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ABSTRACT 

Serendipitous formation of many gel-based materials with possibility of versatile 

applications initiated significant efforts to rationally design molecules with gelation 

ability to understand the gelation mechanism. Many -conjugated gelators form gels after 

self-assembly, which involves certain non-covalent interactions between the molecules 

but the synthesis of -conjugated gelators is challenging to the environment. To overcome 

these challenges, supramolecular chemistry has gained extensive importance as an 

alternative approach for designing -conjugated molecules. It is evident that the design 

and fabrication of low molecular weight (LMW) (M<3000 Da) gels is the best bottom-

up approach for the formation of gel materials. LMW gels have non-covalent interactions 

with low binding strength, which can restrain high amounts of solvents. The mechanical 

strength of LMW gels is quite different because of the involvement of the weak bonds 

than polymeric gels (covalent bond) which indicates several advantages such as thermo-

reversible nature, hierarchical aggregates structured by the spontaneous organization of 

small molecules with probability to tailor the gel properties. Introduction of metal ions in 

gel materials opens the possibility for more diverse structures and versatile applications. 

To date, the development of BTA and tetrazole based crystalline and soft metal-organic 

materials are in great demand due to their unique behavior like aggregate induced 

enhanced emission (AIEE), swelling capacity, and self-healing property. So, these kinds 

of molecules can be exploited to generate smart materials to apply as materials to biology. 

This thesis work includes the LMW gelators based on: 

✓ Nitrile derivatives of BTA  

✓ Tetrazole derivatives 

✓ Transition and inner-transition metallogels based on nitrile derivatives of BTA 

and tetrazole derivatives 

The objective of the present work is to design and fabricate LMW based soft and 

crystalline metal-organic materials which can be explored for a range of applications in 

various inter-disciplinary areas. 
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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 insight and recent scientific development towards the designing, fabrication, and 

properties of LMW gelators and their soft and crystalline metal-organic materials. 

Although, introduced about their potential applications in various inter-disciplinary areas. 

Finally, a brief summary of the research work reported in this thesis and the relevance in 

the prospects of recent development have been put forward. 

Chapter 2: A Smart Organic Gel Template as Metal Cation and Inorganic Anion 

Sensor  

In this report, synthesis and characterization of a smart carboxamide based gelator N1, 

N3,N5-tris(4-cyanophenyl)benzene-1,3,5-tricarboxamide (G1) with additional 

coordination binding sites have been reported. The gelator molecule can form 

supramolecular organogel in the presence of water in DMF or DMSO. The gel thus 

formed has shown intense aggregation-induced enhanced emission (AIEE). The 

synthesized gel can selectively sense Fe2+ and Fe3+ by completely switching off the AIEE. 

Furthermore, upon induction of several metal ions, the formation of different metallogels 

(MGs) has been observed. Among them, Cu(II)G1 can sense SCN-, Zn(II)G1 can sense 

Br-, Ni(II)G1 can sense CN- and Fe(II)G1/ Fe(III)G1 can sense S2-, selectively, by an 

abrupt change in the fluorescence property of the metallogels with high selectivity and 

sensitivity (Figure 1). 

 

Figure 1. Gelator G1 and the selective sensing of cation and anion by abrupt change in 

aggregation-induced fluorescence enhanced emission (AIEE). 
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Chapter 3: Discotic Organic Gelators in Ion Sensing, Metallogel Formation, and 

Bioinspired Catalysis  

Herein, the synthesis and gelation property of two isomeric carboxamides, nitrile-based 

gelators N1, N3, N5-tris(3-cyanophenyl)benzene-1,3,5-tricarboxamide (G2) and N1, N3, 

N5-tris(2-cyanophenyl)benzene-1,3,5-tricarboxamide (G3) have been reported. Gelator 

G2 has shown exquisite sensing property toward certain cations (Ag+, Fe2+, and Fe3+) by 

switching off the aggregation-induced enhanced emission (AIEE). The G3 organogel 

shows a similar behavior with the Fe2+ ion. Remarkably, the formation of metallogels 

such as Ni(II)G2 and Co(II)G2 leads to selective sensing of sulfide ion and Cu(II)G2 

has been found effective for sensing of iodide ion by switching off the fluorescence even 

in multianalyte conditions. Also, the copper-based metallogel [Cu(II)G2] mimics as a 

bio-inspired catalyst for the conversion of catechol to quinone by aerobic oxidation in the 

gel state at room temperature and pressure (Figure 2). 

 

Figure 2. Self-Assembled Gelators G2 and G3 and various applications. 

Chapter 4: Cobalt Metallogel Interface for Selectively Sensing L-Tryptophan among 

Essential Amino Acids  

A cobalt-based metallogel has been designed and synthesized utilizing the gelator N1, 

N3,N5-tris(4-cyanomethyl-phenyl)benzene-1,3,5-tricarboxamide G4. The compound G4 

has been successfully crystallized, and various non-covalent interactions in the solid state 

have been explored through X-ray crystallographic study. Application of the cobalt 

metallogel interface has been explored as it can sense L-tryptophan selectively in a gel 

G2
G3

Fe2+

Ag+

Zn2+

Cd2+

Fe2+

Catechol Oxidation
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state by drastic quenching of AIEE. Interestingly, the cobalt-based metallogel can also 

sense tryptophan amino acid residue present in a complex structure like BSA protein 

which is observable even by naked eyes. This work also reports the role of water as a 

solvent in sol-gel transformation. These experimental findings have the potential to 

become a facile, robust and cost-effective approach for tryptophan sensing in the various 

areas of material chemistry to biology (Figure 3). 

 

Figure 3. Colorimetric sensing of L-tryptophan by Co(II)G4: the role of water in 

transition between Sol-Gel & Crystal of G4 gelator. [(a) Chemical structure of G4. (b) 

Pictorial representation of G4. (c) Image of AIEE of G4 gelator after self-assembly under 

UV light. (d) Self-assembly of Co(II)G4 (e) Optical photograph of Co(II)G4. (f) Optical 

photograph of Co(II)G4+BSA protein lead to colorimetric change. (g)  Cooling of G4 

solution leads to the crystallization. (h) Addition of water into G4 solution leads to the 

gel formation at room temperature]. 

Chapter 5: Novel Approach to Generate Self-Deliverable Anticancer Ru(II) agent 

in the Self-Reacting Confined Gel Space  

Designing and synthesis of 3,5-bis((4-cyanoethyl)phenyl)carbonyl)benzoic acid (G5) 

gelator and methyl 3,5-bis((4-cyanoethyl)phenyl)carboxyl benzoate (Me-G5') where 

G5'= G5-H have been contemplated and accomplished. G5 gelator has been used for the 

formation of ruthenium-based metallogel [Ru(II)G5] and utilized as a self-deliverable 

anticancer drug through collapsing of the gel by pH variation (Figure 4). 
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Figure 4. Clover leaf-like morphology of G5, formation of ruthenium-based metallogel 

with G5, conversion of ruthenium [Ru2(p-cym)2Cl4] complex in gel phase and delivery of 

the ruthenium-Drug [Ru(II)L] in the cancerous cell through gel collapse in the presence 

of lactic acid, anticancer cell cytotoxicity. 

Chapter 6: Self-Healable Lanthanoid Based Photoluminescent Metallogel and 

Confined Gel Space Crystallization  

In this work design and synthesis of lanthanoids based metallogels viz. [La(III)G6-Cl, 

La(III)G6-NO3, Pr(II)G6-Cl, Gd(III)G6-NO3] have been performed by using di(1H-

tetrazole-5-yl) methane (G6). Interestingly La(III)G6-Cl metallogel has shown self-

healing property.  Furthermore, it is noteworthy to mention that the single crystals of 

gadolinium tetrazole complex have been obtained from the metallogel stage of 

Gd(III)G6-NO3 and the solid state molecular structure of the metallogel have been 

elucidated (Figure 5). 

 
Figure 5. Photoluminescent lanthanoid based metallogels, their self-healing property 

and crystallization from Confined metallogel space. 
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Chapter 7: Nickel Tetrazolato Complexes Synthesized by Microwave Irradiation: 

Catecholase Like Activity and Interaction with Biomolecules  

In this work two tetrazole based nickel complexes [NiL(5-phenyltetrazolato)] (complex 

1) and [NiL{5-(4-pyridyl)-tetrazolato}] (complex 2) [HL = 3-(2-diethylamino-ethyl 

imino)-1-phenyl-butan-1-one] have been synthesized by microwave irradiation. These 

metal tetrazole complexes show protein binding and bioinspired catechol oxidation 

(Figure 6). 

 

Figure 6. Nickel tetrazole complex interacts with proteins and bioinspired catechol 

oxidation. 

Chapter 8: General Conclusions 

In this thesis work, synthesized LMW soft  and crystalline metal-organic materials have 

shown AIEE property and Self-healing property which permit their utilization in sensing 

of cations, anions, biomolecules, and as smart self-healing materials. Introduction of 

metal ions in gels make them suitable to explore for bioinspired catalysis, anticancer 

properties, and efficient drug-delivery system. 
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Chapter 1 

General Introduction and Background  

1.1 Introduction  

Metal-organic compounds are spread in the diverse areas from metal-coordination 

complexes to soft materials and have applications in various fields like material science, 

medicinal science, catalysis, nanomaterials, cosmetics materials, food industries and so 

on.[1,2] The limitless combinations between inorganic and organic building blocks enable 

researchers to synthesize metal-coordination complex as well as soft materials with 

versatile structural properties. The coordination complexes of transition and inner 

transition metal ions are well explored and used extensively in the fields like catalysis, 

gas storage, separation, sensing, heat transformation, and drug delivery.[3,4] Besides, soft 

materials are found to be an engrossing novel class of materials, and the use of the metal-

organic compounds to design as desired soft material is emerging as a fruitful approach. 

Though there are ample of literature reports in which designing and application of metal-

based soft material have been explored; there is wide scope to come up with diverse low 

molecular weight gelators and metal-based soft materials and to explore their exciting 

properties. Soft materials are the class of materials which can be easily deformed by 

thermal stresses or thermal fluctuations at room temperature.[5] It includes liquids, 

polymers, foams, gels, colloids, granular materials, as well as most soft biological 

materials.[5] Gels belong to one of the important class of soft material and found in our 

daily life, although we are often not aware of it. When the materials look like in a phase 

between solid and liquid and feel to be jelly-like are known as gels (Figure 1.1). The gel 

can be easily distinguished by the inversion test tube method. In 1926, Jordan D. Lloyd 

well said that “we can recognize gel easily rather than define”.[6] However, Almdal et al. 

proposed that the gel is a soft, solid-like material in which  loss modulus (G" i.e. Viscous 

portion of the viscoelastic behavior) is considerably smaller than the storage modulus (G' 

i.e. elastic portion of the viscoelastic behavior) in the plateau region.[7] Thus, gels usually 
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show viscoelastic properties with a flow behavior between that of an ideal fluid and an 

ideal solid.[8,9] Depending on the difference between the storage and the loss modulus, 

gels are classified as “strong” and “weak” gels.   

                                                               

Figure 1.1. Examples of gels used in daily life. 

Through the examples as reported earlier, we can say gels consist of two parts: gelator 

and solvent. Generally, gels build up a 3D network in which gelator entraps the solvent 

molecules as a major component, and it can show as a good balance between 

crystallization and solution. During the process of solubility of gelator in the solvent, 

mainly three outcomes are observed.[10] First, when the molecules self-assemble in a 

highly ordered way, the outcome is crystal formation. Secondly, the self-assembly in a 

random way could give an amorphous precipitate. Third, the self-assembly in order way 

by entrapping the solvent leads to the formation of gel (Figure 1.2).[10] 

 

Figure 1.2. Modes of aggregation. 
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1.1.1 Classification of gels 

Gel could be classified based on the presence and absence of metal centers. The gelator 

incorporated with metal complex or ion is called metallogels, whereas organogels or 

hydrogels are depending upon their major (solvent) components. Gels can be prepared in 

organic solvents (organogels), water (hydrogels) or aqueous organic mixtures. When the 

solvent is absent from the gels, it is known as xerogels or aerogels. Freundlich described 

the xerogel as “the porosity may still exist in the coherent framework of gel even in the 

absence of solvent molecules.”[11] So usually, these terms are used for dried hydro- or 

organogels. Further, the gels can be distinguished by their origin. It could be natural gels 

(derived from nature like gelatin, chitosan, alginate, etc.) or artificial gels (designed in 

the laboratories). Furthermore, we can classify gels based on the driving forces for 

molecular aggregation. The crosslinked polymer formed by the covalent bonds which are 

unable to dissolve again are known as chemical gels whereas gels made of either low 

molecular weight (LMW)) molecules or polymers formed by non-covalent interactions 

like hydrogen bonding, van der Waals, charge-transfer, dipole-dipole, - stacking, 

coordination interactions and lead to reversible gel-to-sol phase transitions are known as 

physical gels.[10] Further, metallogels are classified into two categories. When ligand or 

metal exerted self-assembly through non-covalent interaction and form a fibrous network 

which entrapped the solvent molecules is known as a discrete metal complex gel.[12,13] In 

this case, no direct involvement of metal ion for the establishment of a fibrous network. 

On the other hand, a combination of metal ion (act as a node) and LMW gel (act as linker) 

in which solvent immobilizes is known as coordination polymer gel (CPG).[14] In this 

case, the metal ion is actively participating, and gelation gets induced by the coordination 

of metal with ligand (Figure 1.3).    
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Figure 1.3. Classifications of gels. [15]  

1.1.2 Characterizations and properties of gels 

Various experimental techniques are used to study the properties and characterizations of 

gels. Nowadays, broad experimental techniques provide the solution to understanding the 

structure, bulk nature of gel, and the mechanism behind the gelation.[16] Gels are formed 

by self-assembly mechanism, which is primarily examined by their thermodynamic and 

rheological properties. It is also possible to predict the viscosity point with the help of 

some visual assessments like the inverted test tube method, dropping ball technique, 

bubble motion. However, the heating-cooling method indicates the thermo-reversibility 

of gel (Figure 1.4).[17]  

 

Figure 1.4. Inversion test tube method represents the thermo-reversible nature of the 

gel. 
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However, a wide range of skills and techniques are used to understand gelation (Figure 

1.5).[1] The rheological experiments can assess the mechanical strength of the gel. The 

study of effect in flow and deformation of matter under the applied stress is known as 

rheology. The rheological experiment has been performed by placing gel under 

oscillatory stress, and obtained value of G′ (elastic storage modulus, i.e., solid-like) and 

G′′ (elastic loss modulus, i.e., liquid-like) are used to measure the outcome of the strength 

of the gel. Though, the rheological experiment should indicate that the value of G′ is 

greater at least some order of magnitude than the value of G′′ for considering the material 

as a gel.[18] Further, the structure of gel at the molecular level that is nano to microscale 

can be identified by several microscopic techniques. Particularly, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) can demonstrate the 

morphologies of gel, and small angle X-ray scattering (SAXS), small angle neutron 

scattering (SANS), single-crystal X-ray diffraction (SXRD) can suggest about correlation 

distances. Fourier transforms infrared (FTIR), powder X-ray diffraction (PXRD), nuclear 

magnetic resonance (NMR) spectroscopy are used to study the non-covalent interaction 

in the gel. 

 

Figure 1.5. Wide range of techniques used to understand gelation. 
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Property of gel to respond towards a variety of external stimuli including pH, temperature, 

chemical stimuli, light, electro/magnetic fields, and mechanical action reveal some 

notable changes from the macroscopic to the molecular level. The most common gel 

formation after aggregation leads to aggregation-caused quenching (ACQ) property, 

which indicates the decrease in emission intensity from the molecule. In contrast, some 

gelator molecules show aggregation-induced enhanced emission (AIEE) property, which 

indicates the enhancement in emission intensity after aggregation (Figure 1.6).[19, 20,21] 

 

Figure 1.6. Aggregation-induced emission (AIE) and aggregation caused quenching 

(ACQ).  

Furthermore, the most impressive property of gels is the self-healing, which indicates the 

ability to heal and regenerate after getting damaged by external stimuli. Thereby, the self-

healing gels bear resemblance with some biological materials (e.g., merging of broken 

bones, cell-wall recovery upon deformation of wood).[22, 23]  

1.2 Design strategies for low molecular weight gelators 

Due to serendipitously formation of many gel-based materials, from the last few years, 

significant efforts have been made to rationally design the molecules which contain 

gelation ability and understanding their gelation mechanism. As we know, most of the 

molecule (-conjugated gelators) formed a gel after self-assembly, which involves certain 

non-covalent interactions between the molecules but the synthesis of -conjugated 

gelators is challenging to the environment.[24] To overcome these challenges, 
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supramolecular chemistry has gained extensive importance as an alternative approach for 

designing -conjugated gelators. It is evident that the design and fabrication of low 

molecular weight (LMW) based gel is the best bottom-up approach for formation of 

gels.[24] LMW gels have non-covalent interactions with low binding strength which can 

restrain high amounts of solvents. The mechanical strength of LMW gels is quite different 

because of the involvement of the weak bonds than polymeric gels (covalently bound). 

This points at several advantages in selecting LMW gelators, such as thermo-reversible 

nature, hierarchical aggregates structured by the spontaneous organization of small 

molecules, and probability to tailor the gel properties. However, it is worthy of 

mentioning that it is not only about non-covalent interactions, but some other factors are 

also crucial for design LMW gels, viz. pH, ionic strength and temperature of the solvent.  

LMW gel (M<3000 Da) attracted much attention in the last few years due to several 

reasons[25] like:  

 Accessibility to gelators with a range of structural properties which could be 

produced by standard methods.      

 Biocompatibility and natural sources like proteins, amino acids, sugars, etc. 

 Sustainability of 3-D network due to the presence of non-covalent forces. 

 Thermo-reversible nature providing the probability of re-establishing internal 

monomeric bonds after chain rupture.  

 Operational even in low concentration.  

 Thixotropic nature. 

So far, there are some methods reported which can reinforce LMW gel[26] such as:  

 Use of metal-ion coordination. 

 Addition of polymers. 

 Host-guest interactions. 

 Post-polymerization.  
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Although numbers of publications are rapidly increasing day by day on the LMW based 

gels which have efficacy in many fields like sensing, drug delivery, regenerative 

medicine, catalysis, optoelectronics, biocompatible materials and so on. [24] Following are 

some earlier examples of LMWGs reported previously. 

 Benzoyl-cystine as the first examples of LMW hydrogel reported in 1892.[27]  

 N, N'-Dibenzoyl-L-cystine (DBC) LMW gel discovered by E. Goldmann and E. 

Baumann in the 19th Century. It formed both hydrogels as well as organogel and 

used in biomedicine as media for drug delivery. DBC with Eu3+ ion enhanced the 

luminescent property of gel.[28]  

 There are also ample of examples where, amino acids, urea, fatty acid, sugar, 

pyrene, anthryl derivatives, and steroid behave like LMW gel.[29-32]  

 Some other examples of LMW gels explored later on are dendrimers, C3-

symmetric cyclohexane derivatives, resorcin-based gelators, azobenzene and 

trinuclear Cu(II) complex of inositol.[33-36]  

 Ability of 1,3,5-benzene tricarboxamide (BTA) derivatives and tetrazoles to form 

gels have explored in recent years.  

In this thesis, BTA derived organogels with nitrile functional groups and tetrazoles as 

LMWGs, and their metallogels have been explored.   

1.2.1 1,3,5-Benzenetricarboxamide (BTA) 

There are certain specificities in the structure of 1,3,5-benzene tricarboxamide (BTA) and 

its derivatives (Scheme 1.1)[37] which perhaps make them very much suitable as LMGs: 

 Planar benzene cores 

  Three C-centered amide groups in the positions 1, 3, and 5 leading to a C3-

symmetry of the molecule. 

 Lateral functional moieties or substituents R that are attached to the amide units. 
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Scheme 1.1. Representation of general chemical structures of C=O- and N-centered 

BTA molecules.[37]  

The first 1,3,5-benzene tricarboxamide (BTA) was synthesis near-century ago (Scheme 

1.2).[38] 

 

Scheme 1.2. First published example of BTA.[38] 

The basic molecular structure of BTA shows supramolecular columnar aggregation 

where the benzene cores are set on top of each other with π-π distances ranging from 0.33 

nm to 0.38 nm.[37, 39] The R substituents and the amide group of BTA contain staggered 

conformation which indicates the 60° rotation in the adjacent molecules. In between 

adjacent molecules with amide moieties, a triple hydrogen bond is formed which manages 

the helicity in the aggregate column. In case of a skew or straight columnar aggregates 

molecular packing, it is important to note the deviation angle of three amide unit (range 

from about 10° to about 45°). The proper arrangement in BTA molecule is recognized by 

substituents type, solvent system, temperature, and environmental conditions. In BTA 

molecule, amide moieties arranged in the same direction and acted as hydrogen bonding 
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units which influence the aggregation nature (Figure 1.7).[37,40,41] The amide moiety 

constituted in the way of N-centered, C-centered, or a combination of both but the term 

1,3,5-benzene tricarboxamide used for C-centered derivatives. However, almost endless 

possibilities arise out of the derivatization by substitution in the three side arms of BTA 

with multifold properties and applications. However, in this work, the study is restricted 

to C-centered BTA.  

 

Figure 1.7. Pictorial representation of self-assembly in derivatives of benzene-1,3,5-

tricarboxamide (BTA). 

Following is a summary of the factors which influence the self-assembly in BTA 

derivatives by a unique combination of interactions [41]: 

 BTAs as a trivalent building block in the synthesis and metal ion 

coordination: BTA acts as an attractive trivalent ligand for the metal ion 

coordination, for example, zinc metal ion stabilizes by BTA based structure has 

been published.[42] BTA based metal-organic framework (MOF) acts as porous 

material in which BTA molecule assemble into sheet-like aggregates with 

structures which similar to honeycombs. [43] 

 Self-assembly of BTA derivatives in various environments: 

The main environmental factors are the bulk aggregation, polymer additives, and 

different solvent (polar, nonpolar, protic, and aprotic organic) combination 

influence the self-assembly of BTA. [44] 

1.2.1.1 Nitrile 

The nitrile derivatives of BTA are an important class of gelators because of the electron-

withdrawing tendency of nitrile groups which endow strong non-covalent interaction 
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between aromatic rings. The nitrile functionality found in a number of pharmaceuticals 

and natural products.[45, 46] The nitrile derivatives coordinated to metal centers due to their 

higher charge density and nucleophilicity.[47] The nitrile containing adjacent negative 

charge endows the powerful inductive stabilization, which is the main reason behind 

excellent nucleophilicity with tiny steric demand. Inductive stabilization is the key to the 

interpretation of metal nitriles reactivity. It reveals two potential metal nitrile coordination 

sites: N-metalation at the nitrile nitrogen and C-metalation at anionic carbon depending 

closely on the ligands, temperature, counter-ion, and solvent (Scheme 1.3). The C- and 

N-metallated nitriles have either sp3 or sp2 hybridization at the nucleophilic carbon. 

 

Scheme 1.3. General representation of metal-nitrile coordination. 

1.2.2 Tetrazole 

The nitrogen-rich tetrazoles belongs to azole family which contains a 5-membered ring 

with four nitrogen. All 5-substituted tetrazoles have one proton on the nitrogen atom of 

the ring and exist in two tautomeric forms (1-H and 2-H) in almost 1:1 ratio and their 

chemical and physical properties are dissimilar (Scheme 1.4). The unsubstituted N-H 

tetrazoles interestingly participate in N-H···N hydrogen bonding which influences their 

molecular packing substantially.[48] 

 
Scheme 1.4. Representing the tautomeric nature of 5-substituted tetrazole.[48] 

Tetrazoles can act as very good gelator and are being proved as suitable candidates as a 

versatile ligand in coordination chemistry, [49-51] because: 
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 Tetrazole is being nitrogen-rich, considered as a unique linker in coordination 

chemistry. It allows all its nitrogen atoms to participate in coordination with 

metal ions based on the conditions and nature of the metal center. 

 Nine possible binding modes of the tetrazole have been commonly observed, 

where it can bind in µ1 to µ4 modes (Scheme 1.5).  

 Presence of N-H bond makes them acidic with pka around 4-5 for a wide range 

of 5-substituted tetrazoles ranging from aliphatic to aromatic groups. 

 The ring can be easily deprotonated on treatment with base and ends up with a 

respective tetrazolato anion.  

 The negative charge on the generated tetrazolato anion distributes all over the 

ring, including carbon atom and stabilizes the anion. These anions are stable even 

against hydrolysis and present predominately in the anionic form in aqueous 

solutions. These anions can be easily generated from aqueous-alcoholic solutions 

as they have higher capabilities to form hydrogen bonding with these solvents 

compared to their neutral analog. 

 It can act as -acceptor and they're capable of forming metal complexes and 

coordination polymers with great thermal stability. 

 

Scheme 1.5. Displaying multi-dentate nature of tetrazole ligand with metal centers.[51] 

However, it is important to note that due to versatile coordination ability of tetrazoles 

they have been extensively utilized to generate transition metal complexes with various 

topologies and with applications in catalysis, gas adsorptions, magnetic materials, 
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fluorescent materials, metal-based drugs, and energetic materials. [52-54] A scrutiny of 

those tetrazole complexes revealed that there are limited examples where tetrazole based 

complexes have been utilized for bio-inspired catalytic reactions.[55,56] Therefore, it is 

worthy to further investigate biomimetic catalytic abilities of tetrazole based transition 

metal complexes.  

1.2.3 Examples of BTA and tetrazole based gels  

Over the past few years a range of BTA and tetrazole derivatives are reported which play 

significant role in the field of soft materials. BTA derivatives like alkyl derivatives[57,58], 

aryl derivatives[59-61], pyridyl derivative[62,63], bipyridyl derivatives[64,65], porphyrinyl 

derivatives[66], triphenylyl derivatives[67], oligo(p-phenylenevinylene) derivatives[68], 

derivatives with 1, 2 and 3 hydrophilic side-arms[69], 4-benzoic acid derivative[60], 2 and 

3- hydroxy-4-benzoic acid derivatives[70], 3-benzoic acid and naphthoic acid 

derivatives[70], amino-acid derivatives[71-75], dipeptide derivatives[76,77], oligopeptide[78], 

oligo(ethyleneoxy) [79,80], benzocrown ethers[81] are reported so far which formed 

organogel, hydrogels and metallogels with number of applications. In addition tetrazole 

derivatives like bis(tetrazole)-appended pyridine derivative[82], 5-(2-Mercaptoethyl)-1H-

tetrazole[83], 1,3-Bis(5-tetrazolyl)benzene[84], 5-methyltetrazole[84,85], 5-dodecyl 

tetrazole[84], 5-phenyltetrazole[84], 1,3-bis(1-methyl-5-tetrazolyl)benzene[84], 1,4-di(1H-

tetrazol-5-yl)benzene[85,86], 1,3,5-tri(1H-tetrazol-5-yl)benzene[85], 1,2,4,5-tetra 

substituted phenyl tetrazole[86], tetrazole derivative of 2,5-dicarboxamide pyridine[87], N-

substituted 5-methyltetrazole[88,89], tetrazole moiety containing cefpiramide (CPM) [90] 

are being explored and their involvement in formation of organogel, hydrogels and 

metallogels with number of applications have been investigated.   

1.2.4 Strategy adopted for the formation of BTA and tetrazole 

based organogels/ hydrogels and metallogels  

Formation of the gel is serendipitous. There is no optimized process developed by which 

it can be predicted when the gel will form. However, there are some general strategies 
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reported previously for gelation. Gelation gets induced by various factors like 

maintaining particular pH condition, temperature, and solvent combination, through 

sonication or refluxing and so on. 

In general, organogel/ hydrogel based on BTA and tetrazole is formed by dissolving 

gelator molecules into an organic solvent and addition of water on it.[91, 92] The resultant 

solution left in an undisturbed condition. After a few minutes, gelations get induce.  

On the other hand, metallogel is prepared by using three common processes [93]:  

a) Metallogel is formed after the addition of metal in a solution of gelator molecule 

is known as self-supported metallogel. 

b) Metallogel is formed on addition of metal in organogel or hydrogel. 

c) Metallogel is formed by the process in which metal and gelator molecule both get 

dissolved in the solvent and resultant solution left undisturbed. This type of gel is 

known as an organometallic gel.    

1.3 Uniqueness behind LMW soft materials and their 

applications 

The inspiring flexibility of LMW gel and their metallogels offers scientists to find its 

applications in various fields. To date, the development of BTA and tetrazole based 

inspirational soft materials are in great demand due to their unique behavior like AIEE, 

swelling capacity, and self-healing property. So, this kind of molecules can be exploited 

to generate smart materials to apply in materials to biology.  

1.3.1 Smart gel template for sensing: Anions, cations, and 

biomolecules  

The LMW gels like nitrile derivatives of BTA and their metallogels interestingly show 

AIEE during the sol-gel transition. The non-fluorescent solution of gelator (nitrile 

derivatives of BTA) become fluorescent in the gel state due to AIEE[91, 92, 94] (Figure 1.8). 
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So, it can be very promising smart gelator material for sensing of cations, anions, 

biomolecules. 

 

Figure 1.8. Pictorial representation of AIE during sol-gel conversion. 

In many instances, the presence of a particular cation or anion or a chemical substance 

influences the network structure in a great way to bring about significant changes in the 

associated properties. This characteristic of soft material to discriminate a particular 

entity from similar other motifs can endow special power to the material for enormous 

sensing capacity. There are ample reports where LMWGs, in a gel state, particularly with 

the help of a drastic change in the aggregate induced emission property, are capable of 

sensing various cationic and anionic species.[95-100] Sometimes it is also possible to create 

a smart template which can sense metal ions by switching off or on the aggregation-

induced emission property and in turn, the metallogels formed can be utilized further in 

sensing of anions. The metallogels have been proved to be quite effective in sensing 

certain anions when assembled with different gelators.[101,102] There were also numerous 

reports when metallogel acted as a sensor for ammonia, hydrogen sulfide, triethylamine, 

pyridine, and picric acid through different spectroscopic methodology as well as 

colorimetric detection.[103-106] The sensing and recognition of important biological 

substrates, for example, an amino acid is very promising for the amino acid pool which 

is responsible for doing a balanced metabolism and can act as potential biomarkers and 

precursor for various key biological substances.[105] Though the interaction of metal ions 
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with different amino acids has been explored extensively; however, metallogel getting 

utilized as sensor come up as a new approach for discrimination of amino acid.  

1.3.2 Self-healing materials: Novel to biomimetic  

The self-healing mean reformation of the bond after the breakage. The self-healing 

materials have the ability to repair itself after damage.[106] It is very much similar to the 

properties of tissues during wound healing and can generate novel materials (like self-

healing polymers and elastomers, self-healing coatings, self-healing cementitious 

materials, self-healing ceramics, self-healing organic dyes).[107,108]  

Self-healing materials can be classified based on the nature of the self-healing process 

and triggered requirements. Self-healing materials are mainly two type based on their 

nature, i.e. extrinsic self-healing material in which healing ability is due to some external 

healing components while intrinsic self-healing material not required any external 

component, it can inherently reform the bond after damage with reversibility.[109] 

Furthermore, the self-healing mechanism based on: 

 Release of healing agents upon damage in which repetitive healing is usually not 

possible. 

 Addition of molecular functionalities which triggered repetitive healing includes 

association by non-covalent interaction, metal coordination, dynamic chemical 

bonds, or molecular diffusion and entanglement. 

The self-healing gel is a smart material. It has the potential to solve the problem of 

interface connection between gels and biological tissues as well as maintain the material 

performance with lower costs. As it is known that gel is formed through self-assembly by 

covalent and non-covalent interaction; thereby, it is no wonder that several gels have been 

designed which can show excellent self-healing property by self-assembly approach. In 

this thesis, tetrazole based self-healable gels and their metallogel based on inner-

transition metal has been explored extensively. There are several reports of metallogels 
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based on inner transition metals as well as LMW tetrazoles with self-healing nature.[110-

114] However, the role of inner-transition metal containing metallogels of LMW tetrazole 

in formation self-healing materials is one of the objectives of this thesis. 

1.3.3 Anticancer activity and drug delivery 

In recent years, LMW gels have been found to be associated with anticancer activity. 

Globally, cancer is the second leading cause of death. Cancer can affect all ages of 

persons, and with age, the risk of developing cancer gets increased. Cancer or neoplasm 

(in term of medical language) is uncontrolled cell division, mutation, and ability to spread. 

It can be malignant, benign, or metastatic. There are different modes of cancer treatments: 

surgery, radiation therapy, hormonal therapy, immunotherapy, stem cell transplantation 

therapy, chemotherapy. Chemotherapeutic reagents have been classified in various 

categories depending upon their mode of actions that are an intercalating agent, alkylating 

agents, antimetabolites, topoisomerase inhibitors, and metal-based chemotherapeutic 

drugs.[115,116] The measure of cell viability is one of the basic methodology adopted to get 

an idea about the potential of a molecule as an anticancer agent. Trypan blue stain is used 

most commonly for the measurement of cell viability, and cell counting is measured by 

hemocytometer. [117,118] The cell viability is examined by MTT assay (a sensitive, 

quantitative, and reliable colorimetric assay that measures viability, proliferation, and 

activation of cells). It is based on the capacity of mitochondrial dehydrogenase enzyme 

in living cells to convert the yellow water-soluble substrate 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide (MTT) into dark blue formazan product which is 

insoluble in water. The amount of formazan produced is directly proportional to cell 

number in the range of cell lines.[117, 118] The DNA labeling assay gets carried out by 

Hoechst stain.[117, 118] It indicates the morphological changes in the cells. Apoptosis cells 

feature the shrinkage of cells, condensed chromatin, whereas necrotic cells indicate the 

swelling of the cell, non-condensed chromatin.[115, 116]  Anticancer drugs are designed to 

target the signaling and associated molecules. Cancer cells considerably need more 

energy than healthy cells, and their metabolism require a large number of micronutrients, 
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particularly iron.[117,119] Ruthenium can bind albumin and transferrin. As we know, cancer 

cells need more iron; transferrin receptors are overexpressed. So allowing a ruthenium-

based drug to be more efficiently delivered to cancer cells.[119,120] 

However, to improve the anti-cancer efficacy and to counteract the side effects, a variety 

of drug delivery systems have been invented in the past few years. Drug delivery is an 

important phenomenon as it can affect the rate of release, pharmacokinetic, and side effect 

profile. Drug release follows a mechanism like affinity-based, diffusion, degradation, and 

swelling.[121, 122] Current efforts in the area of drug delivery include the development of 

targeted delivery in which the drug is only released in the target area of the body like 

cancerous cells. Cancer is a dynamic and heterogeneous disease with high mortality. Its 

treatment is largely dependent upon chemotherapy and efficient delivery of the 

therapeutic agent.[117, 123] Various drug delivery systems are getting utilized clinically to 

deliver a wide variety of chemotherapeutic drugs.[124] Recently, LMW gelators that self-

assemble via non-covalent interactions have attracted significant attention due to their 

good biocompatibility, low toxicity, inherent biodegradability as well as the convenience 

to design them.  

