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1.1 Supramolecular Chemistry 

Supramolecular chemistry is “chemistry beyond the molecule” as define by Jean 

Marie Lehn1 who was awarded with the Nobel prize in chemistry in 1987 for his 

contribution in development of molecule which can mimic important chemical 

function in the living organism. It is an active area of research mainly referring to 

understand the non-covalent interactions like H-bonding, π-π interactions, van der 

Waals Interactions and hydrophobic forces and using them to make 

supramolecules from molecules with potential applications. Non-bonded 

interactions between molecules form the basis of highly specific functions, 

reaction, transport in the living organisms such as substrate binding with receptor 

unit, enzymatic reactions, assembling of multiprotein complexes, and many more. 

1.2 Self assembly 

Self-assembly is the spontaneous and reversible self-organisation of the molecule 

to form a complex entity with the help of various non-covalent interactions2–4. 

Any self-assembly has three distinct features, that are 

1) Order: It must consist of a high order than the isolated molecule. 

2) Interaction: In this various non-covalent interaction like H-bonding, π-π 

interactions, van der Waals Interactions and hydrophobic forces important 

as they determine the physical state and solubility in the liquid, 

furthermore they provide direction and specificity in the self-assembly 

process. 

3) Building block: They consist of an atom or molecule comprising of 

different shape and functional groups. 

Generally, it implies that self-assembly is depends upon the three distinct features 

that building block must consist of a required functional group which self-

assembled with the help of various interaction to form assembly of high order. 

One of the elegant examples of supramolecular assembly is supramolecular gels 

or physical gels.  
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1.3 Supramolecular gel 

Supramolecular gels are defined by various researchers in diverse ways. In 1861 

Graham define gel as “The colloid possesses ENERGIA. It may be looked upon as 

the probable primary source of the force appearing in the phenomena of vitality”5 . 

According to Jordan Llyod “the colloid condition, the ‘gel’ is one which is easier 

to recognise than to define”6. Herman had defined gels in more elaborate as, “(a) . 

. . are coherent colloid disperse systems of at least two components, (b) . . . exhibit 

mechanical properties characteristic of the solid state. . .,” and “(c) both the 

dispersed component and the dispersion medium extend themselves continuously 

throughout the whole system”7. In Supramolecular gel, immobilization of solvents 

usually occurs due to low molecular weight gelators (LMWGs) typically having 

molecular weight less than ~3000 Daltons, self-assembled into fibre, ribbons, sheets 

and sphere utilizing various non-covalent interactions to form 3D network to confine 

the solvents in it. (Scheme 1.1) 

 

Scheme 1.1  Mechanism of gelation 

1.3.1 Classification of supramolecular gel 

Supramolecular gel, a colloidal state, contain dispersion medium and dispersed phase. 

They can be classified based on the solvents gelled by LMWGs (Figure 1.1) or nature 

of non-covalent interactions generating the cross-linked 3D network immobilizing the 

solvent (Figure 1.2).   

 

Figure 1.1  Classification of gels on the basis of medium 
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Figure 1.2 Classification based on cross linking. 

1.3.2 Low Molecular weight gelators (LMWGs) 

LMWGs are the molecule which are the building blocks consisting of different 

functional groups (urea, amide, thiourea nucleobases, etc.) and organic/inorganic 

backbone (anthryl, carbohydrates, amino acids, dendrimers, etc) (Figure 1.3). It is 

well understood that the gelation is a balance between solubilization and 

crystallization, therefore to the gel the given solvent molecule should provide this 

delegate balance of solubilization and crystallization. Therefore, in any gelator must 

contain the solvophobic groups to promote aggregation and solvophilic groups for 

solubility. Yet it is not possible to design the gelator definitely giving gel in selected 

solvent and the discoveries of gelator is still fluke. 

 

Figure 1.3 Various functional groups present in LMWGs 
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1.3.2.1 Urea based LMWGs 

As fundamental strategy to design LMWGs is to incorporate the functional group 

which can induce the one dimensional self-assembly through non-covalent 

interactions. Urea is the prominent choice due to their ability to form directional 

assemblies. LMWGs containing urea functionality are summarized in the excellent 

reviews8,9. In the present literature review, we would like to discuss some of the 

potential applications of urea based gelators as follows: 

Environmental remediation 

Supramolecular gels have high porosity and solvent compatibility which makes them 

potential substances to solve the various environmental issue10. For instance 

Yamanaka et al. synthesized the amphiphilic lactose-based urea(1a-1e) with the 

alkyl chain ranging from hexyl to decyl group and was probed for their gelation 

capability11(Scheme 1.2). It was found that length of alkyl chain significantly affects 

the gelation ability. 1c Hydrogel so formed was able to entrap the cationic organic 

dyes like Rhodamine 6G which is stable even when submerged in water. Furthermore, 

hydrogel shows sol-gel transition in the presence of β-galactosidase enzyme (mainly 

present in small intestine) due to the hydrolysis of lactose group and slowly release 

the dye. Thus, this property can make hydrogel a carrier of the drug. In another work 

by Hayes et al. investigated eight pH sensitive hydrogelators (2a-2h) (Scheme 1.2) 

containing bis aromatic urea core containing carboxylic acid functional group on one 

aromatic core12.  

 

Scheme 1.2 Chemical structure of gelators reported in the literature 
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Gel is found to form at low pH by simply introducing the mineral acid in the system. 

