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Preface 
 

This thesis is organized into four chapters that describes the synthesis, characterisation, and 

multifarious applications of self-assembled metal-organic cubes and low molecular weight 

gelator (LMWG). The stabilisation of these self-assembly is restricted in soft gel state. These 

gels are evaluated in different disciplines starting from fundamental phase transition to versatile 

energy, environment-related applications.  

Chapter 1 gives a brief overview of supramolecular gel and coordination polymer 

gels materials with driving force, classifications, structural importance and potential 

applications in various fields. 

Chapter 2 discussed the synthesis, characterisation, and utilisation of a bidentate 

LMWG based on naphthalene diimide (NDI) core connected with two terpyridine units (Tpy-

NDI) through amide linkage. This gelators connects each other with metal-ligand coordination 

bonds and result in a coordination polymer gel (CPG). A redox active, earth abundant FeII metal 

center is utilized for the construction of this CPG which shows fibrous nanostructure under 

electron microscope. The metal to ligand charge transfer (MLCT) spectra falls under visible 

light region and the DFT calculation shows a feasible excited state electron transfer from the 

metal-terpyridine units to NDI core. This Fe-Tpy-NDI CPG is employed for photoreduction of 

CO2 in aqueous medium with triethylamine (TEA) and 1-benzyl-1,4-dihydronicotinamide 

(BNAH) as sacrificial electron donor. This CPG acts as an efficient heterogeneous catalyst for 

the production of CH4 with a maximum rate of 2.75 mmol g-1 h-1 and 85% selectivity. Real 

time monitoring of this photoreduction process and detection of the possible through in-situ 

DRIFT spectroscopic study also in accordance with this photoreduction process.  

Chapter 3 describes the design, synthesis, and characterisation of charge assisted H-

bonding based hydrogel. The gelation study is performed with Ga-MOC and [Ni(en)3]
2+ 

complex, where strong hydrogen bond interaction between -NH2 of ethylenediamine and -

COO- of imidazole-dicarboxylate made the self-assembled structure. This strong non-covalent 

interaction results in the spontaneous transformation from gel to crystal. The stoichiometric 

variation of the binder and the MOC is studied with rheology, which shows a gradual increment 

in the stiffness of the gel with an increasing amount of [Ni(en)3]
2+. A variation in the time of 

crystallisation is also found with different stoichiometric gel.  



xii 
 

Chapter 4 reports the design, synthesis, characterisation, and gelation of a GaIII based 

metal-organic cube (MOC). These MOCs get self-assembled in gel with the help of binder 

through charge assisted hydrogen bonding (CAHB). An ethylenediamine complex with redox-

active metal center (CuII) is adopted as the binder for connecting Ga-MOCs in a particular 

array. This CAHB driven hydrogel shows a fibrillar morphology under the electron microscope 

and atomic force microscope (AFM). Upon standing, this kinetically metastable gel shows a 

spontaneous transformation into a thermodynamically stable crystal, and the transition is 

investigated with AFM. This heterogeneous gel is used as an electrocatalyst, and it exhibits 

intrinsic CO2 reduction activity with high stability. A high faradaic efficiency of 92% is 

achieved for the production of CO. This electroreduction process is examined with possible 

intermediates detection through the in-situ DRIFT spectroscopic technique. 
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1.1 Gel materials: A brief overview 

Gel is such a kind of substance having the properties of both solid and liquid; it has been 

recognized as a soft material with extensive application in daily life, starting from toothpaste, 

cosmetics, soft bioengineering, food industry, optoelectronics, and agriculture.1–3 In general, 

gel is a colloidal cross-linked network withholding an enormous number of solvent molecules 

in its 3D matrix by immobilizing the flow of solvents.4 This solid-like viscoelastic nature of 

the gel can be easily realized by a simple inversion test method where it remains stable under 

the gravitational force when the gel pot is kept upside down. Rheological test can also be 

performed to derive a conclusion about the gelation. A higher value of elastic storage 

modulus (G') than that of loss modulus (G") indicates the viscoelastic property of the gel.5 

From the last few decades, there has been an upsurge in the design and development of gel 

materials for interdisciplinary applications.6 A bottom-up approach is generally employed to 

construct the self-assembled structure of the gelators into a solid-like phase, and the 

interstitial vacant spaces are occupied by the fluid (Fig. 1). This self-assembly is formed by 

the influence of different types of non-covalent interactions such as hydrogen-bonding, π- π 

stacking, electrostatic interactions, and host-guest interactions.7 These supramolecular gels 

also show good reversibility towards different stimuli like pH, thermal, and mechanical force 

due to the dynamic properties of the weak non-covalent interactions.8 For the gelator 

molecules with π-electron enriched moieties (pyrene, anthracene, naphthalene, porphyrin, 

tetrathiafulvalene, etc.), the gelation is primarily driven by the π- π interaction.3 However, 

two oppositely charged species interconnect electrostatically and result in gel formation.9 

Molecules containing functional groups such as amide,10 amine,11 hydroxyl, amino acid,12 

sugar-derivatives13 are also well known to form gel with the help of hydrogen-bond donation 

acceptance capacity. There is another class of gel directed by the covalent interaction, known 

as chemical gel. Polyamide, polyester, poly(vinyl alcohol), etc., can form strong chemical 

bonds between the polymeric units and lead to gelation.14,15 Whereas, these polymeric gels 

are not suitable due to their low processibility and irreversible nature. In this context, low 

molecular weight gelator (LMWG) and metal-organic cubes can be suitable candidates for 

processable gel materials. Gelators that form self-assembly in organic solvents and water are 

commonly known as organogels and hydrogels, respectively. These gelators show beautiful 

architecture in their self-assembled state. Micro and nano-structuring of the gel consist of 

fibers, 2D nano-sheets, spheres, nano-ribbons, and nano-scrolled morphologies. These 

nanostructures further interconnect each other to form a 3D network that finally encapsulates 
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the liquid phase and allows a viscoelastic nature.Under different stimuli applications, these 

supramolecular structures undergo destabilization and lead to a phase transition from gel to 

sol, which is again reversed back to its original gel phase with some internal 

rearrangements.16,17 There is another possibility, not to return into the gel state rather, it 

undergoes a close ordered packing to form a crystalline state.18 These gel to crystal 

transitions are often found to be spontaneous in nature without the application of external 

stimuli.19 The gel state is considered as a kinetically trapped metastable state that can undergo 

a phase transition to a thermodynamically more stable crystalline state. Several reports 

suggest that the strong non-covalent interactions act as the key factor to start the 

crystallisation process.20–22 Most of the LMWG are found to be amphiphilic in nature. The 

solvophobic part tries to assemble them with each other, whereas the solvophilic part is 

exposed to the solvents, leading to gel formation. A perfect balance between these two 

opposite phenomena helps the molecules to gelate. This solvophobic counterpart of the 

LMWG also plays a vital role in the phase transition from gel to crystal. 