The possible advantages of LMW gelators over other drug delivery systems are: 

 Its drug loading capacity is high at approx. 10% more than normal delivery 

systems. 

 The encapsulation of anti-cancer drugs into gel or formation of the gel by a drug 

derivative itself which can eliminate the unexpected adverse effects from 

excipients. 

 It can be designed to undergo controllable and sustained release of drugs by 

incorporating enzyme cleavable sites in the gelators.  

These advantages suggest the huge potential of LMW gelators for the delivery of anti-

cancer drugs. The LMW Nitrile substituted BTA and tetrazole based gelators have 



 Chapter1 

 
 

 
21 

swelling capacity after the formation of gel which encapsulating the drug and play 

promising role for anticancer drug delivery towards cancer cells (Figure 1.9).   

 

Figure 1.9. Pictorial representation of drug release mechanism of soft materials. 

1.3.4 Metallogel: Bio-inspired catalysis 

Utilization of metallogels as a prospective catalyst is an area where the examples are 

limited and have not been fully explored. The literature data which is available indicates 

mostly utilization of palladium and silver (cation/nanoparticle) based metallogels which 

have been utilized for organic reactions like Suzuki-Miyura coupling reactions[125,126], 

reductions of aromatic nitro groups to amine [127]  or degradation of dye molecules. [128,129] 

Limited examples are available where Ca2+, Cr3+, or Cu+ based metallogels are explored 

for another kind of organic catalytic reactions.[130-132] However, several metalloenzymes 

to catalyze the controlled and selective oxidation of organic compounds are found in 

nature. Among them, an important enzyme is catecholase. Catecholase is a dinuclear Cu2+ 

containing an enzyme with a type-3 active site which is responsible for catechol oxidation 

in the higher plant which oxidizes catechol to o-quinone. In 1988, the “met form” enzyme 

crystal structure was found and revealed that the active site consists of a hydroxo bridged 

di-Cu2+ center. Three histidine nitrogen atoms coordinate Cu2+ center. The coordination 

sphere of each copper has a trigonal pyramidal environment with His109 and His240 at 

the apical site [133] (Figure 1.10).  
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Figure 1.10. Crystal structure of the met state of the enzyme (PDB ID: 1BT3). 

Catecholase activity is the oxidation of a broad range of catechol’s to quinones through 

the four-electron reduction of molecular oxygen to water undertaken by catechol oxidase. 

Catechol is present in the vacuoles of cells of most of the plant tissues. Catechol oxidase 

is present in the cell cytoplasm. If the plant tissues are damaged, the catechol is released, 

and the enzyme converts the catechol to ortho-quinone, which is a natural antiseptic.[134] 

As per the report, mechanistic studies catecholase activity studied by mainly four 

approaches that are substrate-binding studies, structure-activity relationship. This thesis 

work focused on the catecholase activity of copper-based metallogel. It can act as a 

reaction medium as well as a catalyst for aerobic oxidation of catechol to quinone in the 

gel state at room temperature and pressure, mimicking a bioinspired catalytic reaction in 

the presence of metalloenzymatic catechol oxidase. 

1.4 Metal tetrazole complex in bioinspired oxidation 

catalysis: Catechol oxidation 

Naturally found metalloenzymes are involve in bioinspired oxidation catalysis by using 

molecular oxygen. This selective oxidation is important for life as well as industrial 

purpose. Thereby, designing of the bioinspired oxidation catalyst is a safer and simple 

strategy. These types of catalyst have some advantage over the metalloenzymes system 

as they might increase selectivity, specificity, productivity, and their scope. The 
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bioinspired approach does not aim at imitating exact details of an active site but instead 

exploits its basic chemical principles to enrich chemistry with new catalysts. However, 

the catalytic properties are dependent on the tunable constituents and their cooperation. 

Thereby, metal complex based on tetrazole has shown promising role in bioinspired 

catechol oxidation due to their nitrogen-rich environment with multiple binding sites. So 

far, the bioinspired catechol oxidation is one of the interesting types of bioinspired 

oxidation catalysis in which catechol is oxidized into o-quinone by using metal tetrazole 

complex (Scheme 1.6). Although, some examples of metal tetrazole based complex are 

already reported in previous years which can be utilized in bioinspired catechol oxidation. 

[55,56] 

 

Scheme 1.6. Schematic representation of catechol oxidation. 

1.5 Purpose and Span of Present Investigation 

The purpose of present work is to design, fabrications, and explore the application of soft 

materials containing LMW gelators based on: 

✓ Nitrile derivatives of BTA  

✓ Tetrazole derivatives 

✓ Transition and inner-transition metallogels based on nitrile derivatives of BTA 

and tetrazole derivatives. 

The dynamic interactions of these soft-materials with the transition and inner-transition 

metals which make them able to enhance their applications in the various area from 

material to biology have been also explored. In this thesis work, synthesized soft materials 

have shown AIEE and self-healing properties which make them able to be utilized in 
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sensing of cations, anions, biomolecules and as smart self-healing materials. Introduction 

of metal ions in gels make them suitable to explore for bioinspired catalysis, anticancer 

properties, and efficient drug-delivery system. 

Chapter 1 provide insight about the designing, fabrication, and properties of LMW gel 

and applications.  

Chapter 2 illustrates the designing and synthesis of N1,N3,N5-tris(4-

cyanophenyl)benzene-1,3,5-tricarboxamide (G1)  gelator and their metallogels based on 

Fe2+, Fe3+, Cu2+, Zn2+, Co2+, Ni2+, Ag+, Cd2+, Ca2+. The gelator G1 and their metallogels 

remarkably show AIEE assisted cations and anions sensing. 

Chapter 3 demonstrates the designing and synthesis of N1,N3,N5-tris(3-

cyanophenyl)benzene-1,3,5-tricarboxamide (G2) and N1, N3, N5-tris(2-

cyanophenyl)benzene-1,3,5-tricarboxamide (G3).  LMWGs and their metallogels have 

been taken up which show the application in sensing of cations and anions through AIEE. 

Also, the copper-based metallogel mimics the bio-inspired catalysis reaction of 

conversion of catechol to quinone by aerobic oxidation in the gel state at room 

temperature and pressure. 

Chapter 4 presents the designing and synthesis of N1, N3, N5-tris(4-cyanoethyl-

phenyl)benzene-1,3,5-tricarboxamide (G4) gelator, and their metallogels which show the 

application in sensing of biomolecules by selectively sensing of L-tryptophan amino acid 

in the free state as well as in BSA protein. 

Chapter 5 show the designing and synthesis of 3,5-bis((4-

cyanoethyl)phenyl)carbonyl)benzoic acid (G5) gelator and methyl 3,5-bis((4-

cyanoethyl)phenyl)carboxyl benzoate (Me-G5') where G5'= G5-H has been 

contemplated and executed. G5 gelator has been used for the formation of ruthenium-

based metallogel and utilized in anticancer drug delivery through collapsing of the gel by 

pH variation. 
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Chapter 6 talks about the designing and synthesis of lanthanoid (LaCl3.7H2O, 

PrCl3.6H2O, La(NO3)3.6H2O, Gd(NO3)3.6H2O) based metallogels [La(III)G6-Cl, 

La(III)G6-NO3, Pr(II)G6-Cl, Gd(III)G6-NO3] by using di(1H-tetrazole-5-yl) methane 

(G6). This metallogel can show self-healing property as well as anticancer activity against 

different cancers cell lines.   

Chapter 7 illustrate the synthesis of nickel tetrazole complexes [NiL(5-

phenyltetrazolato)] (complex 1) and [NiL{5-(4-pyridyl)-tetrazolato}] (complex 2) [ HL 

= 3-(2-diethylamino-ethylimino)-1-phenyl-butan-1-one] by microwave irradiation. These 

metal tetrazole complex show protein binding, DNA binding and bioinspired catechol 

oxidation. 

1.6 References 

[1] Piepenbrock M. O. M., Lloyd G. O., Clarke N., Steed J. W. (2009), Metal and 

anion binding supramolecular gels, Chem. Rev., 110, 1960-2004 (DOI: 

10.1021/cr9003067) 

[2] Zhang J., Su C. Y. (2013), Metal-organic gels: From discrete metallogelators to 

coordination polymers, Coord. Chem. Rev, 257, 1373-1408 (DOI: 

10.1016/j.ccr.2013.01.005) 

[3] Wu H., Zheng J., Kjøniksen A. L., Wang W., Zhang Y., Ma J. (2019), 

Metallogels: Availability, Applicability, and Advanceability, Ad. Mater, 31, 

1806204 (DOI: 10.1002/adma.201806204) 

[4] Jung J. H., Lee J. H., Silverman J. R., John G. (2013), Coordination polymer gels 

with important environmental and biological applications, Chem. Soc. Rev, 42, 

924-936 (DOI: 10.1039/C2CS35407A) 

[5] Chen D. T., Wen Q., Janmey P. A., Crocker J. C.  Yodh, A. G. (2010), Rheology 

of soft materials, Annu. Rev. Condens. Matter Phys., 1, 301-322 (DOI: 

10.1146/annurev-conmatphys-070909-104120) 

[6] Lloyd D. J., Alexander J. (1926), Colloid Chemistry, 1st edition, Chemical 

Catalogue Company, New York, USA. 



 Chapter1 

 
 

 
26 

[7] Almdal K., Dyre J., Hvidt S., Kramer O. (1993), Towards a phenomenological 

definition of the term ‘gel’, Polym. Gels Netw., 1, 5-17 (DOI:10.1016/0966-

7822(93)90020-I) 

[8] De Loos M., Feringa B. L., van Esch J. H. (2005), Design and application of self‐

assembled low molecular weight hydrogels, Eur. J. Org. Chem, 2005, 3615-3631 

(DOI:10.1002/ejoc.200400723) 

[9] Estroff L. A., Hamilton A. D. (2004), Water gelation by small organic molecules, 

Chem. Rev, 104, 1201-1218 (DOI: 10.1021/cr0302049) 

[10] Sangeetha N. M., Maitra U. (2005), Supramolecular gels: Functions and uses, 

Chem.Soc. Rev, 34, 821-836 (DOI: 10.1039/B417081B) 

[11] McNaught ed. A. D., Wilkinson A. (1997), Xerogel - definition in compendium 

of chemical terminology, Blackwell Science, 2nd edition, Oxford, Malden, MA, 

England, USA. 

[12] Tam A. Y. Y., Yam V. W. W. (2013), Recent advances in metallogels, Chem. 

Soc. Rev, 42, 1540-1567 (DOI: 10.1039/C2CS35354G) 

[13] Saha S., Das G., Thote J., Banerjee R. (2014), Photocatalytic metal–organic 

framework from CdS quantum dot incubated luminescent metallohydrogel, J. 

Am. Chem. Soc, 136, 14845-14851 (DOI: 10.1021/ja509019k) 

[14] Jung J. H., Lee J. H., Silverman J. R., John G. (2013), Coordination polymer gels 

with important environmental and biological applications, Chem. Soc. Rev, 42, 

924-936 (DOI: 10.1039/C2CS35407A) 

[15] Sutar P., Maji T. K. (2016), Coordination polymer gels: Soft metal–organic 

supramolecular materials and versatile applications, Chem. Commun, 52, 8055-

8074 (DOI: 10.1039/C6CC01955B) 

[16] Hamley I. W. (2003), Nanotechnology with soft materials, Angew. Chem. Int. Ed, 

42, 1692-1712 (DOI: 10.1002/anie.200200546)  

[17] Chung Y. M., Simmons K. L., Gutowska A., Jeong B. (2002), Sol-gel transition 

temperature of PLGA-g-PEG aqueous solutions, Biomacromolecules, 3, 511-516 

(DOI: 10.1021/bm0156431) 



 Chapter1 

 
 

 
27 

[18] Draper E. R., Adams, D. J. (2017), Low-molecular-weight gels: the state of the 

art, Chem, 3, 390-410 (DOI: 10.1016/j.chempr.2017.07.012) 

[19] Castilla A. M., Dietrich B., Adams D. J. (2018), Using aggregation-induced 

emission to understand dipeptide gels, Gels, 4, 17 (DOI:10.3390/gels4010017) 

[20] Mei J., Leung N. L., Kwok R. T., Lam J. W., Tang B. Z. (2015), Aggregation-

induced emission: Together we shine, united we soar, Chem. Rev, 115, 11718-

11940 (DOI: 10.1021/acs.chemrev.5b00263) 

[21] Hong Y., Lam J. W., Tang B. Z. (2009), Aggregation-induced emission: 

phenomenon, mechanism and applications, Chem. Commun., 29, 4332-4353 

(DOI: 10.1039/B904665H) 

[22] Haering M., Díaz D. D. (2016), Supramolecular metallogels with bulk self-

healing properties prepared by in situ metal complexation. Chem. Commun, 52, 

13068-13081. (DOI: 10.1039/C6CC06533C) 

[23] Fang Y., Wang C. F., Zhang Z. H., Shao H., Chen S. (2013), Robust self-healing 

hydrogels assisted by cross-linked nanofiber networks, Sci. Rep, 3, 2811 (DOI: 

10.1038/srep02811). 

[24] Babu S. S., Praveen V. K., Ajayaghosh A. (2014), Functional π-gelators and their 

applications, Chem. Rev, 114, 1973-2129 (DOI: 10.1021/cr400195e) 

[25] Stupp S. I., Palmer L. C. (2013), Supramolecular chemistry and self-assembly in 

organic materials design, Chem. Mater, 26, 507-518 (DOI: 10.1021/cm403028b) 

[26] De Loos M., van Esch J., Stokroos I., Kellogg R. M., Feringa B. L. (1997), 

Remarkable stabilization of self-assembled organogels by polymerization, J. Am. 

Chem. Soc, 119, 12675-12676 (DOI: 10.1021/ja972899z) 

[27] Brenzinger K. (1892), Zur Kenntniss des Cystins und des Cystëins. (Mitgetheilt 

von E. Baumann.), Zeitschrift Für Physiologische Chemie, 16, 552-58810 

(DOI:1515/bchm1.1892.16.6.552) 

[28] Goldmann E., Baumann E. (1888), Zur kenntniss der schwefelhaltigen 

verbindungen des Harns, Zeitschrift Für Physiologische Chemie, 12, 254-261 

(DOI: 10.1515/bchm1.1888.12.3.254) 



 Chapter1 

 
 

 
28 

[29] Fatás P., Bachl J., Oehm S., Jiménez A. I., Cativiela C., Díaz Díaz D. (2013), 

Multistimuli‐responsive supramolecular organogels formed by low‐molecular‐

weight peptides bearing side‐chain azobenzene moieties, Chem. Eur. J, 19, 8861-

8874 (DOI: 10.1002/chem.201300796) 

[30] Terech P., Pasquier D., Bordas V., Rossat C. (2000), Rheological properties and 

structural correlations in molecular organogels, Langmuir, 16, 4485-4494 (DOI: 

10.1021/la991545d) 

[31] Yan N., Xu Z., Diehn K. K., Raghavan S. R., Fang Y., Weiss R. G. (2013), 

Pyrenyl-linker-glucono gelators correlations of gel properties with gelator 

structures and characterization of solvent effects, Langmuir, 29, 793-805 (DOI: 

10.1021/la304957n) 

[32] Jadhav S. R., Vemula P. K., Kumar R., Raghavan S. R., John G. (2010), Sugar‐

derived phase‐selective molecular gelators as model solidifiers for oil spills, 

Angew. Chem. Int. Ed, 49, 7695-7698 (DOI: 10.1002/anie.201002095) 

[33] Boekhoven J., Koot M., Wezendonk T. A., Eelkema R., van Esch J. H. (2012), 

A self-assembled delivery platform with post-production tunable release rate, J. 

Am. Chem. Soc, 134, 31, 12908-12911 (DOI: 10.1021/ja3051876) 

[34] Haines S. R., Harrison R. G. (2002), Novel resorcinarene-based pH-triggered 

gelator, Chem. Commun., 23, 2846-2847 (DOI: 10.1039/B203462J) 

[35] Lee S., Oh S., Lee J., Malpani Y., Jung Y.-S., Kang B., Lee J. Y., Ozasa K., 

Isoshima T., Lee S. Y., Hara M., Hashizume D., Kim J.-M. (2013), Stimulus-

responsive azobenzene supramolecules: Fibers, gels, and hollow spheres, 

Langmuir, 29, 19, 5869-5877 (DOI: 10.1021/la400159m) 

[36] Ray S., A. Das K., Banerjee A. (2007), pH-Responsive, bolaamphiphile-based 

smart metallo-hydrogels as potential dye adsorbing agents, water purifier, and 

vitamin B12 carrier, Chem. Mater, 19, 7, 1633-1639 (DOI: 10.1021/cm062672f) 

[37] Cantekin S., de Greef T. F., Palmans A. R. (2012), Benzene-1,3,5-

tricarboxamide: A versatile ordering moiety for supramolecular chemistry, 

Chem. Soc. Rev, 41, 8, 6125-6137 (DOI: 10.1039/C2CS35156K) 

https://doi.org/10.1039/B203462J
https://doi.org/10.1039/C2CS35156K


 Chapter1 

 
 

 
29 

[38] Curtius T. (1915), Hydrazide und azide organischer säuren. XXX. Abhandlung. 

Bildung von Hydrazihydraziden und Hydraziaziden dreibasischer Säuren, 

Journal Für Praktische Chemie, 91, 39-102 (10.1002/prac.19150910102) 

[39] Lightfoot M. P., Mair F. S., Pritchard R. G., Warren J. E. (1999), New 

supramolecular packing motifs: π-stacked rods encased in triply-helical 

hydrogen bonded amide strands. Chem. Commun, 1945-1946. 

(DOI: 10.1039/A905245C) 

[40] Palmans A., Meijer E. (2007), Amplification of chirality in dynamic 

supramolecular aggregates, Angew. Chem. Int. Ed, 46, 47, 8948-8968 (DOI: 

10.1002/anie.200701285) 

[41] Nagarajan V., Pedireddi V. R. (2014), Gelation and structural transformation 

study of some 1, 3, 5-Benzenetricarboxamide derivatives, Cryst. Growth Des, 

14, 4, 1895-1901 (DOI: 10.1021/cg500026t) 

[42] Lee H., Noh T.H., Jung O.S. (2014), Halogen effects on photoluminescence and 

catalytic properties: a series of spatially arranged trimetallic zinc (II) complexes, 

Dalton Trans., 43, 10, 3842-3849 (DOI: 10.1039/C3DT53137F) 

[43] Tang K., Yun R., Lu Z., Du L., Zhang M., Wang Q., Liu, H. (2013), High CO2/N2 

Selectivity and H2 adsorption of a novel porous yttrium metal-organic framework 

based on N, N′, N ″-tris (isophthalyl)-1, 3, 5-benzenetricarboxamide, Crys. 

Growth Des., 13, 1382-1385 (DOI: 10.1039/C3DT53137F) 

[44] Kim E., Lee H., Noh T.H., Jung O.S. (2014), Suprachannels via a molecular array 

of 2D networks: Solvent effects, anion exchange, and physicochemical 

properties of silver (I) complexes bearing N, N′, N ″-tris (2-pyridinylethyl)-1, 3, 

5-benzenetricarboxamide, Cryst. Growth Des., 14, 1888-1894 (DOI: 

10.1021/cg500025k) 

[45] Fleming F. F., Yao L., Ravikumar P. C., Funk L., Shook B. C. (2010), Nitrile-

containing pharmaceuticals: efficacious roles of the nitrile pharmacophore, J. 

Med. Chem, 53, 7902-7917 (DOI: 10.1021/jm100762r) 

[46] Fleming F. F. (1999), Nitrile-containing natural products, Nat. Prod. Rep, 16, 

597-606 (DOI:10.1039/A804370A) 

https://doi.org/10.1039/A905245C
https://doi.org/10.1002/anie.200701285
https://doi.org/10.1039/A804370A


 Chapter1 

 
 

 
30 

[47] Yang X., Fleming F. F. (2017), C-and N-metalated nitriles: The relationship 

between structure and selectivity, Acc. Chem. Res., 50, 2556-2568 (DOI: 

10.1021/acs.accounts.7b00329) 

[48] Peters L., Froehlich R., Boyd A. S. F., Kraft A. (2001), Noncovalent interactions 

between tetrazole and an N,N’-diethyl-substituted benzamidine,  J.  Org. Chem, 

66, 3291-3298 (DOI: 10.1021/jo005632i) 

[49] Herr R. J. (2002), 5-Substituted-1H-tetrazoles as carboxylic acid isosteres: 

Medicinal chemistry and synthetic methods, Bioorg. Med. Chem, 10, 3379-3393 

(DOI: 10.1016/S0968-0896(02)00239-0) 

[50] Jeong S., Song X., Jeong S., Oh M., Liu X., Kim D., Moon D., Lah M. S. (2011), 

Metal-organic frameworks based on unprecedented trinuclear and pentanuclear 

metal-tetrazole clusters as secondary building units, Inorg. Chem, 50, 12133-

12140 (DOI: 10.1021/ic201883f) 

[51] Liu B., Qiu Y.-C., Peng G., Deng H., (2010), In situ solvothermal syntheses of a 

heteronuclear copper(I)-alkaline metallic tetrazole-based coordination polymer, 

Cryst. Eng. Comm., 12, 270-276 (DOI: 10.1039/b910418f) 

[52] Liu Y., Eubank J. F., Cairns A. J., Eckert J., Kravtsov V. C., Luebke R., Eddaoudi 

M. (2007), Assembly of metal-organic frameworks (MOFs) based on indium-

trimer building blocks: A porous MOF with soc topology and high hydrogen 

storage, Angew. Chem., Int. Ed., 46, 3278-3283 (DOI: 10.1002/anie.200604306) 

[53] Horike S., Dincă M., Tamaki K., Long J. R., (2008), Size-selective Lewis acid 

catalysis in a microporous metal-organic framework with exposed Mn2+ 

coordination sites, J. Am. Chem. Soc., 130, 5854–5855 (DOI: 

10.1021/ja800669j) 

[54] Mota A. J., Rodríguez-Diéguez A., Palacios M. A., Herrera J. M., Luneau D., 

Colacio E., (2010), Theoretical and experimental study of the effectiveness of 

the 5-pyrimidyl-tetrazolate bridging ligand in mediating magnetic exchange 

interactions, Inorg. Chem., 49, 8986-8996 (DOI: 10.1021/ic101322s) 

[55] Saha M., Vyas K. M., Martins L. M., Martins N. M., Pombeiro A. J., Mobin S. 

M., Bhattacherjee D., Bhabak K. P., Mukhopadhyay S. (2017), Copper(II) 

https://doi.org/10.1016/S0968-0896(02)00239-0


 Chapter1 

 
 

 
31 

tetrazolato complexes: Role in oxidation catalysis and protein binding, 

Polyhedron, 132, 53-63 (DOI: 10.1016/j.poly.2017.04.016) 

[56] Saha M., Das M., Nasani R., Choudhuri I., Yousufuddin M., Nayek H. P., Shaikh 

M. M., Pathak B., Mukhopadhyay S. (2015), Targeted water-soluble copper-

tetrazolate complexes: Interactions with biomolecules and catecholase like 

activities, Dalton Trans., 44, 20154-20167. 

[57] Matsunaga Y., Miyajima N., Nakayasu Y., Sakai S., Yonenaga M. (1988), 

Design of Novel Mesomorphic Compounds: N,N′,N″-Trialkyl-1,3,5-

benzenetricarboxamides, Bull.  Chem. Soc. Jpn, 61, 207-210 (DOI: 

doi.org/10.1246/bcsj.61.207) 

[58] Stals P. J., Everts J. C., de Bruijn R., Filot I. A., Smulders M. M., Martín‐Rapún 

R., Pidko E. A., de Greef T. F., Palmans A. R., Meijer E. W. (2010), Dynamic 

supramolecular polymers based on benzene‐1,3,5‐tricarboxamides: The 

influence of amide connectivity on aggregate stability and amplification of 

chirality, Chem. Eur. J, 16,810-821 (DOI: 10.1002/chem.200902635). 

[59] Van Gorp J. J., Vekemans J. A. J. M., Meijer E. W. (2002), C3-Symmetrical 

supramolecular architectures:  Fibers and organic gels from discotic trisamides 

and trisureas, J. Am. Chem. Soc, 124, 14759-14769 (DOI:  10.1021/ja020984n) 

[60] Bernet A., Albuquerque R. Q., Behr M., Hoffmann S. T., Schmidt H.-W. (2012), 

Formation of a supramolecular chromophore: A spectroscopic and theoretical study, 

Soft Matter, 8, 66-69 (DOI: 10.1039/C1SM06789C) 

[61] Chang J. Y., Baik J. H., Lee C. B., Han M. J. (1997), Liquid crystals obtained 

from disclike mesogenic diacetylenes and their polymerization, J. Am. Chem 

Soc, 119, 3197–3198 (DOI: 10.1021/ja961193m) 

[62] Palmans A. R. A., Vekemans J. A. J. M., Meijer E. W., Kooijmans H., Spek A. 

L. (1997), Benzene-1,3,5-tricarboxamide: A versatile ordering moiety for 

supramolecular chemistry, Chem. Commun., 2247-2248 

(DOI: 10.1039/C2CS35156K) 

http://www.journal.csj.jp/doi/abs/10.1246/bcsj.61.207
http://www.journal.csj.jp/doi/abs/10.1246/bcsj.61.207
https://doi.org/10.1246/bcsj.61.207
javascript:popupOBO('CHEBI:23240','c1sm06789c','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=23240')
https://doi.org/10.1039/C2CS35156K


 Chapter1 

 
 

 
32 

[63] Kumar D. K., Jose D. A., Dastidar P., Das A. (2004), Nonpolymeric 

hydrogelators derived from trimesic amides, Chem. Mater, 16, 12, 2332-2335 

(DOI: 10.1021/cm049881p) 

[64] Palmans A. R., Vekemans J. A., Fischer H., Hikmet R. A., Meijer, E. W. (1997), 

Extended‐core discotic liquid crystals based on the intramolecular H‐bonding in 

N‐acylated 2, 2′‐bipyridine‐3, 3′‐diamine moieties, Chem. Eur. J, 3, 300-307 

(DOI: 10.1002/chem.19970030220) 

[65] Brunsveld L., Zhang H., Glasbeek M., Vekemans J. A. J. M., Meijer E.W. 

(2000), Hierarchical growth of chiral self-assembled structures in protic media, 

J.  Am. Chem. Soc, 122, 6175-6182 (DOI: 10.1021/ja0005237) 

[66] Van Hameren R., Schön P., Van Buul A. M., Hoogboom J., Lazarenko S. V., 

Gerritsen J. W., Engelkamp H., Christianen P. C., Heus H. A., Maan J. C., Rasing 

T. (2006), Macroscopic hierarchical surface patterning of porphyrin trimers via 

self-assembly and dewetting, Science, 314, 1433-1436 (DOI: 

10.1126/science.1133004) 

[67] Paraschiv I., Giesbers M., van Lagen B., Grozema F. C., Abellon R. D., Siebbeles 

L. D. A., Marcelis A. T. M., Zuilhof H., E. Sudho¨ lter J. R. (2006), H-bond-

stabilized triphenylene-based columnar discotic liquid crystals, Chem. Mater., 

18, 968-974 (DOI:10.1021/cm052221f) 

[68] Van Herrikhuyzen J., Jonkheijm P., Schenning A. P., Meijer E. W. (2006), The 

influence of hydrogen bonding and π-π stacking interactions on the self-assembly 

properties of C3-symmetrical oligo (p-phenylenevinylene) discs, Org.  Biomol. 

Chem., 4,1539-1545 (DOI: 10.1039/B517993A) 

[69] Leenders C. M., Mes T., Baker M. B., Koenigs M. M., Besenius P., Palmans 

A.R., Meijer E.W. (2014), From supramolecular polymers to hydrogel 

materials. Mater.Horizons, 1,116-120 (DOI: 10.1039/C3MH00103B) 

[70] Howe R. C. T., Smalley A. P., Guttenplan A. P. M., Doggett M. W. R., Eddleston 

M. D., Tan J. C., Lloyd G. O. (2013), A family of simple benzene 1,3,5-

tricarboxamide (BTA) aromatic carboxylic acid hydrogels, Chem. Commun., 49, 

4268–4270 (DOI: 10.1039/C2CC37428E) 

https://doi.org/10.1039/C2CC37428E


 Chapter1 

 
 

 
33 

[71] Gong B., Zheng C., Yan Y. (1999), Structure of N, N′, N ″-tris (carboxymethyl)-

1, 3, 5-benzenetricarboxamide trihydrate, J. Chem. Crystallogr., 29,649-652 

(DOI: 10.1023/A:1009511501537) 

[72] Bose P. P., Drew M. G. B., Das A. K., Banerjee A. (2006), Structure of N, N′,N″-

tris(carboxymethyl)-1,3,5-benzenetricarboxamide trihydrate. Chem. Commun, 

3196–3198 (DOI: 10.1023/A:1009511501537) 

[73] Besenius P., Portale G., Bomans P. H. H., Janssen H. M., Palmans A. R. A., 

Meijer E. W. (2010), Controlling the growth and shape of chiral supramolecular 

polymers in water, Proceedings of the National Academy of Sciences of the 

United States of America, 107, 17888–17893 (DOI: 10.1073/pnas.1009592107) 

[74] Gelinsky M., Vogler R., Vahrenkamp H. (2002), Tripodal pseudopeptides with 

three histidine or cysteine donors:  Synthesis and zinc complexation, Inorg. 

Chem., 41, 2560–2564 (DOI: 10.1021/ic011263c) 

[75] De Loos M., van Esch J. H., Kellogg R. M., Feringa B. L. (2007), C3-Symmetric, 

amino acid based organogelators and thickeners: A systematic study of structurr-

property relations, Tetrahedron, 63, 7285-7301 (DOI: 10.1016/j.tet.2007.02.066) 

[76] Veld M. A. J., Haveman D., Palmans A. R. A., Meijer E. W. (2011), Sterically 

demanding benzene-1,3,5-tricarboxamides: Tuning the mechanisms of 

supramolecular polymerization and chiral amplification, Soft Matter, 7, 524–531 

(DOI: 10.1039/C0SM00516A) 

[77] Van den Hout K.P., Martín‐Rapún R., Vekemans J. A., Meijer E. E. (2007), 

Tuning the stacking properties of C3‐symmetrical molecules by modifying a 

dipeptide motif, Chem. Eur. J, 13, 8111-8123 (DOI:10.1002/chem.200700630) 

[78] Matsuura K., Murasato K., Kimisuka N. (2005), Artificial peptide-nanospheres 

self-assembled from three-way junctions of β-sheet-forming peptides, J. Am. 

Chem. Soc, 127, 10148-10149 (DOI: 10.1021/ja052644i) 

[79] Akiyama M., Katoh A., Ogawa, T. (1989), N-hydroxy amides. part 8. synthesis 

and iron (III)-holding properties of di-and tri-hydroxamic acids extending from 

benzene-di-and-tri-carbonyl units through oligo (ethyleneoxy) arms, J. the 

Chem. Soc., Perkin Trans., 2, 1989, 1213-1218 (DOI: 10.1039/P29890001213) 

https://doi.org/10.1073/pnas.1009592107
https://doi.org/10.1016/j.tet.2007.02.066
javascript:popupOBO('RXNO:0000246','c0sm00516a')
https://doi.org/10.1039/C0SM00516A


 Chapter1 

 
 

 
34 

[80] Stals P. J. M., Haveman J. F., Martı´n-Rapu´ n R., Fitie´C. F. C., Palmans A. R. 

A., Meijer E. W. (2009), The influence of oligo(ethylene glycol) side chains on the 

self-assembly of benzene-1,3,5-tricarboxamides in the solid state and in solution, J. 

Mater. Chem, 19, 124-130 (DOI: 10.1039/B816418E) 

[81] Lee S., Lee J.-S., Lee C. H., Jung Y.-S., Kim J.-M. (2011), Nonpolymeric 

thermosensitive benzene tricarboxamides, Langmuir, 27, 1560-1564 (DOI: 

10.1021/la104568c) 

[82] Lee J. H., Baek Y. E., Kim K. Y., Choi H., Jung J. H. (2016), Metallogel of bis 

(tetrazole)-appended pyridine derivative with CoBr2 as a chemoprobe for volatile 

gases containing chloride atom, Supramol. Chem., 28,870-873 (DOI: 

10.1080/10610278.2016.1142088) 

[83] Voitekhovich S. V., Wolf A., Guhrenz C., Lyakhov A. S., Ivashkevich L. S., 

Adam M., Gaponik N., Kaskel S., Eychmüller A. (2016), 5‐(2‐Mercaptoethyl)-

1H‐tetrazole: Facile synthesis and application for the preparation of water soluble 

nanocrystals and their gels, Chem. Eur. J, 22, 14746-14752 (DOI: 

10.1002/chem.201602980) 

[84] Yan L., Gou S., Ye Z., Zhang S., Ma, L. (2014), Self-healing and moldable 

material with the deformation recovery ability from self-assembled 

supramolecular metallogels. Chem. Commun., 50, 12847-12850 (DOI: 

10.1039/C4CC06154C) 

[85] Yan L., Liu C., Shen L., Li J., Liu X., Lv M., Su C., Ye Z. (2018), Visual 

discrimination of 2-picolinic acid by a supramolecular metallogel, Chem. 

