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ABSTRACT 

The project includes synthesizing and optimizing metal-based soft 

materials (metallogels) with various applicable properties. The gelator 

component TABTA has been synthesized because it possesses hydrogen 

bond donor-acceptor sites that actively participate in forming non-

covalent interactions. Specifically, two hybrid organogel matrices G8-

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

and benzene-1,3,5-tricarboxylic acid tris-[(4-aminophenyl)-amide]) and 

TABTA-Ibp (Benzene-1,3,5-tricarboxylic acid tris-[(4-aminophenyl)-

amide] and sodium salt of Ibuprofen) have been designed and optimized 

effectively. These matrices form silver metallogels, and the formation of 

silver nanoparticles serves as a scaffold for gel fabrication. Various 

spectroscopic techniques have been employed to characterize these 

metallogels successfully. All gel matrices display typical gel 

characteristics such as flexibility, stability, and self-healing properties. To 

understand the interactions between gelator components, FT-IR and 

PXRD analyses of their xerogels have been conducted. Additionally, 

rheologic properties are explored to assess the strength and thixotropic 

properties of the gels. Previously, based on an earlier report, a gelator 

molecule GE (Benzene- tricarbonyl tris(azanediyl)) tris(4-aminobenzoic 

acid)) has been synthesized to form a hybrid gel with G8. This G8GE gel 

exhibited the aggregation-induced enhanced emission (AIEE) 

phenomenon in its aggregated state. Therefore, in this study, leveraging 

the fluorescence characteristics of the gelator component TABTA, a gel 

matrix, G8-TABTA has been designed, which demonstrates the 

aggregation-caused quenching (ACQ) phenomenon in its aggregated 

state. Additionally, another gel matrix, TABTA-Ibp, loaded with silver 

nanoparticles, featuring injectability, has been designed for dual delivery 

of Ibuprofen drug and AgNPs, serving simultaneously as anti-

inflammatory and antimicrobial agents. 
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CHAPTER 1 
----------------------------------------------------------------------------------------- 

INTRODUCTION 

1.1  General Introduction  

Gels are a fascinating class of materials characterized by their 

intermediate state between solids and liquids.1 In general, a gel is a soft 

material self-assembled through non-covalent interactions and can occupy 

a considerable amount of solvent within its matrix while maintaining its 

stability. This unique property allows them to exhibit various 

characteristics, ranging from soft and flexible to rigid and resilient.  Non-

covalent interactions facilitate the self-assembly of molecules capable of 

gel formation, with solvent molecules forming supramolecular gels. 

Various solvent mixtures can be trapped within the bonding sites of a 

gelator molecule depending on their properties resulting in the formation 

of a gel.2 Gels possess a porous structure, which allows them to absorb 

and retain large amounts of solvent or other substances. Gel formation is a 

unique property, even though it is very challenging to predict the structure 

accurately. Molecules containing specific functional groups and 

appropriate sites for extensive non-covalent interactions are more likely to 

exhibit gelation. Generated by extensive non-covalent interactions, gels 

can undergo sol-gel transition. Gels typically do not possess self-

regulating behavior. However, their properties can be modulated due to 

external stimuli like heat, light, sound, sonication, changes in pH, 

mechanical force, and the presence of other chemical entities including 

cations, anions, neutral chemicals, and chiral guest molecules.3 These 

stimuli induce microscopic changes in the gel's structure, can affect its 

aggregation and morphology, and trigger transitions between different gel 

states (Figure 1.1). Many gels exhibit shear-thinning behavior, meaning 

they flow more easily under shear stress but recover their gel structure 

when the stress is removed. Some gels are sensitive to changes in pH, 

swelling, or contracting in response to variations in acidity or alkalinity 

while, some gels are biocompatible,4 meaning they are non-toxic and do 
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not elicit an immune response when introduced into living organisms. 

Additionally, certain gels, termed conductive gels,5 can conduct 

electricity. Thus, depending upon the properties of the formed gel, it can 

be applied to a wide range of applications in various fields, including 

tissue engineering,6 sensing,7 energy conversion and storage systems,8 3D 

bioprinting,9 drug delivery and controlled release systems,10 

environmental science,11, etc. 

 

 

Figure 1.1: Physical and chemical stimuli responsible for sol-gel 

transitions 

1.2  Classification of gels 

Gels can be classified in various ways based on their composition, 

structure, and properties, with their solvent playing a crucial role. Gels 

can be categorized as hydrogels when water comprises the liquid phase or 

as organogels when organic solvents are utilized. If the gel is incorporated 

with metal ions or complex, it is termed a metallogel. Further, a 

metallogel is divided into two sub-categories: (i) metal complex induced 

gel in which the gel formation typically occurs when metal complexes 

interact with other components in a solution, leading to the formation of a 

three-dimensional network structure that immobilizes the solvent 

molecules,12 (ii) coordination polymer gel in which metal ions are 

coordinated with organic ligands to form extended networks in a self-
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assembled fashion (Figure 1.2).13 These networks can entangle solvent 

molecules, resulting in the formation of a gel-like material. The gelation 

process is often driven by the coordination bonds between the metal ions 

and the ligands, as well as other non-covalent interactions such as 

hydrogen bonding or π-π stacking. 

 

 

Figure 1.2: Classification of gels 

1.3  Gels: Synthesis and fabrication 

The synthesis and fabrication of gels enclose various methodologies 

tailored to produce materials with specific structures and properties 

suitable for various applications. Chemical crosslinking methods involve 

the formation of covalent bonds between polymer chains, creating a three-

dimensional network that imparts mechanical strength and stability to the 

gel. Physical gelation techniques exploit non-covalent interactions, such 

as hydrogen bonding or hydrophobic interactions, to induce gel formation 

without altering the chemical structure of the gel components. Sol-gel 

transitions, driven by changes in temperature, pH, or solvent composition, 

facilitate the conversion of colloidal dispersions into solid gel networks 

through aggregation and self-assembly processes.14 Template-assisted 

methods utilize templates or scaffolds to guide the assembly of gel 

components into desired structures. At the same time, self-assembly 

techniques rely on the spontaneous organization of molecular or colloidal 

building blocks to form ordered gel networks. Each method offers distinct 

advantages, allowing precise control over gel properties and structures to 

meet specific application requirements. 
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1.4  Metallogels: Properties and Characterization 

Metallogels are a class of gels where metal ions or metal-containing 

complexes play a crucial role in the gelation process. These gels typically 

consist of metal-containing building blocks, such as metal ions, 

coordination complexes, or metal nanoparticles, which interact with each 

other or other components to form a three-dimensional network structure. 

Metallogels can exhibit unique properties and functionalities attributed to 

the presence of metal species within the gel matrix. The choice of metal 

ions and ligands, as well as their concentration and stoichiometry, can 

significantly influence the properties of the resulting metallogel, including 

its mechanical strength, responsiveness to external stimuli, and potential 

applications.15 

The gel fabrication can be examined by varying concentrations of the low 

molecular weight gelator (LMWG) and the minimum concentration of 

gelator molecules required to form a stable gel under specific conditions, 

termed the critical gel concentration (CGC).16 Below the CGC, the gelator 

molecules are dispersed homogeneously in the solvent without forming 

interconnected networks. As the concentration of gelator molecules 

increases beyond the CGC, they begin to interact and self-assemble, 

eventually leading to the formation of a gel network. The CGC is an 

important parameter in the study of gelation processes as it provides 

insight into the concentration-dependent behavior of gel systems and 

helps in the design and optimization of gel-forming materials. 

The characterization of gels involves various techniques to understand 

their structure, properties, and behavior. A gel's mechanical strength and 

sol-gel transition behavior are significant characteristics that can be 

analyzed using rheology. The rheology of gels involves the study of their 

flow and deformation behavior under applied forces. Gels exhibit 

viscoelastic behavior, meaning their response to applied stress involves 

both viscous (flow-like) and elastic (solid-like) deformation.17 This 

behavior arises from the structural network within the gel, which allows it 

to deform and flow under stress while also maintaining its overall 

structure. Rheological measurements involve frequency sweep and strain 
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sweep experiments, where the gel is subjected to oscillatory strain over a 

range of frequencies or amplitudes. The material's response is assessed in 

terms of the storage modulus (G'), representing the elastic response of the 

gel, and the loss modulus (G"), representing the viscous response. These 

experiments provide information about the gel's viscoelastic properties 

and its response to different deformation conditions. The crossover point 

(G'=G'') can also be determined utilizing rheology that quantifies the 

balance between storage and loss modulus. This point is also called the 

gel point, which represents the transition from liquid-like to solid-like 

behavior during the gelation process.18 Certain gels also exhibit 

thixotropic behavior, meaning their viscosity decreases over time under 

constant strain, followed by a recovery of viscosity when the strain is 

removed. This characteristic is evaluated through a rheological analysis 

involving time-oscillation strain-sweep experiments.19 

The FT-IR (Fourier transform Infrared) spectroscopic technique is utilized 

to identify the functional groups in the gelator and the interactions 

occurring within these functional groups. These interactions are pivotal 

for creating a 3D gel network, resulting in gel formation and they are 

evident from the changes in the intensity and shifts in the IR bands. In the 

context of hybrid gel matrices, the changes in the shift of the IR bands can 

be utilized to determine the interactions responsible for the gel formation 

between two gelator components as well.20 The PXRD (Powder X-ray 

Diffraction) technique is also well utilized to determine the orientation 

and crystallinity of the gelator components.21 The interplanar distance 

helps to govern the non-covalent interactions responsible for the self-

assembly between the gelator components, resulting in gel formation. 

The NMR (Nuclear Magnetic Resonance) technique is indeed a valuable 

technique for characterizing gels. The study of molecular interactions 

within gels, including gelator-solvent interactions, gelator-gelator 

interactions, and host-guest interactions, can be analyzed by chemical 

shift changes, peak broadening, and cross-peak patterns in NMR spectra, 

and the nature and strength of interactions between the gelator 

components can be elucidated.22 
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The Field-Emission Scanning Electron Microscopy (FESEM) analysis 

investigates gels' morphology, enabling the examination of morphological 

transitions from the gelator to the gel network.23 The energy-dispersive X-

ray spectroscopy (EDS) enables elemental analysis of gel samples, 

providing information about the chemical composition and elemental 

distribution within the gel matrix. This allows us to identify the presence 

of specific elements or chemical species and to correlate elemental 

distribution with structural features observed in FESEM images. 

The TGA (Thermogravimetric Analysis) determines gels' thermal 

decomposition behavior and stability under controlled heating conditions. 