Out of eight hydrogelators 2a, 2f and 2h were most efficient in the uptake of 

methylene blue from its solution which opens the new prospect for designing high 

efficiency water purification systems. Study presented by Corea et al. they 

synthesized ten compounds consisting of urea and carbamate functional group with 

the fixed hydrophobic part (Hexadecyl chain), while the hydrophilic part was varied 

to compare their ability to form supramolecular gels13. Urea derivative was found to 

be a better gelator than amide which is attributed to the additional N-H group in the 

molecule. Furthermore, removal efficiency of organic solvent from water is also 

tested using urea(3d) and amide derivatives (Scheme 1.2). J.W. Steed and his co-

workers developed L-phenylalanine derived bis-urea supramolecular hydrogel 

consisting of the fluorescent hybrid quantum dots and enzymes like 

acetylcholinesterase (AChE) and choline oxidase (ChOx)14. The enzyme-

functionalized gel (4) network so produced can detect insecticide dichlorvos with the 

detection limit of 2.61 X 10-8 M which outperformed biosensor available and 

provided a new scope for the development of environmental benign techniques 

(Scheme 1.2).  

Stimuli responsiveness 

The intrinsic property of supramolecular gel is their reversible gel to sol transition in 

response to the external stimuli like heat, pH, light, sound and chemicals. Smart 

stimuli responsive supramolecular gels can be synthesized by simply incorporating 

receptor units in LMWGs backbone. For instance, in the interesting work of Steed et 

al. three novel bis urea compounds containing tetraethyl diphenylmethane spacer has 

been synthesized. One of the gelator(5) (Scheme 1.3) was found to give gel in the 

mixture DMSO:Water15. Anion dependent study was done on the same gel system, 

and was found that anions like Fluoride, benzoate inhibit the gel formation, whereas 

dihydrogenphosphate (H2PO4
-) delay the gelation by 24 hours. Overall work opens 

new realm in the field of biomedical applications. Damodaran et al. had reported 

pioneer work of showing the role of non-covalent interactions by altering the 

functional groups in pre reported gelators16. In this pyridyl moieties of the two 

gelators (viz amide and urea based) are modified to Pyridyl N-oxide (6a-6b) (Scheme 

1.3). 
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Scheme 1.3  Chemical structure of gelators reported in the literature 

This modification of parent gelators enhanced thermal and mechanical stability and 

induced the gelation properties in solvents and mixture of solvents. Furthermore, 

stimuli responsive properties were studied, where 6a shows better anion sensing than 

6b towards Iodide, acetate and cyanide salts. Similar study has been carried out by 

the Damodaran et al. where linkers are also modified and gelation and stimuli-

responsive properties are compared with the parent molecules17. Additionally, it was 

demonstrated that most of the salt used in the study enhanced the mechanical stability 

of the hydrogel of 7a-7d (Scheme 1.3) with the exception of aluminium chloride, 

cadmium chloride, zinc chloride, and copper chloride where degelation is observed. 

Yamanaka et al. designed tris-urea(8) (Scheme 1.3) compound containing resorcinol 

hydrophilic units which can gelate basic buffers whose pH ranges from 10-1118. This 

system is found to be responsive to the pH changes and gelation and de-gelation can 

easily be achieved by adding NaOH and Boric acid in appropriate amount. 
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Scheme 1.4  Chemical structure of gelators reported in the literature 

Damodaran et al. have developed the amide and urea like hydrazone (9a)(Scheme 

1.4) and semicarbazone (9b)(Scheme 1.9) and their gelation properties were probed19. 

10b was found to be more fibrous and having better thermal and mechanical stability 

as compared to 9a. Stimuli responsive studies includes the effect of metal salts and 

anion on the gels and suggests that metal disrupts the gel network to give sol whereas 

anion isn’t able induce any gel-sol transition. 

Cosmetic and biomedical application 

Paderas et al. designed sixteen various molecules bearing cyclic and aromatic centre 

and their gelation capabilities and rheology modifier properties is probed in cosmetic 

solvents20. Aim of the study explore the organogels obtained and tuning its properties 

for efficient use in the commercial cosmetic formulations. Structure of some of the 

best gelators (10a and 10b) is provided in the scheme 1.4. Beloglazkina et al. 

synthesized urea and Fmoc containing diphenylalanine based hexaamide(11)(Scheme 

1.4) and screen it in various solvents for its gelation properties21. Using various 

physicochemical techniques, authors obtained main driving force for the gelation and 

also demonstrated the effect of solvent on the morphology of the gel. An approach of 

attaching the alkyl Urea to the amino end of the different pseudopeptidic structure by 

Luis et al was found to show the excellent gelation capabilities in organic solvents of 

different nature22. 
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Scheme 1.5 Chemical structure of gelators reported in the literature 

Study of three gelators indicates that simple addition of supramolecular guest like 

suberic acid with 12 (Scheme 1.5) can achieve the gelation of active substance like 

terpene natural oils and mixture of flavours and fragrances. This property could be 

useful to develop supramolecular systems for control release of active compounds. 

Jung et al. demonstrated the in-situ formation of mixing 1,3-diclohexaneamine and 

isocyanate derivative without any catalyst in various solvents23, leading to the 

formation of urea moiety (13) and thermally reversible supramolecular gel through 

intermolecular hydrogen bonding (Scheme 1.5). 