Lett., 47,640-642 (DOI:10.1246/cl.180065) 

[86] Howlader P., Mukherjee P.S. (2016), Face and edge directed self-assembly of 

Pd12 tetrahedral nano-cages and their self-sorting, Chem. Sci, 7, 5893-5899 

(DOI: 10.1039/c6sc02012g) 

[87] Lee H., Kang S., Lee J.Y., Jung J.H. (2012), Coordination polymer gel derived 

from a tetrazole ligand and Zn2+: Spectroscopic and mechanical properties of an 

amorphous coordination polymer gel, Soft Matter, 8, 2950-2955 (DOI: 

10.1039/C2SM07231A) 

https://doi.org/10.1039/B816418E


 Chapter1 

 
 

 
35 

[88] Lee J. H., Kang S., Lee J. Y., Jung J. H. (2012), A tetrazole-based metallogel 

induced with Ag+ ion and its silver nanoparticle in catalysis, Soft Matter, 8, 6557-

6563 (DOI: 10.1039/C2SM25316J) 

[89] Liwei Yan., Linghong Shen., Mingqian Lv., Wenkun Yu., Jie Chen., Shuang 

Wang., Xiaofang Fu., Zhongbin Ye. (2015), Self-healing supramolecular 

heterometallic gels based on the synergistic effect of the constituent metal ions, 

Chem. Commun., 2015, 51, 17627 (DOI: 10.1039/c5cc08421k) 

[90] Guo M., Yin Q., Li Y., Huang Y., Zhang Z., Zhou L. (2017), Gel-crystal 

transition during crystallization of cefpiramide, Chem. Lett, 46, 1292-1295 

(DOI:10.1246/cl.170465) 

[91] Malviya N., Sonkar C., Kundu B. K., Mukhopadhyay S. (2018), Discotic organic 

gelators in ion sensing, metallogel formation and bioinspired catalysis, 

Langmuir, 34, 11575-11585 (DOI: 10.1021/acs.langmuir.8b02352) 

[92] Malviya N., Das M., Mandal P., Mukhopadhyay S. (2017), A smart organic gel 

template as metal cation and inorganic anion sensor, Soft Matter, 13, 6243-6249 

(DOI: 10.1039/C7SM01199G) 

[93] Escuder B., Rodrı F., guez-Llansola., JF Miravet. (2010), Supramolecular gels 

as active media for organic reactions and catalysis, New J. Chem, 34, 1044-1054 

(DOI: 10.1039/b9nj00764d) 

[94] Gupta A., Kumar N. (2016), A review of mechanisms for fluorescent ‘‘turn-on’’ 

probes to detect Al3+ ions, RSC Adv., 6, 106413-106434 

(DOI: 10.1039/C6RA23682K) 

[95] Terech P., Weiss R. G. (1997), Low molecular mass gelators of organic liquids 

and the properties of their gels, Chem. Rev, 97, 3133-3160 (DOI: 

10.1021/cr9700282) 

[96] Zhao Z., Lam J. W., Tang B. Z. (2013), Self-assembly of organic luminophores 

with gelation-enhanced emission characteristics, Soft Matter, 9, 4564-4579 

(DOI: 10.1039/C3SM27969C) 

[97] Babu S. S., Praveen V. K., Ghosh A. (2014), Functional π-gelators and their 

applications, Chem. Rev., 114, 1973-2129 (DOI: 10.1021/cr400195e) 

https://doi.org/10.1039/C7SM01199G
https://doi.org/10.1039/C6RA23682K
https://doi.org/10.1039/C3SM27969C


 Chapter1 

 
 

 
36 

[98] Xue P., Ding J., Shen Y., Gao H., Zhao J., Sun J., Lu R. (2017), Aggregation-

induced emission nanofiber as a dual sensor for aromatic amine and acid vapor, 

J. Mater. Chem. C, 5, 11532-41 (DOI: 10.1039/C7TC03192K) 

[99] Feng Y., Liu Z. X., Chen H., Yan Z. C., He Y. M., Liu C. Y., Fan Q. H. (2014), 

Systematic study of peripherally multiple aromatic ester‐functionalized 

poly(benzyl ether) dendrons for the fabrication of organogels: Structure-property 

relationships and thixotropic property, Chem.-Eur. J, 20, 7069-7082 (DOI: 

10.1002/chem.201400157) 

[100] Chen H., Feng Y., Deng G. J., Liu Z. X., He Y. M., Fan Q. H. (2015), Fluorescent 

dendritic organogels based on 2‐(2′‐Hydroxyphenyl) benzoxazole: Emission 

enhancement and multiple stimuli‐responsive properties, Chem.-Eur. J., 21, 

11018-11028 (DOI: 10.1002/chem.201500849) 

[101] Lin Q., Lu T. T., Zhu X., Sun B., Yang Q. P., Wei T. B., Zhang Y. M. (2015), A 

novel supramolecular metallogel-based high-resolution anion sensor array, 

Chem. Commun., 51, 1635-1638 (DOI:10.1016/j.inoche.2016.07.013) 

[102] Lin Q., Lu T. T., Zhu X., Wei T. B., Li H., Zhang Y. M. (2016), Rationally 

introduce multi-competitive binding interactions in supramolecular gels: A 

simple and efficient approach to develop a multi-analyte sensor array, Chem. 

Sci., 7, 5341-5346 (DOI: 10.1039/C6SC00955G) 

[103] Xue P., Ding J., Shen Y., Gao H., Zhao J., Sun J., Lu R. (2017), Aggregation-

induced emission nanofiber as dual sensor for aromatic amine and acid vapor, J. 

Mater. Chem. C, 5, 11532-11541 (DOI: 10.1039/C7TC03192K) 

[104] Lee J. H., Baek Y. E., Kim K. Y., Choi H., Jung J. H. (2016), Metallogel of bis 

(tetrazole)-appended pyridine derivative with CoBr2 as a chemoprobe for 

volatile gases containing chloride atom, Supramol. Chem, 28, 870-873 (DOI: 

10.1080/10610278.2016.1142088) 

[105] Hyeaná Kim B. (2006), An insulin-sensing sugar-based fluorescent hydrogel, 

Chem. Commun., 1842-1844 (DOI: 10.1039/B516632B) 
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Chapter 2 

A Smart Organic Gel Template as Metal Cation and 

Inorganic Anion Sensor 

2.1 Introduction  

Molecular recognition is a powerful process in nature to arrange molecules in a definite 

way, imparting various physical states and, in consequence, inducing certain novel 

characteristics in the assembled structures[1-3] One of the most recent advances that have 

been made in material chemistry using the molecular recognition phenomena is the 

development of self-assembled supramolecular gel-phase materials, which have great 

applications in various scientific processes.[4,5] Entrapment of liquid in the interstices of 

a solid matrix through surface tension and capillary forces results in the formation of a 

gel-like structure. Based on the driving forces enticing the molecular assembly, gels are 

classified as chemical gels (cross-linked polymers formed by covalent bonds) and 

physical gels (small molecular weight compounds assembled by non-covalent 

interaction).[6-8] However, systems based on both types of interactions have also been 

documented. The self-assembly of the gelator molecules in gel state can induce changes 

in some behaviors of the bulk material e.g. luminescent property or how it responds to 

external stimuli like heat, sound, light (physical stimuli) and change in pH or addition of 

cations or anions (chemical stimuli).[9,10] Furthermore, some gels can also have self-

healing property like similar smart materials.[11,12] All these interesting phenomena make 

the gels suitable candidates for applications in the area of sensors and actuators, 

cosmetics, foods, environmental remediation, catalysis, drug delivery materials, and 

regenerative medicines.[13-16] Among all these applications, the utilization of gel materials 

to sense inorganic cations and anions is relatively rare and unexplored.[17,18]  

This chapter presents the synthesis and characterization of a smart 1,3,5-tricarboxamide 

(BTA) based gelator G1 with coordination binding sites and fluorescent signal groups 
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attached to it. The gelator molecule can form supramolecular organogel in the presence 

of small amounts of water in DMF or DMSO. The gel thus formed has shown some 

interesting and intense aggregation-induced fluorescence enhanced emission 

(AIEE).[19,20] 

 The synthesized gel can selectively sense Fe2+ and Fe3+ by completely switching off the 

AIEE. Furthermore, upon induction of several metal ions, the gelator molecule shows the 

formation of different metallogels (MGs). Among them, CuG1 can sense SCN-, ZnG1 

can sense Br-, NiG1 can sense CN- and Fe(II)G1/Fe(III)G1 can sense S2-, selectively, 

by an abrupt change in the fluorescence property of the metallogels with high selectivity 

and sensitivity. To the best of our knowledge, there are only a few examples of gelator 

template molecules that can sense a particular cation selectively (zinc) and can form 

several metallogels that can detect an array of anions (SCN-, CN-, S2- and I-).[17,18] 

2.2 Experimental section 

2.2.1 Material and method  

All the reagents are commercially available and used as received. All solvents were of 

analytical grade, purchased from Merck chemicals, and used directly without further 

purification. Sodium or potassium salts of anions and perchlorate salts of cations were 

used, which were purchased from Sigma-Aldrich, USA. During the whole experiment, 

fresh Milli-Q water was used. Fourier-transform infrared (FTIR) spectroscopy was 

performed on KBr pellets on a Bruker Tensor 27 FTIR spectrophotometer. NMR spectra 

were recorded on an AVANCE III 400 Ascend Bruker BioSpin machine at ambient 

temperature using DMSO-d6 as a solvent. Chemical shifts are reported in parts per 

million, downfield of tetramethylsilane; the peak multiplicities are reported as follows: 

singlet (s), doublet (d), doublet of doublets (dd), triplet (t), and multiplet (m). A Bruker-

Daltonics microTOF-Q II mass spectrometer was used for mass spectrometric analyses. 
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2.2.2 Synthesis of gelator G1 [N1, N3, N5-tris(4-cynophenyl) 

benzene-1,3,5-tricarboxamide]  

In a typical experiment, trimesic acid (1 equiv.) in tetrahydrofuran (THF) within a schlenk 

flask was degassed and purged with argon (Ar). To this, thionyl chloride (3.5 equiv.) was 

added dropwise under the continuous flow of Ar. The mixture was allowed to heat at 80 

C for 2 h. After cooling the mixture to room temperature, it was washed with dry THF 

several times resulting in trimesoyl chloride.  

Trimesoyl chloride (1.25 g, 4.75 mmol) was treated slowly with excess (3.5 equiv.) 4-

aminobenzonitrile and triethylamine in dry DMF at 0 C and was stirred overnight at 

ambient conditions. The reaction mixture was kept at room temperature and then the 

solution layers were separated. The aqueous layer was extracted with EAA (100 mL). 

Combined organic layer was washed with dil. HCl (1 N, 100 mL), sat. Na2CO3 (100 mL), 

water (100 mL) and brine (100 mL). The resultant powder was dried at room temperature 

under vacuum. Yield: 75%. 1H NMR (400 MHz, 298 K, DMSO-d6): d 11.50 (3H, s), 8.96 

(3H, s), 8.26 (6H, d), 7.88 (6H, d). 13C NMR (100 MHz, 293 K, DMSO-d6): d 165.28, 

143.97, 134.96, 133.60, 131.35, 120.76, 119.55, 106.09. FT-IR (KBr): 3451, 2234, 1683 

cm-1. MS (ESI): m/z = 509 (in negative mode). 

2.2.3 Preparation of gels 

A 0.04 millimole of G1 gelator was dissolve in 1.5 mL of dimethylformamide (DMF) or 

dimethyl sulfoxide (DMSO), and 500 L of Milli-Q water was added in a 5 mL glass 

vial. The solution was left undisturbed for a couple of minutes, and a stable organogel 

formed spontaneously. However, metallogels were obtained by mixing 20 mM 

concentration of G1 with 10 mM concentration of metal perchlorate salts (G1: Mn+ molar 

ratio = 2:1 and solvent is 1 mL DMF/1 mL water).  

2.2.4 Gel melting temperature 
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Gel melting temperature (Tgel) of G1 has been measured by test tube inversion method. 

The steel ball (approximately 100 mg) was kept on the top of G1 gel. The gel has been 

heated with the rate of 2 C/5 min and the height of the steel ball was recorded with 

temperature. The steel ball starts moving downward direction of the vial after gradually 

melting of gel into sol form. However, the gel-melting temperature is the temperature 

where the gel starts melting. 

2.2.5 Characterizations 

UV-visible Spectroscopy. Absorption spectra have been analyzed by Varian Carry 100 

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

Fluorescence Spectroscopy. Fluoromax-4 spectrofluorometer (HORIBA Jobin Yvon, 

model FM-100) has been used for recording of emission spectra of the gels in a quartz 

cuvette (10×10 mm2). The excitation and emission slit width and data pitch were 2 and 1 

nm, respectively.  Excitation wavelength (λex) 350 nm was set to record the emission 

spectra of organogel G1. The absolute fluorescence quantum yield of organogel G1 has 

been calculated at λex = 350 nm under ambient conditions by using standard viz., quinine 

sulfate (ɸ = 0.53). The expression for the quantum yields is  

𝑸𝒙 = 𝑸𝒓  (
𝑲𝒓

𝑲𝒙
) (

𝑫𝒙

𝑫𝒓
) (

𝜼𝒙𝟐

𝜼𝒓𝟐
) 

here, Q is the quantum yield; K denotes the average detector output per photon over the 

emission spectrum [Kr/Kx = 1 for estimates of yields for compounds emitting below 600 

nm]; D represents the detector response; η is the refractive index of the solvent [η = 1.483 

for DMSO, η = 1.439 for DMF and η = 1.33 for H2O solvent]; x and r subscripts are the 

unknown and standard reference. 

FT-IR Spectroscopy. Bruker (Tensor 27) FTIR spectrophotometer has been used for 

recording the FTIR spectrum with the help of KBr pellet. 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.  
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Powder X-ray Diffraction (PXRD). Powder X-ray diffraction spectra (PXRD) has been 

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

with Cu Kα source (the wavelength of X-rays was 0.154 nm). The tube voltage and 

current were 40 kV and 30 mA. The XRD patterns have been taken in between 20-80 

(2θ) with step size and scan speed of 0.02 and 2°/min, respectively.  

Morphological Study. Field-emission scanning electron microscopy (FE-SEM, Carl 

Zeiss Microscope, model-Supra 55) has been used to observe the various morphology 

and sizes of the gels. For this experiment, sample has been prepared by diluting 100 L 

of the gel in 400 L of water. After this, small amount (50 L) of the gel has to be placed 

on a glass coverslip. After drying the sample, the gold coating was used for analysis.  

Rheological Properties. Mechanical properties of the G1 organogel and their 

metallogels have been quantified via oscillating rheology. The rheology experiments 

were executed at 25 °C on an Anton Paar Physica MCR 301 rheometer. A 25 mm stainless 

steel parallel plate with a TruGap of 0.5 mm was used for rheology test. The mechanical 

strength of gels was measured at 0.5% strain by measuring the storage (G) and loss (G) 

modulus. Gels (1 mL) were transferred very carefully onto the rheometer plate using 

small spatula, and the solvent trap was used to keep the gel hydrated.   

2.3 Results and discussion 

The gelator molecule N1,N3,N5-tris(4-cynophenyl)benzene-1,3,5-tricarboxamide (G1) 

was prepared by treating trimesoyl chloride with an excess of 4-aminobenzonitrile (3.5 

equiv.) in the presence of triethylamine (Scheme 2.1). The resultant compound was 

extracted with ethyl acetate, and the purified compound was characterized by 1H and 13C 

NMR, IR and ESI-MS spectroscopy.  
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Scheme 2.1. Systematic scheme for the synthesis of gelator G1. 

The IR spectrum of the molecule reveals characteristic band for carboxamide N-H at 3389 

cm-1 as shoulder, for C=O stretching at 1683 cm-1, and amide I at 1641 cm-1.[21] The 

broadband at 3389 cm-1 for N-H stretching is indicative of possible hydrogen bonding. 

The nitrile group of the gelator molecule has shown a characteristic band at 2235 cm-1. In 

1H NMR spectrum, the aromatic ring protons were observed within the range of 8.96-

7.87 ppm (Figure 2.1). The carboxamide protons showed a peak at 11.50 ppm. In 13C 

NMR, the carboxamide carbons were observed at 165.2 ppm, and the nitrile carbons were 

observed at 119.5 ppm (Figure 2.2). All the aromatic carbons are observable between 

143.9 and 106.0 ppm. The ESI-MS spectrum has shown a molecular ion peak at 509.1 in 

the negative mode, confirming the formation of the gelator molecule (Figure 2.3). 

 

Figure 2.1. 1H NMR spectrum of gelator G1. 
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Figure 2.2. 13C NMR spectrum of gelator G1. 

 

Figure 2.3. ESI- Mass spectrum of gelator G1. 
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DMSO. It is not soluble in common organic solvents like cyclohexane, THF, toluene, 

hexane, chloroform, dichloromethane, acetone, acetonitrile, methanol, ethanol, or 

isopropanol. The gelator showed a tendency in the formation of the gel upon addition of 

500 L of water in a 20 mM solution of DMF or DMSO like some similar compounds 

reported earlier.21 The critical gel concentrations (CGCs) were found to be 10.18 mg mL-

1 for DMF-water pair and 10.07 mg mL-1 for DMSO-water pair. The gel-sol phase 

transition temperatures (Tgel) were found to be 100 C and 97 C, respectively. The above-

mentioned results indicate the stability of the gel at room temperature. The gel formation 

was ascertained by ‘‘test tube inversion’’ method (Figure 2.4). 

 

Figure 2.4. Optical image of gelator G1 (Test tube inversion method). 

Further, the transition was investigated by temperature dependent emission spectroscopy. 

G1 in an aqueous mixture of DMF reveals a feeble fluorescence band at 445 nm 

(excitation 350 nm) which may be associated with *- or *-n transition at a high 

temperature around 100 C in hot DMF. However, upon gradual cooling of the solution 

after the formation of the gel, the emission band enhances several folds, and a progressive 

blue-shift is observed where the emission maxima is detected at 434 nm (Figure 2.5). This 

significant fluorescence enhancement due to gelation is called aggregation induced 

enhanced emission (AIEE) phenomenon. During the organogel formation of G1, various 

non-covalent interactions might have played crucial roles. Among them, hydrogen 

bonding interactions between carboxamide and nitrile moieties, - stacking interactions 

between aromatic rings and van der Waals interaction between different molecules may 

act in tandem to stabilize the gel structure.[22 Additionally, AIEE was further corroborated 
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by the quantum yield (Φ) experiment. Quantum yields for the organogel G1 has been 

found to be 0.04.  

 

Figure 2.5. Temperature-dependent fluorescence spectra of the organogel G1 (in DMF) 

during the gelation process (ex = 350 nm). 

To look into the possible role of hydrogen bonding in the formation of the gel, infrared 

and concentration-dependent 1H NMR spectroscopy were utilized. A comparison 

between the IR spectra of the powder and xerogel obtained from DMF reveals a shift of 

the carboxamide N–H band from 3389 cm-1 to 3314 cm-1, the C=O vibration peak from 

1683 cm-1 to 1679 cm-1, the amide I band from 1641 cm-1 to 1614 cm cm-1 and amide II 

band from 1545 to 1523 cm-1 (Figure 2.6). Shifting of these bands towards lower 

wavenumbers indicates the formation of stronger hydrogen bonds in the gel state with 

more ordered structure. Interestingly, the stretching frequency of nitrile group also shows 

a shift towards lower wavenumber from 2234 to 2226 cm-1. It is also an indication of the 

formation of hydrogen bond.[23,24]  
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Figure 2.6. FT-IR spectra of powder and xerogel of G1. 

Formation of hydrogen-bonded aggregation of gelator molecule G1 is further 
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concentration of the gelator molecule from 20 mM to 150 mM, the NH protons show a 
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Figure 2.7. 1H NMR spectra of G1 in DMSO-d6 at different concentrations:(a) 20 mM 

(b) 100 mM (c) 150 mM. 

Interestingly, powder XRD pattern of the xerogel shows peaks at 2θ = 21.60 

corresponding to the d-spacing value of 4.1 Å, which corresponds to the intercolumnar 

stacking.[27] The peak at 2θ = 25.36 corresponding to the d-spacing value of 3.51 Å is 

 

13 12 11 10 9 8 7 6 5
Chemical Shift (ppm)

6.493.322.60

1
0
.9

9

8
.7

0

8
.0

3
8
.0

1
7
.8

5
7
.8

3

13 12 11 10 9 8 7 6 5
Chemical Shift (ppm)

6.426.263.252.53

1
1
.1

0

8
.8

4

8
.3

6
8
.2

0

7
.6

3

13 12 11 10 9 8 7 6 5
Chemical Shift (ppm)

6.326.103.09 3.00

1
1
.5

0

8
.9

6

8
.2

7 8
.2

5
7
.8

9
7
.8

7

a

b

c
d

(c)

(b)

(a)



 Chapter2
 

 

 
54 

indicative of - stacking.[28,29] The peak at 2θ = 30.05 corresponding to the d-spacing 

value of 2.97 Å and at 2θ = 35.15 corresponding to the d-spacing value of 2.55 Å indicate 

the existence of hydrogen bonding in nitrile containing organic moiety, which is 

observable in the solid state (Figure 2.8).[30–32]  

 

Figure 2.8. Powder XRD spectra of G1 xerogel. 

The influence of different metal ions on the emission properties of the gel was 

investigated by dissolving the gelator molecule G1 and 0.5 equivalent of different metal 
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off completely, paving the way to selectively detect iron ion in the aqueous solution with 

the naked eye using a handheld UV-lamp (Figure 2.9). Even in daylight, the presence of 

an iron ion in the metallogel is quite distinctive with respect to other ions (Figure 2.10).  
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Figure 2.9. Fluorescence spectra of organogel G1 in the presence of several metal ions 

(in DMF) (with Sources of their perchloric salts) added in 2:1 molar ratio on G1 (ex = 

350 nm). 

 

Figure 2.10. Optical image of G1 organogel and their metallogels under day light. 
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bond. However, in the case of Fe(II)G1 and Fe(III)G1, the shifts were much more 

pronounced as the nitrile stretches were observed at 2159 cm-1 and 2171 cm-1, 

respectively (Figure 2.11). These results indicate that nitrile gets attached to iron(II) and 

iron(III) centers through -coordination,[33–35] which might be the origin of disruption in 

the aggregated structure, and hence the AIEE gets completely quenched after 

coordination to the iron centres.  

 

Figure 2.11. FT-IR spectra of xerogels of G1 and FeG1. 
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Figure 2.12. Fluorescence spectra of MGs (in DMF) in the presence of various anions 

(ex = 350 nm) [ZnG1 and ZnG1 treated with Br-; CuG1 and CuG1 treated with SCN-; 

NiG1 and NiG1 treated with CN-; FeG1 and FeG1 treated with S2-]. 

However, the presence of specific anion, which affects the interaction between the metal 

ion and gelator molecule is further investigated through IR spectroscopy (Figure 2.13). It 

was observed that in the presence of the specific ion, the nitrile peak of the gelator 

molecule in the metallogel shifts towards the original position, i.e. around 2226 cm-1 for 

ZnG1, CuG1, and NiG1, indicating the non-interaction of nitrile group with the metal 

ions. Interestingly, in case of FeG1 in the presence of S2- the -CN stretching frequency 

further shifts towards the lower wavenumber region, which is a signature of stronger -

coordination. The IR stretching frequency for C=O group for all the metallogel was found 

to be in the range of 1658–1628 cm-1, indicating a weaker interaction between the metal 

ions and the gelator molecule in the presence of selective ions. The N–H stretching 

frequency of the gelator molecule also shifts towards higher wavenumber and becomes 
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broader, indicating the restoration of hydrogen bonds. In case of NiG1, a sharp band at 

2161 cm-1 indicates the presence of coordinated cyanide ion, whereas in case of CuG1, 

two bands at 2160 and 2074 cm-1 indicate the presence of two types of thiocyanate ions, 

presumably one is bridging and the other is terminal.[21,36]  
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Figure 2.13. FT-IR spectra of xerogels of ZnG1+Br-, NiG1+CN-, CuG1+SCN-, 

Fe(II)G1+S2-. 

The sensing results obtained can be combined to produce a metallogel based sensor 

system that can identify the presence of Br-, SCN-, CN- and S2- in water medium with 

high selectivity and sensitivity. To find out the efficacy of the system, the sensing 

experiment was carried out in a multi-analytical condition by the addition of a mixture of 
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Br-, Cl-, I-, OAc-, N3
-, SCN-, ClO4

-, CN- and S2- to different metallogels. The metallogels 

responded in a way similar to when treated with a single target anion, confirming their 

efficacy to act as a sensor even in a multi-analytical condition in water. Furthermore, to 

explore the efficacy of the anion sensing property of metallogels, the fluorescent probe 

has been used to measure the change in intensity of fluorescence peaks with increasing 

concentration of different anions which are being detected. The detection limits of each 

metallogels were calculated using the following equation: detection limit = 3s/k, where 

‘s’ is the standard deviation of the blank measurement and ‘k’ is the slope between the 

fluorescence intensity vs. [anion]. The values obtained were 7.2 ×10-5 M for Br- (ZnG1); 

4.8×10-5 M for CN- (NiG1); 2.2×10-7 M for SCN- (CuG1) and 5.2×10-5 M for S2- 

(FeIIG1).[37] TLC plates can be utilized as spot detectors for the anions in water solution. 

For this, the plate should be coated with the metallogel, and a drop of an aqueous solution 

of the corresponding anion should be placed over it. This strip can be reused further for 

one or two times more by making a coat of the corresponding metal ion with a brush on 

top of it (Figure 2.14).  

 

Figure 2.14. Fluorescence responses of the metallogel-based sensor array in the 

presence of 1 equiv. of various anions (using 0.1 mol L-1 anion sodium or potassium salt 

water solution as anion source). 

The viscoelastic property of G1 and other metallogels was explored by rheological 

studies.[38] The average storage modulus (G) for gelator G1 (Figure 2.15) was found to 

be 10 Pa, whereas induction of metal ions in the gelator showed a considerable increase 

in the average storage modulus value of 3×103, 9×102, 8×103 and 6×103 Pa for CuG1, 
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ZnG1, NiG1 and Fe(II)G1 (Figure 2.16), respectively. These results indicate the increase 

in stiffness upon the incorporation of the metal ions. It may lead to the formation of a 

network structure through the generation of MOF (Metal Organic Framework), and that 

might be the reason behind the increase in the average storage modulus value. It is also 

intriguing to note that the increase in stiffness is quite high for iron(II), which shows 

complete quenching of AIEE, hinting that the complete disruption of the gel structure 

may have been occurred by efficient MOF formation. In all the cases, storage modulus 

G was found to be higher than the loss modulus G, and with an increase in stress both 

the values deviated from linearity and the stress crossover point was observed at 150, 100 

and 50 Pa for CuG1, Fe(II)G1, and ZnG1, respectively, whereas no crossover point was 

detected for G1 and NiG1. The shear stresses during the frequency sweep were found to 

be 70, 5×103, 7×103, 3×102 and 8×102 Pa. The G-G value indicates the rigidity of the 

metallogels, and for all the samples, G was found to be higher than G in entire sweep 

range, showing the viscoelastic nature of the gels.  

  

Figure 2.15. Linear viscoelastic (LVE) and dynamic frequency sweep property of G1 

(storage modulus G is higher than the loss modulus G). 
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Figure 2.16. Linear viscoelastic (LVE) and dynamic frequency sweep property of FeG1 

(storage modulus G is higher than the loss modulus G). 

To have a better understanding of the morphological features of the gel formed by the 

gelator molecule G1 and metallogels, the xerogels formed were investigated with SEM 

studies.[39] The SEM image of the G1 organogel revealed a needle-like structure with a 

mean diameter of about 200 nm and length of about 20 mm (Figure 2.17). Further, FeG1 

metallogel has shown fibrous morphology with 2 m diameter (Figure 2.17). However, 

incorporation of metal ion changes the morphology to a fibrous one with length in the 

order of micrometer and the width ranging from 50 nm to 100 nm. 

 

Figure 2.17. SEM images of G1 organogel and FeG1 metallogel. 
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organogel. However, a peak around 2θ = 25.5 corresponding to a d-spacing value of 

around 3.49 Å is retained, indicating the retention of - stacking even in the metallogel 

(Figure 2.18). Interestingly, upon introduction of S2-, the peak at 2θ = 35 reappears, 

which indicates the formation of extensive hydrogen bonds, which may be the driving 

force behind the regeneration of the fluorescence property. Not much difference is 

observed in PXRD patterns of NiG1 and ZnG1 upon introduction of selective anions. In 

the case of CuG1, upon the introduction of SCN-, the peak around 2θ = 35 reappears 

indicating the formation of H-bonds. However, despite that, the fluorescence gets 

switched off, which indicates that there might be some other reason behind the exclusive 

sensing property towards SCN- exhibited by CuG1. 

 

Figure 2.18. Powder XRD spectra of xerogel of G1 and FeG1. 

2.4 Conclusions 

To summarize, a BTA based tri-nitrile molecule showed attractive gelation property in 

an aqueous mixture of DMF or DMSO. Upon gelation, it shows an aggregation induced 

enhanced fluorescence spectra. Inductions of various metal ions strengthen the gel 

property further without much disturbance to the fluorescence property. Interestingly Fe2+ 

and Fe3+ completely switch off the emission of the gel, and this can help the gel to act as 

an iron sensor. Detailed study through IR spectroscopy revealed a greater interaction of 
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the gelator molecule through the -bonding of the nitrile group towards the center, which 

might be the cause behind the disruption of the aggregate-induced structure, thus 

switching off the fluorescence. Furthermore, induction of different metal ions 

individually produced anion sensing metallogel array, which could selectively bind and 

sense anions like SCN-, CN-, Br- and S2- with high precision by either switching off or 

switching on the aggregation induced emission property of the gel. Further investigations 

in this unusual anion sensing property of the metallogel might help to understand the key 

interactions, which are instrumental in bringing out such sensing feature and can help us 

to further fine tune the gelator molecule for futuristic applications in the realm of sensor 

chemistry. 
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Chapter 3 

Discotic Organic Gelators in Ion Sensing, Metallogel 

Formation, and Bioinspired Catalysis 

3.1 Introduction  

Self-assembly of low-molecular-weight gelators (LMWGs) can generate soft materials, 

which can work wonders in the area of catalysis, tissue engineering, material sciences, 

cosmetics, drug delivery, regenerative medicines, and sensors.[1-9] Various noncovalent 

interactions can help to tune the supramolecular structure in definitive ways to bring out 

the potentiality of these soft materials for multiple applications. Among them, H-bonding 

interactions, π-π stacking, hydrophobic interaction, van der Waals interaction, and 

interaction through dipole-dipole are different essential tools to build the soft 

materials.[10-13] Introduction of metal ions in organogels can initiate formation of hybrid 

soft materials through the operative metal-ligand interaction and can enrich the properties 

of soft materials further in the form of unprecedented optical, magnetic, gas storage, 

electronic, sensing, and catalytic properties.[14-21] Utilization of metal ions to generate 

such materials can result in the formation of interesting nanostructures such as nanotubes, 

nanoballs, nanofibers, and vesicles.[22-24] Many of the soft materials can show a smooth 

reversible temperature-dependent transition between the sol and gel states. Interestingly, 

the three dimensional structure of the soft gels can get significantly influenced by various 

external stimuli such as temperature, shear stress, ultrasound, pH, redox reaction, and 

presence of other chemical entities.[25,26] In many instances, the presence of a particular 

cation or anion or a chemical substance influences the network structure in a great way 

to bring about significant changes in the associated properties.[27,28] This characteristic of 

a soft material to discriminate a particular entity from similar other motifs can endow 

special power to the material for enormous sensing capacity. There are several reports 

where LMWGs can sense different cations and anions in the gel state particularly with 
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the help of a drastic change in the aggregate induced emission property.[29-34] Sometimes, 

it is also possible to create a smart template which can sense metal ions by switching off 

or on the aggregation-induced emission property, and in turn, the metallogels formed can 

be utilized further in sensing of anions.[35-38] Utilization of metallogels as a prospective 

catalyst is another area where the examples are limited and have not been fully explored. 

Whatever literature data are available indicates mostly utilization of palladium and silver 

(cation/ nanoparticle)-based metallogels, which have been utilized for organic reactions 

such as Suzuki-Miyura coupling reactions,[39,40] reductions of aromatic nitro groups to 

amine,[41] or degradation of dye molecules.[42,43] Only limited examples are available 

where Ca2+, Cr3+, or Cu+ based metallogels are explored for another kind of organic 

catalytic reactions.[44-46] Herein, we report the synthesis and gelation property of two 

isomeric carboxamides, nitrile-based gelators G2 and G3. While the gelator G2 has 

shown exquisite sensing property toward certain cations by switching off the aggregation-

induced enhanced emission, the gelator G3 can sense some other cations in solution by 

switching on the fluorescence property. Interestingly, the gelator G2 is capable of forming 

metallogels with different metal ions, and some of them have shown unique sensing 

properties of certain anions, which can be utilized as an effective metallogel-based sensor 

array. Furthermore, we have investigated the possibility of utilizing a copper-based 

metallogel Cu(II)G2 as an effective catalyst for bioinspired oxidation of catechol. 

Catechol oxidase is a type-3 di-copper enzyme, which processes atmospheric dioxygen 

to carry out selective oxidation of catechol to ortho-quinones. Though there are reports 

of several copper-based complexes to act as a mimic of catechol oxidase enzyme, 

however no such report is available where a copper metallogel has been utilized as a 

catalyst to carry out the oxidation reaction in the gel state at room temperature, till date. 

3.2 Experimental section  

3.2.1 Material and method  
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All the required chemicals were purchased from Sigma and used without further 

purification. The specifications of all the instruments used for analysis purpose were same 

as described in the section 2.2.1 of the chapter 2. 

