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ABSTRACT 

A semi-solid material with the viscoelastic behavior and properties of both 

solid and liquid materials is known as gel. Gels are a vital part of soft 

materials, showing several applications in recently advanced fields. The 

basic unit of gel is gelator molecules. Gels can be formed by high molecular 

weight (HMW) or low molecular weight (LMW, M<3000 Da) gelator 

components. The supramolecular gel is a significant area of research in 

today's material chemistry. The formation of gels is greatly influenced by 

the self-assembly of low-molecular-weight gelators (LMWGs) in a proper 

solvent forming a 3D network. Gels are a central research point under soft 

materials due to their susceptibility to chemical stimuli like temperature, 

light, pH, and other chemical entities. Based on the previous research 

reports, to design a prospective gelator molecule incorporations of specific 

functional groups viz. carboxylic acid, carboxamide, amine, alcohol, 

pyridine, tetrazole, imidazole, nitrile, and aromatics ring in the structure are 

found to be crucial. These entities can provide the sites for non-covalent 

interactions, like π-π interactions, hydrogen bonding interactions, van der 

Waals forces, intercolumnar stacking, etc., which are crucial for gel 

formation. It is impossible to confirm the gelation behavior of any molecule 

or gelator without its experimental analysis. Therefore, experimentally, the 

fabrication of a gel by a gelator molecule is supposed to be investigated to 

confirm such a process. Incorporating metal ions within the gel matrix can 

change the gelation behaviour significantly. Researchers are also 

investigating the incorporation of metal nanoparticles inside the gel matrix 

to form nanometallogels or synthesize a nanostructured metallogel6. These 

modifications or development pushes the boundary of applications and 

paves the way for advanced functional materials. 
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Figure 1. Fabrication of organogel and metallogel from gelator 

components. 

In the present thesis, the synthesis and fabrication of the following material 

have been done: 

➢ Synthesis of BTA-based gelator molecule G7 

➢ Synthesis of triazine-based gelator molecule G8 

➢ Synthesis of BTA-based gelation enhancer molecule GE 

➢ Fabrications of nanostructured organogel and metallogels of G7 

with transition metal salts, organogels of G8 with isomers of 

aminopyridine, organogel and metallogels of G8GE with heavy 

metal salts and metallogels of G8 with PdCl2 and G8PdNPs 

nanocomposite. 

➢ Applications of fabricated organogels and metallogels in applied 

fields like catalysis, sensing, and water remediation.  

The present work aims to synthesize gelator molecules, fabricate organo- 

and metallogels and apply the low molecular weight nanostructured 

organogels and metallogels in various fields.  

OBJECTIVES 

The primary objectives for this thesis are the following: 

   To design suitable low molecular weight organic molecules containing 

functional groups like carboxylic acid, tetrazole, amide, amine, and 

aromatic rings. The synthesis and characterization of those gelator organic 

Solvent Molecules 

LMW Gelator

Self-Assembly 

(Organogel)

Metallogel

Metal ions
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molecules (given below) as low molecular weight gelators (LMWGs) for 

fabricating organogels and metallogels are explored. 

Gelator molecule G7: Gelator molecule G7 (triethylammonium 5-(3,5-

bis((1H-tetrazol-5-yl)carbamoyl)benzamido) tetrazol-1-ide) has been 

synthesized. It contains an aromatic ring in core, amide, and tetrazole 

groups around the tripodal side of the core which provide the sites for non-

covalent interactions.  

Gelator molecule G8:  Gelator molecule G8 (N2, N4, N6 -tri(1H-tetrazol-5-

yl)-1,3,5-triazine-2,4,6-triamine) contained secondary amine and tetrazole 

ring with triazine ring as a core which shows alternative hydrogen bond 

donor-acceptor sites with isomers of aminopyridine and fabricates mixed 

organogels.  

Gelator component GE: Gelator component GE ((3,3',3''-

(benzenetricarbonyltris(azanediyl)) tris (4-aminobenzoic acid)) contains 

carboxamide, carboxylic acid, amine and aromatic benzene ring as core 

which act as gelation property enhancer molecule to enhance the rheological 

and fluorometric properties of organogel and metallogels with mixed gel 

system G8GE.  

   To explore the gelation properties of synthesized gelator 

molecules G7 and G8. Gelator molecules G7 form organogel in DMSO: 

H2O mixture. Further, it shows metallogel formation with perchlorate 

salts of Fe(II), Co(II), Ni(II), Cu(II), Zn(II), Ag(I), and Fe(III). The other 

gelator molecule, G8, forms organogels G8-3AP, G8-2AP, and G8-

4AP with isomers of aminopyridine. Another synthesized organic 

molecule, GE, does not form organogel or metallogel itself, but it 

enhances organogel and metallogel formation as gelator components with 

gelator molecule G8. Therefore, the mixed G8GE system formed 

metallogels with heavy metal salts of HgCl2, Hg(OAc)2, HgSO4, CdCl2, 

Cd(OAc)2, CdSO4, PbCl2 and Pb(OAc)2. Gelator molecule G8 also 

formed nanostructured metallogel G8PdCl2 and 
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nanometallogel G8PdNPs.  

   To explore the properties of fabricated organogels and metallogels of 

gelator molecules G7, G8, and mixed gelator components G8GE. The 

significant effect can be seen on the gel strength with the rheological 

behavior of organogels and metallogels of all the synthesized gelator 

components. Metallogels of G7 show enhanced strength compared to 

their organogel due to the additional metal coordinate bonds within the 

gel matrix. While in the case of organogels of G8 with isomers of 

aminopyridine, the G8-3AP organogel shows greater storage modulus as 

compared to G8, G8-2AP, and G8-4AP due to the presence of 

complementary hydrogen bond donor-acceptor sites in G8-3AP. In the 

case of G8GE, the method of gel fabrication affects the strength of all the 

metallogels. Metallogels formed by the adsorption method show notable 

enhancement in the strength of gels because, here, the insertion of metal 

ions does not affect the non-covalent interactions significantly 

between G8 and GE.  

   To explore the applicability of fabricated organogels and metallogels 

based on their properties. Metallogels of G7 with a series of transition 

metal perchlorate salts were used to synthesize and stabilize silver 

nanoparticles and formed silver nanocomposite M1G7AgNPs which was 

used as a catalyst for reducing nitroaromatic into amino aromatics. The 

organogel G8 is used for the discrimination between isomers of 

aminopyridine and provide the possibility of modification in gel 

properties by changing gel formation conditions and components. 

Further, the hydrophobic organogel G8GE is used for the remediation of 

water from the contamination of heavy metal salts viz. Hg(II), Cd(II), and 

Pb(II). The reusability of xerogel of G8GE is also explored for further 

purification. The thesis further investigated the possibilities of the 

formation of palladium embedded G8 metallogel as prospective catalysts. 

Here, the xerogel of nanostructured metallogel G8PdCl2 and 
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nanometallogel G8PdNPs act as catalysts for cycloaddition reaction for 

tetrazole formation and Suzuki–Miyaura coupling reactions, 

respectively.  

   To investigate the possible structure of interactions of gelator 

components with each other and with metal ions. FTIR, mass, and PXRD 

analysis are utilized for the structure prediction for M1G7 

metallogel. The interactions of G8 with isomers of aminopyridine and 

the possible interaction between G8 and GE in G8GE organogel have 

been examined by DFT analysis.  

 Summary of Research Work 

The   contents   of   each   chapter   included   in   the   thesis   are   

discussed   briefly as  follows: 

Chapter 1: General Introduction and Background 

A brief introduction to the field of gel, the design of gelator molecules, 

their basic concepts, and recent scientific developments towards 

advanced applications in the field of sensor, catalysis, and environmental 

science is presented.  A summary of the research work done, which is 

reported in this thesis, has also been mentioned in this chapter. 

Chapter 2: Preparation of tris-tetrazole-based metallogels (G7) and 

stabilization of silver nanoparticles: studies on reduction catalysis 

and self-healing property. 

An ionic multifunctional gelator molecule triethylammonium 5-(3,5- 

bis((1H-tetrazol-5-yl)carbamoyl)benzamido)tetrazol-1-ide (G7) is 

synthesized and characterized by spectroscopic tools and mass 

spectrometry. G7 forms a stable organogel in a mixture of DMSO and 

water. Introduction of different metal perchlorate salts in a DMSO 

solution of G7 furnished a series of metallogels M1G7, M2G7, M3G7, 

M4G7, M5G7, M6G7 and M7G7 [M1 = Fe(III), M2 = Co(II), M3 = Cu(II), 

M4 = Zn(II), M5 = Ag(I), M6 = Ni, and M7 = Fe(II)]. Among them, M1G7, 

M3G7, M4G7, M6G7, and M7G7 help individually to synthesize and 
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stabilize bimetallic nanocomposites containing silver nanoparticles 

(AgNPs). Iron(III)-containing nanocomposite M1G7AgNPs has been 

utilized as catalysts in the reduction reaction of nitroaromatic compounds 

to corresponding amines with a quantitative yield. The organogel G7 has 

also shown the ability to absorb different metal ions from aqueous 

solutions and allow selective transition of M1G7 from the gel state to the 

crystalline state. Furthermore, the nanocomposite M1G7AgNPs gets 

converted into a nanostructured metallogel, which shows exclusive self-

healing properties. The M1G7AgNPs nanocomposite is the first example 

where a nanocomposite powder contains the dual metal system (Fe(III) 

and Ag(0)) and shows a reduction catalytic property, and its 

nanostructured dual-metallogel form manifests the self-healing property. 

 

Figure 2. Fabrication of series of metallogel of G7, silver nanocomposite 

formation with M1G7 and their use in reduction of nitroaromatic. 

 

Chapter 3: Another tris-tetrazole (G8) based nanostructured soft 

material: studies on self-healing, AIEE, rheological and fluorometric 

detection of 3-aminopyridine. 

The tetrazole-based gelator molecule N2, N4, N6-tri(1H-tetrazol-5-yl)-1,3,5-

triazine-2,4,6-triamine (G8) has been synthesized and characterized using 
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ESI-MS, NMR and FTIR techniques. G8 itself formed an organogel which 

shows aggregation-induced enhanced emission (AIEE). It also shows 

fluorescence in the concentrated solution state due to the intramolecular 

charge transfer (ICT) within the planar structure of the compound. To 

analyse the possibility of discrimination between various isomers of the 

organic compound depending upon their hydrogen bonding sites, G8 is used 

to interact with the isomers of aminopyridine (AP) and three mixed 

organogels, viz. G8-2AP, G8-3AP, and G8-4AP have formed. The 

interactions of the isomers of aminopyridines and the predicted structures 

of G8-2AP, G8-3AP, and G8- 4AP have been investigated by fluorescence, 

1H NMR, PXRD, FT-IR, and DFT studies. Of these three aminopyridines, 

G8 shows selective sensing of 3-AP with notable changes in terms of 

fluorescence primarily due to the stronger restriction of intramolecular 

rotation (RIR) within the G8 molecule, thus blocking the non-radiative 

pathway. 3-AP also gets recognized by a higher storage modulus than the 

other organogels due to the formation of stronger hydrogen bonds (N–

H…N) within G8 and 3-AP molecules. 

Furthermore, G8 can also distinguish 3-AP by visual color changes 

concerning other aminopyridines. The time oscillation sweep (TOS) 

experiment shows that the thixotropic behaviour of G8-3AP decreases 

with an increasing number of cycles due to the greater storage modulus 

value of G8-3AP. The selective results due to the interactions of the 

isomers of aminopyridine with G8 confirm the effect of the isomeric 

positions on the different properties of the mixed organogels.  
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Figure 3. Fabrication of organogels of G8, effect of isomeric position on 

physical and chemical properties of gel. 

Chapter 4: Palladium nanoparticles and palladium ion embedded 

nanostructured metallogel: effective catalyst for Suzuki-Miyaura 

coupling and cycloaddition reaction for tetrazole formation. 

The gelator molecule G8 is utilized as a component for the preparation of a 

gel matrix for the stabilization of palladium nanoparticles and the 

fabrication of its nanometallogel. For the formation of catalyst G8PdCl2, 

the metallogel fabrication has been carried out in DMSO: H2O mixture. 

After the fabrication of G8PdCl2 metallogel, it was converted into xerogel 

by lyophilization. This xerogel is used as a catalyst for the cycloaddition 

reaction of nitrile substituent and sodium azide to form respective 

tetrazoles. Further, the palladium nanocomposite has been synthesized 

from G8 and PdCl2 in THF solvent with its treatment with NaBH4. The 

synthesized palladium nanocomposite G8PdNPs treated with G8 in 

DMSO: H2O mixture and fabrication of nanoparticles containing 

metallogel G8PdNPs is achieved. It was further converted into xerogel by 

its lyophilization. The synthesized xerogel was used as a catalyst for the 

Suzuki-Miyaura coupling reaction for various substrates with good product 

yield. The catalytic reaction products were examined by ESI-MS and NMR 
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techniques. The synthesis and fabrication of palladium nanocomposite, 

metallogels, and its xerogels have been analysed by FTIR, PXRD, XPS, 

SEM, TEM, UV-Vis, and fluorescence analysis. 

 

Figure 4. Fabrication of nanostructured metallogel and nanoparticles 

containing metallogel of Palladium with G8 molecules and their use as 

catalyst in organic catalytic reactions. 

Chapter 5: Design and synthesis of hydrophobic mixed organogel with 

complementary hydrogen-bond donor-acceptor sites: removal of heavy 

metal ions Hg2+, Cd2+ and Pb2+ from aqueous solution. 

The incorporation of metal ions in gelator systems can generate different 

kinds of metallogels. However, capturing heavy metal ions by gel structures 

is scarcely investigated by researchers. In an earlier chapter, one LMWG 

molecule viz N2, N4, N6-tri(1H-tetrazol-5-yl)-1,3,5-triazine-2,4,6-triamine 

(G8) was introduced for discrimination between various isomers of 

aminopyridines. However, the gel strength was found to be moderate, and 

it was unstable in water. Herein, the introduction of another molecule, viz. 

3,3',3''-(benzenetricarbonyltris(azanediyl))tris(4-aminobenzoic acid) (GE) 

along with G8 has been done to impart greater stability and make the 

mixed-gel water stable. The design of the GE is strategized with the 

Xerogel

G8PdNPsG8PdCl2

Xerogel
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presence of complementary hydrogen bond donor-acceptor sites with 

respect to G8. The resultant organogel G8GE has shown the ability to form 

metallogels with Hg(II), Cd(II), and Pb(II) salts. The hydrophobic nature of 

the gel G8GE is observed with the retention of the disc-shaped gel structure 

in an aqueous medium for an extended period. Metallogels are fabricated 

with two different approaches, viz. mixing and adsorption methods. 

Rheological experiments indicated that in the adsorption method, the slow 

diffusion of metal ions does not substantially disturb the interactions 

between G8 and GE, proving it a more efficient process for gel formation. 

DFT-based optimization of the structure supports the complementary 

hydrogen bond formation hypothesis between G8 and GE. The mixed 

organogel shows the capacity to efficiently remove toxic metal ions like 

Hg(II), Cd(II), and Pb(II) from their aqueous solutions. The material can be 

recycled for further water remediation by treating the mercury-contained 

mixed organogel with excess KI.   

 

Figure 5. Fabrication of hydrophobic organogels G8GE and its use in 

remediation of water. 
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Chapter 6: General Conclusions and Future Scope 

In this thesis, two LMW gelator molecules, G7, G8, and one gelation 

enhancer molecule GE, have been introduced with their remarkable ability 

to form organogels and metallogels with various metal ions and organic 

substrates. The derived properties of all the fabricated organogels and 

metallogels make them useful for various applications, viz. stabilization of 

nanoparticles, catalysis, sensing, and environmental remediation. Besides 

this, the thesis focused on modification in the rheological properties of gels 

and the formation of multi-applicable gel materials. Apart from that, the 

future applications of this thesis have been discussed.   
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Chapter 1  

General Introduction and Background 

 

1.1 Introduction  

The interplay of different chemical and physical forces between 

molecules can present a semi-solid state with mechanical strength, 

widely known as a gel. As per the IUPAC, the gel is defined as a nonfluid 

colloidal network or polymer network that is expanded throughout its 

whole volume by a fluid.[1,2] Since the middle of 19th century, the new 

state of matter arises i.e., gel which contains the properties of both solid 

and liquid and shows viscoelastic nature of materials. In 1861, Thomas 

Graham firstly provides a loose material definition for gel. After sixty-

five years of this incident, Dr. Dorothy Jordan Lloyd defined “the colloid 

condition is gel which is easier to recognize than to define” (Jordan 

Lloyd, 1926). This definition recognized that all gels must be comprised 

of at least two components, a liquid and a gelling substance (i.e., a solid). 

Later it is confirmed that not all colloids are gels and not all gels are 

colloids. Therefore, from previous studies, a gel must contain two 

features: (1) it has a continuous microscopic structure with macroscopic 

dimensions (2) it is solid-like in its rheological behavior, despite being 

comprised mostly of liquid (Weiss & Terech, 2006). Thomas Graham 

first prepared silicic acid gels in organic liquid with a very small amount 

of water.[3] In 1921, B.S. Neuhausen and W. A. Patrik worked on 

organogel and prepared silicic acid gel with solvent exchange 

phenomenon from organic solvent to water and vice versa.[4] After this, 

the work on organogels and their applications started to increase. The 

insertion of metal makes the field of organogels more attractive and 

introduces a new area of gel, i.e., metallogel. The work on metallogel 

was started in 2002 when Bengang Xing and their team reported a 

coordination polymer-based stable organogel with metal-ligand 

bonding. This gel was known as metallogel.[5] After that, the research on 

organogels and metallogels achieved notable impetus and advancement 
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in various applicable fields. Over the next thirty years, properties, 

modifications, and applications of organogels and metallogels 

continuously evolved and generated more interest, particularly in recent 

times. The supramolecular interactions, viz. hydrogen bond formation, 

Van der Waals forces, π-π stacking, electrostatic and dipole-dipole 

interactions, ligand-metal coordination, etc., contribute significantly to 

forming the three-dimensional (3D) networks with solvent molecules 

entrapped inside. The dynamic noncovalent interactions impart stimuli-

responsive characteristics in the supramolecular gels.[6-9] The gel-to-sol 

transformation and associated properties can be modulated and 

regulated reversibly as the response to external stimuli like temperature, 

pH, chemicals, light, magnetic and electric field, sound, mechanical 

force, enzymes, etc. [10, 11]   Interestingly these soft materials made out of 

organic polymers or low-molecular-weight gelators (LMWGs) can show 

extensive applications in fields like sensors, actuators, 3D printing, 

water remediation, adhesive, electronics, medical implants, drug 

delivery, tissue engineering, self-healing materials, conductivity etc.[12-

23]  The incorporation of metal ions in such systems can lead to the 

formation of metallogels arising from discrete coordination complexes, 

coordination polymers, and cross-linked coordination polymers. The 

structures and functionalities of such metallogels can vary widely.[24] 

Understanding such self-assembled structures and relating them with 

their properties manifested in different forms is a great challenge that 

might lead us to develop more innovative materials with extensive 

practical uses. Herein, it is important to note that the introduction of 

metal ions extends the potential application of gels into the field of 

catalysis,[25-31] magnetism, [32, 33] stabilization of nanoparticles,[34-38] 

optoelectronics,[39-41] semiconducting materials, [42-45] smart detector [46-

48] etc.  

Gel materials contain the properties of both solid and liquid and show 

the viscoelastic nature of materials. The basic unit of gel is gelator 

molecules. Sometimes there may be more than one type of molecule 
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considered as gelator components. The heterogeneous gel system 

contains two parts, i.e., an immobile gelator network and a mobile 

solvent phase. Gels can be envisaged as rigid liquids, and this rigidity 

comes from the gel matrix formed by the interlinking of gelator 

molecules by various types of non-covalent interactions. The difference 

in the mode of interactions and interlinking within the gel network 

decides the structure and morphology of gels. In daily life, gels can be 

seen everywhere, like cosmetic creams, toothpaste, facewash, jam-jelly, 

etc. (Figure 1.1) The gels contain viscous-elastic behavior, which comes 

from the liquid and solid parts of the gel, respectively. The viscoelastic 

behavior of gel can be defined by rheological parameters, i.e., storage 

modulus (G′) and loss modulus (G″). The values of G′ of different gels 

can lead to their classifications as strong and weak gels. Some gels are 

more viscous than their elastic nature, while some are more elastic than 

their viscosity. Based on rheology, gels are soft materials where the 

value of G′ is always greater than that of G″, and both are parallel to 

each other with increasing range of angular frequency (rad s-1). 

 

Figure 1.1 Common gels found in daily life.  

Therefore, gels without metal i.e., organogel or hydrogel also shows the 

wide range of applications in sensing, drug delivery, medicinal therapy 

etc., while the incorporation of metal ions inside gel matrix promote the 

soft materials towards another advanced field viz. catalysis, 
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optoelectronic, magnetism, drug delivery, nanoparticles synthesis, 

stabilization, and environmental remediation.[49] The incorporation of 

metal ions within the gel matrix increases its applicability in different 

fields. Nowadays, researchers are trying to incorporate metal 

nanoparticles inside gel matrix to formed nanometallogels or to 

synthesize a nanostructured metallogel. These modifications or 

developments in the field of gels open broad areas of applications and 

get them utilized as advanced functional materials (Figure 1.2).[50]  

 

Figure 1.2 Various application areas of gel (brown circle contains 

initial applications and blue circle contains increasing area of 

applications with modifications in properties of gel). 

1.1.1 Types of gels based on different parameters 

There are different types of gel based on various aspects (Figure 1.3). 

Based on the fabrication of different kinds of gels, they are classified in 

terms of the sources of the gels, characteristics, presence, and absence 

of metal ions as well as solvent mediums. Gels can be made from natural 

or artificial (synthetic) sources. Artificial gels are two kinds, 
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supramolecular gels, and macromolecular gels. Supramolecular gels get 

formed by non-covalent interactions; therefore, these are always 

physical gels. In contrast, macromolecular gels are cross-linked to 

develop physical and chemical gels. The chemical macromolecular gels 

are formed when high molecular weight gelators/ polymers are cross-

linked by covalent bonds, which cannot form sols from gels. At the same 

time, when low molecular weight gelators/ polymers are cross-linked 

with each other by non-covalent interactions, the gel is said to be a 

physical macromolecular gel, and these gels can show reversibility with 

gel-sol-gel transition. The characteristics of gels make them segregated 

into two segments, viz. elastic and nonelastic gels which are based on 

the reversibility of gel after heating it. Depending upon the presence and 

absence of metal, gels are metallogels with the presence of metal ions, 

and in the absence of it, the gels are considered hydrogel/ organogel. 

Metallogels can be further divided into two types. When metal is part of 

a gelator molecule and gives a self-assembled matrix with entrapment 

of solvent molecules, in that case, the fabricated gel is said to be a 

discrete metal complex gel. Here the metal ion does not take part directly 

in forming the gel network. On the other hand, if the metal and gelator 

molecule both participate in the fabrication of a gel matrix with solvent 

molecules, then the resultant metallogel is said to be coordination 

polymer gel or coordination metallogel.[46] Further, based on the solvent 

medium, there are four types of gels, i.e., hydrogel, organogel, xerogel 

and aerogel.[51, 52] 
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Figure 1.3 Classification of gels.   

1.1.2 General characterization methods and basic properties of gels 

The preliminary confirmation of gel formation is considered as the test 

tube inversion method, where the glass vial containing gel has been 

inverted and tested if the synthesized material sticks to the base of the 

vial even under gravity. After the initial confirmation, the experimental 

analysis is carried out in a rheometer to confirm the gel formation by the 

storage and loss modulus values. The two rheological experiments 

which are widely used in this connection are angular sweep and 

frequency sweep experiments. In the angular sweep experiment, the 

crossover point, and non-deformation range can be examined. Based on 

the non-deformation range values, the frequency sweep experiment is 

taken up to obtain the G′ and G″ values. For gel material, the value of 

G′ is always greater and parallel than G″ with respect to each other 

throughout the increasing range of angular frequency in rad s-1.[53] 

Although there are no direct methods to understand the mechanism of 

gel formation but various spectroscopic tools like NMR, IR, SEM, and 

TEM can be used to define its possible mode of assemblies. The self-

assembly of gelator molecules is the foremost important factor behind 

gel formation, and it can be examined extensively by monitoring the 

shifting of NMR peaks, IR bands, and changes in the SEM and TEM 
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morphology depicting the 3D changes during aggregation or self-

assembly. Other than this, the PXRD analysis also defines the presence 

of non-covalent bonds within the gel matrix. It indicates if π-π stacking, 

hydrogen bonding, intermolecular stacking, etc., persist inside the gel 

system. Similarly, the aggregation of gelator molecules or components 

can also be explored by the UV-Vis and fluorescence experiments which 

further indicate the nature of the assembly by revealing the changes in 

wavelength, optical density, and fluorescence intensity (Figure 1.4).[54, 

55]   

 

Figure 1.4 Technology used for the characterization of gels.   

The basic properties of gels depend upon the fabrication methods, used 

gelator components, time, and gel formation temperature, etc. (Figure 

1.5). If the components of gel contain groups that can show 

intramolecular rotation (IR) or intramolecular vibration (IV), then 

before self-assembly or aggregation, the molecule often remains in a 

non-fluorescent state. Upon gel formation, the possibilities of IR and IV 

get decreased and which makes the assembly often fluorescent by 
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systems, the fluorescence gets quenched after aggregation. This type of 

property is called aggregation-caused quenching (ACQ).[56-58] The other 

main property of gels is their strength which gets measured by 

rheological experiments. Some gels are fragile, some are moderate in 

strength, and some gels show very high strength. The strength of the gels 

can be modified by changing the different factors in gel formation. One 

crucial property of gels is the self-healing property. Most of the gels 

show self-healing property. It might be based on the parameters like 

stability or value of G′ of gel which can be measured by time oscillation 

sweep experiment under rheological analysis. Other than these 

mentioned properties, there are many others related to the stimuli-

responsiveness of the gels with respect to the changes in temperature, 

pressure, pH, exposure to light, etc., which is very important to make 

gels suitable for various advanced applications and technologies.[59, 60] 

 

Figure 1.5 Basic properties of gels.   
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1.2 Design and synthesis of low molecular weight gelator 

molecules 

Designing a gelator molecule is challenging as it is impossible to 

accurately predict whether a molecule can form a gel. However, based 

on previous research and literature reports, it is possible to envisage 

specific molecular structures with a better chance of forming gels. 

Incorporation of a few organic functional groups, viz. carboxylic acid, 

carboxamide, amine, alcohol, pyridine, tetrazole, imidazole, nitrile, and 

aromatics ring, etc., which can provide the sites for extensive non-

covalent interactions, enhance the suitability for a molecule to gel 

formation.[61-64] Some molecules require suitable solvent(s) for the 

fabrication of gels, and that requires extensive searching for the right 

combinations with the right amount of gelator concentration. Among the 

synthetic gelator molecules, the self-assembly of low-molecular weight 

gelators (LMWGs) in a proper solvent to form 3D networks generates 

lots of interest due to the versatility in the morphology obtained and their 

response towards various kinds of stimuli and associated properties. 

Therefore, LMWGs with a molecular weight below then 3000 Da, are 

extensively researched as they are easy to synthesize, can be modulated 

with the addition of a number of functional sites, and provide suitable 

sites for non-covalent interactions, which makes gels reversible and 

thixotropic in nature. Moreover, the function of these supramolecular 

gels can be controlled or improved with the introduction of the fine-

tuning of the structure. This modification can be further reinforced with 

additional gelator components, such as the incorporation of metal ions 

or the addition of a second component or polymer, etc.  

In this thesis, specific gelator molecules have been designed and 

synthesized, taking cues from the previous reports. The designed 

molecules contain functional groups like amide, amine, tetrazole, 

carboxylic acid, etc., along with strategically incorporated cyanuric and 

benzene rings. Deliberate incorporation of such moieties provides ample 

opportunity for the synthesized molecules to engage in hydrogen 
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bonding, π-π stacking, hydrophobic interactions, and intercolumnar 

stacking, which are some effective chemical tools for gel fabrication.[65, 

66] Although gel formation with a tripodal aromatic gelator system has 

been reported previously, there are only a few reports where the method 

of gel fabrication is extensively studied to modulate the strength of the 

gels. Some examples of organogels and metallogels related to tripodal 

amine moieties and tetrazole are listed below. 

➢ Metallogel formation has been reported with derivatives of 

nonsteroidal anti-inflammatory drugs (ibuprofen, sulindac, and 

flurbiprofen) with carboxamide groups. Here, the drug acted as 

a low molecular weight gelator and formed thirteen metallogels 

(MG1-MG13), out of which MG9 displayed anticancer 

response for breast cancer cells. [67] 

➢ Two tripodal gelator molecules (TG-1 and TG-2), which 

contained tripodal amide and pyridine functional groups, formed 

a coordination polymer metallogel with Fe3+. This metallogel 

shows selective adsorption property for methylene blue (MB) 

dye with 96 % of adsorption.[68]  

➢ One interesting tripodal gelator molecule, H6L, has been 

synthesized with the cyanuric ring as a core and secondary amine 

as a linker, linking the benzene ring as a tripodal branched 

containing two carboxylic acid groups with each ring. This 

gelator molecule formed metallogel (H6L/Tb) with stable 

luminescence. Here, the concept of the heal-set approach was 

introduced. Hydrogen bonding, π-π stacking, and metal-ligand 

interactions were crucial in forming metallogel.[69] 

➢ A tetrazole-based gelator molecule TTB was reported, which 

shows the metallogel formation with various salts of Co2+. This 

coordination polymer gel [(TTB)2CoBr2(MeOH) (DMF)]n 

exhibit a fluorescence nature, and it was selectively recognized 

toxic gases of chloride atom such as SOCl2, (COCl)2 and COCl2. 

[70] A coordination polymer metallogel of Mg2+ with pyridine 
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derivative of tetrazole moieties as end groups has been reported. 

It has shown remarkable fluorescence enhancement after 

metallogel formation.[71] 

 

1.2.1 Benzene and triazine ring based tripodal amide and amine 

One of the main driving forces behind the fabrication of LMW gels is π-

π stacking, as it can play a crucial role in the self-assembly of gelator 

molecules and is also responsible for the strength of gels, albeit partially. 

Aromatic benzene rings provide the perfect environment for π-π 

stacking between participating molecules; for example, 1,3,5-

benzenetricarboxamide (BTA) tends to show gelation properties due to 

its ability to participate in π-π stacking for supramolecular columnar 

aggregation. [72, 73] Other than π-π stacking BTA and BTA derivatives 

provide functional sites for hydrogen bonding and intercolumnar 

stacking. Notably, several BTA-based gels in combinations of different 

solvents like polar, nonpolar, protic, and aprotic solvents are reported.[74-

77] Triazine ring with a similar kind of hexagonal structure is another 

interesting scaffold to provide a suitable environment for self-assembly 

by non-covalent and covalent interactions.[78-80] Although there are few 

reports on gels based on a triazine core ring, it shows tremendous 

potential to explore further with different derivatives for prospective 

fabrications of organo- and metallogels.[81-84] Furthermore, the presence 

of carboxamide and amine groups increases the possibility of gel 

formation by several folds (Scheme 1.1).  
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Scheme 1.1: Gelator molecules containing BTA, cyanuric core and 

carboxylic acid groups.[74-84] 

1.2.2 Tetrazole 

Other than BTA derivatives, nitrogen-rich azole molecules like tetrazole, 

a five-membered ring containing four nitrogen and one carbon atom in 

the ring with one hydrogen atom attached to the nitrogen. Therefore, 

tetrazole itself and sometimes in the presence of other gelator molecules 

can form strong gels with an increased possibility of hydrogen bond 

formation (Scheme 1.2).[85, 86] Tetrazole shows great improvement and 

additional properties when introduced with organogel and metallogels. 

The multi-binding sites of the tetrazole ring make it suitable linker for 

forming cross-linking networks, [87, 88] which is a critical step in 3D 

network gel fabrication.[89] 

 

Scheme 1.2: Possibility of hydrogen bonding interactions of tetrazole 

groups with other functional groups. 
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Due to the presence of five nitrogen in tetrazole ring, it shows multi-

dentate nature (Scheme 1.3). Therefore, nine possible binding mode can 

be seen during coordination with metal ion to form metal complexes or 

during metallogel fabrication.[90]  

 

Scheme 1.3: Tetrazole with nine bonding sites with metal coordination. 

[90] 

1.2.3 Aromatic primary and secondary amine  

Amines are also known as functional groups for prospective gel 

formation. Primary, secondary, and tertiary amines provide sites for 

hydrogen bond formation (Scheme 1.4). Amines are present naturally in 

various proteins and amino acids. These amino acids also form a gel by 

self-assembling amino acid groups.[91-93] Due to aggregation, the 

melamine-azobenzene conjugate, which has both primary and secondary 

amine, shows gelation. The effective force of attraction for gel formation 

was hydrogen bonding interaction.[94-96] Similarly, 3,5-diamino-1,2,4-

trizole (DAT), a LMW ligand formed metallogel with Co2+. This Co-Gel 

shows self-healing ability, which arises due to the presence of extensive 

hydrogen bonding between amine groups and entrapped solvent.[97]  
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Scheme 1.4: Possible hydrogen bonding interactions of amine with 

gelator components and solvents molecules. 

1.3 Gels formation by tripodal aromatic amide, amine and 

tetrazole based moieties  

Although several organogels and metallogels have been fabricated and 

applied in various fields, some notable moieties are discussed here, 

which show gel formation with different compositions and properties. 

