53.05 

21.11 

19.04 

15.95 

14.33 

12.51 

9.18 

8.19 

7.57 

7.10 

6.26 

5.66 

5.31 

4.57 

4.16(ha) 

3.77(hc) 

53.05 

21.11 

19.61 

16.52 

13.56 

13.26 

9.06 

8.26 

7.48 

7.04 

6.22 

5.86 

5.28 

4.73 

01 

10 

11 

12 

13 

04 

23 

24 

25 

30 

34 

35 

40 

45 

a = 21.11, b = 53.05, c = 3.77,  

S =  1119.9, V = 4212,  

Z = 1.4 

PT3 

Xerogel 

Colr 

(RT) 

47.95 

15.69 

9.89 

8.04 

4.58(ha) 

3.82(hc) 

47.95 

15.69 

9.72 

8.18 

01 

11 

14 

21 

a = 16.60, b = 47.95, c = 3.82,  

S = 796, V = 3040.6,  

Z = 1 

dobs: spacing observed; dcal: spacing calculated (deduced from the lattice parameters; a for Colh phase; c 

is 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, 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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thin films on quartz plates showed a blue-shifted absorption bands in comparison to the 

solution state excitation spectra (Fig. 4.31a, c). This points to the formation of aggregates 

in the case of thin films and gels in comparison to solution state. The blue-shift in the 

absorption usually corresponds to the formation of H-aggregates, where the molecules are 

stacked one above the other in a cofacial or parallel manner. The aggregated states (in 

thin film and gel) showed several fold enhanced luminescence in comparison to the 

solution state (Fig. 4.31b, d). Notably, the luminescence was higher in gel state for 

compound PO3 than in thin film state, while it is higher in thin film state for compound 

PT3 than in gel state.  

To determine the effect of aggregate formation on the luminescence properties as 

well as organogel formation, decane gels of PO3 and PT3 were measured at different 

temperatures and times. In both cases, the intensity of emission increases with the 

decrease in temperature (Fig. 4.32a, 4.33a). A bathochromic shift in the emission of 

 

Figure 4.31.  Excitation and absorption spectra of compound PO3 (a); PT3 (c) in solution, gel (at CGC) 

and thin film state; Emission spectra of compound PO3 (b); PT3 (d) in solution, gel (at CGC) and thin film 

state. 
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25 nm was observed in the case of PO3 in comparison to that of compound PT3 (12 nm 

red-shift) (Fig. 4.32b, 4.33b). In comparison to solution state, a huge increase in the 

fluorescence intensity in the gel state i.e. 10 fold in case of PO3 (which is higher than the 

emission intensity of the thin film), whereas 25 fold in the case of PT3 (which is lower 

than the emission intensity of the thin film) was noted (Fig. 4.32c, 4.33c). Thus even 

though both the compounds points to the formation of H-aggregates in thin films and gel 

state, the molecular arrangement is not same in these two different states, which results in 

different emission behavior. 

Formation of organogel was also confirmed by measuring the emission spectra of 

the solution as a function of increasing time (Fig. 4.32d, 4.33d). The organogel was 

formed within 35 minutes in the case of PO3 (Fig. 4.32e, 4.33e), which is little longer in 

comparison to that of PT3 (10 minutes in PT3). The reproducibility of gel formation was 

confirmed after heating and cooling for many cycles as presented in Fig. 4.32f and 4.33f. 

The increase in the emission intensity upon aggregation, rather than the emission 

quenching is due to the ability to overcome aggregation caused quenching (ACQ).
20

 In 

other words the favorable molecular packing in the gel state results in the restricted 

intramolecular rotations. Thus both bent-shaped oxadiazole and thiadiazole based bent 

polycatenars PO3 and PT3 exhibited aggregation-induced enhanced emission (AIEE) 

effect in the organogel state. 

 

Figure 4.32. Emission spectra of PO3 in decane (3.33 mM) on cooling from 60 
o
C to 25 

o
C (a); Normalized 

emission spectra on cooling from 60 
o
C to 25 

o
C (b); Comparison of emission spectra of sol-gel transition 

(c); Emission spectra obtained as a function of time (d); Plot showing the emission intensity at 415 nm as a 

function of time (e); Reversible change in the emission intensity at 415 nm by repeated sol-gel transition (f). 

(a) (b)

(d) (e)

(c)

(f)

× 10
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Figure 4.33. Emission spectra of PT3 in decane (0.27 mM) on cooling from 60 
o
C to 25 

o
C (a); Normalized 

emission spectra on cooling from 60 
o
C to 25 

o
C (b); Comparison of emission spectra of sol-gel transition 

(c); Emission spectra obtained as a function of time (d); Plot showing the emission intensity at 431 nm as a 

function of time (e); Reversible change in the emission intensity at 431 nm by repeated sol-gel transition (f). 

Fluorescence life-time measurements carried out for PO3 and PT3 in decane at 20 

μM and at their CGC showed the biexponential emission decay with the increase in the 

life-time of the excited species (Fig. 4.34 and table 4.11). Even though H-aggregates are 

known to exhibit aggregation caused quenching (ACQ) of luminescence compared to the 

monomer emission in solution, here completely reverse behavior of the expected was 

observed.
19

 There are very few reports on luminescent H-aggregates,
21

 where the 

luminescence is attributed for the excimer species or due to a small displacement of the 

two exciton-coupled molecules in the excited state. 

 

Figure 4.34.  The fluorescence decay profiles of compound PO3 in decane at 20  μM (black trace) and 3.32 

mM (red trace) concentrations (blue trace is instrument response function: IRF; λexc = 375 nm) (a); The 

fluorescence decay profiles of compound PT3 in decane at 20  μM (black trace) and 2.71 mM (red trace) 

concentrations (blue trace is instrument response function: IRF; λexc = 375 nm). 

(a) (b)

(d) (e)

(c)

(f)

× 25
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Table 4.11. Data obtained from time resolved photoluminescence studies for PO3 and PT3. 