3.2.2 Synthesis of gelator G2 [N1, N3, N5-tris(3-cynophenyl) 

benzene-1,3,5-tricarboxamide] and G3 [N1, N3, N5-tris(2-

cynophenyl) benzene-1,3,5-tricarboxamide]   

The gelators G2 and G3 were synthesized by the addition of trimesoyl chloride (1 g, 4.75 

mmol) to 3.5 molar equivalent of substituted benzonitrile [i.e., 3-aminobenzonitrile (1.95 

g, 16.5 mmol) in the case of G2 and  2-aminobenzonitrile (1.95 g, 16.5 mmol) in the case 

of G3] in the presence of triethylamine (2.35 mL, 16.8 mmol) in dry DMF (8 mL) at 0 

°C. It has been stirred overnight at ambient conditions. Ethylacetate (100 mL) was added 

in the solution mixture. The combined organic layer was washed with dil. HCl (1 N, 100 

mL) and subsequently with saturated Na2CO3 (100 mL) aqueous solution and brine (100 

mL). The organic layer was then dried over anhydrous sodium sulfate and evaporated 

under reduced pressure to obtain a resultant white colored powder. The isolated 

compound was then dried at room temperature under vacuum. Yield: 75% (for G2) and 

78.6% (for G3). 1H NMR of G2 (400 MHz, 298 K, DMSO-d6): δ 11.10 (3H, amide, s), 

8.84 (3H, aromatic, s), 8.30 (6H, aromatic, d), 7.63 (6H, aromatic, s). 1H NMR of G3 

(400 MHz, 298 K, DMSO-d6): δ 9.14 (3H, amide, s), 9.05 (1H, aromatic, s), 8.48 (2H, 

aromatic, s), 8.10 (3H, aromatic, d), 7.98 (6H, aromatic, t), 7.66 (3H, aromatic, s). 13C 

NMR of G2 (100 MHz, 293 K, DMSO-d6): δ 165.2 (amide), 140.4 (aromatic), 139.6 

(aromatic), 135.4 (aromatic), 130.7 (aromatic), 127.9 (aromatic), 125.4 (aromatic), 123.5 

(aromatic), 119.2 (nitrile), 112.0 (aromatic). 13C NMR of G3 (100 MHz, 293 K, DMSO-

d6): δ 167.3 (amide), 140.5 (aromatic), 140.1 (aromatic), 135.4 (aromatic), 130.7 

(aromatic), 128.2 (aromatic), 125.4 (aromatic), 123.5 (aromatic), 119.2 (nitrile), 113.7 

(aromatic). FTIR of G2 (KBr):  = 3480.7, 3370.9, 2254.9, 1681.3, 1641.9, 1543.4 cm-1, 
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FTIR of G3 (KBr):  = 3439.5, 3345.9, 2234.1, 1693.9, 1591.5 cm-1. MS (ESI) of G2 

m/z: 509.10 and G3 m/z: 509.12 (in negative mode). 

3.2.3 Preparation of gels 

The gel preparation method of G2 and G3 organogels and metallogels of G2 were the 

same as described in the section 2.2.3 of chapter 2. However, metallogels of G3 were 

obtained by mixing 20 mM concentration of G2 with 5 mM concentration of metal 

perchlorate salts (G3: Mn+ molar ratio = 2:0.5 and solvent is 1 mL DMF/1 mL water).  

3.2.4 Gel melting temperature 

Gel melting temperature (Tgel) of G2 and G3 has been investigated in the same method 

as described in section 2.2.4 of chapter 2.  

3.2.5 Characterizations 

Characterizations techniques like UV-visible Spectroscopy, Fluorescence Spectroscopy, FT-IR 

Spectroscopy, powder X-ray Diffraction (PXRD) and morphological Study, Rheological 

Properties of G2 and G3 and their metallogels have been same as described in the section 

2.2.5 of chapter 2.  

3.2.6 Catechol Oxidation by the Cu(II)G2 Metallogel 

3,5-Ditertbutylcatechol (3,5-DTBC) was used to monitor the Catecholase activity of the 

Cu(II)G2 metallogel. Gels were prepared by mixing a 0.2 mM solution of Cu(II)G2 in 

DMSO (2 mL) with 100 equivalents of 3,5-DTBC and subsequent addition of 100 μL of 

water under aerobic conditions. The mixture was left undisturbed for 2 min, and the 

formation of the gel is observed. The gel (10 μL) was pipetted out instantaneously after 

the formation of a gel, and it was dissolved in 2 mL of DMSO. The resultant solution was 

subjected to the UV-vis experiment without any delay, and a peak was observed to 

develop at around 410 nm. This procedure was repeated in a time-dependent manner, and 
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the formation of a distinctive peak with time at 410 nm indicates the formation of the 

oxidized product, viz., quinone (3,5-DTBQ). The dependence of the rate on various 

concentrations and different kinetic parameters were obtained by using a 0.1 mM 

Cu(II)G2 metallogel with 100-500 equivalents of the substrate (3,5-DTBC) and by 

monitoring the upsurge in absorbance at 402 nm (the peak corresponding to the quinone 

band maxima) as a function of time. 

3.3 Results and discussion 

The synthesis of gelators G2 and G3 is straightforward. Condensation of trimesoyl 

chloride and excess of 3-amino benzonitrile (3.5 equiv) for G2 and a 2-amino benzonitrile 

(3.5 equiv) for G3, in the presence of triethylamine, furnished the tricarboxamide 

compound (Scheme 3.1). The resultant compound was extracted with ethyl acetate, and 

the purified compound was characterized by 1H, 13C NMR, IR, and electrospray 

ionization mass spectrometry (ESI-MS) spectroscopy.  

 

Scheme 3.1. Systematic scheme for the synthesis of gelator G2 and G3. 

The FTIR of the gelator G2 reveals the characteristic band at 3370 cm-1 corresponding to 

carboxamide N−H as the shoulder. Whereas the bands at 1681, 1641, and 1543 cm-1 

reveal the carboxamide C=O stretching and amides I and II stretching, respectively 

(Figure 3.1).[47] The FTIR spectrum of the gelator G3 reveals the similar characteristic 
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bands at 3345, 1693, 1651, and 1591 cm-1, respectively (Figure 3.1). The broadband in 

the range of 3370−3345 cm-1 indicates extensive hydrogen bonding through the 

carboxamide N-H group. The bands at 2254 and 2234 cm-1 indicate the presence of a 

nitrile group in the gelators G2 and G3, respectively.[47]  

 

Figure 3.1. FT-IR spectra of gelator G2 and G3. 

The 1H NMR and 13C NMR spectra of the gelators G2 and G3 corroborate with the 

structure of the synthesized molecules. In the 1H NMR spectrum, the aromatic ring 

protons are observed within the range of 8.3-7.6 ppm. The peak at 11.2 and 9.3 ppm has 

shown the presence of the carboxamide protons[48,49] (Figure 3.2, 3.3).  

 

Figure 3.2. 1H NMR spectrum of gelator G2. 
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Figure 3.3. 1H NMR spectrum of gelator G3. 

In 13C NMR spectra, the peaks at 165 and 164 ppm reveal the characteristic peaks of the 

carboxamide carbons and the peaks for the nitrile carbons have been observed at 119-118 

ppm.[50] All the aromatic carbons are observable between 140 and 103 ppm (Figure 3.4, 

3.5).  

 

Figure 3.4. 13C NMR spectrum of gelator G2. 
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Figure 3.5. 13C NMR spectrum of gelator G3. 

The ESI-MS spectra have displayed a molecular ion peak at 509.10 and 509.12 in a 

negative mode, indicating the formation of the gelators G2 and G3 (Figures 3.6, 3.7). 
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Figure 3.7. ESI-Mass spectrum of gelator G3. 

Gelation Behavior. The standard heating and cooling method were used to explore the 

propensity of the gelation ability of G2 and G3 in organic solvents. Gelators G2 and G3 

are insoluble in common organic solvents, even in heating. However, both of them are 

readily soluble in highly polar solvents such as DMF and DMSO. Upon addition of a 

small quantity of water in DMF or DMSO, the gel formation gets induced. The critical 

gel concentrations for both the gelators are found to be 20 mM in the solvent combination, 

that is, DMF/water and DMSO/water. It may be put forward that hydrogen bonding 

between the gelator and the solvent molecule plays a crucial role during the gelation 

process. The gelation nature of gelators G2 and G3 were further ascertained by the “test 

tube inversion” experiment (Figure 3.8). However, the heating-cooling experiment 

indicates the reversible nature of gelators during sol-gel transition. The phase transition 

temperatures (Tgel) of sol-gel have been found to be 100 °C for both the gelators, which 

prove the stability of the gel at room temperature. 

                       

Figure 3.8. Optical image of gelator G2 and G3 (Test tube inversion method). 
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Aggregation-Induced Enhanced Emission (AIEE) Phenomenon. The non-

luminescent nature of the gelators in solution and significant fluorescence enhancement 

as a result of gelation occur because of the AIEE phenomenon. We have recorded UV-

vis spectra to obtain insights into the absorption maxima of the supramolecular 

aggregates. The UV-vis spectrum of the gelator G2 has shown peaks at 280 and 355 nm, 

whereas the peaks observed at 260 and 355 nm are for G3, respectively. These peaks 

might be associated with the intramolecular π-π* transition between the aromatic 

moieties.[38] The gelation property was studied with the help of temperature-dependent 

fluorescence spectroscopic experiments where G2 and G3 in the gel state at 30 °C have 

shown intense emission at around 437 and 434 nm, respectively (in the solution state, the 

gelators are non-emissive). After gradual heating up to 100 °C, the emission maxima 

shifted toward 425 and 439 nm for G2 and G3, respectively, may be due to the change in 

internal assembly because of the heating effect (Figure 3.9). The enhancement in the 

emission of gelators (G2 and G3) was observed in the self-assembled state as compared 

to that in the solution state. The reason behind the AIEE during the self-assembly process 

could be due to the restrictions in the free rotations of gelators, which results in blocking 

the fast deactivation pathways in an excited state. The radiationless relaxation of blocked 

channels leads to the opening of radiative decay pathway in the aggregated state. 

However, in the solution state, these molecular rotations occur freely, which provide 

relaxation pathways of the excited state.[51,52] Additionally, AIEE was further investigated 

by the quantum yield (Φ) experiment. The standard and reported procedure was used in 

determining the absolute quantum yields of G2 and G3.[53,54] Quantum yields for the 

organogels G2 and G3 are found to be 0.08 and 0.14, respectively. In the solution state, 

G2 and G3 were non-emissive with a negligibly low quantum yield of fluorescence. In 

the case of G2 with slow cooling of the gel from 100 °C, the emission bands shift 

gradually to a higher wavelength, whereas it sticks at 437 nm when at room temperature. 

Curiously for the gelator G3, a progressive blue shift is observed with gradual cooling of 

the gel along with enhancement of the emission band.  
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Figure 3.9.  Temperature-dependent fluorescence spectra for G2 and G3 (in DMF) 

during the gelation process (ex = 355 nm). 

Self-Assembly Mechanism. The self-assembly mechanism of the discrete gelators 

leading to the formation of the gel has been examined through various spectroscopic 

techniques. Several noncovalent interactions play their part to induce gel formation 

through interactions such as H-bonding, π-π stacking, and weak supramolecular 

interactions.[7,8] Among them, it is assumed that the presence of carboxamide and nitrile 

moieties helps in hydrogen bond formation, whereas π-π and intercolumnar stacking 

between aromatic rings and van der Waals interactions may play crucial roles to establish 

the gel structure.[55] The mechanism of the gel formation has been further investigated 

through fluorescence, concentration-dependent 1H NMR, and IR spectroscopy. PXRD 

and SEM studies have also been conducted to get a deeper insight. The fluorescence 

spectroscopy experiment suggests that the π-π stacking interactions between the aromatic 

moieties could play a decisive role in the self-assembly mechanism.[56] Gelators G2 and 

G3 do not show any emission peak when it is in a solution of DMF. However, even at 

100 °C in a DMF/water mixture, the gel starts to set in. The emission spectra of a solution 

of G2 and G3 show emission peaks at around 425 and 439 nm. In the gel state, gelators 

G2 and G3 show sharp emission at around 437 and 434 nm, respectively (Figure 3.9). 

The red-shift in the gelator G2 in the gel phase suggests an effective π-π stacking between 

the aromatic residues probably by the formation of J-aggregates.[57,58] However, 

interestingly a slight blue shift in the case of G3 indicates the formation of probable H-

aggregates.[57,58]  
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Self-assembly of gelators G2 and G3 is further inspected with the help of concentration-

dependent 1H NMR.[59-61] In 1H NMR spectra, amide proton NH is not observable at low 

concentration, and it is only visible in very high concentration at around 150 mM. 

However, all the aromatic protons have shown a downfield shift with a gradual increase 

in the concentration, indicating their possible role in H-bonding.  

The FTIR spectroscopic method has also been utilized to scrutinize the self-assembly 

mechanism. A comparison between the IR spectra of powder and xerogel of G2 and G3 

revealed strong evidence of formation of self-assembly during gelation (Figures 3.10). 

The carboxamide N-H band for G2 and G3 at 3370 and 3345 cm-1, respectively, shifts 

towards lower wavenumbers, that is, 3231 and 3259 cm-1, after formation of the gel. The 

carboxamide C=O vibration band has also been shifted toward a lower wavenumber from 

1681 to 1679 and 1697 to 1667 cm-1, indicating the formation of strong hydrogen bonds 

during gelation.[62] Whereas the amide I, amide II, and CN stretching bands also shift 

toward lower wavenumber upon gelation as expected in a hydrogen-bonded 

network.[63,64] The amide I band shifted from 1641 cm-1 (powder) to 1617 cm-1 (gel) for 

G2 and 1651 cm-1 (powder) to 1616 cm-1 (gel) for G3. Similarly, the amide II band shifted 

from 1543 cm-1 (powder) to 1509 cm-1 (gel) for G2 and 1591 cm-1 (powder) to 1547 cm-

1 (gel) for G3, whereas the CN stretching band shifted from 2254 cm-1 (powder) to 2230 

cm-1 (gel) for G2 and 2234 cm-1 (powder) to 2214 cm-1 (gel) for G3 after formation of a 

gel.  

 

Figure 3.10. FT-IR spectra of powder and xerogel of G2 and G3. 
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Interestingly, in xerogels of G2 and G3, the PXRD experiment showed an intense peak 

at 2θ = 21.50° and 2θ = 21.09°, respectively, corresponding to the d-spacing value of 4.13 

and 4.20 Å, which represents the intercolumnar stacking.[65] For G2 and G3, the peaks 

with d-spacing at 2θ = 25.40° and 2θ = 25.63° corresponding to the d-spacing value of 

3.50 and 3.47 Å reveal the π-π stacking between the aromatic moieties, whereas the d-

spacing at 2θ = 34.10° and 2θ = 35.09° corresponding to the d-spacing value of peak at 

2.62, and 2.55 Å suggests the hydrogen bonding between NH proton of amide and nitrile 

groups (Figure 3.11).[66−68] The peaks obtained in PXRD experiments invariably prove 

the importance of noncovalent interaction in the self-assembly of gelators, which shows 

a pivotal role in the formation of the ordered structure. 

 

Figure 3.11. Powder XRD spectra of G2 and G3 xerogel. 

To gain an insight into the aggregate morphological feature, the organogels G2 and G3 

were examined through the FE-SEM technique.[69-72] The SEM image of G2 showed a 

fibrous network with approximately 1 μm length in the gel state. Similarly, G3 showed 

the aggregation of the material with a dendritic-like morphology (Figure 3.12).  

 

Figure 3.12. FE-SEM images of organogels (a) G2 and (b) G3. 
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Fluorescence Response of Gelators G2 and G3 toward Different Metal Ions. The 

formation ability of metallogels and fluorescence response of gelators with different 

metal ions (Ag+, Fe2+, Fe3+, Ni2+, Cu2+, Co2+, Cd2+, and Zn2+) have been further inspected. 

The solution of gelators was treated with perchlorate salts of various metal ion precursors. 

In the case of the gelator G2, the treatment of gelators and the metal ion in a 2:1 molar 

ratio in the DMF/H2O mixture produced corresponding supramolecular metallogels, most 

probably through the formation of a metal-organic (MOF) framework. Remarkably, in 

almost all cases, quenching of emission peak has been observed concerning free 

organogels; however, in the case of Ag+, Fe2+, and Fe3+, the fluorescence gets entirely 

turned off (Figure 3.13). Similar exposure of the organo-gelator G3 to different metal 

ions in a 2:1 molar ratio failed to form any metallogel, even when tried in DMF/water 

combination. The metal ion salts along with the gelator, formed a turbid solution without 

any change in fluorescence property. However, in the presence of Zn2+ and Cd2+ ions, the 

turbid solution became fluorescent with maxima observed at around 440 nm. Metallogel 

formation by aggregation has been observed when the gelator (G3) to metal ratio has been 

maintained at 2:0.5. In all cases, the metallogel showed quenching in emission intensity; 

however, only in the case of Fe2+, the emission band quenched completely, furnishing a 

complete turn-off state (Figure 3.13). With the utilization of a hand-held UV lamp, Fe2+ 

can be selectively sensed in the naked eye. Therefore, both the organogelators have shown 

a remarkable ability to sense iron in the +2-oxidation state (Figure 3.14).  

  
Figure 3.13. Fluorescence spectra of organogel G2 and G3 in the presence of several 

metal ions (in DMF) (with sources of their perchlorate salts) (λex = 355 nm). 
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Figure 3.14. Optical image of G2 and their metallogels under UV lamp. 

Fluorescence Response of Metallogels toward Various Anions. As per the previous 

reports regarding sensing of anions using metallogels, we took the opportunity to study 

the response of the different metallogels upon treatment with various anions (Br-, Cl-, N3
-

, OAc-, SCN-, ClO4
-, CN-, I-, and S2-) with the help of fluorescence spectroscopy. 

Remarkably, some of the metallogels have shown unique selection and sensing property 

toward various anions as discussed below. Metallogels Ni(II)G2 and Co(II)G2 have 

shown selective sensing of S2- and Cu(II)G2 specifically detected I- by turning off the 

emission band (Figure 3.15). During the investigation of responses by the fluorescence 

property, we found notable visible color change, particularly for the cobalt(II) ion upon 

interaction with the gelator G2. On addition of aqueous solution of the cobalt(II) ion in 

the organogelator G2 in its gel phase, the Co(II)G2 metallogel formed and the colorless 

organic gelator G2 became visibly pink with a characteristic emission band. Upon gradual 

diffusion of the S2- ion into the Co(II)G2 metallogel, the pink color starts to get 

discharged, and a colorless gel was obtained where the fluorescence gets completely 

turned off.  

  

Figure 3.15. Fluorescence spectra of MGs (in DMF) in the presence of various anions 

(λex = 355 nm); Ni(II)G2 and Ni(II)G2+S2-; Co(II)G2 and Co(II)G2+S2-; Cu(II)G2 and 

Cu(II)G2+I-. 
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Selective sensing of certain anions helps us to design a sensor array, which could analyze 

a solution with multianalytes to detect the specific anions. The results obtained indicated 

that the metallogels could work with the same efficiency to detect S2- and I- in 

multianalyte conditions (Br-, Cl-, N3
-, OAc-, SCN-, ClO4

-, CN-, I-and S2-). Additionally, 

to explore the anion-sensing efficiency of metallogels, separate experiments have been 

carried out with increasing concentration of different anions and their effect on the change 

in the intensity of emission peaks. The detection limit of the specific anions is calculated 

by using the same methodology described in chapter 2.[73,74] The values obtained are 4.2 

× 10-6 M for S2- in [Ni(II)G2], 5.8 × 10-6 M for S2- in [Co(II)G2], and 8.3 × 10-7 M for I- 

[Cu(II)G2] which is comparable to the previous reports.[33,75] Furthermore, the anion 

sensor array can work on thin-layer chromatography (TLC) plate, which has been utilized 

as a spot detector under UV light for the selective anions. The metallogel of the gelator 

G2 is brushed on the TLC plate, and a drop of an aqueous solution of different anions 

under consideration is added on the top of the detection spots. Amazing color changes 

under UV light have been observed. The TLC strips can be reutilized few more times by 

making a coat of the corresponding metallogels (Figure 3.16). 

 

Figure 3.16. Fluorescence responses of the metallogel-based sensor array under UV 

light using TLC plate in the presence of 1 equiv. of various anions (using 0.1 mol L-1 

sodium or potassium salt water solution as anion source). 
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storage modulus increased dramatically upon induction of metal ions, indicating 

formation of more ordered MOF-type structures with values in the range of 104 to 105 Pa 

for Ag(I)G2, Fe(II)G2, Fe(III)G2, Ni(II)G2, Co(II)G2, Cu(II)G2, and Fe(II)G3. The 

crossover points with increasing strain for metallogels have been observed in the range 

of 1000-2000 Pa. During the frequency sweep, the shear stress has been found to be in 

the range of 1 × 104 to 5 × 104 Pa. The rigidity of the metallogel was observable from G′-

G″ values, which remained positive in the entire sweep range.  

 

Figure 3.17. (a) and (c) Linear viscoelastic (LVE) for organogel of G2 and G3; (b) and 

(d) Dynamic frequency sweep for organogel of G2 and G3. 

Metal-Gelator Interactions, Self-Assembly, and Selective Anion Sensing. To 

investigate the metal-gelator interaction, the UV-visible titration studies have been 

performed to verify the stoichiometry between various metal ions and gelators G2 and 

G3. The stoichiometry of Ag+, Fe2+, and Fe3+ with G2 and G3 was confirmed by the 

continuous variation method (Job plots), and it revealed a 1:1 interaction in all cases 

among metal ions and gelators (Figure 3.18).  
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Figure 3.18. Job plots of G2 by addition of Ag+, Fe2+, Fe3+, and G3 by addition of Fe3+ 

in DMF. 

Furthermore, the IR spectroscopic studies of the Ag(I)G2, Fe(II)G2, Fe(III)G2, 

Ni(II)G2, Cu(II)G2, Co(II)G2, and Fe(II)G3 metallogels and Cd(II)G3 and Zn(II)G3 

powders have been done to understand the interactions between the metal and the ligand. 

The FT-IR spectra of G2 and G3 organogels show amide bands at 1679 and 1667 cm-1, 

respectively. The IR spectra of metallogels of G2 and G3 showed significant shifts of 

C=O stretching frequency toward the lower wavenumber in the range of 1660-1620 and 

1630-1624 cm-1, respectively. The significant band shifting indicated the coordination of 

the amide group to the metal center through the C=O group.[50] However, the most 

significant feature was observed in the case of nitrile stretching frequency. The FTIR data 

for G2 and G3 organogels showed nitrile stretching bands at 2236 and 2214 cm-1, 

respectively. However, the metallogels Ag(I)G2, Fe(II)G2, and Fe(III)G2 have shown 

shifting of the nitrile stretch slightly toward the lower wavenumber in the range of 2220-

2228 cm-1, indicating the interaction between the metal ion and the -CN group through 

π-bond.[62] Possibly this bond formation disturbs the self-assembled structure of the gel, 

and the aggregate-induced emission (AIE) gets turned off. However, all the other 

metallogels with G2 have shown almost no deviation of the nitrile group stretching 

frequency. A similar observation has also been noticed for G3, where Fe(II)G3 has 

shown a considerable deviation of nitrile stretching frequency toward the lower 

wavenumber at 2171.9 cm-1 (Figure 3.19). Furthermore, to determine the selective 
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interaction of metallogels with anions, we recorded the IR spectra of Ni(II)G2 + S2-, 

Co(II)G2 + S2-, and Cu(II)G2 + I-. Here, we observed the lowering of nitrile stretching 

frequency from 2232 to 2224, 2222, and 2223 cm-1 (Figures 3.19) respectively, indicating 

a stronger interaction of the nitrile group through π-bonding with metal, leading to certain 

adjustments to accommodate the anions in the structural framework. 

  

Figure 3.19. FT-IR spectra for xerogel of G2, G3 and their metallogels. 

The PXRD investigation also showed some notable results. The PXRD peak for G2 

centered at 2θ = 25.40° corresponding to the d-spacing value of 3.50 Å becomes shifted 

to the range of 2θ = 33.66° and 2θ = 32.50° corresponding to 2.66 and 2.75 Å with a 

reduction in peak intensity in the case of Ag(I)G2, indicating disruption of π-π stacking. 

Fe(II)G2 shows fractured peaks centered at 2θ = 31.62° corresponding to the d-spacing 

value of 2.82 Å signifying the alteration of π-π stacking. Likewise, the peaks around 2θ 

= 35° equivalent to the d-spacing value 2.5 Å also get shifted, indicating a disruption in 

the hydrogen-bonded self-assembled structure.[35,76,77] In the case of Fe(II)G3, the peak 

correlating to the hydrogen-bonded structure of the xerogel at around 2θ = 34.10° 

equivalent to the d-spacing value 2.62 Å gets almost vanished, revealing the probable 

disruption in hydrogen-bonded structure. Upon incorporation of metal ions, the self-

assembled structure tends to dissociate that might be the reason behind the switching-off 

the AIEE. Whereas in the case of Ni(II)G2, Cu(II)G2, and Co(II)G2 metallogels, the 

PXRD peak centered at 2θ = 42.70°-35.65° corresponding to the d-spacing value between 

2.1 and 2.5 Å has been retained because of extensive hydrogen bonding, which may be 
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the driving force behind the retention of the emission property.[35,76,78] Moreover, a peak 

at around 2θ = 25.50° corresponding to a d-spacing value of 3.5 Å is maintained in the 

above metallogels specifying the retention of π-π stacking. Remarkably, gradual addition 

of the S2- anion in Ni(II)G2 and Co(II)G2 metallogels and I- in Cu(II)G2 metallogels 

reveals the absence of a peak at around 2θ = 42.70°-35.60°, indicating a disruption in the 

hydrogen-bonded network, which might be the driving force to turn off the fluorescence 

particularly with S2- and I- anions. The morphological features of metallogels of G2 and 

G3 have been explored through the FE-SEM technique. The SEM images for the G2 and 

G3 organogels revealed a fibrous and dendritic-like morphology. Significant formation 

of the metallogel MOF disrupted the morphology to a great extent and changed it to the 

dense 3D network.[79-81]  

Catechol Oxidase-like Activity of Cu(II)G2 in Gel Assembly. To determine the 

possible catecholase-like activity of Cu(II)G2 in the gel assembled state, 100 equivalents 

of 3,5- DTBC were taken with 0.2 mM solution of Cu(II)G2 in DMSO (2 mL), and 

subsequent addition of 100 μL of water under aerobic conditions leads to the formation 

of the gel after leaving it for 2 min in the uninterrupted state. After that, 10 μL of the gel 

was taken out and completely dissolved in 2 mL of DMSO. UV-vis spectroscopy 

monitored the solution for the possible formation of the oxidized product, that is, quinone. 

This procedure was repeated at different time intervals to monitor the progress of the 

reaction. The experiments revealed that a peak at around 402 nm instantaneously 

appeared upon the formation of the gel on the addition of catechol, indicating the 

oxidation of the catechol. The peak became more intense with the time, and a slight 

bathochromic shift in the maxima was observed, which settled at around 410 nm with 

time. It indicated that the Cu(II)G2 metallogel can act as an efficient catalyst for the 

oxidation of 3,5-DTBC to 3,5-DTBQ (Figure 3.20). Similar experiments have been done 

in the absence of copper ions with the only organogel, and catechol showed very slow 

oxidation in the presence of aerobic oxygen (Figure 3.20). 
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Figure 3.20. UV-visible spectra of catechol Oxidase activity of Cu(II)G2 in gel assembly 

and visible changes Cu(II)G2+3,5-DTBC at different intervals of time. 

To further confirm the formation of the oxidized product, that is, 3,5-di-tert-butyl-

quinone, and to examine the probable mechanism, first the xerogel of Cu(II)G2 was 

exposed to an ESI mass spectrometer in the methanol solution, which displayed two 

assignable peaks at 533.1 and 573.1 arising out of [G2+Na]+ and [Cu(II)G2]+, 

respectively. The Job plot also indicated the formation of a 1:1 metal complex with the 

ligand. For the determination of a possible metallogel-substrate intermediate, an ESI-MS 

positive spectrum was taken for a mixture of Cu(II)G2 and 3,5-DTBC in a 1:100 molar 

ratio and the spectra were recorded in 5 min intervals. A lot of peaks in the resultant 

spectra showed extensive fragmentation of the Cu(II)G2 metallogel into the substrate or 

complex-substrate intermediate. However, the appearance of a peak at 243.1 

unequivocally confirmed the formation of a quinone-sodium aggregate [(3,5-

DTBQ)Na]+. The resultant peak at 463.3 could be identified as [(3,5-DTBQ)2Na]+, 

whereas the peak at 815.7 specifies the formation of [Cu(II)G2(3,5-DTBQ)2Na]+, which 

could be the probable intermediate for catecholase mimicking activity. The rate constant 

for the catalytic reaction was calculated by the initial rate method to comprehend the 

kinetic feature of catalysis for the Cu(II)G2 metallogel. The Michaelis-Menten approach 

of enzymatic kinetics then analyzed the observed rate versus substrate concentration data. 

This approach was used to find the Lineweaver-Burk plot, Michaelis-Menten constant 
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(KM), and the maximum initial rate (Vmax) (Figure 3.21).[82] Turnover frequency values 

(Kcat) were obtained by dividing the Vmax values by the concentration of the copper ion 

in the metallogel system. The kinetic parameters regarding the potential activity of the 

Cu(II)G2 metallogel are represented in Table 3.1. 

  

Figure 3.21. Michaelis–Menten plot and Lineweaver–Burk plot for Cu(II)G2. 

Table 3.1. Various kinetic parameters of Catecholase activity of Cu(II)G2 metallogel. 

Catalyst 

Conc. (M) 

Vmax  

(M min-1) 

Std. Error KM 

(M) 

Std. 

Error 

Kcat / 

TOF (h-1) 

0.0001 0.00312 1.1659×10-4 0.00541 6.4×10-4 1.872×103 

 

3.4 Conclusions 

Two carboxamide nitrile-based gelators G2 and G3 have been synthesized and 

characterized thoroughly through different spectroscopic techniques. They have shown a 

tendency to form gels in an aqueous mixture of DMF or DMSO. Both the gelators have 

not shown any fluorescence peaks in solution. However, on gel formation, it showed 

inherent AIEE phenomena. Addition of different metal ions in the 2:1 ligand metal ratio 

strengthens the gel property generally without much affecting the fluorescence behavior. 

However, in the presence of Ag+, Fe2+, and Fe3+, the AIEE gets completely switched off, 

inducing the silver- and iron-sensing nature of the gelator in the gel state. G3 in the same 

ligand-to-metal ratio remained in solution; however, with the lower concentration of 

metal ions, that is, 2:0.5 ratio, it also senses ferrous ions by turning off the fluorescence 
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in the gel state. Remarkably, other metallogels such as Ni(II)G2 and Co(II)G2 can sense 

sulfide ion and Cu(II)G2 can sense iodide ion by switching off the fluorescence, which 

can work even in the presence of multianalytes. In this work, the copper-based metallogel 

can act as a reaction medium as well as a catalyst for aerobic oxidation of catechol to 

quinone in the gel state at room temperature and pressure, mimicking a bioinspired 

catalytic reaction in the presence of metalloenzymatic catechol oxidase. As per the 

literature survey, this is the first example where a metallogel material has been 

successfully utilized to demonstrate the catalytic activity for this kind of bioinspired 

catalysis. 
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M. E., Gunnlaugsson T. (2015), Self-assembly formation of a healable lanthanide 



 Chapter3
 

 

 
95 

luminescent supramolecular metallogel from 2,6-bis(1,2,3-triazol-4-yl)pyridine 

(btp) ligands, Chem. Commun., 51, 14123-14126 (DOI: 10.1039/C5CC03139G) 

[16] Dastidar P., Ganguly S., Sarkar K. (2016), Metallogels from coordination 

complexes, organometallic, and coordination Polymers. Chem.-Asian J., 11, 

2484-2498 (DOI:10.1002/asia.201600814) 

[17] Xing B., Choi M.-F., Zhou Z., Xu B. (2002), Spontaneous enrichment of organic 

molecules from aqueous and gas phases into a stable metallogel, Langmuir, 18, 

9654-9658 (DOI: 10.1021/la0256580) 

[18] Sarkar S., Dutta S., Bairi P., Pal T. (2014), Redox-responsive copper(I) 

metallogel: a metal-organic hybrid sorbent for reductive removal of 

chromium(VI) from aqueous solution, Langmuir., 30, 7833-7841 (DOI: 

10.1021/la501309m) 

[19] Cong H.-P., Ren X.-C., Wang P., Yu S.-H. (2012), Macroscopic multifunctional 

graphene-based hydrogels and aerogels by a metal ion induced self-assembly 

process, ACS Nano., 6, 2693-2703 (DOI: 10.1021/nn300082k) 

[20] Zhu C.-H., Hai Z.-B., Cui C.-H., Li H.-H., Chen J.-F., Yu S.- H. (2012), In situ-

controlled synthesis of thermosensitive poly(nisopropylacrylamide)/Au 

nanocomposite hydrogels by gamma radiation for catalytic application, Small., 8, 

930-936 (DOI: 10.1002/smll.201102060) 

[21] Cong H.-P., Wang P., Yu S.-H. (2013), Stretchable and self-healing graphene 

oxide-polymer composite hydrogels: a dual-network design, Chem. Mater., 25, 

3357-3362 (DOI: 10.1021/cm401919c) 

[22] Ganta S., Chand D. K. (2015), Nanoscale metallogel via self-assembly of self-

assembled trinuclear coordination rings: multi-stimuli-responsive soft materials, 

Dalton Trans., 44, 15181-15188 (DOI: 10.1039/C4DT03715D) 

[23] Paul M., Sarkar K., Dastidar P. (2015), Metallogels derived from silver 

coordination polymers of C3-symmetric tris (pyridylamide) tripodal ligands: 

synthesis of Ag nanoparticles and catalysis, Chem.-Eur. J., 21, 255-268 

(DOI:10.1002/chem.201404959) 



 Chapter3
 

 

 
96 

[24] Bhattacharjee S., Samanta S. K., Moitra P., Pramoda K., Kumar R., Bhattacharya 

S., Rao C. N. R. (2015), Nanocomposite made of an oligo(p-phenylenevinylene)-

based trihybrid thixotropic metallo- (organo)gel comprising nanoscale metal-

organic particles, carbon nanohorns, and silver nanoparticles, Chem.-Eur. J., 21, 

5467-5476 (DOI:10.1002/chem.201405522) 
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Chapter 4 

Cobalt Metallogel Interface for Selectively Sensing L-

Tryptophan among Essential Amino Acids 

4.1 Introduction  

The world of gel materials is getting more attention in the last few years as it has been 

explored to be utilized in various facets of life.[1-3] In recent years, -conjugated 

fluorescent molecules are widely synthesized, and their self-assembling behavior was 

used in optoelectronics for sensing applications. However, synthesis of such class of -

conjugated molecules is challenging, tedious, and perilous to the environment. To 

overcome these challenges, supramolecular chemistry has gained extensive attention as 

an alternative approach for designing highly fluorescent materials.[4] The self-assembling 

tendency of these compounds leads to the aggregation-induced enhanced emission 

(AIEE) effect, which is used for the development of various devices like light-emitting 

diodes, sensors, and light-emitting liquid crystals.[5] The self-assembled soft materials 

could be classified on the basis of presence and absence of metal centers. The materials 

incorporate with metal complex or ion are called metallogels, whereas the self-assembled 

materials of organic compounds are called organogels or hydrogels depending upon their 

major (solvent) components. The design and fabrication of selected metal ions with 

various organic compounds and ligands are particularly appealing owing to their broader 

range of applications.[6-10] The self-assembled materials show several kinds of non-

covalent interactions (- stacking, C-H- interactions, dipole-dipole interactions, van 

der Waals interactions, and hydrogen-bonding), which contribute a significant role during 

self-assembly.[11-13]  

In search of novel self-assembled materials, a large number of C3 symmetric derivative 

of 1,3,5-tricarboxamide (BTA) based gelator molecules have been synthesized. Such 

molecules form a columnar packing owing to the intramolecular hydrogen bonding within 
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the consecutive amide groups which results in the formation of supramolecular 

assemblies of gelators. The advantage of derivatives of BTA in supramolecular chemistry 

is, it could be fabricated with various metals, and the chemical structure could be easily 

varied due to the greater number of functional groups available in it. It is worth 

mentioning that, nitrile derivatives of BTA are important class of gelators because of the 

electron-withdrawing tendency of nitrile groups which endow strong non-covalent 

interactions between aromatic rings.[5, 14] The introduction of the metal ion into a nitrile 

substituted gelator molecule reorganizes the structure significantly through coordination 

interaction between the donor (ligand) and acceptor (metal). 