The BET (Brunauer-Emmett-Teller) technique is utilized to provide 

valuable information about the porosity, surface area, and pore size 

distribution of the gel matrix.24 

1.5  AIEE and ACQ phenomenon 

The molecules self-assembled within the gel, depending on the specific 

molecular structure, the arrangement of the gel matrix, and the 

intermolecular interactions with the gel network certain gel compositions 

favor AIEE (aggregation-induced emission enhancement),25 leading to 

enhanced emission or ACQ (aggregation-caused quenching),26 leading to 

decreased emission efficiency.  

AIEE molecules typically have rigid or sterically hindered structures that 

restrict intramolecular motion. In solution, these molecules exhibit weak 

fluorescence due to the availability of non-radiative relaxation pathways 

facilitated by free rotation or intramolecular motion However, 

intramolecular motion is restricted when molecules aggregate or become 

confined in a rigid environment such as a gel matrix, leading to reduced 

non-radiative decay and enhanced radiative emission. Some AIEE 

molecules exhibit a twisted intramolecular charge transfer (TICT) 

mechanism. In solution, the TICT state typically leads to non-radiative 

decay pathways, resulting in weak fluorescence. However, in aggregated 

or rigid environments like gels, the TICT state may be stabilized, leading 

to enhanced fluorescence.27 AIEE molecules may have specific chemical 
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functionalities or substituents that suppress intermolecular interactions in 

the aggregated state. 

In contrast, ACQ molecules experience enhanced intermolecular 

interactions such as π-π stacking, van der Waals forces, and dipole-dipole 

interactions in the aggregated states. These interactions promote non-

radiative pathways for energy transfer or quenching, competing with 

radiative decay pathways and leading to reduced fluorescence intensity.28 

1.6  Drug Delivery  

Gels offer significant advantages as formulations for drug delivery as 

well, including their simple preparation and administration. Sustained 

drug release can be optimized by adjusting the structure of low molecular 

weight gelators (LMWGs) and potentially modifying the organic phase. 

Precise control over drug dosage, location, and timing is crucial in drug 

delivery to maximize therapeutic benefits while minimizing side effects. 

Organogels are moisture-resistant and enhance skin penetration.29,30 Their 

organic nature also helps prevent microbial contamination, making their 

gelation and entrapment procedures easy to manage.  

Gels offer numerous advantages as drug delivery systems, making them 

an attractive choice for various therapeutic applications: (i) Gels can 

provide sustained release of drugs over an extended period, maintaining 

therapeutic concentrations in the target tissue or site of action. This 

sustained release profile can improve drug efficacy and reduce the 

frequency of dosing, enhancing patient compliance. (ii) Gels can 

encapsulate a wide range of drugs, including hydrophilic, hydrophobic, 

and amphiphilic compounds. This versatility allows for the delivery of 

diverse classes of therapeutics, including small molecules, proteins, 

peptides, and nucleic acids. (iii) Gels can be engineered to provide 

targeted delivery of drugs to specific tissues or organs within the body. 

This can minimize systemic side effects and improve therapeutic 

outcomes by concentrating the drug at the site of action. (iv) Gels are 

often easy to administer and can be formulated into various dosage forms, 

including creams, gels, ointments, films, and implants. This flexibility in 
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formulation allows for convenient and patient-friendly drug delivery 

options. (v) Gels can respond to external stimuli or physiological cues, 

enabling the controlled release of drugs in a spatiotemporal manner. 

Stimuli-responsive gels can be designed to release drugs in response to 

factors such as pH, temperature, light, or enzyme activity, offering precise 

control over drug delivery. 

Further, gels can enable the simultaneous delivery of multiple drugs, 

allowing for combination therapy to address complex medical conditions 

or multiple symptoms. Dual drug delivery via gels can leverage 

synergistic effects between the drugs, where the combination produces a 

greater therapeutic effect than either drug alone. This approach can 

enhance treatment efficacy by targeting multiple pathways or disease 

mechanisms simultaneously.31 In addition to drugs, gels can also 

incorporate other therapeutic agents such as nanoparticles, growth factors, 

or biomolecules.32 This allows for the delivery of multiple types of 

therapeutic agents, further enhancing treatment options and efficacy. 

1.7  Organization of the Thesis 

Chapter 1: This chapter briefly describes the general introduction and 

classification of gels, synthesis, and fabrication of gels, characterization 

techniques and fluorescence behavior of gels, and utilization of gels in 

drug delivery systems. 

Chapter 2: This chapter discusses the past work on this topic and the 

motivation behind this work.  

Chapter 3: This chapter includes the experimental procedure for the 

synthesis of gelator components, fabrication of gels, instrumentation 

techniques for analysis of gels, and the release study of the drug from the 

gel matrix. 

Chapter 4: This chapter discusses all the project's results and outcomes. 

Chapter 5: This chapter concludes and summarizes the work done and 

discusses the future scope of the project. 
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CHAPTER 2 
----------------------------------------------------------------------------------------- 

LITERATURE SURVEY  

2.1  Review of Pastwork and Project Motivation 

Various works on the fabrication of supramolecular gels formed by the 

self-assembly of low molecular weight gelator molecules have been 

reported possessing various non-covalent interactions that precisely adjust 

the supramolecular structures, unlocking the full potential of these soft 

materials for a wide range of applications. These non-covalent 

interactions include hydrogen bonding, π-π stacking, Van der Waals 

interactions, hydrophobic interactions, metal coordination, dipole-dipole 

interactions, etc.,33 and form a 3-D network of entrapped solvent 

molecules, including gel formation.  
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Figure 2.1: Structures of gelator molecules leading to gelation34–38 

The molecules shown in Figure 2.1 are examples of some previously 

reported gelator molecules leading to gelation due to non-covalent 

interactions. Therefore, from the above-mentioned gelator molecules, it is 

evident that C3 symmetric molecules containing carboxamide groups 

exhibit gelation properties. The main advantage of such a moiety is that it 

easily allows the incorporation of metals in the assembly forming a stable 

metallogel. Further, incorporating a metal ion into an organogel unlocks the 

possibility of utilizing them as catalysts, sensors, optical, redox, and 

magnetic materials, etc.39 Furthermore, the presence of metal components 

allows fine-tuning of gelation capabilities and modification of gel 

morphologies. Several reports revealed that metals like ruthenium and iron 

are easily incorporated within this tri-carboxamide moiety, forming a stable 

metallogel that can be further applied to various applications, including 

drug delivery,10 anticancer agents,34 stabilization of nanoparticles,35 and 

catalysis.36 

Due to the various interactions in the gel matrix, these materials could be an 

alternative to the conventionally used materials. In the latest report by 

Kyarikwal et al., a 1,3,5-tri-carboxamide molecule was utilized to enhance 

the strength and stability of an already gel-forming tetrazole moiety. The 

hybrid matrix G8GE exhibited the aggregation-induced enhanced emission 

(AIEE) phenomenon due to restriction in intramolecular motion between 

the two components. This led to reduced non-radiative decay and enhanced 

radiative emission in its aggregated state. The matrix showed the capacity to 

remove heavy metal ions from their aqueous solution.37 

Hence, this can be an excellent opportunity to modify the structure of 1,3,5-

tri carboxamide into its derivatives that can either be susceptible to gelation 
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or able to form a hybrid gel matrix with G8 showing different behavior as 

of G8GE matrix and can be suitable for biological applications. 

At the same time, it would be interesting if the synthesized 1,3,5-tri 

carboxamide gelator component could serve as a drug carrier in response to 

external stimuli like pH, sonication, or UV-vis irradiation as gels are 

suitable candidates for sustained and targeted drug delivery Generally, gels 

with moderate strength and thixotropic behavior are preferred. Uzan et al. 

developed novel dermal and topical drug delivery vehicles using amino 

alcohol-based bis-(amino alcohol)oxalamides (BAOAs) as the key 

compounds. These BAOAs were utilized to form organogels for delivering 

Ibuprofen, a non-steroidal anti-inflammatory drug (NSAID), by loading it 

into the organogel matrix, and the release kinetics of Ibuprofen were 

investigated using UV-Vis spectroscopy.40 

Praveen et al. introduced a novel gel-forming supramolecular synthon, 

termed primary ammonium monocarboxylate (PAM), which has been 

utilized to create a range of PAM salts by reacting Ibuprofen with 

different primary amines. These PAM salts were effective in gelling 

methyl salicylate (MS) and proved suitable for delivering the gelator drug 

in a self-delivery manner for treating skin inflammation.41 

Further, Yadav et al. designed a new gel formulation containing low 

molecular mass DAP (2,6-diamino pyridine) derived fatty acid amides 

with varying alkyl chain lengths and was utilized as a carrier for 

ibuprofen drug delivery.42 

Constantin et al. recently developed an environmentally friendly 

composite film using poly(vinyl alcohol) (PVA) cross-linked with 

oxidized chitosan (OxCS), with the addition of silver nanoparticles 

(AgNPs) during the film synthesis process. This involved incorporating 

freshly prepared chitosan-capped AgNP colloidal solution into the 

polymer mixture. Subsequently, Ibuprofen (Ibp) was loaded in the most 

effective film formulation. The resulting Ibp-loaded PVA/OxCS-Ag films 

demonstrated promising capabilities for ibuprofen delivery while 
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exhibiting effective antimicrobial properties against common pathogens 

found in oral cavities.43 

Popescu et al. introduced a composite hydrogel composed of chitosan 

(CS) and poly(vinyl alcohol) (PVA), with the incorporation of silver 

nanoparticles (AgNPs) possessing antibacterial properties and Ibuprofen 

(Ib) as an anti-inflammatory agent. This hydrogel exhibited favorable 

mechanical characteristics, with a compressive modulus of 132 kPa, along 

with high swelling capacity and sustained drug release under simulated 

skin conditions. Additionally, the hydrogel demonstrated potent 

antibacterial activity against S. aureus and K. pneumoniae, due to 

embedded AgNPs.44 

From the above literature survey and previous reports, it is evident that 

functional groups having active hydrogen donor-acceptor sites and amide 

groups are potent for gel formation. Thus, a C3 symmetric gelator 

component having an amide and free amine group has been used to form 

two hybrid organogel matrices and their metallogels. The design of this 

gelator component is tailored to exhibit distinct behavior compared to the 

G8GE matrix, and it also serves as a carrier for the dual delivery of 

Ibuprofen drug and silver nanoparticles, enabling it to function 

simultaneously as a pain reliever and an antibacterial agent. 

 

 

 

 

 

 

 

 

 



13 
 

CHAPTER 3 
----------------------------------------------------------------------------------------- 

EXPERIMENTAL SECTION 

3.1  Reagents and Chemicals 

The chemicals and solvents used in this work were purchased from Alfa 

Aesar, Avra Chemicals, HiMedia Chemicals, Sigma-Aldrich, and Finar, 

India, and used directly without additional purification. The metal 

perchlorate salts were synthesized in the laboratory using the reported 

procedure.45 

3.2  Methods and Instrumentation 

A Bruker Tensor 27 FTIR spectrophotometer measured the FTIR 

(Fourier-transform infrared) spectra within the 4000-500 cm-1 range. 