Nitrile-substituted 1,3,5-tricarboxamide gelator G4 formed organogel 

in DMSO: H2O mixture. This LMW gelator also formed metallogels 

with various transition metal ions, out of which Co(II)G4 shows 

effective sensing for L-tryptophan.[77] Other tripodal gelator molecule 

tris (4-(3-pyridylazo)phenyl)benzene- 1,3,5-tricarboxylate (trans-D) 

formed multi stimuli responsive organogel which shows the response for 

heat, light, mechanical shearing, and chemicals.[74] The most studied 

moiety for gel formation is 1,3,5-benzene tricarboxylic acid (BTC) 

which can form vanadium-based metallogel V gel, in the presence of 

adenine (Ade) and BTC with vanadium ion. This was applied to 

detecting counterfeit with a 6% (v/v) methanol composition.[98] BTC 

also formed metallogel with Cu(OAc)2.H2O in DMF. This metallogel 

showed semiconducting properties and was fabricated into an electronic 
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device.[99] Other than BTC, triazine-based LMW gelator 5,5’,5’’-(1,3,5-

triazine-2,4,6-triyl) tris (azanediyl) triisophthalate (H6L) has been 

synthesized, which formed a heat-set lanthanide-based metallogel with 

Tb3+. This metallogel shows luminescence-stable approach excellent 

thermal stabilities and good mechanical properties, promising for 

sensing and security-material applications.[69] An aggregation-induced 

emission (AIE) hydrogel (PDG) was fabricated from p-hydroxybenzoic 

acid-functionalized pillar [5] arene (SPA) and tri-(pyridine-4-yl) 

functionalized trimesic amide (DTB) in DMSO: H2O solvent mixture 

via non-covalent interactions.[100] Other than tripodal gelator molecules, 

some small molecules with carboxylic acid, carboxamide, and pyridine 

groups act as gelator molecules, which show gel formation with various 

applications. For example, 4-biphenylcarboxy capped diphenylalanine 

formed metallogel with FeCl3,
[101] tetracarboxyl ligand N1, N4 

(diterphthalic acid) terephthalamide formed metallogel with chromium 

(III) which was applicable for specific sorption of dyes,[102] 2,3-

butanedione bisisonicotinichydrazone (H2L) formed metallogel [CPM-

Cd] with Cd(OAc)2.2H2O in DMSO: MeOH mixture and used for dye 

adsorption,[103] FmocFF act as LMW gelator and formed metallogels 

with different helicity with Zn2+, Cu2+, Fe3+, Al3+ and showed 

transformation of self-assembled structures,[104] 3, 5-bis ((4-

(cyanomethyl) phenyl) carbamoyl ) benzoic acid (G5) formed organogel 

and metallogel with ruthenium dimer and showed self-delivery of 

ruthenium-based anti-cancer drug.[105]  

Similarly, urea functionalized pyridyl dicarboxylate gelator (PUIA) 

formed metallogel with transition metal salts, showing anti-

inflammatory, anti-cancer, and drug deliverable properties.[106] Primary 

and secondary amines are also notable sites for gel formation as 

tripeptide-based PA (P1) fabricated metallogel with AgNO3 shows the 

formation of silver nanoparticles and silver nanocluster with the 

different conditions.[38] With the series of LMW gelators, 2-phenyl-2-

((pyridin-4-ylmethyl) amino) propanoic acid (2-PF), its positional 
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isomers 3-PF, 4-PF, and BF (BF lacks a pyridine N atom compared with 

the PF molecule) used for gel formation. The metallogel (4-PF-Cu-Ag) 

formation occurred selectively with 4-PF, Cu, and Ag gel 

components.[107] Tetrazoles contain a number of binding sites. 

Therefore, many metal coordination complexes are reported with 

tetrazole-based ligand.[108, 109] Due to the availability of multi-binding 

sites, tetrazoles are also played a significant role in gel fabrication by the 

formation of non-covalent interaction between them and other gelator 

components. For example, 1,2,4,5-tetra(2H-tetrazole-5 yl)-benzene 

(TTB) formed metallogel with Co2+ salts in an organic solvent which 

shows sensing of volatile gases containing chloride.[70] In another 

example, di (1H-tetrazole- 5 yl) methane (H2G6) formed metallogels 

with different lanthanoids and shows applicability towards dye removal 

and confidential writing.[110] The role of the tetrazole-based ligand as 

gelator molecules is getting continuously explored and investigated.[111-

116]   

1.4 Different Methods of fabrication of various organogels 

and metallogels   

The main important factors for gel formation are gel components 

(gelator molecules), suitable solvent combinations, and required 

conditions like heat, pH, temperature, sonication, stirring, etc. Firstly, 

the gelator molecules should contain appropriate functional sites to 

participate in various non-covalent interactions.[117] The second most 

crucial factor is the choice of solvents. Sometimes gel formation occurs 

with a single solvent system, while the mixture of solvents works better 

in other systems. The information regarding gel assembly is directly 

related to the relationship between solvent-gelator interactions. There 

are three steps during the formation of gel assembly, i.e., solvation 

power of solvent, intergelator hydrophobic interactions, and intergelator 

hydrogen-bonding interactions. Solvation power and hydrophobic 

interactions are critical and compete with hydrogen bonding 

interactions.[118, 119] Apart from gelator molecules and suitable solvent 
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combinations, other factors influence gel formation in different ways in 

different systems. For example, some gels are formed by heating/ 

cooling, some by sonication/undisturbed conditions, some at acidic/ 

basic or neutral conditions, and so on. Therefore, there is no optimized 

or single standard procedure for gel formation. It must be searched for 

each gel. In general, organogels/hydrogels are formed by the addition of 

a fixed amount of water into the solution of gelator molecules in the 

organic solvent, mostly in DMSO or DMF.[120-123] After mixing, some 

gels form spontaneously, but some form after the system is left 

undisturbed. The formation of metal-containing gels is getting 

extensively studied in the last couple of decades. The fabrication of 

metallogels is mostly achieved by the following four methods. 

• Self-supported method: Here, the metal salt is added into the 

solution of the gelator molecule, which is mostly in an organic 

solvent, forming metallogel.  

• Organometallic metallogel: Here, metal and gelator molecules 

are dissolved in the same solvent and left undisturbed till gel 

formation.  

• Adsorption method: First, organogel or hydrogel is formed, then 

a solution of the metal salt is layered on the gel bed. After some 

time, the metal ions get inserted into the organogel and form a 

stable metallogel.  

Mixing method: Here, the gelator molecules and the metal salt are 

dissolved in a suitable solvent separately. Then the solutions are mixed 

metallogel formation occurs spontaneously with time, mostly in an 

undisturbed condition. 

1.5 Importance of LMW soft organo-metallogels and their 

applications 

Gels, which are soft materials with flexibility in the structure that 

external and internal factors can easily modulate, provide a unique 

opportunity to develop smart materials applicable in a wide range of 

areas. The LMW gels with more flexibility, easy synthesis, stimuli 
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response behaviour, reversibility in structure, and self-healable nature 

have attracted attention recently. It is also pertinent to mention that gels 

tend to show phenomena like AIEE and ACQ, which can be utilized as 

probable tools for detection and sensing. Some recent advances in the 

application of gel materials are discussed below.  

1.5.1 Soft materials as sensor: sensing ability of gels for cation, 

anion, biomolecules, and different pollutant  

Supramolecular LMW gels have shown their tremendous impact on 

sensing anions, cations, biomolecules, and different pollutants. This 

sensitivity comes due to the reversibility and stimuli-responsive 

properties of LMW gels as a response to the introduction of external 

materials.[124] Availability of π-electron rich and hydrogen bonding sites 

environment in the materials make it suitable for sensing for various ions 

and molecules due to the formation of non-covalent interaction between 

interactive molecules.[125] The LMWGs are engaged in non-covalent 

interactions between different components, which can get affected in the 

presence of external molecules. There are reports where gels are 

employed to detect cyanide,[126-128] chiral molecules,[129] Pb2+,[130] 

hazardous gas,[131] etc. Most often, the sensor property of LMWGs 

manifest in its spectral changes, gel formation and collapsing, and other 

visual effects. Some BTC-based organogels and metallogels show 

sensing for harmful solvents, anions, cations, heavy metals, biological 

molecules, environmental sensing etc.[132-135] Other than BTC-based 

gelator molecules, other LMWGs show advanced sensing for cyanide, 

harmful cations, anions, water impurities, etc.[136, 137] 

A fast and easy way of employing gel materials is to change their colour 

by introducing the molecules/ions to be sensed. The incoming molecule 

can disrupt the gel assembly by the formation/disruption of covalent and 

non-covalent interactions inducing the colour change in the gel system. 

There are some notable reports related to sensing due to color change. 

Two rationally designed anion-responsive-organogels OGL1 and OGL2 

have been synthesized which shows sensing for F- via reversible color 
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change.[138] Another smart hydrogels of poly(acrylamide-co-dopamine 

acrylamide) has been reported with a catechol-Fe(III) complex. Due to 

this metal-ligand coordination, it can dynamically switch between 

uncoordinated and mono-, bis-, and tris-coordinated states to harvest 

light energy from the visible spectrum. The products are yellow, green, 

blue, and red, covering the three primary colors of light. [139] In another 

example, a thermo-responsive colour-changing hydrogel of poly(N-

isopropylacrylamide) (PNIPAAm) cross-linked by polydiacetylene 

(PDA) for visualization and quantification of the power of irradiated 

microwave has been developed. [140] Some LMW gels are used for the 

detection of isomers of various organic substances.[141-143] Other than the 

color change, there are many reports based on the sensing of 

cations/anions or molecules by fluorometric studies. In this case, the 

sensitivity of organogels and metallogels depends upon the fluorescence 

property, which might get turned on or turned off by adding a second 

component (cation/ anion or molecule). Sometimes, an organogel does 

not have fluorescence, but after the addition of a metal ion, its 

fluorescence gets turned on, which can further get turned off by the 

addition of another selective anion. This sensing strategy is known as 

turn on-turn off sensing of cationic and anionic species. [144-147] 

Metallogel also act as a sensor for various other chemical substances as 

ammonia, picric acid, hydrogen sulphide and amine derivatives which 

has been analysed by various spectroscopic tools (Figure 1.6).[148-151] 

 

Figure 1.6 Factor behind sensing properties of LMW gels.   
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The rheological analysis of gels provides information about the strength 

of the gels revealing the quantified data for strain, deformation range, 

frequency, storage modulus, loss modulus, and thixotropic behaviour of 

gel materials. It is also noted that the position of a functional group, i.e., 

isomers of gelator molecules, can have a notable effect on the strength 

and thixotropy of gel.[123] However, there is not much study is reported 

regarding the sensing of isomers and other chemical substances by 

rheological methods.  

1.5.2 Self-healing materials: thixotropic nature of gels 

Self-healing is the property of materials to repair themselves after any 

physical damage from the outer or inner environment (Figure 1.7).[152-

157] Self-healing property has been found in various types of materials 

like linear polymers, metal-ion polymer, multicomponent system, and 

gel materials.[158-162] The mode of self-healing is different for different 

materials.[163-165] Broadly there are two types of classification, i.e., based 

on the nature of self-healing and the mechanism of self-healing. 

Based on the nature of self-healing, it is of two types: (1) Extrinsic self-

healing material where some external component enhances the self-

healing. (2) Intrinsic self-healing material where inherently reformation 

occurred with reversible nature.[166] 

On the other hand, based on the self-healing mechanism, it is further of 

two types: (1) Self-healing occurs due to the release of a healing agent 

after damage to recover the materials, but the process is not showing 

reversibility continuously. (2) Self-healing occurred due to the repetition 

of attachment by the reformation of non-covalent interactions, metal 

coordination, and other interactions between material components. Self-

healing by this method shows reversibility.[167] 
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Figure 1.7 Schematic diagram for self-assembly after reformation of 

bonds.   

In the case of organogel and metallogel, the self-healing property comes 

due to the recovery of non-covalent interactions like π-π stacking, 

hydrogen bonding, and hydrophobic interaction after any damage to gel 

materials. Most commonly, the self-healing ability can be seen with low 

molecular weight physical gels due to their weak interactions, which can 

recover further after its damage when the environment is suitable for 

them.[168-170] Several reports are present where the self-healing 

properties of gels are investigated in the bulk phase.[171-176]  

As noted, gel-sol-gel reversibility depends on the non-covalent bond 

formation, breaking, and reformation during physical damage; it is 

crucial to design a gelator molecule that must provide sites for non-

covalent bond formation with increased tendencies. For example, 

supramolecular moldable and self-healing materials were reported by 
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introducing a series of tetrazole-based ligands with Pb(OAc)2.
[177] Other 

than this, there are some other reports where metallogels of lanthanide 

series and tetrazole-based organogel and metallogels have shown their 

great ability towards self-healing.[178, 179] Interestingly, a metallogel 

(CuA-Ox) is reported, which can impart self-healing properties to other 

gel networks without disturbing their previous properties.[151] In 

supramolecular LMW gels, the self-healing property can be defined by 

a rheological experiment for the thixotropic behaviour of the gel. 

Thixotropy is the property of gel where gel-sol-gel transition occurs with 

changes in the value of strain percentage. This test is also known as the 

time oscillation sweep (TOS) experiment, and it is a confirmatory test 

for the self-healing property of LMW gels.  

1.5.3 Gels and xerogels as adsorbent: act as environmental 

remediator  

The world is developing fast with all the amenities to provide an easy 

and happy life. But this uncontrolled development continuously impacts 

the environment. With the presence of an uncontrolled number of 

industrial hazardous wastes such as heavy metals, dyes and other 

colorants, pharmaceuticals, petroleum products, pesticides, and 

fertilizers, the environment is in danger, and mostly the water bodies 

tend to get highly polluted. Water is an essential part of life. The 

remediation of wastewater is one of the biggest challenges for today's 

world. Out of many contaminations in water, the presence of heavy 

metal salts in water is a very serious issue for human health.[180] Heavy 

metals are those metals that have a density of more than 5 gm/ cm3. 

These heavy metals are toxic and carcinogenic even at very low 

concentrations. For the purification of water from heavy metal salts, 

many methods are developed, e.g., adsorption by porous materials, 

separation by a membrane, removal by electricity, and several other 

chemical methods. All these water remediation methods are valuable 

and applicable but also generate side products such as several non-

biodegradable chemicals which get remixed with the environment as 
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pollutants (Figure 1.8).[181] Therefore, it is essential to synthesize a 

system for water remediation that can be reusable and easy to generate. 

The adsorption method to remove the pollutants has some specific 

advantages, as no secondary waste gets generated during wastewater 

treatment. To develop such an adsorbing material, it is necessary to focus 

on some functional groups that can mitigate water pollution problems 

by adsorbing the targeted pollutants. For example, the surface containing 

amino groups can remove cationic/ anionic impurities by electrostatic or 

hydrogen bonding interactions, while the impurities of heavy metal 

species can coordinate with amino sites and come out easily. [181]  

 

Figure 1.8 Water contamination due to environmental pollution and 

their remediation by different methods.   

Some reports show that organogels, metallogels, or their xerogels can be 

used for Hg2+, Cd2+, Pb2+, and other heavy metals removal from 

contaminated water by adsorption method.[182-185] However, there are 

very few reports on such activities with lots of scope for improvement. 
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1.5.4 Nanostructured metallogels as catalyst for various organic 

reactions 

The application of metallogels as an effective catalyst is explored only 

with limited examples. However, xerogels of metallogels can act as a 

suitable catalyst for different reactions due to their heterogenicity 

towards the reaction systems (Figure 1.9). The heterogeneous nature 

makes them suitable to recover quickly for further catalysis. Mostly the 

nanostructured metallogels and nanoparticles containing metallogels of 

palladium and silver metals are used for organic reaction catalysis like 

Heck and Suzuki-Miyaura coupling reactions.[186] Some examples are 

reported where nanostructured metallogels of Ca2+, Cr3+, and Cu2+ are 

used as catalysts for various other organic reactions like phenoxazinone 

synthase.[187, 188] Interestingly as several metalloenzymes can catalyse 

can oxidation reactions like catechol oxidation, few metallogels are 

reported for that kind of activity.[189] Some nanoparticles containing 

metallogels viz. CoNC-MOG-X is used for oxygen reduction reaction, 

and TMP@NPCA for oxygen reduction and hydrogen evolution 

reaction. The vinyl polymer gels (Pd0-loaded VPGs) are used to catalyse 

oxidation/ disproportionation of benzyl alcohol, while polymer flat-

sheet membrane and hollow fibres with palladium nanoparticles as 

catalyst is reported for hydrogenation reactions.[190] Pd(II)-coordination 

metallogel is used for oxidation of benzyl alcohol and some discrete 

metallogel catalysts are used for Michael addition reaction.[191]  
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Figure 1.9 Nanostructured metallogels as catalyst for different organic 

reactions.   

Other than metallogel catalysts, there are also some reports where 

organogels are used as catalysts for various organic catalytic 

reactions.[191] As mentioned, the nanoparticles containing gels are most 

effective as a catalyst due to their large surface area provided as a 

substrate for reaction; some AgNPs containing metallogels are used as a 

prominent catalyst for reduction of nitroaromatics and further used for 

optical and antibacterial applications.[191, 192] The metallogels of AgNPs 

are also used for photodegradation of dyes.[191] In addition, PdNPs and 

Pd(II) metallogels are reported for Suzuki-Miyaura and Heck coupling, 

aerobic oxidation of various alcohols[191] and reduction of 

nitroaromatics.[193]  

1.6 Aim and objective of the current thesis   

The purpose of the present work is to design and synthesize low 

molecular weight gelators (LMWGs), fabrication of nanostructured 

organogels, and metallogels fabrication and explore their applications in 

various fields. The thesis is also intended to correlate the observed 

properties of the gels and metallogels with their assembled structures. 
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➢ Tetrazole derivative of BTA and triazine ring 

➢ Tetrazole-triazine derivative with isomers of aminopyridine 

➢ Carboxylic acid and amine derivative of BTA with tetrazole-

triazine ring 

The fabricated nanostructured metallogels of G7 (triethylammonium 5-

(3,5-bis((1H-tetrazol-5-yl)carbamoyl)benzamido)tetrazol-1-ide), G8 

(N2, N4, N6-tri(1H-tetrazol-5-yl)-1,3,5-triazine-2,4,6-triamine), 

and G8GE (GE is 3,3',3''-(benzenetricarbonyltris(azanediyl))tris(4-

aminobenzoic acid)  have been explored for various applications in the 

presence or absence of different metal ions or nanoparticles. 

Stabilization of silver nanoparticles in an iron-metallogel furnished a 

nanocomposite which is used as a heterogeneous catalyst for the 

reduction reaction. Similarly, the stabilization of palladium 

nanoparticles and palladium ions in the gel matrix gives heterogeneous 

catalysts for coupling and cycloaddition reactions, respectively. 

Furthermore, suitable organogel has shown its properties to discriminate 

between amino-pyridine isomers. A composite gel structure can provide 

extra stability to a gel in an aqueous solution, acting as a water 

remediation agent by heavy metal adsorption.  

The current chapter provides a brief description of the field of soft 

material as gel, its design, fabrication, properties, and applications. 

Chapter 2 presents the preparation of ionic multifunctional gelator 

molecule triethylammonium 5-(3,5-bis((1H-tetrazol-5-

yl)carbamoyl)benzamido)tetrazol-1-ide (G7) and their metallogels with 

Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Ag+ and Fe2+. All the metallogels are used 

for the stabilization of silver nanoparticles. Out of which Fe(III)G7 

metallogel shows stabilization of smaller size of silver nanoparticles and 

formed silver nanocomposite, which is used as a catalyst for reduction 

of nitroaromatics. This silver nanocomposite can be again transformed 

into nanostructured metallogel. The nanoparticle-containing Fe(III)G7 

metallogel shows exclusive self-healing properties. 
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Chapter 3 talks about the gelator N2, N4, N6 -tri(1H-tetrazol-5-yl)-1,3,5-

triazine-2,4,6-triamine (G8) and its organogels with isomers of 

aminopyridine. The isomeric position affects the physical and chemical 

properties of gel and shows differences in self-healing, AIEE, 

rheological and fluorometric properties due to the difference in 

hydrogen bonding present between G8 and isomers of aminopyridine. 

The difference leads to the detection of 3-aminopyridine by G8.  

Chapter 4 describes the design and Synthesis of 3,3',3''-

(benzenetricarbonyltris(azanediyl))tris(4-aminobenzoic acid) (GE) as a 

gelator enhancer molecule. The design of the GE is strategically done 

with the presence of complementary hydrogen bond donor-acceptor 

sites with respect to G8. The resultant organogel G8GE has shown the 

ability to form metallogels with Hg(II), Cd(II), and Pb(II) salts. The 

hydrophobic nature of the gel G8GE is explored with the retention of 

the disc-shaped gel structure in an aqueous medium for an extended 

period. These two properties of mixed organogel show the capacity to 

efficiently remove toxic metal ions like Hg(II), Cd(II), and Pb(II) from 

aqueous solutions. The adsorbent xerogel G8GE shows good heavy 

metal removal percentage and reusability. 

Chapter 5 presents the use of gelator molecule G8 for the stabilization 

of palladium nanoparticles (PdNPs). The fabrication of palladium 

nanoparticles and palladium ion-embedded nanostructured metallogels 

(G8PdNPs and G8PdCl2) has been done, which were used as effective 

catalysts for Suzuki-Miyaura coupling and cycloaddition reaction for 

tetrazole formation respectively.  

Chapter 6 present the conclusion and future scope of work, which have 

been done under chapter 2, 3, 4 and 5. This chapter give the brief 

explanation about the synthesis, fabrication, and applications of 

organogels and metallogels formed by gelator molecule G7, G8 and 

gelator enhancer component GE. 
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[117] Häring, M., Nandi, S.K., Rodríguez-López, J., Haldar, D., 
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Chapter 2 

Preparation of tris-tetrazole-based metallogels and 

stabilization of silver nanoparticles: studies on 

reduction catalysis and self-healing property 

2.1 Introduction 

Material science is a developing field where the formation of materials 

continuously focuses on its targeted synthesis towards the applications 

with an easy, fast, and economically suitable system. From this point of 

view, soft materials can be an appropriate class of candidates for 

fabricating advanced materials as they have tunable physical, chemical, 

and biological properties.[1-12] Although LMWGs have applications in 

various fields, introducing metal ions or metal nanoparticles within the 

gel network influences several properties, including gel strength, 

stability, and other physical and chemical properties. This chapter 

focuses on introducing metal ions and stabilizing silver nanoparticles 

within carboxamide-tetrazole gelator molecule G7. There are not many 

reports where nanoparticles are stabilized within a gel matrix. Only a 

few reports are found, [13-16] and furthermore, the use of nanoparticles 

containing metallogels in the field of catalysis is still rare.[17] In this 

chapter, a tetrazole-based gelator molecule is designed to incorporate 

metal ions to form metallogels and stabilize metal nanoparticles. 

Tetrazoles are versatile ligands with diverse coordination modes and 

gelation properties.[18, 19] Reports show tetrazoles can be used to 

stabilize metal nanoparticles.[20. In this work, the carboxamide and tris-

tetrazole-based gelator molecule G7 is used for metallogels formation 

and dual metal system formation by stabilizing silver nanoparticles 

within metallogel matrix. For this, a series of 

metallogels M1G7 (Fe(III)G7), M2G7 (Co(II)G7), M3G7 (Cu(II)G7), 

M4G7 (Zn(II)G7), M5G7 (Ag(I)G7), M6G7 (Ni(II)G7), 

and M7G7 (Fe(II)G7) have been fabricated, and their properties are 

investigated. Certain metallogels are found to be capable of stabilizing 

silver nanoparticles in situ. 
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Further, the synthesized AgNPs within the M1G7 network as 

an M1G7AgNP nanocomposite has been found to be an effective 

catalyst for the reduction of nitroaromatics. 

This M1G7AgNPs nanocomposite can be further converted into a 

nanostructured metallogel, which has been investigated for its self-

healing property. The organogel G7 has been tested for its ability to 

absorb certain transition-metal ions from aqueous solutions. 

2.2 Experimental section 

2.2.1 Material and method 

Used chemicals and solvents were obtained from commercial sources 

and utilized directly. Each experiment was performed in dimethyl 

sulfoxide/N,N-dimethylformamide (DMSO/DMF)/MQ-water, or a 

combination of solvents. Fourier transform infrared (FTIR) analysis was 

carried out on KBr pellets in a Bruker tensor 27 FTIR 

spectrophotometer. NMR spectra were obtained by an AVANCE III 400 

Ascend Bruker Biospin machine at an ambient temperature using 

DMSO-d6. For electrospray ionization mass spectrometry (ESI-MS) 

mass data, a Bruker Daltonics micro TOF-QII was used. Morphological 

data of the gels were recorded in Supra55 Zeiss field emission scanning 

electron microscopy (FE-SEM). For the data of the surface area, pore 

volume, and pore size, a Quantachrome, Autosorb iQ2 

Brunauer−Emmett− Teller (BET) surface area analyzer was used. The 

reduction reactions of the nitro group with various substituents were 

monitored in a quartz cuvette (10 × 10 mm2) using a Varian carry 100 

Bio UV−vis spectrophotometer. The morphology and size analysis of 

nanoparticles inside the nanostructured metallogel was performed by 

transmission electron microscopy (TEM) (PHILIPS CM 200). The iron 

and silver nanoparticles in the nanocomposite were detected by an X-

ray photoelectron (XPS) spectrometer equipped with a Scienta-R4000 

electron energy analyzer with a total instrumental resolution of 400 meV. 
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2.2.2 Synthesis of gelator molecule G7 [triethylammonium 5-(3,5-

bis((1H-tetrazol-5-yl) carbamoyl) benzamido)tetrazol-1-ide] 

For the synthesis of G7, 1.44 g (14 mmol) of 5-aminotetrazole 

monohydrate and 1.95 mL (14 mmol) of triethylamine were taken in dry 

dichloromethane (DCM) (40 mL), and the mixture was added dropwise 

into a CHCl3 solution (40 mL) of trimesoyl chloride (1.06 g, 4 mmol) at 

0 °C. The reaction mixture was stirred overnight. After completion of 

the reaction, the precipitate obtained was filtered off, washed with water 

and methanol, and dried at room temperature under a vacuum. The 

product formed was the ionic gelator G7 as one triethylammonium 

cation remains as a counter ion in one of the tetrazole arms, which gets 

converted into tetrazolate. Product: yield: 64.5%. 1H NMR of G7 

(400.13 MHz, 298 K, DMSO-d6): δ 9.05 (3H, amide, s), 9.00 (3H, 

aromatic, s), 8.75 (1H, triethylammonium, s), 3.15 (6H, 

triethylammonium, q), 1.22 (9H, triethylammonium, t). 13C NMR of G7 

(100.16 MHz, 298 K, DMSO-d6): δ 166.67 (amide), 164.66 (tetrazole), 

151.16 (aromatic), 133.48 (aromatic), 46.22 (triethylammonium), 9.09 

(triethylammonium). FTIR of G7 (KBr): 3442.2, 3245.5, 3094.3, 

1687.3, 1588.4, 1457.2, 1391, 1253.5 cm−1. ESI-MS: m/z [M+H]+ 

calculated for G7 (C18H25N16O3
+): 513.23, found 513.34. 

2.2.3 Gel Preparation 

A total of 40 mM (41 mg) G7 was taken in 1 mL of dimethyl sulfoxide 

or dimethylformamide in a glass vial, and 1 mL of Milli-Q water was 

added homogeneously to it. Within a minute, a stable organogel G7 was 

formed instantaneously. For the preparation of metallogels, 40 mM G7 

was dissolved in 1 mL of DMSO, and a 40 mM aqueous solution of 

metal perchlorate salts (1:1 molar ratio) was added in a glass vial. Within 

a couple of minutes, stable metallogels Fe(III) (M1G7), Co(II) (M2G7), 

Cu(II) (M3G7), Zn(II) (M4G7), Ag(I) (M5G7), Ni(II) (M6G7), and 

Fe(II) (M7G7) were obtained.  

Further, the formation of metallogels were taken up by absorption 

method. For this, the organogel prepared by the method mentioned 
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above. In that process 1 mL of 40 mM aqueous solution of metal 

perchlorate salt was taken in a glass vial, and the prepared gel bed of 2 

mL organogel was added into it. After a day, the organogel absorbed 

metal ions from the solution and formed metallogel. 

2.2.4 Gel Melting Temperature 

A silicon oil bath was used to detect the gel melting temperature (Tgel) 

and the sol−gel transition behavior. For this experiment, a 15 mL glass 

vial was used, and the temperature was monitored by a thermometer. A 

total of 40 mM organogel and metallogels of G7 (2 mL v/v of DMSO 

and H2O) were taken in a glass vial, a steel ball was placed on the gel 

surface, and the system was immersed in an oil bath. When the 

temperature started rising, and the gel started to melt (when downward 

moment of steel ball is seen), that temperature was noted down as the 

melting temperature of the gel (Tgel). The heating stopped at this point. 

After 5 min, it was observed that the sol gets converted into a gel again. 

The gel melting point indicates the sol−gel transition temperature for the 

organogel and metallogels of G7.  

2.2.5 Formation of M1G7AgNPs. 

To synthesize and stabilize Ag nanoparticles, 17 mg (0.02 M), 5 mL 

DMF solution of AgNO3 was added into 0.5 g of metallogel, and the 

resultant mixture was refluxed at 80 °C for 12 hrs. After the completion 

of the reaction, it was found that silver nanoparticles get formed inside 

the M1G7, M3G7, M4G7, M6G7, and M7G7. At the end, a reddish-black 

precipitate was formed, which was filtered and AgNPs were obtained 

inside the powdered precipitate. However, the nanoparticle formation 

was further investigated only with the M1G7 gel because of its ability to 

stabilize the nanoparticles with desirable sizes. After the formation of 

silver nanocomposites (M1G7AgNPs), it was found that iron is also 

present in the solid composite in a lower amount. FTIR and ESI-MS 

spectrometric data of M1G7 were utilized to propose a probable 

structure of the metallogel. The morphology and composition of the 
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composite were explored by AFM, FE-SEM analysis, energy-dispersive 

X-ray analysis (EDX), and mapping.  

2.2.6 Reduction catalysis by M1G7AgNPs. 

Silver nitrate solution after treatment with M1G7, M3G7, M4G7, M6G7, 

and M7G7 formed M1G7AgNPs, M3G7AgNPs, M4G7AgNPs, M6 

G7AgNPs, and M7 G7AgNPs composites. Among these, M1G7AgNPs 

were explored as a catalyst in reducing nitroaromatics to corresponding 

amines with different substituents. In a typical experiment, 0.1 mmol of 

the nitro substituent, 1 mmol of NaBH4, and 6 mg of the catalyst were 

suspended in 10 mL of Milli-Q water and stirred at room temperature. 

After 25−35 min of reaction, the reduction of the nitro group into the 

amine gets completed, and this was confirmed with UV−vis, 1H NMR, 

and gas chromatography-mass spectrometry (GCMS) analyses. These 

data show the disappearance of the peak related to the nitro group and 

the appearance of the peak corresponding to the amine. 

2.2.7 Conversion of AgNPs Containing Nanocomposite Material 

M1G7AgNPs into Nanostructured Metallogel. 

A very small amount (1-2 mg) of M1G7AgNP nanocomposite powder 

was suspended in 1 mL of Milli-Q water, and it was added into 1 mL of 

DMSO solution of the (41 mg, 0.1 mmol) gelator G7. Immediately, the 

yellow-colored bimetallic nanostructured metallogel of M1G7AgNPs 

was formed. 

2.2.8 Characterization 

UV-visible Spectroscopy. Absorption spectra of synthesis and 

stabilization of silver nanoparticles and reduction reactions of 

nitroaromatic compounds have been analyzed by Varian Carry 100 Bio 

UV-vis spectrophotometer using a quartz cuvette (10×10 mm2).  

FT-IR Spectroscopy. The synthesis of gelator molecules, fabrications 

of organogel and metallogels, and self-assembly of gels has been 

analyzed by the study of shifting in wavenumber of functional groups 

by Bruker (Tensor 27) FTIR spectrophotometer with the help of KBr 
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pellet. The formation of xerogel was done by solvent removal from gel 

pores without much disturbing the gel matrix. The drying procedure can 

affects the morphological analysis because it can change the self-

assembled network. The range of wavenumber for the FTIR 

measurement has been taken around 500-4000 cm-1 over 64 scans at a 

resolution of 4 cm-1 and interval of 1 cm-1.  

Powder X-ray Diffraction (PXRD). The synthesis of the silver 

nanocomposite, analysis of catalyst recovery, and presence of non-

covalent interactions during the fabrication of organogel and metallogels 

has been studied by powder X-ray diffraction spectra (PXRD). It was 

taken with the help of Rigaku Smart Lab, an automated multipurpose X-

ray diffractometer with Cu Kα source (the wavelength of X-rays was 

0.154 nm) with a 2θ range of 10−50°, step size of 0.02°, and a scan speed 

of 3°/min. 

Morphological Study. The morphological study and 3d transformation 

of gel fabrication, self-assembly of gelator components, and study of 

shape and size of silver nanoparticles have been done by field-emission 

scanning electron microscopy (FE-SEM, Carl Zeiss Microscope, model-

Supra 55). For sample preparation, a small portion of the gel was spread 

on the glass slide, dried under vacuum, and subsequently coated (10 nm) 

with Cu. To keep the morphology undisturbed gel was dried on glass 

slide by controlled vacuum.  

Rheological Properties. Oscillating rheology was used to obtain an 

insight into the mechanical aspects of the organogel and metallogels of 

G7 with transition metal salts. The rheological measurements were 

conducted at 25 °C on an Anton Paar physica MCR 301 rheometer using 

a 25 mm parallel plate with a true gap of 0.5 mm. Measurement of 

viscoelasticity was done at 0.1% strain by measuring the storage (G′) 

and loss (G″) moduli. The strain-sweep experiment with time or the 

thixotropic behavior was investigated at minimum (0.5%) and 

maximum (100%) strains. For measurement, the gel was taken on the 

stage of the rheometer with the help of a spatula.  
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2.3 Results and discussion 

 In this work, two organic moieties, viz. carboxamide, and tetrazole, 

with significant propensities to form gels,[21, 22] are combined to 

synthesize a new ionic gelator molecule G7. The synthesis was done by 

amide bond formation between trimesoyl chloride with 3.5 equivalent 

of 5- aminotetrazole monohydrate in the presence of triethylamine 

(Scheme 2.1). The white precipitate obtained was washed with Milli-Q 

water and methanol and dried over a vacuum. The compound obtained 

was found to be an ionic gelator. The synthesis of G7 was confirmed by 

1H and 13C NMR, IR spectroscopy, CHN elemental analysis and ESI-

MS. 

 

Scheme 2.1. Systematic scheme for the synthesis of gelator G7. 

The FTIR of G7 shows the characteristic band at 3442 cm−1 for 

carboxamide N−H, while 1687 cm−1 reveals the carboxamide -CO 

stretching, and 1588 cm−1 shows the presence of the tetrazole group 

(Figure 2.1). In 1H NMR, aromatic protons were found at 9.00 ppm, and 

the peak obtained at 9.05 ppm was assigned to carboxamide protons. A 

broad peak with less intensity around 6.5 ppm indicates the presence of 

the tetrazole -NH protons. The peaks obtained at 8.75, 3.15, and 1.22 

ppm were assigned to triethylammonium protons (Figure 2.2). In the 13C 

NMR spectrum, peaks at 151 and 133 ppm confirm the presence of 

aromatic carbon. The peak obtained at 166 ppm is assigned to 

carboxamide carbon, at 164 ppm to tetrazole carbon, and at 46.22 and 

9.09 ppm to triethylammonium carbon (Figure 2.3). The ESI-MS 

spectrum shows a molecular ion peak at 513.34 [M+H]+ in the positive 

mode, confirming the synthesis of the ionic gelator G7 (Figure 2.4). The 
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CHN elemental analysis has been done for G7. The calculated values 

for C, N, and H are 42.27 %, 43.82 %, 4.53 % respectively and the found 

values for C, N, and H are 42.06 %, 43.63 % and 4.31 % respectively. 