 

 

 

 

 

4.2.7. Rheological properties 

The viscoelastic properties of the gels formed from compound PO3 and PT3 at 

concentrations of 0.6 wt% and 0.5 wt% were measured with the help of rheological 

measurements. This involved strain sweep, angular frequency sweep and step strain 

measurements. For the measurement of rheological responses, a dynamic frequency 

sweep experiment at constant stress (0.2 kPa) was performed, which can be described by 

the equation G* (ω) = G‟ (ω) + iG” (ω), where ω is the angular frequency, G‟ is the 

storage modulus and G” is the loss modulus.
22

 The value of G‟ slightly increase and the 

value of G” decrease with the frequency from 0.01 to 100 Hz and the value of G‟ is 

always higher than that of G” in the whole range (0.01-100 Hz), signifying that the gels 

PO3 and PT3 are fairly tolerant to the external force. From Fig. 4.35a and 4.35d, it is 

quite obvious that both PO3 and PT3 gels behave like a solid or viscoelastic like material 

(i.e. G‟ > G”). Both G‟, G” are feebly dependent on angular frequency at 25 
o
C using 0.2 

mPa stress (Fig. 4.35b and e). As can be observed, these are the two requirements for a 

sample to be considered as a gel that is approximately satisfied by both gels PO3 and 

PT3. In order to establish the non-linear viscoelastic regime, which is the characteristic 

features for dynamics of the sol-gel system, we performed stress dependent nonlinear 

measurements for compound PO3 (0.6 wt%) and PT3 (0.5 wt%). From fig. 4.35b and 

4.35e, we make two observations in case for PO3 and PT3 separately. Firstly, at low 

strain amplitudes both G‟ and G” are nearly constant and G‟ > G” is steady confirming 

the solid like behavior and a linear viscoelastic regime. Secondly, both storage modulus 

and loss modulus became strain dependent above a stress value of 3.27 kPa and 0.8 kPa 

for PO3 and PT3 gels respectively. This observation leads to the formation of 

viscoelastic liquid behavior (G” > G‟) for both cases at high stress. In order to examine 

the thixotropic nature of the gels, we have studied the retrieval process of the damaged 

Compound  State of matter Fraction of molecule Life time (ns) 

 

PO3 

 

Sol 

55% 0.6 

45% 1.5 

 

Gel 

88% 0.8 

12% 1.8 

 

PT3 

 

Sol 

83% 1.9 

17% 3.1 

 

Gel 

45% 1.8 

55% 6.1 
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Figure 4.35. Angular frequency (rad s
-1

) dependence of G‟ and G” obtained with small stress amplitudes: 

(a) 0.6 wt% of compound PO3 in decane at 25 °C using 0.2 kPa stress; (b) Stress dependence of G‟ and G” 

of the same gel PO3 measured at constant frequency (at 25 °C, and frequency at 10 Hz); (c) Thixotropic 

nature of organogel of PO3 (3.32 mM) in decane at 25 °C (Deformation; stress: 0.2 to 4 kPa, time: 300 s, 

angular frequency: 10 Hz; Recovery; Stress: 0.2 kPa, time: 300 s; angular frequency: 10 Hz.); Angular 

frequency (rad s
-1

) dependence of G‟ and G” obtained with small stress amplitudes: (d) 0.5 wt% of 

compound PT3 in decane at 25 °C using 0.2 kPa stress; (e) Stress dependence of G‟ and G” of the same gel 

PT3 measured at constant frequency (at 25 °C, and frequency at 10 Hz);   (f) Thixotropic nature of 

organogel of PT3 (2.71 mM) in decane at 25 °C (Deformation; stress: 0.2 to 4 kPa, time: 300 s, angular 

frequency: 10 Hz; Recovery; Stress: 0.2 kPa, time: 300 s; angular frequency: 10 Hz.) 

gels via two continuous processes of deformation and recovery for several times. As 

observed from fig. 4.35c for PO3 and fig. 4.35f for PT3, at a particular angular frequency 

of 10 Hz for 300 seconds a variable stress of 0.2 to 4 kPa was applied for the deformation 

process and the value of G‟ vs time was recorded. It was found that the value of G‟ 

decrease in deformation process leading to the formation of viscoelastic liquid at 300 

seconds. The same graph was continued in the recovery process where the value of G‟ 

starts increasing with time leading to solid like properties at the same angular frequency 

for a shear stress of 0.2 kPa in both gels. This set of experiment was done five times for 

the reproducibility of the gel. It can also be concluded that we are dealing with high 

elastic modulus of consistent physical gels that can be recovered instantly, once 

eliminating the applied stress. 

4.3. Conclusion 

In this chapter, we have synthesized several bent-shaped molecules with a central 

pyridine unit flanked by two unsymmetrically substituted 1,3,4-oxadiazole and 

thiadiazole moieties. The number and position of the terminal tails were varied. The type 

of the heterocycle and the number of peripheral tails had a significant impact on the 
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stabilization of the liquid crystalline and organogel self-assembly as well as 

photophysical properties. Thiadiazole based compounds exhibited higher mesophase 

stability in comparison to oxadiazole derivatives, while oxadiazole based compounds 

exhibited higher gelation tendency. In the case of oxadiazole derivatives, tetracatenar and 

hexacatenars exhibited gelation behavior, while in the case of thiadiazole derivatives only 

hexacatenars exhibited gelation. The number of peripheral tails also plays an important 

role in stabilizing the gelation in hydrocarbon solvents, which is evident from the fact that 

all the hexacatenars stabilized supergelation irrespective of the type of heterocycle. The 

gelation is mainly promoted by attractive π-π interactions, which is in contrast to other 

supergelators that require strong intermolecular hydrogen bonding. The supergelators 

showed the capability to form self-standing, moldable gel at higher concentration. 

Thiadiazole based compounds exhibited bathochromically shifted absorption and 

emission in comparison to oxadiazole derivatives but with a lower quantum yield. In 

addition these compounds showed the ability to sense the acid with a quenching/shifting 

in the emission spectrum, which makes it possible to detect acids by naked eye at low 

concentration. Two of the hexacatenar supergelators investigated, exhibited aggregation 

induced enhanced emission with a several fold increase in luminescence intensity in the 

gel state. The variation in the gelation capability of these molecules shows that although 

the π-π interactions plays a major role in self-assembly, the nanoseggregation of 

incompatible molecular segments like peripheral flexible tails also contribute in 

organogelation and LC self-assembly. Scanning probe microscopic studies of the xerogels 

revealed a fibrillar network of several micrometers corroborating the long range 

supramolecular self-assembly. Extensive rheological studies proved the viscoelastic and 

thixotropic nature of the gels. Similar AIEE effect was observed in thin film state too. 

Stabilization of columnar self-assembly over a long range, along with AIEE behavior is 

significant from the perspective of emissive solid-state displays. In a nutshell, this study 

accounts the effect of molecular structural variations on the nature of supramolecular self-

assembly and the resultant macroscopic properties, that is of substantial significance to 

the scientific community working in the broad area of supramolecular chemistry. 
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4.4. Experimental Section 

In this section the detailed synthetic procedures and the molecular structural 

characterization data have been presented for the intermediates and target compounds 

mentioned in the scheme. 

Synthesis of ethyl 4-(n-hexadecyloxy)benzoate (3a): 

A mixture of ethyl 4-hydroxybenzoate (18.1 mmol, 1 equiv.), anhydrous K2CO3 (39.82 

mmol, 2.2 equiv.), n-bromohexadecane (19.91 mmol, 1.1 equiv.) were taken in dry DMF 

(15 mL) and heated at 80 
o
C for 24 h under nitrogen atmosphere. After the reaction time 

was over, the reaction mixture was poured into ice water and extracted with ethyl acetate. 