Electrospray ionization mass spectrometry (ESI-MS) data was obtained 

using a Bruker-Daltonics micro TOF-Q II instrument. NMR spectra were 

obtained with an AVANCE NEO500 Ascend Bruker BioSpin 

International AG instrument with TMS as the standard reference at room 

temperature using DMSO-d6. The mechanical properties and thixotropic 

behavior of gels were investigated using a rheometer. An Anton Paar 

Physica MCR 301 rheometer was utilized for rheological analysis at 25ºC 

using a 25 mm parallel plate with a true gap of 0.5 mm. Morphological 

investigations of the gelator components, organogels, metallogels, and 

silver nanoparticles were performed using A Supra55 Zeiss field emission 

scanning electron microscope (FE-SEM). The powder X-ray diffraction 

(PXRD) pattern for gelator components and all the xerogels were 

recorded on an Empyrean, Malvern Panalytical, with Cu-Kα radiation. 

TGA  experiments were done using a Mettler Toledo Thermal Analyser 

under a nitrogen atmosphere in the 30-800 ºC temperature range at a rate 

of 10 ºC min-1. Porosity parameters were determined using a 

Quantachrome Autosorb iQ2 Brunauer–Emmett–Teller (BET) surface 

area analyzer. A Fluoromax-4 spectrofluorometer (HORIBA Jobin Yvon, 

model FM-100) was used to study the emission spectra of the gelatin 

components. The absorption spectra, formation of silver nanoparticles, 
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and drug release studies were monitored by UV-visible spectroscopy 

using a Varian carry 100 Bio UV−vis spectrophotometer in a quartz 

cuvette (1cm × 1cm). 

3.3  Synthesis of gelator components G8 and TABTA 

3.3.1 Synthesis of Benzene-1,3,5-tricarboxylic acid tris-[(4-

nitrophenyl)-amide] (TNBTA) 

The synthesis of TNBTA was done using the reported procedure.46 In a 

round bottom flask, 0.80 g (5.79 mmol) of 4-nitroaniline was suspended 

in 50 mL acetonitrile, and 0.465 g (1.75 mmol) of trimesoyl chloride was 

added. The reaction mixture was then stirred under reflux (85℃) for 24 

hours. The resulting material was filtered and washed multiple times with 

cold acetonitrile. The product was isolated as a grey solid (0.908 g, 90% 

yield). 

3.3.2 Synthesis of Benzene-1,3,5-tricarboxylic acid tris-[(4-

aminophenyl)-amide] (TABTA) 

The synthesis of TABTA was done using the reported procedure.47 In a 

round bottom flask, 1.14 g (2.0 mmol) of TNBTA was suspended in 23 

mL each of DMF and ethanol, and 10% Pd/C (0.050 g) was added. 

Subsequently, hydrazine monohydrate 2.6 mL (52.9 mmol) was added 

dropwise and the resulting mixture was stirred under reflux (100 °C) for 

24 hours under an N2-atmosphere (inert). After the completion of the 

reaction, the hot mixture was filtered through celite, and washed with hot 

ethanol. The solvent was then removed under reduced pressure to yield a 

brown oil. EtOH and a large amount of Milli Q-water were added, and a 

precipitate was observed within a time. The precipitate was isolated by 

centrifugation and the product was isolated as a yellow solid (0.650 g, 

67.7% yield). 

3.3.3 Synthesis of N2, N4, N6-tri(1H-tetrazol-5-yl)-1,3,5-triazine-

2,4,6-triamine (G8) 

The synthesis of gelator G8 was done using the reported procedure.48 In a 

round bottom flask, 2.47 g (24 mmol) of 5-amino tetrazole monohydrate, 

and 3.34 mL (24 mmol) of triethylamine were suspended in 80 mL of 
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ethanol under ice-cooled conditions. Consequently, 1.472 g (8 mmol) of 

cyanuric chloride was added to it in small portions and the resulting 

mixture was stirred under reflux (80 °C) for 3 hours. After the completion 

of the reaction, the precipitate was filtered and washed with 3N HCl, 

water, and methanol before being dried at room temperature under a 

vacuum. The desired gelator molecule G8 was obtained as a white solid 

(78% yield). 

3.4  Gels preparation 

3.4.1 Preparation of G8-TABTA organogel and its metallogels 

For the formation of G8-TABTA organogel, 0.05 mmol (16 mg) of G8 and 

0.05 mmol (24 mg) of TABTA were solubilized in 750 µL of DMF by 

heating for 4-5 minutes that upon homogeneous addition of 250 µL Milli-Q 

water, forms a yellowish-brown colored organogel instantly (Figure 3.1). 

Subsequently, for the formation of G8-TABTA metallogels, 0.05 mmol (16 

mg) of G8 and 0.05 mmol (24 mg) of TABTA were solubilized in 750 µL 

DMF by heating for 4-5 minutes, to which 0.05 mmol of perchlorate salts 

of Ag+, Fe3+, Fe2+, Co2+, Ni2+, Cu2+, and Zn2+ dissolved in 250 µL Milli-Q 

water was homogeneously added forming stable metallogels except for Ni2+ 

perchlorate salt. The gel formation was confirmed by the conventional test 

tube inversion method. 

 

Figure 3.1: G8-TABTA organogel formation 

3.4.2 Preparation of TABTA- Ibp organogel and its metallogel 

For the formation of TABTA- Ibp organogel, 0.05 mmol (24 mg) of 

TABTA and 0.15 mmol (34 mg) of the sodium salt of ibuprofen were 

solubilized in 950 µL DMSO by heating followed by the addition of 50 µL 
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Milli-Q water that on sonication for 4-5 minutes forms a bright yellow 

colored organogel (Figure 3.2). Subsequently, for the formation of 

TABTA- Ibp metallogel, 0.05 mmol (24 mg) of TABTA, 0.15 mmol (34 

mg) of the sodium salt of ibuprofen, and 0.15 mmol of perchlorate salts 

of Ag+, Fe3+, Fe2+, Co2+, Ni2+, Cu2+, and Zn2+ were dissolved in 1500 µL 

DMSO by heating and 250 µL Milli-Q water was uniformly added to the 

solution that on sonication for 4-5 minutes forms a stable metallogel 

specifically with Ag+ perchlorate salt. The gel formation was confirmed by 

the conventional test tube inversion method. 

 

Figure 3.2: TABTA-Ibp organogel formation 

3.5  Melting temperature of gels (Tgel) 

A silicon oil bath setup determined the gel melting temperature (Tgel) and 

the sol-gel transition behavior. A 5 mL glass vial was utilized for the 

experiment, with temperature monitoring facilitated by a thermometer. The 

gels were placed in the glass vial, along with a steel ball positioned on the 

gel’s surface. Subsequently, the system was immersed in the oil bath. As 

the temperature increased, the gel began melting (indicated by the steel ball 

moving downward). The temperature was recorded as the Tgel, and heating 

ceased. After 5-10 minutes, it was observed that the sol reverted to the gel 

state. The gel melting temperature serves as an indicator of the sol-gel 

transition temperature for the gels. 

3.6  Rheological analysis of gels 

The rheological analysis assessed the gels' strength and sol-gel transition 

characteristics. The storage (G') and loss (G'') moduli were measured at a 

0.5% strain to assess viscoelasticity and a strain-sweep experiment was 
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conducted over time to investigate thixotropic behavior, employing 0.5% 

minimum and 100% maximum strain. With the help of a spatula, the gel 

was directly taken on the stage of the rheometer for measurements. 

 

3.7  Morphological analysis of gels 

Field-emission scanning electron microscopy was utilized to examine the 

morphology of the gelator components, organogels, and metallogels. 

Additionally, it was employed to investigate the changes in the self-

assembly process and size after the formation of the silver nanoparticles 

within the gel matrix. To prepare the samples, a small quantity of the gel 

was spread onto a glass slide, dried, and then coated with gold. 

3.8  Drug Release Study 

The release of the drug was monitored using UV-visible spectroscopy at 

two different pH values. An acidic pH of 5.29 simulated the tumor cell 

environment, while a neutral pH of 7.4 mimicked the normal cell 

environment. At room temperature, the release of Ibuprofen drug from 

TABTA-Ibp organogel and TABTA-Ibp-Ag metallogel matrices was 

studied by layering them with PBS buffer solution. At different pH values, 

the gel matrices were layered with 3 mL of PBS buffer and were allowed to 

stand for 72 hours. Within different time intervals, the UV-Vis spectrum 

was recorded for the supernatant solution taken out and the amount of drug 

released was determined using the following equation: 

𝐷𝑡 =
𝐶0 − 𝐶𝑡
𝐶0

× 100% =
𝐴0 − 𝐴𝑡
𝐴0

× 100% 

where Dt is the exchange capacity, C0 and A0 are the initial concentration 

and absorbance of the ibuprofen drug, respectively, and Ct and At is the 

concentration and absorbance of the ibuprofen drug at specific time 

intervals. 
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CHAPTER 4 
----------------------------------------------------------------------------------------- 

RESULTS AND DISCUSSION 

4.1  Synthesis and Characterization 

TNBTA and the gelator components TABTA and G8 were successfully 

synthesized and characterized. TNBTA was synthesized by amide bond 

formation between trimesoyl chloride and 4-nitroaniline in the presence of 

acetonitrile (Scheme 4.1) followed by its reduction to form TABTA 

(Scheme 4.2) as a yellow-colored solid product and G8 was synthesized by 

secondary amine bond formation between cyanuric chloride and 5-amino 

tetrazole monohydrate in the presence of triethylamine (Scheme 4.3) as a 

white-colored solid product. The synthesis of G8, TNBTA, and TABTA 

was confirmed by 1H, 13C, and FT-IR spectroscopy. 