In general, metallogels have been proved to be quite effective in sensing certain anions 

when assembled with different gelators.[15-19] There were also certain reports when 

metallogel acted as a sensor material for ammonia, hydrogen sulfide, triethylamine, 

pyridine, and picric acid through different spectroscopic methodology.[20-23] Visual chiral 

detection of (R) and (S)-binap has also been achieved through the collapse of a platinum-

based metallogel.[24] However, there is no such report available so far where metallogels 

have been utilized to discriminate between biomolecules of the same family. The sensing 

and recognition of important biological substrates, for example, an amino acid is very 

promising for the amino acid pool which is responsible for accomplishing a balanced 

metabolism.[25] Amino acids act as potential biomarkers and precursor for various key 

biological substances.[26] Though the interaction of metal ions with different amino acids 

have been explored extensively,[27-29] however, metallogel getting utilized as sensor come 

up as a new approach to discrimination of amino acid. Among the various amino acids, 

L-tryptophan is an important one because it is essential for neuronal balancing 

mechanisms.[30] The inadequacy of any amino acid may lead to a weakening of protein 

metabolism. Therefore, sensing of amino acid in solution is one of the best methodologies 

for proper treatment. Sensing of tryptophan in solution state has been performed by 

various methodologies so far, which include liquid chromatography, capillary 

electrophoresis, and spectroscopic detection.[31, 32] 
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In present work, we design a cobalt-based metallogel synthesized utilizing the gelator N1, 

N3, N5-tris(4-cyanomethyl-phenyl)benzene-1,3,5-tricarboxamide G4. We have 

successfully crystallized G4 gelator, and their columnar stacking because of various non-

covalent interactions present in it has been explored. We report the application of cobalt 

metallogel interface which senses L-tryptophan selectively in a gel state by drastic 

quenching of AIEE. Interestingly, our cobalt-based metallogel also sense tryptophan 

amino acid residue present in a complex structure like BSA protein even by naked eyes. 

This work also reports the role of water as a solvent in sol-gel transformation and the 

solid-state structure of the gelator molecule G4. These experimental findings would 

become a facile, robust, and cost-effective approach for tryptophan sensing in the various 

area of material chemistry to biology.  

4.2 Experimental section 

4.2.1 Material and method  

All the required chemicals were purchased from Sigma and used without further 

purification. The specifications of all the instruments used for analysis purpose were the 

same as described in section 2.2.1 of chapter 2. 

4.2.2 Synthesis of gelator G4 [N1, N3, N5-tris(4-cyanomethyl-

phenyl)benzene-1,3,5-tricarboxamide] 

1 g (4.75 mmol) of trimesoyl chloride was ice-cooled in the presence of dry DMF (8 mL). 

2.18 g (16.5 mmol, 3.5 molar equivalent) of 4-aminobenzyl cyanide were slowly added 

to trimesoyl chloride solution which contains triethylamine (2.35 mL, 16.8 mmol) for the 

synthesis of gelator G4 followed by stirring of the reaction mixture for overnight at 

ambient conditions. The resultant solution worked up by the addition of 100 mL of ethyl 

acetate and the dil. HCl (1 N, 100 mL). The combined organic layer further washed with 

the saturated Na2CO3 (100 mL) aqueous solution, and brine (100 mL). The resultant 

organic layer dried over anhydrous sodium sulfate and white colored powder was 
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obtained by evaporation of whole solvent under reduced pressure. The obtained gelator 

G4 has been dried at 28 C under moderate vacuum. Yield: 80% (for G4). 1H NMR (400 

MHz, 298 K, DMSO-d6): δ = 10.86 (3H, amide, s), 8.81 (3H, aromatic, s), 7.94 (6H, 

aromatic, d), 7.44 (6H, aromatic, s), 4.10 (6H, aliphatic CH2, s). 13C NMR (100 MHz, 

293 K, DMSO-d6): δ = 164 (amide), 138 (aromatic), 135 (aromatic), 130 (aromatic), 128 

(aromatic), 127 (aromatic), 121 (aromatic), 119 (nitrile), 22 (aliphatic CH2). FT-IR of G4 

(KBr):  = 3223, 3139, 2272, 1696, 1631, 1564, 1482 cm−1. MS (ESI) of G4: m/z = 551.20 

(in negative mode). 

4.2.3 Preparation of gels 

0.03 millimole of G4 gelator was solubilised in a 1.5 mL of dimethyl sulfoxide (DMSO) 

or dimethylformamide (DMF) after which addition of 0.5 mL of Milli-Q water in the 

glass vial has been taken up. Spontaneous formation of organogel has been observed 

when solution was left undisturbed for a few minutes. However, metallogels has been 

obtained via the same methodology as described in the section 2.2.3 of chapter 2. 

4.2.4 Gel to Crystal transition  

The solution (obtained from the heating of G4 gel) left undisturbed at room temperature. 

We observed the formation of crystal by the gradual cooling of this solution. However, 

the solution, when left undisturbed after the addition of 0.5 mL of Milli-Q water forms a 

stable gel. 

4.2.5 Gel melting temperature 

Gel melting temperature (Tgel) of G4 has been measured in the same procedure described 

in the section 2.2.4 of chapter 2.  

4.2.6 Characterizations 
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Characterizations techniques like UV-visible Spectroscopy, Fluorescence Spectroscopy, 

FT-IR Spectroscopy, powder X-ray Diffraction (PXRD) and morphological Study, 

Rheological Properties of G4 and their metallogels have been same as described in the 

section 2.2.5 of chapter 2.  

Circular Dichroism (CD) Spectroscopy. The circular dichroism (CD) experiment was 

performed by JASCO J-815 spectropolarimeter at 25 °C using a quartz cell (path length: 

1 mm). The concentration-dependent UV/vis CD spectra were recorded for only BSA 

protein and the BSA with varying the concentration (from 0 to 24 μM) of Co(II)G4 

metallogel. The solution was scanned at 1 nm bandwidth, 20 nm min-1 scanning speed, 

and 1 s response time. All the spectra were recorded within the range of 190-260 nm with 

a data pitch of 0.1 nm. Experimental data were recorded in an accumulation of three scans, 

and the average data are collected. 

Single Crystal X-ray Diffraction (SXRD). For X-ray crystallographic analysis, yellow 

needle-like crystal of G4 has been taken with approximate 0.020 mm × 0.060 mm × 0.080 

dimensions.  The quartz fibers were used to mount the crystals, and the X-ray diffraction 

intensity data have been measured by Bruker APEX II diffractometer equipped with a 

CCD detector at 153 K temperature. Employing Mo Kα radiation (λ = 0.71073 Å), with 

the SMART suite of programs.[34] The data were processed and corrected for Lorentz and 

polarization effects with SAINT and absorption effects with SADABS.[35] The 

SHELXTL suite of programs were used for structure solution and refinement.[36] Multi-

scan method (SADABS) has been used to correct the data for absorption effects. The 

structures were solved by Patterson maps to locate the heavy atoms, followed by the 

difference in maps for the light, non-hydrogen atoms. All non-hydrogen atoms were 

refined with anisotropic thermal parameters. All the data (crystal data, refinement and 

collection parameters) for G4 have been calculated. SQUEEZE has been applied to 

remove the disorder in a solvent of crystallization 

4.2.7 L-Tryptophan Sensing by Co(II)G4 Metallogel 
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Fluorescence spectroscopic experiment was performed to study the interaction of 

metallogels with different amino acids. Appropriate amount of stocks of metallogels 

[Fe(II)G4, Fe(III)G4, Co(II)G4, Ni(II)G4, Cu(II)G4, Zn(II)G4, Ag(I)G4, Cd(II)G4] 

of G4 gelator were prepared. All the metallogels treated with the different amino acids 

(Try, Leu, Lys, Phe, Trp, Ala, Glu, Asp, Ser, His) in a molar ratio of 1:0.5. The 

fluorescence spectra of amino acids treated gels have been recorded using (10 × 10 mm2) 

standard quartz cuvette. The gels were excited at 356 nm, and the emission signal at 464 

nm was monitored. Both excitation and emission slit widths with 1 nm data pitch were 

set to be 2 nm.  

4.2.8 Supplementary materials 

CCDC 1551439 contain the supplementary crystallographic data for G4, respectively. 

These data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 

1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. 

4.3 Results and discussion 

In a strategic approach to design a self-assembling gelator, chosen a nitrile derivative of 

BTA molecule because of self-assembling ability gets enhanced by nitrile group through 

the participation of various non-covalent interactions. It is widely accepted that the higher 

charge density and nucleophilicity of nitrile group offer suitable metal-ligand 

interactions.[19, 37] The gelator molecule G4 was successfully synthesized by the treatment 

of trimesoyl chloride with an excess of 4-amino benzyl cyanide (3.5 eqv) in the presence 

of triethylamine (scheme 4.1). The gelator from the resultant reaction mixture has been 

extracted by ethyl acetate. Further, the obtained gelator was well characterized by various 

spectroscopic techniques [electrospray ionization mass spectrometry (ESI-MS), IR, 1H, 

13C NMR spectroscopy, and SXRD].   
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Scheme 4.1. Systematic scheme for the synthesis of gelator G4. 

The IR spectrum analysis of the gelator G4 reveals that the characteristic band for 

carboxamide N-H at 3139 cm-1, for C=O at 1695 cm-1 and for -CN at 2272 cm-1 (Figure 

4.1).[19, 38]  

 

Figure 4.1. FT-IR spectrum of gelator G4.  

The molecular ion peak at 551.20 (negative mode) in ESI-MS spectrum confirms the 

formation of the G4 gelator (Figure 4.2).  
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Figure 4.2. ESI- Mass spectrum of gelator G4. 

1H NMR spectrum of G4 indicates the aromatic ring protons in region of 8.81-7.44 ppm, 

the aliphatic proton of benzyl nitrile at 4.10 ppm and carboxamide protons at 10.86 ppm. 

(Figure 4.3).[39]  

 

Figure 4.3. 1H NMR spectrum of gelator G4. 
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13C NMR, displays the peak at 164.92 ppm, and 119.74 ppm for the carboxamide and the 

nitrile carbons (Figure 4.4) apart from signature peaks of aromatic and benzyl carbon.[40]  

 

Figure 4.4. 13C NMR spectrum of gelator G4. 

The gelation nature of gelator G4 was further determined by “test tube inversion” method 

(Figure 4.5). Solubility of G4 gelator is good in DMF/DMSO solvent but not in any other 

solvents even under heating. However, gelation is initiated by the addition of water in 

DMF/DMSO solution. In this process, water molecule assists unidirectional non-covalent 

interactions (hydrogen bonding, - stacking, van der Waals interactions). These needle-

like aggregate entangle into the 3D network and encapsulate the solvent molecules by 

capillary action.[41,42] Influence of certain quantity of water in gel formation has been 

studied utilizing different ratio of DMSO/water and monitoring the AIEE, SEM, 

rheology. The critical gel concentration (CGC) of the gelator G4 is found to be 15 mM 

in DMSO/water. The standard heating-and-cooling technique and temperature-dependent 

fluorescence spectroscopic experiments were used to investigate the propensity of the 
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rotations of molecules which results in blockage of non-radiative emission pathways of 

the excited state and consequently unlocks the radiative decay in the aggregate state.[43,44] 

During gradual heating of the gel from 25 to 95 °C, emission maxima was moved because 

of disturbance in self-assembly on heating. At 85 °C the gel converts into a sol state which 

is known as phase transition temperature (Tgel). However, it shows significant shifting in 

the emission maxima from 412 nm to 464 nm during gelation. In the gel phase, G4 gelator 

has shown red-shifts probably due to J- aggregation, which specifies π-π stacking among 

aromatic moiety (Figure 4.6).[45] Astonishingly, a heated DMF solution of G4 upon 

gradual cooling in the absence of water deposits yellow-colored crystals (Figure 4.5). In 

the absence of water, gelator molecules slowly self-assemble in a multidirectional way, 

which may lead to crystallization of gelator.[41] 

 

Figure 4.5. Role of water in phase transitions between Sol to Gel and Sol to Crystal. 

 

Figure 4.6. Temperature-dependent fluorescence spectra for G4 (in DMSO) during the 

gelation process (ex = 356 nm). 
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A detailed crystallographic study of G4 gelator signifies that the gelator gets crystallized 

with one molecule of DMF as a solvent of crystallization (Figure 4.7a). Interpretation of 

the single crystal structure of gelator reveals the required information of non-covalent 

interactions which might be responsible for the establishment of supramolecular gel 

assembly. The molecular packing of the G4 designates the varied molecular recognition 

pattern. Amide group present in middle of the columnar arrangements utilizes its 

hydrogen bond as a donor and acceptor in molecular recognition with its neighboring 

molecules. The hydrogen bonding sites between the solvent of crystallization and gelator 

have been revealed by the crystallographic data of G4 gelator. The DMF solvent, C=O 

and NH group of G4 gelator has played a critical role during intermolecular hydrogen 

bonding. Hirshfeld surface analysis was used to determine the hydrogen bonding 

interactions and close contacts in the crystal structure.[46] The dark red spots of hydrogen 

bond acceptors of types N-H···O, C-H···O, and C-H···N were visualized through the 

hirshfeld surface of G4 (Figure 4.7b). 

  

Figure 4.7 (a). Single-crystal X-ray diffraction studies for G4; (b). Columnar 

aggregation of G4 gelator showed the molecular recognition between molecules through 

N−H···O hydrogen bonds. 

Hydrogen bonds are exhibited along a-axis through N3-H3···O3 while the solvent 

molecule, DMF, forms discrete hydrogen bonds through N1-H1···O4 (Figure 4.8, Table 

(a)
(b)
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4.1). The supramolecular assembly of the crystal structure of gelator G4 indicates π-π 

stacking and intercolumnar stacking between the benzene ring during the gelation. Each 

column of gelator molecule contains two N−H···O intracolumnar hydrogen bonds and 

4.885 Å distance was found in between the central phenyl ring of successive molecules. 

(Figure 4.8). The G4 gelator yielded one-dimensional molecular assembly via π-π 

stacking and hydrogen bonding. Furthermore, bond distance and bond angles between 

atoms of G4 gelator are comparable with the similar molecules as in previous reports.[47] 

 

 

 

Figure 4.8. Crystal structure of gelator G4 showing N−H···O Hydrogen Bonding with 

consecutive gelator molecule and π-π stacking and intercolumnar stacking between the 

benzene ring with consecutive gelator molecule. 
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Table 4.1.  Hydrogen bonds and the bond angle of Donor--H... Acceptor atoms of gelator 

G4.  

S. 

N. 

Donor--H... Acceptor Bond Distance Bond 

Angle 

D-H..A 

Symmetry 

Code D--H H... A D... A 

1 N (1) --H (1) ...O (4) 0.87 Å 2.00 Å 2.831(5) Å 160 x, y, z 

2 N (2) --H(2A) ...O (1) 0.87 Å 2.41 Å 3.013(4) Å 126 1+x, y, z 

3 N (3) –H (3) ...O (3) 0.87 Å 1.93 Å 2.738(4) Å 154 1+x, y, z 

4 C (9)   -- H (9) ...O (1)           0.94 Å 2.41 Å 2.912(5) Å 113 x, y, z 

5 C (22) – H (22) ...O (2)           0.94 Å 2.33 Å   2.860(5) Å      115 x, y, z 

6 C (27) – H (27) ...O (3)           0.94 Å 2.45 Å 2.908(5) Å      110 x, y, z 

7 C (32) – H (32A) ...N (6)           0.98 Å 2.57 Å 3.548(7) Å      174 1+x, y, z 

8 C (32) – H (32B) ...O (2)           0.98 Å 2.59 Å  3.204(5) Å      120 2-x,1-y, -z 

 

Absolute fluorescence quantum yield experiment was performed to get a deeper insight 

into the emissive nature of the gel. Gelator G4 did not show fluorescence emission in 

DMSO solution state. However, the fluorescence intensity got increased after the addition 

of 0.5 mL of water in the above solution of G4. Fluorescence quantum yield reaches 

around ɸ = 0.015 after gelation. 

The presence of non-covalent interactions (π-π stacking, weak supramolecular 

interactions, and hydrogen bonding) indicatesa specific role during gelation.[48,49] It was 

expected that the self-assembled gel structure established not only by the extensive 

hydrogen bonding between carboxamide and nitrile but also owing to the presence of 

intercolumnar stacking, π-π stacking, and van der Waals interactions.[49,50] A closer 

concentration-dependent study of self-assembly through 1H NMR spectroscopy indicates 

that upon an increment of the concentration from 10 to 150 mM, aromatic and 

carboxamide protons have shifted downfield revealing the role of hydrogen bonding 

(Figure 4.9) in concentrated solution.[51,52]  
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Figure 4.9. 1H NMR spectra of G4 in DMSO d6 at different concentrations: (a) 10 mM 

(b) 50 mM (c) 100 mM (d) 150 mM. 

In the IR spectra of powder and xerogel, almost all the important vibrations shift towards 

lower wavenumber after gelation showing hydrogen bond network formation (Figure 

4.10).[53]  

 

Figure 4.10. FT-IR spectra of powder and gel state of G4. 
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The powder X-ray diffraction of xerogel of G4 has an intense peak around 2θ = 20.8° 

with 4.20 Å d-spacing value, which represented intercolumnar stacking.[54] The peaks at 

2θ = 24.49° and 25.71° equivalent to 3.63 and 3.43 Å d-spacing value confirmed the π-π 

stacking between aromatic rings.[55,56] The peak at 2θ = 34.16° equivalent to 2.62 Å d-

spacing value indicates the hydrogen bonding between nitrile group and amide NH proton 

(Figure 4.11).[57] 

 

Figure 4.11. Powder XRD patterns of xerogel of G4. 

Induction of aggregate morphology of G4 organogel was further examined with the help 

of FE-SEM technique.[58,59] The morphology of the gel also influenced with the different 

amount of water during formation of G4 organogel. The SEM image of G4 organogel 

has shown 1 µm approximate length of dense needle-like morphology which indicates 

the aggregation of the material (Figure 4.12). 

 

Figure 4.12. FE-SEM images of G4 organogel. 
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The rheological experiment conclusively proves the elastic nature of gel, as average 

storage modulus (G') obtained around 8×103 Pa, which is more than loss modulus (G''). 

There is no crossover point found for G4. The shear stress has been found around 8.3×103 

Pa during frequency sweep (Figure 4.13). To understand the effect of different amount of 

water in the gel strength, the rheological experiments were performed at different DMSO: 

H2O ratio. The data from rheology reveals that certain quantity (DMSO: H2O = 1500:500 

L) of water is essential for the gel formation.  

 

Figure 4.13. (a) Linear viscoelastic (LVE) and (b) Dynamic frequency sweep for 

organogel of G4. 

The organogel upon addition of different transition metal salts maintained its gel 

structure. As a result, metallogel formed and its fluorescence responses have been 

explored and found to be comparable to previous chapters.[18, 19] The complete quenching 

of fluorescence occurred in case of Fe2+/Fe3+ among various metal perchlorate salts (Fe2+, 

Fe3+, Ni2+, Co2+, Cu2+, Zn2+, Cd2+, Ag+) (Figure 4.14) when taken as 2:1 molar ratio of 

DMSO/H2O mixture. We have tried to crystallize the metal complexes formed from 

solution, but we did not get success. It could be due to a lack of potent donor sites 

surrounding the metal ions. Further to this, the additions of different unidentate 

heterocyclic moieties to fulfill the coordination geometry surrounding the metal center 

lead to an interesting observation. Upon treatment with indole ligand, the cobalt-

metallogel showed drastic quenching of the fluorescence. This observation provided a 

unique opportunity to extend the sensing ability of the cobalt metallogel for 
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discrimination of L-tryptophan with an indole side chain among other essential amino 

acids. We treated all metallogels [Ag(I)G4, Cd(II)G4, Zn(II)G4, Cu(II)G4, Ni(II)G4, 

Fe(II)G4] with the different amino acids in a molar ratio of 1:0.5 (Tyr, Leu, Lys, Phe, 

Trp, Ala, Glu, Asp, Ser, His). Remarkably, Co(II)G4 metallogel selectively sensed L-

tryptophan by significant quenching the fluorescent emissive band (Figure 4.14, 4.15).  

 

Figure 4.14. Fluorescence spectra of organogel G4 in the presence of several metal ions 

(in DMSO) (with sources of their perchloric salts) when added in 2:1 molar ratio of G4 

and metal precursor (λex = 356 nm); Fluorescence spectra for Co(II)G4 metallogel in the 

presence of 100 M of various amino acids (in DMSO) (ex = 356 nm). 

 

Figure 4.15. Images of Co(II)G4 metallogel with tryptophan under UV light. 

Interestingly, color change of the metallogel can get noticed even by the naked eye. 

Co(II)G4 showed a green colored solution in DMSO, and upon addition of small quantity 
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of water, it turned into a pinkish gel. It is noteworthy here to mention that upon addition 

of L-tryptophan (aqueous solution), the visible color of the gel turned yellow, which was 

easily observable (Figure 4.16). The tryptophan binding with Co(II)G4 changes the 

coordination environment around the metal center, which might be the factor for such a 

drastic color change, which can be observed in the naked eye. Furthermore, the efficacy 

of metallogels towards sensing of amino acid was determined through analyzing the effect 

on the change of fluorescence peaks intensity by increasing the concentration of L-

tryptophan. The sensing experiment was done in a multi-analytical condition to determine 

the efficiency of metallogel system towards specific amino acid. The outcome of the 

treatment of Co(II)G4 metallogel with a mixture of amino acids reveals selective sensing 

of L-tryptophan. 

 

Figure 4.16. Colorimetrically changes during formation Co(II)G4 metallogel 15 mM 

gelator and 7.5 mM metal salt ( 2:1 molar equivalent) and sensing of tryptophan 100 M, 

respectively. 

The mechanistic aspect of sensing behavior was investigated by fluorescence, IR 

spectroscopy, and mass spectrometry. These experiments show electron transfer from 

tryptophan (donor) to cobalt (acceptor) would be the driving force behind selective 

tryptophan sensing by quenching in fluorescence.[60,61] We have carried out 

concentration-dependent fluorescence study for cobalt metallogel with each amino acid 

(Trp, Tyr, Leu, Lys, Phe, Ala, Glu, Asp, Ser, His) . The concentration-dependent 

fluorescence study demonstrates a gradual decrease with red-shift in fluorescence 

intensity of cobalt metallogel only after addition of tryptophan (0.1 to 1000 M) (Figure 

4.17). Such an effect is not observed in the case of other aromatic amino acids like 

tyrosine and histidine.  
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Figure 4.17. Concentration-dependent fluorescence spectra of Co(II)G4 with increasing 

concentration of  tryptophan amino acid (ex = 356 nm). 

Detection limit of particular amino acid using equation, “detection limit = 3S/k” (S 

represent the standard deviation of the blank solution, k means the slope between the 

emission intensity with respect to amino acid) was calculated to find out the metallogel 

sensing capability.[62,63] The detection limit for each amino acids in [Co(II)G4]  has been 

calculated. The detection limit value for an L-tryptophan amino acid in [Co(II)G4] has 

been found to be 2.4×10-8 M. To further confirm whether it can sense L-tryptophan 

residues in proteins or not, we have tested the sensing property of cobalt metallogel for 

Bovine Serum Albumin (BSA) which also responded similarly with the detection limit of 

protein 8.7×10-9 M (Figure 4.18). Alike, the identification of BSA protein is also 

observable through significant color change as in the case of L-tryptophan with the naked 

eye.  

 
Figure 4.18. Fluorescence spectra and optical image of Co(II)G4+100 M BSA (DMSO, 

ex = 356 nm). 
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To further explore the effect of cobalt metallogel on protein structure, we have taken 

fluorescence (ex = 295 nm) by altering the ratio of BSA and Co(II)G4 metallogel. Upon 

addition of Co(II)G4 metallogel (from 0 to 24 M)  in BSA protein (2 M) shifting of 

max results from 352 to 344 nm with quenching in fluorescence intensity (Figure 4.19). 

The quenching in fluorescence intensity occurs due to the interactions between 

tryptophan (Trp-134) and cobalt metallogel. Increment in the concentration of cobalt 

metallogel results in the complete quenching in the fluorescence intensity. These data 

suggest binding of cobalt metallogel with Trp-231 residue buried in the hydrophobic 

environment. The whole result indicates that the cobalt metallogel behave like SDS 

anionic surfactant, which used previously for the denaturation of the protein.[64]  

 
Figure 4.19. Fluorescence spectra of 2 M BSA and BSA (2 M) with increasing 

concentration (from 0 to 24 M) of Co(II)G4  (ex = 295 nm). 

Further the protein structure was validated by circular dichroism spectroscopy. The CD 

spectrum of BSA protein shows one positive signal at 196 nm and two negative signals 

around 208 and 223 nm. The different concentrations of Co(II)G4 metallogel with BSA 

protein leads to the denaturation of protein. The CD signal can no longer be seen at 1:10 

molar equivalent of BSA: Co(II)G4 metallogel (Figure 4.20). 
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Figure 4.20. CD spectra of 2 M BSA and BSA (2 M) with increasing concentration 

(from 0 to 24 M) of Co(II)G4 metallogel. 

Stern-Volmer plot has been used to understand quenching in AIEE caused by tryptophan 

amino acid. The data from Stern-Volmer plot suggests linear sensing of tryptophan by 

Co(II)G4.[65] To investigate the type of interaction during self-assembly, various 

experiments have been carried out. Job plot has been taken to find out the possible ligand 

to the metal ratio in cobalt metallogel formation, and this has been found to be in 1:1 

stoichiometric ratio. Additionally, the mass spectrometry and IR spectroscopy data also 

reveal the binding of tryptophan with cobalt complex. The IR spectra of the metallogels 

Fe(II)G4, Co(II)G4, Trp and Co(II)G4+Trp have been recorded, and a significant shift 

of stretching frequencies of C=O, amide 1, amide 2 and nitrile group have been observed. 

In case of Fe(II)G4, the nitrile stretching frequency shifts were much more pronounced 

and observed at 2125 cm-1 indicating that the nitrile gets attached to Fe2+ centers through 

π-coordination which might cause the disordered aggregated structure and consequent 

quenching in AIEE.[18,66] However, Co(II)G4 metallogel shows stretching frequency of 

C=O group shifts towards lower wavenumber 1668 cm-1 indicating the coordination of 

C=O of amide group to a metal center (Figure 4.21). It has been observed a shift in nitrile 

group stretching frequency is insignificant in the case of cobalt metallogel, but upon 

treatment with L-tryptophan, the nitrile stretching frequency splits into two closely spaced 
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bands (2243 cm-1 and  2200 cm-1) indicating “nitrile-metal σ bond” and “a nitrile-metal 

-interaction” respectively (Figure 4.21).[18, 19] The carboxylic stretching frequency of 

amino acid gets shifted from 1670 cm-1 to 1710 cm-1 confirming possible interaction 

between carboxylate and a metal ion suggesting electron transfer from tryptophan to 

metal in the gel state. These interactions between tryptophan and cobalt metallogel may 

be responsible for selective sensing of tryptophan among other amino acids. However, 

such strong shifting is not observed in the case of other amino acids. 

 

Figure 4.21 FT-IR spectra of Co(II)G4 and Co(II)G4+Trp. 

The probable composition of cobalt metallogel in the presence of L-tryptophan by ESI-

MS has been also investigated. A peak around 892.50 indicates a possible composition 

like [CoG4(2-amino-3-(1H-indol-3-yl)propanoate)(DMSO)]+ where the cobalt center 

most probably has coordinated through carboxylate/ indole. The PXRD spectrum of 

Fe(II)G4 showed disappearance of peak around 2θ = 25.71° indicating disruption of - 

stacking. The Co(II)G4 spectrum features a similar pattern like original organogel 

(Figure 4.22).  After incorporation of tryptophan with Co(II)G4 metallogel, significant 

shifts with decrease in peak intensity centered at 2θ = 24.56° and 25.54° with 3.62 and 

3.48 Å d-spacing values were observed which indicates disruption of π-π stacking (Figure 

4.22).[55,56] The shifting of the peak centered at 35.43 and 44.06 corresponding to 2.54 
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and 2.05 Å reveals the probable disruption of hydrogen bonding which might lead to the 

fluorescence quenching.[67,68] 

 

Figure 4.22 Powder XRD patterns for Co(II)G4 and Co(II)G4+Trp. 

Additionally, FE-SEM technique plays a central role to identify morphological features 

in metallogel of G4. SEM of both Fe(II)G4 and Co(II)G4 metallogels reveal cylindrical 

rod-like morphology with almost 1 µm length (Figure 4.23). These results indicate that 

metallogels show significant changes in morphology due to interaction between gelator 

molecule and a metal ion. Interestingly, Co(II)G4 selectively bind with tryptophan, 

which is manifested by the alteration in morphological features (Figure 4.23). The 

Co(II)G4+Trp showed 3D micro flower leaf-like microstructure with dimension around 

1-2 m. The FE-SEM images of other metallogels are also recorded to investigate the 

structural morphology in the aggregate state. The changes in self-assembly behavior 

would be the reason for different morphology of materials.[69] 

 

Figure 4.23 SEM images of metallogel (a) Fe(II)G4, (b) Co(II)G4, (c) Co(II)G4+Trp. 
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Strength and stiffness of metallogel were determined by the rheological study.[70] The G4 

incorporated with Fe2+ metal ion showed a dramatic increase in the value of the average 

storage modulus indicating an increase in the stiffness which might be due to the 

formation of the efficient metal-organic framework (MOF) disrupting the self-assembled 

organogel aggregate. Further, in the case of Co(II)G4, average storage modulus value 

has been found at 2 × 103 Pa, indicating the formation of metallogel with a decrease in 

stiffness. Whereas, on the addition of tryptophan in Co(II)G4, the value of average 

storage modulus has been decreasing and found at 219 Pa. The crossover points for 

Fe(II)G4, Co(II)G4, Co(II)G4+Trp have been observed around 1200, 30  and 4 Pa. The 

shear stress has been calculated with the help of frequency sweep which was found to be 

2 × 104 Pa for Fe(II)G4, 500 Pa for Co(II)G4 and 176 Pa for Co(II)G4+Trp. The 

positive entire sweep range for all samples and higher value of G has shown the 

viscoelastic nature of the gels.   

4.4 Conclusions 

A nitrile derivative of BTA molecule has been synthesized and well characterized through 

spectroscopic tools and X-ray crystallography. The compound tends to show gelation 

behavior in DMSO/water mixture with subsequent enhancement of emission property 

because of self-assembly and AIEE. A closer look into the possible interaction between 

the molecules reveals the formation of extensive hydrogen bonding, - stacking and 

intercolumnar stacking as the reason behind the molecular aggregation which enhances 

the emission by blocking the non-radiative emission pathways of the excited state. 

Though the incorporation of various metal ions in gel affects the morphology of the gel 

to some extent, still the integrity of the gels remains intact, and it recognizes the ferrous 

ion through turning off the AIEE as the nitrile group tends to form -bonding with the 

metal center. Surprisingly, the cobalt metallogel can selectively sense L-tryptophan 

among the various amino acids by quenching off the AIEE and visual color change. 

Proteins like BSA with L-tryptophan residue also respond similarly, and a load of 

detection is found to be in the range of 10-8-10-9 M, making the system very much 
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efficient. The interaction between the indole center with the metallogel has been found to 

be the key behind the molecular recognition pattern. A thorough search of the relevant 

literature revealed novelty of work as the metallogel has not been utilized to discriminate 

and selectively sense L-tryptophan and protein containing L-tryptophan residue. 

Moreover, the notable point is that the presence of water in the gel has played a crucial 

role in gelation, whereas the gelator molecule can crystallizing from the sol state only 

inthe absence of the water molecule. It seems the designed material would be the feasible 

and new tool for selective detection of L-tryptophan containing proteins and peptides such 

as BSA, HSA, and lysozyme. Additionally, the crystal and gel data would encourage the 

researchers for designing and understanding the supramolecular arrangement of gelator 

in different environments.  
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Chapter 5 

Novel Approach to Generate Self-Deliverable 

Anticancer Ru(II) agent in the Self-Reacting Confined 

Gel Space 

5.1 Introduction  

Extensive research in various fields of science and rapid growth of related information in 

various spheres propelled the idea of bringing up smart materials and molecules with lot 

of versatility combining the knowledge gathered all together. Research in the borderline 

of diverse fields empowered us to develop many advanced materials and molecules which 

can remarkably successful to tackle various aspects related to a particular problem.[1-3] 

Extensive studies on the properties of gel materials, particularly in the last two decades 

open up the possibility to utilize them as smart materials in various fields.[4,5] However, 

introduction of metal ions with gelator molecules[6] often opens up the possibility to 

utilize them as catalysts,[7] magnetic materials,[8] in adsorption,[9] self-healing 

material,[10] sensing,[11,12] tunable emissive material,[13] drug-delivery[14] and others.[15-

17] With the development of the possibility of introduction of metal ions with different 

ligands in gels, the idea of utilizing a metal-based biologically active compound acting as 

pro-drug or drug which itself can get delivered as gel material is a logical development. 