 

Figure 2.1. IR data of gelator powder G7. 

 

Figure 2.2. 1H NMR of gelator G7. 
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Figure 2.3. 13C NMR of gelator G7. 

 

Figure 2.4. ESI-MS of gelator G7 in positive mode. 

Gelation Behavior of G7 with 3d Metals. The gelation behavior of G7 

was checked in different organic solvents. Gelator G7 was found to be 

soluble in DMF and DMSO. Upon dropwise addition of 1 mL of water 

into a 1 mL solution of 40 mM of G7 in DMSO or DMF, the organogel 

was formed. The critical gel concentration for the gelator molecule of 

G7 was found to be 20 mM in a 1:1 ratio of DMSO or DMF and Milli-

Q water (Table 2.1 and 2.2). Gel formation was confirmed by the typical 

“test tube inversion method” (Figure 2.5). The heating−cooling 

experiment of gel G7 showed that the transition temperature (Tgel) of the 
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gel−sol conversion is 100 °C, indicating that it is stable at room 

temperature. 

Table 2.1. Gelator: 2.0 % (w/v) [CGCs = 20 mM in DMSO (or DMF) 

(1mL) / H2O (1mL) Mixture]; G: Gel; S: Soluble; I: Insoluble.    

 

Table 2.2. Optimization table for gelation.  

 

 

Figure 2.5. Confirmation of gel formation by test tube inversion 

method. 

Solvent Solubility Gelation Solvent Solubility Gelation

Cyclohexane I - Toluene I -

THF I - Methanol I -

N-Hexane I - DMF S G

Acetone I - Chloroform I -

Petroleum 

ether

I - Dichloromethane I -

Ethyl acetate I - DMSO S G

Benzene I - Ethanol I -

Concentration DMF or DMSO H2O Gelation

40 mM

500 µL 1500 µL Solution

1500 µL 500 µL Weak Gel

1000 µL 1000 µL Strong Gel

Concentration DMF or DMSO/ H2O Gelation

10 mM 1 mL/ 1mL No

20 mM 1 mL/ 1mL Yes (very weak gel)

30 mM 1 mL/ 1mL Yes (weak gel)

40 mM 1 mL/ 1mL Yes (strong gel)
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With the availability of so many electron-pair donating centers, it is a 

matter of interest to check the ability of G7 to form metallogels with 

different transition metal ions as they can impart special properties in 

the gel, including catalysis, absorption, sensing, etc. G7 was tested for 

the formation of metallogels with various metal perchlorate salts of 3d-

metal ions. It was observed that among the different metal ions, it could 

form metallogels with perchlorate salts of Fe(III), Co(II), Cu(II), Zn(II), 

and Fe(II). Furthermore, it was also observed that Ag(I) could also 

produce metallogel with G7. Only nickel was the exception in the 3d-

metal series from Fe to Zn, which does not form a metallogel with G7 in 

this procedure. However, when an aqueous solution of metal perchlorate 

salt was taken in a glass vial and then organogel (G7) was placed inside 

the solution, within a day, the organogel absorbed metal ions from the 

solution and formed metallogels with Fe(III), Co(II), Cu(II), Zn(II), 

Ag(I), Fe(II), and even with Ni(II) (Figure 2.6). The heating−cooling 

experiment of a series of metallogels shows that the transition 

temperatures from the sol to the gel are in the range of 80−100 °C, 

indicating that all the metallogels are stable at room temperature. 

 

Figure 2.6. Formation of metallogels by mixing and by absorption of 

metal ions from aqueous solution. 
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BET Analysis of Gelator Powder G7, Organogel G7, and Fe(III) 

Metallogel (M1G7). Surface area and porosity are two important 

physical properties that may reveal the possibilities of utilizing gels in 

different fields. Generally, it gets analyzed by the well-known Brunauer-

Emmett-Teller (BET) technique. The surface area has always been 

found to be greater for porous structures with rough surfaces as 

compared to their nonporous structures. Since the surface area is 

obtained by monolayer coverage of N2 on the sample surface, the 

starting points of the isotherm are used for this measurement. Since the 

maximum amount of condensed N2 can measure the total pore volume 

(TOPV), the last points of the isotherm are taken for this calculation. [23, 

24] Furthermore, porosity represents the total fraction of void space 

within the material but does not reveal the size and distribution of voids 

(pores). This is measured by capillary condensation experiments and by 

the Kelvin equation.[25] The organogel G7 shows the absorption of metal 

ions; thus, to analyze the changes inside the metallogel upon metal-ion 

absorption, BET analysis was performed for the gelator, organogel, and 

one metallogel from the series of metallogels. To find out the suitable 

temperature of xerogels for BET analysis, thermogravimetric analysis 

(TGA) of G7 (powder), G7 (xerogel), and M1G7 (xerogel) was carried 

out. Weight losses of 4, 8, and 10% were recorded for G7 (powder), G7 

(xerogel), and M1G7 (xerogel), respectively, up to 200 °C with the 

removal of moisture from the samples (Figure 2.7).  
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Figure 2.7. TGA analysis data of gelator G7, Xerogel G7 and metallogel 

M1G7. 

The surface areas for the three samples were found to be 6.033, 9.440, 

and 7.779 m2/g, respectively, for G7, G7 (xerogel), and M1G7 (xerogel) 

(Figure 2.8). The experiments have been repeated thrice and as expected 

it was found that the surface area increases in the xerogel (G7) from the 

powder (G7). In contrast, a slight decrease in surface area is noticed in 

the metallogel (M1G7), possibly due to metal ions (Fe) being inserted 

between pores. The pore volumes, diameter of pores, and average sizes 

of pores are presented in Table 2.3. This data indicates that an increase 

in the volume of pores in the gel increases the surface area of the gel. 

The xerogel with a substantial pore volume can be used to absorb metal 

ions. The average pore diameters were between 2 and 50 nm, revealing 

the mesoporous nature of the organogel and metallogel.[26, 27] The BET 

analysis shows deviation from the theoretical type I−V with hysteresis 

type 3 (H3) because of xerogels' fibrous, leaflike, and platelike 

morphology.[28-30] 
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Figure 2.8. BET analysis of (a) powder G7, (b) organogel G7, and (c) 

Fe(III) metallogel M1G7. 

Table 2.3. BET surface area, TOPO and average pore diameter analysis 

of (a) powder G7, (b) Organogel G7 and (c) Fe (III) metallogel M1G7. 

 

To synthesize and stabilize Ag nanoparticles, 17 mg (0.02 M) of 5 mL 

of a DMF solution of AgNO3 was added into 0.5 g of metallogel, and the 

resultant mixture was refluxed at 80 °C for 12 hrs. After the completion 

BET analysis

Compound Surface 

area 

(m2/g)

Total Pore 

Volume

(cm3/g)

Average 

pore 

diameter 

(nm)

Pores smaller 

than (diameter) 

(nm)

Powder G7

6.033 0.0040 6.29 41.3 nm

Xerogel of 

organogel 

G7
9.440 0.0096 28.06 41.1 nm

Xerogel of 

metallogel 

M1G7
7.779 0.0081 15.39 41.2 nm
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of the reaction, it was found that silver nanoparticles get formed inside 

the M1G7, M3G7, M4G7, M6G7, and M7G7. Ultimately a reddish-black 

precipitate was formed, which was filtered, and AgNPs were obtained 

inside the powdered precipitate (Scheme 2.2).  

 

Scheme 2.2. Synthesis of AgNPs Inside the Gel Matrix. 

However, the nanoparticle formation was further investigated with the 

M1G7 gel because of its ability to stabilize the nanoparticles with 

desirable sizes. After the formation of silver nanocomposites, it was 

found that iron is also present in the solid composite in a lower amount. 

FTIR and ESI-MS spectrometric data of M1G7 were utilized to propose 

a probable structure of the metallogel (Figure 2.9, 2.10, and Scheme 

2.3).   

 

Figure 2.9. ESI-MS of metallogel M1G7.  
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Figure 2.10. FT-IR of gelator G7 and M1G7.  

 

 

Scheme 2.3. Observation of color change on reaction of M1G7 with 

AgNO3 (b) Predicted structure arrangement of Fe (III) G7 metallogel 

(M1G7). 

The morphology and composition of the composite were explored by 

AFM, FE-SEM analysis, and energy-dispersive X-ray analysis (EDX) 

mapping (Figure 2.11 and 2.12). 
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Figure 2.11. AFM image of M1G7AgNPs nanocomposite. 

 

Figure 2.12. EDX analysis of M1G7AgNPs nanocomposite.   

Analysis of Synthesis of M1G7AgNPs. Some metallogels have already 

been reported as prospective catalysts for the reduction reaction.[31] 

However, in this case, the formation of the M1G7AgNPs catalyst has 

provided a unique Fe-Ag bimetallic system that can be utilized as an 

efficient reduction catalyst in the composite form. The formation and 

stabilization of silver nanoparticles in the nanocomposite were 

monitored through UV-Vis spectroscopy. As per literature reports, 

AgNPs generally show an absorption peak in the range of 410-480 nm, 

where bigger nanoparticles absorb in higher wavelengths.[32, 33] Five 

nanocomposites, viz. M1G7AgNPs, M3G7AgNPs, M4G7AgNPs, M6 

G7AgNPs, and M7G7AgNPs, were synthesized from the precursor 

metallogel. Although all of them have shown the generation of peaks 

corresponding to the AgNPs, in most cases, the peaks are very broad, 
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which might be due to too much aggregation (Figure 2.13). However, 

interestingly, in the case of M1G7AgNPs, a comparatively narrower 

peak is observed at 444 nm due to the presence of a strong gel matrix of 

M1G7 for the stabilization of AgNPs. This might be because Fe3+ is a 

hard acid as compared to other divalent and monovalent metal ions 

(Fe2+, Co2+, Ni2+, Cu2+, Zn2+, and Ag+), it makes a stronger metal-ligand 

interaction with tetrazole containing nitrogen atoms and the amide 

oxygen center. Due to this strong metal-ligand interaction in the 

Fe(III)G7/M1G7 metallogel, it is more stable than the other metallogels. 

It gives a stable matrix for the synthesis and stabilization of silver 

nanoparticles. Therefore, further investigation of AgNPs was done with 

M1G7AgNPs.  

 

Figure 2.13. UV-Vis spectra of reaction of AgNO3 with series of 

metallogels during silver nanoparticles synthesis after 12 hrs. 

AgNPs display strong surface plasmon resonance (SPR) due to the 

collective oscillations of free electrons on the nanoparticle surface. 

Depending upon the particle size, the oscillation varies, which governs 

the wavelength range in the visible spectrum. With the increasing size 

of nanoparticles, the absorption maximum gets red-shifted. Therefore, 

the absorption wavelength near 452 nm indicates the average particle 

size of AgNPs around 70 nm in the M1G7AgNP composite.[34] Different 

synthetic protocols followed for nanoparticle formation revealed that the 
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synthesis of AgNPs gets controlled by reaction temperature and time. 

When the reaction proceeds for 6 hrs., λmax was found at 452 nm, while 

after 12 hrs., it was observed at 444 nm. The optimum conditions for 

formation and stabilization of M1G7AgNPs have been found to be 12 

hrs. of heating of a mixture of 0.5 g of gel and 0.02 M (5 mL) solution 

of AgNO3 in DMF at 80 °C. UV−vis data of AgNO3, M1G7, and 

M1G7AgNPs show that the total amount of AgNO3 used is converted 

into AgNPs (Figure 2.14). The formation of AgNPs at this condition was 

further confirmed by FE-SEM analysis. FE-SEM analysis shows that the 

size of AgNPs formed is between 60 and 110 nm (Figure 2.15).[17] 

 

Figure 2.14. (a) Synthesis of M1G7AgNPs at 6 hrs. and 12 hrs. reaction 

time with same condition (b) UV-vis data showing changes in 

wavelength from M1G7 to M1G7AgNPs nanocomposite.  

 

Figure 2.15. (a) UV-vis spectra of M1G7AgNPs, to show the synthesis 

of silver nanoparticles inside the nanocomposite system at different 

conditions (b) FE-SEM image of M1G7AgNPs with the condition 80 °C, 

0.5 g of gel, and 12 hrs. 
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The XPS analysis was also done for the confirmation of the presence of 

Ag nanoparticles, Fe3+, and other elements in M1G7AgNPs. The full-

range XPS spectra of M1G7AgNPs reveal peaks at 285 (C 1s), 400 (N 

1s), 531 (O 1s), 369 (Ag 3d), and 714 eV (Fe 2p).[35-37] The C 1s 

spectrum has three peaks at 285.2 (CC/C− C), 286.0 (C−N), and 288.0 

eV (CO). The N 1s spectrum exhibits two peaks at 400.1 and 400.9 eV 

corresponding to N−CO and N−H. The O 1s spectrum presents one peak 

at 532.5 eV, which introduced the carboxylic group.[38] The Fe 2p spectra 

were deconvoluted in three peaks at 712.3 (Fe(III), Fe 2p3/2) and 725.9 

(Fe 2p1/2), and a satellite peak was observed at 718.3 eV for Fe3+ (Figure 

2.16).[39, 40] The Ag 3d spectrum shows two peaks at 374.6 and 368.6 eV 

corresponding to the 3d3/2 and 3d5/2 orbits of Ag (0) (Figure 2.17).[17,41] 

 

Figure 2.16. (a) Total XPS spectra of composite M1G7AgNPs (b) C 1s 

XPS spectra (c) N 1s XPS spectra (d) O 1s XPS spectra and (e) Fe 2p 

XPS spectra of catalyst M1G7AgNPs. 
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Figure 2.17. Ag 3d XPS spectra of synthesized silver nanoparticles in 

nanocomposite M1G7AgNPs. 

The FTIR data do not show any notable changes in amide and tetrazole 

IR frequencies for M1G7 and M1G7AgNPs. The IR bands for amide 

C=O and tetrazole N−H are found at 1636 and 1575 cm−1 in M1G7 and 

at 1636 and 1572 cm−1 in M1G7AgNPs. These data show that Fe is 

coordinated with amide and tetrazole groups with not much change in 

the coordination environment. The PXRD data of M1G7AgNPs reveals 

the 2θ values for silver nanoparticles at 38.19, 44.40, 64.55, and 77.41° 

along with similar peaks like xerogel of the metallogel M1G7 at 11.38, 

16.50, 18.97, 23.16, 28.26, and 43.27°. This indicates that Fe(III) 

remains almost in the same coordination environment with G7 within 

the nanocomposite M1G7AgNPs. Therefore, the synthesized AgNPs 

stabilized within the M1G7 network do not affect many changes in Fe 

coordination (Figures 2.18 and 2.19). 
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Figure 2.18. FT-IR data of G7, Xerogel of G7, M1G7 and M1G7AgNPs.  

 

Figure 2.19. PXRD analysis of M1G7 and M1G7AgNPs nanocomposite. 

Silver nitrate solution after treatment with M1G7, M3G7, M4G7, M6G7, 

and M7G7 formed M1G7AgNPs, M3G7AgNPs, M4G7AgNPs, 

M6G7AgNPs, and M7G7AgNPs composites. Out of these, 

M1G7AgNPs was explored as a catalyst in reduction of nitroaromatics 

to corresponding amines with different substituents (Scheme 2.4). In a 

typical experiment, 0.1 mmol of the nitro substituent, 1 mmol of NaBH4, 

and 6 mg of the catalyst were suspended in 10 mL of Milli-Q water and 

stirred at room temperature. After 25−35 min of reaction, the reduction 

of the nitro group into the amine gets completed, and this was confirmed 

with UV−vis, 1H NMR, and gas chromatography-mass spectrometry 

(GCMS) analyses. These data show the disappearance of the peak 

related to the nitro group and the appearance of the peak corresponding 

to the amine.  
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Scheme 2.4. Reduction of nitroaromatics to corresponding amines by 

nanocomposite catalysts. 

Investigation on the Reduction Reaction of Nitro Aromatics. 

Reduction reactions are monitored through UV-vis spectroscopy. In 

typical monitoring, UV-vis data were taken every 5 min after the start of 

the reaction, and it was observed that the characteristic peaks for the 

nitroaromatics get diminished with time, and a new peak appeared for 

corresponding amine compounds. In the case of nitrobenzene (NB), the 

characteristic peak at 267 nm reduces, and a new peak appears around 

232 nm when catalyzed by M1G7AgNPs. In the case of 4-nitrophenol(4-

NP), the nitro compound itself shows a peak at 317 nm, and after the 

addition of NaBH4, the peak shifts toward 400 nm because of the 

formation of the phenolate ion. After adding M1G7AgNPs, the peak at 

400 nm get vanished, and a new peak appeared at 295 nm which 

indicates the formation of 4-aminophenol.[17,42] Similarly, the reduction 

of 4-nitroaniline (4-NA) and 4-nitrobenzylalcohol (4-NBA) was also 

monitored spectrophotometrically (Figure 2.20). A control experiment 

was also done with the reduction of 4-nitrophenol by NaBH4 without 

using the nanocomposite catalyst M1G7AgNPs. It reveals that even after 

36 hrs., the UV−vis peak at 400 nm shows the presence of the phenoxide 

ion, but there are no considerable changes that can show the reduction 

of the nitro compound (Figure 2.21). 
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Figure 2.20. UV-Vis spectra of reduction of (a) NB (b) 4-NP (c) 4-NA 

(d) 4-NBA catalyzed by M1G7AgNPs nanocomposite.  

 

Figure 2.21. Control reduction experiment of 4-nitrophenol by NaBH4 

without using nanocomposite catalyst M1G7AgNPs. 
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Proton NMR spectroscopy is also used to monitor the catalytic 

conversion reaction. The 1H NMR of the 4- nitrophenol spectrum was 

recorded in DMSO, and it furnished two doublets at 6.90 and 8.08 ppm, 

respectively, due to the aromatic protons. Conversion of 4-nitrophenol 

to 4-aminophenol in the presence of M1G7AgNPs was explored in a 

time-dependent manner as the spectrum was recorded after 15 min. The 

starting spectrum shows signals for the aromatic protons of 4-

nitrophenol (6.90−8.32 ppm) as well as for 4-aminophenol (6.42−6.46 

ppm) with a signal at 4.48 ppm due to the presence of the aromatic Ar-

NH2 proton. Along with an increase in the reaction time, the signal for 

4-NP becomes weaker, while for 4-AP it becomes stronger. After 35 min, 

the spectrum was found with signals for 4-aminophenol only, indicating 

an almost complete reduction of 4-nitrophenol to 4-aminophenol. The 

1H NMR of nitroaniline (NA) gave three signals at 7.93, 6.61, and 6.71 

ppm due to the aromatic protons and Ar-NH2. After 15 min, signals were 

obtained at 7.90 and 6.57 ppm for aromatic protons, with a signal at 6.68 

ppm due to Ar-NH2 protons. While after 35 min, the spectrum reveals 

the complete conversion of nitroaniline to benzene-1,4-diamine, where 

the aromatic protons come at 6.57 ppm, and Ar-NH2 protons come at 

6.68 ppm. The conversion of nitrobenzene (NB) and 4-

nitrobenzylalcohol (4-NBA) was also confirmed by 1H NMR analysis 

after 15 and 35 min of reaction (Figure 2.22). 

The reduction reaction of 4- nitrophenol, nitrobenzene, 4-nitroaniline, 

and 4-nitrobenzylalcohol was also confirmed by GCMS analysis, and 

the product yield of the reaction was closely monitored. In most of the 

cases, the conversion was found to be almost 100% (Figure 2.23 and 

Table 2.4). 
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Figure 2.22. 1H NMR of reduction of (a) NB (b) 4-NP (c) 4-NA and (d) 

4-NBA. 
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Figure 2.23. GC-MS spectra of analyzed data of reduction of nitro 

aromatics to corresponding amino compounds. 
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Table 2.4. Optimization of reduction reaction by GCMS data. 

 

Recovery of the Catalyst (M1G7AgNPs). The M1G7AgNPs 

nanocomposite acts as a catalyst to reduce the nitro group to the amino 

group. This was tested for four aromatic nitro compounds, as discussed 

above. The recyclability of the catalyst was determined by repeat use of 

the catalysts with the same nitro aromatics. This recyclability was tested 

with 4-nitrophenol. The catalytic system was found to be effective for 

4-5 cycles of reaction and gave products with 100% conversion in the 

first two cycles. After that, the conversion started to decrease slowly in 

the third, fourth, and fifth cycles, which has been analyzed by GCMS 

(Table 2.5). The UV−vis analysis of the catalyst during five consecutive 

catalytic cycles with increasing time shows an increase in the 

broadening, indicating the aggregation of silver nanoparticles. However, 

a shift in the peak position toward lower wavelengths is also observed, 

which might be due to the leaching out of silver nanoparticles from the 

composite matrix (Figure 2.24). The stability of the catalyst after the 

first cycle was confirmed by FE-SEM, EDX, and PXRD analyses 

(Figure 2.25 and 2.26). The M1G7AgNPs nanocomposite powder has 

been used here as a catalyst. After completion of the reaction, the organic 

amino compound was extracted by using ethyl acetate. The remaining 

Sel %Con %Time (min)ProductSubstrateEntry

100100351

100100302

90100303

100100254
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water part contains the suspended catalyst. By rotary-evaporator, water 

was removed, and the catalyst was isolated. The other way is that, after 

the extraction of the amino compound from the reaction system, the 

water part can be used directly for the next cycle of the reduction 

reaction in that case, there is no loss of catalyst, and a very good 

conversion of the reactant was observed in terms of yield percentage. 

Table 2.5. Recyclability of the nanocomposite catalyst M1G7AgNPs. 

 

 

Figure 2.24. UV-vis analysis of M1G7AgNPs catalyst during five cycles 

of catalytic reaction.  
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Figure 2.25. FE-SEM and EDX analysis of M1G7AgNPs catalyst after 

reduction of 4-NP. 

 

Figure 2.26. PXRD analysis of M1G7AgNPs catalyst showing recovery 

of catalyst. 

Metal-Ion Absorption, Selective Gel-to-Crystal Transition (M1G7), 

and Dual-Metallogel Formation. The organogel G7 showed the unique 

property of absorption of metal ions from metal salts. The metal uptake 

ability of G7 was tested only for the case of Fe(III) by the UV-vis 

analysis in this work. The Fe(III) metal uptake capacity of the organogel 
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G7 was found to be 73 % in 36 hrs. (Figure 2.27). With increasing time, 

the Fe(III) metal absorption by organogel G7 has been investigated by 

the UV-Vis experiment.  

 

Figure 2.27. Fe(III) uptake study by UV-Vis analysis.  
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100 mM solution contain 35 mg in 1 mL.  

Therefore, 27.3 mM solution = 35/100 × 27.3 = 9.555 mg in 1mL 

Therefore, metal uptake after 36 hrs. = 35- 9.555 = 25.5 mg 

                    Metal uptake capacity = 25.5/ 35 × 100 = 73 % 

When the organogel was placed under a glass vial in an aqueous solution 

of metal perchlorate salts, metal ions started to get absorbed by the 

organogel, and eventually they converted into respective metallogels 

after a couple of days’ time. However, in the case of M1G7 (Fe(III)G7), 

the metallogel gradually gets converted into a crystalline product upon 

standing for a couple of days more (Figure 2.28, a). The PXRD data of 

crystalline M1G7 was found to be exactly similar to the PXRD data of 

the xerogel of M1G7 (Figure 2.29). Here the used xerogel was formed 

from gel by lyophilization. This method does not affect gel matrix thus 

this implies that the lyophilization process has effectively preserved the 

properties of the original gel matrix. Unfortunately, even with the best 

efforts, no single crystal could be grown for solid-state structural 

determination. When the aqueous solutions of the mixture of Fe(III), 

Co(II), Ni(II), Cu(II), Zn(II), and Ag(I) perchlorate salts were taken 

inside the vial containing organogel G7, after 1-2 days, the organogel 

completely absorbs all of the metal ions except iron. The iron gets 

converted into its crystalline form upon standing with G7 as 

characterized by its PXRD analysis. The organogel with a mixture of 

metals confirms the presence of Co(II), Ni(II), Cu(II) Zn(II), and Ag(I) 

inside it by EDX analysis. Therefore, organogel G7 selectively removed 

the iron as the crystalline product from a mixture of various metal salts. 

The possibility of the fabrication of dual metallogels is also explored. 

For this, the combinations of Fe(III) with Fe(II), Co(II), Ni(II), Cu(II), 

Zn(II), and Ag(I) perchlorate salts in the presence of G7 were examined 

with different molar ratios of M1 :Mx :G7. The stable dual-metallogel 

formation occurred with Fe(III)/ Zn(II)/G7 at a 1:1:1 ratio. For FE-SEM 

analysis, the gel can be applied directly on the glass slide and can be 

taken into a vacuum desiccator. During controlled drying by vacuum, 

the solvent comes out without disturbing the gel matrix. This technique 
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gives nearby actual morphology of gels. The discrete flower like 

morphology of dual metallogel is observed due to dilution of gel during 

sample preparation (Figure 2.28, b). The value of the storage modulus 

of the dual gel of Fe(III) and Zn(II) is found to be greater as compared 

to its Fe (M1G7) and Zn (M5G7) metallogels due to an increase in the 

number of metal-ligand interaction sites inside the gel matrix (Figure 

2.30). 

 

Figure 2.28. (a) Selective get to crystal transition of iron during 

absorption of different metal ions (b) FE-SEM image of stable dual 

metallogel of Fe(III) and Zn(II) with G7 at 2:1 metals-G7 ratio. 

 

Figure 2.29. PXRD analysis of Crystalline M1G7.  
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Figure 2.30. Rheological measurement of (a) linear viscoelastic 

behavior for the Fe-Zn dual metallogel (b) dynamic frequency sweep 

for the Fe-Zn dual metallogel.  

Role of Self-Assembly in Gelation. It is well known that discrete 

gelator molecules can form gels by the self-assembly method, and 

various spectroscopic tools can investigate the details of interactions. 

Several noncovalent interactions, viz. H-bonds, π−π interactions, etc., 

can play important roles in inducing gelation. The chemical structure of 

the gelator molecule plays an important part in bringing about such a 

kind of interaction for the fabrication of gels.[43 ] On the basis of the 

literature, the carboxamide and tetrazole moieties are excellent 

candidates to form H-bonds, while the aromatic rings give an 

environment for π−π stacking.[44] The self-assembly of the gelator G7 is 

investigated by concentration-dependent 1H NMR. The result shows that 

the amide proton -NH is observed only in a high concentration at around 

243 mM (50 mg in 500 μL of DMSO-d6), and with increasing 

concentration, the amide and aromatic protons show a downfield shift, 

indicating their involvement in H-bond formation and π−π stacking, 

respectively (Figure 2.31).[45, 46] The FTIR method is also used to detect 

the self-assembly mechanism. For the FTIR analysis, the xerogels are 

formed by freeze-drying lyophilization, in which the gel converts into 

xerogel without disturbing the gel network. The IR spectra of the 

synthesized compound G7 and xerogel G7 confirm the emergence of 

self-assembly in gel formation. The carboxamide N−H band for powder 

G7 at 3442 cm−1 shifts toward a lower wavenumber, 3428 cm−1, in the 

xerogel of G7. The carboxamide C=O vibrational band also shifted from 
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1687 to 1640 cm−1, indicating hydrogen-bond formation during 

gelation.[47, 48] The band at 1588 cm−1 in G7 shows the IR band for both 

the amide and the tetrazole moiety, which also gets shifted to the lower 

side around 1565 cm−1. Although it is challenging to clarify the 

combined effect of amide and tetrazole N−H on hydrogen bonding, 

shifting in the band shows an essential role of the N−H group in leading 

to the fabrication of the gel (Figure 2.32). Further, the self-assembled 

structure is scrutinized through PXRD measurements. In the xerogel of 

G7, an intense peak at 2θ= 22.96° is observed, which corresponds to the 

d-spacing value (d value) of 3.95 Å, representing intercolumnar 

stacking. For G7, the peak at 2θ = 27.16° (d value 3.38 Å) reveals the 

π−π stacking between the benzene rings. Furthermore, the d-spacing at 

2θ = 33.50° (d value 2.79 Å) indicates the H-bond interaction between 

the NH proton of amide and tetrazole groups (Figure 2.33).[49-52] The 

aggregation due to the gelation process is also examined by FE-SEM 

technology. The SEM image of organogel G7 shows a fibrous structure. 

This gel also shows a clear image upon zooming in to the scale of 200 

nm, which clearly indicates the nanofibrous nature of the organogel (G7) 

(Figure 2.34).[53, 54] 
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Figure 2.31. concentration dependent 1H NMR spectra of gelator G7 

at (a) 97 mM (b) 195 mM (c) 243 mM. 
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Figure 2.32. FTIR of G7 (Powder) and G7 (Xerogel). 

 

Figure 2.33. (a) FT-IR spectra of G7 (powder) and G7 (Xerogel) (b) 

PXRD pattern of Xerogel G7. 

 

Figure 2.34. (a) FE-SEM image of organogel G7 under micro and (b) 

nano scale. 

Rheological Study of the Organogel G7 and Its Metallogels. The 

rheological study helps find out the strength as well as other properties 

like the sol−gel transition behavior of gels.[55-57] The average storage 

modulus (G′) for the organogel was found to be 586 Pa, and during the 

experiment, G′ was found to be higher than G″ in most of the ranges. In 
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the linear viscoelastic (LVE) experiment, upon increasing the strain, the 

values of G′ and G″ get deviate from linearity (Figure 2.35), and the 

crossover point is observed around 10% of the strain value. Here, the 

strain sweep experiment of G7 shows a notable behavior related to Gʹʹ. 

The Gʹʹ first increases at 3 % strain and then decreases at 10 % strain 

from the crossover point. The phenomenon is known as weak strain 

overshoot (WSO) when the Gʹʹ first increases and then decreases after a 

certain increase in strain.[58-60] The WSO occurs due to the formation of 

two different types of microstructure orientation inside the gel matrix. 

The first one is the orientation or alignment of microstructure towards 

the flow direction, which supports deformation. In contrast, the second 

one is the formation of complex microstructures which resist 

deformation up to a certain strain. Therefore, after some increment in 

Gʹʹ, the further decrement starts over the critical strain, after which the 

complex microstructure aligns with the flow direction.  When the 

metallogels are fabricated out of G7 with different metal perchlorate 

salts, the value of the storage modulus was found to be in the range of 

200−1000 pa for different metallogels. In most of the cases, it was 

greater than 600 Pa. The increment in storage modulus indicating an 

increase in stiffness due to the generation of a metal−organic framework 

inside gel matrix.[61] The nanocomposite gels of M1G7AgNPs were 

found to have a storage modulus of around 1000 Pa, which is formed 

from the synthesized silver nanocomposite M1G7AgNPs. The crossover 

points of metallogels were found between 100 and 1000 Pa. The rigidity 

of metallogels (G′−G″) remained mostly parallel in the ongoing sweep 

range (Figures 2.36 and 2.37). 
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Figure 2.35. (a) Linear viscoelastic (LVE) range of organogel G7 (b) 

dynamic frequency sweep for the organogel G7. 

 

Figure 2.36. (a) linear viscoelastic behavior for the M1G7-M6G7 (b) 

dynamic frequency sweep for the M1G7-M6G7. 

 

Figure 2.37. Rheological measurement of (a) linear viscoelastic 

behavior for the M7G7 (b) dynamic frequency sweep for the M7G7. 

Interaction between Metal Ions and the Gelator Molecule and their 

Self-Assembly. The IR studies of metallogels show the interaction of a 

metal ions with a ligand (gelator). The IR of the G7 organogel shows a 

band at 1687 cm−1 for the amide bond, and IR spectra of metallogels of 
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G7 show a significant shift of the stretching frequency of the amide bond 

to the range of 1600−1650 cm−1, which reveals the interaction between 

the amide group and the metal ion. IR data of M1G7 show that the C=O 

stretching frequency shifts from 1687 to 1648 cm−1 and for the tetrazole 

ring from 1588 to 1575 cm−1. A similar lowering of stretching 

frequencies for all other metallogels has also been observed. These IR 

data show that during metallogelation, the metal ion interacts with 

carboxamide and tetrazole groups (Figure 2.38).  

 

 

 

Figure 2.38. FTIR of (a) M1G7  (b) M2G7 (c) M3G7 (d) M4G7  (e) M5G7  

(f) M6G7. 
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The probable chemical composition of the M1G7 gel was formulated 

based on the ESI-MS and IR spectroscopic data. A molecular ion peak 

at 488.9 indicates a composition where three G7 molecules act as 

bidentate ligands to form a molecule like [Fe(G7)3] with an octahedral 

coordination, where the ESI-MS peak stands for [Fe(G7)3 + Na]+ (Figure 

2.9). Although based on the ligand structure, it can be assumed that the 

oxygen atom of the amide group and the N1 atom of the tetrazole group 

act as chelating donors; however, it cannot be ascertained if the amide 

proton is lost or the tetrazole proton, conclusively. Furthermore, in all 

probability, one G7 molecule binds three different Fe3+ centers to act as 

a bridging ligand and generates a framework structure within the gel 

network. The PXRD analysis also indicates some remarkable results. 

The peak of xerogel G7 at around 2θ = 33.50° (d value 2.79 Å) shows a 

hydrogen-bonded structure, which gets shifted toward 2θ = 37.55° (d 

value 2.53 Å) in M1G7, revealing the disruption in the hydrogen-bond 

network. The peak at 2θ = 28.35° (d value 3.24 Å) gets weakened, 

showing a disruption in π−π stacking.[61] The strong peak at 2θ = 23.19° 

(d value 3.91 Å) represents the strong columnar stacking in M1G7. The 

2θ = 27.16° value of G7 (d value 3.38 Å) is retained in the case of the 

xerogel of M1G7AgNPs, indicating retention of extensive π−π stacking 

between the aromatic rings. The peak at 2θ = 33.50° with a d value of 

the peak at 2.79 Å indicates the presence of extensive hydrogen bonding 

in M1G7AgNPs (Figure 2.39). In the cases of M2G7, M3G7, M4G7, 

M5G7, and M6G7, the peak ranges from 2θ = 22.24 to 23.76° with the 

d-spacing ranging from 4.07 to 3.82 Å, showing a columnar stacking. 