4.2  Reaction schemes 

4.2.1 Synthesis of TNBTA 

 

Scheme 4.1: Synthetic scheme for TNBTA synthesis 

4.2.2 Synthesis of gelator component TABTA 

 

Scheme 4.2: Synthetic scheme for TABTA synthesis 
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4.2.3 Synthesis of gelator component G8 

 

Scheme 4.3: Synthetic scheme for G8 synthesis 

4.3  Solubility of G8-TABTA and its Gelation Behaviour 

The G8-TABTA mixture has been checked for solubility in various 

solvents and it was found to be soluble in DMSO and DMF, as shown in the 

table below (Table 4.1). The organogel was fabricated by dissolving 0.05 

mmol (16 mg) of G8 and 0.05 mmol (24 mg) of TABTA in 750 µL DMF 

by heating for 4-5 minutes, that upon subsequent homogeneous addition of 

250 µL Milli-Q water, formed a yellowish-brown colored organogel 

instantly. To determine the critical gel concentration (CGC) value of 

organogel G8-TABTA, different proportions of G8 and TABTA were 

taken from 0.01:0.01 mmol to 0.06:0.06 mmol with a constant ratio of DMF 

and Milli-Q water. It was observed that 0.03 mmol (10 mg) of G8 and 0.03 

mmol (14 mg) of TABTA on 500:100 µL of DMF: H2O forms a weak 

organogel. Therefore, the critical gel concentration of G8-TABTA 

organogel was 40 mgmL-1. The gel formation was confirmed by the 

conventional test tube inversion method. 

Table 4.1: Solubility of organogel G8-TABTA in various solvents 

Solvent     Solubility 

 (G8-TABTA) 

Gelation Solvent    Solubility 

 (G8-TABTA) 

Gelation 

CCl4 Insoluble - Hexane Insoluble - 

Methanol Insoluble - DMF Soluble Gel 

DMSO Soluble - Acetone Insoluble - 

Acetonitrile Insoluble - Toluene Insoluble - 

Ethanol Insoluble - DCM Insoluble - 

 Ethyl acetate Insoluble - Benzene Insoluble - 
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Table 4.2: Optimization Table for G8-TABTA gelation 

mmol of G8 

(250µL DMF) 
mmol of TABTA 

(250µL DMF) 
Ratio of G8 

and TABTA 
DMF: H2O 

(µL) 

Gelation 

0.01 0.01 1:1 500: 100 No gel 

0.02 0.02 1:1 500: 100 No gel 

0.03 0.03 1:1 500: 100 Weak gel 

0.04 0.04 1:1 500: 100 Gel 

0.05 0.05 1:1 500: 100 Gel 

0.06 0.06 1:1 500: 100 Gel 

 

 

Figure 4.1: Optimization for G8-TABTA gelation 

Table 4.3: Optimization Table for G8-TABTA gelation with varying G8 

proportions 

mmol of G8 

(250µL DMF) 
mmol of TABTA 

(250µL DMF) 
Ratio of G8 

and TABTA 
DMF: H2O 

(µL) 

Gelation 

0.025 0.05 1:2 500: 100 No gel 

0.05 0.05 1:1 500: 100 Gel 

0.075 0.05 3:2 500: 100 Gel 

0.10 0.05 2:1 500: 100 Gel 

0.125 0.05 5:2 500: 100 Gel 

 

 

Figure 4.2: Optimization for G8-TABTA gelation with varying G8 

proportions 
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Table 4.4: Optimization Table for G8-TABTA gelation with varying 

TABTA proportions 

mmol of G8 

(250µL DMF) 
mmol of TABTA 

(250µL DMF) 
Ratio of G8 

and TABTA 
DMF: H2O 

(µL) 

Gelation 

0.05 0.025 2:1 500: 100 Gel 

0.05 0.05 1:1 500: 100 Gel 

0.05 0.075 2:3 500: 100 Gel 

0.05 0.10 1:2 500: 100 Gel 

0.05 0.125 2:5 500: 100 Gel 

 

 

Figure 4.3: Optimization for G8-TABTA gelation with varying TABTA 

proportions 

Table 4.5: Optimization Table for G8-TABTA gelation with varying 

solvent proportions 

mmol of G8 

(250µL DMF) 
mmol of TABTA 

(250µL DMF) 
Ratio of G8 

and TABTA 
DMF: H2O 

(µL) 

Gelation 

0.05 0.05 1:1 500: 100 Gel 

0.05 0.05 1:1 500: 250 Gel 

0.05 0.05 1:1 750: 250 Gel 

0.05 0.05 1:1 500: 500 No gel 

0.05 0.05 1:1 500: 1000 No gel 

0.05 0.05 1:1 1000: 250 No gel 

0.05 0.05 1:1 1500:250 No gel 

 

 
Figure 4.4: Optimization for G8-TABTA gelation with varying solvent 

proportions  
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4.4  Gelation behavior of G8-TABTA with metal salts 

The G8-TABTA metallogels were fabricated by homogeneously adding 

0.05 mmol of perchlorate salts of Ag+, Fe3+, Fe2+, Co2+, Ni2+, Cu2+, and 

Zn2+ dissolved in 250 µL Milli-Q water into a solution comprising 0.05 

mmol each of G8 (16 mg) and TABTA (24 mg) solubilized in 750 µL 

DMF. The gel formation was observed with all metal salts mentioned 

except for Ni2+ perchlorate salt which was confirmed by the conventional 

test tube inversion method (Table 4.6) and (Figure 4.5).  

Table 4.6: Gelation behavior of G8-TABTA with metal salts 

mmol of 

G8 

(500µL 

DMF) 

 mmol of 

TABTA 

   (250µL 

DMF) 

 Metal ion 

(0.05 mmol in 

250µL H2O) 

The ratio 

of G8, 

TABTA, 

and metal 

ions 

DMF: H2O 

(µL) 

Gelation  

0.05 0.05 Ag
+
 1:1:1 750: 250 Gel 

0.05 0.05 Fe
3+

 1:1:1 750: 250 Gel 

0.05 0.05 Fe
2+

 1:1:1 750: 250 Gel 

0.05 0.05 Co
2+

 1:1:1 750: 250 Gel 

0.05 0.05 Ni
2+

 1:1:1 750: 250 No gel 

0.05 0.05 Cu
2+

 1:1:1 750: 250 Gel 

0.05 0.05 Zn
2+

 1:1:1 750: 250 Gel 

 

Figure 4.5: Gelation behavior of G8-TABTA with metal salts 

Further, the gelation condition of Ag and Zn perchlorate metallogel of 

G8-TABTA was optimized (Table 4.7) and (Table 4.8), respectively. 
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Table 4.7: Optimization Table for silver perchlorate metallogel of G8-

TABTA 

mmol of 

G8 

(500µL 

DMF) 

mmol of 

TABTA 

(250µL 

DMF) 

mmol of Ag
+ 

(250µL H2O) 

Ratio of 

G8, 

TABTA 

and Ag
+
 

DMF: H2O 

(µL) 

Gelation  

0.05 0.05 0.10 1:1:2 750: 250 Gel 

0.05 0.05 0.20 1:1:4 750: 250 Gel 

0.05 0.05 0.30 1:1:6 750: 250 Gel 

0.05 0.05 0.40 1:1:8 750: 250 Gel 

 

 

Figure 4.6: Optimization for silver perchlorate metallogel of G8-TABTA 

Table 4.8: Optimization Table for zinc perchlorate metallogel of G8-

TABTA 

mmol of 

G8 

(500µL 

DMF) 

mmol of 

TABTA 

(250µL 

DMF) 

mmol of Zn
2+ 

(250µL H2O) 

Ratio of 

G8, 

TABTA 

and Zn
2+

 

DMF: H2O 

(µL) 

Gelation  

0.05 0.05 0.025 1:1:0.5 750: 250 Gel 

0.05 0.05 0.05 1:1:1 750: 250 Gel 

0.05 0.05 0.075 1:1:1.5 750: 250 No gel 

0.05 0.05 0.10 1:1:2 750: 250 No gel 

 

 

Figure 4.7: Optimization for zinc perchlorate metallogel of G8-TABTA 
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4.5  Solubility of TABTA-Ibuprofen and its Gelation 

Behaviour 

The TABTA-Ibuprofen mixture has been checked for solubility in various 

solvents and it was found to be soluble in DMSO and DMF, as shown in the 

table below (Table 4.9). The organogel was fabricated by dissolving 0.05 

mmol (24 mg) of TABTA and 0.15 mmol (34 mg) of the sodium salt of 

ibuprofen in 950 µL DMSO by heating followed by the addition of 50 µL 

Milli-Q water on sonication for 2-3 minutes forms a bright yellow colored 

organogel. To determine the critical gel concentration (CGC) value of 

organogel TABTA-Ibp, constant proportions of TABTA and sodium salt 

of ibuprofen 0.05:0.15 mmol were taken for a varying ratio of DMSO and 

Milli-Q water from 950:50 µL to 2450:50 µL. It was observed that 0.05 

mmol (24 mg) of TABTA and 0.15 mmol (34 mg) of the sodium salt of 

ibuprofen on 1950:50 µL of DMSO: H2O forms a weak organogel. 

Therefore, the critical gel concentration of TABTA-Ibp organogel was 29 

mgmL-1. The gel formation was confirmed by the conventional test tube 

inversion method. 

Table 4.9: Solubility of organogel TABTA-Ibuprofen in various solvents 

Solvent Solubility 

(TABTA-

Ibuprofen) 

Gelation    Solvent Solubility 

(TABTA-

Ibuprofen) 

Gelation 

CCl4 Insoluble - Hexane Insoluble - 

Methanol Insoluble - DMF Soluble Gel 

DMSO Soluble Gel Acetone Insoluble - 

Acetonitrile Insoluble - Toluene Insoluble - 

Ethanol Insoluble - DCM Insoluble - 

 Ethyl acetate Insoluble - Benzene Insoluble - 
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Table 4.10: Optimization Table for TABTA-Ibuprofen gelation 

mmol of 

TABTA 
(500µL DMSO) 

mmol of 

Ibuprofen 
(450µL DMSO) 

Ratio of 

TABTA and 

Ibuprofen 

DMSO: H2O 

(µL) 

Gelation 

on 

sonication 

0.05 0.05 1:1 950: 50 No gel 

0.05 0.10 1:2 950: 50 Partial gel 

0.05 0.15 1:3 950: 50 Gel 

 

 

Figure 4.8: Optimization for TABTA-Ibuprofen gelation 

Table 4.11: Optimization Table for gelation with fixed solvent proportions 

for TABTA-Ibuprofen gelation 

mmol of 

TABTA 
(500µL DMSO) 

mmol of 

Ibuprofen 
(450µL DMSO) 

Ratio of 

TABTA and 

Ibuprofen 

DMSO: H2O 

(µL) 

Gelation 

on 

sonication 

0.01 0.03 1:3 950: 50 No gel 

0.02 0.06 1:3 950: 50 No gel 

0.03 0.09 1:3 950: 50 Gel 

0.04 0.12 1:3 950: 50 Gel 

0.05 0.15 1:3 950: 50 Gel 

 

 

Figure 4.9: Optimization for gelation with fixed solvent proportions for 

TABTA-Ibuprofen gelation 
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Table 4.12: Optimization Table for TABTA-Ibuprofen gelation with 

varying solvent proportions 

mmol of 

TABTA 
mmol of 

Ibuprofen 
Ratio of 

TABTA and 

Ibuprofen 

DMSO: H2O 

(µL) 