Drug delivery is an important phenomenon as it can affect the duration of delivery, rate 

of release, pharmacokinetic, and side effect profile. Cancer being a dynamic and 

heterogeneous disease with high mortality and morbidity and its treatment being largely 

dependent upon chemotherapy, delivering therapeutic agent is a major hurdle. Among 

various methodologies liposomes,[18]antibody-drug conjugates,[19] nanoparticles,[20] 

polymer implants,[21] targeted radionuclide,[22] polymer-drug conjugates,[23] polymer 

micelles[24] and hydrogels[25] are important. Various drug delivery systems are getting 

utilized clinically to deliver a wide variety of chemotherapeutic drugs. From the 
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perspective of inorganic and coordination chemists, with the invention of the anticancer 

property of cis-platin, many platinum complexes have been screened for possible 

application as an anticancer agent and due to extreme toxicity and henceforth side effects 

of the platinum complexes, many drug delivery systems have been tested for more 

efficient delivery with fewer complications.[26-28] However, in search of alternative metal-

based anticancer agents, it has been found that some of the ruthenium-based complexes 

can work effectively against various cancerous growths. Among the, NAMI-A and 

KP1019 has been found to be effective against the metastatic and primary tumor, 

respectively.[29] Though the first compound completed the clinical trial without much 

success, the second compound is in an advanced stage of clinical trial and performing 

good results. Another group of organometallic ruthenium complex viz. ruthenium arene 

complexes have shown high activities towards diverse cancer cells with low in vivo 

toxicity. The mechanistic pathways of the ruthenium complexes have been explored 

extensivel, and it has been found many of them undergoes solvation process in the 

solution state, and solvated ruthenium ion can bind different biomolecules like enzymes, 

cell walls, proteins like histone, midkine or pleiotrophin.[30-32] Interestingly, among 

ruthenium-arene complexes which showing substantial anticancer activities, there are few 

compounds reported where carboxylate group act as a chelating ligand to fulfill the 

coordination geometry surrounding the ruthenium ion along with chloride or other co-

ligands.[33] In the present thesis, it is already presented that some tricarboxamide based 

nitrile molecules which can act as a gelator in DMF/H2O mixture can also form 

metallogels with diverse metal ions.[34,35] The self-assembled structure has also shown 

typical aggregation induced enhanced emission (AIEE) and can sense various cations, 

anions (in metallogel) and bioinspired catalytic reaction (in metallogel). As continuation 

of that project, it is conceived to develop a dicarboxamide gelator molecule keeping one 

carboxylic acid of precursor trimesic acid intact which can be utilized for coordinating 

ruthenium center in the presence of arene ring. Accordingly, the synthesis of a new gelator 

molecule 3,5-bis((4-(cyanomethyl)phenyl)carbamoyl)benzoic acid G5 and the gel 

formation ability is presented herewith. Supramolecular self-assembly formed by non-

covalent bond play a promising role for the formation of molecular building blocks.[36,37] 
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However, in recent years, confined space strategy for specific metal-ligand coordination-

driven self-assembly has been taken up as a promising approach for the synthesis of new 

molecules and chemical transformations.[38-40] In this report,  the formation of ruthenium-

based metallogel with G5, conversion of ruthenium [Ru2(p-cymene)2Cl4] complex into 

[Ru(G5')(p-cymene)Cl] [Ru(II)G5] in confined gel space and delivery of the ruthenium 

ion in cancerous cell through gel collapse in presence of lactic acid have been also 

explored. As per Warburg mechanism the cancerous cell produces extra energy by 

extensive glycolysis which tends to generate excess lactic acid.[41] The accumulation of  

lactate is regulated by monocarboxylate transporter as it transports lactate from peripheral 

tissues to liver to undergo Cori cycle to regenerate pyruvate.[42] It is assumed that gelator 

G5 once out of coordination sphere of ruthenium under acidic condition upon treatment 

with lactic acid may interact with  monocarboxylate transporter to disrupt the  lactate 

transportation chain and can induce apoptosis  by accumulation of lactate or hyper-

acidification therapy[43] along with the anticancer effect of ruthenium(II) metal ion upon 

interactions with biomolecules.  

5.2 Experimental section   

5.2.1 Material and method  

All the required chemicals were purchased from Sigma and used without further 

purification. The specifications of all the instruments used for analysis purpose were the 

same as described in section 2.2.1 of chapter 2. 

5.2.2 Synthesis of gelator G5 [3,5-bis{(4-(cyanomethyl)phenyl) 

carbamoyl} benzoic acid]  

For the synthesis of gelator G5, trimesic acid (2 g, 9.5 mmol) and two molar equivalent 

of reagent 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide Hydrochloride (3.64 g, 19 

mmol) have been mixed in DMF and kept 30 minutes for stirring. The reaction mixture 

then ice-cooled for 30 minutes and 2 molar equivalents of 4-aminobenzyl cyanide ( 2.5 
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g, 19 mmol) has been added in ice-cooled condition over 1 h. The ice-cold condition of 

the reaction medium has been maintained for 3 hours, and then it was kept stirring for 12 

h in room temperature. Then 100 mL of ethyl acetate was added in the solution mixture. 

The combined organic layer was washed with dil. HCl (1 N, 100 mL) and subsequently 

with saturated Na2CO3 (100 mL) aqueous solution, and brine (100 mL). The organic layer 

was then dried over anhydrous sodium sulfate and evaporated under reduced pressure to 

obtain a resultant white colored powder. The isolated compound was then dried at room 

temperature under vacuum. Yield: 90% (for G5). 1H NMR (400 MHz, 298 K, DMSO-

d6): δ = 13.58 (1H, acid, s), 10.76 (2H, amide, s), 8.81 (2H, aromatic, d), 8.71 (1H, 

aromatic, s), 7.89, 7.87 (4H, aromatic, d), 7.43, 7.41 (4H, aromatic, d), 4.08 (4H, aliphatic 

CH2, s). 13C NMR (100 MHz, 293 K, DMSO-d6): δ = 166 (acid), 165 (amide), 139 

(aromatic), 135 (aromatic), 134 (aromatic), 131 (aromatic), 130 (aromatic), 128 

(aromatic), 126 (aromatic), 121 (aromatic), 119 (nitrile), 22 (aliphatic CH2). FT-IR of G5 

(KBr):  = 3467, 3394, 3216, 2291, 1728, 1672, 1599, 1449 cm−1. MS (ESI) of G5: m/z 

= 437.20 (in negative mode). 

5.2.3 Synthesis of Me-G5' [methyl-3,5-bis{(4-

(cyanomethyl)phenyl}carbamoyl benzoate]  

0.05 millimole of G5 was dissolved in 1 mL of DMF solvent and layered by 1 mL of 

methanol. Needle-shaped red colored fine crystals of Me-G5' were obtained within 6 hrs. 

Yield: 99% (for Me-G5'). 1H NMR (400 MHz, 298 K, DMSO-d6): δ = 10.70 (2H, amide, 

s), 8.81 (2H, aromatic, s), 8.71 (1H, aromatic, s), 7.83 (4H, aromatic, d), 7.38 (6H, 

aromatic, d), 4.03 (4H, aliphatic CH2, d), 3.98 (3H, aliphatic CH3 of ester, s). 13C NMR 

(100 MHz, 293 K, DMSO-d6): δ = 165 (ester), 164 (amide), 138 (aromatic), 136 

(aromatic), 132 (aromatic), 131 (aromatic), 130 (aromatic), 128 (aromatic), 127 

(aromatic), 121 (aromatic), 119 (nitrile), 53 (aliphatic CH3 of ester), 22 (aliphatic CH2). 

FT-IR of Me-G5' (KBr):  = 3441, 3259, 3128, 3065, 2962, 2245, 1730, 1651, 1609, 

1542, 1524 cm−1. MS (ESI) of Me-G5': m/z = 451.20 (in negative mode). 
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5.2.4 Preparation of gels 

0.05 millimole of G5 gelator was dissolved in 2 mL of solvent (1 mL of DMSO and 1 

mL of Milli-Q water) in a glass vial. The solution was left undisturbed for a couple of 

minutes, and a stable organogel formed spontaneously. On the other hand, 0.05 millimole 

G5 gelator was dissolved with 0.0023 millimoles of [RuCl2(6-p-cymene)]2   in molar 

ratio G5:[RuCl2(6-p-cymene)]2 = 1:0.05 and it dissolves in 2 mL of solvent (0.5 mL 

DMSO and 1.5 mL of Milli-Q water). Upon standing the solution furnished Ru(II)G5 

metallogel.  

5.2.5 Analysis of Ru(II)G5 Xerogel 

1H NMR (400 MHz, 298 K, DMSO-d6): δ = 8.84 (2H, -NH of amide group of G5, s), 

8.65, 8.64 (2H, -CH of aromatic ring of G5, d), 8.54 (1H, -CH of aromatic ring of G5, s), 

7.73, 7.69 (4H, -CH of aromatic ring of G5, dd), 7.59, 7.46 (4H, -CH of aromatic ring of 

G5, dd), 7.25, 7.23 (1H, -CH of aromatic ring of p-cymene, d), 7.06, 7.04 (1H, -CH of 

aromatic ring of p-cymene, d), 6.08 (1H, -CH of aromatic ring of p-cymene, d), 5.68 (1H, 

-CH of aromatic ring of p-cymene, d), 3.64, 3.58 (4H, aliphatic 2×CH2 of G5, d), 3.26 

(1H, aliphatic CH of p-cymene, m), 2.80 (3H, aliphatic CH3 of p-cymene, s), 1.35 (6H, 

aliphatic 2×CH3 of p-cymene). 13C NMR (100 MHz, 293 K, DMSO-d6): δ = 167 (acid of 

G5), 164 (amide of G5), 139 (aromatic carbon of G5), 135 (aromatic carbon of G5), 134 

(aromatic carbon of G5),  132 (aromatic carbon of G5), 131 (aromatic carbon of G5),  129 

(aromatic carbon of G5), 125 (aromatic carbon of G5), 121 (aromatic carbon of G5), 118 

(nitrile of G5), 101 (aromatic carbon of p-cymene), 96 (aromatic carbon of p-cymene), 

94 (aromatic carbon of p-cymene), 80 (aromatic carbon of p-cymene), 30 (aliphatic CH 

of p-cymene), 22 (aliphatic CH2 of G5), 21 (aliphatic 2×CH3 of p-cymene), 18 (aliphatic 

CH3 of p-cymene). FT-IR of Ru(II)G5 (KBr):  = 3385, 3197, 3010, 2824, 2245, 1706, 

1649, 1506, 1469, 1425 cm-1. MS (ESI) of Ru(II)G5: m/z = 673.13 [Ru(G5')(p-

cymene)]+ (in positive mode). 
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5.2.6 Analysis of [Ru(II)(lactyl-lactato)n(DMSO)m]x.yDMSO = 

[Ru(II)L] 

1H NMR (400 MHz, 298 K, DMSO-d6): δ = 4.14 (2H, 2×CH of lactic acid, s), 1.32 (6H, 

2×CH3 of lactic acid, dd), 2.57 (6H, 2×CH3 of DMSO, s). 13C NMR (100 MHz, 293 K, 

DMSO-d6): δ = 177 (acid), 172 (acid), 68 (CH of lactic acid), 66 (CH of lactic acid), 20 

(CH3 of lactic acid), 16 (CH3 of lactic acid), 39 (CH3 of DMSO). MS (ESI) of Ru(II)L: 

m/z = 339.1395 [Ru{OC(O)C(Me)OC(O)C(Me)OH}(DMSO)]+ (in positive mode). 

5.2.7 Gel to Crystal transition 

G5 gel placed in a glass vial and heated up to the formation of sol. The solution without 

adding water left undisturbed at room temperature. Formation of the crystals can be 

observed with the gradual cooling of the sol. 

5.2.8 Gel melting temperature 

Gel melting temperature (Tgel) of G5 has been finding out same as described in the 

section 2.2.4 of chapter 2.  

5.2.9 Characterizations 

Characterizations techniques like UV-visible Spectroscopy, Fluorescence Spectroscopy, 

FT-IR Spectroscopy, powder X-ray Diffraction (PXRD) and morphological Study, 

Rheological Properties of G5 and their metallogels have been same as described in the 

section 2.2.5 of chapter 2. The details about the method for single crystal X-ray diffraction 

(SXRD) analysis of G5 and Me-G5' has been the same as described in section 4.2.6 of 

chapter 4. 

5.2.10 Biological Experiments 
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Cell Culture. Human NSCLC cells (A549), breast carcinoma cells (MCF7), were 

purchased from (National centre or cell science) NCCS, Pune. Roswxell Park Memorial 

Institute (RPMI)-1640 was used to culture A549, MCF-7 cells. This medium were 

supplemented with 10 % foetal bovine serum (FBS), and 1% penicillin-streptomycin and 

cells were grown at 37 °C in 5% CO2 incubator. Cells were grown to 70-80% confluency 

and centrifuged at 200 g for A549, 130 g for MCF-7 cells and 1500 rpm for HEK cells 

which were reseeded in T25 cm2 and then were cryopreserved after second and third 

passages. These preserved cells were revived and used for further experiment. For 

positive control, 5-fluorouracil was purchased from chempura enterprises, (Indore, India). 

Hoechst 33258 were purchased from Hi-Media chemical, India. 

Invitro Cytotoxicity Assay. All the cell lines were grown till 70-80% confluency. After 

trypsinization, the cell lines were resuspended in media such that 5 × 103 cells were 

seeded in each well of 96 well flat-bottomed microtiter plate (Nest; USA) in 100 µL cell 

suspension. The cells were kept for overnight for attachment of the cells at 37 °C in 5% 

CO2 incubator. 25 mM G5 organogel, 2.3 mM Ru(II)G5 and Ru(II)L with respect to 

ruthenium was taken as stock for the cell treatment. It is further diluted by DMEM media 

for A549 cell line and by RPMI media for MCF-7 cell line up to various concentrations 

and treated with cell lines. A549 cell line in DMEM media and MCF-7 cell line in RPMI 

media were utilized as control experiment. After 24 h treatment the 10 L of MTT [3-

(4,5-Dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide] solution was added in the 

media, and after 4 h incubation the media was removed, and formazan salts were 

dissolved in 100 L of 100% DMSO. The reading was taken after 5 min incubation in 

SYNERGY H1 microplate reader at absorbance 570 nm wavelength. The IC50 values are 

the concentration of the reagent, which decreases the cell viability to 50% in treated cell 

population to non-treated cell population, and these values were determined by cell 

viability graphs. The experiment was repeated at least three times. 

Hoechst Staining. Cell morphology was determined using Hoechst stain 33258. The 5 × 

104 A549 cells were seeded in 6 well plate with coverslips in each well and kept for 
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overnight in CO2 incubator for adherence. These cells were treated with IC50 

concentration of Ru(II)G5 metallogel and Ru(II)L with positive control being 5-

fluorouracil and control with untreated cells. Kept the cells treated with Ru(II)G5 

metallogel and Ru(II)L and 5-fluorouracil for incubation for 24 hrs. For positive control 

5 mM Stock solution of 5-fluorouracil was prepared in DMSO and 20 L solution was 

added a well containing 2 mL DMEM media.  These cells were then fixed with 4% 

paraformaldehyde followed by permeabilization with 0.1% triton x 100. These cells were 

now stained with 5 g/mL Hoechst 33258 for 30 min at room temperature followed by 

washing with PBS buffer. Then the coverslips were mounted on glass slides and the 

fluorescence were viewed under OLYMPUS confocal microscope. 

5.2.11 Release of Ru-drug from metallogel 

Release studies of the anticancer drug from the G5 organogel triggered from Ru(II)G5´ 

metallogel was monitor by UV-visible Spectroscopic. Drug delivery experiment carried 

in two steps in PBS buffer. In the first step, G5 organogel was prepared, which is used 

for the loading of [RuCl2(6-p-cymene)]2 drug. The resultant compound is known as 

Ru(II)G5 metallogel. In the second step, addition of lactic acid in a controlled way in the 

Ru(II)G5 metallogel and at pH 5.67 leads to collapsing of the gel. The lactic acid 

containing Ru(II)G5 sample kept at room temperature. UV-Vis spectra of the sample 

were recorded at definite time intervals.   

pH Determination. The pH values of lactic acid containing Ru(II)G5 metallogel 

samples were monitored using digital pH meter. Practically, the pH of the hydrogels was 

scrutinized by allowing the probe of the pH meter to be in contact with the samples via 

direct immersion of the probe of pH meter in a beaker containing a suitable amount of 

the gel.   

5.2.12 Optimization for molecular docking 
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All calculations were performed using Gaussian09 suite of quantum chemical program. 

The hybrid Becke 3-Lee-Yang-Parr (B3LYP) exchange-correlation function was applied 

for DFT calculations. Geometries were fully optimized in the gas phase at B3LYP level 

of theory using the 6-31++G (d, p) basis sets. Energy minimizations of all the ligands 

have been performed by this same setting, and finally, optimized structures were taken 

for docking study. 

5.2.13 Supplementary materials 

CCDC 1855703 and 1551443 contain the supplementary crystallographic data for G5 and 

Me-G5' respectively. These data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 

1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. 

5.3 Results and discussion 

Certain trimesic acid-based molecules have already shown typical gelation behavior in a 

various solvent or solvent pairs. Some of them have shown unique properties of selective 

recognition of certain metal cations and transformation into metallogels.[34,35] These 

metallogels also tend to show some specificity to bind certain anions and catalytic 

properties.[34,35] This opportunity has been taken to derivatize two arms of trimesic acid 

with 4-amino benzyl cyanide leaving one of the carboxylic acid group intact. Synthesis 

of the gelator molecule G5 has been carried out by treatment of trimesic acid with 2 

equivalent of 4-amino benzyl cyanide in the presence of coupling agent 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide Hydrochloride (EDC) (2 equivalent) at ice-cooled 

temperature (Scheme 5.1). The isolated compound has been characterized by 1H and 13C 

NMR and IR spectroscopy and ESI-MS spectrometry. The solid-state structure of G5 has 

been further confirmed by single crystal X-ray crystallography.  
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Scheme 5.1. Systematic scheme for the synthesis of gelator G5 and Me-G5'. 

The IR spectrum of G5 reveals strong peak at 1672 cm-1 indicative of amide bond (Figure 

5.1).[35] The asymmetric stretch for the carboxylic acid group has been found at 1599 cm-

1 and symmetric stretch at 1449 cm-1, respectively (Figure 5.1).[44] The characteristic 

nitrile stretch has been found at 2291 cm-1 (Figure 5.1).[35]  

 

Figure 5.1. FT-IR spectrum of gelator G5. 

The 1H and 13C spectra of gelator G5 reveals the characteristic peaks for different 

electronic environments. While the carboxylic acid proton has been found at 13.58 ppm, 

the amide proton peak is observed at 10.76 ppm (Figure 5.2).[35,44]  
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Figure 5.2. 1H NMR spectrum of gelator G5. 

The 13C NMR spectrum shows the peak for -COOH at 166 ppm, -CONH- at 165 and -

CN at 119 ppm (Figure 5.3).[35] The ESI-MS of gelator G5 furnished molecular ion peak 

at 437.2 [M-H+]- in negative mode (Figure 5.4).  

 

Figure 5.3. 13C NMR spectrum of gelator G5. 
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Figure 5.4. ESI- Mass spectrum of gelator G5. 

The solubility pattern of G5 reveals it is only soluble in DMF/DMSO and insoluble to 

other organic solvents even under heating. Interestingly upon addition of a certain 

quantity of water in DMSO solution induce gelation, and critical gel concentration (CGC) 

of the gelator G5 is found to be 25 mM in DMSO/water. Formation of the gel has been 

ascertained by "test-tube inversion" experiment (Figure 5.5). Addition of excess water in 

the solution leads to the precipitation of the gelator molecule. Interestingly in the absence 

of water, heated DMSO solution of G5 gelator deposits the yellow plate-like crystals on 

gradual cooling (Figure 5.5). In the absence of water, gelator molecules slowly self-

assemble in a multidirectional way, which may lead to crystallization of gelator.[45, 46]  

 

Figure 5.5. Sol-Gel-Crystal conversion of Gelator G5 and Me-G5'. 
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be 34.75° whereas with other benzylnitrile ring is 56.0°. The benzylnitrile group has been 

found to be disordered to a certain extent. H-bonding plays an important role in the 

packing of the molecules. Each molecule is attached with two neighboring molecules 

through O(1)-H(1)...O(5), N(6)-H(6A)...O(3) and N(4)-H(4A)...O(2). The hydrogen bond 

interactions and close contacts in the crystal structure were further visualized by carrying 

out the hirshfeld surface analysis.[42] The hydrogen bond interactions were visualized 

through dark red spots obtained as a result of hydrogen bond acceptors of types N-H···O, 

C-H···O and C-H···N (Figure 5.7a), green dotted lines show the H-bond) on the hirshfeld 

surface of G5. Intra- as well inter-molecular hydrogen bond is exhibited by the molecule. 

O1-H1...O5 forms a strong intermolecular hydrogen bond while N4-H4A..O2 also forms 

rather strong intermolecular hydrogen bonds along a-axis (Figure 5.7b, Table 5.1).  

 
Figure 5.6. Single-crystal X-ray diffraction studies for (a) G5 and (b) Me-G5'. 

 
Figure 5.7. (a) Columnar aggregation of G5 gelator showed the molecular recognition 

between molecules through N−H···O hydrogen bonds and (b) N−H···O Hydrogen 

bonding with consecutive gelator molecule. 
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Table 5.1. Hydrogen bonds and bond angles of Donor—H... Acceptor atoms of G5. 

Donor--H....Acceptor D--

H(Å)   

H... 

A(Å) 

D... 

A(Å) 

D--H... 

A(Å) 

Symmetry 

Code    

O1   -- H…. O5           0.82     1.79    2.536      151 x, -1/2-y, -1/2+z 

N4   -- H4A.... O2           0.86 2.12    2.960      165    x, -1/2-y,1/2+z 

N6   -- H6A.... O3           0.86      2.23    3.074      168 -x, -y, -z 

C14 -- H14.... O3           0.93      2.38    2.920      116 Intra 

C17 -- H17.... O5           0.93      2.22    2.825      122 Intra 

C20X -- H20B.... N1X          0.97      2.13     2.90 134 1-x,1-y,1-z 

 

Interestingly when a DMSO solution of G5 has been layered with methanol, spontaneous 

esterification of the carboxylic acid is observed, and methyl 3,5-bis((4-

(cyanomethyl)phenyl)carbamoyl benzoate Me-G5' (G5' = G5-H) has been obtained and 

well characterized by spectroscopic tools (Scheme 5.1, Figure 5.8-5.11).  

 
Figure 5.8. FT-IR spectrum of gelator Me-G5'. 

 
Figure 5.9. ESI- Mass spectrum of gelator Me-G5'. 
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Figure 5.10. 1H NMR spectrum of gelator Me-G5'. 

 

Figure 5.11. 13C NMR spectrum of gelator Me-G5'. 
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dark red spots obtained as a result of hydrogen bond acceptors of types N-H···O, C-H···O 

and C-H···N (Figure 5.6b, 5.12a, green dotted lines show the H-bond) on the Hirshfeld 

surface of Me-G5'. Intra- as well inter-molecular hydrogen bond is exhibited by the 

molecule. N1-H1N..O4 and N3-H2N..O1 form rather strong intermolecular hydrogen 

bonds along a-axis (Figure 5.12b, Table 5.2). However, it has been observed that Me-

G5' does not form any gel in any solvent combination. Therefore, the hydrogen-bonded 

2D structure of G5 is very much important for entrapment of the solvent molecules to 

furnish a gel in the proper medium.  

 

Figure 5.12. (a) Columnar aggregation of Me-G5' gelator showed the molecular 

recognition between molecules through N−H···O hydrogen bonds and (b) N−H···O 

Hydrogen bonding with consecutive gelator molecule. 

Table 5.2. Hydrogen bonds and bond angles of Donor--H... Acceptor atoms of Me-G5'. 

Donor---

H...Acceptor 

D– 

H(Å)   

H... 

A(Å) 

D... 

A(Å) 

D--H... 

A(Å) 

Symmetry 

Code    

N1   -- H1N.... O4          0.84 2.10 2.925      169 1-x,1-y, -z 

N3   -- H2N.... O1          0.82 2.05 2.868      173 2-x,1-y, -z 

C10 -- H10.... O2           0.93       2.60    3.380      142 x,1+y, z 

C13 -- H13.... O1           0.93      2.42 2.905     113 Intra 

C14 -- H14B.... N4           0.97      2.60    3.565      175 1-x,2-y, -z 

C24 -- H24.... O4           0.93      2.50    2.955 110 Intra 
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The propensity of G5 to form gel has been monitored through heating-cooling technique 

and temperature-dependent fluorescence spectroscopic experiments as the gels tend to 

exhibit aggregation induced enhance emission (AIEE) (Figure 5.13). The gel at room 

temperature has been found highly fluorescent in nature showing peak position around 

503 nm. However, with increasing temperature, the gel starts to convert into sol, and the 

emission intensity decreases to almost nil at 80 °C. Red shift in the emission intensity has 

been also observed as the maximum gradually shifts to 485 nm may be due to formation 

of J-aggregate.[48] The phase transition temperature (Tgel) from gel to sol has been found 

to be 70 °C. Enhanced emission due to aggregation has been observed because of the 

blocking of the non-radiative emission pathways of the excited state by restricting the 

free rotations of the molecule. The quantum yield for the fluorescent gel has been found 

to be reaching around ɸ = 0.06.  

 

Figure 5.13. Temperature-dependent fluorescence spectra for G5 (in DMSO) during the 

gelation process (ex = 345 nm). 

To explore the self-assembly process in gel structure, several other studies have been 

taken up for further insight. The IR spectrum of xerogel of G5 reveals vibrational 

stretching frequencies of all key functional groups shift towards lower wave number 

indicating the involvement of extensive H-bonding.[34,35] The amide band stretching shifts 

to 1626 cm-1 (from 1672 cm-1), carboxylate asymmetric stretch and symmetric stretch 

shifts to 1537 and 1398 cm-1 (from 1599 and 1449 cm-1). The nitrile stretching frequency 

also shifts to 2251 cm-1 (from 2291 cm-1) (Figure 5.14).  
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Figure 5.14. FT-IR spectrum of G5 xerogel. 

A concentration-dependent 1H NMR experiment also reveals aromatic and carboxamide 

protons shifts towards downfield on raise of the concentration from 15 to 45 mM, 

indicating extensive H-bonding. Interestingly treatment of G5 gel in 20:1 ratio with a 

dimeric ruthenium arene precursor [RuCl2(
6-p-cymene)]2 maintains the gel structure 

intact (Scheme 5.2, Figure 5.15).  

 

Scheme 5.2. Systematic scheme for the preparation of Ru(II)G5 metallogel. 

 

Figure 5.15. Optical images to indicates the conversion [RuCl2(6-p-cymene)]2 into 

anticancer drug [Ru(II)G5] in confined gel space. 
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IR spectrum of xerogel reveals the shift of the carboxylate asymmetric and symmetric 

stretch to 1649 and 1506 cm-1, indicating possible coordination of the gelator molecule to 

ruthenium center through chelating carboxylate.  There is not much change observed in 

the nitrile stretching frequency, which corroborates the fact that there is no coordination 

by nitrile molecules to ruthenium center. To investigate the probable composition of 

ruthenium complex after incorporation, the xerogel has been treated with chloroform to 

extract the ruthenium complex, as the G5 molecule is insoluble in chloroform. The 

filtered solution has been subjected to ESI-MS spectrometry and 1H and 13C NMR. The 

ESI-MS have shown a peak at 673.13, indicating the presence of [Ru(G5')(p-cymene)]+ 

(Figure 5.16).  

 

Figure 5.16. ESI- Mass spectrum of gelator Ru(II)G5. 

It is further corroborated with NMR spectra as it furnished the presence of both p-cymene 

moiety and G5' and absence of any proton peak for carboxylic acid indicates chelating 

coordination through carboxylate (Figure 5.17 and 5.18). Therefore based on the above 

analysis, it can be inferred that the ruthenium dimer [RuCl2(
6-p-cymene)]2 in an 

organogel environment of G5 converts into [Ru(G5')(p-cymene)Cl] [Ru(II)G5]. More 

interestingly, every effort to synthesize the same compound in solution remains futile. 

Upon refluxing G5 with [RuCl2(
6-p-cymene)]2 in DMF an insoluble polymeric species 

gets precipitated out which is difficult to characterize. However, treatment of the same 
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dimer with G5 in room temperature does not furnish any solid and the profile of ESI-MS 

of the reaction mixture found to be completely different than what was obtained in the 

gel. Therefore, it is evident that the organogel itself works as a unique reaction vessel for 

selective formation of [Ru(G5')(p-cymene)Cl] in the gel state. 

 

Figure 5.17. 1H NMR spectrum of gelator Ru(II)G5. 

 

Figure 5.18. 13C NMR spectrum of gelator Ru(II)G5. 

The structure of the xerogel has been further investigated with powder X-ray diffraction 
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π stacking between aromatic moieties[49,50] while peak at 2θ = 33.44° corresponds to d-

spacing value of 2.68 Å suggest hydrogen bonding between NH proton of amide and 

nitrile group.[35] However, in the ruthenium-based gel, the peaks are found in the range  

4.22 Å,  3.40 and 2.63 Å, respectively (Figure 5.19).  

  

Figure 5.19. Powder XRD patterns of xerogel of G5 and Ru(II)G5. 

To look further down the morphological features of the aggregates was explored through 

FE-SEM.[51,52] The G5 organogel has shown a clover leaf-like morphology with an 

approximate diameter of 10 µm (Figure 5.20). On interaction of ruthenium ion with G5 

the product Ru(II)G5 shown aggregation of the material with dense lumps of needle close 

to 3 µm in diameter (Figure 5.20). These results show significant changes in morphology 

after formation of metallogel. 

 
Figure 5.20. FE-SEM images of G5 organogel and Ru(II)G5 metallogel. 

A rheological experiment has been carried out to determine the mechanical strength as it 

is very crucial for understanding the stiffness of the material for probable applications. 

The average storage modulus (G') for G5 organogel was found to be around 1435 Pa, 

which is higher than loss modulus (G'') (Figure 5.21). There is no crossover point found 

20 25 30 35 40
0

15

30

45

60

75

90
 G5

2/degree

C
o

u
n

ts

 

 

d= 4.29 Å

d= 4.19 Å

d= 3.88 Å

d= 3.46 Å

d= 2.90 Å

d= 2.68 Å

20 25 30 35 40
0

15

30

45

60

75

90

d= 3.28 Å

d= 2.63 Å

d= 2.81 Å

d= 3.40 Å

d= 3.68 Å

d= 4.22 Å

2/degree

  

 

C
o

u
n

ts

 Ru(II)G5

10 µm

G5

3 µm

Ru(II)G5



 Chapter5
 

 

 
160 

for G5. The shear stress has been found around 250 Pa during frequency sweep. Upon 

incorporation of ruthenium(II) along with p-cymene ring, there is a decrement in average 

storage modulus to 925 Pa indicating less stiffness in the gel. The crossover points with 

increasing strain for RuG5 have been observed around 100 Pa. The shear stress has been 

calculated with the help of dynamic frequency sweep experiment, which was found near 

1425 Pa for Ru(II)G5 (Figure 5.21). The dynamic frequency sweep measurement for 

organogel and metallogel showed higher storage modulus (G') compare to the loss 

modulus (G'') during the experiment indicated its viscoelastic nature. The rigidity of the 

metallogel was observable from G' - G'' values which remained positive in the entire 

sweep range. 

 

 
Figure 5.21. (a) and (c) Linear viscoelastic (LVE) for G5 organogel and Ru(II)G5 

metallogel; (b) and (d) Dynamic frequency sweep for G5 organogel and Ru(II)G5 

metallogel. 
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act as a good carrier for drug delivery.[55] Low molecular weight-based gel can offer the 

possibility of slow release or sudden burst of metallodrugs from pH-triggered gel-sol 

transition. Production of lactic acid is a natural phenomenon in our body due to glycolysis.  

However, cancer cells undergo faster glycolysis and produce more lactate as compared 

to normal cells due to increase in energy demand.[56] Conversion of pyruvate into lactate 

becomes essential to regenerate NAD+ from NADH, making the solid tumor more acidic 

in nature.[41] Therefore it was also interesting to explore the response of the ruthenium-

gel in different pH, particularly in acidic condition. To find out a correlation with actual 

cell environment, lactic acid has been utilized to render the pH in the acidic region. 

Gradual addition lactic acid in ruthenium gel makes the whole system further acidic in 

nature and around pH 5.6 the gel gets collapsed, forming a brown solution and white 

colored solid (Figure 5.22).  

 

Figure 5.22. Optical images to indicates self-delivery of anticancer drug through pH 

variation. 

The supernatant brown colored liquid obtained has been filtered and subjected to 
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or O-bonded DMSO to the ruthenium center (Figure 5.23). The 13C NMR reveals the 

carboxylate carbon shifts towards more downfield as it is observed around 177.3 ppm in 

CDCl3 (Figure 5.24).  The profile of the 1H and 13C NMR has been found to be similar to 

that of coordinated carboxylato (lactyl-lactato) ligand.[57] The ESI-MS spectrum of 
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supernatant liquid also reveals the signature peak like [Ru 

(OC(O)C(Me)OC(O)C(Me)OH)]+ at 261.05 and [Ru 

(OC(O)C(Me)OC(O)C(Me)OH)(DMSO)]+ at 339.1 indicating coordination by (lactyl-

lactato) ligand (Figure 5.25). However, the exact composition of the ruthenium complex 

could not be ascertained with exact precision as no solid has been isolated with sufficient 

purity, however, based on the information available it can be assigned with a tentative 

molecular formula [Ru(II)(lactyl-lactato)n(DMSO)m]x·yDMSO [Ru(II)L].  

 
Figure 5.23. 1H spectrum of Ru(II)L. 

 
Figure 5.24. 13C NMR spectrum of Ru(II)L. 
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Figure 5.25. ESI- Mass spectrum of gelator Ru(II)L. 

Though the composition is not known with certainty, the release of the ruthenium moiety 

from the gel structure has been monitored through UV-Vis spectroscopy (Figure 5.26, 

Figure 5.27). While G5 used to show a characteristic π-π* peak around 345 nm in PBS 

buffer, the ruthenium dimer used to show peaks at 375 nm (1A1 → B2), 400 nm (1A1→B1) 

and 470nm (1A1→
1A2).