Therefore, designing the new gelator molecule and studying their supramolecular 

assembly with the phase transition phenomenon will be an exciting approach to understand 

the processable soft materials. These gel materials, which consist of metal ions, have been 

used for different applications such as optoelectronics, chemosensing, bio-imaging, drug 

delivery, self-healing, electrocatalysis, and photocatalysis.23–25 These supramolecular gels are 

interesting to study in a precise way due to their easy synthetic tunability, sol-gel 

reversibility, and high solution processibility. Many metallo-organogels containing the redox-

active center show an excellent application in the field of catalysis, starting from organic 

reactions, electrocatalysis, and photocatalysis. This overall flexible nature of the metallogel 

with superior capability can pave way for the development of cost-effective materials in a 

diverse application field. 

Figure 1. Bottom-up approach of self-assembly process of the LMWG to supramolecular gel. 
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1.2 Driving forces for gelation: 

1.2.1 Hydrogen bonding: The hydrogen bond is a type of non-covalent interaction that is 

much weaker than a typical ionic and covalent bond and stronger than the van-der-Waals 

interaction. A hydrogen atom located in between two atoms with a high electron affinity can 

form hydrogen bonding. This type of non-covalent interaction plays a significant role in the 

formation of supramolecular architectures.26–28 Hydrogen bond is not only crucial for the 

structural property correlations but also well known for various molecular recognition 

process bio-macromolecular systems.29  This short and directional interconnection between 

the donor and acceptor is also extensively employed in the crystalline extended metal-organic 

architectures, metal-organic cage, and supramolecular gel. Hydrogen bonds are also well-

known for showing an interesting dynamic property, where breaking and reforming the bond 

is stimulated by external forces. This phenomenon is employed to construct self-healing soft 

materials.30  It is a ubiquitous supramolecular interaction employed in the supramolecular 

gels. There are several examples of gelators with multiple hydrogen bond donation-

acceptance sites.  The most commonly used functional groups which are employed for the 

gelation are as follows, amide, hydroxyl, amine, carboxylate, peptides, sugar-derivative, etc.   

In this context, urea and thiourea groups are promising candidates to form an extended 

structure with the help of constructing strong hydrogen bonds.  Not only the neutral 

functional groups participate in the hydrogen bonding rather two oppositely charged species 

can also form a strong hydrogen bond, which is commonly known as charged assisted 

hydrogen bonding (CAHB). In a review article, Andrew D. Hamilton et al. described the 

importance of the hydrogen bond in the formation of the primary and secondary structure of a 

self-assembled organo-hydro-gelator (Fig. 2a).31 Where they showed a urea-based organo-

hydro-gelator forming primary self-assembled linear chain organisation, and those fibrils 

expand into a secondary structure with the help of weak hydrogen bond and van-der-Waals 

interaction, thus inducing the gelation.  
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Figure 2. (a) Primary, secondary, and tertiary structure of the self-assembled supramolecular gel. 

Figure reproduced from ref. 31 with permission. 

1.2.2 Hydrophobic and hydrophilic interaction: The gelators that form the hydrogel are 

often amphiphilic in nature. These have two types of functional groups hydrophilic and 

hydrophobic. The hydrophilic part tries to take the molecules into the solution state, whereas 

the hydrophobic moieties hold them in a self-aggregated fashion.32 The perfect balance 

between these two forces leads to gel, an in-between state solution, and precipitate. 

Hydrophobic interaction plays a crucial role in forming large biological assemblies in water 

to form a hydrogel. As they are amphiphilic molecules, they form micelles in lower 

concentration and higher concentration, self-assembled into a cross-linked structure. The 

gelation concentration is not only dependent on the hydrophilic and hydrophobic forces but 

also controlled by components present in the water solution (e.g., salt, pH, surfactant). The 

hydrogelators with amphiphilic groups also have a high degree of toughness in the 

association and, therefore, are able to show self-healing properties.  Zang and co-workers 

showed a physical double network hydrogel, where they have used a triblock copolymer. The 

hydrophobic groups at the two ends and the hydrophilic core poly(methacrylic acid) consist 

of -NH2 groups for hydrogen bonding help to form the supramolecular cross-linked network. 

The hydrophobic unit of the gelators also helps to hold some drugs molecules, and a release 

of these can be achieved in a controlled way. Tsitsilianis and co-workers showed hydrogels' 

formation from polystyrene-b-poly(sodium acrylate)-b-polystyrene (PSt-b-PNaA-b-PSt), 

(a)
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which is a triblock copolymer. Micellar structures were formed below 0.2% concentration, 

while weak gels were obtained above 0.4% concentration. 

1.2.3 Electrostatic interaction: Electrostatic interaction is widespread in constructing 

supramolecular architectures.33–35  Hydrogelators having charges are readily soluble in water. 

When two oppositely charged units come into the same solution, those can form a 

supramolecular self-assembled structure with the help of electrostatic interaction. A 

polymeric chain with ionic counterparts at the end is known to form hydrogels. The ionic 

monomers can form the complex cluster that ends up with the cross-linked arrangements 

while the other groups remain in the solution. However, electrostatic forces are not very 

common for the formation of organogel due to the lower solubility of the ionic groups in the 

common organic solvents. Aida and co-workers showed the formation of organogel with 

some dendritic molecular binders having guanidium ions at the end. The organogel is formed 

with the help of hydrogen bonding along with the electrostatic interaction with the anionic 

clay, which leads to cross lining hydrogel. Boulmedais and co-workers exhibited the 

formation of hydrogel driven by electrostatic forces.36 A quaternary ammonium polymer 

(PAH) interacts electrostatically with a Fmoc-FF peptide consisting of anionic phosphate 

groups. The gel was formed just after adding the two components at a particular molar ratio 

(PAH monomer/Fmoc-FF) peptide of 8. They also showed that the formation of viscous 

liquid with a molar ratio indicates non-sufficient weak interaction between the cationic 

ammonium groups and the anionic phosphate groups. The hydrogel shows a shear-thinning 

behaviour, where, the application of shear stress, the cross-linked structure broke and it again 

reform after removal of the stress. Hennink et al. showed the formation of hydrogel with two 

oppositely charged dextran microsphere and methacrylic acid.37 Gelation takes place after 

mixing the two oppositely charged microsphere with same equivalent by keeping the pH 7. 