In a new approach by Dawn et al., show that two pyridyl based bis-urea derivative 

(14a and 14b) can be design to eliminate the other interactions which interfere in the 

gel formation and can gel the solvent even in the presence and absence of metal 

ions24. Moreover, 14b and mixed ligand 14a +14b can form hydrogels even in the 

absence of metal ions (Scheme 1.5). Such study is found to be beneficial for designing 

a new metallosupramolecular gels with potential functional applications.  
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1.3.2.2 Amide based LMWGs 

Environment remediation applications 

Castillo et al. designed bis-amide derivative containing hydroxybenzoic acid aromatic 

core (15) (Scheme 1.6) and tested in various solvents for its gelation capabilities25. 

Gelator was found to be useful for gelling fuels like gasoline and diesel. Furthermore, 

it is able to selectively immobilize gasoline from the water/gasoline mixture and may 

find application in remediation of oil spills in the water bodies. 

 

Scheme 1.6 Chemical structure of gelators reported in the literature 

Hou et al.  prepared the series of compounds consist of two cholesterol molecule and 

two hydrophobic chain via amide linker connected to tetrathiafulvalene core26. It was 

demonstrated that the gel of 16(Scheme 1.6) in cyclohexane solvent had strong ability 

to absorb toxic dye Rhodamine B from its solution. Additionally, half of molecule 

from the series show liquid crystalline phase of type Smectic A. In another work by 

Gimenez et al. synthesized Pyrazole dendrons consist of two different linkers viz. 

amide(17a-17d) (Scheme 1.6) and ether are also investigated for its liquid crystalline 

(LC)/gel behaviour27. The study concludes that the series containing amide linkers 

produces super gel and also stabilizes the LC behaviour with the luminescence in the 

aggregated states. The work opens new window for development of stimuli 

responsive soft matter with the aggregation induced emission. 
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Akbulut et al. reported novel pH-responsive two component gel system consist of 

long chain amino-amide (18)(Scheme 1.6) and maleic acid28. The system 

demonstrated the sol-gel transition from pH 2 to 10. According to authors system 

demonstrated far better static viscosity, salt stability, enhanced oil recovery 

applications and pH responsiveness than traditional system like 

Cetyltrimethylammonium bromide or chloride (CTAB or CTAC).  

Han et al. prepared two dehydroabietic-based mono-amide (19a) and diamide (19b) 

(Scheme 1.6) which can gel various mixed and single solvents29. Various physico-

chemical techniques were employed and gelation mechanism was established. 

Additionally, carbon tetrachloride (CCl4) gel of 19b was found to effectively remove 

Congo red dye from the aqueous solutions. A work published by Makeiff et al. 

expands the design of supramolecular self-assembled networks (20i) for the 

purification of water and environmental remediation by selectively gelation of oil 

from oil-water mixture and removing the dye from water samples30. In this work 

novel 5-alkylamido isophthalic acid derivatives with linear (20a-20f) (Scheme 1.7) 

and branched alkyl chain with amide has been synthesized. Particularly, compounds 

with the branched alkyl chain (20g-20i) show ‘supergelator’ behaviour, forming gel 

stable upto months. Gelator ((20a-20f) displayed H-bonding and π-π stacking of 

aromatic groups as driving force of gelation and its application for removal of 

unwanted material was established. 

Biomedical applications 

Jamal et al. synthesized gel of L-glutamine amide derivative and benzaldehyde(21) 

(Scheme 1.7) having self-healing characteristics for Nasal delivery of Parkinson’s 

disease drug L-DOPA31. This neurologically active drug loaded hydrogel can 

potentially avoid first pass liver metabolism and bypass the blood brain barrier, 

enhancing brain uptake of drug. Animal studies confirms and demonstrate that this 

drug-hydrogel system outperformed a simple intranasal L-DOPA solution. In the 

work by Wang et al. include the synthesis of a series of para-chlorobenzylidene acetal 

protected D-glucosamine amide derivatives(15 derivatives) to explore the influence of 

halide substitution32. 



 

Chapter 1 

12 

 

 

Scheme 1.7  Chemical structure of gelators reported in the literature 

Few derivatives developed remarkably stable gels at concentrations below 0.1% in 

aqueous solutions, the majority of derivatives formed gels in multiple solvents at 

concentrations below 2%. The gel of 22(Scheme 1.7) in water is used for 

encapsulation and control release of chloramphenicol and naproxen and gel of 22 in 

DMSO: water (1:1) is also used for removal of Toluidine blue dye from solution. In 

the research by Hong et al. ,low molecular weight gelator were constructed capable of 

gelling in mixed solvent of water and DMSO (or DMF) at only a fraction of 50% or 

more33. This behaviour indicates that gelation is efficiently modulated by the water 

content in the organic solvent. Furthermore, release of vitamin B12 from the gel of 

23(Scheme 1.7) in Water:DMSO(9:1) system was also evaluated following first order 

release mechanism. Additionally, xerogel shows good biocompatibility conclude by 

human unbilical venous endothelial cell culture studies which show that gel have 

potential of biological application in tissue engineering and control drug release. 

Makeiff et al. prepared the seven compounds consisting of different shape and size of 

alkyl chain connected to the benzimidazolone unit via amide(6 compounds) and 

urea(one compound) functional groups34. Gelation (24) behaviour was examined 

using Hansen Solubility parameters (Scheme 1.7) which established the role of amide 

functionality and branched chain backbone as designer element inducing better 

gelation property. Furthermore, cytotoxicity studies of all the compounds concludes 
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its biocompatibility and some molecules possessed therapeutic properties. Fitremann 

et al. in their work designed thirteen(25)(Scheme 1.8) biocompatible molecules based 

on gluconamide, glucoheptonamide, galactonamide, glucamide, aliphatic chains and 

glycine35. These molecules are then tested for their applicability in wet spinning and 

3D printing. Additionally, authors had also discussed the variation of microstructure 

with structural alterations. 