The extract was washed with brine, dried over anhydrous Na2SO4 and then concentrated. 

The crude product was purified by column chromatography on silica. Elution with hexane 

followed by 2-5% ethyl acetate-hexane yielded the desired product. 

Rf = 0.4 (5% EtOAc-hexane); white solid; yield: 85%; IR (KBr pellet): νmax in cm
-1 

2921, 

2847, 1714, 1606, 1511, 1470, 1367, 1287, 1243, 1105, 695; 
1
H NMR (CDCl3, 400 MHz, 

298K): δ 7.98 (d, 2H, J = 9.2Hz, HAr), 6.89 (d, 2H, J = 8.4Hz, HAr), 4.34 (q, 2H, J = 

7.2Hz, COOCH2), 3.99 (t, 2H, J = 6.4Hz, OCH2), 1.75-1.83 (m, 2H, CH2), 1.39-1.47 (m, 

2H, CH2), 1.36 (t, 3H, CH3), 1.25-1.32 ( m, 24H, 12 × CH2), 0.88 (t, 3H, CH3); 
13

C NMR 

(CDCl3, 100 MHz, 298K): δ 166.65, 163.09, 131.70, 122.87, 114.21, 68.40, 60.78, 32.14, 

29.91, 29.88, 29.80, 29.77, 29.58, 29.34, 26.20, 22.91, 14.60, 14.33; HRMS (+APCI) 

exact mass calculated for C25H43O3 (M+H
+
): 391.3207, Found: 391.3100. 

Synthesis of ethyl 3, 4-bis(hexadecyloxy)benzoate (3b): 

A mixture of ethyl 3,4-dihydroxybenzoate (16.5 mmol, 1 equiv.), anhydrous K2CO3 (72.6 

mmol, 4.4 equiv.), n-bromohexadecane (36.3 mmol, 2.2 equiv.) were taken in dry DMF 

and heated at 80 
o
C for 24 h under nitrogen atmosphere. Then the reaction mixture was 

poured into water and extracted with ethyl acetate. The combined extract was washed 

with brine, dried over anhydrous Na2SO4 and then concentrated. The crude product was 

purified by column chromatography on silica. Elution with hexane followed by 2-5% 

ethyl acetate-hexane produced the desire product. 

Rf = 0.45 (5% EtOAc-hexane); white solid; yield: 80%; IR (KBr pellet): νmax in cm
-1 

3419, 

2919, 2849, 1710, 1598, 1518, 1277, 1211, 1129, 761; 
1
H NMR (CDCl3, 400 MHz, 298 
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K): δ 7.63 (d, 1H, J = 8Hz, HAr), 7.54 (s, 1H, HAr), 6.86 (d, 1H, J = 8Hz, HAr), 4.34 (q, 

2H, J = 8Hz, COOCH2), 4.02-4.05 (m, 4H, 2 × OCH2), 1.78-1.87 (m, 4H, 2 × CH2), 1.43-

1.49 (m, 4H, 2 × CH2), 1.38 (t, 3H, CH3), 1.25-1.36 (m, 48H, 24 × CH2), 0.88 (t, 6H, 2 × 

CH3); 
13

C NMR (CDCl3, 100 MHz, 298 K): δ 166.75, 153.35, 148.70, 123.66, 122.99, 

114.56, 112.14, 69.52, 69.21, 60.90, 32.15, 29.93, 29.89, 29.85, 29.83, 29.64, 29.61, 

29.59, 29.42, 29.30, 26.24, 26.20, 22.91, 14.62, 14.33; HRMS (+ESI) exact mass 

calculated for C41H75O4 (M+H
+
): 631.5665, Found: 631.5665. 

Synthesis of ethyl 3,4,5-trihexadecyloxy benzoate (3d): 

A mixture of ethyl gallate (15.1 mmol, 1 equiv.), anhydrous K2CO3 (99.9 mmol, 6.6 

equiv.), n-bromohexadecane (49.83 mmol, 3.3 equiv.) were taken in dry DMF and heated 

at 80 
o
C for 24 h under nitrogen atmosphere. Then the reaction mixture was poured into 

water and extracted with ethyl acetate. The combined extract was washed with water and 

dried over anhydrous Na2SO4 and then concentrated. The crude product was purified by 

column chromatography on silica. Elution with hexane followed by 2-5% ethyl acetate-

hexane produced the desire product. 

Rf = 0.5 (5% EtOAc-hexane); white solid; yield: 75%; IR (KBr pellet): max in cm
-1 

2922, 

2850, 1716, 1583, 1468, 1426, 1331, 1218, 1110, 1041; 
1
H NMR (CDCl3, 400 MHz, 

298K):  7.25 (s, 2H, HAr), 4.35 (q, 2H, J = 7.2 Hz, COOCH2), 4.01 (t, 6H,  3 × OCH2), 

1.25-1.82 ( m, 84H, 42 × CH2), 0.87 (m, 12H, 4 × CH3);
 13

C NMR (CDCl3, 100 MHz, 

298K):  166.70, 153.04, 142.61, 125.28, 108.29, 73.72, 69.44, 61.17, 33.05, 32.16, 

30.56, 29.94, 29.89, 29.87, 29.80, 29.63, 29.60, 29.57, 26.32, 26.29, 22.92, 14.63, 14.33; 

HRMS (ESI+) exact mass calculated for C57H107O5 (M+1): 871.8113, Found: 871.8031. 

Synthesis of ethyl 3,4,5-tridodecyloxy benzoate (3h): 

A mixture of ethyl gallate (15.1 mmol, 1 equiv.), anhydrous K2CO3 (99.9 mmol, 6.6 

equiv.), n-bromododecane (49.83 mmol, 3.3 equiv.) were taken in dry DMF (15 mL) and 

heated at 80 
o
C for 24 h under nitrogen atmosphere. Then the reaction mixture was 

poured into ice water and extracted with ethyl acetate. The extract was washed with 

water, dried over anhydrous Na2SO4 and then concentrated. The crude product was 

purified by column chromatography on silica. Elution with hexane followed by 2-5% 

ethyl acetate-hexane yielded the desired product. 
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Rf = 0.45 (5% EtOAc-hexane); white solid; yield: 82%; IR (KBr pellet): max in cm
-1 

2922, 

2850, 1716, 1583, 1468, 1426, 1331, 1218, 1110, 1029, 985, 820; 
1
H NMR (CDCl3, 600 

MHz, 298K):  7.25 (s, 2H, HAr), 4.35 (q, 2H, J = 7.2Hz, COOCH2), 4.01 (t, 6H,  3 × 

OCH2), 1.79-1.83 (m, 4H, 2 × CH2), 1.72-1.75 (m, 2H, CH2), 1.44-1.49 (m, 6H, 3 × CH2), 

1.30 (t, 3H, CH3), 1.26-1.35 (m, 48H, 24 × CH2), 0.88 (m, 9H, 3 × CH3); 
13

C NMR 

(CDCl3, 150 MHz, 298K): δ 166.67, 152.98, 142.45, 125.23, 108.17, 108.12, 73.68, 

69.34, 61.16, 32.16, 32.14, 30.53, 30.08, 30.05, 29.97, 29.95, 29.94, 29.92, 29.88, 29.85, 

29.79, 29.61, 29.59, 29.52, 26.30, 26.71, 22.91, 14.61, 14.33; HRMS (+ESI) exact mass 

calculated for C45H83O5(M+H
+
): 703.6241, Found: 703.6240. 