1.2.4 Host-guest interaction: Another crucial interaction is found to be common in soft 

supramolecular materials, i.e., host-guest interaction.38,39 This is nothing but a combination of 

hydrogen bonding and electrostatic interaction. This specific interaction has unique 

characteristics like particular geometry, strong binding affinity, etc. Moreover, it is also found 

that these associations are sensitive to different external stimuli like pH and heating and the 

presence of different metal ions, which makes them more attractive in the biomedical 

application as the drug delivery agent. Cyclodextrin is a promising candidate due to its inner 

hydrophobic and outer hydrophilic nature and its easy commercial availability. It can also 

accommodate the hydrophobic molecules in the aqueous solution, which will end up with the 
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aggregated cross-linking state. Several other examples can be found among them; crown 

ether and cucurbituril are very common for the formation of a hydrogel. In a recent article, 

Baker et al. showed a hydrogel formation with the help of host-guest interaction between 

cyclodextrin and adamantane.40 The cyclodextrin host was connected with an alginate 

polymeric chain, and the adamantane was covalently connected to the polyethylene glycol 

chain. With the increasing number of multivalent cross-linker guests, gelation was found to 

be started and resulted in a robust gel. With the maximum number of cross-linked structures, 

it was obtained that the gel is resistant to mechanical forces and shows self-healing 

properties. Ajayaghosh and co-workers demonstrated the formation of hydrogel with the 

same cyclodextrin and a coordination polymeric unit.41 A coordination polymer formed by 

the azomonocarboxylic acid and Mg2+ acts as the host, and the cyclodextrin, which 

accommodates the benzene ring of the azo group, acts as the guest. Here they showed a 

precise stepwise release of cyclodextrin molecule from the hydrogel driven by the 

temperature stimuli. Kim et al. used cucurbit[6]uril-conjugated with hyaluronic acid and 

diaminohexane conjugated hyaluronic acid for the in-situ formation of hydrogel inside the 

cell (Fig. 3a-c). This was applied in cellular engineering, and cell imaging was done by the 

modified fluorescein isothiocyanate cucurbit[6]uril.42  

Figure 3. (a) Schematic representation of the in-situ formation of the biocompatible hydrogel by the 

host-guest interaction. (b) chemical structure of cucurbit[6]uril. (c) Polyamines of diaminohexane and 

spermine. CB-HA=cucurbit[6]uril-conjugated hyaluronic. Figure reproduced from ref. 42 with 

permission. 

(a)

(b) (c)
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1.3 Classification of Gel:     

  

Scheme 1: General classification of gel materials. 

1.3.1 Classification on the basis of solvent/medium: 

Depending on the nature of the solvent, the gel materials can be divided into two categories. 

Most of the gelation is performed with a water medium or in a mixture of organic solvents. 

These two categories are named as hydrogels and organogels.  

1.3.1.1 Hydrogel: As discussed earlier, a hydrogel is an extended network constructed by the 

self-assembly of the gelators, which are able to hold a large volume of water.43 This 3D 

cross-linked network is made up of only gelator and sometimes gelator along with the linker 

molecules with the help of different covalent and non-covalent interactions.44 A high-water 

content (>90%) in the hydrogel matrix makes it more flexible and tuneable in nature. Due to 

the high-water contents, it can be utilized as a stimuli-responsive soft-smart material in 

comparison with natural tissues. These 3D cross-link networks formed by different types of 

non-covalent interactions such as hydrogen-bond, hydrophobic, hydrophilic, and host-guest 

interactions can also provide self-healing properties.45,46 A change in the volume with the 

phase transformation from gel to sol by the stimulation can serve as sensors and actuators.  

Due to ease of handling of the substance, sometimes the gel state is transformed into its solid 

phase, popularly known as xerogel. In the xerogel 3D matrix, the porous micro or 

nanostructure remains intact as in the gel, but the solvent molecules are replaced by the air.47  
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There are several techniques to perform this transformation and replace the solvent in 

supercritical conditions like critical point drying (CPD) and freeze-drying method. This 

results in a porous, low dense, 3D cross-linked network. However, high-temperature vacuum 

condition is also used as a drying technique to afford xerogel. This high temperature creates 

viscous sintering in the gel matrix, which leads to a more densely packed 3D network and 

produces a more robust solid. Therefore, depending on the drying conditions, we can 

modulate the density and porosity of the gel matrix.  

1.3.1.2 Organogel: In general, organogel is a viscoelastic material with a large volume of 

organic solvents immobilized into the 3D interconnected network made up of self-assembled 

LMWG.48,49 A pure organic solvent or a solvent combination is chosen depending on the 

gelator solubility and the critical concentration of the gelation. Organogels show diverse 

supramolecular nano-architecture under microscopic techniques, such as FESEM, TEM, and 

AFM. This diversity makes them a promising candidate for various application fields like the 

food industry, medicine, tissue engineering, control drug release, and catalysis.50–52 In recent 

years, chromophoric unit-based organogel has been gaining immense interest in 

optoelectronics, sensors, energy transfer, and light-harvesting applications.   

1.3.2 Classification on the basis of components: 

1.3.2.1 Polymeric gel: This class of organogel comprises of polymers of small monomeric 

units. The lamellar structure of these polymeric units can hold a copious amount of solvents 

molecules, which results in gelation. These entangled chains of different molecular weights 

of polymers are distributed homogeneously in the solvent medium. Some polymers are 

(polysiloxanes, polycarbonates, polyethers), well known for suitable gel preparation.50 Other 

than that, the π-electron rich aromatic units are also used for the gelation based on their 

individual identities, such as functional dyes, photoresponsive chromophore, heterocyclic 

chromophore units, and fused polyaromatics.53,54 Some small molecules like pyrrole, aniline. 

thiophene are also very popular to form the polymeric chain, which leads to the formation of 

a polymeric gel. Natural and synthesised proteins, carbohydrates, and other peptide 

derivatives also have the π-electron rich core and functional amide bonds, also capable of 

forming self- aggregated supramolecular assembly that can immobilize the solvent molecules 

inside it. The interesting photophysical properties of the organogelators make them more 

appealing for catalysis, light-harvesting applications, and optoelectronic applications. 