Dastidar et al. design the new series of organic-inorganic-hybrid-systems (OIHS) 

consisting of eight non-steroidal anti-inflammatory drugs as ligand and N-phenyl-3-

pyridylamide (26a) (Scheme 1.8) and N-phenyl-4-pyridylamide (26b), and Zn(NO3)2 

as potential supramolecular metallogelators and can also act as a Drug Delivery 

systems(DDS)36.Most of the synthesized compounds displayed hydrogelation and 

interestingly, crystal structure of all the compounds show the amide-amide 1D 

synthon. One of the compounds showed promising result of anti-cancer activity for 

human breast cancer cell line. The results showed the advantage of crystal 

engineering approach in designing and developing metallogel for bio-medical 

applications. 

 

Scheme 1.8 Chemical structure of gelators reported in the literature 
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Herrera et al. presented the simply strategies to modify the pre-reported (S)-2-

stearamidopentandioic acid(C8-Glu) into (S)-2-(octadecylsulphonamido)pentanedioic 

acid (27)37(Scheme 1.8). The isosteric substitution of amide into Sulphonamide 

moiety provides enhanced thermal and mechanical properties at low concentration 

with pH-responsive properties. Furthermore, this modification amplifies the drug 

release ability of embedded antibiotic vancomycin leading to antibacterial in vitro 

against Staphylococcus aureu. Nanda et al. reported 1,8-Naphthalimide conjugate of 

dipeptide(28) (Scheme 1.8) which found to give J-aggregation in solid, liquid and gel 

state which is unique as compared to the properties generally show by unsubstituted 

Naphthalimide units38. The unsubstituted Naphthalimide units are highly fluorescent 

in solution, but in aggregation mode quenching is observed due to the face-to-face 

stacking of Naphthalimide units. This remarkable property of dipeptide conjugate of 

1,8-Naphthalimide gives Aggregation induced emission (AIE) properties. Finally, this 

property was used for live cell imaging. Hu et al. design and synthesized a gelator(29) 

(Scheme 1.8) consist of Tetraphenylethene core and four Glycyrrhizic acids linked via 

amide bond showing aggregation-induced emission (AIE) feature39. Gelation is 

observed in DMSO/Water and Prop-1,2-diol/Water system. Additionally, effect of 

water content on fluorescence emission was also studied. The work provides straight 

forward way to obtain AIE featured gelator obtained from natural products. 

Dastidar et al. synthesized five bis-amide based gelator decorated with 3-pyridine 

and L-phenylalanine groups along with the various substituted terminal benzoyl 

groups40. Gelation behaviour of all the compound is discussed, 30(Scheme 1.9) is able 

to gelate methyl salicylate (MS) used as solvent for topical formulation for medical 

applications. Selected MS gel loaded with nano-molar iodine showed anti-bacterial 

properties. Frkanec et al. synthesized two bis(amido acid)formamide vinyl esters 

(31a and 31b)(Scheme 1.9) molecules and tested for their gelation capabilities in 

various solvents41. Gelator molecule was found arrest the solvent via hydrogen 

bonding between amide and carboxyl group. 

As this molecule contains reactive alkyl group, gel system was successfully used to 

carry out polymerization reaction initiated by Gamma or Ultraviolet radiations with 

the transcript of gel structure into polymers.  
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Scheme 1.9 Chemical structure of gelators reported in the literature 

Anion and stimuli responsive 

Damodaran et al. prepared semicarbazone with the urea like motif(9b). Gel 

(DMSO:water) of 9b was prepared in the presence of sodium or potassium salt of 

various anions(1 equivalent) like fluoride, bromide, chloride, iodide, acetate and 

cyanide anions and no deformation of gel was observed. Same experiment with the 

higher concentration (5 equivalents) of anions was performed and interestingly, only 

cyanide ion was found to be capable of breaking the gel network. Cao et al. 

developed triphenylamine derivative (32)(Scheme 1.9) containing three pyridine 

group which can arrest toluene and o-dichlorobenzene to form yellow light emitting 

gel42. Additionally, this molecule is able to detect the methanol vapour with limit of 

detection (LOD) of 26.68 ppb. Detection mechanism includes transformation of enol 

form to amide type because of intermolecular hydrogen bonding interactions. 

Ma et al. developed a series of compounds (33a-33e)(Scheme 1.10) containing 

Tetrathiafulavene and cyanobiphenyl linked by thiaoalkanoyloxy spacer with varying 

chain length and amide functionality with hydrophobic chain on the other side of the 

Tetrathiafulavene unit43. All the compound was screened for gelation, but 33a 

compound with the shortest thiaoalkanoyloxy spacer able to gelate various organic 

solvents. Native gel displayed stimuli responsive property towards various external 

stimuli like Temperature, anions like Fluoride and chemical redox. 
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Scheme 1.10 Chemical structure of gelators reported in the literature 

 

Structure correlation studies 

Liu et al. in their work shows that how chirality and morphology can be altered 

through changing the core aromatic part in L-phenylalanine derived assemblies44. In 

the tuning of central core groups, right (34a and 34b) (Scheme 1.10) and left-handed 

(34c and 34d) fibrous structure was observed showing configurational regulated 

assembly behaviour. Haldar et al. had successfully demonstrated that how orientation 

of amide group can change the structure and self-assembly process of the 

compound45. In their work they had prepared the tripeptide (35a-35d) (Scheme 1.10) 

containing aromatic core and L-phenylalanine has been investigated and found that 

orientation of amide affects the intermolecular interactions which lead to the huge 

differences in the gelation properties. This result provides simple but important 

approach for fine tuning of futuristic functional materials. Rissanen et al. design six 

compounds (36a-f) (Scheme 1.10) consist of three different bile acid viz deoxycholic 

acid, cholic acid and lithocholic acid  with hexyl or cyclohexyl amide side chain46. 