Gelation 

on 

sonication 

0.05 0.15 1:3 950:50 Gel 

0.05 0.15 1:3 1450:50 Gel 

0.05 0.15 1:3 1950:50 Gel 

0.05 0.15 1:3 2450:50 No Gel 

 

 

Figure 4.10: Optimization for TABTA-Ibuprofen gelation with varying 

solvent proportions 

 

4.6  Gelation behavior of TABTA-Ibuprofen with metal salts 

The G8-Ibuprofen metallogel was fabricated by uniformly adding 250 µL 

Milli-Q water into a solution comprising 0.05 mmol of G8 (16 mg), 0.15 

mmol of the sodium salt of ibuprofen (34 mg) and 0.15 mmol of 

perchlorate salts of Ag+, Fe3+, Fe2+, Co2+, Ni2+, Cu2+, and Zn2+ solubilized 

in 1500 µL DMSO. The gel formation was observed specifically with Ag-

perchlorate salt amongst all metal salts mentioned, which was confirmed by 

the conventional test tube inversion method (Table 4.13) and (Figure 4.11).  
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Table 4.13: Gelation behavior of TABTA-Ibuprofen with metal salts 

mmol 

of 

TABTA 
(500µL 

DMSO) 

mmol of 

Ibuprofen 
(500µL 

DMSO) 

Metal ion 
(0.15 

mmol in 

500µL 

DMSO) 

The ratio 

of 

TABTA, 

Ibuprofen, 

and metal 

ions 

DMSO: H2O 

(µL) 

Gelation 

on 

sonication 

0.05 0.15 Ag
+
 1:3:3 1500: 250 Gel 

0.05 0.15 Fe
3+

 1:3:3 1500: 250 No Gel 

0.05 0.15 Fe
2+

 1:3:3 1500: 250 No Gel 

0.05 0.15 Co
2+

 1:3:3 1500: 250 No Gel 

0.05 0.15 Ni
2+

 1:3:3 1500: 250 No Gel 

0.05 0.15 Cu
2+

 1:3:3 1500: 250 No Gel 

0.05 0.15 Zn
2+

 1:3:3 1500: 250 No Gel 

 

 

Figure 4.11: Gelation behavior of G8-Ibuprofen with metal salts 

Further, the Ag perchlorate metallogel gelation condition of TABTA-

Ibuprofen was optimized (Table 4.14). 
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Table 4.14: Optimization Table for silver perchlorate metallogel of 

TABTA-Ibuprofen 

mmol 

of 

TABTA 
(500µL 

DMSO) 

mmol of 

Ibuprofen 
(500µL 

DMSO) 

mmol of 

Ag
+ 

(500µL 

DMSO) 

Ratio of 

TABTA, 

Ibuprofen 

and Ag
+
 

DMSO: H2O 

(µL) 

Gelation 

on 

sonication  

0.05 0.15 0.15 1:3:3 1500: 250 Gel 

0.05 0.15 0.20 1:3:4 1500: 250 Gel 

0.05 0.15 0.25 1:3:5 1500: 250 Gel 

0.05 0.15 0.30 1:3:6 1500: 250 Gel 

 

Figure 4.12: Optimization for silver perchlorate metallogel of TABTA-

Ibuprofen  

4.7  Characterization 

4.7.1 Mass Spectra 

ESI-MS spectra characterized the synthesized compounds G8 and TABTA. 

The gelator component G8 shows a base peak at m/z= 329.0753 (in 

negative mode) (Figure 4.13) and TABTA shows a base peak at 

m/z=481.2042 (in positive mode) (Figure 4.14). 



30 
 

 

Figure 4.13: Mass spectrum of G8; ESI-MS (m/z) C6H6N18: Calculated for 

[C6H6N18-H] ֿ: 329.0939; Found: 329.0753 

 

Figure 4.14: Mass spectrum of gelator component TABTA; ESI-MS (m/z) 

C27H24N6O3: Calculated for [C27H24N6O3+H] +: 481.1983; Found: 481.2042 
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4.7.2 NMR Spectra 

NMR data for TNBTA and TABTA molecules matched well with their 

proposed structures. The NMR was recorded with samples dissolved in 

DMSO-d6. 
1H NMR peaks in the δ 8.82-6.45 region correspond to the 

aromatic protons and a highly deshielded broad peak after 10 ppm 

corresponds to the amide N-H proton of TNBTA and TABTA.49 A peak at 

4.86 ppm corresponds to the amine proton of TABTA. 13C NMR peaks in 

the δ 110-150 region correspond to the aromatic carbons and a peak above 

160 ppm corresponds to the carbonyl carbon of TNBTA and TABTA.50 

 

4.7.1.1 NMR Spectra of G8 

13C NMR (125MHz, 298K, DMSO-d6) δ, ppm: 162.43, 153.99. (Figure 

4.15)   

 

Figure 4.15: 13C NMR of G8 

 

4.7.1.2 NMR Spectra of TNBTA 

1H NMR (500MHz, 298K, DMSO-d6) δ, ppm: 11.22 (s, 1H, Hd), 8.82 (s, 

1H, CHa), 8.30 (d, 2H, CHc), 8.14 (d, 2H, CHb). (Figure 4.16) 13C NMR 

(125MHz, 298K, DMSO-d6) δ, ppm: 164.76, 144.99, 142.61, 134.63, 

130.63, 124.70, 119.8. (Figure 4.17)   
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Figure 4.16: 1H NMR of TNBTA 

 

Figure 4.17: 13C NMR of TNBTA 

4.7.1.3 NMR Spectra of gelator component TABTA 

1H NMR (500MHz, 298K, DMSO-d6) δ, ppm: 10.03 (s, 1H, Ha), 8.45 (s, 

1H, CHb), 7.30 (d, 2H, CHc), 6.45 (d, 2H, CHd), 4.86 (s, 2H, NHe).
 (Figure 

4.18) 13C NMR (125MHz, 298K, DMSO-d6) δ, ppm: 163.83, 145.41, 

135.74, 128.97, 127.94, 122.13, 113.74. (Figure 4.19) 
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Figure 4.18: 1H NMR of gelator component TABTA 

 

Figure 4.19: 13C NMR of gelator component TABTA 

 

4.7.3 FT-IR Spectra 

The bands in the IR spectra matched well with the expected characteristic 

bands of various functional groups of G8, TNBTA, and TABTA. For the 

gelator component, G8 (Figure 4.20 (a)) notable peaks included a broad 

one at 2900 cm-1 indicating N-H stretching, sharp peaks at 1637 cm-1 for 

C=N stretching, 1518 cm-1 for N-H bending, 1415 cm-1 for cyclic -C-N=C- 
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group, and 1235 cm-1 for C-N stretching.48 TNBTA (Figure 4.20 (b)) and 

TABTA (Figure 4.20 (c)) exhibited similar patterns, with broad bands at 

3396 cm-1 and 3320 cm-1 for N-H stretching,51 along with sharp peaks at 

1690 cm-1 and 1639 cm-1 respectively for C=O amide stretching.52 

Additionally, TNBTA displayed a distinct peak at 1545 cm-1 corresponding 

to -NO2 stretching.  

   

 

Figure 4.20: IR spectrum of (a) G8, (b) TNBTA, and (c) TABTA 

As already reported, G8 shows an IR band at 1637 cm-1 for C=N stretching, 

1520 cm-1 for N-H bending, and 1234 cm-1 for C-N stretching.48 The other 

gelator component TABTA shows IR bands at 1639 cm-1 for C=O 

stretching, 1512 cm-1 for amide N-H bending, and 1255 cm-1 for C-N 

stretching. Upon analyzing the G8-TABTA xerogel, the amide N-H 

bending was observed at 1508 cm-1, and C=O and C-N stretching 

frequencies were observed at 1645 cm-1 and 1247 cm-1 respectively. These 

shifts in the wavenumber indicate the presence of some non-covalent 

interactions between the gelator components G8 and TABTA (Figure 4.21 

(a)).  
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Subsequently, the sodium salt of ibuprofen shows two distinct IR peaks at 

1547 cm-1 and 1410 cm-1 for asymmetric and symmetric CO2
- stretch 

respectively.53 Thus, upon examining the TABTA-Ibp xerogel those peaks 

were observed to shift towards 1508 cm-1 and 1400 cm-1 for asymmetric and 

symmetric CO2
- stretch respectively. This downward shift in wavenumber 

indicates the presence of hydrogen bonding between the components 

TABTA and sodium salt of ibuprofen (Figure 4.21 (b)). 

  

Figure 4.21: FT-IR spectra of (a) G8, TABTA, and G8-TABTA xerogel 

(b) Ibuprofen salt, TABTA, and TABTA-Ibp xerogel 

 

The FT-IR analyses for G8-TABTA-Ag xerogel, G8-TABTA-Zn xerogel, 

and TABTA-Ibp-Ag xerogel were conducted where for G8-TABTA-Ag 

xerogel the major peaks were observed at 3370 cm-1 and 2938 cm-1 for N-H 

stretching, 1645 cm-1 for C=O/C=N stretching, 1508 cm-1 for the N-H 

bending, and 1247 cm-1 for C-N stretch (Figure 4.22 (a)). Similarly, for 

G8-TABTA-Zn xerogel, the major peaks were observed at 3308 cm-1 and 

2936 cm-1 for N-H stretching, 1647 cm-1 for C=O/C=N stretching, 1508 cm-

1 for the N-H bending, and 1247 cm-1 for C-N stretch (Figure 4.22 (b)). 

Next, for TABTA-Ibp-Ag xerogel the major peaks were observed at 3326 

cm-1 for hydrogen-bonded O-H stretching, 2958 cm-1 for N-H stretching, 

1666 cm-1 for C=O amide stretching, 1520 cm-1 and 1415 cm-1 for 

asymmetric and symmetric CO2
- stretching respectively, and 1249 cm-1 for 

C-N stretch (Figure 4.22 (c)). All these shifts in the wavenumber for the 

xerogels of corresponding metallogels might be predominantly due to 

different non-covalent interactions within the distinct metallogels. 
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Figure 4.22: IR spectrum of (a) G8-TABTA-Ag xerogel, (b) G8-TABTA-

Zn xerogel, and (c) TABTA-Ibp-Ag xerogel 

 

4.7.4 Rheological Analysis 

The rheological analysis assessed the gels' strength and sol-gel transition 

characteristics. 