Therefore, several organogelators have been reported with different chromophore parts, such 
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as pyrene, anthracene, porphyrin, phthalocyanine, coronene, phenanthroline, stilbene, 

thiophene, tetrathiafulvalene, phenylene, phenylenevinylene, phenylene-acetylene, etc.55–59   

1.3.2.2 Metallogel: The indirect and direct involvement of the metal ion coordination with 

the gelator ligands can form a kind of gel, broadly known as metallogel.24 We can subdivide 

this class of gels into two categories, i) discrete metal complexes or polyhedra self-assembled 

through different non-covalent interactions by the hep of linker molecules, and ii) metal ions 

coordinated LMWG results in a coordination polymer, which can hold a large amount of 

solvent within it, known as coordination polymer gel (CPG). In the first subclass of 

metallogel, metal ions are not directly involved in the self-organization process. The 

polyhedra or the cages are made up of metal ions held by multidentate macromolecular 

ligands. It consists of some metal-organic cages connected with each other through some 

binder molecules by supramolecular interactions or by coordinating some vacant metal sites. 

Recently, this CPG has been emerging as a popular metallogel due to the involvement of 

electron-rich chromophoric units and redox-active metal centers.60 Here, the metal ions 

actively participate in forming gel networks. The incorporation of the metal ions also expands 

the research area towards different supramolecular architectures and rheological behaviour. 

Designing the LMWG needs a central core and metal coordinating units covalently connected 

to each other. The sol-gel reversible nature and various morphological nanostructures 

facilitate their utilization of CPGs to fabricate a large display and sensing device. The 

stimuli-responsive behaviour of CPGs makes them a superior drug delivery agent. The 

advantage of the metal ions in these organic-inorganic hybrid materials made them a 

promising candidate in the field of redox, optical, electronics, magnetism application.61–63 

Depending on the different metal ions in these soft materials, the application properties can 

be tuned towards optoelectronics, pharmaceuticals, and catalysis.7 Therefore, a rational 

design of novel metallogel with new LMWG or metal-organic polyhedra is of utmost interest. 

1.3.2.3 Nanocomposite gel: The implantation of nanoparticles, clay materials, or other 

nanostructures in the cross-linked network of the gel matrix leads to nanocomposite gel. 

These nano components are generally connected to the gel through different kinds of non-

covalent and covalent interactions. These heterogeneous nano-constituents can be carbon-

based 2D materials, clay particles, or metal nanoparticles. Recently, these hybrid 

nanostructured soft materials are gaining more interest due to their wide range of 

applications. Based on the components embedded in the gel structure, it can be used in a vast 

field of applications with enhanced physical, chemical, electrical, magnetism, biological 
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activity.64–67 Metallogels and hydrogels can act as the template for stabilizing the metal 

nanoparticles, which results in well-dispersed nanoparticle decorated metallogel 

nanocomposites. The introduction of the nanoparticles inside the supramolecular gel widens 

their application field, particularly towards catalysis. In addition to the nanoparticles, 

different kinds of clay particles are also introduced inside the gel matrix. The resulting gel 

shows excellent self-healing properties. Over the past decades, various photosensitizer and 

photocatalytic centers are also introduced into these soft materials to get enhanced 

photocatalytic performance with the porous cross-linked network structures. 

 

1.4 Applications of gel materials:  

The self-assembly of the low molecular weight gelators to supramolecular gel network gained 

considerable attention from materials to medical chemistry. These multifunctional soft 

materials have wide applications in optoelectronics, self-healing materials, drug delivery 

agents, molecular sensors, organic catalysis, photocatalytic, and electrocatalytic chemical 

processes. The below section will discuss about these all with suitable examples. 

1.4.1 Self-healing properties of gel materials: The natural healing ability over any damage 

by the application of an external force is a very common phenomenon in living organisms. 

Therefore, the development of these kinds of artificial self-healing substrates is much 

promising in biomedical applications and device fabrications.68,69 Over the last few decades, 

gel materials have attracted considerable attention as a proper candidate because of different 

non-covalent supramolecular interactions in the gel. Harada and co-workers showed a redox-

active self-healing gel constructed with the host-guest interaction.70 The polymer taken as a 

guest for hydrogelation was performed in buffer with pH 9. Next, they have speculated on the 

self-healing nature of the self-standing hydrogel (Fig. 4a). Rheological experiments were 

performed both before and after the healing, which indicated no relaxation for the hydrogel 

during the reconstruction. When they kept two cubes of that hydrogel in an attached position 

for 24 hours, it came as a single block. The detached host and guest counterpart were free at 

the edge of the cutting area, which again interacted with each other to reconstruct the 

hydrogel. 
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Figure 4. (a) The self-healing nature of the hydrogel after standing for 24 hours. The schematic of the 

host-guest interaction between cyclodextrin and ferrocene at the cut edge. Figure reproduced from ref. 

70 with permission.  

Aida et al. show a self-healable hydrogel made up of macromolecular dendrimer as 

the binder, sodium polyacrylate, and clay nanosheets.71 The binder has two dendron units 

decorated with guanidium ions.  These dendron units were named as molecular glue, which 

can interact with each other with the help of salt-bridge interaction. They achieved a quick 

recovery of the initial storage modulus (G') value, which is much more difficult for other co-

polypeptide gels. Interestingly, they found that when they attached two cutting parts, it 

healed, but two fresh surfaces were not attached to each other. Also, the two cut surfaces 

could join when they connect quickly, just after fresh cutting. The 3D cross-linked structures 

were made up of binding of the pendent guanidium groups with the sheets of clay. This 

architecture helps the hydrogel recover fast and does not need the rearrangements of the 

organic component. Gunnlaugsson et al. showed a highly luminescent self-healable 

metallogel (Fig. 5a-h). The gelation was performed with pyridine-2,6-dicarboxylic acid 

derivative (H2L) and lanthanides (Ln = EuIII and TbIII).72 Both gels show individual 

luminescent properties, and an equal mixture of these two lanthanides gave rise to a yellow-

orange coloured gel. Both of the gel was cut into two parts and, when it was kept in contact, 

showed a self-healing property without any external stimuli.  

 

 

(a)
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Figure 5. (a) The structure of the LMWG. (b) gelation with Eu3+ and Tb3+ under daylight conditions. 

(c) Gels under UV light. (d) Luminescence properties of Eu3+, Eu3+/Tb3+, and Tb3+ gels. (e-h) Self-

healing properties of the gel under daylight and UV light conditions. Figure reproduced from ref. 72 

with permission. 