Gelation studies concludes the gelator with lithocholic acid derivatives (36a,d) was 

most effective and also gelator with hexyl chain (36a-c) are far better than its 

cyclohexyl conjugates (36d-f) providing scope for the design of the gelator for 

required purpose. 
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Scheme 1.11 Chemical structure of gelators reported in the literature 

Delbecq et al. in their work prepared the four new long chain amidoamine derivatives 

(37c-f) (Scheme 1.11) which are quite similar to the molecules earlier reported 

(37a,b) in the literature47. They successfully showed that Hansen parameters can be 

efficiently used to predict the gelation capability in the family of compounds. They 

also demonstrated the effect of position and their number of amide group on gelation 

behaviour. Xue et al. designed six D-gluconic-acetal based molecule with variable 

structural fragments48. One of the compounds (38) (Scheme 1.10) consist of amide in 

side chain and two chlorine atoms linked to benzene ring was found to be outstanding 

gelator forming gel in n-Butanol with high transparency, good mechanical strength, 

self-supporting behaviour, and great self-healing ability from mechanical damage. 

Authors proposed that combine effect of hydrogen bonding and halogen effect 

promoted the self-healing property. Additionally, solvents parameters like Hansen 

solubility parameters and plots are also employed for efficient structure property 

correlation in solvents. 
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1.3.3 Characterization of Supramolecular gel 

 

Figure 1.4 Characterization technique for Supramolecular gels 

1.3.3.1 1H-NMR Spectroscopy 

1H NMR technique is widely used for the characterization of supramolecular gel and 

lots of information can be extracted from it49. Proton NMR probes the hydrogen 

nuclei in the molecule which is used to determine its structure and also helps to 

validate intra and inter molecular interactions. 1H NMR generally provides the 

chemical shift values which can be monitored during the process of aggregation, thus 

gives the knowledge of moieties taking part in the aggregation process driven by non-

covalent interactions. Commonly, temperature and concentration variation 1H NMR 

studies is carried out to investigate the molecular interaction. In concentration 

variation studies, if signal is found to be shifting upfield, it represents the formation of 

hydrogen bonding. In case of temperature variation studies, signal from gelators’ 

molecule was found to shift downfield with increase in the temperature, supporting 

the breaking of gel system, as gel is very sensitive to the temperature50. Additionally, 

sol-gel transition temperature can also be determined by temperature variation 

studies51. In this at very low temperature, the signal from the gelators’ molecule in gel 

phase almost vanished, suggesting strong intermolecular interactions, and gelators’ 

peaks will appear at specific temperature corresponding to the Tgel. Furthermore, it 

was also successfully used to determine the effective molar ratio in the two 

component gel system using integration approach52. Here advanced techniques like 
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High resolution magic angle spinning (HRMAS), Diffusion ordered NMR 

spectroscopy (DOSY), Nuclear Overhauser effect spectroscopy (NOESY) and 

Rotating frame nuclear Overhauser effect spectroscopy (ROESY) also used to 

determine the aggregation behaviour of gel system3,53. 

1.3.3.2 Infrared spectroscopy 

Infrared spectroscopy is the technique in which the sample is subjected to the light of 

infrared region (λ=2.5 to 25 μm), and the corresponding absorbance of the light of 

specific wavelength is measured. FT-IR spectroscopy is a reliable technique widely 

used for the characterization of organic and inorganic molecule. Of course, this 

technique is broadly used for characterization of LMWGs having characteristics of 

self-assembly. The non-covalent interactions responsible for aggregation/gelation 

behaviour can be effortlessly determine by using FT-IR as characterization tool. 

Generally by analysing and comparing the FT-IR spectra of gel and solution, the 

driving forces behind the aggregation can be inferred54,55. Furthermore, temperature 

variation study on gel phase, can be successfully applied to reveals the probable 

hydrogen bonding interaction56. 

1.3.3.3 Ultraviolet-Visible Spectroscopy 

UV-Visible spectroscopy, works on the similar principle as Infrared spectroscopy, but 

here instead of IR light, UV light is used. This technique is widely used as it can 

detect the change in the surrounding of particular group of gelator, hence helps to 

reveal the aggregation mechanism57–61. In this, different band corresponding to the 

gelator molecule is monitored with function of temperature, as decreasing band are 

favoured by gel network, whereas the increasing band favoured by the monomeric 

units of gelator62. So, by this simple analysis can leads to the understanding of 

participation of specific group in the gelation process. 