[58] A closer look of ruthenium gel indicates subtle change in the 

peak position to 360, 410, and 460 nm. However, addition of lactic acid leads to 

collapsing of the gel and transformation of the ruthenium complex has been monitored 

spectroscopically. A drastic decrease in peak intensity around 340 nm has been observed 

along with arising of a new peak around 440 nm. The transformation occurs through an 

isobestic point around 370 nm. The change in the spectral pattern could be observable up 

to 72 h, indicating gradual transformation of the ruthenium moiety with release of 

ruthenium ion at pH 5.7 (pH observable in tumor issue is around 6).  

 
Figure 5.26. UV-visible spectra of G5, [(6-p-cymene) RuCl2]2 and Ru(II)G5.  

102.9788

142.9739

181.0657

221.0567

261.0468

304.2674

339.1395

373.1111

413.1048

453.0973

536.2085

571.1789

605.1580 649.2698

723.2346

806.3476

+MS, 0.4min #21

0.0

0.5

1.0

1.5

2.0

2.5

3.0

4x10

Intens.

100 200 300 400 500 600 700 800 m/z

p-cymene

Ru

[Ru {OC(O)C(Me)OC(O)C(Me)OH}]+

[Ru {OC(O)C(Me)OC(O)C(Me)OH}(DMSO)]+

300 350 400 450 500 550 600

0.0

0.1

0.2

0.3

0.4

0.5

0.6

A
b

s
o

rb
a
n

c
e
 (

a
.u

.)

 

 

Wavelength (nm)

 G5

 [(
6
p-cymene) RuCl

2
]
2
 

 Ru(II)G5



 Chapter5
 

 

 
164 

 

Figure 5.27. Release of Ru-drug [Ru(II)L] from Ru(II)G5 metallogel monitor by UV-

visible spectroscopy.  

The G5 organogel, Ru(II)G5 metallogel and the [Ru(II)(lactyl-lactato)n(DMSO)m]x 

[Ru(II)L] solution have been further used for the cytotoxicity study toward human 

NSCLC cells (A549) and breast carcinoma cells (MCF7) (Figure 5.28). The cell lines 

were treated with compounds for twenty-four hours with increasing concentration of the 

compounds, and cytotoxicity was calculated as inhibitory concentration (IC50) of the 

compounds. The IC50 values of G5 organogel indicated the non-cytotoxic nature toward 

the cancers cell. However, the Ru(II)G5 metallogel has been found to be moderately 

cytotoxic towards the A549 and MCF7 cell lines with IC50 values 10.53 M and 23.16 

M. An MTT assay of [Ru(II)(lactyl-lactato)n(DMSO)m]x towards the same cell lines 

indicates moderate cytotoxicity. However, as the actual composition of the ruthenium 

complex is unknown calculation based on only ruthenium ion furnished IC50 values of 

17.72 M and 29.76 M for A549 and MCF7. It is noteworthy to mention that the 

ruthenium(II) precursor complex dichloro(p-cymene)ruthenium(II) dimer  has been 

found non-cytotoxic towards both the cell lines. 

300 350 400 450 500 550 600
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Wavelength (nm)

A
b

s
o

rb
a
n

c
e

 

 

 Ru(II)G5+LA (30 min)

 Ru(II)G5+LA (2 h)

 Ru(II)G5+LA (6 h)

 Ru(II)G5+LA (12 h)

 Ru(II)G5+LA (24 h)

 Ru(II)G5+LA (72 h)
Isobestic point

0 15 30 45 60 75
0.0

0.1

0.2

0.3

0.4

0.5

0.6

 

 Ru(II)G5

 Ru(II)L

Time (Hours)
A

b
s
o

rb
a
n

c
e
 (

a
.u

.)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

A
b

s
o

rb
a
n

c
e
 (

a
.u

.)



 Chapter5
 

 

 
165 

 

 

Figure 5.28. Cytotoxicity study in A549 cell by MTT assay after 24 h incubation at 37 °C 

of (a) G5 organogel and Ru(II)G5 metallogel at concentrations 33.28 μM, 16.64 μM, 

8.32 μM, 4.16 μM; (b) Ru-drug [Ru(II)L] at concentrations 4.6 μM, 9.2 μM, 18.4 μM, 

36.8 μM with respect to ruthenium. 

The major factor for the cell death by the treatment of ruthenium gel is apoptosis which 

is indicated by the significant morphological changes of nuclei, chromatin fragmentation, 

multinucleation, nuclear swelling, cytoplasmic blebbing, and chromatin 

condensation.[59,60] These morphological changes can be determined by Hoechst 

staining.[61] Induction of apoptosis by Ru(II)G5 metallogel and [Ru(II)(lactyl-

lactato)n(DMSO)m]x was assessed by evaluation of nuclear morphology after a Hoechst 

staining assay. Hoechst staining was done in A549 cells with an appropriate concentration 

of the ruthenium complex, and morphological changes were clearly seen in the images 

done through confocal microscopy (Figure 5.29). The normal cells are uniformly and 

lightly stained, whereas the cells treated with metallogel and gel collapsed product and 

positive control can be seen as brightly stained along with condensed nuclei. 
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Figure 5.29. Morphological analysis of nucleus by Hoechst stain in A549 cell line. 

Molecular docking results for MCT-1 Binding. MCT-1 (Monocarboxylate transporter-

1) is widely distributed member of the MCT family identified as the lactate transporter 

present in the red blood cells. MCT transporters are the trans-membrane protein (TM) 

which activates and shows catalytic activities in presence of other TM-like proteins such 

as, Besigin and Emigin. Presently,the crystallographic structure of MCT-1 and other sub-

family are not available. Therefore, a homology modeled MCT-1 has been utilized for 

docking study as reported by Wilson MC, et al, 2009; for the preliminary screening of 

compound.[62] The model suggests some important lysine residues which was found in 

exofacial site of the MCT-1, might be important for their irreversible inhibition. The 

major residues are Lys 38, Lys 45, Lys 282, Lys 284, Lys 290, and Lys 413. MCT-1 has 

a substrate binding site, which was hypothesized as an 'open' conformation to the 

extracellular site. It first accepts, proton followed by the lactate anion. The protein then 

undergoes a major conformational change to a new ‘closed’ conformation that exposes 

both the proton and lactate to the opposite surface of the membrane. Finally, it releases 

the lactate anion and then the proton from the exofacial surface.[63] In the present study, 
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the newly synthesized compound G5 was studied for its interaction with MCT-1 and 

compared to that of lactic acid (LA) as well as DIDS as positive controls (Figure 5.30). 

All the compounds have shown promising interaction with several Lysine residues in both 

'open' as well as Besigin attached MCT-1 homology modeled protein. The interaction 

parameters are shown in Table 5.3, and interaction poses are shown in Figure 5.31. 

 

Figure 5.30. Chemical structures of ligands used here for their binding with MCT-1. 

 

G5- Basigin-MCT-1 complex G5- MCT-1 complex

LA-Open-MCT-1 complex LA- Basigin-MCT-1 complex
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Figure 5.31. Binding interaction with MCT-1 and Basigin-MCT-1. 

Table 5.3. Interaction parameters for the binding of G5, Lactic acid, and DIDS with 

MCT-1. 

S. 

N. 

Protein Ligand Energy 

(Kcal/mol) 

Interaction Hydrogen 

Bonding 

1 MCT-1 

Open 

LA -4.72 Lys 45, Lys 242 3 

G5 -9.92 Thr 55, Val 275, Thr 41 4 

DIDS -11.70 Lys 282, Asn 279, Lys 413 4 

2 

 

MCT-1 -

Besigin 

LA -5.03   

G5 -9.19 Gln 100, Lys 127, Thr 41, 

Lys 45, Lys 38 

5 

DIDS -12.34 Lys 282, Asn 279, Thr 55 5 

 

5.4  Conclusions 

A monocarboxylate gelator molecule [3,5-bis{(4-(cyanomethyl)phenyl) carbamoyl} 

benzoic acid] G5 has been synthesized purposefully to stabilize the ruthenium(II)-arene 

moiety in gel state via coordination through carboxylate donor site. The gelator G5 has 

shown similar propensity like other TBA derivatives for gel formation. Treatment of the 

G5 gel with [RuCl2(η
6-p-cymene)]2 leads to the formation of a ruthenium-based 

metallogel. ESI-MS and NMR spectroscopy reveals the fate of ruthenium center as the 

formation of [Ru(G5')(p-cymene)]+. Interestingly, this transformation has been only 

observed in a gel state, and any effort to synthesize the same molecules in a solution state 

proves futile.  The ruthenium(II) metallogel [Ru(II)G5] has been found to be pH 

sensitive, and treatment of the gel with lactic acid leads to collapse of the gel, and the 

DIDS-Open-MCT-1 complex DIDS-Basigin-MCT-1 complex
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ruthenium(II) ion has been found to be released as lactyl-lactato complex which  to be  

cytotoxic against different cancer cell lines. The ruthenium gel [Ru(G5')(p-cymene)]+ has 

also shown moderate cytotoxicity. G5 molecule has shown immense potential to disturb 

the MCT transport chain in cell division progression through molecular docking study. 

This could be one of the reason for the ruthenium(II) metallogel [Ru(II)G5] being 

cytotoxic. Derivatization of the carboxylic acid group into ester of G5 takes away the gel-

forming ability of the molecule indicating the role of carboxylic acid proton in solvent 

entrapment and gel formation capability.      
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Chapter 6 

Self-Healable Lanthanoid Based Photoluminescent 

Metallogel and Confined Gel Space Crystallization 

6.1 Introduction  

Investigation of supramolecular metallogels based on low molecular weight gelators 

(LMWGs) has become a very interesting topic in the current scenario. LMWGs can play 

a significant role to form ordered self-assembly.[1,2,3] ] The supramolecular self-assembly 

of LMWGs is associated with the non-covalent interaction, which makes them more 

attractive.[4] Self-assembly generally gets initiated due to the aggregation of the molecules 

into different morphologies in suitable solvent systems by non-covalent interactions like 

π-π stacking, CH-π interactions, hydrogen-bonding, hydrophobic-hydrophobic 

interactions, van der Waals interactions, leading to the formation of three-dimensional 

networks.[5] Formation of supramolecular self-assembly by the interaction of metal ions 

and small molecules can invoke further versatility. The metal-ligand interaction is the 

main force behind the formation of metallogels.[6,7] The metallogels formed by LMWGs 

have found applications in various fields like sensors, drug delivery, catalysis, 

biomaterials, and so on.[8-13] Among various small molecules (LMWGs), tetrazoles 

derivatives have been found to be easy to prepare[14], and with multiple binding site, they 

can endorse gelation by the formation of cross-link supramolecular assemblies.[15] 

Coordination of metal with tetrazole based ligands offering attractive, dynamic properties 

has been proven to be a useful tool for the formation of ordered structures with more 

complexity.[16] The diversity in the coordination of metal with LMWG could be induced 

and control the self-assembled gelation and their properties. Compared with complexes 

with 3d transition metals, lanthanide metals can show unique features in terms of 

magnetic and spectroscopic properties.[17] The Ln3+ ions are the hard acid according to 

HSAB theory, which makes them interact with donor atom in following order O, N, S 
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and formed the lanthanide-based complexes.[18] Ln3+ ions complexes have specific 

electron configuration (the possibility of high coordination numbers), high flexibility in 

coordination mode (the possibility of easy changes of the ligands), and specific 

physicochemical properties.[19] As per previous reports, lanthanides-based complexes 

have applications in various fields, e.g., as the luminescent material, magnetic materials, 

anticorrosion materials, gas separation, medicinal chemistry. They can also show 

biological applications like as anticancer and antibacterial agent, in bioimaging and 

magnetic resonance imaging (MRI) and also as in vivo luminescent imaging material.[20-

24] On the other hand, the applications of lanthanoid based metallogels have found in white 

light emitting materials, luminescent materials, thermo-responsive materials, and stimuli-

responsive materials. Lanthanoid based metallogels can also show self-healing ability in 

suitable conditions.[25-33]  

The low molecular weight luminescent lanthanoid based metallogel is getting explored 

more and more in the last few years. The lanthanoid based metallogels have unique 

photophysical properties due presence of f-electrons. Lanthanoid ions have “Laporte 

forbidden f-f transition” with low extinction coefficient and the light absorbing capacity 

is very poor.[34] However, dynamic coordination between lanthanoids and fluorescent 

probe (LMWGs) involve the absorption of light by the fluorescent probe, the electronic 

excitation energy is transferred and make them photoluminescence in nature with intense 

emission.[35] 

Another worth investigating property of LMWGs based lanthanoid metallogels is their 

self-healing ability. The self-healing materials have ability to repair itself after damage 

like tissues during wound healing.[36] Self-healing materials are mainly two type based on 

their nature, i.e. extrinsic self-healing material in which healing ability is due to some 

external healing components while intrinsic self-healing material not required any 

external component, it can inherently reform the bond after damage with reversibility.[37] 

The self-healing metallogels are formed via in situ gelations, and the cooperative effects 

of all components like ligand, metal and solvent molecules in suitable proportion and 

experimental situations play important roles.[38] 
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In this chapter, the synthesis of lanthanoid based LMW metallogels [La(III)G6-Cl, 

Pr(III)G6-Cl, La(III)G6-NO3 and Gd(III)G6-NO3] by using Di(1H-tetrazol-5-yl) 

methane (G6) has been explored and reported. Interestingly, La(III)G6-Cl showed self-

healing ability, which makes them more interesting. Furthermore, in the recent era, by the 

help of various methods, the formation of crystals from the metallogels become an 

outstanding chemical tool.[39] The crystals of metallogels are often helpful to understand 

the molecular-level structure of the gel. Particularly, crystallizations from the confined 

space have become fascinating in nature.[40] The gelation and crystallization processes 

are differed by the formation of self-assembly with different dimensionality.[41,42] 

Gelation is occurring due to formation self-assembly in one dimension where three-

dimensional self-assembly favors the formation of the crystal. However, gels can play a 

significant role during the crystallization process. The viscoelastic property of gel favors 

the slow diffusion, which provides slow nucleation and helps to obtain crystal from gel 

state.[43] Another interesting feature is their reversible nature, which provides easy 

recovery of crystal and reutilization of gel.[44] 

In this chapter, the confined metallogel space crystallization has been also explored. 

Beautiful colorless square shape crystals are obtained from the Gd(III)G6-NO3 

metallogel with aging, which was further subjected for the elucidation of structure of the 

metallogels.  

The photoluminescent property, self-healing ability, and the confined metallogels space 

crystallization of low molecular weight tetrazole based lanthanoid metallogels provide us 

novel class of gelators and has been found useful in a number of applications. 

6.2 Experimental section 

6.2.1 Material and methods 

All the required chemicals were purchased from Sigma and used without further 

purification. A HORIBA Jobin Yvon picosecond time-correlated single-photon counting 

(TCSPC) spectrometer (model Fluorocube-01-NL) was used for recording PL decays. 
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Lifetime measurements were recorded using a photomultiplier (TBX-07C) and were 

analyzed using IBH DAS 6.0 software. Intensity decay profiles were fitted to the bi-

exponential series:  

𝐅(𝐭) = ∑ 𝐚𝐢 𝐞𝐱𝐩 (−𝐭/𝐢)

𝟐

𝐢=𝟏

 

where F(t) denotes normalized PL decay and a1 and a2 are the normalized amplitudes of 

decay components 1 and 2, respectively. The average lifetime was obtained from the 

equation 

<  >= ∑ 𝐚𝐢𝐢

𝟐

𝐢=𝟏

 

The specifications of all the instruments used for analysis purpose were the same as 

described in section 2.2.1 of chapter 2. 

6.2.2 Synthesis and preparation of metallogels [La(III)G6-Cl, 

Pr(III)G6-Cl, La(III)G6-NO3, Gd(III)G6-NO3 

10 mg (0.07 mmol) of di(1H-tetrazol-5-yl) methane (G6) was dissolved in 3 mL of MeOH 

in presence of 0.14 L (0.14 mmol) triethylamine base. The resultant solution was layered 

by equimolar (0.07 mmol) MeOH solution (3 mL) of Ln3+ salts [LaCl3.7H2O, 

PrCl3.6H2O, La(NO3)3.6H2O, Gd(NO3)3.6H2O] and left in undisturbed condition at room 

temperature. Gelation gets induced after some time and after 2 h metallogels (La(III)G6-

Cl, Pr(III)G6-Cl, La(III)G6-NO3 and Gd(III)G6-NO3) set-in. 

6.2.3 Analysis of metallogels  

La(III)G6-Cl. FT-IR of (KBr):  = 3209, 2920, 2857, 2704, 2677, 1618, 1557, 1489, 

1410, 1296, 1239, 1181, 1140, 1086 cm−1. 1H NMR (400 MHz, 298 K, DMSO-d6): δ = 

4.35 (2H, -CH2, d). 13C NMR (100 MHz, 293 K, DMSO-d6): δ = 152.62 (CN4), 19.18 (-

CH2). MS (ESI): m/z = 415.0051 [La3+(G6)(H2O)6Cl]+Na+ (in positive mode).  
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Pr(III)G6-Cl. FT-IR of (KBr):  = 3188, 2992, 1610, 1498, 1447, 1366, 1262, 1203, 

1105, 1065, 1018 cm−1. MS (ESI): m/z = 304.2736 [Pr3+(G6)(H2O)6]-Cl- (in positive 

mode).  

La(III)G6-NO3. FT-IR of (KBr):  = 3195, 1605, 1558, 1440, 1408, 1367, 1336, 1220, 

1178, 1070, 1004 cm−1. MS (ESI): m/z = 463.3028 [La3+(G6)(H2O)5NO3]+Na+ (in 

positive mode). 1H NMR (400 MHz, 298 K, DMSO-d6): δ = 4.27 (2H, -CH2, dd). 13C 

NMR (100 MHz, 293 K, DMSO-d6): δ = 152.19 (CN4), 18.97 (-CH2).  

Gd(III)G6-NO3. FT-IR of (KBr):  = 3185, 2991, 2859, 2829, 2625, 2561, 1616, 1500, 

1465, 1419, 1384, 1274, 1216, 1152, 1111, 1059, 1030 cm−1. MS (ESI): m/z = 483.0589 

[Gd3+(G6)(H2O)5NO3] (in positive mode).  

6.2.4 Confined metallogel space crystallization 

The metallogel Gd(III)G6-NO3 was left at room temperature on undisturbed condition. 

After three days with aging, colorless square-shaped crystals were obtained inside the 

metallogel, which have been further characterized by single crystal X-ray diffraction 

(SXRD).    

6.2.5 Characterizations 

Characterizations techniques like UV-visible Spectroscopy, Fluorescence Spectroscopy, 

FT-IR Spectroscopy, powder X-ray Diffraction (PXRD) and morphological Study, 

Rheological Properties of La(III)G6-Cl, Pr(III)G6-Cl, La(III)G6-NO3, Gd(III)G6-NO3 

metallogels have been the same as described in the section 2.2.5 of chapter 2.  

Single Crystal X-ray Diffraction (SXRD) Analysis of Gd(III)G6-NO3. A colorless 

square-shaped crystal (molecular formula: C3H12GdN9O8) of Gd(III)G6-NO3 with 

approximate dimensions of 0.320x0.280x0.240 mm and were used for X-ray 

crystallographic analysis.  Single crystal X-ray structural studies was performed on a 

CCD Agilent Technologies (Oxford Diffraction) SUPER NOVA diffractometer. Data 

were collected at 150(2) K using graphite-monochromatic Mo Kα radiation (λα = 0.71073 

Å) and Cu Kα radiation (λα = 1.54184 Å) respectively. The strategy for the data collection 
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was evaluated using the CrysAlisPro CCD software. The data were collected by the 

standard phi-omega scan techniques and were scaled and reduced using the CrysAlisPro 

RED software. The structure was solved by direct methods using SHELXS-97 and refined 

by full matrix least-squares on F^2. The positions of all the atoms were obtained by direct 

methods. All non-hydrogen atoms were refined anisotropically. The remaining hydrogen 

atoms were placed in geometrically constrained positions and refined with isotropic 

temperature factors, generally 1.2 Ueq of their parent atoms. The contribution of solvent 

electron density was removed by the SQUEEZE routine in PLATON.51 Crystal data, 

data collection parameters, and refinement data for Gd(III)G6-NO3 are well explained. 

6.2.6 Self-Healing Experiment 

La(III)G6-Cl metallogel was cut in blocks of approximately same dimensions. The 

blocks were placed back in direct contact without giving any external stimuli. 

Recombination of all the block of metallogel after some time was observed.  

6.2.7 Supplementary materials 

CCDC 1872889 contains the supplementary crystallographic data for Gd(III)G6-NO3, 

respectively. These data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: 

deposit@ccdc.cam.ac.uk. 

6.3 Results and discussion 

The design of the metallogels has been conceptualized based on some earlier reports.[45,46] 

It is well known that tetrazole is nitrogen-rich ligand and has multiple binding sites,[47,48] 

so it can stabilize the supramolecular self-assembled structure by participating in 

hydrogen bond formation.[49] Furthermore, ligand containing nitrogen donor atoms can 

form strong coordinate bonds with Ln3+ ions according to the HSAB principle. Moving 

forward with this strategical approach, four new lanthanoid based low molecular weight 
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metallogels by using N-donor chelating ligand i.e. Di(1H-tetrazol-5-yl) methane (G6) 

(Scheme 6.1). These four metallogels have been well characterized by various 

spectroscopic techniques. The ESI-MS spectra have displayed a molecular ion peak at 

415.0051 for [La3+(G6)(H2O)6Cl]+Na+, 304.2736 for [Pr3+(G6)(H2O)6]-Cl-, 463.3028 for 

[La3+(G6)(H2O)5NO3]+Na+ and 483.0589 for [Gd3+(G6)(H2O)5NO3] in a positive mode, 

indicating the molecular composition of the gel (Figures 6.1, 6.2, 6.3, 6.4). For the 

preparation of metallogels (La(III)G6-Cl, Pr(III)G6-Cl, La(III)G6-NO3, Gd(III)G6-

NO3), methanolic solution of ligand (G6)  in presence of triethylamine (base used for the 

deprotonation of hydrogen from G6) has been layered by the methanolic solution of Ln3+ 

salts [LaCl3.7H2O, PrCl3.6H2O, La(NO3)3.6H2O, Gd(NO3)3.6H2O] and left it at 

undisturbed condition at room temperature (Scheme 6.1). Metallogels are obtained after 

2 h, and the gelation has been confirmed by the test tube invertion method and heating 

and subsequent cooling. The heating cooling method indicated the reversible nature of all 

the metallogels. The critical gel concentration (CGC) for all metallogels are found around 

25 mM in MeOH.   

 
Scheme 6.1. Systematic scheme for the synthesis of metal-based LMWGs forthe formation 

of metallogels (La(III)G6-Cl, Pr(III)G6-Cl, La(III)G6-NO3, Gd(III)G6-NO3). 
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Figure 6.1. ESI- Mass spectrum of gelator La(III)G6-Cl. 

 
Figure 6.2. ESI- Mass spectrum of gelator Pr(III)G6-Cl. 

 
Figure 6.3. ESI- Mass spectrum of gelator La(III)G6-NO3. 

[La(III)G6]-Cl-+Na+

[Pr(III)G6]-Cl]-

[La(III)G6]+Na+
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Figure 6.4. ESI- Mass spectrum of gelator Gd(III)G6-NO3. 

This can be considered as a type of in situ gelations in which the cooperative effects of 

all components like ligand, solven, and metal in the solution mixture under suitable ratio 

play important roles. Further with the aging of metallogels, it has been noticed that the 

deposition of colorless square-shaped crystals takes place inside the Gd(III)G6-NO3 

metallogel (Figure 6.5). The crystals were subjected to single crystal X-ray diffraction for 

the solid-state structure determination of Gd(III)G6-NO3. It would deliver new insight 

toelucidate the type of non-covalent interaction involve for the formation of metallogel. 

 

Figure 6.5. Crystallization of Gd(III)G6-NO3 in confined gel state and Single-crystal X-

ray diffraction. 

After 

2 days
Gd(III)

G6

-NO
3
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The crystal system for the Gd(III)G6-NO3 is found to be orthorhombic with Pbca space 

group. Gadolinium center is nine-coordinate by one chelating anionic bidentate ligand 

(G6), one anionic nitrate and five neutral water molecules. Coordination geometry for 

nine-coordinated Gd(III)G6-NO3 complex is tricapped trigonal prism (TTP). Single 

crystal structure determination indicates about the type of possible non-covalent 

interactions participated during the formation of metallogel self-assembly. The 

Gd(III)G6-NO3 molecular packing describes the varied molecular recognition pattern. 

Tetrazole rings and water molecules of the compound have participated in hydrogen bond 

formation as donor and acceptor in molecular recognition with its neighboring molecules. 

Hydrogen bonding interactions recognized through molecular packing in various planes 

and dimensions. The H2O, NO3, NH, and N atoms of tetrazole ring have been found to 

be involved in hydrogen bonding. The hydrogen bond acceptors of the types N-H···O, O-

H···N were visualized in below structures (Figure 6.6, 6.7, Table 6.1). It indicates that 

extensive hydrogen bonding could be the main reason behind molecular self-assembly 

during metallogel formation.[50]  

  

(a) 
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Figure 6.6. Hydrogen bonding in between H2O, NO3, NH, and N atoms of tetrazole ring 

for Gd(III)G6-NO3 in  (a) 2D layer, (b) 1D chain. 

 

 

Figure 6.7. Hydrogen bonding in between H2O, NO3, NH, and N atoms of tetrazole ring 

for Gd(III)G6-NO3  which represent interactions between forming a 2D layer and leading 

to 3D network. 

Table 6.1.  Hydrogen bonds and the bond angle between Donor--H... Acceptor atoms of 

Gd(III)G6-NO3.  

S. 

N. 

Donor--H... 

Acceptor 

Bond Distance (Å) Bond 

Angle 

D--H... A D--H H... A D... A 

1 O222--H22B..O3 0.855 2.223 2.830 128.2 

2 O3--H22A..O222 2.225 0.850 2.830 137.3 

3 O333--H33B..O2 0.850 2.627 3.132 119.2 

4 O333--H33A..N2 0.850 2.095 2.930 167.0 

5 N6--H44B..O444 2.351 0.848 2.940 127.4 

6 O111--H11A..N8 0.550 2.090 2.876 153.4 

7 N4--H55B..O555 2.174 0.850 2.718 121.6 

8 O444--H44A..N4 0.850 2.393 3.196 157.7 

 

(b) 
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Further, the stochiometric ratios between G6 and Ln3+ for metallogels formation were 

determined by Job plot. The obtained results indicate the stochiometric ratio is 1:1 

between Ln3+ and G6 for all the metallogels (La(III)G6-Cl, Pr(III)G6-Cl, La(III)G6-

NO3, Gd(III)G6-NO3).  

The photoluminescent property of lanthanoid based metallogel was explored by recording 

flourescence spectra. The emission spectra of G6 and their metallogels (La(III)G6-Cl, 

Pr(III)G6-Cl, La(III)G6-NO3, Gd(III)G6-NO3) have been taken (Figure 6.8). Shifting 

in the emission maxima of G6 from 404 to 397 nm was observed with enhancement in 

the flourescence intensity after the formation metallogels because of aggregation. This 

blue shift is probably due to effective hydrogen bonding in formation of the H-

aggregate.[51]  

 
Figure 6.8. Fluorescence spectra for ligand (G) and metallogels (La(III)G6-Cl, 

Pr(III)G6-Cl, La(III)G6-NO3, Gd(III)G6-NO3) (in MeOH) (ex = 355 nm) and  optical 

image of metallogels under UV  lamp indicates their emissive nature. 

For the more deeper knowledge, absolute fluorescence quantum yield experiment was 

performed. The quantum yield for G6 has been found to be around .04, and for the 

metallogels, the values of quantum yield are 0.075 for La(III)G6-Cl, 0.09 for Pr(III)G6-

Cl, 0.12 for La(III)G6-NO3 and 0.11 for Gd(III)G6-NO3. Increment in the value of 

quantum yield after formation metallogels from the solution of G6 has been observed. 
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The enhancement in quantum yield might be due to the formation of ordered 

supramolecular self-assembly due to non-covalent interaction like hydrogen bonding 

between methanol and nitrogen-containing tetrazole. Further, the luminescent excited 

state lifetime for all the metallogels were also recorded by using TCSPC technique. The 

lifetimes and decay traces of metallogels have been predicted at ex = 355 nm. The decay 

traces forall the metallogels was fitted with a Triexponential function (Figure 6.9). The 

average lifetime 0.369, 0.833, 0.631, 0.342 ns are observed for Gd(III)G6-NO3, 

La(III)G6-NO3, La(III)G6-Cl, Pr(III)G6-Cl metallogels (Table 6.2).  

 

Figure 6.9. Decay traces of Gd(III)G6-NO3, La(III)G6-NO3, La(III)G6-Cl, Pr(III)G6-

Cl metallogels at 25 mM concentration. 

Table 6.2. Decay parameters for metallogel at 25 mM concentration (<>= Average 

lifetime, a = Normalized amplitude of each component) 

Metallogels 1 (ns) a1 2 (ns) a2 3 

(ns) 

a3 <> (ns) 2 

Gd(III)G6-NO3 0.215 0.84 0.810 0.14 3.245 0.02 0.369 1.19 

La(III)G6-NO3 1.349 0.26 0.352 0.69 4.811 0.05 0.833 1.09 

La(III)G6-Cl 1.249 0.19 4.903 0.04 0.284 0.78 0.631 1.12 

Pr(III)G6-Cl 0.801 0.13 0.199 0.85 3.394 0.02 0.342 1.16 
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Various non-covalent interactions like H-bonding, -  interactions, metal-ligand 

interactions play an important role for supramolecular self-assembly during metallogel 

formation.[52,53] To gain insight of formation of supramolecular self-assembly, various 

physicochemical experiments have been carried out  by using various spectroscopic 

techniques like 1H NMR, 13C NMR, FT-IR and PXRD for the xerogel of La(III)G6-Cl, 

Pr(III)G6-Cl, La(III)G6-NO3 and Gd(III)G6-NO3. Among the four metallogels, 

La(III)G6-Cl and La(III)G6-NO3 are diamagnetic in nature because of zero unpaired 

electrons and rest of them, i.e. Pr(III)G6-Cl and Gd(III)G6-NO3 are paramagnetic in 

nature. Therefore, only the NMR spectra of La(III)G6-Cl and La(III)G6-NO3 have been 

recorded for detailed study.  1H NMR spectroscopy indicates that the chemical shift values 

of -CH2 group around 4.74 ppm of G6 get shifted towards upfield with splitting into 

double of doublet at 4.40, 4.35, 4.32, 4.27 ppm for La(III)G6-Cl (Figure 6.10) and 4.31, 

4.27, 4.23, 4.19 ppm for La(III)G6-NO3 (Figure 6.11).  

 
Figure 6.10. 1H NMR spectrum of La(III)G6-Cl xerogel. 
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Figure 6.11. 1H NMR spectrum of La(III)G6-NO3 xerogel. 

The splitting of peak from singlet to double doublet with shifting towards upfield may be 

due to different extent of involvement of CH2 protons in intermolecular hydrogen bonding 

during gelation as well as different electronic environment around H2A and H2B proton 

of CH2.
[54] In case of 13C NMR spectroscopic analysis, the carbon chemical shift values 

observed at 152.97 (-CN4 group) and 19.45 ppm (-CH2 group) of G6 which have been 

shifted towards upfield region around 152.62 and 19.18 ppm for La(III)G6-Cl (Figure 

6.12) and 152.19 and 18.97 ppm for La(III)G6-NO3 ( Figure 6.13). 

 
Figure 6.12. 13C NMR spectrum of La(III)G6-Cl xerogel. 
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Figure 6.13. 13C NMR spectrum of La(III)G6-NO3 xerogel. 

Further, FT–IR spectra of ligand G6 and their metallogels (La(III)G6-Cl, Pr(III)G6-Cl, 

La(III)G6-NO3, Gd(III)G6-NO3) were recorded within the range of 3500–500 cm-1. The 

C–H (CH2 of Tetrazoles) stretching vibration at 3250 cm-1 for G6 show characteristic 

downfield shifts in the region of 3212-3185 cm-1 after the formation of metallogels 

indicating hydrogen bond formation.[55] The IR band at 1638 cm-1 shifts towards the 

region of 1619-1610 cm-1 after the coordination of tetrazole N-atom to Ln3+ during 

metallogel formation.[56]  

Further, the participation of non-covalent interaction has been predicted by recording the 

Powder XRD spectra for all the four metallogels (Figure 6.14).  In PXRD spectra, peaks 

at 2 = 35.14 corresponding to d-spacing value around 2.55 Å for La(III)G6-Cl , 2 = 

35.04 corresponding to d-spacing value at 2.56 Å for Pr(III)G6-Cl and La(III)G6-NO3 

and 2 = 35.42 corresponding to d-spacing value at 2.53 Å for Gd(III)G6-NO3 indicates 

participation of non-covalent interaction like hydrogen bonding between tetrazole NH 

proton and solvent molecules (H2O and MeOH) which play the significant role during 

supramolecular self-assembly for formation of metallogels.[57] 
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Figure 6.14. Powder XRD spectra of xerogels of La(III)G6-Cl, Pr(III)G6-Cl, 

La(III)G6-NO3, Gd(III)G6-NO3. 

Furthermore, La(III)G6-Cl metallogel impressively show the ability to self-heal even 

after physical damage. For a clear understanding of self-healing nature, we cut the 

metallogel into blocks and place the fragmented part together in direct contact without 

giving any external stimuli. We observed the recombination of all the block of metallogel 

after some time (Figure 6.15). 

 

Figure 6.15a. (a) Optical image dye-doped and dye undoped block of La(III)G6-Cl 

metallogel; (b) The block is put together; (c) optical image of La(III)G6-Cl metallogel 

indicates its self-healing ability. 
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Figure 6.15b. Self-healing property of La(III)G6-Cl metallogel. 