A. Banerjee and his team have reported a series of metallo-hydrogel made up of 

tyrosine-based amphiphiles.73 The gelation was found to be very selective towards Ni2+. They 

also observed a significant change in the mechanical property and stiffness of the gels when 

the carbon chain length was varied from 10 to 14. Gelation was performed in phosphate 

buffer solution with a pH of 7-8. The amphiphile had a lower chain length took much more 

time for the gelation upon resting after sonication of two precursor solutions. This nickel-

based metallo-hydrogel showed an excellent self-healing property. When the gel was cut into 

several pieces and kept in contact with a moderate press, it was observed that the cut area was 

healed fully, and the whole gel structure could be lifted with the help of a needle. Here also, 

the chain length affected the self-healing properties. The healing process was delayed with a 

lower chain length, but for the longer carbon chain length, the healing was completed within 

5 min. Presumably, the hydrophobic interaction also plays a significant role in gelation and 

self-healing. Therefore, it happens with the longer carbon chain much faster within the water 

medium. Therefore, these gel materials can mimic nature, and this interesting phenomenon 

can act as a potential agent in different fields of application.  

1.4.2 Chemosensing properties of gel materials: The chemosensing application of the gel is 

one of the most exciting applications in the field of these soft materials. The presence of 

different functional groups and the different photophysical properties within the gel systems 

make them a suitable candidate in this particular application field.74–76 Such change in some 

properties of the gel with the addition of the different external agents, which are sensitive to 
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the naked eye, can provide specific information for that particular contaminants. The soft 

nature of the gel structure for an easy change into a different phase like sol or sometimes 

change in the luminescent properties makes them an excellent candidate for the detection of 

different toxic gases, heavy metal ions, and other hazardous chemicals. Berke et al. reported a 

metallogel with the property of sensing different nitroaromatic compounds.77 Conventional 

heating and cooling method, when applied to the DMF solution of 1,4,5,8-

triptycenetetracarboxylic acid with Al(NO3)3.9H2O, leads to gelation after one hour. Next, the 

metallogel was investigated to sense the different nitroaromatic compounds, and it shows an 

excellent sensing property towards picric acid. The gel was emissive, and the photoinduced 

electron transfer (PET) process made the system much more efficient with fluorescence 

quenching for this application. The increasing number of nitro groups within a phenyl ring 

made them more electron-deficient, and the low line lowest unoccupied molecular orbital 

(LUMO) level made the PET process much easier. Therefore, the picric acid having three 

nitro functional groups has the lowest LUMO level, and the gel shows the effective detection 

with the highest quenching percentage. Shinkai et al. reported a Co-based metallogel 

prepared from a LMWG (1,2,4,5-tetra(2H-tetrazole-5-yl)- benzene) and CoBr2.
78 This 

metallogel acted as a chemosensor for chloride-containing molecules, like HCl, SOCl2, 

COCl2, and (COCl)2. They had also prepared a portable chemosensor kit by filling a capillary 

with the gel and closing the ends of the capillary with membrane filters. The capillary was 

exposed to phosgene gas, and after that, the capillary colour changed from red to blue. In a 

very recent article, Maitra and the co-worker showed the sensitization of H2O2 at the 

micromolar level with a paper disc coated with the sensitizer hydrogel.79 They have used the 

photoinduced energy transfer process with the help of biphenyl carboxylic acid and terbium 

ions (Tb3+) in this sensitization process (Fig. 6a-c). A hydrogel made up of biphenyl 

carboxylic ester, terbium nitrate, and sodium cholate was coated on a paper disc, showing a 

luminescent property under UV light when exposed to H2O2. The proposed mechanism 

indicates first the oxidation in the presence of H2O2 followed by deboration and 

fragmentation, which leads to the formation of the biphenyl monocarboxylic acid. This 

carboxylic acid can coordinate the terbium ions and a feasible energy transfer process can 

take place according to the Latva's empirical rule. Lack of this interaction helps the ester to 

remain silent towards sensitization. This chemical reaction is also quantitatively sensitive 

toward H2O2, which shows an emission intensity increment with the increase in the 

concentration of H2O2. 
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Figure 6. (a) Schematic of the H2O2 sensing with the terbium-based gel. (b) The reactions involved in 

the sensing process. (c) Increase in emission intensity with the concentration of H2O2. Figure 

reproduced from ref. 79 with permission. 

1.4.3 Gel materials as the drug delivery agents: Delivery of a drug to a particular location 

with the help of a metal-organic or pure organic soft materials has been at the forefront of 

research in the biomedical field for the last few decades.80–82 It is challenging to develop a 

new material that can act as a drug-delivery agent in a well-controlled manner. Recently the 

metal-organic cage-based gel and polypeptide-based gels are emerging as potential agents for 

acting as the host for the drug molecules and are also capable of a controlled release. The 

metal-organic polyhedras are appealing in this field due to their analogous character with the 

enzymes or other large biomolecular systems for encapsulating guests in a confined way. 

These cages also have the advantage of size selectivity. Stimuli-responsive gels, such as 

different coordination polymeric gels, are also reported as the drug-delivery agent with the 

controlled release of drug triggered by some physical and chemical perturbation (like pH, 

ionic strength, temperature, mechanical force, etc.). Here one has to consider also the toxicity 

of the vehicle of the drug, and because of that, most of the metal-containing materials and 

polymeric materials get failed though they have the encapsulating capability and controlled 

release nature. Banerjee et al. showed a tetrapeptide-based hydrogel for a controlled release 

of the doxorubicin drug, which is considered a potential anti-cancer drug and also acted 

against gastric carcinoma (Fig. 7a-c).83 The hydrogels were able to entrap 13.79×10-3 (M) 

drug solution at the lowest gelation concentration. Next, they have studied the controlled 
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release of the drug at the physiological pH. In this regard, they covered the drug-loaded 

hydrogel into the PBS buffer with a pH of 7.46. The diffusion rate was calculated by fitting 

the data with a nonsteady state diffusion model equation. The hydrogels showed the highest 

90% of drug release at 45 hours. Similarly, they have also performed the drug release kinetic 

at the acidic pH of 6.5, and it shows the highest release of 80% after 35 hours.  

Figure 7. (a) Schematic highlighting the molecular packing in gel state. (b) Chemical structures of the 

gelators. (c) Drug release profile of the hydrogels. Figure reproduced from ref. 83 with permission. 