1.3.3.4 Fluorescence Spectroscopy 

Fluorescence spectroscopy, is the complementary technique to UV-Visible 

spectroscopy, since UV-Visible monitors transition from ground state to excited 

states, fluorescence deals with transition from excited state to ground state. Generally, 

the gelators containing photoisomerizable unit show unique property to react to the 

external stimuli like light. Das et. al. and Tian et. al. successfully describe the 

aggregation path of the gelators using florescence spectroscopy63,64. 
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1.3.3.5 Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy is powerful technique to probe the 

conformational and configurational changes in the system. As many supramolecular 

systems consists of chiral centre in its structure, and chirality of the molecule may 

play importance in mediating and directing the self-assembly, thus it is the best 

accordant method to explore the aggregation steps throughout the gelation process65–

67. Conformational information obtained by simple regulated heating and cooling 

cycle can tell about the aggregation process briefly68.  

1.3.3.6 Single crystal diffraction 

X-ray diffraction is non-destructive technique, relies on the phenomenon of X-ray 

scattering provides the better understanding of various bond and covalent interactions. 

In this angles and intensity of diffracted beam are monitored and from this using the 

suitable tool69,70 crystallographer can create 3-dimensional arrangement of electron 

density, which is helpful to provide the arrangements of atoms in the crystal lattice. 

X-ray crystal structure so obtained provides the insights of inter and intra molecular 

interactions, which are primary forces for the self-assembly process, and thus one 

easily utilized it for the prediction of gelation mechanism71–73. 

1.3.3.7 Wide-angle X-ray scattering 

In this technique, X-ray beam are allowed to incident on the sample and the results are 

observed as function of incident angle, polarization and the wavelength of diffracted 

beam. In this, scattering intensity was measured from the scattering angle of 2Ɵ 

values larger than 5°. The pattern so obtained was used to determine the crystallinity, 

chemical composition, phase of the sample. Every crystalline solid consist of the 

imaginary planes made up of atoms of the molecule define as d-spacing and the 

intensity is directly proportional to the number of atoms present in the plane. Thus, 

every solid will have unique pattern of d-spacing. Therefore, WAXS is important 

method to know the composition and texture of the sample. As WAXS is carried out 

on the xerogel and packing of molecule in gel differs from that of solid state. 

Therefore, various studies have been carried out to relate single crystal data with the 

WAXS data in different phase without losing the correlation between them74. So by 

simply analysing data from xerogel, crystal structure one can proposed the mechanism 

of aggregation in the gel state71,75. 
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1.3.3.8 Small angle X-ray scattering 

Small angle X-ray scattering is similar to that of WAXS, the only difference is 

distance between sample and detector is larger than WAXS and thus diffraction 

spectra is analysed with the scattering angle closed to 0-5°. Generally, this technique 

employed to get the data like average particle size, distribution, Molecular weight 

(Mw), radius of gyration (Rg) and maximum interplanar distance (Dmax).As 

supramolecular gel consists of fibers which are interconnected with the non-covalent 

interactions, the shape, size and distribution of this fibers can be extracted from the 

SAXS results.76–78. 

1.3.3.9 Small angle neutron scattering 

Small angle neutron scattering (SANS) is the technique, very similar to the SAXS. In 

SANS the beam of neutron is directed on the sample and these neutrons are elastically 

scattered by interaction of nuclei of the atoms. This technique is widely used to 

investigate the mesoscopic structures ranging from 1 nm  to 100 nm79. The scattering 

raw data collected is corrected with the background and the scattering from the empty 

cell. Then the final data so obtained was analysed using model-dependent and model-

independent analysis to extract the useful information. Usually the analysis is done at 

25°C but, depending upon the requirement the variables like temperature and 

concentration are changed accordingly80. 

1.3.3.10 Scanning electron microscopy 

Surface morphology can be easily probed using the scanning electron microscopy 

(SEM). It uses the beam of electron which are projected on the surface of the sample 

and their detailed surface topography and composition is obtained. In this incident 

beam of electron interact with the electron of sample detected by the detector to create 

an image. As gel is colloidal system, mainly consist of the liquid phase which 

immobilised by the small amount of LMWGs by the formation of 3D-network. The 

fibers from in the 3D-network have a size varies from few nanometers to micrometer, 

SEM is the useful technique to observe the morphology. From this image, length and 

width of fibers can be extracted. 

1.3.3.11 Transmission electron microscopy 

Transmission electron microscopy (TEM) is another microscopy technique in which 

the electron beam is transmitted through the sample and the image of high resolution 
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as compared to SEM is obtained. Images are form by the interaction of electron beam 

and electron cloud present in the sample. Currently, TEM is widely used to elucidate 

the surface morphology of supramolecular gels as gelators are self-assembled into the 

micelles, fibers and tubes like microstructures to form gel67,81–89. 

1.3.3.12 Atomic force Microscopy 

Unique from SEM and TEM techniques, Atomic force microscopy (AFM), consist of 

a mechanical probe that can move on the surface of the any type of sample (viz Solid, 

liquid and gaseous phase) and form the 3-Dimensional image to provide true 

morphological information. Apart from other technique AFM doesn’t requires the 

special treatment before analysis, thus conserves the real topology of the system. 

AFM is used in the various studies to elucidate the surface morphology of the 

supramolecular gels and holds promise for the in depth studies of aggregation 

microstructure90–96. 

Apart from SEM, TEM and AFM the techniques like Confocal laser scanning 

microscopy(CLSM), polarized optical microscopy(POM) and fluorescence confocal 

microscopy are also used to study morphologies of the gel sample3,53. 