 

4.7.4.1 G8-TABTA organogel and its silver and zinc metallogel 

For the G8-TABTA organogel, the average storage modulus (G') was 137 

Pa. During the experiment, initially, the storage modulus (G') was found to 

be greater than the loss modulus (G'') in most of the ranges. Still, upon G' 

and G'' deviated from linearity and the crossover point was observed at 70% 

of the strain value (Figure 4.23) and angular frequency-dependent storage 

modulus (G') and loss modulus (G'') parameters were examined for the 

organogel to confirm their viscoelastic properties (Figure 4.24). 
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Figure 4.23: Linear viscoelastic (LVE) range of G8-TABTA organogel (a) 

critical gel concentration and (b) most stable organogel 

   

Figure 4.24: Angular frequency sweep of G8-TABTA organogel (a) 

critical gel concentration and (b) most stable organogel 

 

Subsequently, G8-TABTA metallogels were prepared using the silver and 

zinc perchlorate salts. The storage modulus (G') was measured to be within 

the range of 350-1500 Pa for G8-TABTA-Ag (Figure 4.25) and 550-2450 

Pa for G8-TABTA-Zn (Figure 4.27) metallogels, with a crossover point 

observed at 110% and 97%, respectively. Additionally, angular frequency-

dependent storage modulus (G') and loss modulus (G'') parameters were 

examined for the metallogels to confirm their viscoelastic properties as 

depicted in (Figure 4.26) and (Figure 4.28) respectively. 
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Figure 4.25:Linear viscoelastic (LVE) range of G8-TABTA-Ag metallogel 

for varying concentrations of Ag-perchlorate salt from 0.10 to 0.40 mmol 

  

   

Figure 4.26: Angular frequency sweep of G8-TABTA-Ag metallogel for 

varying concentrations of Ag-perchlorate salt from 0.10 to 0.40 mmol 
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Figure 4.27: Linear viscoelastic (LVE) range of G8-TABTA-Zn 

metallogel for varying concentrations of Zn-perchlorate salt from 0.025 to 

0.05 mmol 

    

Figure 4.28: Angular frequency sweep of G8-TABTA-Zn metallogel for 

varying concentrations of Zn-perchlorate salt from 0.025 to 0.05 mmol 

 

Additionally, the rheological time-oscillation strain-sweep experiment 

(thixotropic measurement) was performed for the G8-TABTA organogel 

(Figure 4.29 (a)) and its silver and zinc metallogels, G8-TABTA-Ag 

(Figure 4.29 (b)) and G8-TABTA-Zn (Figure 4.29 (c)) respectively. The 

organogel and metallogels underwent cyclic strain, starting with a low 

strain of 0.5% shear strain where the storage modulus (G') exceeded the 

loss modulus (G''). Over time, the strain was incrementally increased to 

100%, leading to a transformation of the metallogel into a quasi-liquid state 

(sol), as observed in time sweep plots where G' became less than G''. Upon 

the removal of high strain, the metallogels reverted to their original 

viscoelastic behavior, with G' surpassing G'' again. This reversible process 

was repeated multiple times for all synthesized metallogels, demonstrating 

their thixotropic characteristics. 
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Figure 4.29: Time-oscillation strain-sweep experiment (thixotropic 

behavior) of (a) G8-TABTA organogel, (b) G8-TABTA-Ag metallogel, 

and (c) G8-TABTA-Zn metallogel 

 

4.7.4.2 TABTA- Ibp organogel and its silver metallogel 

For TABTA-Ibp organogel, the average storage modulus (G') was 2084 Pa. 

During the experiment, initially, the storage modulus (G') was found to be 

greater than the loss modulus (G'') in most of the ranges. Still, upon 

increasing the strain, the values of G' and G'' deviated from linearity. The 

crossover point was observed at 2% of the strain value (Figure 4.30) and 

angular frequency-dependent storage modulus (G') and loss modulus (G'') 

parameters were examined for the organogel to confirm their viscoelastic 

properties (Figure 4.31). 
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Figure 4.30: Linear viscoelastic (LVE) range of TABTA-Ibp organogel (a) 

critical gel concentration and (b) most stable organogel. 

   

Figure 4.31: Angular frequency sweep of TABTA-Ibp organogel (a) 

critical gel concentration and (b) most stable organogel 

 

Subsequently, TABTA-Ibp metallogel was prepared using the silver 

perchlorate salt. The storage modulus (G') was measured to be within the 

range of 230-450 Pa for G8-TABTA-Ag (Figure 4.32) metallogel, with a 

crossover point observed at 11%. Additionally, angular frequency-

dependent storage modulus (G') and loss modulus (G'') parameters were 

examined for the metallogels to confirm their viscoelastic properties, as 

depicted in (Figure 4.33). 



42 
 

 

   

Figure 4.32: Linear viscoelastic (LVE) range of TABTA-Ibp-Ag 

metallogel for varying concentrations of Ag-perchlorate salt from 0.15 to 

0.30 mmol 

  

   

Figure 4.33: Angular frequency sweep of TABTA-Ibp-Ag metallogel for 

varying concentrations of Ag-perchlorate salt from 0.15 to 0.30 mmol 
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Additionally, the rheological time-oscillation strain-sweep experiment 

(thixotropic measurement) was performed for the TABTA-Ibp organogel 

(Figure 4.34 (a)) and its silver metallogel, G8-TABTA-Ag (Figure 4.34 

(b)). The organogel and metallogel underwent cyclic strain, starting with a 

low strain of 0.5% shear strain where the storage modulus (G') exceeded 

the loss modulus (G''). Over time, the strain was incrementally increased to 

100%, leading to a transformation of the metallogel into a quasi-liquid state 

(sol), as observed in time sweep plots where G' became less than G''. Upon 

the removal of high strain, the metallogels reverted to their original 

viscoelastic behavior, with G' surpassing G'' again. This reversible process 

was repeated multiple times for all synthesized metallogels, demonstrating 

their thixotropic characteristics. 

   

Figure 4.34: Time-oscillation strain-sweep experiment (thixotropic 

behavior) of (a) TABTA-Ibp organogel, and (b) TABTA-Ibp-Ag 

metallogel 

   

4.7.5 PXRD Analysis 

The PXRD technique investigated the interactions between the gelator 

components G8 and TABTA. As already reported, G8 shows peaks at 2θ= 

20.08ᵒ (d = 4.42 Å) for intercolumnar stacking and 2θ = 27.30ᵒ (d = 3.26 Å) 

for π-π stacking. [48] Conversely, TABTA exhibits peaks at 2θ= 20.58ᵒ (d 

= 4.31 Å) for intercolumnar stacking, and π-π stacking peaks at 2θ = 22.52ᵒ 

(d = 3.94 Å) and 2θ = 27.36ᵒ (d =3.26 Å). However, upon analysis of the 

xerogel of G8-TABTA, an intense peak at 2θ = 27.30ᵒ (d = 3.26 Å) and a 

peak at 2θ = 22.58ᵒ (d = 3.93 Å) corresponding to π-π stacking were 
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observed (Figure 4.35 (a)). Thus, based on the PXRD data, it can be 

inferred that π-π stacking likely plays a significant role in the interaction 

between G8 and TABTA, leading to gel formation, which aligns well with 

the FT-IR data. 

Subsequently, the sodium salt of ibuprofen shows peaks at 2θ = 17.25ᵒ (d 

= 5.13 Å), 2θ = 18.82ᵒ (d =4.71 Å), 2θ = 22.35ᵒ (d = 3.97 Å), 2θ = 29.85ᵒ (d 

=2.99 Å), 2θ = 32.45ᵒ (d = 2.76 Å),  and 2θ = 39.42ᵒ (d =2.28 Å). However, 

when analyzing the xerogel of TABTA-Ibp, there's a noticeable change in 

peak intensity within the range of 2θ = 17.25ᵒ to 22.35ᵒ, corresponding to 

intercolumnar stacking and π-π stacking. Meanwhile, peaks at 2θ = 29.85ᵒ, 

32.45ᵒ, and 39.42ᵒ become slightly more intense, corresponding to hydrogen 

bonding interactions (Figure 4.35 (b)). Thus, based on the PXRD data, it 

can be inferred that hydrogen bonding interactions between TABTA and 

sodium salt of ibuprofen likely lead to gel formation, consistent with the 

FT-IR data. 

 

   

Figure 4.35: PXRD spectra of (a) G8, TABTA, and G8-TABTA xerogel. 

(b) Ibuprofen salt, TABTA, and TABTA-Ibp xerogel 

 

The PXRD analyses for G8-TABTA-Ag xerogel, G8-TABTA-Zn xerogel, 

and TABTA-Ibp-Ag xerogel were conducted where for G8-TABTA-Ag 

xerogel very intense peaks were observed at 2θ = 38.31ᵒ, 44.48ᵒ, 64.54ᵒ, and 

77.51ᵒ corresponding to 111, 200, 220, and 311 crystallographic planes of 

the face-centered cubic (fcc) silver crystals.54 Similar peaks like xerogel of 

G8-TABTA organogel were also observed at 2θ = 27.59ᵒ, and 22.58ᵒ 

(Figure 4.36 (a)). Similarly, for G8-TABTA-Zn xerogel, the major peaks 
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were observed at 2θ = 18.75ᵒ, 23.35ᵒ, and 26.62ᵒ (Figure 4.36 (b)). Next, 

for TABTA-Ibp-Ag xerogel again very intense peaks were observed at 2θ 

= 38.15ᵒ, 44.23ᵒ, 64.61ᵒ, and 77.56ᵒ corresponding to 111, 200, 220, and 

311 crystallographic planes of the face-centered cubic (fcc) silver crystals.54 

Similar peaks like xerogel of TABTA-Ibp organogel were also observed at 

2θ = 21.80ᵒ, 26.48ᵒ, and 29.10ᵒ (Figure 4.36 (c)). Thus, it can be concluded 

that silver nanoparticles are formed within the gel matrix for both the silver 

metallogels. 

  

 

Figure 4.36: PXRD spectrum of (a) G8-TABTA-Ag xerogel, (b) G8-

TABTA-Zn xerogel, and (c) TABTA-Ibp-Ag xerogel 

 

4.7.6 Thermogravimetric Analysis 

Thermogravimetric analysis was conducted to examine the thermal stability 

of the gelator components G8 and TABTA, as well as the xerogels of 

organogel and metallogels of G8-TABTA and TABTA-Ibp, within the 

temperature range from 30 to 800ºC. 
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4.7.6.1 The gelator components G8 and TABTA 

The TGA analysis showed the thermal stability of the gelator components 

G8 and TABTA with minimal weight loss of 7%  and 4% up to 240ºC and 

316ºC, respectively. This weight loss might be due to the removal of the 

entrapped solvent molecules on the surface of the compound. Moreover, for 

G8 between 240-340ºC, the observed weight loss was about 21%, possibly 

due to the breakage of C-N bonds of the secondary amine between cyanuric 

and tetrazole rings (Figure 4.37 (a)). In contrast, in the case of TABTA, 

44% of weight loss was observed between 316-540ºC, indicating the 

stability of the amide bond in TABTA up to 540ºC (Figure 4.37 (b)). 