The same group has also studied the effect of the chiral center present in the 

hydrogelator in the drug release kinetics.84 A tripeptide-based nontoxic hydrogelator they 

have synthesized with all possible arrangements of the chiral center. Three of the four 

enantiomeric pairs show gelation properties with different mechanical strengths. A detailed 

rheological study of all the gels and sols indicates that as the D-phenylalanine residue moves 

from the N to C terminus, the gel stiffness decreases with the decreasing interaction of H-

bonding and π-π stacking. This study tells that the mechanical strength of the gel can be tuned 

by placing the chiral residue in a particular position of the gelator. The gel's stiffness also 

affects the drug release performance of different gels. The same amount of Doxorubicin was 

loaded into each gel, and the release of the drug was monitored. The release curve shows a 

similar nature for all the enantiomers, but it is found to be different for the diastereomers. 

They obtained a maximum of 76% of drug release after 79 hours. Therefore, the position of 

the D-residue in the gelator determines the mechanical strength and controls the gel's drug 

release properties. Most of the time, the drug is loaded on a vehicle such as a polymer gel 

matrix before the delivery. But sometimes, it is found to be cytotoxic and carrier material 

degradation. Dastidar et al. showed that the drug itself could be transformed into the gel by a 

(a) (b)

(c)
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non-trivial modification to a pro-drug.85 These pro-drugs can show self-release properties. 

They have employed the 1D hydrogen bonding network approach for the formation of the 

gel. Naproxen, a well-known drug, was used along with its two β-peptide derivatives and 

allowed them to react with different primary and secondary amine to obtain the salt. Among 

all of these salts, five were able to show the gelation properties. A particular salt derivative of 

the parent drug was chosen to check the activity towards skin inflammation, and it displays a 

similar activity as the parent drug. Next, the self-delivery property of the chosen drug was 

evaluated on the skin inflammation of the mice. A daily dose of 1 mg/day of the gel-treated 

mouse shows a good skin recovery within 10 days, whereas the mouse without the gel 

treatment was found to be dead after 2 days.  

1.4.4 Optoelectronic applications of gel-based materials: Optoelectronics materials are 

generally deal with electronic systems by means of different utilizations such as tunable light 

emission, sensing, transmitting, etc. Hence, metal-organic soft materials can be a promising 

agent in this type of application. The emission properties of gel materials can be generated 

from two sites i) metal center63,86–88 and ii) chromophore89 part of the ligand molecules. The 

emission properties of the gel can be tuned as the emission of the metal center is depends on 

the coordination environments. The emission can also be modulated by synthetic 

modification of the chromophoric unit of the gel matrix. Apart from this, the different charge 

transfer (CT) bands, aggregation-induced emission, guest-induced emissions, and inclusion of 

the photoresponsive molecules are also reported for these kinds of soft materials. Maji and 

co-workers showed the formation of organogel in a methanol/dichloromethane mixture with a 

1,4-bis- (anthracenylethynyl)benzene (BAB) derivative as the LMWG (Fig. 8a-c).90 The gel 

showed a thermoreversible and thixotropic behaviour with gel to sol phase change. 

Successful crystallisation from the molecular state to aggregated state showed that the BAB 

molecules were arranged in a J-aggregated fashion. The indication of π-π stacking was also 

found in the PXRD pattern with a peak at 24.2°. Methanolic solution of the BAB showed the 

vibronic band at 460 nm, and the peak position of the absorption was found to be redshifted 

in the xerogel state. This bathochromic shift also suggested the J-type aggregation of the 

BAB molecules in the gel state. This π-conjugated LMWG also showed luminescence 

properties where the peak maxima of the PL spectra were found at 479 and 505 nm for the 

methanolic solution of BAB. They have also incorporated an acceptor molecule inside the gel 

via non-covalent interaction to study the Forster Resonance Energy Transfer (FRET) 

phenomena. 4,4′-(perfluorocyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-2-carbaldehyde) 
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(DTE derivative) was found to be a suitable candidate to understand this photochromic-FRET 

(pc-FRET) process (Fig. 8a). Interestingly, the energy acceptor molecule has two molecular 

forms (close and open) with two different absorption properties. These forms are 

interchangeable by the UV and Vis light irradiation. The absorption band of the close form 

had a proper overlap with the emission band of the BAB LMWG, which is an essential 

criterion for observing the pc-FRET process (Fig. 8b). The faster kinetics showed an ON-

OFF energy transfer process. Therefore, the excited state energy transfer can only be feasible 

when the acceptor molecules are present in the close form. The decreasing intensity of the PL 

spectra of the DTE derivative incorporated BAB indicates the successful transfer of excited-

state energy to the acceptor (Fig. 8c). The BAB was also able to regain its emission when it 

was irradiated with visible lights, and the DTE derivative transformed into its open form. 

Figure 8. (a) Schematic of the pc-FRET process in gel materials. (b) UV-Vis spectra of the DTE-

derivative and the emission spectra of the LMWG show the partial overlap of the spectra for the pc-

FRET process. (c) The ON-OFF Energy transfer study in gel material by fluorescence spectroscopy. 

Figure reproduced from ref. 90 with permission. 
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CPG-based tuneable emission properties were further explored by the same group. 

They have designed a tripodal LMWG with one chromophore core unit and three metal 

binding sites for the coordination-driven gelation performance. 4,4′,4-[1,3,5-phenyl-

tri(methoxy)]-tris-benzene core and 2,2′:6′,2″-terpyridyl termini were covalently connected 

for realising the gelation properties with different lanthanide ions.91 The LMWG was capable 

to form hydrogel with a nanosphere morphology. In contrast, a nanotubular morphology was 

found when it was assembled with lanthanide ions (Tb3+ and Eu3+) in a solvent mixture of 

chloroform/THF. They have made a series of CPG with different emission maximums. The 

CPG made up of only Tb3+ showed a green emission, whereas the CPG made up of Eu3+ only 

showed red emission. A 1:2 combination of Tb3+:Eu3+ was capable of showing white light 

emission (Fig. 9a). They have also tried other combinations of the Tb3+:Eu3+ and CPGs are 

also found to emit cyan and pink light. 

Figure 9. (a) Chemical structure of the LMWG. The coordination with the Eu3+ and Tb3+ in different 

stoichiometric ratios for tunable emission, including white light. Figure reproduced from ref. 91 with 

permission. 