Synthesis of ethyl 4-(hexadecyloxy)benzhydrazide (4a): 

A mixture of ethyl 4-(hexadecyloxy)benzoate (19 mmol, 1 equiv.), excess hydrazine 

hydrate (20 equiv.) in ethanol were refluxed for 48 h. Excess solvent was removed and 

water was added to it. Resulting precipitate was collected by filtration, washed with 

excess water, dried under vacuum and recrystallization from ethanol gave white solid 

product. 

Rf = 0.25 (30% EtOAc-hexane); white solid; yield: 75%; IR (KBr pellet): νmax in cm
-1 

3429, 2919, 2850, 1648, 1617, 1508, 1472, 1252, 1180, 836; 
1
H NMR (CDCl3, 400 MHz, 

298K): δ 7.69 (d, 2H, J = 8Hz, HAr), 7.33 (b s, 1H, CONH), 6.91 (d, 2H, J = 8Hz, HAr), 

4.07 (b s, 2H, NH2), 3.98 (s, 2H, OCH2), 1.75-1.82 (m, 2H, CH2), 1.41-1.45 (m, 2H, 

CH2), 1.25-1.31 (m, 24H, 12 × CH2), 0.87 (m, 3H, 1× CH3); 
13

C NMR (CDCl3, 100 MHz, 

298K): δ 168.61, 162.31, 128.81, 124.77, 114.62, 68.43, 32.12, 29.88, 29.85, 29.78, 

29.75, 29.56, 29.31, 29.18, 22.88, 14.31; HRMS (+APCI) exact mass calculated for 

C23H41N2O2 (M+H
+
): 377.3168, Found: 377.3082. 

Synthesis of ethyl 3,4-bis (hexadecyloxy)benzhydrazide (4b): 

A mixture of ethyl 3,4-bis(hexadecyloxy)benzoate (10.2 mmol, 1 equiv.), excess 

hydrazine hydrate (20 equiv.) in butanol was refluxed for 48 h. Excess solvent was 

removed and water was added to it. Resulting precipitate was collected by filtration, 

washed with excess water, dried under vacuum and recrystallization from ethanol gave 

white solid product. 

Rf = 0.25 (20% EtOAc-hexane); white solid; yield: 70%; IR (KBr pellet): νmax in cm
-1 

3248, 2919, 2848, 1711, 1514, 1467, 1278, 1212, 1150, 761; 
1
H NMR (CDCl3, 400 MHz, 
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298 K): δ 7.34 (d, 1H, J = 8Hz, HAr), 7.26 (b s, 1H, CONH), 7.22 (dd, 1H, J = 4Hz, J = 

8Hz, HAr), 6.85 (d, 1H, J = 8Hz, HAr), 4.08 (b s, 2H, NH2), 4.00-4.05 (m, 4H, 2 × OCH2), 

1.79-1.86 (m, 4H, 2 × CH2), 1.38-1.50 (m, 4H, 2 × CH2), 1.25-1.36 (m, 48H, 24 × CH2), 

0.88 (m, 6H, 2 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K): δ 168.77, 152.55, 149.33, 

125.21, 119.70, 112.76, 112.65, 69.62, 69.37, 32.15, 29.94, 29.89, 29.85, 29.63, 29.59, 

29.43, 29.34, 26.23, 22.90, 14.33; HRMS (+ESI) exact mass calculated for C39H73N2O3 

(M+H
+
): 617.5621, Found: 617.5726. 

Synthesis of ethyl 3, 4, 5-tris (hexadecyloxy)benzhydrazide (4d): 

A mixture of ethyl 3,4,5-tri-n-hexadecyloxybenzoate (10 mmol, 1 equiv.), excess 

hydrazine hydrate (20 equiv.) in butanol was refluxed for 48 h. Excess solvent was 

removed and water was added to it. Resulting precipitate was collected by filtration, 

washed with excess water, dried under vacuum and recrystallization from ethanol gave 

white solid product. 

Rf  = 0.52 (20% EtOAc-hexane); white solid; yield: 75%; IR (KBr pellet): max in cm
-1

 

3448, 3248, 2921, 2850, 1635, 1579, 1466, 1427, 1238, 1122; 
1
H NMR (CDCl3, 400 

MHz, 298K):  7.22 (b s, 1H, CONH), 6.92 (s, 2H, HAr), 4.07 (s, 2H, NH2), 3.99 (m, 6H, 

3 × OCH2), 1.26-1.80 (m, 84H, 42 × CH2), 0.88 (m, 9H, 3 × CH3);  
13

C NMR (CDCl3, 

150 MHz, 298K):  168.70, 153.54, 141.92, 127.68, 105.74, 69.60, 30.53, 29.97, 29.95, 

29.88, 29.60, 26.30, 22.92, 14.33; HRMS (ESI+) exact mass calculated for C55H105N2O4 

(M+1): 857.8069, Found: 857.8151. 

Synthesis of ethyl 3, 4, 5-tris (dodecyloxy)benzhydrazide (4h): 

A mixture of ethyl 3,4,5-tri-n-dodecyloxybenzoate (10 mmol, 1 equiv.), excess hydrazine 

hydrate (20 equiv.) in ethanol were refluxed for 48 h. Excess solvent was removed and 

water was added to it. Resulting precipitate was collected by filtration, washed with 

excess water, dried under vacuum. The solid was recrystallized from ethanol to yield a 

white solid product. 

Rf  = 0.4 (20% EtOAc-hexane); white solid; yield: 80%; IR (KBr pellet): max in cm
-1

 

3448, 3248, 2921, 2850, 1635, 1579, 1466, 1427, 1238, 1122; 
1
H NMR (CDCl3, 600 

MHz, 298K):  7.31 (b s, 1H, CONH), 6.92 (s, 2H, HAr), 4.98 (s, 2H, NH2), 3.99 (t, 6H, 3 

× OCH2), 1.79-1.82 (m, 4H, 2 × CH2), 1.70-1.75 (m, 2H, 2 × CH2), 1.44-1.45 (m, 6H, 3 × 

CH2), 1.25 (m, 48H, 24 × CH2), 0.87 (m, 9H, 3 × CH3); 
13

C NMR (CDCl3, 150 MHz, 
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298K): δ 168.95, 153.38, 141.52, 127.63, 106.61, 73.71, 69.47, 32.13, 30.49, 29.90, 

29.84, 29.59, 29.57, 29.51, 26.27, 22.89, 14.31; HRMS (+ESI) exact mass calculated for 

C43H81N2O4 (M+H
+
): 689.6196, Found: 689.5764. 