While the peak ranges from 2θ = 26.85 to 27.79° with a d-spacing value 

from 3.41 to 3.30 Å, showing π−π stacking. Here, the peak ranges from 

31.76 to 35.82° with a d-spacing range from 2.93 to 2.63 Å, showing the 

presence of hydrogen bonds. The PXRD data of the M3G7 metallogel 

shows a peak at 2θ = 31.68° with a d value of 2.93 Å, which gets shifted 

with respect to G7 and represents the disruption in hydrogen bonding. 

The peak at 2θ = 33.50° (d value 2.79 Å) in G7 disappears in the case 

of M4G7, showing the absence of hydrogen bonds (Figure 2.40). The 
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self-assembly of organogelation was also investigated through the FE-

SEM technique.[53, 62-64] 

The morphological studies show that organogel G7 has a nanofibrous 

structure, and when metallogels are formed, this fibrous morphology 

disrupts considerably and gets converted into a dense three-dimensional 

(3D) leaflike network for M1G7 (Figure 2.41). Interestingly, the other 

metallogels showed a fibrillar network to some extent similar to the G7 

morphology. 

 

 

Figure 2.39. PXRD pattern of Xerogel G7, Metallogel M1G7 and Silver 

Nanocomposite M1G7AgNPs. 
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Figure 2.40. PXRD of Xerogel G7 and metallogels M1G7, M2G7, M3G7, 

M4G7, M5G7 and M6G7. 

 

Figure 2.41. SEM image of (a) M1G7 (Fe (III) gel) (b) M2G7 (Co (II) 

gel) (c) M3G7 (Cu (II) gel) (d) M4G7 (Zn (II) gel) (e) M5G7 (Ag (I) gel) 

(f) M6G7 (Ni (II) gel).  

Plant and animal biomaterials show an intrinsic natural self-healing 

property. Metallogels are found to be potential candidates that can mimic 

such kinds of properties.[11] Tetrazole, with four electronegative N-

atoms in the ring, is one of the probable candidates that shows an 

inherited self-healing property as it forms coordinate covalent bonds 

with metal centers and is also open for extensive hydrogen bonding. [65] 

The M1G7AgNPs nanometallogel has a self-healing nature among all; 

therefore, it is the most captivating. It is interesting to note that no 

literature report is available so far on the self-healing property of silver-

nanoparticle-containing Fe(III)-metallogels. It is further interesting to 
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mention that only the bimetallic gel containing the nanoparticles 

obtained from the precursor composite showed this self-healing ability, 

indicating an active role of the nanoparticles in repairing the disturbed 

molecular interactions in the DMSO/water mixture. Therefore, it is quite 

possible that the metal nanoparticles may act as junctions inducing self-

healing properties in this dual nanostructured metallogel. The extra 

coordination ability due to the presence of Ag nanoparticles with amide 

and tetrazole groups of gelator G7 may enhance the noncovalent 

interactions and driving force behind the unique self-healing ability.[66] 

TEM has been used for the morphological analysis, which reveals the 

circular shape of the M1G7AgNPs nanogel. The self-healing property is 

demonstrated by making a cut in the center of the piece of gel material. 

It has been observed that upon standing for 30 min to 12 hours, the gel 

material starts to self-heal without any stimuli, and the cut in the center 

of the piece of the gel (M1G7AgNPs) gets plugged over a period of one 

day. Rheological time oscillation sweep (TOS)/strain sweep experiment 

was done for the M1G7AgNPs nanometallogel with minimum and 

maximum applied strains with a constant angular frequency of 10 rad/s. 

The TOS/recovery test was performed to confirm the self-healing 

behavior.[67] This recovery test is performed for low-molecular-weight 

gels to show their thixotropic behavior. A tensile test can explain the 

self-healing behavior in the polymeric gel system or stretchable gels.[68] 

In the case of reported LMWG, four cycles of TOS tests were done with 

applied periodic low (0.5% strain) and high (100% strain) strains with 

an interval of 200 s. In step 1, the strain below the deformation level (a 

low strain of 0.5%) was applied to the M1G7AgNP nanometallogel. The 

result is that the storage modulus (G′) was found to be larger than the 

loss modulus (G″) of the nanometallogel, indicating the formation of a 

stable metallogel by a cross-linked structure. In step 2, after 200 s, a 

higher strain (100% strain) was applied to the same nanogel, and the 

result is that the G′ was found to be smaller than G″, showing the 

conversion of the gel into a sol (liquidlike), indicating the destruction of 

the cross-linked system inside the gel matrix. In step 3, when again a 

low strain (0.5% strain) was applied to the same sample of the 
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nanometallogel, the broken cross-linked system recovered, and the sol 

was converted into a gel within 200 s. This experiment was continuously 

done for four cycles, and due to the regeneration of noncovalent and 

metal− ligand interactions, the nanogel showed a sol−gel−sol transition, 

which confirmed the self-healing behavior of the M1G7AgNs 

nanometallogel. No change in gel strength was observed even after 3−4 

cycles (Figure 2.42). 

 

Figure 2.42. (a) Image showing self-healing property of M1G7AgNPs 

nano-metallogel (b) Time oscillation strain sweep experiment 

(Thixotropic behavior) of M1G7AgNPs gel at minimum (0.5 %) and 

maximum (100 %) strain. (c), (d), (e) The TEM images of M1G7AgNPs 

gel at 100 nm, 50 nm and 10 nm respectively.  

2.4 Conclusions 

An ionic gelator molecule G7 with carboxamide and tetrazole 

functionalities was synthesized and characterized. A series of 

metallogels with Fe(III), Fe(II) Co(II), Cu(II), Zn(II), Ag(I), and Ni(II) 

were fabricated and characterized. Several metallogels showed in situ 

generation and stabilization of silver nanoparticles to obtain bimetallic 

nanocomposites. Due to the greater stability and smaller-sized silver 

nanoparticle formation ability, the iron(III)-containing nanocomposite 

M1G7AgNPs was used as a catalyst to reduce nitroaromatic compounds 

to the corresponding amines, which showed almost quantitative 

conversions. The reduction reactions of nitro compounds were 

investigated by UV−vis, GCMS, and 1H NMR techniques, and 

completion of the reaction was achieved in 35 min. The organogel G7 

was found to be capable of absorbing different metal ions from an 
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aqueous solution due to its porous nature and converting them into 

metallogels. It was also observed that among all of the metallogels, 

transition to the crystalline product occurs selectively for the iron(III) 

ion. Dual metallogels of Fe(III) with Fe(II), Co(II), Cu(II), Zn(II), and 

Ag(I) can get fabricated. Most interestingly, the nanocomposite 

M1G7AgNP in the presence of G7 gets converted into the M1G7AgNP 

nanometallogel, which exclusively shows the self-healing property in 

the presence of silver nanoparticles and iron ions. This is the first 

example where the presence of nanoparticles of a different metal atom 

inside the first metallogel imparts the self-healing property in a 

metallogel.  

2.5 Declaration 

This chapter is adapted from ACS Appl. Mater. Interfaces, 2021, 13, 
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Chapter 3 

Another tris-tetrazole based nanostructured soft 

material: studies on self-healing, AIEE, and 

rheological and fluorometric detection of 3-

aminopyridine 

3.1 Introduction 

Non-covalent forces generally operate between different molecules and, 

because of their weak nature, are easily get affected by external stimuli 

like heat, light, pH, etc.[1-6] The associated changes related to these 

effects in the physical properties of the gels can sometimes be observed 

by the naked eye or otherwise recorded through different 

instrumentation techniques.  This phenomenon opens up the possibility 

of utilizing LMWGs as sensing materials.[7-9] Interestingly, the position 

of the complementary donor–accepter sites of hydrogen bonds can play 

a crucial role in molecular recognition phenomena, as evident in 

biological molecules like DNA.[10, 11] However, only a few studies have 

been available so far where a gel's properties have been used to 

discriminate between isomeric organic molecules.[12-16] The explanation 

of the discriminatory behaviour with theoretical studies of the gel 

structures and the associated properties, which can get influenced by the 

relative hydrogen bond donor-acceptor sites in the isomers, has rarely 

been explored. To explore such a possibility, a tetrazole-based gelator 

molecule, N2, N4, N6-tri(1H-tetrazol-5-yl)-1,3,5-triazine-2,4,6-triamine 

(G8), has been designed and synthesized with a number of hydrogen 

donor-acceptor sites. The physical properties of the fabricated gel were 

tested with three different isomers of aminopyridine (2-AP, 3-AP, and 4-

AP), also containing hydrogen bond donor-acceptor sites.  

Interestingly we have found that the isomeric positions of the functional 

groups can have a significant impact on different physical properties of 

the gel. The difference in the interaction between gelator components 

with varying isomers of aminopyridine in the mixed organogel resulted 

in substantial differences in gel strength, fluorescence, and visual color 
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as the signature of molecular recognition. Therefore, this chapter 

describes the difference in interactions between the gelator and isomers, 

which leads to such discriminatory behavior in the formation of mixed 

organogels emission (AIEE). Mixed organogels of G8 with different 

aminopyridines have been fabricated, and the differences in the 

properties of the mixed organogels and subsequent molecular 

recognition of 3-aminopyridine by the G8 organogel have been explored 

and presented herein.  

 

3.2 Experimental section  

3.2.1 Material and method 

Chemicals and solvents were purchased from commercial sources and 

used directly. NMR spectra were obtained using an AVANCE NEO500 

Ascend Bruker BioSpin International AG at ambient temperature using 

DMSO-d6. DFT analyses were performed in RB3LYP, solvent phase 

(H2O) with the 6-311++G(d,p) basis set. All the other used instruments 

for analysis were same as described in 2.2.1 of chapter 2.  

3.2.2 Synthesis of gelator G8 [N2, N4, N6-tri(1H-tetrazol-5-yl)-1,3,5-

triazine-2,4,6-triamine] 

For the synthesis of G8, 2.47 g (24 mmol) of the 5-aminotetrazole 

monohydrate and 3.34 mL (24 mmol) of triethylamine were taken in 80 

mL ethanol under ice-cold conditions, and 8 mmol (1.47 g) solid 

cyanuric chloride was added into it in small portions. The reaction 

mixture was refluxed for three hours at 80 oC. After the reaction was 

Metal ion Self-Assembly 

Solvent 

Gelator Molecule Organogel Metallogel
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completed, the precipitate obtained was filtered and washed with 3N 

HCl, water, and methanol before being dried at room temperature under 

vacuum to isolate the desired gelator molecule G8. Product yield: 85%. 

1H NMR does not show peak for -NH as it is exchangeable proton. 13C 

NMR of G8 (100.16 MHz, 298 K, DMSO-d6): d 162.90 (cyanuric 

aromatic carbon), and 150.38 (tetrazole carbon). FTIR of G8 (KBr): 

3444 cm-1, 1644 cm-1, 1534 cm-1, 1432 cm-1, 1345 cm-1, 1253 cm-1 and 

1024 cm-1.ESI-MS: m/z [M-H]- calculated for G8 (C6H5N18
-): 329.09, 

found 329.12.  

3.2.3 Preparation of gels 

In a glass vial, 1 mL Milli-Q water was added into 33 mg (0.1 mmol), 1 

mL DMSO solution of G8. In less than a minute, a stable organogel G8 

was formed. The concentration of fabricated organogel is 50 mM (33 

mg G8 in 2 mL solvent). In a glass vial, 33 mg of G8 dissolved in 1 mL 

DMSO and 1 mL aqueous solution of 9.4 mg (0.1 mmol) aminopyridine 

were added (1: 1 molar ratio) to make G8 organogels with 

aminopyridines. Stable organogels were obtained within a couple of 

minutes. Gelator G8 formed an organogel in DMSO: H2O (1: 1 v/v).  

The gelation behavior of G8 was investigated in different organic 

solvents and it can be found that it is soluble in DMSO (Table 3.1). In a 

1:1 volume ratio of DMSO and Milli-Q water, the critical gel 

concentration for the G8 gelator molecule was found to be 34 mM 

(22.44 mg G8 in 2 mL solvent) (Table 3.2 and Figure 3.1). The 

conventional ‘‘test tube inversion procedure’’ was used to confirm gel 

formation (Figure 3.2). 
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Table 3.1. Solubility of G8 with different organic solvent. I: Insoluble, 

S: Soluble, G: Gelation.  

 

Table 3.2. Optimization table of gelation condition of G8. 

 

 

Figure 3.1. Optimization of gelation condition of G8. 

Solvent Solubility Gelation Solvent Solubility Gelation

Cyclohexane I - Toluene I -

THF I - Methanol I -

N-Hexane I - DMF S after heating G

Acetone I - Chloroform I -

Petroleum 

ether

I - Dichloromethane I -

Ethyl acetate I - DMSO S G

Benzene I - Ethanol I -

Concentration of G8

(in 2 mL solution)

DMSO/ H2O Gelation

17 mM 

(11.22 mg, 0.03 mmol)

1 mL/ 1mL No

34 mM 

(22.44 mg, 0.06 mmol)

1 mL/ 1mL Yes (weak gel)

50 mM 

(33 mg, 0.1 mmol)

1 mL/ 1mL Yes( strong gel)

68 mM 

(44.88 mg, 0.20 mmol)

1 mL/ 1mL Yes ( strong but 

opaque gel)

85 mM 

(56.1 mg, 0.25 mmol)

1 mL/ 1mL Yes (very strong but 

opaque gel)

17 mM 34 mM 50 mM 68 mM 85 mM
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Figure 3.2. Confirmation of gel formation by test tube inversion method. 

3.2.4 Gel melting temperature  

The gel melting temperatures (Tgel) of organogels G8 and mixed 

organogels G8-2AP, G8-3AP, and G8-4AP have been investigated by 

the same method as mentioned in section 2.2.4 of Chapter 2.   

3.2.5 Interactions of G8 with isomers of aminopyridine 

Further, the mixed-organogels of G8 with the isomers of aminopyridine 

were fabricated to analyse the effect of the isomeric positions on gelation 

behavior. The ratios of the interactions between G8 and aminopyridines 

have been derived from the Jobs plot utilizing the fluorescence response 

of the adduct formation. The optimum ratios of interactions were found 

from the values of mole fractions at which the fluorescence intensities 

were found to be maximum.  

3.2.6 Characterization  

The FTIR spectra, UV-vis analysis, NMR studies, powder X-ray 

diffraction, morphological and rheological analysis of organogels G8, 

G8-2AP, G8-3AP and G8-4AP have been done following similar 

methods mentioned in section 2.2.5 of chapter 2.  

For FE-SEM analysis, the method of drying can change the morphology 

of gel. Here, two methods are used to take SEM images of gels: - 

In first method, the gel was dried by lyophilization, where the gel was 

converted into its xerogel form without much disturbance in the 

morphology of the gel. For SEM analysis, the xerogel was further 

dissolved in a suitable solvent and drop casting was done into a glass 

G8-2AP G8-3APG8-4APG8
G8-2AP G8-3AP G8-4APG8
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slide and further dried under a desiccator. Due to this further dissolution 

and drying, the morphology of xerogel is different from the morphology 

of their gel. 

In second method, the gel was applied directly on the glass slide and 

taken into a vacuum desiccator. During controlled drying by vacuum, 

the solvent comes out without disturbing the gel matrix. This technique 

gives nearby actual morphology of gels.  

The FE-SEM analysis of G8, G8-2AP, G8-3AP and G8-4AP has been 

done by both methods and found that the morphologies are different for 

gels (by method 2) and their respective xerogels (by method 1). 

The fluorescence spectra of the organogels with aminopyridine were 

recorded with a FluoroMax-4 spectrofluorometer (HORIBA Jobin Yvon, 

model: FM-100) in a quartz cuvette (10 mm×10 mm).  

3.3 Results and discussion 

Tricarboxamide and tetrazole moieties are ideal candidates for gel 

formation, as evident from our earlier work and other literature 

reports.[17-23] The synthesis of tris(tetrazole) compound G8 was achieved 

by secondary amine bond formation between cyanuric chloride and 5-

aminotetrazole monohydrate in the presence of triethylamine (Scheme 

3.1). A yellowish-white precipitate was obtained. After washing with 3N 

HCl, Milli-Q water, and methanol, the obtained residue was dried over 

the vacuum and the final gelator molecule G8 was formed. The synthesis 

of G8 was confirmed by 13C NMR, IR spectroscopy, CHN elemental 

analysis and ESI-MS. The FTIR spectrum of G8 displays distinctive 

secondary N-H bands at 3444 and 1644 cm-1, as well as tetrazole ring 

bands at 1534, 1432, and 1345 cm-1 (Figure 3.3). The 1H NMR of G8 

does not show peak for -NH proton due to its exchangeable nature. The 

peak at 162 ppm in the 13C NMR spectrum confirms the presence of 

cyanuric aromatic carbon, while the peak at 150 ppm is assigned to 

tetrazole carbon (Figure 3.4). The ESI-MS spectra show a molecular ion 

peak at 329.12 [M-H]- in the negative mode, which confirms the 
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synthesis of gelator G8 (Figure 3.5). The CHN elemental analysis has 

been done for G8. The calculated values for C, N, and H are 21.82 %, 

76.35 %, 1.83 % respectively and the found values for C, N, and H are 

21.48 %, 76.59 % and 1.93 % respectively.  

 

Scheme 3.1. Synthesis of gelator G8. 

 

Figure 3.3. FTIR data of gelator powder G8 and xerogel of G8.  

 

Figure 3.4. 13C NMR of gelator G8.  
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Figure 3.5. ESI-MS of gelator G8. 

G8 also formed organogels with isomers of aminopyridine with a 1: 1 

molar ratio (Scheme 3.2). The four synthesized organogels show notable 

differences in strength, fluorescence intensity, and visual sensing. The 

heating–cooling experiments of organogels G8-2AP, G8-3AP, and G8-

4AP show Tgel in the range of 100–110 oC for G8-2AP, 110–120 oC for 

G8-3AP and 95–100 oC for G8-4AP, indicating the stability of all the 

organogels at room temperature.  

 

Scheme 3.2. Representation of synthesis of G8 and organogels 

formation. 

Aggregation induced enhanced emission (AIEE), visual and 

fluorometric sensing analysis. The solid-state UV-Vis spectrum of G8 

revealed one absorbance peak at 335 nm; however, in the solution state, 

only a broad shoulder was observable in this range. For emission 

spectra, the excitation wavelength was fixed at 350 nm, and the emission 

wavelength was observed at 445 nm (Figure 3.6). G8 does not show 
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fluorescence in diluted condition because it contain a flexible arm with 

secondary -NH group between triazine core and tetrazole ring. When the 

concentration increases, the G8 molecules self-assemble to each other 

by non-covalent interactions and aggregate. This aggregation restricted 

the intramolecular rotation; thus, excitons follow radiative decay 

pathway and show fluorescence. Here the gelator molecule G8 act as an 

AIEgen. AIEgens show non-emissive nature in the dilute state and the 

emission appear and increases with increasing concentration of the 

compound. Therefore, when the number of G8 molecules increases in 

solution, it shows an enhancement in emission values, indicating the 

presence of the aggregation-induced enhanced emission (AIEE) 

phenomenon. This was confirmed by visual and fluorometric analyses 

(Figure 3.7).[24-27]  

 

Figure 3.6. (a) Solid-state UV-Vis analysis of G8 (b) Excitation and 

emission wavelength of G8 by fluorometer.  

 

Figure 3.7. Fluorescent images of organogel G8 under UV chamber (a) 

Fluorescence data showing aggregation induced enhanced emission 

(AIEE) of gelator molecule G8. 
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The mixed organogels of G8 and isomers of aminopyridine were 

formed. The color of the organogels of G8, G8-2AP and G8-4AP was 

yellowish white, but in the case of G8-3AP, a dark yellow color was 

observed which turned dark red after three weeks. This indicates that 3-

AP can be discriminated by visual color changes from the other isomers 

with the help of the G8 organogel (Figure 3.8). When 1 mM solution 

(DMSO: H2O) of G8 (6.6 mg in 20 mL) combines with 1 mM solution 

(DMSO: H2O) of 2-AP, 3-AP, and 4-AP (1.88 mg in 20 mL) separately, 

then in the case of G8-2AP and G8-4AP, a minor enhancement in 

fluorescence intensity was observed with the highest peak intensity 

around 429 nm and 458 nm, respectively. However, in the case of G8-

3AP, a notable enhancement in fluorescence intensity was observed, and 

the emission peak was recorded around 404 nm (Figure 3.9). These 

interesting observations show that G8 can act as a sensor for 3-

aminopyridine as it discriminates the same from the other two isomers 

and indicates that a significant effect of the isomeric positions is 

perceptible on the combined fluorescence behavior of the mixed 

organogel. It is envisaged that it might happen because of the presence 

of a higher number of hydrogen bonds between the gelator molecules 

and the 3-AP molecules, which restricts the free rotation of tetrazole 

branches of G8 and enhances the emission intensity. In this condition, 

the excitons follow the radiative decay pathway, and the energy loss is 

minimum in the vibrational level. Due to this, the wavelength decreases. 

 

Figure 3.8. Notable Color change of G8-3AP organogel after three 

weeks at normal condition.   
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Figure 3.9. Fluorescence analysis of interaction of (a) G8, G8-2AP, G8-

3AP and G8-4AP (b) G8 and G8-2AP (c) G8 and G8-3AP (d) G8 and 

G8-4AP. 

Further fluorescence experiments were performed on G8 with different 

pyridine derivatives, i.e., pyridine, 2-pyridine aldehyde, 3-pyridine 

aldehyde, 4-pyridine aldehyde, aniline, and 4-methyl amino pyridine, 

and the results show that no fluorescence enhancement occurred in any 

of these cases (Figure 3.10). A luminophore, an atom or a functional 

group responsible for the luminescence properties of a compound, can 

show enhancement or quenching of the fluorescence properties due to 

aggregation. Two such types of luminophores, viz. ACQphores and 

AIEgens, are reported.[28] In ACQphores, quenching is observed due to 

aggregation, whereas in AIEgens an enhancement in fluorescence can 

be seen. In this case, gelator molecule G8 can act as an AIEgen as an 

aggregation-induced emission is observed. AIEgens show non-emissive 

nature in the dilute state, and the emission increases with increasing 

concentration of the compound.[29] 
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Figure 3.10. Controlled experiment of interaction of G8 with different 

pyridine compounds. 

As per the reported literature, specific organic structures with the 

possibility of flexible intramolecular motions favor rapid relaxation of 

exited state of the molecules in a dilute solution by non-radiative decay, 

like rotational motion, and become non-emissive. Restriction of 

intramolecular motion (RIM) can be the critical factor behind AIE. 

Molecules that show AIE or AIEE often have flexible intramolecular 

motion (IM) or intramolecular rotation (IR) in the dilute state. The 

aggregation of the molecules restricts these motions generating AIE or 

AIEE. Generation of AIE can be due to both restriction of intramolecular 

rotation (RIR) and restriction of intramolecular vibration (RIV) driven 

by aromaticity.[30, 31] 

The gelator molecule G8 is planar in geometry, with one cyanuric core 

and three tetrazole arms attached to the cyanuric ring by secondary 

amine (–NH). The molecule is flexible with the possibility of 

intramolecular rotation. The hetero-aromatic cyanuric ring containing 

the G8 molecule shows significant fluorescence in concentrated solution 

due to intramolecular charge transfer (ICT) from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO) of G8, delocalized on the whole molecule (Figure 3.11).   
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Figure 3.11. Schematic representation of intramolecular charge 

transfer in planar molecule G8. 

To confirm the ICT, the solvent effects on the fluorescence of G8 were 

investigated. When 1 mM solutions of G8 (6.6 in 20 mL solvent) in 

DMSO: H2O, DMSO: CH3CH2OH, DMSO: CH3CN, DMSO: CHCl3, 

and DMSO: CH3COOCH2CH3 were prepared and investigated using a 

fluorometer, it was found that there were some minor shifts of the peak 

toward higher wavelengths when the polarity of the used solvent with 

DMSO was increased (Figure 3.12). This is a piece of evidence to show 

that intramolecular charge transfer occurs in G8.[32, 33] The theoretical 

calculation has been done for G8, where the Mulliken atomic charge 

distribution and ESP diagram show the electrostatic potential surface of 

gelator molecule G8. The magnitude of the dipole moment is 0.0058 

Debye, which means the gelator is electronically symmetrical (Figure 

3.13 and Figure 3.14).[34] The fluorescence was enhanced with 

increasing concentration of G8 molecules, and it has been found to be 

maximum in the gel state due to significant restriction of intramolecular 

rotation (RIR) of the secondary amine and tetrazole ring attached to the 

central core. Similarly, enhanced fluorescence occurred in G8-3AP due 

to suitable orientation of –NH2 and pyridine nitrogen in 3-AP, which are 

complementary with respect to G8 hydrogen bonding sites. DFT studies 

have been conducted based on the possible interactions between 

the G8 molecule and different aminopyridines. This reveals that, in the 

case of G8-3AP, there are hydrogen bonds between the secondary amine 
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of G8 and the pyridine nitrogen of aminopyridine, which restrict the RIR 

more effectively than other gel systems.  

 

Figure 3.12. Effect of solvent on wavelength of G8 molecule. 

 

Figure 3.13. Gelator molecule G8 (a) Mapped with ESP and (b) 

Mulliken atomic charge distribution.  

 

Figure 3.14. G8 molecule Mapped with ESP. Isovalue for new surfaces: 

MO, 0.04, density 0.001, and Laplacian, 0.00.  
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Role of the amino group and pyridine nitrogen in hydrogen bonding 

and fluorescence study for structure prediction. The role of hydrogen 

bonds in the interaction of gelator molecule G8 with the isomers of 

aminopyridine has been investigated by concentration-dependent 1H 

NMR spectroscopy. The 1H NMR spectrum of 2-aminopyridine shows 

peaks at 7.90, 7.34, 6.46 and 5.88 ppm for the aromatic protons and –

NH2 protons, respectively. When the interaction of 2-aminopyridine (0.1 

mmol) and G8 (0.03 mmol) was investigated by 1H NMR, the NMR 

peaks of 2-aminopyridine were found at 7.91, 7.38, 6.49, and 6.10 ppm 

for aromatic hydrogen and –NH2 hydrogen, respectively. When the 

concentration of G8 increased (0.06 mmol and 0.09 mmol) in the same 

amount of solvent (0.5 mL DMSO-d6), the peak positions were changed 

for both aromatic and –NH2 protons to 7.93, 7.41, 6.51 and 6.50 ppm 

and 7.93, 7.45, 6.54 and 6.56 ppm, respectively, showing that the 2- 

aminopyridine –NH2 hydrogen and pyridine ring nitrogen both 

participate in hydrogen bond formation. Similarly, when concentration-

dependent 1H NMR was done with G8-3AP and G8-4AP, the 

downward shift in proton peak positions shows the role of the amino 

proton and pyridine ring nitrogen in hydrogen bond formation (Table 3.3 

and Figure 3.16, 3.18 and 3.20). The structure prediction of G8-2AP, 

G8-3AP, and G8-4AP was also made using a Job plot based on 

fluorescence spectroscopy.[35] 1 mM stock solutions of both G8 (6.6 mg 

in 20 mL) and 2AP/3AP/4AP (1.88 mg in 20 mL) in the mixture of 

DMSO/ H2O were prepared. The fluorescence analysis was performed 

by changing the volume ratio of G8 and aminopyridine, keeping the total 

volume constant (2 mL). In the case of G8-2AP, it is found that the 

fluorescence intensity is the highest at a 0.8 mole fraction of 2-AP. In 

the case of G8-3AP, the fluorescence intensity is the highest at a 0.6 

mole fraction of 3-AP, while for G8-4AP it is found at a 0.7 mole 

fraction of 4-AP (Figure 3.15, 3.17, and 3.19).  
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Table 3.3. 1H NMR data of downward shifting of protons of 2-AP, 3-AP 

and 4-AP during interactions with gelator molecule G8. 

 

 

Figure 3.15. (a) Fluorescence spectra of G8-2AP at different 

concentration (b) Job plot to shows maximum intensity ratio of G8-2AP. 

 

Figure 3.16. Concentration dependent 1H NMR of 2-aminopyriine with 

increasing amount of gelator molecule G8. 

1H NMR analysis in 0.5 mL DMSO-d6

2-AP (0.1 mmol) G8 (0.03 mmol) G8 (0.06 mmol) G8 (0.09 mmol)

7.90 ppm (aromatic) 7.91 7.93 7.93

7.34 ppm (aromatic) 7.38 7.41 7.45

6.46 ppm (aromatic) 6.49 6.51 6.54

5.88 ppm (-NH2) 6.10 6.50 6.56

3-AP (0.1 mmol) G8 (0.03 mmol) G8 (0.06 mmol) G8 (0.09 mmol)

7.95 ppm (aromatic) 7.96 7.97 7.98

7.74 ppm (aromatic) 7.75 7.78 7.80

7.00 ppm (aromatic) 7.06 7.12 7.16

6.91 ppm (aromatic) 6.98 7.05 7.10

5.27 ppm (-NH2) 5.86 6.55 6.92

4-AP (0.1 mmol) G8 (0.03 mmol) G8 (0.06 mmol) G8 (0.09 mmol)

7.98 ppm (aromatic) 8.00 8.01 8.05

6.46 ppm (aromatic) 6.51 6.56 6.60

5.98 ppm (-NH2) 6.25 6.51 6.74
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Figure 3.17. (a) Fluorescence spectra of G8-3AP at different 

concentration ratio (b) Job plot to shows the maximum intensity ratio of 

G8-3AP. 

 

Figure 3.18. Concentration dependent 1H NMR of 3-aminopyriine with 

increasing amount of gelator molecule G8. 

 

Figure 3.19. (a) Fluorescence spectra of G8-4AP at different 

concentration ratio (b) Job plot to shows the maximum intensity ratio of 

G8-4AP. 
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Figure 3.20. Concentration dependent 1H NMR of 4-aminopyriine with 

increasing amount of gelator molecule G8 showing participation of 

hydrogen and nitrogen for hydrogen bonding. 

To analyse the effect of different solvent mixtures on the interaction of 

G8 and 3-AP, different solvent mixtures, viz. DMSO: H2O, DMSO: 

CH3CH2OH, DMSO: CH3CN, DMSO: CHCl3 and DMSO: CH3- 

COOCH2CH3, were utilized. In all the cases, the fluorescence intensity 

has been found to be the highest with a mole fraction of 0.6 with respect 

to 3-AP, similar to the previous observation. This shows that there is no 

effect of solvent on the interaction ratio of G8 and 3AP (Figure 3.21-

3.25). Therefore, by concentration-dependent 1H NMR and fluorescence 

studies, the structures of organogels G8-2AP, G8-3AP, and G8-4AP 

have been predicted as given below and further confirmed by DFT 

calculations (Figure 3.26).  
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Figure 3.21. (a) Fluorescence spectra of G8-3AP at different 

concentration ratio in DMSO: H2O (b) Job plot to shows the ratio of 

amount of interaction of G8-3AP at maximum intensity.  

 

Figure 3.22. (a) Fluorescence spectra of G8-3AP at different 

concentration ratio in DMSO: CH3CH2OH (b) Job plot to shows the 

ratio of amount of interaction of G8-3AP at maximum intensity.  

 

Figure 3.23. (a) Fluorescence spectra of G8-3AP at different 

concentration ratio in DMSO: CH3CN (b) Job plot to shows the ratio of 

amount of interaction of G8-3AP at maximum intensity.  
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Figure 3.24. (a) Fluorescence spectra of G8-3AP at different 

concentration ratio in DMSO: CH3Cl (b) Job plot to shows the ratio of 

amount of interaction of G8-3AP at maximum intensity.  

 

Figure 3.25. (a) Fluorescence spectra of G8-3AP at different 

concentration ratio in DMSO: CH3COOCH2CH3 (b) Job plot to shows 

the ratio of amount of interaction of G8-3AP at maximum intensity.  

 

Figure 3.26. Possible predicted structure of G8-2AP, G8-3AP and G8-

4AP organogels. 
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DFT calculations and structure prediction. The structures of the 

synthesized gelator molecules G8 and their organogels have been 

predicted by density functional theory (DFT) using RB3LYP with the 

basis set 6-311++G(d,p) and water as a solvent. The bond lengths of C1–

N1, N1–C2, C2– N5, N5–H2, C5–N11, N11–N12, N12–N13, N13–N14 

and N14–H5 are found to be 1.331, 1.343, 1.369, 1.012, 1.324, 1.356, 

1.287, 1.352 and 1.013 Å, respectively. The bond angles of C1–N4–C4 

and N4–C4–N10 are found to be 127.111 and 127.201, respectively. All 

the bond lengths and bond angles are summarized in Table 3.4. From the 

optimized structure it is evident that G8 is a planar molecule in which 

the lone pair of secondary nitrogen is delocalized between the cyanuric 

ring and tetrazole ring.[36] The first HOMO–LUMO energy gap for the 

G8 molecule is found to be 5.69 eV (Figure 3.27). The values of the first 

five HOMO–LUMO energies are 5.69, 5.70, 6.66, 7.82, 8.60 and 8.70 

eV, respectively (Figure 3.28). Here, the theoretical (DFT calculated) 

HOMO-LUMO energy gap (5.69 eV) is different from HOMO-LUMO 

energy gap calculated by UV visible (200-400 nm) analysis i.e., 5.16 eV 

(Figure 3.29). The difference came because the DFT analysis was done 

by using water as a solvent. While the UV-Visible analysis has been 

performed in DMSO: H2O mixture, which shows the decrement in the 

band gap due to an increment in dipole moment.[37] 

Table 3.4. Bond lengths and bond angles of structure of planer G8 

molecule from DFT Data. 

 

Molec

ule

Bond Bond 

length (Å)

Bond Bond length 

(Å)

Bond angel 

name

Bond angel 

(o)

G8 C1-N1 1.33 N5-C5 1.37 N3-C1-N4 115.37

N1-C2 1.34 C5-N11 1.32 N1-C1-N4 118.67

C2-N2 1.33 N11-N12 1.36 C1-N4-C4 127.12

N2-C3 1.34 N12-N13 1.29 N4-C4-N10 127.22

C3-N3 1.33 N13-N14 1.35 N2-C2-N5 115.38

N3-C1 1.34 N14-H5 1.01 N1-C2-N5 118.67

C1-N4 1.37 N14-C6 1.34 C2-N5-C5 127.09

N4-H1 1.01 C3-N6 1.37 N5-C5-N14 127.20

N4-C4 1.37 N6-H3 1.01 N3-C3-N6 115.38

C4-N7 1.32 N6-C6 1.37 N2-C3-N6 188.66

N7-N8 1.36 C6-N15 1.32 C3-N6-C6 127.11

N8-N9 1.29 N15-N16 1.36 N6-C6-N18 127.20

N9-N10 1.35 N16-N17 1.29

N10-H4 1.01 N17-N18 1.35

N10-C4 1.34 N18-H6 1.01

C2-N5 1.37 N18-C6 1.34

N5-H2 1.02
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Figure 3.27. HOMO and LUMO orbital demonstration of gelator 

molecule G8 by DFT study. 