1.4.5 Gel materials as a catalyst for organic reactions: Metal catalysed organic reactions 

are well studied in material developments, and different metals were implemented to design 

the catalyst with some organic linker. Therefore, different metal-organic coordination 

complexes attracted enormous attention towards catalysis in different organic reactions.92,93 

In this context, metal-organic coordination hybrid soft materials received immense interest in 

catalysis. Not only the nanostructure of the gel matrix can act as a catalyst, but also it gives 

(a)
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support to different metal-nanoparticle by helping in catalysis indirect way. Sarkar and co-

workers showed the design and synthesis of a copper-based metallo-hydrogel with two 

organic ligands, which act as a catalyst in phenoxazinone synthesis (Fig. 10a-b).94 They had 

found instantaneous gelation when the copper (II) solution was added to sodium succinate 

and hexamethylenetetramine solution. The xerogel showed a fibrous nanostructure and was 

responsive to different stimuli. The xerogel they have used for the catalytic oxidation of o-

amino phenol to phenoxazinone, which is a crucial chromophore for the synthesis of 

actinomycin-D. Arial oxidation in methanol was monitored by the UV-Vis spectrometric 

study. A characteristic peak of phenoxazinone at 430 nm was increasing with time, and 

conversion was also supported by mass analysis. A control study without the xerogel under 

the same condition shows no change in UV-Vis spectra, confirming the catalysis process by 

the redox-active copper metal-based xerogel. 

Figure 10: (a) Schematic of the formation of tricomponent gel nanofibers. (b) Catalytic cycle for the 

amino-phenoxazinone synthesis. Figure reproduced from ref. 94 with permission. 

Yu et al. reported another copper-based metallogel and used it as a catalyst in click 

reaction (Fig. 11a-b).95 A coordination polymeric gel was prepared by Cu2+ metal ions and a 

LMWG consisting terpyridine unit. The xerogel showed acts as the catalyst for the click 

(a)
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chemistry with the highest yield of 81.8% in water medium. This shows an environment-

friendly and cheap nature of the catalysis process in water medium with a high reaction yield. 

They have performed a series of reactions with different substituted azide and alkyne. The 

catalyst shows a great performance for all in terms of yield. A recyclability test was also 

performed, and the xerogel showed stability up to the 4th cycle.  

Figure 11. (a) Gelation process of the LMWG and Cu2+ with heating-cooling (H_C) method and by 

application of ultrasonic (U) power. (b) Xerogel acts as a catalyst for click reaction with a different 

substituted alkyne. Figure reproduced from ref. 95 with permission.   

C-Yong Su and co-worker reported a metallogel with a pyridine-based tripodal ligand 

by incorporating Pd(COD)(NO3)2 in a CH3OH-CHCl3 mixed solvent system.96 involvement 

of hydrogen bonding, π-π interactions, coordination bonding in the gel showed different 

morphology with different Pd/Ligand ratio. The nanostructure changed from fibers to the 

sphere with increasing the ligand concentration. The catalytic potential was also found to be 

different for different concentration ratios. They have found that the 1:1 stoichiometric ratio 

of Pd and ligand with fibrous nanostructure shows the best catalytic activity towards the 

Suzuki-Miyaura reaction, and it also shows good recyclability up to the 5th cycle. Banerjee 

and co-workers reported a trihybrid gel system for enhanced catalytic performance.97 A 

(a)
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covalently attached pyrene and tryptophan were used as the gelator, and graphene oxide (GO) 

was mixed during gelation, giving a high surface area and mechanical strength to the gel. 

Gold nanoparticles were also incorporated into the fibrous gel matrix to experience the 

catalytic reduction reaction of 4-amino phenol. Subsequent addition of GO and Au NPs 

improved the hydrogel's mechanical strength and enhanced the catalytic performance.  

1.4.6 Photochemical and electrochemical CO2 reduction with gel materials: A detailed 

study has been carried out in the last decades on the development of the confined 

environment for photoreactions. In this regard, different heterogeneous photocatalysts with 

3D network structures are well explored for solar energy conversion. Supramolecular gel 

materials, which are typically self-assembly of the gelators through non-covalent interactions, 

can be a suitable candidate for photoconversion. Further, the metallogels containing redox-

active metal centers with a good conductive nature can be a potential candidate.  The 3D 

entangled porous network structure also helps in the diffusion process of the CO2, which 

readily comes into contact with the catalytic center. However, the efficiency and selectivity 

of the chemical process depend on the reaction medium, reaction type, solvent system, 

properties of the reactants, and properties of the gel matrix. Therefore, a judicious choice of 

the gelator, solvent system, and optimum reaction conditions are also important to realise the 

CO2 reduction process with the soft material system. In spite of these advantages, there are 

only a few reports on CO2 reduction with these soft processible materials. Maji and co-

workers reported a tetrapodal LMWG with terpyridine units as the metal ions linker. The 

covalent connected tetrathiafulvalene with four terpyridine units based LMWG was 

combined with Zn2+ ions to get the coordination polymer gel (CPG) (Fig. 12a-c).59 The 

charge transfer phenomena from the TTF unit to the Tpy units was investigated 

experimentally and computationally. This feasible electron transfer process was used in 

visible light-driven CO2 reduction reactions. They obtained CO as a major product with the 

selectivity of 99% in an acetonitrile/water mixture medium with triethylamine as a sacrificial 

electron donor. Next, they have also deposited Pt nanoparticles on the gel matrix. Further, 

this soft material showed an enhanced catalytic activity toward methane production with 97% 

selectivity in a similar reaction environment. 
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Figure 12. (a) Chemical structure of the LMWG. (b) Gelation study of the LMWG with Zn2+ in a 

mixture solvent. (c) electron transfer feasibility during the photocatalytic process. Figure reproduced 

from ref. 59 with permission. 

Metal-organic polyhedras (MOPs) are also a promising candidate for the catalysis 

process due to the unsaturated coordination environments on the metal centers. Furukawa et 

al. recently reported designing and synthesizing a Rhodium-based metal-organic polyhedra 

(Rh-MOP) where the basic paddlewheel unit contains two coordination unsaturated Rh metal 

centers.98 They have used two imidazole-containing linker molecules for connecting the Rh-

MOPs, which end up with soft gel materials (Fig. 13a). One of the Rh centers helps bind with 

the imidazole linker's nitrogen, and the other remains unsaturated to show the catalytic 

activity. The photocatalytic CO2 reduction reaction was studied in acetonitrile medium and 

triethanolamine (TEOA) as the proton and electron-donating agent. This highly stable 

catalyst showed the formation of formic acid as a sole product with a high productivity rate of 

76 mmol·g-1·h-1. The electrochemical cyclic voltammetry study and density functional theory 

showed the redox-active character of the Rh cluster and the electron transfer feasibility 

during the CO2 reduction process. 