Synthesis of 2,6-bis(5-(4-(hexadecyloxy)phenyl)-1,3,4-oxadiazol-2-yl)pyridine (PO1): 

Pyridine dicarboxyllic acid (0.7 mmol) in 4 mL of thionyl chloride and DMF (2-3 drops) 

was heated under reflux for 8 h. The excess of thionyl chloride was removed by 

distillation and the crude product (pyridine di acid chloride) was dried in vacuo and used 

for the next reaction without further purification and characterization. The solution of 

pyridine diacid chloride (0.6 mmol, 1 equiv.) in THF was added dropwise to a solution of 

4-(hexadecyloxy) benzohydrazide (1.2 mmol, 2.05 equiv.) and triethylamine (1.2 mmol, 2 

equiv.) in THF (15 mL). The reaction mixture was stirred at 55 
o
C for 12 h. After cooling, 

THF was removed through distillation and the residue was extracted with EtOAc. The 

extract was washed with water and brine, dried over Na2SO4 and concentrated. The 

resulting crude product (12a) was directly used for next reaction.  

The solution of crude product 12a (1.2 mmol, 1 equiv.) in POCl3 (10 mL) was refluxed 

for 24 h. After the reaction, the crude mixture was added dropwise to ice water. Then, it 

was extracted with DCM. After removal of solvent in vacuo, the crude product was 

further purified through column chromatography on neutral alumina. Elution with DCM 

yielded the desired product. Again, the product was recrystallized with DCM-ethanol 

system (2:1). 

Rf  = 0.6 (80% DCM-hexane); white solid; yield: 72%; IR (KBr pellet): max in cm
-1

 3443, 

2919, 2849, 1617, 1497, 1430, 1298, 1253, 1180, 835; 
1
H NMR (CDCl3, 600 MHz, 298 

K):  8.45 (d, 2H, J = 9Hz, HAr), 8.20 (d, 4H, J = 9Hz, HAr), 8.10 (t, 1H, J = 8.4Hz, HAr), 

7.06 (d, 4H, J = 8.4Hz, HAr), 4.05 (t, 4H, 2 × OCH2), 1.81-1.85 (m, 4H, 2 × CH2), 1.47-

1.48 (m, 4H, 2 × CH2), 1.26-1.45 (m, 48H, 24 × CH2), 0.87 (t, 6H, 2 × CH3); 
13

C NMR 

(CDCl3, 150 MHz, 298 K):  166.25, 163.10, 162.63, 144.62, 138.67, 129.20, 125.04, 

115.94, 115.25, 68.58, 32.14, 29.91, 29.80, 29.57, 29.36, 26.23, 22.90, 14.34; MALDI 

TOF MS: m/z for C53H78N5O4 [M+H
+
], calculated: 848.6050, Found: 848.9870. 

Synthesis of 2,6-bis(5-(3,4-bis(hexadecyloxy)phenyl)-1,3,4-oxadiazol-2-yl)pyridine 

(PO2): 

Pyridine dicarboxyllic acid (0.7 mmol) in 4 mL of thionyl chloride and DMF (2-3 drops) 

was heated under reflux for 8 h. The excess of thionyl chloride was removed by 
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distillation and the crude product (pyridine di acid chloride) was dried in vacuo and used 

for the next reaction without further purification and characterization. The solution of 

pyridine diacid chloride (0.6 mmol, 1 equiv.) in THF was added dropwise to a solution of 

solution of 3,4-bis(hexadecyloxy)benzohydrazide (1.2 mmol, 2.05 equiv.) and 

triethylamine (1.2 mmol, 2 equiv.) in THF (15 mL). The reaction mixture was stirred at 

55 
o
C for 12 h. After cooling, THF was removed through distillation and the residue was 

extracted with EtOAc. The extract was washed with water and brine, dried over Na2SO4 

and concentrated. The resulting crude product (12b) was directly used for next reaction.  

The solution of crude product 12b (1.2 mmol, 1 equiv.) in POCl3 (10 mL) was refluxed 

for 24 h. After the reaction, the crude mixture was dropwise added to ice water. Then, it 

was extracted with DCM. After removal of solvent in vacuo, the crude product was 

further purified through column chromatography on neutral alumina. Elution with DCM 

yielded the desired product. Again, the product was recrystallized with DCM-ethanol 

system (2:1). 

Rf  = 0.63 (80% DCM-hexane); white solid; yield: 68%; IR (KBr pellet): max in cm
-1

 

3444, 2918, 2850, 1606, 1498, 1465, 1281, 1145, 1034, 821; 
1
H NMR (CDCl3, 600 MHz, 

298 K):  8.44 (d, 2H, J = 9Hz, HAr), 8.11 (s, 1H, HAr), 7.80 (d, 2H, J = 8.4Hz, HAr), 7.75 

(s, 2H, HAr), 6.99 (d, 2H, J = 8.4Hz, HAr), 4.09-4.13 (m, 8H, 4 × OCH2), 1.87 (m, 8H, 4 × 

CH2), 1.50 (m, 8H, 4 × CH2), 1.26-1.38 (m, 96H, 48 × CH2), 0.88 (s, 12H, 4 × CH3); 
13

C 

NMR (CDCl3, 150 MHz, 298 K):  166.31, 163.04, 152.91, 149.58, 144.60, 138.69, 

125.04, 121.35, 115.99, 112.98, 112.14, 69.67, 69.36, 32.15, 29.94, 29.89, 29.64, 29.59, 

29.45, 29.34, 26.27, 22.91, 14.33; MALDI TOF MS: m/z for C85H142N5O6 [M+H
+
], 

calculated: 1329.0950, Found: 1329.5650. 

Synthesis of 2,6-bis(5-(3,4,5-tris(hexadecyloxy)phenyl)-1,3,4-oxadiazol-2-yl)pyridine 

(PO3): 

Pyridine dicarboxyllic acid (0.7 mmol) in 4 mL of thionyl chloride and DMF (2-3 drops) 

was heated under reflux for 8 h. The excess of thionyl chloride was removed by 

distillation and the crude product (pyridine di acid chloride) was dried in vacuo and used 

for the next reaction without further purification and characterization. The solution of 

pyridine diacid chloride (0.6 mmol, 1 equiv.) in THF was added dropwise to a solution of 

solution of 3,4,5-tris(hexadecyloxy)benzohydrazide (1.2 mmol, 2.05 equiv.) and 

triethylamine (1.2 mmol, 2 equiv.) in THF (15 mL). The reaction mixture was stirred at 
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55 
o
C for 12 h. After cooling, THF was removed through distillation and the residue was 

extracted with EtOAc. The extract was washed with water and brine, dried over Na2SO4 

and concentrated. The resulting crude product (12c) was directly used for next reaction.  