 

  

Figure 4.37: TGA analysis of the gelator components (a) G8, and (b) 

TABTA 

 

4.7.6.2 G8-TABTA organogel and its silver and zinc metallogel 

For G8-TABTA organogel and its silver and zinc metallogel, the observed 

minimal weight loss was about 11-12% up to the 170-260ºC temperature 

range, which might be due to the disruption of the non-covalent interactions 

that facilitate gel formation between the gelator components and the metal 

ion for metallogels. However, the weight loss was more pronounced at the 

low volatility range for G8-TABTA organogel than it was for its 

metallogels, indicating a stronger gel network formation in the metallogel. 

Additionally, for G8-TABTA-Ag and G8-TABTA-Zn xerogel, it was 

observed that above 800ºC, approximately 36% and 15% of residue remains 

undecomposed, corresponding to the silver and zinc content in the xerogel, 

respectively (Figure 4.38). 
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Figure 4.38: TGA analysis of (a) G8-TABTA xerogel, (b) G8-TABTA-Ag 

xerogel, and (c) G8-TABTA-Zn xerogel 

 

4.7.6.3 TABTA- Ibp organogel and its silver metallogel 

Next, for TABTA- Ibp organogel and its silver metallogel, the observed 

minimal weight loss was about 25-30% up to the 70-300ºC temperature 

range, which might be due to the disruption of the non-covalent interactions 

that facilitate gel formation between the gelator components and the metal 

ion for metallogels. However, the weight loss was more pronounced for the 

G8-TABTA-Ag metallogel, indicating a weaker metallogel network 

formation (Figure 4.39). 

  

Figure 4.39: TGA analysis of (a) TABTA-Ibp xerogel, and (b) TABTA-

Ibp-Ag xerogel 
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4.7.7 BET Analysis 

Brunauer−Emmett−Teller (BET) analysis was conducted to examine the 

surface area and porosity, and the Barrett-Joyner-Halenda (BJH) method 

was used to plot the pore size distribution of the gelator components G8 and 

TABTA, as well as the xerogels of organogel and metallogels of G8-

TABTA and TABTA-Ibp, from N2 adsorption-desorption isotherm at 77K 

and 1 bar pressure. 

 

4.7.7.1 The gelator components G8 and TABTA 

The surface area for the gelator components G8 and TABTA was found to 

be 21.936 m2/g and 18.113 m2/g, respectively (Figure 4.40). 

  

Figure 4.40: N2 adsorption and desorption isotherm for the gelator 

components (a) G8, and (b) TABTA 

 

Further, the pore size of the xerogel was found to be between 2-50 nm 

confirming the mesoporous nature of the gelator components G8 and 

TABTA (Figure 4.41). 

   

Figure 4.41: BJH pore size distribution for the gelator components (a) G8, 

and (b) TABTA 
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4.7.7.2 G8-TABTA organogel and its silver and zinc metallogel 

For G8-TABTA organogel and its silver and zinc metallogel, the surface 

area was observed to be 3.033 m2/g, 1.923 m2/g, and 5.518 m2/g 

respectively (Figure 4.42) indicating the stronger gel network formation 

between the gelator components. Further, the other parameters obtained 

from the N2 adsorption-desorption isotherm are listed below (Table 4.15). 

     

 

Figure 4.42: N2 adsorption and desorption isotherm for (a) G8-TABTA 

xerogel, (b) G8-TABTA-Ag xerogel, and (c) G8-TABTA-Zn xerogel 

 

Table 4.15: Characteristic parameters of xerogel of G8-TABTA organogel 

and its silver and zinc metallogel obtained from N2 adsorption-desorption 

isotherm 

 BET 

Surface area 

Total pore     

volume 

Average pore 

diameter 

G8-TABTA xerogel  3.033 m2/g  1.104e-02 cc/g 1.45622e+01 nm 

G8-TABTA-Ag xerogel  1.923 m2/g  1.999e-02 cc/g 4.15791e+01 nm 

G8-TABTA-Zn xerogel  5.518 m2/g  6.899e-02 cc/g 5.00117e+00 nm 
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Moreover, the pore size was found to be between 2-10 nm for the xerogels 

of G8-TABTA organogel and its metallogels calculated using the Barrett-

Joyner-Halenda (BJH) method (Figure 4.43). 

 

 

 

Figure 4.43: BJH pore size distribution for (a) G8-TABTA xerogel, (b) 

G8-TABTA-Ag xerogel, and (c) G8-TABTA-Zn xerogel 

 

4.7.7.3 TABTA- Ibp organogel and its silver metallogel 

Next, for TABTA- Ibp organogel and its silver metallogel, the surface area 

was observed to be 12.014 m2/g, and 8.666 m2/g respectively (Figure 4.44) 

indicating the mesoporous gel network formed between the gelator 

components. Further, the other parameters obtained from N2 adsorption-

desorption isotherm are listed below (Table 4.16). 
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Figure 4.44: N2 adsorption and desorption isotherm for (a) TABTA-Ibp 

xerogel, and (b) TABTA-Ibp-Ag xerogel 

 

Table 4.16: Characteristic parameters of xerogel of TABTA-Ibp organogel 

and its silver metallogel obtained from N2 adsorption-desorption isotherm 

 BET 

Surface area 

Total pore     

volume 

Average pore 

diameter 

TABTA-Ibp xerogel  12.014 m2/g  5.899e-02 cc/g 1.96390e+01 nm 

TABTA-Ibp-Ag xerogel  8.666 m2/g  6.021e-02 cc/g 2.77944e+01 nm 

 

Moreover, the pore size was found to be between 2-10 nm for the xerogels 

of TABTA-Ibp organogel and its silver metallogel calculated using the 

Barrett-Joyner-Halenda (BJH) method (Figure 4.45). 

 

  

Figure 4.45: BJH pore size distribution for (a) TABTA-Ibp xerogel, and 

(b) TABTA-Ibp-Ag xerogel 
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4.7.8 FESEM Analysis 

FESEM analysis was conducted to evaluate the morphology of the xerogels 

of the synthesized gels. The gelator component TABTA shows microrod-

type morphology (Figure 4.46 (a)). Upon transformation to hybrid 

organogel G8-TABTA, its xerogel shows flower-type morphology (Figure 

4.46 (b)). Subsequent analysis of metallogels derived from the G8-TABTA 

hybrid matrix revealed notable morphological alterations: G8-TABTA-Ag 

exhibited needle-like structures, while G8-TABTA-Zn displayed long 

fiber-like formations (Figure 4.46 (c and d)).  

Furthermore, the xerogel of TABTA-Ibp showed a granular morphology, 

which transformed into flakes upon formation of its silver metallogel, 

TABTA-Ibp-Ag (Figure 4.47 (a and b)), respectively. 

Therefore, these FESEM images provide visual evidence of interactions 

between the gelator components and metal ions in the metallogels, resulting 

in morphological transformations. 

 

Figure 4.46: FESEM images of (a) gelator component TABTA (powder), 

(b) G8-TABTA xerogel, (c) G8-TABTA-Ag xerogel, and (d) G8-TABTA-

Zn xerogel 
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Figure 4.47: FESEM images of (a) TABTA-Ibp xerogel, and (b) TABTA-

Ibp-Ag xerogel 

 

4.8  Analysis of silver nanoparticle formation for G8-TABTA-

Ag and TABTA-Ibp-Ag metallogel 

Furthermore, for both the silver metallogels of G8-TABTA and TABTA-

Ibp after 24 hours, a notable color change was observed (Figure 4.48), 

suggesting the formation of silver nanoparticles within the gel matrix. 

 

       

Figure 4.48: Formation of silver nanoparticles within the gel matrix after 

24 hours for (a) G8-TABTA-Ag metallogel, and (b) TABTA-Ibp-Ag 

metallogel 

 

The formation of silver nanoparticles was analyzed using UV-visible 

spectroscopy. A broad peak at 475 and 450 nm was observed for G8-

TABTA-Ag metallogel and its xerogel, respectively (Figure 4.49 (a)). 

Similarly, for TABTA-Ibp-Ag metallogel and its xerogel, a broad peak at 

460 and 450 nm respectively was observed (Figure 4.49 (b)). According to 

literature reports, AgNPs generally show an absorption peak in the range of 

410−480 nm due to their strong surface plasmon resonance (SPR) which 
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arises from the collective oscillations of free electrons on the nanoparticle 

surface. Depending upon the particle size, the oscillation varies, which in 

turn governs the particular wavelength range in the visible spectrum.55 

Moreover, the PXRD analysis also confirms the formation of silver 

nanoparticles (already discussed in Section 4.7.5). 

 

 

Figure 4.49: UV-vis spectra depicting the synthesis of silver nanoparticles 

for (a) G8-TABTA-Ag metallogel, and (b) TABTA-Ibp-Ag metallogel 

 

The FESEM analysis was conducted for the formation of silver 

nanoparticles after 24 hours of the formation of the G8-TABTA and 

TABTA-Ibp metallogels. Both the metallogels displayed nanoscale 

spherical morphologies (Figure 4.50 (a and b)), respectively.56 

 

Figure 4.50: FESEM images of (a) G8-TABTA-Ag metallogel, and (b) 

TABTA-Ibp-Ag metallogel, taken after 24 hours of the metallogel 

formation 
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Further, EDS and elemental mapping analysis were done for both the 

metallogels, confirming the presence of silver in both the nanocomposites 

(Figure 4.51). 