1.3.3.13 Dynamic Light Scattering 

Dynamic Light Scattering is non-destructive technique to investigate size and size 

distribution of the particle in the solution. Generally, laser light is used which is 

scattered by the Brownian motion of the particle at different angles and intensity. 

Analysis of this scattered lights gives the velocity of the Brownian motion thus 

describing the particle size using Stokes-Einstein relationship. Periodic DLS analysis, 

are used to identify the process of aggregation over a time. Investigation of gel 

network by DLS is widely used to support the hypothesis of gelation mechanism97–103. 

1.3.3.14 Isothermal titration calorimetry 

Generally Isothermal titration calorimetry (ITC) is a technique use to determine the 

molecular interactions between two species by simply measuring the heat exchange 

during the binding process. It is ultrasensitive technique to determine the binding 

constant(K), Stoichiometry(n) and enthalpy changes in the system. From this primary 

measurement the Gibbs Free energy(ΔG) and entropy changes(ΔS) can also be 

calculated using the equation 1. 

ΔG = -RTlnKa = ΔH - T.ΔS 
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Self-assembly is depends on the interactions within the molecule, thus ITC is widely 

used to probe the molecular interaction104–109. 

1.3.3.15 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is destructive technique based on the 

principle of heat absorption/ evolution by the sample while undergoing going to phase 

transformations. In this sample is subjected to controlled temperature program and 

then heat flow in and out of the sample is measured as function of temperature and 

time. Using the DSC data one can calculate the enthalpy of sol-gel transitions. 

Detailed DSC studies are used to gain further insight of the thermal stability of the 

gel16,110–116. 

1.3.3.16 Rheology 

Oscillatory rheology simultaneously measures viscous and elastic properties and is 

therefore a valuable technique in the characterization of gels. In this deformation or 

flow of the sample is measured under the influence of the applied stress. Here, two 

terms viz storage modulus(G’) and loss modulus(G”) are important. In general, gels 

that have G’ > G’’ are interpreted as solid-like materials, whereas gels with G’’ > G’ 

are considered liquid-like. In these two experiments are used to determine the 

formation of gel (1) Fixed amplitude with varying stress known as Frequency sweep 

experiment (2) Fixed frequency with varying stress known as amplitude sweep 

experiment. Rheology can yield the size, structure and in some case mechanism also 

and perhaps the most important analysis of gel117–126. 
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1.3.4 Applications of supramolecular gels 

Molecular gels can be formed by diverse range of building blocks. The fact that one 

can easily fabricate the desired molecule and furthermore, it can be modified to 

introduce the diversity in the molecule scaffold, additionally requisite additives in the 

gel network can give the supramolecular gels an extraordinary applications industrial 

use and provide time ahead high-tech applications of wide range. This section will 

focus on the supramolecular gel as material of wide applications. 

 

Figure 1.5 Applications of LMWGs  

1.3.4.1 Environmental remediation 

Rapid pace of industrialization, had seriously impacted the environment by release of 

toxic waste like heavy metals, dyes, petrochemical products, pesticides and accidental 

oil spills in water bodies. As supramolecular gel has nano/micro level of solid 

network in the liquid medium makes it highly solvated and have high surface area 

which produce high absorption level, hence make it fine filtration agents. 

Additionally, the reversibility of the gel offers recovery of the pollutants and 

recyclability to the gel for reuse. Furthermore, as describe above the modification of 

the gelator scaffold can maximise the interaction of gel to the target molecules. 

Various reports has been of the reports for phase selective gelation125–131 ,dye 

adsorptions134–138, heavy metal uptake from water130,139–142, detection and remediation 

of anions143–147. 
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Figure 1.6 Applications of LMWGs in environmental remediation 

1.3.4.2 Biomedical applications 

As discussed above gels can be used to remove unwanted materials from the aqueous 

medium, analogous to this it can also use to release the desired species into the water 

environment makes the gel system desire candidate for control drug release 

applications. Additionally, they can be self-assembled in the body to provide the 

required bioactivity which can revolutionize tissue engineering. Generally, peptide 

based LMOGs which can form hydrogel are studied due to their inherent 

bioactivity148.  

 

Figure 1.7 Applications of supramolecular gels in biomedicals. 

Another unique advantage of supramolecular gels was their ability to repair bone 

which was done without any surgery149,150. Silver is widely accepted as antimicrobial 

agents, hence introduction of silver in the fibrous  network can be used for wound 

dressing with the prevention of growth of bacteria151–153. Supramolecular gels consists 

of an fibrous network with the dimension of the order of extracellular matrix which 

has a tunable biomedical and mechanical properties, often use to store cells154–157. In 
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biological field separation of DNA, RNA and protein is extensively used by gel 

electrophoresis which is carried out by traditional sodium dodecyl sulphate 

polyacrylamide. Here supramolecular gels are used instead of polymers gels because 

of advantage of tunable properties of it158,159. Supramolecular gel shows gel-sol 

transition in the presence of specific biological compounds providing effortless 

detection of this biological compounds without special needs of expensive 

instruments. Various reports  has been done which detects the same160–162. 

1.3.4.3 Synthesis Applications 

Supramolecular gels have been used as catalyst as it is a combination of properties of 

“solid like” thus can easily remove from the reaction mass and is also “Liquid like” 

makes it solvent compatible and makes reagent access and product release easy. 

Different approaches have been used to make the catalytic gels, as one can introduce 

catalytic unit in LMWGs, forming catalytic network in gel phase. Another method is 

to embed the catalytic units like nanoparticle or enzymes within the gel. Some of the 

examples of catalytic gels are reported earlier163–166.  