The solution of crude product 12c (1.2 mmol, 1 equiv.) in POCl3 (10 mL) was refluxed 

for 24 h. After the reaction, the crude mixture was dropwise added to ice water. Then, it 

was extracted with DCM. After removal of solvent in vacuo, the crude product was 

further purified through column chromatography on neutral alumina. Elution with DCM 

yielded the desired product. Again, the product was recrystallized with DCM-ethanol 

system (2:1). 

Rf  = 0.68 (80% DCM-hexane); white solid; yield: 65%; IR (KBr pellet): max in cm
-1

 

3438, 2961, 2917, 2849, 1640, 1593, 1467, 1123, 837, 720; 
1
H NMR (CDCl3, 600 MHz, 

298 K):  8.43 (d, 2H, J = 6Hz, HAr), 8.13 (t, 1H, HAr), 7.42 (s, 4H, HAr), 4.08 (t, 8H, 4 × 

OCH2), 4.05 (t, 4H, 2 × OCH2) 1.75-1.86 (m, 12H, 6 × CH2), 1.46-1.50 (m, 12H, 6 × 

CH2), 1.25-1.36 (m, 144H, 72 × CH2), 0.87 (t, 18H, 6 × CH3); 
13

C NMR (CDCl3, 150 

MHz, 298 K):  170.82, 168.56, 153.86, 149.63, 138.68, 125.12, 122.46, 106.98, 73.92, 

69.75, 32.16, 30.59, 29.96, 29.82, 29.67, 29.60, 26.34, 22.91, 14.33; MALDI TOF MS: 

m/z for C117H206N5O8 [M+H
+
], calculated: 1810.5900, Found: 1810.1970. 

Synthesis of 2,6-bis(5-(3,4,5-tris(dodecyloxy)phenyl)-1,3,4-oxadiazol-2-yl)pyridine 

(PO4): 

Pyridine dicarboxyllic acid (0.7 mmol) in 4 mL of thionyl chloride and DMF (2-3 drops) 

was heated under reflux for 8 h. The excess of thionyl chloride was removed by 

distillation and the crude product (pyridine di acid chloride) was dried in vacuo and used 

for the next reaction without further purification and characterization. The solution of 

pyridine diacid chloride (0.6 mmol, 1 equiv.) in THF was added dropwise to a solution of 

solution of 3,4,5-tris(dodecyloxy)benzohydrazide (1.2 mmol, 2.05 equiv.) and 

triethylamine (1.2 mmol, 2 equiv.) in THF (15 mL). The reaction mixture was stirred at 

55 
o
C for 12 h. After cooling, THF was removed through distillation and the residue was 

extracted with EtOAc. The extract was washed with water and brine, dried over Na2SO4 

and concentrated. The resulting crude product (12d) was directly used for next reaction.  

The solution of crude product 12d (1.2 mmol, 1 equiv.) in POCl3 (10 mL) was refluxed 

for 24 h. After the reaction, the crude mixture was dropwise added to ice water. Then, it 

was extracted with DCM. After removal of solvent in vacuo, the crude product was 
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further purified through column chromatography on neutral alumina. Elution with DCM 

yielded the desired product. Again, the product was recrystallized with DCM-ethanol 

system (2:1). 

Rf  = 0.66 (80% DCM-hexane); white solid; yield: 65%; IR (KBr pellet): max in cm
-1

 

3445, 2918, 2849, 1589, 1520, 1467, 1420, 1277, 1149, 808; 
1
H NMR (CDCl3, 600 MHz, 

298 K):  8.43 (d, 2H, J = 6Hz, HAr), 8.13 (t, 1H, J = 6Hz, HAr), 7.42 (s, 4H, HAr), 4.08 

(t, 8H, J = 6Hz, 4 × OCH2), 4.05 (t, 4H, J = 6Hz, 2 × OCH2) 1.76-1.85 (m, 8H, 4 × CH2), 

1.46-1.50 (m, 4H, 2 × CH2), 1.35-1.36 (m, 12H, 6 × CH2), 1.25-1.33 (m, 96H, 48 × CH2), 

0.87 (t, 18H, J = 6Hz, 6 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K):  166.36, 163.14, 

153.86, 144.56, 142.07, 138.79, 125.21, 118.10, 106.12, 73.87, 69.68, 32.13, 29.95, 

29.90, 29.86, 29.80, 29.63, 29.56, 26.32, 26.29, 22.89, 14.31; MALDI TOF MS: m/z for 

C93H158N5O8 [M
+
], calculated: 1473.2105, Found: 1473.7620. 

Synthesis of 2,6-bis(5-(4-(hexadecyloxy)phenyl)-1,3,4-thiadiazol-2-yl)pyridine (PT1): 

Pyridine dicarboxyllic acid (0.7 mmol) in 4 mL of thionyl chloride and DMF (2-3 drops) 

was heated under reflux for 8 h. The excess of thionyl chloride was removed by 

distillation and the crude product (pyridine di acid chloride) was dried in vacuo and used 

for the next reaction without further purification and characterization. The solution of 

pyridine diacid chloride (0.6 mmol, 1 equiv.) in THF was added dropwise to a solution of 

solution of 4-(hexadecyloxy) benzohydrazide (1.2 mmol, 2.05 equiv.) and triethylamine 

(1.2 mmol, 2 equiv.) in THF (15 mL). The reaction mixture was stirred at 55 
o
C for 12 h. 

After cooling, THF was removed through distillation and the residue was extracted with 

EtOAc. The extract was washed with water and brine, dried over Na2SO4 and 

concentrated. The resulting crude product (12a) was directly used for next reaction.  

The solution of crude product 12a (1.2 mmol, 1 equiv.) in dry toluene (8 mL) was added 

dropwise to a solution of Lawesson‟s reagent (3 mmol, 2.4 equiv.) in toluene at room 

temperature under argon atmosphere and refluxed for 24 h. After the reaction, toluene 

was evaporated under reduced pressure.  After removal of solvent in vacuo, the crude 

product was further purified through column chromatography on neutral alumina. Elution 

with DCM followed by 5-10% EtOAc-hexane yielded the desired product. Again, the 

product was recrystallized with DCM-ethanol system (2:1). 