 

Figure 3.28. HOMO-LUMO energy orbitals of gelator molecule G8 

studied by DFT analysis.  

 

Figure 3.29. Energy band gap calculation by UV-Visible analysis (200- 

400 nm) of G8 in DMSO: H2O mixture.   
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The structures of G8-2AP, G8-3AP and G8-4AP have been predicted 

by Job plot and 1H NMR studies. This prediction has been confirmed by 

DFT analysis for G8-2AP, G8-3AP and G8-4AP. The DFT structure of 

G8-2AP shows that the nitrogen of the –NH2 group attached with the 

pyridyl ring interacts via hydrogen bond formation with the hydrogen of 

the tetrazole ring and the hydrogen of the –NH2 group interacts through 

hydrogen bond formation with the nitrogen of the tetrazole ring. In the 

case of G8-3AP, the hydrogen bonds are formed between –NH2 

hydrogen and tetrazole nitrogen, and –NH2 nitrogen and tetrazole 

hydrogen. Here, the pyridyl nitrogen also takes part in the formation of 

hydrogen bonds with the hydrogen of secondary –NH bridging between 

cyanuric and tetrazole rings. In the case of G8-4AP, the hydrogen bonds 

are formed between the pyridyl nitrogen and hydrogen of secondary –

NH. The DFT data confirmed the more restricted structure in the case of 

G8-3AP in terms of intramolecular rotation (Figure 3.30). 

 

 

Figure 3.30. Structure confirmation of (a) G8 (b) G8-2AP (c) G8-3AP 

(d) G8-4AP by DFT study. 

2.11

2.18

2.12

2.32

1.33

1.34

1.37

1.011.37

1.32

1.36

1.29

1.35

1.34

G8 G8-2AP

(a) (b)

1.792.31

1.80
1.89

1.91

2.14

G8-3AP G8-4AP

1.78

1.79

1.77

1.83

(c) (d)



 

                                                                        [140] 

 

Chapter 3 

The bond angles of the hydrogen bonds in G8-2AP, G8-3AP and G8-

4AP are in the range of 137.23o-179.33o. The N–H…N type hydrogen 

bonds are found to show stronger interactions. The bond length range of 

hydrogen bonds in G8-2AP is between 2.11 and 2.32 Å which is weaker 

compared to the hydrogen bonds formed in G8-3AP, for which the 

lengths are found to be between 1.80 and 2.31 Å. G8-4AP also contained 

stronger hydrogen bonds in the range of 1.77–1.83 Å but it has a less 

restricted structure. These results point to the fact that a relatively strong 

interaction between G8 and 3-AP might be the reason for the enhanced 

fluorescence due to more effective restriction in intramolecular 

rotation.[38, 39] 

The outcome of the DFT study and correlation with fluorescence shows 

that in the case of G8-3AP, amine hydrogen and pyridine nitrogen of 3-

aminopyridine participate as hydrogen bond donor and acceptor sites, 

respectively, with tetrazole nitrogen and secondary amine hydrogen sites 

of two different G8 molecules. While in G8-2AP, the orientation of 

pyridine nitrogen and amine hydrogen is such a way that it can form 

hydrogen bonds with the same molecule of G8. Similarly, in G8-4AP, 

the hydrogen bond formed only between pyridine nitrogen of 4-

aminopyridine with hydrogen of secondary amine but with not primary 

amine hydrogens. Therefore, more restrictions in intramolecular rotation 

(RIR) occurred in the case of G8-3AP compared to G8-2AP and G8-

4AP, which supports the enhancement in fluorescence.   

Rheological study of organogels. The strength and sol-gel transition 

behavior of the gel were investigated by rheology.[40-42] The average 

storage modulus (Gʹ ) for organogel G8 was 2.36×102 Pa and the storage 

modulus (Gʹ ) was found to be larger than the loss modulus (Gʹʹ) in the 

whole experimental range. When the strain is increased in the LVE 

experiment, the values of Gʹ and Gʹʹ deviate from linearity, and the 

crossover point is observed at approximately 64% of the strain value. 

The strain sweep test of G8 also shows weak strain overshoot (WSO) 

which indicate the formation of complex microstructure inside gel 

matrix during organogel formation.[43-45] When the isomer of 
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aminopyridine is introduced with gelator G8, the values of the storage 

modulus were found to be 0.90×102 for G8-2AP, 5.14×103 for G8-3AP 

and 6.07×102 Pa for the G8-4AP organogel (Figure 3.31-3.34). The 

significant increase in the storage modulus in the case of G8-3AP 

indicates a greater number of noncovalent interactions like hydrogen 

bonds, π-π stacking and intercolumnar stacking. Therefore, the 

organogel of G8 with aminopyridine also shows rheological sensing 

ability toward 3-AP (Figure 3.35). These organogels also have the 

tendency of sol-gel-sol transition which is indicative of the self-healing 

property of low molecular weight gels. 

 

Figure 3.31. (a) LVE Angular sweep (AS) and (b) Frequency sweep (FS) 

of organogel G8.  

 

Figure 3.32. (a) LVE Angular sweep (AS) and (b) Frequency sweep (FS) 

of organogel G8-2AP. 
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Figure 3.33. (a) LVE Angular sweep (AS) and (b) Frequency sweep (FS) 

of organogel G8-3AP.  

 

Figure 3.34. (a) LVE Angular sweep (AS) and (b) Frequency sweep (FS) 

of organogel G8-4AP. 

 

Figure 3.35. (a) Series of organogels synthesized from G8 (b) 

Comparative study of storage modulus of G8-2AP, G8-3AP and G8-4AP 

gels with G8 by Frequency sweep experiment.  
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Effect of the gelation component on the thixotropic behavior of 

organogel G8 (self-healing property of LMWG). The gel-sol-gel 

transition or self-healing of low molecular weight gelators or thixotropy 

of gels can be evaluated by the strain sweep experiment. In the case of 

organogel G8, the strain sweep experiment shows that, during five 

cycles, at low (1%) and high (200%) strain values, there was no change 

in the value of storage modulus which shows that it has the capacity for 

gel-sol-gel transition even after five cycles. During this experiment, the 

effect of the gelation components with G8 has been examined. It has 

been observed that lower value of storage modulus (Gʹ) for organogel 

indicates more flexible or viscous nature.  Therefore, lower strength gel 

shows tendency for gel–sol–gel transition, without considerable changes 

in the storage modulus (Gʹ). The gels (G8-3AP) that have higher values 

of storage modulus show thixotropic behavior, but Gʹ decreases with an 

increasing number of cycles (at low 1% and high 100% strain). 

Therefore, it is confirmed that stronger non-covalent bonding gives a 

higher storage modulus, and the result is low thixotropic behavior 

toward a higher number of strain sweep cycles (Figure 3.36 and 3.37). 

 

Figure 3.36. Images showing the self-healing property of LMWG 

organogels before and during the cut, and after healing (a) G8, (b) G8-

2AP, (c) G8-3AP and (d) G8-4AP.  
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Figure 3.37. Strain sweep experiment of (a) Organogel G8 (b) 

Organogel G8-2AP and (c) Organogel G8-3AP (d) Organogel G8-4AP. 

Self-assembly of organogels of G8. Morphological analysis of the 

organogel of G8 has been done by FE-SEM. G8 powder shows 

nanostructured flower-type morphology. Upon transformation to 

organogel, G8 offers a continuous tiny fiber-like structure. When 

organogels of G8 are formed with the isomers of aminopyridine, 

obvious changes are observed. In the case of G8-3AP, a nanoflower-like 

structure of 60–90 nm dimension was observed. For G8-2AP a nano-

fibrous structure of 20–80 nm dimension with the covering of tiny fiber 

morphology is visible. G8-4AP shows nanostructured thread-like 

morphology also covered by tiny fibers (Figure 3.38). Here the FE-SEM 

analysis have been done with gel as well as its xerogel form which 

revealed changes in morphology upon conversion from a gel to a xerogel 

due to changes in method of drying and sample preparation (Figure 3.39-

3.42).[46, 47]  The FE-SEM images of all the organogels, conclusively 

confirm the different type of interactions between G8 and different 
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aminopyridines lead to different morphologies and bring about 

differences in the rheological properties of the mixed organogels. 

 

Figure 3.38. FE-SEM images of (a) G8 powder (b) Organogel G8 (c) 

Organogel G8-2AP (d) Organogel G8-3AP (e) G8-3AP with nano-

measurement and (f) Organogel G8-4AP at 200 nm.  

 

Figure 3.39. FE-SEM images of (a) Organogel G8 and (b) Xerogel of 

Organogel G8 at 200 nm. 

 

Figure 3.40. FE-SEM images of (a) Organogel G8-2AP and (b) 

Xerogel of Organogel G8-2AP at 200 nm. 
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Figure 3.41. FE-SEM images of (a) Organogel G8-3AP and (b) Xerogel 

of Organogel G8-3AP at 200 nm. 

 

Figure 3.42. FE-SEM images of (a) Organogel G8-4AP and (b) Xerogel 

of Organogel G8-4AP at 200 nm. 

The FTIR spectrum of the xerogel of G8 shows IR bands at 3413, 1653, 

1554, 1427, and 1017 cm-1, indicating the presence of secondary amines 

and tetrazole groups. The FTIR bands for the xerogel of G8-2AP were 

observed at 3377, 1660, 1550, 1417 and 1010 cm-1, for the xerogel of 

G8-3AP at 3370, 1632, 1554, 1413 and 1017 cm-1, and for the xerogel 

of G8-4AP at 3377, 1646, 1554, 1420 and 1010 cm-1. In the case of G8-

3AP, the shift from a higher wavenumber to a lower wavenumber shows 

the formation of strong hydrogen bonds as compared to other isomeric 

organogels (Figure 3.43 and Table 3.5). 
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Figure 3.43. FT-IR data of xerogel of G8, G8-2APX, G8-3APX and G8-

4APX. 

Table 3.5. Comparative wavenumber range to show the participation of 

amine and tetrazolic ring for gelation.  

 

Self-assembly of the organogels was also studied by PXRD analysis of 

gelator molecules and xerogels of organogels. The drying of gel to 

xerogel has been done in a controlled manner by lyophilization. 

Therefore, the gel matrix and interaction between molecules do not get 

disturbed during drying, which leads to the conservation of basis 

properties upon conversion. For the gelator powder of G8, a relatively 

broad peak at 18.90o is observed with a d-spacing value of 4.83 Å for 

intercolumnar stacking, peak at 2θ = 27.59o (d value of 3.38 Å) revealing 

the π-π stacking between the benzene rings, whereas the peak at 2θ = 

34.96o (d value of 2.73 Å) indicates the H-bond interactions between the 

NH proton of a secondary amine and tetrazole groups. In the case of the 

xerogel of G8, the higher intensity peak as compared to powder G8 at 

2θ = 27.49o shows increased π-π stacking between gelator molecules. 

Similarly, in the case of the xerogel of G8-2AP, PXRD peaks were 

found at 2θ = 20.41o and 2θ = 27.49o, for G8-3AP they were found at 2θ 

= 21.27o and 2θ = 27.58o and for G8-4AP they were found at 2θ = 20.70o 

and 2θ = 27.49o, indicating the presence of the highest amount of 
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intercolumnar stacking, and π-π stacking between the gelator molecules 

and the respective isomers of aminopyridine. Here, the peak for 

hydrogen bonds has not been clearly observed, which may be due to the 

possibility that, after the hydrogen bond formation, the molecules get 

stacked with each other by intercolumnar and π-π stacking, which 

resulted in the dominance of these two interaction peaks over the peak 

meant for hydrogen bond formation (Figure 3.44).  

 

 

 

Figure 3.44. PXRD data of (a) gelator powder G8 and Xerogel of (b) 

G8, (c) G8-2AP, (d) G8-3AP, (e) G8-4AP.  
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Thermal study of the gelator molecule G8 and xerogels. The xerogels 

of organogels G8, G8-2AP, G8-3AP, and G8-4AP were used for the 

thermogravimetric analysis (TGA). This test has also been performed 

for G8 in the powder state. During the experiment, it was found that 

there were three steps of degradation for all the cases. In the case of G8 

powder, some trapped solvent molecules get released from the surface 

of the compound, which is observable between 36.17 and 219.94 oC with 

4.34% weight loss of the material, while in the low volatility range, i.e. 

219.94– 347.51 oC, in which the observed weight loss of about 30.78% 

may be due to the breakage of the C–N bonds of secondary amine 

between cyanuric and tetrazole rings. The slow combustion of the 

carbon of the compound is observable between 347.51 and 595.78 oC, 

and the weight loss is found to be 62.45%. Similarly, in the case of G8, 

G8-2AP, G8-3AP, and G8-4AP organogels, the weight loss occurred in 

three similar steps, but the difference can be seen in the high volatility 

range in the case of G8-2AP, G8-3AP, and G8-4AP. In G8-2AP, it 

started from 160.15 oC, in G8-3AP from 160.38 oC, and in G8-4AP 

from 168.49 oC, indicating that, due to the strong gel network, the 

removal of solvents becomes more energy-demanding. After the total 

combustion, the remaining weight percentage of G8-3AP was found to 

be 7.38%, higher compared to the others. The TGA data show that the 

combustion of the xerogel of G8 is slow compared to its precursor G8 

powder. Further, the combustion of the xerogels of G8-2AP, G8-3AP, 

and G8-4AP is slow as compared to the G8 xerogel, which may be due 

to the formation of stronger gel networks (Figure 3.45). 
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Figure 3.45. TGA data of gelator molecule G8 and xerogels of 

organogels of G8, G8-2AP, G8-3AP and G8-4AP.   

3.4 Conclusions 

The tetrazole-based gelator molecule N2, N4, N6 -tri(1H-tetrazol-5- yl)-

1,3,5-triazine-2,4,6-triamine (G8) has been synthesized and 

characterized using various spectroscopic tools. The structure of the 

molecule G8 has been optimized through density functional theory 

(DFT). G8 gets self-assembled to form an organogel in the DMSO: H2O 

mixture through different non-covalent interactions, viz. hydrogen bond 
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formation, π-π interactions, intra- or intercolumnar stacking, etc. G8 has 

been utilized successfully to form mixed organogels with different 

isomers of aminopyridines in which 3-AP gets distinguished from other 

isomers in terms of fluorescence enhancement, color changes, and 

rheological behavior. The enhancement in fluorescence is attributed to 

the restriction of intramolecular rotation (RIR) due to the stronger 

hydrogen bond interactions between complementary hydrogen bond 

donor–acceptor sites of G8 and 3-AP. The interactions between G8 and 

aminopyridines have been investigated by Job plot, concentration 

dependent 1H NMR studies, and DFT studies. An additional hydrogen 

bond in the case of G8-3AP between the secondary –NH of G8 and the 

pyridyl nitrogen of 3-AP has been found to be the reason for greater 

restriction in RIR. The FE-SEM analysis shows tiny fibrous, nano-

flower and nano-thread like structures of organogels G8-2AP, G8-3AP, 

and G8-4AP, respectively. The thermal studies have been performed by 

TGA showing the slow combustion of the xerogels of organogels 

compared to G8 powder due to the stronger non-covalent network inside 

the gel matrix.  Organogels G8, G8-2AP, G8-3AP, and G8-4AP show 

thixotropic behavior which indicates the self-healing property of 

LMWG. Here, by the strain sweep or time oscillation sweep (TOS) 

experiment, it has been found that G8 offers sol-gel-sol transition due to 

its low storage modulus (Gʹ) value, while in the case of G8-3AP, sol-

gel-sol transition decreases with increasing number of TOS cycles due 

to its higher Gʹ value. These analyses indicate that the G8 organogel can 

effectively discriminate 3-AP from the other isomers of aminopyridines, 

i.e., 2-AP and 4-AP, not only by optical processes but also through 

rheological parameters.  

3.5 Declaration 

This chapter is adapted from Mater. Chem. Front., 2022, 6, 2835-2847. 

(D.O.I. 10.1039/D2QM00520D) 
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Palladium Nanoparticles and Palladium Ions 

Embedded Nanostructured Metallogel: Effective 

Catalyst for Suzuki-Miyaura Coupling and 

Cycloaddition Reaction for Tetrazole Formation 

4.1 Introduction 

Catalysis is one of the fascinating areas of chemistry research that has 

been explored since the development of modern chemistry.[1] Many 

catalysts have been reported based on transition metal complexes, metal-

organic frameworks, and nanocomposite materials over the years.[2-7] 

However, using soft materials, particularly metallogels, as catalysts is a 

topic of recent interest. The fundamental properties of gels and their 

semisolid nature make them interesting candidates for catalysis. The 

semisolid porous nature of the gel network can provide a scaffold for the 

interactions between substrate and reagent to obtain a product in a 

kinetically driven pathway. The insoluble nature of the gel or the derived 

composite can make the recovery of the catalyst easier.[8] There are some 

notable reports based on the use of gels as catalysts. Some Pd(II)-

coordinated metallogels are used for organic reactions like the oxidative 

reaction of benzyl alcohol, Suzuki-Miyaura coupling, Heck coupling, 

etc. At the same time, some PdNPs based gels are also used as catalysts 

for Suzuki-Miyaura and other C-C coupling reactions.[9, 10] Other than 

palladium, there are some reports where Cd(II), Cu(I), Cu(II), AgNPs 

based nanostructured metallogels are used as active catalysts of various 

organic transformations like Huisgen cycloaddition reaction, 

asymmetric Diels-Alder cycloaddition, reduction of p-nitrophenol, 

degradation of dyes, etc.[11-24] Other than metallogels, LMW organogels 

also shows their catalytic activities for various organic transformation. 

[25-28]  

Organic moieties are essential for the preparation of various necessary 

products related to pharmaceuticals, food additives, pesticides, 

fertilizers, and many more. For preparing these necessary products, 
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some chemical processes are involved many times. The maximum 

procedure contained high temperature, pressure, toxic solvent, catalyst, 

and chemicals and generated toxic chemical waste, adversely impacting 

the environment and health.[29, 30] Notably, the use of suitable catalysts 

can control the reaction system and decrease the limitation. Catalysts are 

of two types homogeneous and heterogeneous catalysts. Due to the 

solubility of the Homogenous catalyst in the reaction medium, it shows 

higher selectivity and better yield. However, the limitation is the 

difficulty separating the homogenous catalyst from the reaction 

medium. Therefore, the transformation of the homogenous catalytic 

process by heterogeneous catalysts is in light to overcome the limitation. 

The introduction of nanomaterials as catalysts have been studied for the 

last two decades that can be used as an excellent alternative to the 

conventional catalytic system. The nanomaterials could provide the 

properties of both homogeneous and heterogeneous catalysis. The 

formation of nanomaterials as catalysts is also helpful because of the 

possibilities of tuning the morphology, shape, and size, which must 

affect the catalytic pathway. Nanomaterials-based catalytic systems are 

helpful because the interaction between nanocatalyst and reactant is 

significantly higher due to the large surface area, high surface area-to-

volume ratio, and can be reused many times, which makes this catalyst 

economically and environmentally suitable.  

Nitrogen-containing heterocyclic tetrazole-based molecules have 

greater attention due to their applicability towards antifungal,[31, 32] anti-

HIV,[33] antitubercular,[34] antibacterial,[35] antiulcer,[36, 37] 

antiallergic,[38] antihypertensive,[39] antileishmanial,[40] anticancer,[41, 

42], antibacterial and antiproliferative,[43] activities. Tetrazole derivatives 

are also used to increase lipophilicity, bioavailability, and 

pharmacokinetic properties and reduce drug molecule side effects. 

Furthermore, they are used as high-energy material, bioimaging, 

explosives, organometallic chemistry, etc.[44, 45] Tetrazole derivatives 

are also effective for organogel and metallogel formation due to their 

multifunctional sites, which can participate in adequate hydrogen 

bonding. 
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Palladium-catalyzed cross-couplings have played an increasingly 

important role in the synthesis of agrochemicals. The palladium-

catalyzed cross-coupling reaction between organoboron compounds and 

organic halides or triflates is referred to as Suzuki–Miyaura cross-

coupling. Commercially available, nontoxic, and stable organoboron 

compounds used as coupling reactants in Suzuki-Miyaura coupling. 

This coupling reaction shows high yield and selectivity, suitable 

conditions, and broad substrate scope.[46, 47] The reaction is used in 

organic synthesis, pharmaceutical, and pesticide industries.[48] Many 

reports are there with transition metal catalysts participating in tetrazole 

formation reactions, out of which the palladium catalyst dominated as 

the most potential candidate due to its application at laboratory and 

industrial scale.[49-53] 

Here, the palladium ion and palladium nanoparticle-based 

nanostructured catalysts have been prepared and stabilized by gel 

formation, where the same gelator molecule G8 is used to form both 

metallogel G8PdCl2 and G8PdNPs. Xerogel of G8PdCl2 was used as 

a catalyst for the 2+3 cycloaddition reaction of nitrile and sodium azide 

to form tetrazoles. While xerogel of G8PdNPs is used as a catalyst for 

the Suzuki-Miyaura coupling reaction. The reactions have been applied 

on a number of substrates and show good product yield. Both catalysts 

offer recyclability till five continuous cycles of reactions without much 

depreciation in product yield.  

 

4.2 Experimental section 

4.2.1 Materials and methods  

The chemicals used in this work, viz., cyanuric chloride, i.e., 5-amino 

tetrazole monohydrate and palladium chloride, have been taken from 

commercial sources. DMSO/MQ-water or a mixture of solvents was 

used for experimental analysis. Instruments used for FTIR, NMR, ESI-

MS and FE-SEM experiments have already been mentioned in section 

2.2.1 of chapter 2.   
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The formation of nanostructured metallogels with PdNPs inside the gel 

matrix of G8 has been analyzed by TEM, PXRD, and XPS techniques. 

The synthesis of the organic substrate of tetrazole formation and Suzuki-

Miyaura coupling reaction has been characterized by ESI-MS, FTIR, 1H, 

and 13C NMR spectroscopy. 

4.2.2 Synthesis of G8, G8PdCl2 and G8PdNPs 

The gelator molecule G8 was synthesized as reported in chapter 3 

(Scheme 4.1).   

 

Scheme 4.1. Synthesis of gelator G8. 

The metallogel formation of G8PdCl2, has been done in DMSO: H2O 

mixture. After the fabrication of G8PdCl2 metallogel, it was converted 

into xerogel by lyophilization. This xerogel acts as a catalyst for the 

cycloaddition reaction of nitrile substituent and sodium azide to form 

respective tetrazoles. For the formation of the nanocatalyst, 0.5 mmol 

(165 mg) gelator molecule G8 and 0.5 mmol (88.50 mg) PdCl2 were 

taken in 60 mL of THF and stirred for 24 hrs at room temperature. After 

that, 3M, 500 µL aqueous solution of NaBH4 was added and the mixture 

is again stirred for 2 hrs at room temperature (Scheme 4.2). The black 

color precipitate of G8PdNPs formed, which was washed by THF and 

dried in a desiccator.  

 

Scheme 4.2. Synthesis of nanocomposite material G8PdNPs. 

 

THF

PdCl2

Stirring, 24 hrs

RT Stirring, 2 hrs
RT

NaBH4
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4.2.3 Gels preparation  

For the fabrication of metallogel G8PdCl2, 0.1 mmol (33 mg) of G8 was 

dissolved in 1 mL of DMSO and added into 0.1 mmol (18 mg) 1 mL 

aqueous solution of PdCl2. The yellow metallogel formed 

instantaneously, but it became more stable over time. Further, the 

nanometallogel G8PdNPs has been fabricated by adding 1 mL 1.8 

weight % G8PdNPs powder into 1 mL solution of 0.1 mmol (33 mg) of 

G8 dissolved in DMSO. Stable greenish-black color nano-metallogel 

has been formed instantaneously. The gels have been stable at room 

temperature.  

4.2.4 Characterization  

The ESI-MS analysis, FTIR spectra, NMR studies, powder X-ray 

diffraction, morphological and rheological analysis of organogel G8, 

metallogels G8PdCl2 and G8PdNPs have been done as similar to 

analysis mentioned in section 2.2.5 of chapter 2.  

The synthesis of palladium nanoparticles inside gel matrix of G8 has 

also been analysed by XPS analysis. The catalytic reaction of 2+3 

cycloaddition reaction of tetrazole formation has been examined by ESI-

MS, FTIR and NMR technologies. Similarly, the Suzuki-Miyaura 

coupling reaction was also examined by FTIR and NMR spectroscopy.   

4.2.5 General method of synthesis of tetrazole substituent (3+2 

cycloaddition reaction). Benzonitrile substrate (1 mmol) has been 

taken in 5 mL DMF. After that 2 mmol of NaN3 and 20 mg of palladium 

(II) catalyst (G8PdCl2) were added into it at stirring condition. The 

reaction mixture was refluxed at 120 oC for six hours (Scheme 4.3). 

After that, the reaction mixture was extracted with ice-cooled water (20 

mL) and ethyl acetate (30 mL) two times. The organic layer was 

evaporated by the rotatory evaporator, and the isolated product was 

washed further with hexane to find a fine solid as a pure product. The 

product has been characterized by ESI-MS and NMR spectroscopy.  
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Scheme 4.3: 2+3 cycloaddition reaction for synthesis of tetrazole 

substituent by catalyst G8PdCl2. 

Synthesis of 5-phenyl-1H-tetrazole: The product has been Synthesized 

as general method mentioned above. Product: yield: 74 %. ESI-MS: m/z 

[M-H]- calculated for C7H5N4
-: 145.05, found 145.03 (Figure 4.1). The 

FTIR band for nitrile -CN found at 2230 cm-1 in benzonitrile. This band 

diminished in product shows the formation of tetrazole from nitrile. 

FTIR: 3397 cm-1, 2927 cm-1, 2856 cm-1, 1714 cm-1, 1448 cm-1, 1369 cm-

1, 1252 cm-1, 1046 cm-1 and 693 cm-1 (Figure 4.2). 1H NMR (500 MHz, 

DMSO-d6) δ ppm 8.10 (2H, d) and 7.52 (3H, m) for aromatic protons 

(Figure 4.3). 13C NMR (126 MHz, DMSO-d6) δ ppm 151.91 (1 C), 

132.16 (1 C), 131.11 (2 C), 129.18 (2 C) and 127.34 (1 C) (Figure 4.4). 

 

Figure 4.1. ESI-MS of 5-phenyl-1H-tetrazole in negative mode. 

[M-H]-
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Figure 4.2. FTIR data of benzonitrile and 5-phenyl-1H-tetrazole. 

 

Figure 4.3. 1H NMR data of 5-phenyl-1H-tetrazole.  
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Figure 4.4. 13C NMR data of 5-phenyl-1H-tetrazole.  

Synthesis of 4-(1H-tetrazol-5-yl)aniline: Product: yield:86 %. ESI-

MS: m/z [M] calculated for C7H7N5: 161.07, found 161.07 (Figure 4.5). 

The FTIR band for nitrile -CN found at 2210 cm-1 in 4-

aminobenzonitrile. This band diminished in product shows the 

formation of tetrazole from nitrile. FTIR: 3459 cm-1, 3356 cm-1, 2917 

cm-1, 2861 cm-1, 1600 cm-1, 1514 cm-1, 1313 cm-1, 1264 cm-1, 825 cm-1 

and 545 cm-1 (Figure 4.6).  1H NMR (500 MHz, DMSO-d6) δ ppm 7.42-

7.40 (2H, d), 6.66-6.64 (2H, d) for aromatic protons and 4.19 (2H, s) for 

amide -NH2 proton (Figure 4.7). 13C NMR (126 MHz, DMSO-d6) δ ppm 

150.38 (2 C), 133.76 (2 C), 120.10 (1 C), 114.39 (2 C) (Figure 4.8).  

 

Figure 4.5. ESI-MS data of 4-(1H-tetrazol-5-yl)aniline in negative 

mode. 
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Figure 4.6. FTIR data of 4-aminobenzonitrile and 4-(1H-tetrazol-5-

yl)aniline. 

 

Figure 4.7. 1H NMR data of 4-(1H-tetrazol-5-yl)aniline.  
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Figure 4.8. 13C NMR data of 4-(1H-tetrazol-5-yl)aniline.  

Synthesis of 3-(1H-tetrazol-5-yl)aniline: Product: yield: 75 %. ESI-

MS: m/z [M] calculated for C7H7N5: 161.07, found 161.05 (Figure 4.9). 

FTIR: 3356 cm-1, 2945 cm-1, 2833 cm-1, 1648 cm-1, 1451 cm-1, 1405 cm-

1, 1022 cm-1 and 629 cm-1 (Figure 4.10).  1H NMR (500 MHz, DMSO-

d6) δ ppm 7.22 (1H, d), 7.02 (1H, m), 6.90 (1H, s), 6.88 (1H, d) for 

aromatic protons and 3.91 (2H, s) for amide -NH proton (Figure 4.11). 

13C NMR (126 MHz, DMSO-d6) δ ppm 146.91 (2C), 130.00 (1C), 

121.91 (1C), 119.15 (1C), 117.38 (1C) and 112.85 (1C) (Figure 4.12).  

 

Figure 4.9. ESI-MS data of 3-(1H-tetrazol-5-yl)aniline in negative 

mode. 
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Figure 4.10. FTIR data of 3-aminobenzonitrile and 3-(1H-tetrazol-5-

yl)aniline. 

 

Figure 4.11. 1H NMR data of 3-(1H-tetrazol-5-yl)aniline. 
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Figure 4.12. 13C NMR data of 3-(1H-tetrazol-5-yl)aniline. 

Synthesis of 4-(1H-tetrazol-5-yl)benzaldehyde:  Product: yield: 85 %. 

ESI-MS: m/z [M-H]- calculated for C8H5N4O
-: 173.04, found, 173.04 

(Figure 4.13). FTIR: 3375 cm-1, 2927 cm-1, 2852 cm-1, 1694cm-1, 1283 

cm-1, 1189 cm-1, 825 cm-1 and 536 cm-1 (Figure 4.14).  1H NMR (500 

MHz, DMSO-d6) δ ppm 10.10 (1H, s) for aldehyde proton and 8.00 (2H, 

d), 7.86 (2H, d) for aromatic protons (Figure 4.15). 13C NMR (126 MHz, 

DMSO-d6) δ ppm 190.60 (1C), 162.74 (1C), 138.70 (2C), 132.88 (2C) 

and 129.87 (2C) (Figure 4.16).  

 

Figure 4.13. ESI-MS data of 4-(1H-tetrazol-5-yl)benzaldehyde in 

negative mode. 
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Figure 4.14. FTIR data of 4-cyanobenzaldehyde and 4-(1H-tetrazol-5-

yl)benzaldehyde. 

 

Figure 4.15. 1H NMR data of 4-(1H-tetrazol-5-yl)benzaldehyde. 
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Figure 4.16. 13C NMR data of 4-(1H-tetrazol-5-yl)benzaldehyde. 

Synthesis of 2-(1H-tetrazol-5-yl)aniline: Product: yield: 72 %. ESI-

MS: m/z [M] calculated for C7H7N5: 161.07, found 161.05 (Figure 

4.17). FTIR: 3368 cm-1, 2917 cm-1, 2858 cm-1, 1722 cm-1, 1604 cm-1, 

1448 cm-1, 1262 cm-1, 1104 cm-1 and 742 cm-1 (Figure 4.18).  1H NMR 

(500 MHz, DMSO-d6) δ ppm 7.40 (1H, d), 7.33 (1H, m), 6.76 (1H, s), 

6.74 (1H, m) for aromatic protons and 4.38 (2H, s) for amide -NH proton 

(Figure 4.19). 13C NMR (126 MHz, DMSO-d6) δ ppm 149.55 (2C), 

133.98 (1C), 132.34 (1C), 117.98 (2C) and 115.11 (1C) (Figure 4.20).  

 

Figure 4.17. ESI-MS data of 2-(1H-tetrazol-5-yl)aniline in negative 

mode. 
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Figure 4.18. FTIR data of 2-aminobenzonitrile and 2-(1H-tetrazol-5-

yl)aniline. 

 

Figure 4.19. 1H NMR data of 2-(1H-tetrazol-5-yl)aniline. 
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Figure 4.20. 13C NMR data of 2-(1H-tetrazol-5-yl)aniline. 

Synthesis of 5-(4-nitrophenyl)-1H-tetrazole: Product: yield: 73 %. 

ESI-MS: m/z [M-H]- calculated for C7H4N5O2
-: 190.04, found 190.02 

(Figure 4.21). FTIR: 2914 cm-1, 2850 cm-1, 1604 cm-1, 1506 cm-1, 1291 

cm-1, 1095 cm-1, 831 cm-1 and 615 cm-1 (Figure 4.22).  1H NMR (500 

MHz, DMSO-d6) δ ppm 7.64 (2H, d) and 7.12 (2H, d) for aromatic 

protons (Figure 4.23). 13C NMR (126 MHz, DMSO-d6) δ ppm 162.74 

(1C), 144.92 (1C), 133.83 (1C), 128.09 (2C) and 124.30 (2C) (Figure 

4.24).  

 

Figure 4.21. ESI-MS data of 5-(4-nitrophenyl)-1H-tetrazole in negative 

mode. 
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Figure 4.22. FTIR data of 4-nitrobenzonitrile and 5-(4-nitrophenyl)-

1H-tetrazole. 

 

Figure 4.23. 1H NMR data of 5-(4-nitrophenyl)-1H-tetrazole. 
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Figure 4.24. 13C NMR data of 5-(4-nitrophenyl)-1H-tetrazole. 

Several methods and catalysts containing different metal ions/ 

nanoparticles of Pd, Cu, Fe, etc., have been reported to form tetrazoles. 

However, using gel or xerogel as a catalyst for tetrazole formation is 

rare. Nanocomposite materials, MOFs, and dual metal systems are 

known to catalyze tetrazole formation. Table 4.1 presents some of the 

reports,[49-53] where tetrazole formation of nitrile substituent 

(nitrobenzene) is taken up by previously reported catalysts along with 

the xerogel catalyst G8PdCl2 reported in this Chapter. The use of 

xerogel G8PdCl2 as a heterogenous catalyst with significant yields 

presents the gel as a promising material for tetrazole formation by an 

easy and convenient method.  
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Table 4.1. Activity of different reported catalyst and synthesized catalyst 

G8PdCl2 for tetrazole formation.  