The mechanical strength and thixotropic properties of all the metallogels were estimated 

by rheological studies. It conclusively proves the elastic nature of gel, as average storage 

modulus (G') obtained around 3.5×104 Pa for La(III)G6-Cl, 1.3×105 Pa for Pr(III)G6-

Cl, 5.3×104 Pa for La(III)G6-NO3, 7.8×104 Pa for Gd(III)G6-NO3 is more than loss 

modulus (G''). The cross over point for the Gd(III)G6-NO3 at 46.7 Pa. However, there is 

no crossover point found for La(III)G6-Cl, Pr(III)G6-Cl, La(III)G6-NO3. The shear 

stress for La(III)G6-Cl, Pr(III)G6-Cl, La(III)G6-NO3, Gd(III)G6-NO3 have been 

found around 2.6×104, 1.2×105, 4.1×104 and 7.0×104  Pa during frequency sweep (Figure 

6.16).  
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Figure 6.16. (a), (c), (e), (g) are the Linear viscoelastic (LVE) of La(III)G6-Cl, 

Pr(III)G6-Cl, La(III)G6-NO3, Gd(III)G6-NO3 metallogels and (b), (d), (f), (h) are the 

Dynamic frequency sweep for La(III)G6-Cl, Pr(III)G6-Cl, La(III)G6-NO3, Gd(III)G6-

NO3 metallogels. 

Rheological strain sweep experiments were done upon external strain at a constant 

angular frequency of 10 rad/sec to check the thixotropic nature of metallogels. 

La(III)G6-Cl metallogel only show self-healing ability (Figure 6.17). In step 1, 

La(III)G6-Cl metallogel were subjected below the deformation limit (at a low strain, γ 

= 0.5%). Storage moduli (G′) of La(III)G6-Cl metallogel are greater than their loss 

moduli (G″) indicating the cross-linked network in metallogel. In step 2, La(III)G6-Cl 

metallogel was subjected to a higher strain (γ = 50%), where the storage modulus (G′) 

decreased below the loss modulus (G″). These results indicate that the cross-linked 

networks of metallogel ruptured and turned into liquid-like sol state. In step 3, when a 

low strain (γ = 0.5% for La(III)G6-Cl metallogel) was applied for 120 sec, the 
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mechanical properties of the La(III)G6-Cl metallogel quickly recovered because of the 

reformation of 3D crosslinked networks. The periodic low/high strain was applied with 

an interval of 120 sec up to six cycles to ensure the self-healing nature of the La(III)G6-

Cl metallogel. The recovery of the La(III)G6-Cl metallogel strength was apparently 

because of the formation of noncovalent interactions and metal-ligand interaction within 

the gelator molecules. The La(III)G6-Cl metallogel strength recovery time was short and 

recovered in 120 sec interval only.  

 

Figure 6.17. Strain sweep experiments for La(III)G6-Cl metallogel. 

Further, the aggregate morphology of metallogels (La(III)G6-Cl, Pr(III)G6-Cl, 

La(III)G6-NO3, Gd(III)G6-NO3) have been confirmed by the FE-SEM technique 

(Figure 6.18).[58,59] The SEM image of metallogels have shown different morphologies 

e.g. thin needle-like morphology for La(III)G6-Cl metallogel, thick rod like morphology 

for Pr(III)G6-Cl metallogel, fiber-like morphology for La(III)G6-NO3 metallogel and 

thick needle-like morphology for Gd(III)G6-NO3 metallogel around 2 µm approximate 

length which indicates the aggregation after formation of metallogel.  
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Figure 6.18. FE-SEM images of metallogels (a) La(III)G6-Cl; (b) Pr(III)G6-Cl; (c) 

La(III)G6-NO3; (d) Gd(III)G6-NO3. 

6.4 Conclusions 

The lanthanoids based metallogels viz. [La(III)G6-Cl, La(III)G6-NO3, Pr(II)G6-Cl, 

Gd(III)G6-NO3] have been obtained by using di(1H-tetrazole-5-yl) methane (1,5-DTM) 

as gelator ligand (G6). All the metallogels have shown photoluminescence property due 

to AIEE during the formation of metallogels. Among all metallogels, La(III)G6-Cl 

metallogel has shown self-healing ability.  Furthermore, beautiful crystals of Gd(III)G6-

NO3 have been obtained from confined metallogel space, and its structure has been 

elucidated by SXRD. 
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Chapter 7 

Nickel tetrazolato complexes synthesized by microwave 

irradiation: Catecholase like activity and interaction 

with biomolecules 

7.1 Introduction  

Metal-ligated azide ions provide an approach to synthesize tetrazole-based complexes by 

[2+3] cycloaddition of azide and organonitriles. [1-5] Synthesized complexes are obtained 

mostly via solvothermal methods [6-9] with little control over the reactivity and many 

times it generates insoluble metal-organic frameworks (MOFs) with possible 

applicability in gas absorption [10] and organic catalytic reactions [11-13] as the stability of 

the compounds provides an extra advantage. This chapter presents the synthesis and 

characterization of two new nickel–tetrazolato complexes viz. [NiL(5-phenyltetrazolato)] 

(1) and [NiL{5-(4-pyridyl)-tetrazolato}] (2) [HL = 3-(2-diethylamino-ethylimino)-1-

phenyl-butan-1-one]. The synthesized compounds have interesting serum albumin 

protein binding and catechol oxidation ability. 

7.2 Experimental section 

7.2.1 Material and method  

All the required chemicals were purchased from Sigma and SRL India and used without 

further purification. Elemental analyses were carried out with a Thermo Flash 2000 

elemental analyzer.  

The other specifications of all the instruments used for analysis purpose were same as 

described in the section 2.2.1 of the chapter 2 and section 6.2.1 of chapter 6. HL and 

[NiL(N3)] were prepared according to reported methods. [14] 
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7.2.2 Synthesis of [NiL(5-phenyltetrazolato)] (1) 

A solution of [NiL(N3)] (0.11 g, 0.41 mmol) and benzonitrile (4 mL, 40 mmol) in DMF 

(5 mL) was added to a cylindrical Pyrex tube which was then placed in the focused 

microwave reactor. The system was left under irradiation for 2 h at 130 °C where upon 

the solution is filtered out. The filtrate was diffused with diethyl ether to obtain dark red 

crystalline compounds along with X-ray diffraction quality crystals. Yield 60%. 1H NMR 

(400 MHz, 298 K, DMSO-d6): δ = 8.16-7.42 (m, 10H), 5.72 (s, 1H), 3.24 (m, 8H), 2.08 

(s, 2H), 1.24 (t, 6H). 13C NMR (100 MHz, 293 K, DMSO-d6): δ = 184.57, 164.86, 163.98, 

133.83, 132.7, 129.97, 129.23, 128.61, 126.94, 119.32, 111.79, 79.94, 46.93, 33.45, 

18.69, 12.22. Anal Calcd. for C23H28N6NiO (%): C, 59.64; H, 6.09; N, 18.14. Found: C, 

59.04; H, 6.21; N 17.99%. FT-IR (KBr):  = 2924, 1637 cm-1; MS(ESI): m/z = 487.7 

[NiL(5-phenyltetrazolato) + Na]+ ( in positive mode). 

7.2.3 Synthesis of [NiL{5-(4-pyridyl)-tetrazolato}] (2) 

About 0.11 g (0.41 mmol) of [NiL(N3)] and 0.11 g (1.2 mmol) of 4-cyanopyridine was 

taken in 5 mL of DMF in a cylindrical Pyrex tube which was then placed in the focused 

microwave reactor. The system was irradiated in a microwave reactor for 2 h at 130 °C 

where upon the solution was filtered. The filtrate was diffused with diethyl ether to obtain 

dark red crystalline compounds along with some X-ray diffraction quality crystals. Yield 

70%. 1H NMR (400 MHz, 298 K, DMSO-d6): δ = 8.75 (d, 2H), 7.99-7.33 (m, 7H), 5.73 

(s, 1H), 4.37 (s, 2H), 3.10 (m, 6H), 2.07 (s, 1H), 1.15 (s, 2H), 1.07 (t, 6H). 13C NMR 

(100.61 MHz, 293 K, DMSO-d6): δ = 184.87, 164.18, 163.50, 151.56, 133.83, 132.70, 

129.97, 126.94, 119.14, 111.65, 79.96, 46.93, 33.45, 18.52, 12.08. Anal Calcd for 

C22H29N7NiO (%): C, 56.92; H, 5.86; N, 21.12. Found: C, 56.34; H, 5.83; N, 21.43%. 

FT-IR (KBr):  = 2925, 1627 cm-1, MS(ESI): m/z = 464.5 [NiL(5-phenyltetrazolato) + 

H]+ ( in positive mode).  

7.2.4 X-ray crystallography 
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A red block-like specimen C23H28N6NiO of 1 with approximate dimensions of 

0.100mm×0.180mm×0.280 mm was used for X-ray crystallographic analysis. The 

crystallographic study have been same as described in the section 4.2.6 of chapter 4.The 

final cell constants of a = 13.6095(5) Å, b = 9.7612(3) Å, c = 16.9790(6) Å, α = 90°,  β = 

101.2555(15)°, γ = 90° and volume = 2212.19(13) Å3 are based upon the refinement of 

the XYZ centroids of 4370 reflections above 20 σ(I) with 4.837° < 2θ < 53.03°. For 2, a 

red block-like specimen of C22H27N7NiO, approximate dimensions 0.140 mm×0.280 

mm×0.360 mm, was used for X-ray crystallographic analysis. The crystals were mounted 

onto quartz fibers, and the X-ray diffraction intensity data were measured in a similar way 

as described for 1. The final cell constants of a = 9.5652(2) Å, b = 9.8556(3) Å, c = 

12.5580(3) Å, α = 71.0853(15)°, β = 78.5024(14)°, γ = 80.4849(15)° and volume = 

1090.96(5) Å3 are based upon the refinement of the XYZ-centroids of 9914 reflections 

above 20 σ(I) with 4.708° < 2θ < 61.13°. Crystal data, data collection parameters, and 

refinement data have been calculated.  

7.2.5 Protein binding study 

Binding interaction of 1 and 2 with BSA and HSA was carried out using standard Trp 

fluorescence by excitation at 295 nm and monitoring the corresponding emission at 340 

nm using a Fluoromax-4p spectrofluorometer from Horiba JobinYvon (Model: FM-100) 

with a rectangular quartz cuvette of 1 cm path length. A buffered stock solution of BSA 

and HAS protein in Tris-HCl (pH 7.4) was used. Concentrated stock solutions of 1 and 2 

were prepared by dissolving them separately in Tris-HCl buffer to get required 

concentrations. An aqueous solution (2 mL) of BSA or HSA (10 μM) was titrated by 

successive addition of complexes (0 to 100 μM) which was monitored by measuring the 

increment of the absorption band at 278 nm in UV-vis spectroscopy. 

7.2.6  Catecholase activity  

3,5-Ditertbutylcatechol (3,5-DTBC) was used to monitor the catecholase activity of the 

complexes. A 10-4 M solution of complex was treated separately with 100 equivalents of 
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3,5-DTBC in methanol under aerobic conditions. Absorbance of resultant solution was 

plotted against wavelength (300 to 500 nm) in a regular interval of 10 min. The 

dependence of rate on various concentration and different kinetic parameters were 

obtained by treatment of a 10-4 M solution of complexes with 25 to 200 equivalent of the 

substrate and monitoring the upsurge in absorption at 402 nm as a function of time in 30 

min intervals. The peak at 402 nm indicates the formation of oxidized product viz. 

quinone. 

7.2.7 Detection of hydrogen peroxide in the catalytic reactions 

The reaction between ferrous sulfate and 1,10-phenanthroline, which formed a red-orange 

Fe2+-tris-phenanthroline complex that absorbed at 509 nm was followed to detect the 

formation of hydrogen peroxide during the catalytic reaction.[15] A 1:3 ratio between Fe2+ 

and 1,10-phenanthroline was used for the experiment. When an equal amount of 10-3 (M) 

solution of 1 and 2 were mixed separately with FeSO4 and 1,10-phenanthroline, there is 

the formation of an absorption band at 509 nm in the UV-visible spectrum indicating the 

formation of [Fe(phen)3]
2+. With the addition of an equal amount of DTBC to the above 

solution, the intensity of the band at 509 nm decreases after 10 min. When the reaction 

mixture was kept for 25 min, there was no absorption band observed at 509 nm, which 

clearly indicates that all the ferrous ions have been converted to ferric ions due to the 

formation of H2O2 in the reaction mixture. 

7.2.8 Supplementary materials 

CCDC 1483307 and 1483308 contain the supplementary crystallographic data for 1 and 

2, respectively. These data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 

1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. 

 

mailto:deposit@ccdc.cam.ac.uk
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7.3 Results and discussion 

Synthesis and characterization. HL was prepared according to the reported method by 

refluxing equimolar 1-phenyl-1,3-butanedione (0.81 g, 5 mmol) and N,N-

diethylethylenediamine (0.711 mL, 5 mmol) in 30 mL of methanol for half an hour.[14] 

The resulting mixture gave a yellow solution containing tridentate HL. This methanolic 

solution was evaporated to dryness to obtain a yellow oil which was used without further 

purification. Complexes [NiL(N3)] were also prepared as per the reported method.[14] 

Both the tetrazolato complexes were prepared by [2+3] dipolar cycloaddition of nickel-

ligated azide and benzonitrile and 4-cyanopyridine, respectively, (scheme 7.1). For 1, a 

reaction using benzonitrile as a solvent gave a low yield of the product. So, in both cases, 

DMF was used as solvent and diffusion of diethyl ether in filtered solution produced wine 

red crystalline compounds [NiL(5-phenyltetrazolato)] (1) and [NiL{5-(4-pyridyl)- 

tetrazolato}] (2), respectively. Both complexes have been characterized by elemental 

analyses, IR, ESI-MS spectroscopy, and single-crystal X-ray crystallography. Two hours 

of microwave irradiation were found to be required at 130 °C for complete reactions. The 

formation of product as confirmed by the disappearance of azide stretching band at 2043 

cm-1. A new band appears at 1627–1637 cm-1, indicating the formation of tetrazolato 

(Figure 7.1 and 7.2).[16] The ESI-MS spectra of 1 show molecular ion peak of [NiL(5-

phenyltetrazolato)+Na]+ at 487.7 (Figure 7.3); 2 has a peak at 464.5 as [NiL(5-

phenyltetrazolato)+H]+ (Figure 7.4). 

 

Scheme 7.1. Synthesis of complexes 1 and 2. 
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Figure 7.1. FT-IR of complexes 1. 

 

Figure 7.2. FT-IR of complexes 2. 

 

Figure 7.3. ESI-Mass spectrum of complexes 1. 
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Figure 7.4. ESI-Mass spectrum of complexes 2. 

Description of the solid-state structures of 1 and 2. Complex 1 is monomeric and 

crystallizes in the monoclinic space group P21/n with the square planar environment 

surrounding the nickel ion (Figure 7.5). HL is tridentate while one tetrazolato group 

completes the square base. The tetrazolato moiety is attached to nickel through N2-atom. 

The bond lengths between Ni and N/O-donor centers are within the range of 1.83-1.95 Å, 

quite similar to those which have been reported.[17] The average coordination bond angles 

around Ni are around 91.42° (table 7.1). The dihedral angle between phenyl and 

tetrazolato ring was 8.47°. Hydrogen bond interaction between two adjacent molecules 

provides a dimeric structure through C14-H14B⋯O1 and C13-H13B⋯N6 (Figure 7.5). 

Complex 2 crystallizes in the triclinic space group P-1. The geometry surrounding nickel 

is identical to that of 1 (Figure 7.6). The metal-ligand bond distance was between 1.83 

and 1.96 Å, the average bond angle is almost 90° (table 7.1), and the dihedral angle 

between tetrazolato and phenyl ring was 5.2°. Similar hydrogen bonding interactions like 

1 are also observed in this structure, giving dimers of the molecules by weak interactions 

(Figure 7.6).  
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Figure 7.5. Single crystal structure and hydrogen bonded dimeric structure of complexes 

1. 

 

        

Figure 7.6. Single crystal structure and hydrogen bonded dimeric structure of complexes 

2. 

Table 7.1. Bond lengths (Å) and bond angles (°) data of complex 1 and complex 2. 

Complex 1 Complex 2 

Bond lengths Bond lengths 

1 N1-Ni1 1.858(2) N1-Ni1 1.908(1) 

2 O1-Ni1 1.836(2) N6Ni1 1.862(1) 

3 N3-Ni1 1.900(2) N5Ni1 1.958(1) 

4 N2-Ni1 1.952(2) O1Ni1 1.8368(8) 
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Bond angles Bond angles 

1 O1--Ni1...N3 85.82(8) O1--Ni1...N6 94.73(4) 

2 N1--Ni1...O1 94.59(8) N1--Ni1...O1 86.28(4) 

3 N1--Ni1...N2 86.44(8) N1--Ni1...N5 92.88(5) 

4 N3--Ni1...N2 93.57(8) N5--Ni1...N6 86.24(5) 

5 N2--Ni1...O1 176.96(8) N5--Ni1...O1 178.57(4) 

6 N1--Ni1...N3 171.72(9) N1--Ni1...N6 173.34(5) 

 

Electronic spectra and photophysical study. The electronic spectra of these compounds 

were recorded in methanol. Complex 1 and 2 show bands as shoulders at 425 and 427 

nm, respectively, which correspond to the d-d transition in square planar Ni(II) complex 

(Figures 7.7). One ligand to metal charge transfer peak is observed at 355 and 356 nm, 

respectively, for 1 and 2 as reported elsewhere for transition metal complexes with Schiff 

base ligands.[18]  

 

Figure 7.7. UV-vis absorption spectra for complex 1 and 2. 

The emission spectral study of the complexes in methanol shows an emission band at 430 

and 434 nm for 1 and 2, respectively, upon excitation at 365 nm. The excited state means 

lifetimes were 1.19 and 8.90 ns, respectively, at room temperature (table 7.2) (Figure 7.8 

and 7.9). This phenomenon can be attributed to the intra-ligand fluorescent 1(π → π*) 

emission of the coordinated ligand.[19] 
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Figure 7.8. Photoluminescence spectrum (left) and time-resolved photoluminescence 

decay profile (right) for Complex 1. 

  

Figure 7.9. Photoluminescence spectrum (left) and time-resolved photoluminescence 

decay profile (right) for Complex 2. 

Table 7.2. Photoluminescence decay parameters of complex 1 and complex 2. 

System 1 (ns) a1 2 (ns) a2 <2> (ns) 2 

Complex 1 1.09 0.98 7.26 0.02 1.19 1.08 

Complex 2 2.37 0.94 1.09 0.06 8.9 1.02 
 

Interactions of complexes with serum albumins by fluorescence quenching study. 

Binding of prospective molecules to blood plasma is important as transport of drugs 

happens through the bloodstream after binding with the albumin proteins.[20] To study the 
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interaction of the synthesized compounds with blood plasma proteins, the quenching of 

intrinsic fluorescence of the proteins has been monitored. The fluorescence property of 

BSA is attributed due to tryptophan, tyrosine, and phenyl alanine residues.[20] The 

fluorescence spectra of 1 and 2 with BSA indicate there is a progressive decrease in the 

fluorescence intensity accompanied by a significant redshift (Figure 7.10, 7.11).  

  

Figure 7.10. Fluorescence quenching of BSA by complex 1. The Stern-Volmer plot is 

show in inset. 

  

Figure 7.11. Fluorescence quenching of BSA by complex 2. The Stern-Volmer plot is 

shown in the inset. 

Probable energy transfer from indole unit of tryptophan to protein-bound compound may 

have induced the shift of emission maxima toward lower energy. Analysis of Stern-

Volmer plot[21] based on bimolecular quenching rate constant and average time of 

fluorophore provides more insight into the protein binding. The relationship is given by, 
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𝐅𝟎

𝐅
= 𝟏 + 𝐤𝐪𝛕𝟎[𝐐] = 𝟏 + 𝐊𝐒𝐕[𝐐] 

where F0 and F are the fluorescence intensities in the absence and presence of a quencher, 

kq is the bimolecular quenching rate constant, τ0 is the average lifetime of fluorophore in 

the absence of a quencher, and [Q] is the concentration of quencher (metal complexes). 

A plot of log [F0-F/F] versus log[Q] provides an upward curve concave toward the y-axis 

indicating two-way quenching by collision as well as by complex formation with the same 

quencher. The Ksv and kq values obtained from the curve were 104 M-1 and 1012 M-1S-1, 

indicating the possible role of static quenching and strong binding between BSA and 1 

and 2.[22]  

A similar trend is also observable for binding complexes with HSA. The intensity of the 

fluorescent band is decreased to 5–15% for 1 and 2, respectively, of its initial intensity, 

indicating the formation of a stable ground state complex (Figure 7.12, 7.13).  

  

Figure 7.12. Fluorescence quenching of HSA by complex 1. The Stern-Volmer plot is 

show in inset. 
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Figure 7.13. Fluorescence quenching of HSA by complex 2. The Stern-Volmer plot is 

shown in the inset. 

The Stern-Volmer plots at lower concentration have linearity; however, at higher 

concentration an upward bending toward F0/F axis is observed. To determine the binding 

constant and number of binding sites, a Scatchard equation was employed which is given 

by,  

𝐥𝐨𝐠 [
𝐅𝟎 − 𝐅

𝐅
] = 𝐥𝐨𝐠𝐊𝐚 + 𝐧 𝐥𝐨𝐠[𝐐] 

where Ka and n are the binding constant and number of binding sites, respectively, and 

F0 and F are the fluorescence intensities in the absence and presence of the quencher, 

respectively. A plot of log(F0-F)/F versus log[Q] is used to determine the value of binding 

constant (from intercept) and number of binding sites (from slope). Calculation shows 

that the binding constant for HSA complexes is 105 M-1, and the n value was found to be 

around one. All the relevant data are summarized in table 7.3.  

Table 7.3. Stern-Volmer quenching constants, binding constants, and binding sites. 

System Ksv (M-1) Kq (M-1) Ka (M-1) n 

Complex-1 (BSA) 4.0 × 105 6.5×1012 1.016×106 1.342 

Complex-2 (BSA) 6.6 × 105 1.0 ×1012 2.88×107 1.652 

Complex-1 (HSA) 3.2 × 105 5.2 ×1012 2.24×105 1.220 

Complex-2 (HSA) 92324.980 14939.31×109 2.29×10-5 0.632 
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Catecholase activity study. We were tempted to explore the catecholase oxidation 

reaction utilizing the synthesized complexes as a probable catalyst as no such studies have 

been reported with tetrazolato complexes. To evaluate the catecholase activity of the 

synthesized complexes, 3,5-di-tert-butylcatechol (3,5-DTBC) (Scheme 7.2) was taken as 

the substrate as it shows a low quinone–catechol reduction potential.  

 

Scheme 7.2. General representation for the oxidation of catechol into quinone. 

The reactions were carried out under aerobic conditions and monitored by UV–vis 

spectroscopy. In an experimental setup, 10-5 M solutions of the complexes were prepared 

in methanol and treated with 100 equiv. of 3,5-DTBC. After addition of the substrate into 

the complex, a new band gradually starts to appear at 400 nm with time due to the 

formation of the oxidized product 3,5-DTBQ (Figures 7.14).  

  

Figure 7.14. Spectral pattern of catecholase activity over time for complex 1 and 2 after 

addition of 3,5-DTBC. 

To understand the kinetic aspects of catalysis for 1 and 2, initial rate method was 

employed to determine the rate constant by analyzing the observed rate versus substrate 

concentration data based on Michaelis–Menten approach of enzymatic kinetics. The 
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Michaelis–Menten constant (KM) and maximum initial rate (Vmax) were determined by 

linearization using Lineweaver–Burk plots[23] for 1 (Figure 7.15).  

  

Figure 7.15. Michaelies-Menten plot and Lineweaver Burk plot for complex 1. 

  

Figure 7.16. Michaelies-Menten plot and Lineweaver Burk plot for complex 2. 

The turnover number values (kcat) were obtained by dividing the Vmax values by the 

concentration of the corresponding complexes summarized in table 7.4. However, 2 

shows marked deviation from simple linear kinetics (Figure 7.16) and a decrease in the 

rate is observed at higher concentration (150 equivalent or more), making it unfeasible to 

determine the kinetic parameters. However, all the data demonstrate both the complexes 

are acting as a catalyst towards oxidation of 3,5-DTBC at lower substrate concentration.  
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Table 7.4. Various kinetic parameters of catecholase activity. 

Complex Fixed 

complex 

/catalyst 

conc. (M) 

Vmax 

(M 

min-1) 

Std. 

error 

KM (M) Std. error Kcat/ 

T.O.N. 

(h-1) 

Complex 

1 

.0001 .00245 2.33227×

10-4 

0.00132 0.00143 1.470×

103 

 

Complex 

2 

.0001 

 

.00192 

 

2.72756×

10-6 

0.00916 

 

0.0000208

345 

0.115×

103 

 

To examine the probable reaction pathway and intermediate formed during the oxidation 

reaction, we have investigated the probable complex-substrate intermediate through ESI-

MS, the change in d-d transition band of Ni(II) upon interaction with 3,5-DTBC through 

UV-vis spectroscopy and formation of H2O2 during the reaction by oxidation of 

[Fe(phen)3]
2+ complex spectrophotometrically. ESI-MS positive spectrum of a 1:100 

mixture of 1 and 3,5-DTBC, recorded after 5 min of mixing, exhibits two major peaks at 

m/z = 243 and 463, respectively, which correspond to quinone-sodium aggregates [(3,5-

DTBQ)Na]+ and [(3,5-DTBQ)2Na]+ (Figure 7.17).[24] Another smaller peak at 515.3 may 

be due to the formation of complex aggregate “A” (Figure 7.18) with a little deviation 

which is similar to an earlier report.[25]  

 

Figure 7.17. ESI-MS spectra of DTBC after treatment with complex 1 after 10 minutes. 



 Chapter7
 

 

 
225 

 

 

Figure 7.18. Probable structure of complex aggregate “A”. 

Monitoring the catalytic reaction through UV–vis spectroscopy reveals the formation of 

a very broadband at 700–800 nm gradually (Figure 7.19). This indicates a change of 

coordination environment around the nickel center from four-coordinate to five- or six-

coordinate.[26,27] 

 

Figure 7.19. Change in d-d transition band of Ni(II) with time upon reaction with 3,5-

DTBC for complex 1. 

Another interesting feature is the formation of H2O2 during the catechol oxidation 

reaction from atmospheric oxygen. To detect the formation of H2O2 UV–visible 

spectroscopy has been utilized. The experiment is based on the reaction between the 

ferrous ion (Fe+2) and 1,10-phenanthroline in the presence of complex and 3,5-DTBC. 
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Ferrous ion forms a tri-phenanthroline complex with a reddish-orange color which 

absorbs at 509 nm. It is known that if hydrogen peroxide is added to the ferrous ion before 

the addition of 1,10-phenanthroline, then H2O2 will oxidize all the ferrous ion to ferric 

ion inducing no formation of a red-orange complex with 1,10-phenanthroline and a sharp 

reduction at 509 is expected. This concept has been exploited for the determination of 

H2O2 in the samples as per a previous report.[15] Herein, we took advantage of this 

experiment such that after adding ferrous ion and 1,10-phenanthroline to the complex 

solution, its UV spectrum is recorded, which shows an absorption band at 509 nm. 

However, when the DTBC solution is added to the complex solution along with ferrous 

ion and 1,10-phenanthroline, a sharp decrease in absorbance spectra is seen after 10 min 

(Figure 7.20). Moreover, the absorption band at 509 nm completely vanishes after 25 min. 

This reduction trend clearly indicates the absence of Fe+2-triphenanthroline complex. This 

is because of the formation of H2O2 in catechol oxidation as it converts all the ferrous ion 

to ferric ion leading to the disappearance of the characteristic band at 509 nm. This result 

confirms the generation of H2O2 from aerial oxygen during the oxidation reaction. 

 

Figure 7.20. Detection of H2O2 using 1,10-phenanthroline for complex 1. 

7.4 Conclusions  
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phenyltetrazolato)] (1) and [NiL{5-(4-pyridyl)-tetrazolato}] (2). Both complexes have 

been characterized by various spectroscopic tools, NMR spectroscopy, X-ray 

crystallography, and elemental analyses. The serum albumin protein binding and 

photophysical properties of the complexes have been explored. Furthermore, catecholase-

like properties of both complexes have been studied, which is first for the nickel 

tetrazolato complexes. Both complexes have moderate catechol oxidation properties 

which tend to decrease at the higher substrate to catalyst ratio. ESI-MS study has been 

utilized to identify the probable intermediate and role of aerial oxygen during oxidation 

reaction is also investigated. 
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Chapter 8 

General Conclusions and Future Scope 

8.1 General Conclusions  

Design and fabrication of novel smart materials based on low molecular weight gelators 

have become a fascinating approach with manifold applications. It is well known that the 

driving force behind the formation of supramolecular self-assembly in low molecular 

weight gelators is the non-covalent interactions which enable them to be thermo-

reversible, biodegradable, and fabricable with standard routes. The main goal of present 

work is to design low molecular weight based gelator and investigate their role in various 

inter-disciplinary fields. With this purpose, here newly synthesized low molecular weight 

nitrile substituted 1,3,5-benzene tricarboxamide (BTA), and tetrazole derived metal-

organic crystalline, and gel materials are reported. The reported molecules have shown 

aggregation induce enhance emission (AIEE) and in one case self-healing ability which 

enables them to be utilized in sensing of cations, anions, and biomolecules.  Apart from 

that, the probable utilization of the synthesized gels in bioinspired catalysis, anticancer 

drug-delivery and as photoluminescence material has been explored. 

In chapter 2 , 3 and 4, synthesis of 4-cyanophenyl substituted BTA based gelator (G1), 

3-cyanophenyl substituted BTA based gelator (G2), 2-cyanophenyl substituted BTA 

based gelator (G3), 4-cyanomethylphenyl substituted BTA (G4) and their metallogels 

with transition metal ions (Fe2+, Fe3+, Cu2+, Zn2+, Co2+, Ni2+, Ag+, Cd2+) have been 

presented. All the gelators (G1, G2, G3, and G4) show AIEE after gelation and 

selectively sense Fe2+/Fe3+ (by G1 and G4), Fe2+/Fe3+, Ag+ (by G2) and Fe2+ (by G3 and 

G4) by turning off the fluorescence. Furthermore, Among all the metallogels, Cu(II)G1 

can sense SCN-, Zn(II)G1 can sense Br-, Ni(II)G1 can sense CN-, Cu(II)G2 can sense 

of I- , Ni(II)G2 and Co(II)G2 can sense S2- by turning off the fluorescence whereas 

Fe(II)G1/ Fe(III)G1 can sense S2- by turning on the fluorescence. Apart from that, the 
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copper-based metallogel [Cu(II)G2] mimics as a bio-inspired catalyst for the conversion 

of catechol to quinone by aerobic oxidation in the gel state at room temperature and 

pressure (in chapter 2). Further, In chapter 4, a cobalt metallogel [Co(II)G4] has been 

presented which can sense L-tryptophan selectively among other essential amino acids in 

gel state as well in a complex structure like BSA protein in nano-molar level by drastic 

quenching of AIEE. The change is observable even by naked eyes. In Chapter 5, [3,5-

bis{(4-(cyanomethyl)phenyl) carbamoyl} benzoic acid] (G5) and methyl 3,5-bis((4-

(cyanomethyl)phenyl)carbamoyl benzoate (Me-G5') (G5' = G5-H) have been 

synthesized and reported. Treatment of the G5 gel with [RuCl2(η
6-p-cymene)]2 leads to 

the formation of aruthenium-based metallogel [Ru(II)G5] by stabilizing ruthenium(II)-

arene moiety in gel state via coordination through carboxylate donor site. The 

ruthenium(II) metallogel has been found to be pH sensitive, and treatment of the gel with 

lactic acid leads to gel collapse, and the ruthenium(II) ion has been found to be released 

as lactyl-lactato complex which  has been found to be  cytotoxic against different cancer 

cell lines. G5 molecule has shown immense potential to disturb the MCT transport chain 

in cell division progression through molecular docking study. Furthermore, Chapter 4 

and 5 also reports the role of water as a solvent in sol to gel and sol to crystal 

transformation.  

In chapter 6, synthesis of photoluminescent lanthanoids based metallogels viz. 

[La(III)G6-Cl, La(III)G6-NO3, Pr(II)G6-Cl, Gd(III)G6-NO3] has been performed by 

using di(1H-tetrazole-5-yl) methane (1,5-DTM) as a ligand (G6). Among all lanthanoid 

based metallogels, the La(III)G6-Cl metallogel showed self-healing ability. Chapter 6 

also reports the crystal formation of Gd(III)G6-NO3 through confined metallogel space. 

In chapter 7, nickel complexes [NiL(5-phenyltetrazolato)] (complex 1) and [NiL{5-(4-

pyridyl)-tetrazolato}] (complex 2) [HL = 3-(2-diethylamino-ethyl imino)-1-phenyl-

butan-1-one] have been synthesized by microwave irradiation. These metal tetrazole 

complex have shown protein binding and bioinspired catechol oxidation. 
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8.2 Future scope  

The addition of metal ion with LMW gelators tune the properties of both like 

conductivity, color, rheological behavior, adsorption, emission, photophysical properties, 

magnetism, biological activities, catalytic activities, redox activities, and self-healing. 

The LMW gelators incorporated with metal and triggered gelation which able them to 

apply in catalysis, sensing, biomedicine, electronics, and optical devices, nanogels 

materials, drug delivery, and more to come. As a future prospective, to the continuation 

of present thesis work, the nitrile substituted 1,3,5-benzene tricarboxamide (BTA) can be 

converted into tetrazole substituted 1,3,5-benzene tricarboxamide (BTA) which enhance 

the number of donor sites and able them to coordinated with metals in various ways 

(Scheme 8.1). The versatility in the coordination of metals with LMW tetrazole based 

gelators can be tested in various application from materials to biology (Figure 8.1). 

 

Scheme 8.1. Systematic scheme for the synthesis tetrazole substituted 1,3,5-benzene 

tricarboxamide (BTA). 



 Chapter8
 

 

 
238 

 

 

Figure 8.1. Applications of metal-organic gels and crystalline materials. 

The investigation of new metallogels formed via LMW gelator with expected 

functionality is still largely serendipitous, and therefor, it creates major challenges to 

screen the types of interactions and structure elucidation. Thus, understanding of the 

metal ion triggered gelation with LMW gelators and tuning the various weak interactions 

to make the gels favorable for versatile applications are expected to be explored in a more 

rigorous manner in the near future.    
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