Rf  = 0.5 (50% DCM-hexane); white solid; yield: 58%; IR (KBr pellet): max in cm
-1

 3417, 

2919, 2849, 1606, 1516, 1432, 1407, 1310, 1256, 836; 
1
H NMR (CDCl3, 600 MHz, 298 
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K):  8.43 (d, 2H, J = 7.8Hz, HAr), 8.02 (t, 1H, J = 6Hz, HAr), 8.01 (d, 4H, J = 6Hz, HAr), 

7.00 (d, 4H, J = 7.8Hz, HAr), 4.03 (t, 4H, 2 × OCH2), 1.79-1.86 (m, 4H, 2 × CH2), 1.44-

1.48 (m, 4H, 2 × CH2), 1.26-1.34 (m, 48H, 24 × CH2), 0.88 (t, 6H, 2 × CH3); 
13

C NMR 

(CDCl3, 150 MHz, 298 K):  170.50, 168.19, 162.00, 149.53, 138.60, 129.80, 122.73, 

122.12, 115.26, 68.51, 32.51, 29.93, 29.91, 29.88, 29.82, 29.79, 29.61, 29.59, 29.36, 

26.22, 22.92, 14.36; MALDI TOF MS: m/z for C53H78N5O2S2 [M+H
+
], calculated: 

880.5600, Found: 880.9410. 

Synthesis of 2,6-bis(5-(3,4-bis(hexadecyloxy)phenyl)-1,3,4-thiadiazol-2-yl)pyridine 

(PT2): 

Pyridine dicarboxyllic acid (0.7 mmol) in 4 mL of thionyl chloride and DMF (2-3 drops) 

was heated under reflux for 8 h. The excess of thionyl chloride was removed by 

distillation and the crude product (pyridine di acid chloride) was dried in vacuo and used 

for the next reaction without further purification and characterization. The solution of 

pyridine diacid chloride (0.6 mmol, 1 equiv.) in THF was added dropwise to a solution of 

solution of 3,4-bis(hexadecyloxy)benzohydrazide (1.2 mmol, 2.05 equiv.) and 

triethylamine (1.2 mmol, 2 equiv.) in THF (15 mL). The reaction mixture was stirred at 

55 
o
C for 12 h. After cooling, THF was removed through distillation and the residue was 

extracted with EtOAc. The extract was washed with water and brine, dried over Na2SO4 

and concentrated. The resulting crude product (12b) was directly used for next reaction.  

The solution of crude product 12b (1.2 mmol, 1 equiv.) in dry toluene (8 mL) was added 

dropwise to a solution of Lawesson‟s reagent (3 mmol, 2.4 equiv.) in toluene at room 

temperature under argon atmosphere and refluxed for 24 h. After the reaction, toluene 

was evaporated under reduced pressure.  After removal of solvent in vacuo, the crude 

product was further purified through column chromatography on neutral alumina. Elution 

with DCM followed by 5-10% EtOAc-hexane yielded the desired product. Again, the 

product was recrystallized with DCM-ethanol system (2:1). 

Rf  = 0.55 (50% DCM-hexane); white solid; yield: 55%; IR (KBr pellet): max in cm
-1

 

3417, 2918, 2848, 1637, 1520, 1420, 1387, 1277, 1149, 808; 
1
H NMR (CDCl3, 600 MHz, 

298 K):  8.45 (d, 2H, J = 9Hz, HAr), 8.03 (s, 1H, HAr), 7.71 (d, 2H, J = 9Hz, HAr), 7.54 

(d, 2H, J = 8.4Hz, HAr), 6.95 (d, 2H, J = 8.4Hz, HAr), 4.13 (t, 4H, 2 × OCH2), 4.08 (t, 4H, 

2 × OCH2), 1.85-1.90 (m, 8H, 4 × CH2), 1.51 (m, 8H, 4 × CH2), 1.25-1.49 (m, 96H, 48 × 

CH2), 0.87 (t, 12H, 4 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K):  170.69, 168.20, 
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152.31, 149.67, 149.62, 138.62, 123.03, 122.21, 122.08, 113.31, 112.46, 69.65, 69.43, 

32.11, 29.90, 29.85, 29.60, 29.55, 29.42, 29.33, 26.23, 26.20, 22.87, 14.29; MALDI TOF 

MS: m/z for C85H142N5O4S2 [M+H
+
], calculated: 1361.0500, Found: 1361.8440. 

Synthesis of 2,6-bis(5-(3,4,5-tris(hexadecyloxy)phenyl)-1,3,4-thiadiazol-2-yl)pyridine 

(PT3): 

Pyridine dicarboxyllic acid (0.7 mmol) in 4 mL of thionyl chloride and DMF (2-3 drops) 

was heated under reflux for 8 h. The excess of thionyl chloride was removed by 

distillation and the crude product (pyridine di acid chloride) was dried in vacuo and used 

for the next reaction without further purification and characterization. The solution of 

pyridine diacid chloride (0.6 mmol, 1 equiv.) in THF was added dropwise to a solution of 

solution of 3,4,5-tris(hexadecyloxy)benzohydrazide (1.2 mmol, 2.05 equiv.) and 

triethylamine (1.2 mmol, 2 equiv.) in THF (15 mL). The reaction mixture was stirred at 

55 
o
C for 12 h. After cooling, THF was removed through distillation and the residue was 

extracted with EtOAc. The extract was washed with water and brine, dried over Na2SO4 

and concentrated. The resulting crude product (12c) was directly used for next reaction. 

The solution of crude product 12c (1.2 mmol, 1 equiv.) in dry toluene (8 mL) was added 

dropwise to a solution of Lawesson‟s reagent (3 mmol, 2.4 equiv.) in toluene at room 

temperature under argon atmosphere and refluxed for 24 h. After the reaction, toluene 

was evaporated under reduced pressure.  After removal of solvent in vacuo, the crude 

product was further purified through column chromatography on neutral alumina. Elution 

with DCM followed by 5-10% EtOAc-hexane yielded the desired product. Again, the 

product was recrystallized with DCM-ethanol system (2:1). 