 

4.2.6 General method of Suzuki-Miyaura coupling reaction: The 

following optimization has been done to follow the Suzuki-Miyaura 

coupling reaction. For this reaction, substituents of iodobenzene (0.5 

mmol), phenylboronic acid (1 mmol), sodium carbonate (1.5 mmol), 

and G8PdNPs nanocomposite powder as a catalyst have been taken in 

15 mL acetonitrile (MeCN) and the reaction mixture was reflux at 65° 

C for 2 hours in nitrogenous environment (Scheme 4.4). After two hours, 

the solvent was removed by a rotatory evaporator, and the mixture was 

extracted with 30 mL ethyl acetate and 30 mL water mixture (two times). 

The organic layer was evaporated, and the product was treated with 

hexane to obtain pure product. The product has been characterized by 

FTIR and NMR spectroscopy.  

 

Scheme 4.4. Suzuki-Miyaura coupling reaction catalyzed by 

nanocomposite catalyst xerogel G8PdNPs. 

Entry Catalyst used for 

tetrazole formation from 

benzonitrile

Amount of 

catalyst

Temperature

(oC)

Solvent Time (h) Yield (%) Ref.

1 Pd-isatin@boehmite 35 mg 120 PEG-400 7 96 49

2 Fe3O4-CNT-SO3H 20 mg 80 Solvent free 2.5 90 50

3 Fe3O4@silica sulfonic 

acid

20 mg 100 Solvent free 50 97 51

4 Cu-MOFs-1(Cu-TMU-1-

NH2)

50 mg 110 PEG 5 94 52

5 ZnO/ Co3O4 50 mg 120 DMF 12 90 53

6 G8PdCl2 Xerogel 20 mg 120 DMF 6 99 This work



 

                                                                        [180] 

 

Chapter 4 

Optimization of C-C coupling reaction. The solvent system has been 

changed for reaction with methanol, ethanol, acetonitrile, 

tetrahydrophenol, and dimethylformamide (Figure 4.25-4.34). It was 

found that the most suitable solvent for Suzuki-Miyaura coupling, 

when G8PdNPs are used as catalyst, is acetonitrile. 

 

Figure 4.25. 1H NMR data of 4,4'-dimethoxy-1,1'-biphenyl when 

reaction done in methanol.  

 

Figure 4.26. 13C NMR data of 4,4'-dimethoxy-1,1'-biphenyl when 

reaction done in methanol.  
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Figure 4.27. 1H NMR data of 4,4'-dimethoxy-1,1'-biphenyl when 

reaction done in DMF.  

 

Figure 4.28. 13C NMR data of 4,4'-dimethoxy-1,1'-biphenyl when 

reaction done in DMF.  
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Figure 4.29. 1H NMR data of 4,4'-dimethoxy-1,1'-biphenyl when 

reaction done in acetonitrile.   

 

Figure 4.30. 13C NMR data of 4,4'-dimethoxy-1,1'-biphenyl when 

reaction done in acetonitrile.  
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Figure 4.31. 1H NMR data of 4,4'-dimethoxy-1,1'-biphenyl when 

reaction done in ethanol.  

 

Figure 4.32. 13C NMR data of 4,4'-dimethoxy-1,1'-biphenyl when 

reaction done in ethanol.  
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Figure 4.33. 1H NMR data of 4,4'-dimethoxy-1,1'-biphenyl when 

reaction done in tetrahydrofuran.  

 

Figure 4.34. 13C NMR data of 4,4'-dimethoxy-1,1'-biphenyl when 

reaction done in tetrahydrofuran.  
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Synthesis of 1,1'-biphenyl: 

The synthesis of 1,1'-biphenyl (Scheme 4.5) has been done as mentioned 

above in “General method of Suzuki-Miyaura coupling reaction”.  

 

Scheme 4.5. Suzuki-Miyaura coupling for synthesis of 1,1'-biphenyl.  

The synthesis of coupling product has been confirmed by FTIR and 

NMR spectroscopy. The diminished FTIR band of aromatic iodo group 

at 445 cm-1 in product from 445 cm-1 shows C-C coupling product 

formation. Product: isolated yield: 60 %. FTIR: 1606 cm-1, 1450 cm-1, 

1332 cm-1, 690 cm-1 and 573 cm-1 (Figure 4.35).  1H NMR (500 MHz, 

DMSO-d6) δ ppm 8.28-8.26 (4H, d), 7.63 (2H, m) and 7.54 (4H, m) for 

aromatic protons (Figure 4.36). 13C NMR (126 MHz, DMSO-d6) δ ppm 

135.68 (2C), 132.73 (4C) and 128.02 (6C) (Figure 4.37). ESI-MS: m/z 

[M+H]+ calculated for C12H11
+: 155.08, found 155.14. 

 

Figure 4.35. FTIR analysis of formation of 1,1'-biphenyl from 

iodobenzene and phenylboronic acid.  
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Figure 4.36. 1H NMR analysis of 1,1'-biphenyl. 

 

Figure 4.37. 13C NMR analysis of 1,1'-biphenyl. 
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Synthesis of 4-methoxy-1,1'-biphenyl: 

The synthesis of 4-methoxy-1,1'-biphenyl (Scheme 4.6) has been done 

as mentioned above in “General method of Suzuki-Miyaura coupling 

reaction”.  

 

Scheme 4.6. Suzuki-Miyaura coupling for synthesis of 4-methoxy-1,1'-

biphenyl.  

Product: isolated yield: 85 %. FTIR: 2928 cm-1, 1586 cm-1, 1439 cm-1, 

1332 cm-1, 1029 cm-1, 690 cm-1 and 569 cm-1 (Figure 4.38).  1H NMR 

(500 MHz, DMSO-d6) δ ppm 8.28 (2H, d), 7.62 (1H, m), 7.57 (2H, d), 

7.54 (2H, m), 6.71 (2H, d) for aromatic protons and 3.79 (3H, s) for 

methoxy proton (Figure 4.39). 13C NMR (126 MHz, DMSO-d6) δ ppm 

159.42 (1C), 138.17 (1C), 135.62 (1C), 132.67 (4C), 127.96 (3C), 

116.33 (2C) and 55.27 (1C) (Figure 4.40). ESI-MS: m/z [M+H]+ 

calculated for C13H13O
+: 185.09, found 185.12. 

 

Figure 4.38. FTIR analysis of formation of 4-methoxy-1,1'-biphenyl 

from 1-iodo-4-methoxybenzene and phenylboronic acid.  
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Figure 4.39. 1H NMR analysis of 4-methoxy-1,1'-biphenyl. 

 

Figure 4.40. 13C NMR analysis of 4-methoxy-1,1'-biphenyl. 
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Synthesis of 4-methyl-1,1'-biphenyl: 

The synthesis of 4-methyl-1,1'-biphenyl (Scheme 4.7) has been done as 

mentioned above in “General method of Suzuki-Miyaura coupling 

reaction”.  

 

Scheme 4.7. Suzuki-Miyaura coupling for synthesis of 4-methyl-1,1'-

biphenyl.  

Product: isolated yield: 75 %. FTIR: 1596 cm-1, 1439 cm-1, 1332 cm-1, 

1019 cm-1, 799 cm-1, 690 cm-1 and 573 cm-1 (Figure 4.41).  1H NMR 

(500 MHz, DMSO-d6) δ ppm 8.28 (4H, d, m), 7.62 (1H, m), 7.53 (4H, 

d, d) for aromatic protons and 2.31 (3H, s) for methyl proton (Figure 

4.42). 13C NMR (126 MHz, DMSO-d6) δ ppm 137.44 (1C), 137.21 (1C), 

135.63 (1C), 132.70 (2C), 132.68 (2C), 131.17 (2C), 127.97 (3C) and 

20.99 (1C) (Figure 4.43). ESI-MS: m/z [M+Na]+ calculated for 

C13H12Na+: 191.08, found 191.09. 

 

Figure 4.41. FTIR analysis of formation of 4-methyl-1,1'-biphenyl from 

1-iodo-4-methylbenzene and phenylboronic acid.  

1000 900 800 700 600 500 400

0.96

0.97

0.98

0.99

1.00

0.72

0.80

0.88

0.96

1.04

790

 

 4-iodotoluene

 

 

 4-methyl-1,1'-biphenyl

T
ra

n
s
m

it
ta

n
c
e
 

T
ra

n
s
m

it
ta

n
c
e
 

Wavenumber (cm
-1
)

799

690

573

563

468

4000 3500 3000 2500 2000 1500 1000 500

0.96

0.97

0.98

0.99

1.00

0.72

0.80

0.88

0.96

1.04

2967 2350

1468

989
1050

790

 

 4-iodotoluene

1596

1439
1019

1332

 

 

 4-methyl-1,1'-biphenyl

T
ra

n
s
m

it
ta

n
c
e
 

T
ra

n
s
m

it
ta

n
c
e
 

Wavenumber (cm
-1
)

799

690

573

563

468



 

                                                                        [190] 

 

Chapter 4 

 

Figure 4.42. 1H NMR analysis of 4-methyl-1,1'-biphenyl. 

 

Figure 4.43. 13C NMR analysis of 4-methyl-1,1'-biphenyl. 
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Synthesis of 4,4'-dimethoxy-1,1'-biphenyl: 

The synthesis of 4,4'-dimethoxy-1,1'-biphenyl (Scheme 4.8) has been 

done as mentioned above in “General method of Suzuki-Miyaura 

coupling reaction”.  

 

Scheme 4.8. Suzuki-Miyaura coupling for synthesis of 4,4'-dimethoxy-

1,1'-biphenyl.  

Product: isolated yield: 88 %. FTIR: 1596 cm-1, 1332 cm-1, 1234 cm-1, 

1155 cm-1, 1019 cm-1, 685 cm-1 and 544 cm-1 (Figure 4.44).  1H NMR 

(500 MHz, DMSO-d6) δ ppm 8.18 (4H, d), 7.03 (4H, d) for aromatic 

protons and 3.89 (6H, s) for methoxy proton (Figure 4.45). 13C NMR 

(126 MHz, DMSO-d6) δ ppm 163.14 (2C), 137.46 (2C), 135.28 (4C), 

113.47 (4C) and 55.12 (2C) (Figure 4.46). ESI-MS: m/z [M+H]+ 

calculated for C14H15O2
+: 215.11, found 215.12.  

 

Figure 4.44. FTIR analysis of formation of 4,4'-dimethoxy-1,1'-biphenyl 

from 1-iodo-4-methoxybenzene and (4-methoxyphenyl) boronic acid.  
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Figure 4.45. 1H NMR analysis of 4,4'-dimethoxy-1,1'-biphenyl. 

 

Figure 4.46. 13C NMR analysis of 4,4'-dimethoxy-1,1'-biphenyl. 
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Synthesis of 4-methoxy-4'-methyl-1,1'-biphenyl: 

The synthesis of 4-methoxy-4'-methyl-1,1'-biphenyl (Scheme 4.9) has 

been done as mentioned above in “General method of Suzuki-Miyaura 

coupling reaction”.  

 

Scheme 4.9. Suzuki-Miyaura coupling for synthesis of 4-methoxy-4'-

methyl-1,1'-biphenyl. 

Product: isolated yield: 75 %. FTIR: 2918 cm-1, 1596 cm-1, 1332 cm-1, 

1234 cm-1, 1155 cm-1, 1019 cm-1, 741 cm-1, 679 cm-1 and 542 cm-1 

(Figure 4.47).  1H NMR (500 MHz, DMSO-d6) δ ppm 8.18 (2H, d), 7.59 

(2H, d), 7.03 (2H, d), 6.95 (2H, d) for aromatic protons and 3.89 (3H, 

s), 2.31 (3H, s) for methoxy and methyl proton respectively (Figure 

4.48). 13C NMR (126 MHz, DMSO-d6) δ ppm 163.12 (1C), 137.46 (1C), 

137.19 (1C), 135.30 (1C), 131.16 (4C), 122.26 (2C), 113.46 (2C), 55.11 

(1C) and 20.97 (1C) (Figure 4.49). ESI-MS: m/z [M+Na]+ calculated for 

C14H14NaO+: 221.09, found 221.10.  

 

Figure 4.47. FTIR analysis of formation of 4-methoxy-4'-methyl-1,1'-

biphenyl from 1-iodo-4-methylbenzene and (4-methoxyphenyl)boronic 

acid.  
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Figure 4.48. 1H NMR analysis of 4-methoxy-4'-methyl-1,1'-biphenyl. 

 

Figure 4.49. 13C NMR analysis of 4-methoxy-4'-methyl-1,1'-biphenyl. 
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Synthesis of 4-(trifluoromethyl)-1,1'-biphenyl: 

The synthesis of 4-(trifluoromethyl)-1,1'-biphenyl (Scheme 4.10) has 

been done as mentioned above in “General method of Suzuki-Miyaura 

coupling reaction”.  

 

Scheme 4.10. Suzuki-Miyaura coupling for synthesis of 4-

(trifluoromethyl)-1,1'-biphenyl.  

Product: isolated yield: 75 %. FTIR: 3251 cm-1, 2350 cm-1, 1959 cm-1, 

1322 cm-1, 1106 cm-1, 1008 cm-1, 630 cm-1 and 553 cm-1 (Figure 4.50).  

1H NMR (500 MHz, DMSO-d6) δ ppm 7.80 (4H, d), 7.72 (2H, d), 7.34 

(1H, m) and 7.12 (2H, m) for aromatic protons (Figure 4.51). 13C NMR 

(126 MHz, DMSO-d6) δ ppm 139.28 (1C), 135.77 (1C), 134.04 (1C), 

127.11 (2C), 124.76 (2C), 124.56 (2C), 122.93 (1C), 115.48 (2C) and 

114.05 (1C) (Figure 4.52). ESI-MS: m/z [M+H]+ calculated for 

C13H10F3
+: 223.07, found 223.09. 

 

Figure 4.50. FTIR analysis of formation of 4-(trifluoromethyl)-1,1'-

biphenyl from iodobenzene and (4-(trifluoromethyl)phenyl)boronic 

acid.  
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Figure 4.51. 1H NMR analysis of 4-(trifluoromethyl)-1,1'-biphenyl. 

 

Figure 4.52. 12C NMR analysis of 4-(trifluoromethyl)-1,1'-biphenyl. 

The synthesized nanocatalyst G8PdNPs act as an active heterogenous 

catalyst for Suzuki-Miyaura coupling reactions. Although some reported 

gels are there which has been used for coupling reactions, numbers are 

very few.[54-57] The synthesized catalyst has the tendency to provide 

good product yield (75-88 % for maximum products) with minimum 

reaction time. The activity of some notable gels and 

synthesized G8PdNPs gel as catalysts have been mentioned in Table 

4.2.  

SM-RK-SM10.001.001.1r.esp

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

Chemical Shift (ppm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
N

o
rm

a
liz

e
d

 I
n

te
n

s
it
y

1.810.962.084.00

7
.1

27
.2

7
7

.3
4

7
.7

2
7

.8
0

a, b

c

d

e

CDCl3

SM-RK-SM10-R.002.001.1r.esp

160 152 144 136 128 120 112 104 96 88 80 72 64 56 48

Chemical Shift (ppm)

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

N
o

rm
a

liz
e

d
 I
n

te
n

s
it
y

7
7

.0
0

1
1

4
.0

5
1

1
5

.4
8

1
2

2
.9

3
1

2
4

.5
61
2

4
.7

6
1

2
7

.1
1

1
3

4
.0

4
1

3
5

.7
7

1
3

9
.2

8

a

CDCl3

b

c

d

e

f

g

h

i



 

                                                                        [197] 

 

Chapter 4 

Table 4.2. Activity of different reported gel catalyst and synthesized 

catalyst G8PdNPs for Suzuki-Miyaura coupling reaction.  

 

4.3 Results and discussion 

The gelator molecule G8 contains many nitrogen and hydrogen sites for 

non-covalent interactions, primarily for hydrogen bond formation. Here, 

these sites are used for the stabilization of palladium nanoparticles. 

Many palladium-based catalysts are known to be active for many 

organic reactions, such as coupling reactions, tetrazole formation, and 

other catalytic reactions.[58] However, only a few reports are available 

where palladium-based metallogels are used for catalysis.[9] In this 

Chapter, G8 is used to form two types of catalyst based on palladium 

ions and palladium nanoparticles, i.e., G8PdCl2 and G8PdNPs, 

respectively (Figure 4.53). Both catalysts originated from the 

nanostructured metallogel of G8 and Pd. The G8PdCl2 xerogel was 

used as a catalyst for the 2+3 cycloaddition reaction of nitrile and azide 

to form tetrazole substituents. In contrast, G8PdNPs xerogel is used as 

a catalyst for Suzuki-Miyaura coupling reactions. The use of a single 

gelator system for the formation of two different catalysts for different 

reactions is most valuable for developing the future of soft materials as 

effective catalysts for various catalytic organic reactions.     
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Figure 4.53. Use of G8 for the formation of two type of catalyst i.e., used 

in two different types of reactions. 

Critical gel concentration (CGC) for metallogel PdCl2 and 

G8PdNPs formation. The nanostructured metallogels formation 

of G8PdCl2 and G8PdNPs have been performed with different 

concentrations of PdCl2 and PdNPs by taking a fixed concentration 

of G8 and a fixed volume of solvents ratio of DMSO: H2O. The inverted 

vial method has been applied for each gel set and found the critical gel 

concentration (CGC) where the gel does not come down from the 

inverted vial. The experiments show that the CGC for G8PdCl2 gel is 

2.15 wt % (w/v), while an ideal condition of strong metallogel formation 

is 0.1 mmol (33 mg) of G8 and 0.1 mmol (18 mg) of PdCl2 in 2 mL of 

DMSO: H2O solvent mixture (1 mL each) (Table 4.3). Similarly, the 

CGC experiment has been done with the nanometallogel formation 

of G8PdNPs. Here, the value of CGC for G8PdNPs is 1.9 wt %, while 

an ideal concentration for strong gel formation is 0.1 mmol (33 mg) 

of G8 and 18 mg of G8PdNPs in 2 mL of DMSO: H2O solvent mixture 

(1 mL each) (Table 4.4).  
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Table 4.3. CGC experiment for formation of G8PdCl2 nanostructured 

metallogel. 

 

Table 4.4. CGC experiment for formation of G8PdNPs nanostructured 

metallogel. 

 

Analysis of xerogels of G8PdCl2 and G8PdNPs nanostructured 

metallogel. The synthesis, characterization, and analysis of G8 has been 

mentioned in previous Chapter. The FTIR data analysis has been 

performed for G8, G8PdCl2, and G8PdNPs xerogels. In the case of G8, 

the FTIR band found at 1637 cm-1 indicates the presence of secondary 

amine -NH, 1523 cm-1 for tetrazole -NH, while the bands at 1422, and 

1339 cm-1 indicate the presence of tetrazole ring -C-N groups. In the 

case of xerogel of G8PdCl2, the IR bands at 1624, 1505, 1418, and 1318 

cm-1 show the presence of secondary amine -NH, tetrazole amine -NH 

and tetrazole -C-N, respectively. Similarly, with G8PdNPs, the IR band 

for secondary amine -NH is found at 1620 cm-1, for tetrazole -NH, it is 

at 1518 cm-1 and for tetrazole ring-C-N, the IR bands found at 1418 and 
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1327 cm-1 (Figure 4.54). The shifting in the peak positions of G8 

functional groups in G8PdCl2 and G8PdNPs indicates the presence of 

non-covalent interactions between G8 and Pd(II)/ PdNPs.  

 

Figure 4.54. FTIR analysis of xerogels of G8, G8PdCl2 and G8PdNPs. 

The synthesized G8PdCl2 and G8PdNPs are also characterized by 

PXRD analysis. The PXRD analysis of G8 shows three peaks at 20.12o, 
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hydrogen bond formation, respectively. When G8 interacts with PdCl2 
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the presence of G8 in G8PdCl2. The PXRD analysis of G8PdNPs 

shows the characteristic diffraction peaks of synthesized PdNPs at 

40.19o (111), 45.67o (200), 66.58o (220) and 75.70o (311). The spectrum 

also indicates two PXRD peaks at 15.45o (100) and 20.61o (001) which 

are characteristic peaks for PdO due to partial oxidation of PdNPs 

(Figure 4.55).[59-61]  
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Figure 4.55. PXRD analysis of xerogels of G8, G8PdCl2 and G8PdNPs. 

The xerogel of synthesized nanometallogel G8PdNPs has also been 

examined by XPS analysis. The survey spectrum of G8PdNPs shows 

peaks at 285.06 eV for C 1s, 336.45 eV, and 341.71 eV for Pd 3d, 399.14 

eV for N 1s, 532.45 eV for O 1s, and 561.76 eV for Pd 3P elements. The 

XPS spectrum of C 1s shows three types of carbon atoms, i.e., =C-NH- 

at 287.55 eV, -C=N- at 284.84 eV, and =C-N= at 284.04 eV, which 

indicates the presence of G8 molecules with PdNPs. The N 1s spectrum 

also supports the stability of PdNPs by G8 gelator molecules where four 
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C at 400.84 eV, N-N=N at 399.48 eV and C-N=C at 398.83 eV. The Pd 
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336.45 eV. Here, the 341.71 eV and 336.45 eV peaks confirmed the 

presence of Pd 3d3/2 and Pd 3d5/2, respectively. While the peaks at 343.42 
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respectively, due to the presence of PdO. The presence of PdO is also 

confirmed by the XPS spectrum of O 1s, where three peaks are available 

at 535.09 eV, 533.05 eV, and 531.19 eV for Pd 3p3/2, PdO, and molecular 

oxygen, respectively (Figure 4.56).[62-69] 

 

 

 

Figure 4.56. (a) XPS survey spectra of xerogel of G8PdNPs and XPS 

analysis of (b) Pd 3d (c) C 1s (d) PdO (e) N 1s. 
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Morphological analysis of nanostructured metallogels. The 

morphological studies for organogel G8 have been mentioned in 

previous chapter. Organogel G8 shows a continuous tiny nanofibers-like 

structure. When PdCl2/ PdNPs interact with G8 molecules in DMSO: 

H2O (1:1) mixture (G8PdCl2/ G8PdNPs gels), it shows 3D changes in 

morphology. The metallogel G8PdCl2 shows a nanofibrous-like 

structure with a flower-like appearance. G8PdNPs powder shows a 

dense structure with flowery nodes, while it has been converted into a 

denser form when metallogel G8PdNPs have been fabricated (Figure 

4.57). The EDX and mapping analysis confirmed PdNPs inside the gel 

matrix (Figure 4.58). The presence and size of PdNPs have been 

confirmed by TEM analysis of nanometallogel G8PdNPs. The TEM 

analysis indicated the size of palladium nanoparticles between 10-50 nm 

in range (Figure 4.59).  

 

Figure 4.57. FE-SEM images of (a) G8PdCl2 gel (b) G8PdNPs powder 

and (c) G8PdNPs gel. 

 

Figure 4.58. EDX and mapping analysis of G8PdNPs gel. 

(a) (b) (c)

Atomic%Weight%Element

30.0820.21C K

39.9031.26N K

25.7423.03O K

4.2825.50Pd L

100.00Totals



 

                                                                        [204] 

 

Chapter 4 

 

Figure 4.59. TEM analysis of G8PdNPs gel. 

Investigation of rheological properties of nanostructured 

metallogels. Angular sweep (AS), frequency sweep (FS), and time 

oscillation sweep (TOS)/ thixotropic behavior experiment has been 

performed for organogel G8, metallogels G8PdCl2 and G8PdNPs. The 

FS experiments have been done at 1 % strain taken from between the 

non-deformation range (0.1 to 5 % strain for G8) for AS experiment of 

organogel G8. The non-deformation range is the range of applied strain 

percentage on gel on which gel shows no loss in the storage modulus 

value (Gʹ). The frequency test is done with the range of value for non-

deformation strain percentage. For G8PdCl2 metallogel, the non-

deformation range was between 0.1-1 % strain. Therefore, the FS has 

been done at 0.5 % strain. While for G8PdNPs, it is from 0.1 to 8 % 

strain. Both are metallogel of Pd, therefore the FS has been performed 

at similar strain % i.e., 0.5 % strain. The TOS experiment was tested at 

a minimum 1 % and maximum 200 % strain for G8, while 

for G8PdCl2 and G8PdNPs, the minimum and maximum strain % 

values were 0.5 % and 100 %, respectively. The values of storage 

modulus (Gʹ) for G8, G8PdCl2 and G8PdNPs are found to be 236 Pa, 

6595 Pa and 950 Pa, respectively. The strength (measured in the term of 

storage modulus Gʹ) of nanostructured metallogels was greater than 

organogel G8 due to additional metal coordinated bond formation 

between G8 and palladium ion/ palladium nanoparticle. However, the 

storage modulus value is more significant in the case 

of G8PdCl2 than G8PdNPs, while the value of the non-deformation 

range is higher for G8PdNPs. So, the nanometallogel G8PdNPs have a 

(c)(a) (b)
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more viscoelastic nature than G8PdCl2 due to their moderate strength 

(950 Pa) (Figure 4.60). The strain test of G8 shows weak strain 

overshoot as mentioned in previous chapter. The reason behind the 

increment in Gʹʹ at certain strain % might be the formation of complex 

microstructure during the fabrication of organogel. This phenomenon 

appeared little bit in nanostructured metallogels viz. G8PdCl2 and 

G8PdNPs which indicate the formation of some complex 

microstructure inside metallogel matrix. 

 

Figure 4.60. Angular sweep experiment of (a) G8 (c) G8PdCl2 and 

G8PdNPs, frequency sweep experiment of (b) G8 and (d) G8PdCl2 and 

G8PdNPs. 

The effect of its viscoelastic nature can also be seen in TOS experiments. 

The experiment indicates that the gel-sol-gel transition at a minimum 

and maximum strain percentage for organogel G8 and 

nanometallogel G8PdNPs was constant without losing the value of G’. 

At the same time, in the case of G8PdCl2, its storage modulus decreases 

after the first cycle of the TOS experiment, i.e., when the maximum 

strain (100 %) released and minimum strain (0.5 %) applied on gel did 

not show its initial Gʹ value. The reason for this decrescent might be the 

higher storage modulus value of G8PdCl2, which increases the strength 
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of the gel, but maximum time decreases the flexibility of the gel (Figure 

4.61). 

 

 

 

Figure 4.61. Time oscillation sweep experiment of (a) G8 (b) G8PdCl2 

and (c) G8PdNPs. 
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Study on self-assembly of G8 gelator molecule and their metal 

components. The main important factor of gel formation by gelator 

molecules is the self-assembly of gelator molecules with each other or 

gel components. The reason behind self-assembly is the formation of 

non-covalent interactions, viz. π-π interactions between aromatic rings 

or electron clouds, hydrogen bond between electronegative-

electropositive functional sites and intercolumnar stacking between π-π 

stacked branches of gelator molecules (Figure 4.62).  

 

Figure 4.62. Schematic representation of self-assembly of G8 molecules 

and their components for gel formation.  

The self-assembly between gelator molecules can be predicted by FE-

SEM, FTIR, and PXRD analysis. The self-assembly between gelator 

molecules can be predicted by FE-SEM, FTIR, and PXRD analysis. 

Here, the morphological 3D changes from organogel G8 to 

nanostructured metallogels G8PdCl2 and G8PdNPs indicate that the 

gelator components self-assembled to each other with different modes 

of interactions to form different types of morphologies (Figure 4.5). The 

FTIR data of G8, G8PdCl2, and G8PdNPs also indicates the 

interactions of G8 with PdCl2 and G8PdNPs.  In the case of G8PdCl2, 

the FTIR band for secondary -NH was found at 1624 cm-1 in the place 

of 1637 cm-1, which was found in xerogel of organogel G8. Similarly, 

the FTIR band for tetrazole -NH was found at 1505 cm-1 in the place of 

1523 cm-1, and for tetrazole C-N groups were found at 1418 and 1318 

cm-1 in the place of 1422 and 1339 cm-1. Same as, in the case of 

G8PdNPs, the FTIR band for secondary -NH is found at 1620 cm-1; for 

tetrazole -NH, it is at 1518 cm-1, and for tetrazole C-N groups, the bands 

are at 1418 and 1327 cm-1. The shifting in wavenumbers of these groups 
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from higher wavenumber to lower wavenumber indicates the strong 

interactions between G8 molecules and with palladium metal ions or 

nanoparticles. These interactions denote the formation of self-assembled 

structure to formed gel materials (Figure 4.2).  The self-assembly of 

gelator components can also be explored by PXRD data. The PXRD 

analysis of G8 shows three peaks at 20.12o, 27.64o, and 34.35o due to 

various non-covalent interactions between G8 molecules. G8PdCl2 

shows PXRD peaks at 11.21o, 19.58o, 27.14o, 32.04o, and 47.96o, where 

the peaks at 19.58o, 27.14o and 32.04o appear due to the non-covalent 

interaction between G8 molecules which is present in G8PdCl2. The 

PXRD analysis of G8PdNPs indicates the characteristic diffraction 

peaks of synthesized PdNPs at 40.19o (111), 45.67o (200), 66.58o (220) 

and 75.70o (311) and two PXRD peaks at 15.45o (100) and 20.61o (001) 

due to presence of PdO. Here, two other peaks can be seen at 27.29o and 

31.78o representing the interactions of G8 molecules with PdNPs 

(Figure 4.3).   

Therefore, the relatable changes in FE-SEM, FTIR and PXRD data of 

G8, G8PdCl2 and G8PdNPs confirmed the self-assembly between 

respective gelator components.  

Recyclability of catalyst G8PdCl2. Catalyst G8PdCl2 is used in the 

form of xerogel. It acts as a heterogenous catalyst in cycloaddition 

reactions. Therefore, it is easy to separate the catalyst by filtering. The 

filtrate was extracted by ethyl acetate and ice-cooled water, and the 

product was isolated by evaporation of the organic layer in the rotary 

evaporator. The obtained solid in the filter paper can be used further for 

another cycle of catalytic reaction. Here, the recyclability was tested 

with tetrazole formation of 4-cyanobenzaldehyde for five cycles, and it 

was found that till the third cycle, the isolated yield of the product 

remained almost the same. It decreases slowly after the third cycle of the 

reaction (Figure 4.63). The recyclability of the catalyst has been 

confirmed by comparing the FTIR data of the original catalyst and the 

catalyst isolated after the fifth cycle of reaction (Figure 4.64). Almost 
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similar IR pattern of FTIR data, even after the fifth cycle of repetition, 

indicates the stability and applicability of the catalyst.  

 

Figure 4.63. (a) Isolated yield of product 4-(1H-tetrazol-5-

yl)benzaldehyde during recyclability of catalyst G8PdCl2 till five cycle 

of reaction (b) Bar graph showing the recyclability of catalyst. 

 

Figure 4.64. FTIR data of catalyst G8PdCl2 before use and after using 

till five cycles of reaction.  
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Recyclability of catalyst G8PdNPs. Catalyst G8PdNPs is also used in 

the form of xerogel. It acts as a heterogenous catalyst with minimum 

reaction time and is easily separated. Here, also the catalyst is removed 

by filtration. During filtration, the remaining amount of sodium 

carbonate can also be there, so filtration must be done by decaying the 

reaction system. The filtrate was extracted by ethyl acetate and water, 

and the product was isolated by evaporation of the organic layer in a 

rotary evaporator. The filtered solid, which is greyish black in colour is 

identified as an original catalyst, which can be used further after drying 

for another cycle of the same reaction. Here, the recyclability has been 

tested for the Suzuki-Miyaura coupling reaction of (4-

methoxyphenyl)boronic acid and 1-iodo-4-methoxybenzene to form the 

product 4,4'-dimethoxy-1,1'-biphenyl. The recyclability was tested for 

five cycles, and it was found that till the second cycle, the isolated yield 

of the product was almost the same. It decreases slowly after the second 

cycle of reaction (Figure 4.65). The stability of the catalyst has been 

confirmed by the FTIR data of the catalyst before and after use till the 

fifth cycle of the reaction (Figure 4.66). The FTIR data show that there 

is no change in the FTIR band pattern, which indicates that the xerogel 

is in a stable state during the reaction.   

 

Figure 4.65. (a) Isolated yield of Suzuki-Miyaura coupling product 4,4'-

dimethoxy-1,1'-biphenylduring, recyclability of catalyst G8PdNPs till 

five cycles of reaction. (b) Bar graph showing the recyclability of 

catalyst. 
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Figure 4.66. FTIR data of catalyst G8PdNPs before use and after using 

up to five cycles of reaction.  

4.4 Conclusion 

Gelator molecule G8 has been synthesized and characterized by various 

spectroscopic tools. G8 contains many functional sites as secondary 

amine -NH, tetrazole -NH, and triazine ring nitrogen. G8 was used to 

stabilize palladium nanoparticles using these sites, and a palladium 

nanocomposite powder G8PdNPs was synthesized. Further, for the 

formation of a Pd(0) catalyst, G8PdNPs nanometallogel has been 

fabricated in DMSO: H2O mixture with G8. Similarly, the fabrication 

of G8PdCl2 metallogel was done in DMSO: H2O mixture using G8 and 

PdCl2 as gel components. After the fabrication 

of G8PdCl2 and G8PdNPs metallogel, both were converted into 

xerogels by lyophilization. The synthesis and fabrication of palladium 

nanocomposite, metallogels, and its xerogels have been analyzed by 
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FTIR, PXRD, XPS, SEM, TEM, and UV-Vis analysis. 

Xerogels G8PdCl2 and G8PdNPs both act as heterogenous catalyst 

and show good catalytic activity for the cycloaddition reaction of nitrile 

substituent and sodium azide to form respective tetrazoles and for the 

Suzuki-Miyaura coupling reaction for various substrates, respectively. 

Both nanostructured catalysts worked as active catalysts and provided 

notable product yields. The catalytic reaction products were examined 

by ESI-MS, FTIR, 1H, and 13C NMR techniques. Both the catalysts 

show good recyclability till five cycles of reactions without much 

change in the yield of the reaction products.  
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Design and Synthesis of Hydrophobic Mixed 

Organogel with Complementary Hydrogen-bond 

Donor-acceptor Sites: Removal of Heavy Metal 

Ions Hg2+, Cd2+ and Pb2+ from Aqueous Solution 

5.1 Introduction 

Low molecular weight gels (LMWGs) present a new opportunity to 

utilize the intermediate state in favour of various applications in diverse 

fields. The organic molecules with carboxamide and tetrazole moieties 

have shown greater tendencies to form gel.[1-4] While gels have been 

seen to have prospective applications in tissue engineering,[5,6] 

sensing,[7,8] drug delivery,[9,10] self-healing materials,[11,12] etc., 

incorporating metal ions in gel structure can further enrich the 

materialistic properties by introducing optical,[13,14] magnetic,[15,16] 

catalytic,[17-19] and conductive properties.[20,21] Interestingly, though 

LMWGs have shown extensive metallogel formation properties, there 

are only limited reports where LMWGs are being used in water 

remediation through the adsorption of heavy metals. However, some 

reports show that alginate or cellulose-based gels[22-24] have been used 

for water remediation. Recently a metalloprotein-based hybrid hydrogel 

is reported for Cd(II) removal.[25] Some other reports used glucolipid 

biosurfactant or cryogel for heavy metal removal from wastewater.[26-28] 

These limited studies of heavy metal removal by gel materials are 

basically related to polymeric gels or high molecular weight gels. 