 

Figure 1.8 Applications of supramolecular gels in synthesis 

In addition to using the gel for catalytic applications, they can also be used for 

templating crystal growth has it provide the high-quality crystal with the minimum 

defects than the crystal grown from traditional gel templates. In past decades there are 

various reports of using of organogels as a crystallisation media167–170. 
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1.3.4.4 Surface coatings 

Lubricants (Oils and semi-solid greases) are commonly used to overcome the problem 

of friction that led to the damage to mechanical equipment and unnecessary energy 

consumptions. As oils are subjected to the risk of leakage and semi-solid greases has 

poor lubrications as they consist of a thickener. Therefore supramolecular gel are 

often used as intermediate of oil and grease to overcome the problems of leakage and 

poor lubrications171–174. Along with the lubrications, in various reports various 

supramolecular gels are used for anti-corrosion applications175,176. 

 

Figure 1.9 Applications of supramolecular gels in surface coatings  

1.3.4.5 Food industry 

Saturated and trans-fat present in the various food products is responsible for 

numerous global epidemics related to metabolic syndrome and cardiovascular 

diseases. Organogels with the suitable ingredient can efficiently replace the use of 

saturated and trans-fat from the food industry as they are food grade, cost effective, no 

adverse effects on health and can be modify according to the need177. Multiple reports 

highlighted that supramolecular gel can replace the fat sources with benefit of 

consumer health178–181. 

1.3.4.6 Energy applications 

Tunable Electrical and optical properties of supramolecular gels can make them good 

candidates for fabrications of solar cells used in energy generation sectors. In one of 

the reports Bairi et al. showed the rectification of photocurrent under the exposure of 

white light with the use of xerogel182. In another works supramolecular gel are used in 

dye -sensitized solar cell technology replacing traditional liquid electrolyte183–185. 
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Along with the energy generations, supramolecular gels found significant uses in the 

energy storage applications like Li-ion batteries186–189, supercapacitors190–192 and fuel 

cells193–195. 

 

Figure 1.10  Applications of supramolecular gels in energy sector 

1.3.4.7 Optoelectronic Applications 

Unique property of supramolecular gels has overcome the difficulty of flexibility and 

processibility of traditional conductive polymers. Replacing the traditional conductive 

polymers with supramolecular conductive gels has beneficial aspect of conductions 

with the improved flexibility, processibility and self-healing properties148. Other than 

the electrical conduction, supramolecular gels are widely used photonic applications 

due their ability to interact with the light. Designing of the LMWGs with the ideal 

group can induce the suited functions like luminescence196–198, scattering199–201, 

refraction202 and absorption of light203. 

 

Figure 1.11  Applications of supramolecular gels in optoelectronics 
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1.3.4.8 Sensing applications 

Gels can easily undergo reversible gel to sol transitions in presence of external 

stimuli, therefore can act as a visualized sensor technology. In the interesting report 

by Xu et. al. β-Lactam based hydrogelator was able to from gel only in the presence 

of enzyme β-Lactamase(enzyme present in the bacteria which are resistant to 

penicillin-class antibiotics)204. Therefore, this system can be used clinically to find out 

whether the bacteria is resistant to penicillin-class antibiotics. There are also various 

examples of supramolecular gels used to  detect ionic and small molecules15,205. In 

another gelator reported by Gale et al. gel in  cyclohexane was found to go under gel 

to sol  transition in the presence of chemical weapon agents (CWAs) Soman206. 
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1.4 Aim and Outline 

These thesis compromise of four chapters, which demonstrate the simple strategy to 

design thiazole and benzimidazole based amide and urea derivatives LMWGs and 

their applications in removal and detection of harmful ions. Additionally, non-

covalent interactions such as hydrogen bonding, van der waal interactions are 

exploited for their role in gelation/non-gelation for establishment of structure-property 

correlation.  

 

Chapter 1 deals with the introduction of supramolecular chemistry, self-assembly 

and LMWGs and their classification with the various applications. LMWGs based on 

urea and amide is discussed briefly and the chapter focuses on the recent 

advancements of amide and urea based LMWGs in last 3 years. 

 

Chapter 2 discusses the synthesis of a new and known thiazole based aliphatic 

amides to understand the hierarchal assembly of molecules in the solid-state to 

metastable gel state.  Our effort was directed to establish the relationship between 

packing in solid-state (SANS, Powder and single crystal X-ray study) and 

supramolecular assembly in gel state (variable temperature SANS study). Moreover, 

the gelator was tested for selectivity and sensitivity towards fluoride ion. 

 

Chapter 3 demonstrates the synthesis of a series of compounds having thiazole 

moiety, hydrogen bonding site (urea functional group), and long alkyl chain. The 

systematic increase in the aliphatic long chain from decyl to heptadecyl was carried 

out to explore the role of van der Waals interaction (or hydrophobic effect) on 

gelation process along with reliable 1D hydrogen bonding urea functional group. All 

the compounds were well characterized using various physico-chemical techniques 

and lastly compounds are screened for anion sensitivity. 

 

Chapter 4 presents molecules based on benzimidazole consisting of varying alkyl 

chain functionalized with amide and urea groups to provide strong hydrogen bond 

interaction. Also, this study will provide the effect of presence of amide and urea in 

the same organic scaffold. Moreover, the anion sensing capability of this compounds 

was explored. 
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