Rf  = 0.58 (50% DCM-hexane); white solid; yield: 55%; IR (KBr pellet): max in cm
-1

 

3438, 2950, 2917, 2849, 1585, 1432, 1331, 1124, 813, 773; 
1
H NMR (CDCl3, 600 MHz, 

298 K):  8.46 (d, 2H, J = 9Hz, HAr), 8.04 (t, 1H, HAr), 7.28 (s, 4H, HAr), 4.10 (t, 8H, 4 × 

OCH2), 4.05 (t, 4H, 2 × OCH2), 1.75-1.88 (m, 12H, 6 × CH2), 1.35-1.53 (m, 12H, 6 × 

CH2), 1.25-1.29 (m, 144H, 72 × CH2), 0.87 (m, 18H, 6 × CH3);  
13

C NMR (CDCl3, 150 

MHz, 298 K):  169.11, 166.76, 153.83, 141.37, 131.55, 130.29, 130.12, 127.27, 124.93, 

106.80, 73.89, 69.65, 32.15, 30.56, 29.94, 29.88, 29.81, 29.64, 29.59, 26.32, 22.91, 14.32; 

MALDI TOF MS: m/z for C117H206N5O6S2 [M+H
+
], calculated: 1841.5404, Found: 

1841.835. 
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Synthesis of 2,6-bis(5-(3,4,5-tris(dodecyloxy)phenyl)-1,3,4-thiadiazol-2-yl)pyridine 

(PT4): 

Pyridine dicarboxyllic acid (0.7 mmol) in 4 mL of thionyl chloride and DMF (2-3 

drops) was heated under reflux for 8 h. The excess of thionyl chloride was removed by 

distillation and the crude product (pyridine di acid chloride) was dried in vacuo and used 

for the next reaction without further purification and characterization. The solution of 

pyridine diacid chloride (0.6 mmol, 1 equiv.) in THF was added dropwise to a solution of 

solution of 3,4,5-tris(dodecyloxy)benzohydrazide (1.2 mmol, 2.05 equiv.) and 

triethylamine (1.2 mmol, 2 equiv.) in THF (15 mL). The reaction mixture was stirred at 

55 
o
C for 12 h. After cooling, THF was removed through distillation and the residue was 

extracted with EtOAc. The extract was washed with water and brine, dried over Na2SO4 

and concentrated. The resulting crude product (12d) was directly used for next reaction.  

The solution of crude product 12d (1.2 mmol, 1 equiv.) in dry toluene (8 mL) was added 

dropwise to a solution of Lawesson‟s reagent (3 mmol, 2.4 equiv.) in toluene at room 

temperature under argon atmosphere and refluxed for 24 h. After the reaction, toluene 

was evaporated under reduced pressure.  After removal of solvent in vacuo, the crude 

product was further purified through column chromatography on neutral alumina. Elution 

with DCM followed by 5-10% EtOAc-hexane yielded the desired product. Again, the 

product was recrystallized with DCM-ethanol system (2:1). 

Rf  = 0.58 (50% DCM-hexane); white solid; yield: 60%; IR (KBr pellet): max in cm
-1

 

3444, 2919, 2849, 1606, 1516, 1432, 1407, 1310, 1256, 1024; 
1
H NMR (CDCl3, 600 

MHz, 298 K):  8.46 (d, 2H, J = 9Hz, HAr), 8.04 (t, 1H, J = 9Hz, HAr), 7.29 (s, 4H, HAr), 

4.10 (t, 8H, J = 6Hz, 4 × OCH2), 4.05 (t, 4H, J = 6Hz, 2 × OCH2) 1.86-1.87 (m, 8H, 4 × 

CH2), 1.78-1.85 (m, 4H, 2 × CH2), 1.36-1.52 (m, 12H, 6 × CH2), 1.27-1.31 (m, 96H, 48 × 

CH2), 0.88 (t, 18H, J = 6Hz, 6 × CH3); 
13

C NMR (CDCl3, 150 MHz, 298 K):  170.78, 

168.54, 153.82, 149.56, 141.45, 138.64, 125.08, 122.42, 106.86, 73.87, 69.67, 32.13, 

30.56, 29.88, 29.58, 26.31, 22.89, 14.31; MALDI TOF MS: m/z for C93H158N5O6S2 

[M+H
+
], calculated: 1505.1650, Found: 1505.8340. 
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Appendix 

 

Figure 5.1. 
1
H NMR (600MHz) spectra of TZ1 in CDCl3. 

 

Figure 5.2. 
13

C NMR (150MHz) spectra of TZ1 in CDCl3. 

 

Figure 5.3. 
1
H NMR (600MHz) spectra of TZ2 in CDCl3. 
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Figure 5.4. 
13

C NMR (150MHz) spectra of TZ2 in CDCl3. 

 

Figure 5.5. 
1
H NMR (600MHz) spectra of TZ3 in CDCl3. 

 

Figure 5.6. 
13

C NMR (150MHz) spectra of TZ3 in CDCl3. 
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Figure 5.7. 
1
H NMR (600MHz) spectra of TZ4 in CDCl3. 

 

Figure 5.8. 
13

C NMR (150MHz) spectra of TZ4 in CDCl3. 

 

Figure 5.9. 
1
H NMR (600MHz) spectra of TO1 in CDCl3. 
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Figure 5.10. 
13

C NMR (150MHz) spectra of TO1 in CDCl3. 

 

Figure 5.11. 
1
H NMR (600MHz) spectra of TO2 in CDCl3. 

 

Figure 5.12. 
13

C NMR (150MHz) spectra of TO2 in CDCl3. 
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Figure 5.13. 
1
H NMR (600MHz) spectra of TO3 in CDCl3. 

 

Figure 5.14. 
13

C NMR (150MHz) spectra of TO3 in CDCl3. 

 

Figure 5.15. 
1
H NMR (600MHz) spectra of TT1 in CDCl3. 
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Figure 5.16. 
13

C NMR (150MHz) spectra of TT1 in CDCl3. 

 

Figure 5.17. 
1
H NMR (600MHz) spectra of TT2 in CDCl3. 

 

Figure 5.18. 
13

C NMR (150MHz) spectra of TT2 in CDCl3. 
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Figure 5.19. 
1
H NMR (600MHz) spectra of TT3 in CDCl3. 

 

Figure 5.20. 
13

C NMR (150MHz) spectra of TT3 in CDCl3. 

 

Figure 5.21. 
1
H NMR (600MHz) spectra of PO1 in CDCl3. 
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Figure 5.22. 
13

C NMR (150MHz) spectra of PO1 in CDCl3. 

 

Figure 5.23. 
1
H NMR (600MHz) spectra of PO2 in CDCl3. 

 

Figure 5.24. 
13

C NMR (150MHz) spectra of PO2 in CDCl3. 

TH-1882_136122026



Appendix 

189 

  

 

Figure 5.25. 
1
H NMR (600MHz) spectra of PO3 in CDCl3. 

 

Figure 5.26. 
13

C NMR (150MHz) spectra of PO3 in CDCl3. 

 

Figure 5.27. 
1
H NMR (600MHz) spectra of PT1 in CDCl3. 
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Figure 5.28. 
13

C NMR (150MHz) spectra of PT1 in CDCl3. 

 

Figure 5.29. 
1
H NMR (600MHz) spectra of PT2 in CDCl3. 

 

Figure 5.30. 
13

C NMR (150MHz) spectra of PT2 in CDCl3. 
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Figure 5.31. 
1
H NMR (600MHz) spectra of PT3 in CDCl3. 

 

Figure 5.32. 
13

C NMR (150MHz) spectra of PT3 in CDCl3. 
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