Contrary, in this report, a modified hydrophobic LMW organogel with a 

second component has been used for water remediation with increased 

adsorption capacity compared to previous limited reports.  One major 

challenge to utilizing gels for water remediation is to stabilize the gels 

in the presence of excess water. Furthermore, the interactions of metal 

ions with a gelator system could be of two different types. One could be 

through forming covalent bonds and making coordination complexes, 

and the other could be loosely bound metal ions, mainly through non-

covalent interactions. In the first case, recovering the heavy metal ions 
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are difficult after initial adsorption. So, for an application like water 

remediation, non-covalent interactions between gel materials and metal 

ions can be more helpful.  

Out of many contaminations in water, heavy metal salts are very serious 

to human health. Heavy metals are considered to be those with a 5 gm/ 

cm3 density or more.[29] These are found to be toxic and carcinogenic, 

even at very low concentrations. This pollution mainly gets originates 

from the dumping of animal manure, sewage sludge, fertilizer, 

petroleum distillates waste, and pesticides. Many studies noted hazards 

of heavy metals impurities like Hg, Cd, Cu, Pb, Zn, etc., in contaminated 

water,[30,31] out of which the impurities of mercury, cadmium, and lead 

are the major health concerns for life. Hg2+ can damage the nervous 

system and kidneys, Cd2+ can cause damage to kidneys, bone, liver, and 

blood with its continuous exposure, and Pb2+ causes damage to kidneys, 

liver, and learning difficulties.[32] As purification methods, adsorption 

by porous materials, membrane separation, electricity-driven removal, 

and several other chemical processes are reported,[33] adsorption is the 

most significant method because of no side product formation and is 

easy to prepare. Some notable ligand-based composite materials and 

optical sensors have also been reported to detect and remove Pb(II) and 

Cd(II) ions from contaminated water.[34-37] With constant endeavour to 

investigate metallogel formations and properties,[38-41] the potential 

applications of utilizing LMWGs for water remediation through heavy 

metal adsorption has been taken here. With a porous network that 

entraps solvent molecules, gels provide attractive scaffolds that capture 

various ions and molecules within the cavity, particularly when the 

entrapped solvent is driven off.[33] This can open the door to utilizing 

gels in environmental applications, specifically water remediation. 

Removing heavy metal ions from water is an important aspect that has 

been extensively studied recently.[24-27] However, while employing gels 

for such applications, it is required to fabricate a robust material that is 

not soluble in water, even partially.  
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In the recent past, one LMWG viz. N2, N4, N6-tri(1H-tetrazol-5-yl)-

1,3,5-triazine-2,4,6-triamine (G8) has been reported, which can be 

utilized to discriminate between isomers of amino pyridines through 

fluorometric investigations.[42] Interestingly the gel strength of G8 is 

found to be moderate. However, G8 is found to be non-stable when 

treated with excess water. This might be due to the presence of non-

hydrogen bonded tetrazole rings in the periphery that interact 

extensively with excess water. It is strategized that the incorporation of 

a second organic molecule with hydrogen-bond donor-acceptor sites 

complementary to G8 may enhance the gel strength and stability in 

water by reducing the excessive hydrogen bond interactions of G8. With 

this background a new molecule viz. 3,3',3''-

(benzenetricarbonyltris(azanediyl))tris(4-aminobenzoic acid) (Gel 

Enhancer or GE) has been designed and synthesized. This work 

discusses the effect on gel formation and properties with G8 in the 

presence of equimolar amounts of GE. As the resultant organogel is 

found to be stable in water, it tends to form metallogels with toxic heavy 

metal ions like Hg(II), Cd(II), and Pb(II); the gel was explored for 

capturing those heavy metal ions from their aqueous solutions as an 

effort towards water remediation. Interestingly, during the adsorption 

study, the properties of metallogels obtained were found to vary with 

different methods adopted for gel fabrication. Slow diffusion of metal 

ions through the gel was found to be more efficient than mixing the 

gelators and metal ions for the fabrication of metallogels in terms of the 

strength and stability of the resultant gels. There are no previous 

literature reports where modified hydrophobic organogel was used to 

remove Cl-, CH3COO-, and SO4
2- salts of Hg2+, Cd2+, and Pb2+ with 

notable adsorption capacity. Other than this, the study has shown 

correlations between metallogel strengths and their fabrication methods. 

Herein, the remediation of water by xerogel G8GE has been further 

investigated by ICP-AES, PXRD, BET and XPS techniques.  
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5.2 Experimental section  

5.2.1 Materials and methods  

The chemicals used in this work, viz., cyanuric chloride, i.e., 5-amino 

tetrazole monohydrate, 3, 4-diaminobenzoic acid, trimesoyl chloride, 

and heavy metal salts have been taken from commercial sources. 

DMSO/MQ-water or a mixture of solvents was used for experimental 

analysis. All the instruments used for experimental analysis related to 

FTIR, NMR, ESI-MS and FE-SEM are mentioned in section 2.2.1 of 

Chapter 2.   

The removal of heavy metal ions from contaminated water has also been 

confirmed by analysis of the surface area of xerogel, done by 

Quantachrome, Autosorb iQ2 Brunauer−Emmett− Teller (BET) surface 

area analyzer. It is also examined by PXRD, XPS, and ICP-AES 

techniques. 

5.2.2 Synthesis of gelator component G8 [N2, N4, N6-tri(1H-tetrazol-

5-yl)-1,3,5-triazine-2,4,6-triamine] and GE [3,3',3''-

(benzenetricarbonyltris(azanediyl)) tris (4-aminobenzoic acid)]  

The gelator molecule G8 was synthesized as a previously reported 

method38. For the synthesis of G8, 2.47 g (24 mmol) of the 5-amino 

tetrazole monohydrate and 3.34 mL, (24 mmol) of triethylamine were 

taken in 80 mL ethanol at ice-cooled condition, and 8 mmol (1.472 g) of 

solid cyanuric chloride was added into it by small portions. The reaction 

mixture was refluxed for 3 hrs at 80 °C. After the reaction was 

completed, the precipitate was filtered and washed with 3N HCl, water, 

and methanol before being dried at room temperature under vacuum, 

and the desired gelator molecule G8 was obtained. Product yield 80%. 

The synthesis of an organic molecule (GE) with carboxamide, amine, 

and carboxylic acid groups, has been designed, which can strategically 

enhance the physical and chemical properties of organogel G8 by 

forming extensive hydrogen bonds. For the synthesis of 3,3',3''-

(benzenetricarbonyltris(azanediyl))tris(4-aminobenzoic acid) as 
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gelation enhancer (GE) 1.82 g (12 mmol) of 3,4-diaminobenzoic acid 

and 1.67 mL (12 mmol) of triethylamine were taken in 50 mL of dry 

DCM and the mixture was added drop wise into 50 mL chloroform 

solution of 1.06 g (4 mmol) of trimesoyl chloride in ice-cooled 

condition. The reaction mixture was kept in this condition for one hour, 

and then the mixture was refluxed for 12 hours. After the reaction was 

completed, the precipitate was filtered and washed with 3N HCl and 

water before being dried at room temperature under vacuum. Product: 

yield: 83 %. 1H NMR (500 MHz, DMSO-d6) δ ppm 10.46 (3 H), 8.69-

8.62 (9 H), 8.19 (3 H), 7.81 (amine 6 H) and 6.82 (amide -NH proton). 

13C NMR (126 MHz, DMSO-d6) δ ppm 113.48 (6 C) 116.78 (6 C) 

118.81 (3 C) 121.79 (3 C) 132.55 (3 C) 141.09 (3 C) 167.73 (3 C) 168.35 

(3 C). FTIR of GE: 1700 cm-1,1659 cm-1, 1602 cm-1, 1520 cm-1, 1428 

cm-1, 1301 cm-1, 1225 cm-1. ESI-MS: m/z [M+H]+ calculated for GE 

(C30H25N6O9
+): 613.16, found 613.17.  

5.2.3 Gels preparation  

The synthesized molecule 3,3',3''-

(benzenetricarbonyltris(azanediyl))tris(4-aminobenzoic acid) 

behave like a gelation enhancer (GE) along with G8, which enhanced 

the strength and stability of gel even in water in comparison with the 

previously synthesized gel only out of G8 (N2, N4, N6-tri(1H-tetrazol-5-

yl)-1,3,5-triazine-2,4,6-triamine). For the formation of G8GE 

organogel, 0.03 mmol of G8 and 0.03 mmol of GE were solubilised in 

1 mL of DMSO by heating. After a clear red-brown solution of G8GE 

was obtained, 1 mL milli Q water was added. Instantaneously yellowish-

brown coloured organogel has been formed. Similarly, 0.03 mmol of 

each gelation component (i.e., G8 and GE) was dissolved in 1 mL 

DMSO by heating, and 0.03 mmol of heavy metal salt dissolved in 1 mL 

Milli Q water was added separately. After mixing red brown metallogels 

of M1G8GECl2, M1G8GE(OAc)2, M1G8GESO4, M2G8GECl2, 

M3G8GECl2, M3G8GE(OAc)2, have been fabricated where M1= 

Hg+2, M2=Cd+2 and M3= Pb+2. However, by this method, no metallogels 

formation was observed with Cd(OAc)2 and CdSO4. Similarly, for 
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metallogel formation by adsorption method, firstly, organogel G8GE 

was fabricated, and then 1 mmol of individual metal salt dissolved in 1 

mL milli Q water was slowly added into the upper layer of the organogel 

of G8GE. After 24 hours, strong metallogels viz. M1G8GECl2Ads, 

M1G8GE(OAc)2Ads, M1G8GESO4Ads, M2G8GECl2Ads, 

M2G8GE(OAc)2Ads, M2G8GESO4Ads, M3G8GECl2Ads and 

M3G8GE(OAc)2 Ads have been formed. All the gel formation has been 

confirmed by the test tube inversion method, where gels do not flow 

under the effect of gravitational force.  

5.2.4 Gel melting temperature 

The melting temperatures of organogel and metallogels were obtained 

with the help of a silicon oil bath. 2 mL v/v gels in DMSO: H2O were 

formed in a 5 mL glass vial, a steel ball was placed on the gel surface, 

and the system was immersed in an oil bath. When the temperature 

started rising, and the gel started to melt (when any downward moment 

of steel ball is seen), that temperature was noted down as the melting 

temperature of the gel (Tgel). The temperature at which gels start getting 

converted into sols can be seen with the help of a thermometer, which 

was dipped in an oil bath. After the complete conversion of the gel into 

sol, heating was turned off. After 10 min the sol was again converted 

into a gel, showing the gel-sol-gel transition property of gel.  

5.2.5 Characterization  

The FTIR spectra, UV-vis analysis, NMR studies, powder X-ray 

diffraction, morphological and rheological analysis of gelator molecules 

G8 and GE, xerogel of organogel G8GE, metallogels M1G8GECl2, 

M1G8GE(OAc)2, M1G8GESO4, M2G8GECl2, M3G8GECl2, 

M3G8GE(OAc)2, have been done in similar ways as mentioned in 

section 2.2.5 of chapter 2.  

The interaction ratio between G8:GE and all the studies related to 

fluorescence data have been recorded with a Fluoromax-4 

spectrofluorometer (HORIBA Jobin Yvon, model FM-100) in a quartz 

cuvette (10 mm × 10 mm). Removal of heavy metal ions from 
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contaminated water, recyclability of G8GE towards separation, and 

water remediation at different pH, from acidic to basic, have been 

studied by ICP-AES analysis. The surface area changes during the 

removal of heavy metal ions have been analysed by BET and XPS 

analysis.      

5.3 Results and discussion 

Water is an essential part of our life. Contamination of water bodies by 

various pollutants like heavy metals is a challenging issue, and 

developing suitable materials to reduce such pollution is getting 

researchers' attention worldwide. There are many reports on removing 

heavy metal contamination from water by nanocomposite powder and 

other hybrid materials.[43-46] Out of those adsorbents, the new material 

for water purification as adsorbent, i.e., gels, is introduced with its great 

sensitivity towards metal ions and its heterogenous nature within the 

water system. In this Chapter, the synthesis of the organic molecule GE 

is strategized as it contains carboxamide, amine, and carboxylic acid 

sites with the chances of generating extensive hydrogen bonds. For the 

synthesis of gelation enhancer (GE), diaminobenzoic acid and 

triethylamine were taken in 50 mL of dry DCM, and the mixture was 

added dropwise into 50 mL of a chloroform solution of trimesoyl 

chloride in an ice-cooled condition. The reaction mixture was kept in 

this condition for one hour, and then the mixture was refluxed for 12 

hours. After the reaction was completed, the precipitate was filtered and 

washed with 3N HCl and water before being dried at room temperature 

under a vacuum (Scheme 5.1). GE is characterized by ESI-MS, FTIR, 

CHN elemental analysis, 1H, and 13C NMR spectroscopy. The IR 

spectrum of GE molecule reveals characteristic band for carboxylic acid 

C=O at 1700 cm-1, carboxamide C=O at 1659 cm-1, amide N-H at 1602 

cm-1, primary amine N-H at 1520 cm-1, and presence of C-O at 1225 cm-

1 (Figure 5.1). In 1H NMR spectrum, the carboxylic acid proton was 

observed at 10.46 ppm, aromatic protons were observed within the range 

of 8.69- 8.19 ppm, primary amine protons observed at 7.81 ppm and 

amide -NH proton was found at 6.82 ppm (Figure 5.2). In 13C NMR, the 
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peak for carboxylic carbon was found at 168.35, for carboxamide carbon 

at 167.73, and all the aromatic carbons were found between 141.09 to 

113.48 ppm (Figure 5.3). The ESI-MS spectrum shows the molecular 

ion peak at 613.17 in positive mode, confirming the synthesis of GE 

(Figure 5.4). The CHN elemental analysis has been done for GE. The 

calculated values for C, N, and H are 58.82 %, 13.72 %, 3.95 % 

respectively and the found values for C, N, and H are 58.63 %, 13.75 % 

and 3.91 % respectively. 

 

Scheme 5.1. Synthesis of gelator enhancer GE. 

 

Figure 5.1. FTIR data of gelator enhancer molecule GE.  

 

Figure 5.2. ESI-MS data of gelator component GE. 
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Figure 5.3. 1H NMR data of gelator component GE. 

 

Figure 5.4. 13C NMR data of gelator component GE. 
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with GE gave a water-stable organogel G8GE. It also shows metallogel 

fabrication with heavy metal salts by mixing gel components in DMSO: 

H2O mixture and metallogels M1G8GECl2, M1G8GE(OAc)2, 

M1G8GESO4, M2G8GECl2, M3G8GECl2, M3G8GE(OAc)2 are 

obtained. Interestingly in these cases, the strength of the gel was found 

to be decreased with the incorporation of metal ions, which is the reverse 

of the general trend.[47,48] It signifies that the non-covalent interactions 

between G8 and GE molecules get disturbed by the insertion of metal 

salts with mixing. To overcome this disturbance, the unique approach of 

allowing the metal ions to diffuse through the bulk gel materials has 

taken in a layering technique, revealing the increased storage modulus 

of metallogels compared to organogel and mixed metallogels. This 

observation also led to the application of mixed organogel in heavy 

metal adsorption from aqueous solution. This will open the door to 

utilizing this untapped technique for water remediation.  

 

Scheme 5.2. G8 and GE showing alternative hydrogen bond donor-

acceptor sites. 

Critical gel concentration, hydrophobic and shape forming nature 

of organogel G8GE and their metallogel formation with heavy metal 

salts. In Chapter 3, it is mentioned that G8 could form a gel with DMSO 

and H2O mixture, but it has also been observed to become soluble in 

water after sonication. When G8 and GE are dissolved in 1 mL of 

DMSO, and 1 mL of H2O is added into it, rapid gel formation occurs. 
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This gel has been found to be hydrophobic in nature. It was not soluble 

in water, even after sonication or stirring for an extended period. 

Notably, very minimum concentrations of G8 and GE can also show gel 

formation. To get the CGC values of organogel G8GE, different 

amounts of G8 and GE were taken from 0.01 to 0.1 mmol with a 

constant volume ratio of DMSO: H2O, taking each solvent of 1 mL of 

volume. It was found that even 0.01 mmol (3 mg) of G8 and 0.01 mmol 

(6 mg) of GE in 2 mL DMSO: H2O mixture formed a transparent 

yellowish-brown gel. Therefore, the CGC for G8GE is 10 mM (0.01 

mmol per mL) (Figure 5.5). Attempts to fabricate gel with a lower 

concentration of G8 and GE were unsuccessful.  

 

Figure 5.5. (a) Formation of gel G8GE at different concentration (b) 

3D graph showing best gelation concentration for G8GE organogel (c) 

images of organogel G8GE at 1:1 and 3:2 ratio (d) linear viscoelastic 

(LVE) experiment for G8GE at 0.03: 0.03 mmol condition (e) LVE 

experiment for G8GE at 0.03: 0.02 mmol condition. 

The Job plot, for which the fluorescence experiment has been done, has 

suggested that the ratio of the interaction of G8:GE is maximum at 3:2, 

so the G8GE organogel was fabricated at a 3:2 ratio, i.e., with 0.03 and 

0.02 mmol, respectively. However, the rheological experiments done 

with organogel G8GE in different concentrations starting from 0.01 to 

0.01 0.1 1 10 100
10

1

10
2

10
3

10
4

 

 

 Storage Modulus (G')

 Loss Modulus (G'')

G
' 
a

n
d

 G
''
 (

P
a
)

Strain %
0.01 0.1 1 10 100

10
-1

10
0

10
1

10
2

10
3

 

 

 Storage Modulus (G')

 Loss Modulus (G'')

G
' 
a
n

d
 G

'' 
(P

a
)

Strain %



 

                                                                        [236] 

 

Chapter 5 

0.1 mmol indicated that the most effective concentration for the 

strongest gel formation is a 1:1 ratio of G8 and GE with 0.03 mmol of 

each in 2 mL of DMSO: H2O mixture (Figure 5.6-5.8, Table 5.1). 

 

Figure 5.6. Angular sweep experiment of organogel G8GE with (a) 

0.01: 0.01 mmol (b) 0.02: 0.02 mmol in 1:1 ratio of 2 mL DMSO: H2O 

mixture. 

 

Figure 5.7. Angular sweep experiment of organogel G8GE with (a) 

0.03: 0.03 mmol (b) 0.04: 0.04 mmol in 1:1 ratio of 2 mL DMSO: H2O 

mixture. 

 

Figure 5.8. Angular sweep experiment of organogel G8GE with (a) 

0.07: 0.07 mmol (b) 0.1: 0.1 mmol in 1:1 ratio of 2 mL DMSO: H2O 

mixture. 
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Table 5.1. Concentration dependent rheological study of organogel 

G8GE. 

 

Previously, organogel G8 has been fabricated, which was found to be 

less stable in water than the mixed organogel G8GE reported here. The 

hydrophobicity of the fabricated gel was checked with the addition of 

G8GE gel in water in a beaker with the help of a syringe, and it was 

found that the drops of gel formed a flat circular disc-like shape within 

the water layer. After adding several drops, many such disc-shaped 

structures can be seen inside the water and separated from each other. 

Its hydrophobicity was also checked by making a circle with gel in a 

Petridis containing water. The formed structures within the water layer 

remain as such, with no apparent change in shape or size, indicating the 

hydrophobic nature of the gel system. The organogel G8GE has soft, 

flexible nature, because of which it can be shaped into different 

structures. The metallogel formation has been explored with G8GE, and 

it was found that with a suitable proportion of gelator components and 

metal salts, the fabrication of gels can be achieved with HgCl2, 

Hg(OAc)2, HgSO4, CdCl2, PbCl2 and Pb(OAc)2. However, no gel 

formation was observed with Cd(OAc)2 and CdSO4; instead, gelatinous 

solutions were obtained, indicating the involvement of the counter-

anions as well. Another method has been used to form metallogels, i.e., 

the adsorption method by which the metallogel fabrication has been 

S. 
No.

mmol 
of G8

mmol 
of GE

Ratio of 
G8 and 

GE

Observation in 
DMSO: H2O 

(1: 1 mL)

Value of 
G’

Value of 
crossover 

point

Non- deformation 
range

1 0.01 0.01 1:1 Gel 95 Pa 68 strain % 0.01- 4.85 strain %

2 0.02 0.02 1:1 Gel 392 Pa 26 strain % 0.01- 2.16 strain %

3 0.03 0.03 1:1 Strong Gel 3517 Pa 6 strain % 0.01- 1.01 strain %

4 0.04 0.04 1:1 Strong Gel 1456 Pa 14 strain % 0.01- 0.47 strain %

5 0.07 0.07 1:1 Gel 922 Pa 47 strain % 0.01- 0.22 strain %

6 0.1 0.1 1:1 Gel 144 Pa 46 strain % 0.01- 0.15 strain %

7 0.03 0.02 3:2 Strong Gel 1593 Pa 25 strain % 0.01- 2.16 strain %
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carried out with all three heavy metals (Hg, Cd, and Pb) salts. It is 

fascinating to note that in these cases, the metallogels formed by the 

adsorption method have shown much higher strengths with respect to 

the metallogels obtained by simple mixing (Figure 5.9).  

 

Figure 5.9. (a) Addition of organogel G8GE in water by syringe (b) 

Image showing hydrophobic nature of G8GE gels in water (c) shape 

formation showing soft and viscoelastic nature of gel (d) formation of 

metallogel of G8GE with heavy metal salts by mixing (e) formation of 

metallogel of G8GE with heavy metal salts by adsorption method.  

Fluorescence behaviour of gelator components, organogel, 

metallogels and notable difference by gelation method. The 

spectroscopic study of each G8, GE, and G8GE gives interesting 

results. The molecule G8 with a broad UV-Vis peak in solution around 

335 nm has shown a fluorescence peak at 445 nm with moderate 

intensity when excited at 350 nm.[42] The UV-Vis data of GE also shows 

a broad UV-Vis peak around 328 nm, and at 350 nm excitation, it gives 

a fluorescence peak at 428 nm in DMSO: H2O solvent system. When the 

UV-Vis analysis was done for the gel made from G8GE, a broad UV-

Vis peak was found at around 330 nm, which shows an emission peak at 

431 nm when excited at 350 nm excitation wavelength. (Figure 5.10). 

The synthesized gelator enhancer GE shows moderate fluorescence 
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(emission wavelength 428 nm), which is a little bit stronger than the G8 

molecule (emission wavelength 435 nm) (Figure 5.11).  

 

Figure 5.10. UV-Vis spectrum of (a) GE and (c) G8GE. 

 

 

Figure 5.11. Fluorescence spectrum of (a) G8, GE, G8GE at excitation 

wavelength of 350 nm (b) 1 mM solution of G8, GE and G8GE under 

UV chamber.  

However, in G8GE where the interaction of G8 and GE occurs, some 

intramolecular motions get restricted due to the formation of non-

covalent interactions between these two gelator components. As a result, 

the fluorescence gets increased. The data were recorded with G8GE 

solution, G8GE gel, and metallogels. It was found that the fluorescence 

intensity was different with different conditions. When 1 mM DMSO: 

H2O solution of G8 (2 mL), GE (2 mL), and G8GE (1:1 mL) was 

analysed by fluorescence experiment, the relative intensity was found in 

the order of G8<GE<G8GE with the λmax values at 435 nm, 428 nm, 
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431 nm, respectively (Figure 5.12, a). While the same experiment, when 

done only in DMSO, the relative intensity order remains the same while 

the λmax values change to 432 nm, 409 nm, 419 nm, respectively (Figure 

5.12, b). The values of λmax are greater in the case of DMSO: H2O as 

compared to only DMSO, indicating intramolecular charge transfer 

(ICT) within the molecules where the wavelength increases with 

increasing the polarity of the solvent.[49-51] The fluorescence intensity 

and wavelength got affected by the solvents system, which has been 

confirmed by fluorescence analysis of 0.3 mM G8GE solution in 

DMSO and in the solvent combinations (1:1) of DMSO: EA, DMSO: 

DMF, DMSO: MeCN, DMSO: MeOH, DMSO: EtOH and DMSO: H2O. 

In the case of polar aprotic solvents, the intensity was much higher than 

polar protic solvents with lower wavelengths of λmax values (Figure 

5.13). The driving force behind such observation might be the hydrogen 

bond formation in polar protic solvents with G8 and GE gelation 

components. This led to disturbances in the interactions of G8 and GE, 

resulting in a decrement in fluorescence. The solution of G8GE also 

shows aggregation-induced enhanced emission (AIEE).[52] For this, 1 

mM solution of G8GE in DMSO: H2O mixture has been taken as a stock 

solution, and the fluorescence intensity has been found to be increased 

with increasing concentration. This might be due to the restriction in 

intermolecular rotation with the aggregation of G8GE molecules 

(Figure 5.12c). Interaction of G8 with GE by Job plot indicated that 0.4 

mole fraction of GE shows higher fluorescence intensity. Therefore, the 

interaction ratio for G8:GE is 3: 2 (Figure 5.12d).  
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Figure 5.12. (a) Fluorescence analysis of G8, GE and G8GE in DMSO: 

H2O mixture (b) Fluorescence analysis of G8, GE and G8GE in DMSO 

(c) AIEE phenomenon for G8GE gelation component and (d) Job plot 

showing ratio of interaction between G8 and GE.  

 

Figure 5.13. (a) Fluorescence study of G8GE gelator component with 

different polar protic and polar aprotic solvents (b) 0.03 mM solution of 

G8GE component in different solvents under UV chamber.  

Fluorescence experiments were also done with dissolving organogel and 

metallogels in DMSO. As a general methodology, 50 mg of gel which 

was formed by mixing, was dissolved in 3 mL of DMSO, and 

fluorescence data were recorded with 350 nm excitation. It was found 

that the intensity of G8GE gel was greater than other metallogels, and 
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in the case of M1G8GE(OAc)2, it was almost quenched. However, the 

fluorescence data of metallogels formed by adsorption shows increased 

fluorescence intensities compared to mixed metallogels (Figure 5.14). 

The reason might be the disturbances created by the metal insertion in 

the assembly of G8GE molecules during its mixing. However, in the 

case of adsorption-based gels, metal ions are allowed to take favourable 

positions within the gel matrix without much disturbance and, thus, 

reinforcing the assembled structures making the fluorescence intensities 

stronger. To understand the influence of Hg(II) on the florescence 

property of G8GE, 1 mM solution of organogel in DMSO was treated 

with increasing concentration of Hg(II) by gradual addition of 1 mM 

solution of HgCl2 in H2O in a constant volume. With the decreasing 

amount of G8GE and an increasing amount of HgCl2, a significant 

decrement in fluorescence with a slight bathochromic shift is observed. 

Similarly, when the same experiment was carried out by dissolving 

G8GE and mercury salt in a 1: 1 mixture of DMSO and H2O, a similar 

observation was recorded (Figure 5.15). The data indicate that the 

incorporation of metal ions interferes with the non-covalent bonding 

between G8 and GE. 

 

Figure 5.14. Fluorescence study of G8GE organogel and metallogels 

formed by (a) mixing method and (b) adsorption method. 
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Figure 5.15. Fluorescence study of (a) 1 mM solution of G8GE (in 

DMSO) and HgCl2 (in H2O) and (b) 1 mM solution of G8GE (in DMSO: 

H2O) and HgCl2 (in DMSO: H2O).  

Morphological analysis of organogel and metallogel of G8GE. The 

morphology of G8 organogel was found to be a continuous tiny fibres-

like structure, as reported in previous work.[42] When the G8 molecules 

are combined with GE, a drastic change was observed in the 

morphology. Interestingly, morphology changes are also observed with 

the G8 and GE ratio alteration. When the gel is formed with 0.03 mmol 

of each of G8 and GE in 2 mL of DMSO-H2O solution, the morphology 

reveals nano-branched thread-like structures connecting to make a net 

of gel fibers. However, in higher concentrations with 0.1 mmol of each 

of G8 and GE, it shows nano threads-like structures which are closely 

packed within the 3D network of gel. These indicate that branches in 

higher concentrations of gel are closely packed to cover a wider area as 

connected with nano-threads (Figure 5.16). These 3D changes in 

morphology from organogel G8 (continuous tiny fibres-like structure) 

to mixed organogel G8GE (nano-branched threads) reveal that the self-

assembly of G8GE forms a more robust gel network. 

400 450 500 550 600 650

0.0

4.0x10
4

8.0x10
4

1.2x10
5

1.6x10
5

 

 

 G8GE

 G8GE-Hg 200 uL

 G8GE-Hg 600 uL

 G8GE-Hg 1200 uL

 G8GE-Hg 1600 uL

 G8GE-Hg 1800 uL

 Hg

Wavelength (nm)

In
te

n
s
it

y

400 450 500 550 600 650

0.0

5.0x10
5

1.0x10
6

1.5x10
6

2.0x10
6

 

 

 G8GE

 G8GE-Hg 200 uL

 G8GE-Hg 600 uL

 G8GE-Hg 1200 uL

 G8GE-Hg 1600 uL

 G8GE-Hg 1800 uL

 Hg

In
te

n
s
it

y

Wavelength (nm)

(a) (b)

404

431



 

                                                                        [244] 

 

Chapter 5 

 

Figure 5.16. (a) Organogel G8GE at different concentration (b) Ratio 

of interaction of G8 and GE (c) FE-SEM image of G8GE (gel of 0.03: 

0.03 mmol of G8 and GE) and (d) FE-SEM image of G8GE (gel of 0.1: 

0.1 mmol of G8 and GE).  

Further, the formation of metallogels of G8GE with heavy metal salts 

also shows 3D nanostructured metallogel fabrication. The FE-SEM 

images confirmed that the metallogel morphologies are different when 

fabricated following different methods, i.e., mixing and adsorption 

methods. The mixing method furnished metallogel M1G8GECl2 with 

sharp leaf and flower pattern, M1G8GE(OAc)2 with flowers-like 

morphology, M1G8GESO4 and M2G8GECl2 with network structure of 

threads. Leaf-like closely packed structure attached to each other was 

obtained for M2G8GE(OAc)2 while in M2G8GESO4, M3G8GECl2 

and M3G8GE(OAc)2 dense fibrous morphology are recorded (Figure 

5.17). The metallogel fabricated by adsorption methods shows dense 

fibrous morphology for all the cases. This signifies that with this 

method, metal ions do not disturb the G8GE gel matrix significantly 

(Figure 5.18). EDX and mapping analysis has been done and found the 

presence of respective elements inside the gel matrix (Figure 5.19- 

5.26). 
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Figure 5.17. FE-SEM images of (a) M1G8GECl2 (b) M1G8GE(OAc)2 

(c) M1G8GESO4 (d) M2G8GECl2 (e) Gelatinous solution of 

M2G8GE(OAc)2 (f) Gelatinous solution of M2G8GESO4 (g) 

M3G8GECl2 and (h) M3G8GE(OAc)2. 

 

Figure 5.18. FE-SEM images of (a) M1G8GECl2Ads (b) 

M1G8GE(OAc)2Ads (c) M1G8GESO4Ads (d) M2G8GECl2Ads (e) 

M2G8GE(OAc)2Ads (f) M2G8GESO4Ads (g) M3G8GECl2Ads and (h) 

M3G8GE(OAc)2Ads formed by adsorption method.  

 

Figure 5.19. EDX and Mapping analysis of M1G8GECl2 showing the 

presence of C, N, O, Hg and Cl inside gel matrix.  

(a) (b) (c) (d)

(e) (f) (g) (h)
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Figure 5.20. EDX and Mapping analysis of M1G8GE(OAc)2 showing 

the presence of C, N, O and Hg inside gel matrix. 

 

Figure 5.21. EDX and Mapping analysis of M1G8GESO4 showing the 

presence of C, N, O, Hg and S inside gel matrix. 

 

Figure 5.22. EDX and Mapping analysis of M2G8GECl2 showing the 

presence of C, N, O, Cd and Cl inside gel matrix.  
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Figure 5.23. EDX and Mapping analysis of M2G8GE(OAc)2 showing 

the presence of C, N, O and Cd inside gel matrix.  

 

Figure 5.24. EDX and Mapping analysis of M2G8GESO4 showing the 

presence of C, N, O, Cd and S inside gel matrix.  

 

Figure 5.25. EDX and Mapping analysis of M3G8GECl2 showing the 

presence of C, N, O, Pb and Cl inside gel matrix. 
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Figure 5.26. EDX and Mapping analysis of M3G8GE(OAc)2 showing 

the presence of C, N, O and Pb inside gel matrix.  

Effect of method of gel formation on their rheological properties. 

The rheological study was taken up to find out the relative gel strength. 

A significant difference was found between the gel strength of 

previously fabricated organogel G8 and the modified organogel G8GE. 

The value of storage modulus (Gʹ) for G8 was 236 Pa[42] while the value 

for G8GE (0.03: 0.03 mmol, 1:1 ratio) is 3517 Pa and 1593 Pa for 3:2 

(0.03: 0.02 mmol) of G8: GE (Figure 5.27). When metallogels were 

formed by the mixing method, the value of storage modulus (G’) for 

M1G8GECl2, M1G8GE(OAc)2, M1G8GESO4, M2G8GECl2, 

M3G8GECl2 and M3G8GE(OAc)2 are found to be 1976, 189, 4838, 

176, 140 and 2646 Pa respectively indicating the role of counter anions 

in the gel strength (Figure 5.28- 5.33 and Table 5.2).  

Figure 5.27. Frequency sweep experiment of organogel G8GE at (a) 

1:1 molar ratio (0.03: 0.03 mmol) (b) 3: 2 molar ratio (0.03: 0.02 

mmol). 
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Figure 5.28. (a) Angular sweep experiment of metallogel M1G8GECl2 

(b) Frequency sweep experiment of metallogel M1G8GECl2.  

 

Figure 5.29. (a) Angular sweep experiment of metallogel 

M1G8GE(OAc)2 (b) Frequency sweep experiment of metallogel 

M1G8GE(OAc)2.  

 

Figure 5.30. (a) Angular sweep experiment of metallogel M1G8GESO4 

(b) Frequency sweep experiment of metallogel M1G8GESO4.  
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Figure 5.31. (a) Angular sweep experiment of metallogel M2G8GECl2 

(b) Frequency sweep experiment of metallogel M2G8GECl2.  