 

 

Figure 4.51: EDS spectrum and elemental mapping analysis of (a) G8-

TABTA-Ag metallogel, and (b) TABTA-Ibp-Ag metallogel 

 

Further, the XPS analysis was carried out for both the silver metallogels to 

confirm the presence of all the elements and silver nanoparticles in the 

metallogel matrices. The deconvoluted XPS spectra for Ag 3d show two 

peaks at 374.6 and 368.2 eV for the G8-TABTA-Ag matrix, whereas in the 

case of the TABTA-Ibp-Ag matrix peaks at 374.8 and 368.7 eV were 

observed corresponding to the 3d3/2 and 3d5/2 orbits of Ag(0), respectively, 

thus, confirming the formation of silver nanoparticles (Figure 4.52 and 

4.53), respectively.36,57 
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Figure 4.52: (a) XPS spectra, and (b) Deconvoluted XPS spectra of Ag 3d, 

of G8-TABTA-Ag xerogel 

 

 

Figure 4.53: (a) XPS spectra, and (b) Deconvoluted XPS spectra of Ag 3d, 

of TABTA-Ibp-Ag xerogel 

 

4.9  Self-healing and injectibility properties of G8-TABTA 

and TABTA-Ibp gels 

The self-healing capability was also examined for the prepared organogels 

and metallogels of G8-TABTA and TABTA-Ibp. It was assessed by finely 

fragmenting the gels, which demonstrated the ability to restore itself to its 

initial state when the fragmented pieces were brought into proximity 

(Figure 4.54) and (Figure 4.55). 
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Figure 4.54: Images showing the self-healing property of (a) G8-TABTA 

organogel, (b) G8-TABTA-Ag metallogel, and (c) G8-TABTA-Zn 

metallogel 

 

Figure 4.55: Images showing the self-healing property of (a) TABTA-Ibp 

organogel, and (b) TABTA-Ibp-Ag metallogel 

Moreover, for self-drug delivery application purposes, the injectable 

behavior of TABTA-Ibp organogel and TABTA-Ibp-Ag metallogel was 

examined (Figure 4.56 (a)) and (Figure 4.56 (b)) respectively. It was 

noticed that both gels could be injected through a narrow syringe after 

gelation. When subjected to external mechanical force, these interactions 

were disrupted, causing the gel to transition into a viscous liquid, which 

regains its original structure upon removal of the external force through 

supramolecular interactions. 
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Figure 4.56: Images showing the injectibility of (a) TABTA-Ibp 

organogel, and (b) TABTA-Ibp-Ag metallogel 

 

4.10 UV-Vis Spectra for G8-TABTA gel matrix 

The UV-Vis spectra of G8, TABTA, and G8-TABTA organogel (Figure 

4.57) were taken in the solution state. As already reported, G8 shows one 

absorbance peak at 335 nm in the solid-state UV-Vis spectrum, whereas, in 

the solution state, only a broad shoulder was observed in this range at 

around 320 nm and a sharp peak at 268 nm.48 Similarly, when the UV-Vis 

analysis was carried out for TABTA and G8-TABTA organogel in the 

solution state, a broad UV-Vis peak was observed at around 315 nm and a 

sharp peak at 268 nm. These peaks might be due to the intramolecular π-π* 

and n-π* transitions between the aromatic moieties, respectively.58 
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Figure 4.57: UV-visible spectrum of (a) G8, (b) TABTA, and (c) G8-

TABTA organogel 

 

4.11  Fluorescence Spectra for G8-TABTA gel matrix 

The emission spectra for the gelation components G8, TABTA, and G8-

TABTA (Figure 4.58 (a)) were recorded in DMSO by exciting at a 

wavelength of 350 nm. From the emission spectra, a very high-intensity 

peak for G8 (emission wavelength 430 nm) was observed compared to 

TABTA and the organogel G8-TABTA (emission wavelength 422 nm and 

425 nm respectively). These results suggest that the formed organogel G8-

TABTA undergoes aggregation-caused quenching (ACQ) and the 

introduction of TABTA to the organogel G8-TABTA strongly dominates 

the decrease in fluorescence intensity. The ACQ phenomenon observed 

may result from the specific interactions between the gelator components 

G8 and TABTA. 

Further, to study the effect of concentration on the fluorescence behavior of 

G8, TABTA, and G8-TABTA organogel (Figure 4.58), a 1 mM stock 

solution of G8, TABTA, and G8-TABTA organogel was prepared in 
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DMSO. As already reported for G8, it shows aggregation-induced enhanced 

emission (AIEE),48 i.e., the fluorescence intensity increases on increasing 

the concentration of G8, while in contrast, TABTA shows ACQ as with 

increasing concentration, fluorescence intensity decreases. Like TABTA, 

the fluorescence intensity of organogel G8-TABTA also decreases by 

increasing its concentration, demonstrating the ACQ phenomenon.  

 

Figure 4.58:(a) Fluorescence spectra of G8, TABTA, and G8-TABTA in 

DMSO (b) AIE phenomenon of G8 (1 mM in 20 mL DMSO) from 50-2000 

µL of G8 (c) ACQ phenomenon of TABTA (1 mM in 20 mL DMSO) from 

50-2000 µL of TABTA (d) ACQ phenomenon of G8-TABTA organogel (1 

mM in 20 mL DMSO) from 50-2000 µL of G8-TABTA organogel 

 

4.12 Drug Release of Ibuprofen drug from TABTA-Ibp 

organogel and TABTA-Ibp-Ag metallogel 

It is well-established that a gel creates a three-dimensional structure through 

cross-linking. It expands when immersed in a solution and can serve as an 

effective vehicle for delivering drugs.59 The low-molecular-weight gel has 

the potential to provide either gradual or rapid release of drugs due to a pH-
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induced transition from gel to sol state.60 Accordingly, UV-visible 

spectroscopy was employed to examine the release of ibuprofen from 

TABTA-Ibp organogel. TABTA shows two peaks at 315 nm and 268 nm 

for intramolecular π-π* and n-π* transitions respectively, while Ibuprofen 

salt shows a peak at 235 nm due to π-π* transition.61 Moreover, when 

examining TABTA-Ibp organogel, a slight shift was observed in the peak 

positions to 230, 280, and 320 nm (Figure 4.59).  

 

Figure 4.59: UV-visible spectra for TABTA, Ibuprofen salt, and TABTA-

Ibp organogel 

However, the addition of PBS buffer leads to the collapsing of the gel62 and 

slow release of Ibuprofen drug from the gel matrix, as evidenced by the 

segregation of the solution layer and the formation of a yellow solid 

precipitate (Figure 4.60). 

 

Figure 4.60: Images showing self-drug delivery of the Ibuprofen drug after 

the addition of PBS buffer solution to the TABTA-Ibp gel matrix 

The precipitate was filtered and characterized by mass spectrometry and 

NMR spectroscopy indicating the presence of TABTA and the release of 

the Ibuprofen drug from the gel matrix. Mass data of the residue gives the 

most significant peak at 481.2019 m/z corresponding to gelator TABTA 

itself (Figure 4.61). ESI-MS (m/z) C27H24N6O3: Calculated for 

[C27H24N6O3+H] +: 481.1983; Found: 481.2019. NMR data of the residue 

also matched well with the gelator TABTA confirming the release of the 
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Ibuprofen drug from the gel matrix. 1H NMR (500MHz, 298K, DMSO-d6) 

δ, ppm: 10.03 (s, 1H, Ha), 8.45 (s, 1H, CHb), 7.30 (d, 2H, CHc), 6.45 (d, 2H, 

CHd), 4.86 (s, 2H, NHe) (Figure 4.62). 13C NMR (125MHz, 298K, DMSO-

d6) δ, ppm: 163.83, 145.41, 135.74, 128.97, 127.94, 122.13, 113.74 (Figure 

4.63). 

 

Figure 4.61: Mass spectrum of solid precipitate after drug release 

 

Figure 4.62: 1H NMR of solid precipitate after drug release 
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Figure 4.63: 13C NMR of solid precipitate after drug release 

The time-dependent release of Ibuprofen drug from TABTA-Ibp organogel 

at neutral (pH=7.4) and acidic (pH=5.29)63 was studied (Figure 4.64) and 

(Figure 4.65) respectively. A significant decrease in the peak intensity at 

around 280 and 320 nm was observed, along with the rise of a new peak at 

230 nm indicating the gradual release of the drug with time.  

  

Figure 4.64: Release of Ibuprofen drug from TABTA-Ibp organogel 

collapsed using PBS buffer (pH=7.4) monitored by UV-visible 

spectroscopy 
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Figure 4.65: Release of Ibuprofen drug from TABTA-Ibp organogel 

collapsed using PBS buffer (pH=5.29) monitored by UV-visible 

spectroscopy 

Similarly, the time-dependent release of Ibuprofen drug from TABTA-Ibp-

Ag metallogel at neutral (pH=7.4) and acidic (pH=5.29) was studied 

(Figure 4.66) and (Figure 4.67) respectively. The drug release pattern 

exhibited a comparable trend to that observed in the TABTA-Ibp 

organogel. 

 

 

Figure 4.66: Release of Ibuprofen drug from TABTA-Ibp-Ag metallogel 

collapsed using PBS buffer (pH=7.4) monitored by UV-visible 

spectroscopy 
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Figure 4.67: Release of Ibuprofen drug from TABTA-Ibp-Ag metallogel 

collapsed using PBS buffer (pH=5.29) monitored by UV-visible 

spectroscopy 

The release of the drug was calculated, and it was observed that for 

TABTA-Ibp organogel, approximately 82% and 48% of the Ibuprofen 

were released from the gel matrix after 72 hours at pH=7.4 and 5.29, 

respectively. In comparison, in the TABTA-Ibp-Ag metallogel, about 85% 

and 57% of the Ibuprofen was released under the same conditions after 72 

hours. (Figure 4.68). This might be due to the lower solubility of Ibuprofen 

in water in acidic pH values, thus decreasing the release rate at pH=5.29 

compared to neutral pH=7.4.  

 

Figure 4.68: Drug release profile for TABTA-Ibp organogel and TABTA-

Ibp-Ag metallogel at different pH= 7.4 and 5.29 
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CHAPTER 5 
----------------------------------------------------------------------------------------- 

CONCLUSION AND FUTURE SCOPE 

5.1  Conclusion 

The organogels G8-TABTA and TABTA-Ibp and their respective 

metallogels have been successfully designed and their components, G8 

and TABTA have been characterized using mass, NMR, and FT-IR 

spectroscopy. The fabrication of the organogels and metallogels was 

confirmed by the test tube inversion method, and their gelation was 

optimized successfully. All the gels were found to be thixotropic, having 

moderate strength. Furthermore, the formation of silver nanoparticles 

within the gel matrix has been confirmed by UV-visible spectroscopy, 

PXRD analysis, and FESEM analysis. The effect of gelation on 

fluorescence intensity for the G8-TABTA gel matrix has also been 

studied where the organogel exhibits the ACQ phenomenon, and the 

TABTA-Ibp gel matrix has been loaded with silver nanoparticles and 

utilized for dual delivery of Ibuprofen drug and AgNPs. The release 

kinetics of Ibuprofen from the TABTA-Ibp-Ag matrix have been 

investigated, revealing that 85% of the drug is released from the matrix 

within 72 hours. 

5.2  Future Scope 

The silver nanoparticles are known to show good antimicrobial activity. 

Thus, investigation on the antibacterial properties of the organogel matrices 

and their metallogels is under process. This is purposefully done to design a 

matrix that simultaneously delivers Ibuprofen drug and AgNPs. Therefore, 

it is expected that these act as anti-inflammatory and antimicrobial agents. 
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