 

Figure 5.32. (a) Angular sweep experiment of metallogel M3G8GECl2 

(b) Frequency sweep experiment of metallogel M3G8GECl2.  

 

Figure 5.33. (a) Angular sweep experiment of metallogel M3G8GESO4 

(b) Frequency sweep experiment of metallogel M3G8GESO4.  
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Table 5.2. Storage modulus and loss modulus of metallogels formed by 

mixing method. 

 

While gel formation was done by adsorption method, the value of 

storage modulus for M1G8GECl2Ads, M1G8GE(OAc)2Ads, 

M1G8GESO4Ads, M2G8GECl2Ads, M2G8GE(OAc)2Ads, 

M2G8GESO4Ads, M3G8GECl2Ads and M3G8GE(OAc)2Ads are 

found to be 11730, 3055, 10872, 11830, 13815, 13635, 10747 and 13119 

Pa respectively (Figure 5.34- 5.41 and Table 5.3). This indicates that the 

adsorption method provides stronger metallogels with respect to the 

mixing method. This might be due to disturbances in the assembled 

structure between the gelator components G8 and GE, while metal ions 

are incorporated through mixing (Figure 5.42). However, the adsorption 

method allows the metal ions to diffuse through the gel network without 

any disturbance to take up the preferred positions inducing a more robust 

gel fabrication.   

 

 

Metallogel Storage Modulus (G’) Loss Modulus (G’’)

M1G8GECl2 1976 Pa 247 Pa

M1G8GE(OAc)2 189 Pa 27 Pa

M1G8GESO4 4838 Pa 792 Pa

M2G8GECl2 176 Pa 44 Pa

M2G8GE(OAc)2 Gelatinous Solution Gelatinous Solution 

M2G8GESO4 Gelatinous Solution Gelatinous Solution 

M3G8GECl2 140 Pa 26 Pa

M3G8GE(OAc)2 2646 Pa 338 Pa
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Figure 5.34. (a) Angular sweep experiment of metallogel 

M1G8GECl2Ads (b) Frequency sweep experiment of metallogel 

M1G8GECl2Ads.  

 

Figure 5.35. (a) Angular sweep experiment of metallogel 

M1G8GE(OAc)2Ads (b) Frequency sweep experiment of metallogel 

M1G8GE(OAc)2Ads. 

 

Figure 5.36. (a) Angular sweep experiment of metallogel 

M1G8GESO4Ads (b) Frequency sweep experiment of metallogel 

M1G8GESO4Ads.  
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Figure 5.37. (a) Angular sweep experiment of metallogel 

M2G8GECl2Ads (b) Frequency sweep experiment of metallogel 

M2G8GECl2Ads.  

 

Figure 5.38. (a) Angular sweep experiment of metallogel 

M2G8GE(OAc)2Ads (b) Frequency sweep experiment of metallogel 

M2G8GE(OAc)2Ads.  

 

Figure 5.39. (a) Angular sweep experiment of metallogel 

M2G8GESO4Ads (b) Frequency sweep experiment of metallogel 

M2G8GESO4Ads.  
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Figure 5.40. (a) Angular sweep experiment of metallogel 

M3G8GECl2Ads (b) Frequency sweep experiment of metallogel 

M3G8GECl2Ads.   

 

Figure 5.41. (a) Angular sweep experiment of metallogel 

M3G8GE(OAc)2Ads (b) Frequency sweep experiment of metallogel 

M3G8GE(OAc)2Ads.   

Table 5.3. Storage modulus and loss modulus of metallogels formed by 

adsorption method. 
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Metallogel Storage Modulus (G’) Loss Modulus (G’’)

M1G8GECl2Ads 11730 Pa 1943 Pa

M1G8GE(OAc)2Ads 3055 Pa 559 Pa

M1G8GESO4Ads 10872 Pa 1803 Pa

M2G8GECl2Ads 11830 Pa 1855 Pa

M2G8GE(OAc)2Ads 13815 Pa 2291 Pa

M2G8GESO4Ads 13635 Pa 2266 Pa

M3G8GECl2Ads 10747 Pa 1688 Pa

M3G8GE(OAc)2Ads 13119 Pa 2179 Pa
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Figure 5.42. Comparative study of value of storage modulus (Gʹ) of all 

the metallogels formed by mixing and adsorption methods.  

Study on self-assembly of G8GE gelator components and their gels. 

Based on Job plot, which has been analysed by fluorescence method, the 

ratio of maximum interaction between G8 and GE was found to be 3: 2. 

Organogel was formed with this ratio, and the IR data of the xerogel 

revealed that the carboxylic acid group, tetrazole -NH and secondary 

amine of G8 and GE participate in the formation of hydrogen bonds 

providing strong gel network of G8GE. It is already reported that the 

gelator molecule G8 shows the IR band at 1339 cm-1 for the presence of 

cyclic -C-N=C- group, at 1523, 1422 cm-1 for tetrazole. The presence of 

a secondary -NH group was verified with the band at 1637 cm-1. Gelator 

component GE shows IR band at 1225 cm-1 for C-O, 1520 cm-1 for 

primary amine, 1602 cm-1 for amide -NH, 1659 cm-1 for amide -C=O 

and 1700 cm-1 carboxylic -C=O groups. Now, in the case of G8GE 

xerogel, IR band of amide -C=O was observed at 1640 cm-1 in the place 

of 1659 cm-1, and carboxylic acid group shows a broad feature at 1693 

cm-1. Also, the IR band at 1422 for tetrazole C-N shifted toward 1415 

cm-1. The downward shifts in wavenumbers of these groups strongly 

recommend their involvement in hydrogen bond formation between G8 

and GE. The fabrication of gels was also studied by PXRD technique. 

In the case of G8 peaks observed with the value of 2θ= 20.12° (d= 4.48 

Å) for intercolumnar stacking, 2θ= 27.64° (d= 3.32 Å) for π−π stacking 
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and 2θ= 34.35° (d= 2.73 Å) for hydrogen bonding while for GE peaks 

are at 2θ= 25.52° (d= 3.57 Å) and 2θ= 42.39° (d= 2.28 Å) for π−π 

stacking and hydrogen bonding respectively. When the organogel 

G8GE has been formed, the PXRD peaks found at 2θ= 21.30° (d= 4.24 

Å) indicated the presence of intercolumnar stacking, 2θ= 25.66° (d= 

3.56 Å) and 2θ= 27.50° (d= 3.33 Å) shows the presence of π−π stacking 

between G8 and GE.[53-55] The PXRD pattern of G8, GE, and G8GE 

shows that these are crystalline in nature.  Based on the interaction ratio 

between G8 and GE, i.e., 3: 2, and the downward shift in the IR band of 

carboxylic acid, secondary amine, and tetrazole nitrogen, a plausible 

structure with probable hydrogen bonding interaction has been proposed 

for the organogel G8GE (Figure 5.43). 

 

Figure 5.43. (a) FTIR data of G8, GE and G8GE xerogel (b) possible 

structure of gelator components G8GE interaction (c) PXRD data of G8, 

GE and G8GE xerogel.  

To confirm the probability of the given structure DFT study was done. 

Stable ground-state geometries of GE and G8 were obtained using the 

hybrid density functional – B3LYP-D3[56, 57] in combination with the 6-

31G(d) basis set. The true minimum was confirmed based on the 

absence of imaginary frequencies. The binding of GE and G8 was 

studied by optimizing the complex, and the binding energy was 

computed using the following equation: 
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where EComplex, EGE and EG8 are the energies of the GE-G8 complex, GE 

and G8, respectively. All calculations were performed using the 

polarizable continuum model (PCM) with water as the solvent as 

incorporated in Gaussian 16 program package. To estimate the strength 

of hydrogen bonding in the composite gel, the H-bond binding energy 

(HBE) was calculated based on the bond critical points (BCP of type [3, 

-1]) according to Bader’s atoms in molecules (AIM) theory using 

Multiwfn.[58] The HBE was estimated using the following equation[59]: 

 

HBE = -223.08*ρ(rBCP) + 0.7423 

where HBE is in kcal/mol, and ρ(rBCP) is in atomic units (a.u.). 

 

The binding of GE with G8 (with two molecules of G8 and two 

molecules of GE) leads to a stabilization energy of ~ 60 kcal/mol. The 

stabilization is largely due to multiple intermolecular hydrogen bonds 

between N-H…O, O-H…N, and O-H…O (Figure 5.44). The estimated 

average intermolecular hydrogen bond strength of ~ -9.14 kcal/mol (the 

hydrogen bond energy per site is provided in Table 5.4 and strong 

hydrogen bonds in the range of 1.66-1.86 Å. The structures of G8, GE, 

and G8GE are also shown by DFT (Figure 5.45). The HOMO-LUMO 

energy orbitals for G8 and GE are mentioned in ESI (Figure 5.46). 

 

Figure 5.44. (a) DFT structure of (a) G8 (b) GE and (c) plausible 

structure of interaction of G8 and GE.  

(a) (c)

(b)



 

                                                                        [258] 

 

Chapter 5 

Table 5.4. Intermolecular H-bond binding energies of individual sites 

along with the associated bond lengths of structure G8GE. 

 

 

Figure 5.45. DFT structure showing (a, b) Planarity and (c, d) Tilted 

structure of GE, (e, f) Less tilted structure of G8GE. 

 

Figure 5.46. HOMO-LUMO energy orbitals of (a) G8 and (b) GE. 

FTIR analyses of xerogels of all the metallogels have been done and 

found the changes in carboxylic, amide, and amine groups, which shows 

the changes in noncovalent interaction inside the gel system by the 

insertion of metal ions (Figure 5.47).  

Binding Site H-bond length 

(Å)

ρ(rBCP) (a.u.) HBE (kcal/mol)

O-H...O 1.66 0.0497 -10.33

O-H...O 1.66 0.0497 -10.34

O-H...N 1.86 0.0367 -7.44

O-H...N 1.86 0.0368 -7.46

N-H...O 1.70 0.0466 -9.65

N-H...O 1.70 0.0466 -9.66
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Figure 5.47. FTIR data of (a) M1G8GECl2 (b) M1G8GE(OAc)2 (c) 

M1G8GESO4 (d) M2G8GECl2 (e) precipitate of M2G8GE(OAc)2 (f) 

precipitate of M2G8GESO4 (g) M3G8GECl2 (h) M3G8GE(OAc)2.  
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To know the effect of metal insertion on noncovalent interactions in gel 

matrix, PXRD data analysis has been done. All the xerogels of 

metallogels formed by mixing and adsorption methods show basically 

three PXRD peaks in the range of 20-23° for intercolumnar stacking, 26-

28° for π−π stacking, and 32-45° for hydrogen bonding interactions. 

PXRD patterns of all the metallogels are almost the same, showing 

similar interactions of heavy metal ions with gelator system G8GE 

(Figure 5.48 and 5.49). 

 

 

Figure 5.48. PXRD data of metallogels (a) M1G8GECl2 (b) 

M1G8GE(OAc)2 (c) M1G8GESO4 (d) M2G8GECl2 (e) precipitate of 

M2G8GE(OAc)2 (f) precipitate of M2G8GESO4 (g) M3G8GECl2 (h) 

M3G8GE(OAc)2. 
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Figure 5.49. PXRD data of metallogels (a) M1G8GECl2Ads (b) 

M1G8GE(OAc)2 Ads (c) M2G8GECl2 Ads (d) M2G8GE(OAc)2 Ads 

(e) M2G8GESO4 Ads (f) M3G8GECl2 Ads.  
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in the aqueous system. It was found that xerogel G8GE adsorbs 56 % 

of mercury chloride, 99 % of mercury acetate, 99 % of mercury sulphate, 

52 % of cadmium chloride, 99 % cadmium acetate, 84 % of cadmium 

sulphate, 60 % of lead chloride and 99 % of lead acetate from heavy 

metal contaminated water (Figure 5.50). The adsorption capacities (qe) 

of G8GE xerogel for different heavy metal salts are given in Table 5.6. 

The results show that xerogel G8GE adsorbed metal acetate and metal 

sulphate salts more as compared to metal chloride salt. The reason 

behind this might be the stronger hydrogen bonding of acetate and 

sulphate ions with G8GE molecules. The more electronegative oxygen 

atom of acetate and sulphate ion must act as a stronger hydrogen bond 

acceptor with hydrogen atoms of primary amine of G8GE, while 

chloride might form a less strong hydrogen bond due to its 

comparatively less electronegativity. The whole experiments and results 

indicate that xerogel of organogel G8GE can be a water remediation 

material for heavy metal removal from an aqueous solution. There are 

very few reports where gel materials are utilized for capturing heavy 

metal ions from aqueous solutions. Among them, the current system 

shows significant efficiency, and the data are presented in Table 5.7. 

Table 5.5. Optimization of heavy metal removal reaction by xerogel of 

organogel G8GE, analysed by ICP-AES. 
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Figure 5.50. Systematic representation of removal of heavy metal salts 

from contaminated water and their ICP-AES analysis. 

Table 5.6. ICP-AES analysis of study of adsorption property of 

organogel G8GE. 

 

Table 5.7. Adsorption capacity of various gel-based adsorbent.  
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After the mercury adsorption by xerogel G8GE, it can be activated and 

recycled further. For this purpose, Hg(OAc)2 treated xerogel G8GE was 

taken in 20 mL of water, and a small amount of KI (0.2 mmol, 34 mg) 

was added. The mixture was stirred for three hours at room temperature 

and then filtered. The filtrate was found to contain 99 % of mercury, 

which was captured within the xerogel during the remediation of water 

by xerogel G8GE. It means almost 1 % mercury could not be recovered 

from the xerogel G8GE. This recovery was analysed by ICP-AES 

analysis. The activated xerogel was further used successfully for another 

cycle of heavy metal removal. This regeneration method of adsorbent 

(xerogel G8GE) is cost-effective because here, a common laboratory 

salt, i.e., potassium iodide was sufficient to recover 

xerogel G8GE.  Further, the changes between the fabricated xerogel and 

the treated xerogel after the recovery of mercury have been analysed by 

the BET technique. BET experiments have been performed by N2 

adsorption-desorption analysis at 80 oC and 8 hours of degassing time. 

The BET multipoint surface area for G8GE xerogel before use for heavy 

metal removal is 6.651 m2/g.  After the treatment with Hg(OAc)2 the 

multipoint BET is found to be 4.010 m2/g which is less than the original 

due to the presence of mercury inside the gel matrix.  However, after the 

recovery of mercury from xerogel G8GE by treatment with KI, this 

value founds to be 6.549 m2/g. These changes in multipoint BET clearly 

indicate the adsorption and removal of mercury from water by xerogel 

G8GE (Figure 5.51).  
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Figure 5.51. BET analysis data of (a) Xerogel G8GE (b) mercury-

treated G8GE (mtG8GE) (c) mercury-recovered G8GE (mrG8GE). 
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xerogel G8GE, mercury-treated G8GE (mtG8GE), and mercury-

recovered G8GE (mrG8GE). XPS survey spectrum of G8GE shows 

the presence of C1s, N1s, and O1s at 285, 399, and 533 eV, respectively. 

Similarly, in mtG8GE, the peaks at 285, 399, and 533 eV indicated the 

presence of C1s, N1s, and O1s, respectively, with the addition of two 

new peaks at 100.9 and 104 eV for Hg 4f7/2 and Hg 4f5/2, respectively. 

Further, the survey spectrum of mrG8GE shows similar peaks for C1s, 

N1s, and O1s with small intensity peaks at 101 and 104 eV for Hg 4f, 

which indicates that a small amount of Hg remains inside the G8GE 

system (Figure 5.52). C1s spectrum of xerogel G8GE reveals peaks at 

284.4, 285.2, 287.9, and 288.9 eV for C=C/ C-C, C-N/ C-O, N-C=N and 

-COOH/ C=O respectively. N1s shows the XPS peaks at 398.8, 399.8, 

400.6, and 402.0 eV for -NH2, -C=N, C-NH-C, and -NH, respectively. 

The O1s spectrum shows the peaks at 530.9, 531.5, and 532.9 eV for -

C-OH, -C=O, and -COOH groups, respectively.[64-69] The XPS analysis 

of G8GE, mtG8GE, and mrG8GE has been mentioned in Figure 5.53- 

5.55 and Table 5.8. 

 

Figure 5.52. XPS survey spectra of (a) xerogel G8GE (b) mtG8GE (c) 

mrG8GE and (d) XPS spectrum of mtG8GE showing the presence of Hg 

4f.  
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Figure 5.53. XPS analysis of xerogel G8GE showing (a) C1s spectrum 

(b) N1s spectrum and (c) O1s spectrum.  

 

Figure 5.54. XPS analysis of xerogel mtG8GE showing (a) C1s 

spectrum (b) N1s spectrum and (c) O1s spectrum.  
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Figure 5.55. XPS analysis of xerogel mrG8GE showing (a) C1s 

spectrum (b) N1s spectrum and (c) O1s spectrum and (d) Hg 4f 

spectrum.  

Table 5.8.  XPS peaks position of various groups for G8GE, mtG8GE 

and recovered mrG8GE.  
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The effect on the morphology of the gel after utilization for mercury 

capture from aqueous solution was also investigated by FE-SEM image 

analysis (Figure 5.56). The microscopy reveals a circular-shaped 

morphology comprised of a nanofibrous network. It is quite evident that 

after capturing mercury when treated with an aqueous solution, the 

original morphology gets altered due to the interactions of the metal ion 

with the gel network.   

 

Figure 5.56. FE-SEM images of (a) M1G8GECl2 gel by mixing (b) 

M1G8GECl2Ads by adsorption (c) M1G8GECl2Ads when G8GE 

inserted inside the aqueous solution of HgCl2. 

Reusability of xerogel and effect of pH on removal of heavy metal 

ions. To check the reusability of xerogel G8GE as water remediation 

material, G8GE was used for five consecutive cycles to remove 

mercury, and the removal percentages are recorded as 99, 98, 98, 98, and 

97 from first to fifth cycle. At the end of every cycle, used 

xerogel G8GE was recovered by its treatment with KI to remove the 

adsorbed amount of mercury. These experiments show the reusability of 

xerogel, where removal percentages are found to be in the range of 97 

to 99 % (Table 5.9). The heavy metal separation capability of G8GE has 

been checked in four different pH values of 3, 5.4 (DI water), 7, and 10. 

The results indicate 72, 99, 97, and 98 percent removal of mercuric 

acetate from aqueous solution respectively (Figure 5.57 and Table 5.10) 

 

 

 

 

 

(a) (b) (d)
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Table 5.9. Recyclability of xerogel G8GE for heavy metal separation. 

 

Table 5.10. Water remediation at different pH by xerogel G8GE. 

 

 

Figure 5.57. (a) Reusability of G8GE for water remediation (b) Heavy 

metal removal at different pH from 3-10. 

Thixotropic modification of metallogels by adsorption method. Self-

healing property or thixotropic behaviour of low molecular weight gels 

show gel-sol-gel transition for many cycles. Organogel G8GE also 

shows good self-healable properties. The time oscillation sweep (TOS) 

experiment has done with three concentrations organogel at 0.02: 0.02, 

0.03: 0.03, and 0.04: 0.04 mmol of G8: GE and found that in the case 

of 0.03: 0.03 mmol of G8:GE the recovery of storage modulus is 
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continuous and unaffected (Figure 5.58). The metallogels, which have 

been fabricated by mixing, show low capacities as thixotropic gels, but 

metallogels which have been fabricated by the adsorption method, 

displayed a much better thixotropic nature. More significant decrement 

of G’ values after the first cycle of TOS was observed in the cases of 

M1G8GECl2, M1G8GE(OAc)2, M1G8GESO4, 

and M3G8GE(OAc)2. It has been reported that within similar gel 

systems, when the value of G’ increases, thixotropic behaviour decreases 

because of the less viscous nature of gels. However, in this case, when 

the metallogels have been formed by the adsorption method, the 

thixotropic nature increases. This is because, during adsorption, the 

metal ions interact with gelator components without making any 

disturbance within the G8GE gel network. This leads to the viscous 

nature of the gel being unaffected (Figure 5.59- 5.63). 

 

Figure 5.58. Time oscillation sweep experiment of organogel G8GE at 

(a) 0.02: 0.02 mmol (b) 0.03: 0.03 mmol and (c) 0.04: 0.04 mmol.  
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Figure 5.59. Thixotropic behaviour by Time oscillation sweep 

experiments for metallogels (a) M1G8GECl2 (b) M1G8GE(OAc)2 (c) 

M1G8GESO4, and metallogels (d) M1G8GECl2Ads (e) 

M1G8GE(OAc)2Ads and (f) M1G8GESO4Ads. 

 

Figure 5.60. Time oscillation sweep experiment of metallogel 

M3G8GECl2. 

 

Figure 5.61. Time oscillation sweep experiment of metallogel 

M2G8GECl2Ads. 

0 200 400 600 800 1000 1200
10

-1

10
0

10
1

10
2

10
3

80.95 % decrement in storage modulus

100 % Strain

 

 

 Storage Modulus (G')

 Loss Modulus (G'')

G
' 
a

n
d

 G
'' 

(P
a
)

Time (sec)

0.5 % Strain

0 200 400 600 800 1000 1200
10

-1

10
0

10
1

10
2

10
3

 

 

 Storage Modulus (G')

 Loss Modulus (G'')

G
' 
a

n
d

 G
'' 

(P
a
)

Time (sec)

0.5 % Strain

35.76 % decrement in storage modulus

100 % Strain

0 200 400 600 800 1000 1200
10

-1

10
0

10
1

10
2

10
3

10
4

 

 

 Storage Modulus (G')

 Loss Modulus (G'')

G
' 
a

n
d

 G
'' 

(P
a
)

Time (sec)

0.5 % Strain 41.23 % decrement in 

storage modulus

100 % Strain

0 200 400 600 800 1000 1200
10

-1

10
0

10
1

10
2

10
3

10
4

36.98 % decrement in 

storage modulus

100 % strain

 

 

G
' 
a

n
d

 G
'' 

(P
a
)

Time (sec)

 Storage Modulus (G')

 Loss Modulus (G'')
0.5 % strain

0 200 400 600 800 1000 1200
10

-1

10
0

10
1

10
2

10
3

10
4

67.79 % decrement in 

storage modulus

100 % strain 

 

 

 Storage Modulus (G')

 Loss Modulus (G'')

G
' 
a

n
d

 G
'' 

(P
a
)

Time (sec)

0.5 % strain 

0 200 400 600 800 1000 1200
10

-1

10
0

10
1

10
2

10
3

10
4

10
5

31.41 % decrement 

in storage modulus

100 % strain

 

 

 

 
G

' 
a

n
d

 G
'' 

(P
a
)

 Storage Modulus (G')

 Loss Modulus (G'')

Time (sec)

0.5 % strain

(a) (b) (c)

(d) (e) (f)

0 200 400 600 800 1000 1200
10

0

10
1

10
2

10
3

88.07 % decrement in storage modulus

100 % strain

 
 

 Storage Modulus (G')

 Loss Modulus (G'')

G
' 
a

n
d

 G
'' 

(P
a
)

Time (sec)

0.5 % strain

0 200 400 600 800 1000 1200
10

0

10
1

10
2

10
3

10
4

68.21 % decrement in

storage modulus

100 % strain

 

 

G
' 
a
n

d
 G

'' 
(P

a
)

Time (sec)

 Storage Modulus (G')

 Loss Modulus (G'')

0.5 % strain



 

                                                                        [273] 

 

Chapter 5 

 

Figure 5.62. Time oscillation sweep experiment of metallogel (a) 

M2G8GE(OAc)2Ads and (b) M2G8GESO4Ads. 

 

Figure 5.63. Time oscillation sweep experiment of metallogel (a) 

M3G8GECl2Ads and (b) M3G8GE(OAc)2Ads. 

5.4 Conclusion 
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extended period. With these hydrophobic and metal adsorption 

properties, mixed organogel G8GE has been found to efficiently remove 

toxic heavy metal salts HgCl2, Hg(OAc)2, HgSO4, CdCl2, Cd(OAc)2, 

CdSO4, PbCl2 and Pb(OAc)2 from aqueous solution with effective 

adsorption capacity (qe) of 76.24, 157.79, 147.81, 52.09, 131.25, 284.93, 

83 and 221.02 mg/g respectively.  The adsorbent xerogel G8GE can be 

recycled for further utilization for five cycles with almost 99 % recovery, 

which has been tested for Hg(II) by treatment with KI.   

Other than the use of G8GE for water remediation, the effect of the 

method of gel formation on the rheological and fluorescence properties 

of the gel has also been described here. From Jobs plot, the maximum 

interactions between G8 and GE have been found to be 3:2; however, 

the rheological experiment indicates the fabrication of the strongest gel 

at a 1:1 ratio. Two different methods have been applied for metallogel 

formation, viz., mixing and adsorption method. The fluorescence 

spectrum of G8GE has shown a stronger fluorescence peak with respect 

to G8 and GE due to the extended non-covalent interactions and, 

consequently, the reduction in the non-radiative decay process. At lower 

concentrations, G8GE has shown nano-branched thread-like structures 

in SEM. However, at higher concentrations, a closely packed 3D 

network of gel is fabricated. Several experiments, including 

fluorescence properties, morphology determination, and rheological 

studies, indicated that the adsorption method of fabrication of 

metallogels does not disturb the G8GE network significantly, while 

metal ions diffuse through the gel network. Thus, it has been proven to 

be a more efficient process for gel formation than the mixing method. 

The DFT optimization study has supported the complementary 

hydrogen bond formation hypothesis between G8 and GE. The 

limitation of this work is that the adsorption capacities are different with 

different salts of Hg(II), Cd(II), and Pb(II), which have to be analyzed 

further. Also, the effect of different metal ions which might be present 

in contaminated water with Hg(II), Cd(II), and Pb(II) in the adsorption 

process needs to be found. 
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Conclusively, a hydrophobic organogel G8GE has been fabricated with 

a tendency to form strong metallogels by the adsorption method with 

heavy metal salts of mercury, cadmium, and lead. This property of 

mixed organogel makes it suitable for water remediation resulting in the 

notable adsorption capacity of G8GE xerogel toward heavy metals. This 

idea of using a gel strength enhancer for different applications of gel 

materials might create new possibilities in the near future.  

5.5 Declaration 

This chapter is adapted from Mater. Adv., 2023, 4, 3603 - 3618 (D.O.I. 
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Chapter 6 

General Conclusions and Future Scope 

6.1 General Conclusion 

Design and fabrication of low molecular weight gelators (LMWGs) and 

modification in their fundamental properties have become popular 

methods for soft material applications as advanced functional materials. 

The formation of gels is occurred by supramolecular self-assembly of 

LMWGs. The driving factors behind self-assembly are the engagements 

of non-covalent interactions, viz. hydrogen bonds, π-π stacking, and 

intercolumnar stacking between π cloud and functional groups of gelator 

molecules. Non-covalent interactions make gel materials stimuli-

responsive, thermo-reversible, biodegradable, and easy to fabricate 

within the favourable synthetic path. The role of the positions of 

hydrogen bonds forming donor-acceptor sites on gel properties is 

explored in this thesis. With the broad area of applicability of 

organogels, metallogels also provide specific advanced applicability due 

to the additional properties of introduced metal centers. The fabrications 

of nanostructured and nanoparticle-containing gels are emerging as a 

dynamic field among soft materials. The present work is focused on the 

synthesis and applications of LMWGs containing carboxamide (1,3,5-

benzene tricarboxamide /BTA), tetrazole, and triazine moieties. Here, 

the synthesized molecules are employed to fabricate nanostructured 

organo- and metallogels. Also, the gelator molecules are used for the 

formation of nanocomposite materials by stabilization of metal 

nanoparticles inside the gelator matrix. The concept of induced gelation 

is also introduced here to modify the properties of gels. This 

modification explained the effect of the method of gel formation, used 

gelator components, and the role of gelator concentration on strength 

(storage modulus, Gʹ) and the thixotropic behavior of gels. Other than 

rheological studies, work has also been done to explain fluorometric 

behaviours, morphological changes, and the induced hydrophobic 

nature of mixed organogel.  
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Chapters 2, 3, and 4 explored the synthesis of tetrazole-based gelator 

molecules G7 (triethylammonium 5-(3,5-bis ((1H-tetrazol-5-yl) 

carbamoyl) benzamido) tetrazol-1-ide) and G8. (N2, N4, N6-tri (1H-

tetrazol-5-yl)-1,3,5-triazine-2,4,6-triamine). Gelator 

molecule G7 contains the benzene tricarboxamide (BTA) core ring and 

three tetrazole side rings. While G8 contains a triazine ring in the place 

of BTA. Both gelators can form organogels with DMSO: H2O mixture. 

In the second chapter, the fabrication of metallogels with Fe(III), Co(II), 

Ni(II), Cu(II), Zn(II), Ag(I), and Fe(II) is explored in the presence of 

G7. These metallogels stabilize silver nanoparticles (AgNPs) within the 

gel matrices to form a nanocomposite system with dual metal. The 

stabilization of smaller-size AgNPs without much aggregation has been 

achieved by Fe(III)G7 (M1G7), and 

nanocomposite Fe(III)G7AgNPs (M1G7AgNPs) is obtained. The 

nanocomposite M1G7AgNPs act as an active catalyst for the reduction 

of nitro substituent to respective amino products. The catalyst shows 

good recyclability for five consecutive cycles. M1G7 shows gel-to-

crystal transition during metallogel formation by absorption method. 

Additionally, nanocomposite M1G7AgNPs offers nanometallogel 

formation ability with self-healing property. In the third chapter, gelator 

molecule G8 was used to explore the effect of the isomeric position of 

hydrogen bond donor-acceptor sites on gel properties. For this, the 

mixed-organogel of G8 has been fabricated in the presence of isomers 

of aminopyridine, which contain both hydrogen bond donor and 

acceptor sites. Various spectroscopic tools are used to study the 

fabricated organogel G82AP, G83AP, and G84AP, which found the 

effective and robust hydrogen bond formation exclusively 

between G8 and 3AP. This discrimination has been confirmed by visual, 

rheological, and fluorometric analysis of organogels, indicating the 

effective orientation of hydrogen bond donor-acceptor sites of 3-

aminopyridine (3-AP) with hydrogen bond donor-acceptor sites of G8. 

Here, the work explored the notable role of the isomeric position of 

functional groups on the physical and chemical properties of gels. In the 

fourth chapter, gelator molecule G8 is used to stabilize palladium 



 

                                                                        [291] 

 

Chapter 6 

nanoparticles (PdNPs) within the gelator matrix (G8PdNPs). Here, the 

synthesized nanocomposite G8PdNPs are further used to fabricate 

nanometallogel of G8PdNPs. To explore the possibility of 

incorporation of Pd(II) ion in a gel system, the metallogel G8PdCl2 was 

fabricated using G8 and PdCl2 in DMSO: H2O mixture. Xerogels 

of G8PdNPs and G8PdCl2 were used as an active catalyst for Suzuki-

Miyaura coupling and 2+3 cycloaddition reaction for tetrazole 

formation, respectively. Both the catalyst shows good product yield and 

almost constant recyclability till five consecutive cycles of reaction.  

To explore the synthesized gelator molecule and fabricated gel system 

in various applicable fields, it was envisaged to synthesize a water-stable 

organogel that can be used further for water remediation. From the 

second chapter, adding a second component as a gelator component can 

increase the strength of the gel, can be seen. Therefore, to utilize this 

finding, in the fifth chapter, the synthesis of an organic 

molecule GE (3,3',3''-(benzenetricarbonyltris(azanediyl))tris(4-

aminobenzoic acid) has taken up. The gelator 

components G8 and GE are used here to fabricate an 

organogel G8GE that shows notable water stability even after the 

sonication of gel material. The mixed organogel G8GE shows strong 

metallogel formation with heavy metal salts of HgCl2, Hg(OAc)2, 

HgSO4, CdCl2, Cd(OAc)2, CdSO4, PbCl2, and Pb(OAc)2 by adsorption 

method. These two properties, i.e., hydrophobic nature and metallogel 

formation by adsorption, make the organogel G8GE suitable for 

remediation of water by adsorption of heavy metal salts of Hg(II), 

Cd(II), and Pb(II). Here, the xerogel of G8GE used as adsorbent for 

removal of toxic heavy metal salts HgCl2, Hg(OAc)2, HgSO4, CdCl2, 

Cd(OAc)2, CdSO4, PbCl2 and Pb(OAc)2 from aqueous solution with 

adequate adsorption capacity (qe) of 76.24, 157.79, 147.81, 52.09, 

131.25, 284.93, 83 and 221.02 mg/g respectively. Xerogel G8GE can be 

recycled until five cycles with almost 99 % recovery. 
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6.2 Future scope 

Although organogels can have broad applicability in different fields, 

incorporating metal ions or nanoparticles inside the gel matrix can 

diversify it further. Though several studies on the fabrication and 

application of soft materials have been reported, the controlled 

modification of fabricated organogels and metallogels according to the 

need is still an elusive area of research. As an example, if a synthesized 

gelator molecule forms organogel or metallogel with low storage 

modulus value or less strength, more data is required on what kinds of 

additives can be used to increase its strength according to the 

requirement. It should be noted that the second gelation component must 

provide the sites for non-covalent interactions with the already available 

gelator molecule (Scheme 6.1).   

 

Scheme 6.1. Possibilities of addition of second component with G7 and 

G8 gelator components to increase the hydrogen bonding interactions. 

The formation of nanostructured metallogels and metal nanoparticles 

containing nanocomposite systems can be applied for various fields like 

heterogenous catalysis, water remediation, smart drug delivery system, 

photoelectric and conductive materials, and intelligent sensors. The 

method for the fabrication of organogels and metallogels is flexible and 
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mostly depends on trials. This finding leads to the formation of gel 

materials. Sometimes, the gel formation has occurred by mixing method, 

but applying some modifications in the technique of gel formation or 

gelator components can make the gel more stable and applicable. 

Therefore, first finding and further tuning of the system can deliver the 

desired properties and applicabilities (Figure 6.1).  

 

Figure 6.1. Future prospective of application of BTA, tetrazole and 

triazine based gels and their properties modification for different fields. 

Finding new gelator molecules is always challenging because it is not 

precise which molecules can form a gel. The gelator component can be 

designed by incorporating possibilities of prospective aromatic ring-

based π-π stacking interactions, functional groups with hydrogen bond 

formation and intercolumnar stacking formation possibilities, etc. 

However, its gelation tendency only can be found by experimental 

analysis. Therefore, a more understanding of the reasons behind gel 

formation, the effect of different methods for gel fabrication, and the 

incorporation of various types of metal nanoparticles inside gel matrix 

can enrich this field further and make it ready for future applications. 
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