TPY-TTF

(c)(a)

(b)
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Figure 13. (a) Schematic of the MOP and the paddlewheel structure of the dirhodium unit for 

photocatalytic CO2 reduction. Figure reproduced from ref. 98 with permission. 

The suitable porous network for gas diffusion also makes the gel materials a 

promising candidate as an electrocatalyst for the CO2 reduction process. Officer and co-

workers showed the design and synthesis of graphene embedded iron-porphyrin gel 

materials.99 They have performed the CO2 reduction reaction in water medium. The primary 

difficulty in the electrochemical process is the competition between proton reduction and CO2 

reduction reactions. The 3D porous conductive nanostructure showed high faradaic efficiency 

of 96.2% for CO at a low overpotential of 280 mV. The robust nature of the hydrogel was 

also evaluated by a long-term efficiency experiment of CO production for up to 20 hours at 

the same potential. 

1.5 Outlook: 

The flexibility and the easy processibility of soft materials have attracted huge attention for 

applications in diverse fields over the past few decades. Self-assembly of LMWGs results in 

supramolecular gels that have been exploited for different application fields, including tissue 

engineering, optoelectronics, and bio-medicine. CPGs and other metallogels are highly 

promising soft-hybrid materials because of the presence of metal ions, which endows them 

with unique redox, optical, electronic, and catalytic properties. To date, different synthetic 

strategies are implemented to design the LMWG and investigate the influence of metal 

coordination on the morphology and photophysical properties of the gels. The fundamental 

(a)
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study of this metastable kinetically trapped state to thermodynamically more stable arranged 

structure also has a great interest in the field of soft matter. Metal-organic cages are a class of 

materials that can also be used to construct these polymeric structures. However, this field of 

research is yet well explored. Assembling these metal-organic cages to a well-defined 

supramolecular arrangement by linking them with the binder is an important approach to 

investigate a phase transition process.  

Visible light-driven and electrocatalytic CO2 reduction is an emerging area of 

research in material sciences. This field is well explored with different semiconducting 

materials such as inorganic-oxide, metal-organic framework, organic polymers, and carbon-

nitride-based materials. However, the application of gel materials in this field is not 

investigated yet. In this regard, we have designed different metallogels for CO2 reduction 

applications. This thesis partially deals with photo and electrocatalytic CO2 reduction 

reactions with CPG and MOCs based soft materials. These stimuli-responsive gel materials 

were also investigated for a spontaneous phase change. These multicomponent hybrid-soft 

materials also offer many potential opportunities; many of them are currently being explored.   
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Abstract 

The design of a low molecular weight gelator (LMWG) and the study of their self-assembly 

towards a supramolecular soft material is emerging as a photocatalytic medium for solar fuel 

production. Besides this, solar energy to much-needed renewable sources such as CO2 

reduction to valuable products can be achieved by designing an efficient catalytic medium. 

This chapter discusses the design and synthesis of a covalently connected naphthalene 

diimide core with two terpyridine units (Tpy-NDI) based LMWG and corresponding self-

assembled gel matrix utilisation for photocatalytic reaction. Self-assembly of these LMWG in 

dimethyl sulfoxide (DMSO) showed nanofibrous morphology with a J-type aggregation. The 

coordination polymer gel (CPG) was prepared by the Fe2+ metal ions coordination with the 

Tpy-NDI LMWG in a water-DMSO solvent mixture. Coordination of the Fe2+ metal ions 

with Tpy units showed a broad metal to ligand charge transfer band in the visible region, and 

the Fe-Tpy-NDI CPG matrix has consisted of a fibrous nanostructure. Upon visible light 

irradiation, Fe-Tpy-NDI CPG exhibited the CO2 reduction reaction to CH4 in water with 

triethylamine (TEA) and 1,4-dihydronicotinamide (BNAH) as the sacrificial electron donors. 

The highest productivity rate of CH4 was found to be 2.75 mmol g-1 h-1 with 85% selectivity. 

Further, the in-situ DRIFT spectroscopy suggests possible reaction intermediates during CO2 

reduction to CH4. 
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2.1 Introduction: 

A hike in CO2 emissions with the development of a carbon-based society is making a 

significant impact on climate change.1,2 However, now it is also impossible to avoid fossil 

fuel utilisation for daily energy requirements due to the lower availability and higher cost of 

different renewable energy. Therefore, the two elementary ways to reduce the amount of CO2 

are capturing and conversion to different value-added products.3 In the last few years, CO2 

reduction reaction (CO2RR) has been gaining significant interest in the field of material 

research and development. However, the major difficulty one has to face in this reduction 

process is the very high stability and inert nature of CO2, owing to the strong dissociation 

energy of the C=O bond (750 kJ mol−1) with a complicated reduction pathway.4 In this 21st 

century, solar energy is also growing as an attractive renewable energy source, and its highly 

diffuse nature can fulfill all future energy demands. The sunlight that reaches the earth's 

surface consists of 50% of visible light and 45% of the infrared components with an 

insignificant amount of UV part. Considering all the possible strategies for the catalytic 

reduction process, the photocatalytic approach is found to be the most efficient in terms of 

energy efficiency and much viable due to the ambient reaction conditions.5 Artificial 

photosynthesis is one of the emerging approaches for converting CO2 to different chemical 

feedstock with a promising green pathway.6 Natural photosynthesis involves a sequence of 

enzymes for light-harvesting, charge separation, and migration process in a very precise 

mechanism. Mimicking this phenomenon with the help of catalytic material not only can 

reduce the CO2 load but also lower down the fossil fuel dependency.  

There are several C1 based fuels one can get upon CO2RR, such as CO, HCOOH, 

CH3OH, and CH4, where CH3OH and CH4 can be used directly in the fuel cell, increasing 

their demand.7 However, the thermodynamic and kinetic parameters are different in each case 

as the product formation involves a different number of electron transfer with an intricated 

mechanism. The thermodynamic feasibility for the production of CH4 is much easier than that 

of CO, as indicated by the standard reduction potential value (E0
CH4 = -0.24 V vs. NHE and 

E0
CO = -0.53 V vs. NHE at pH 7).8 Nevertheless, the formation of CH4 is much more difficult 

than that of CO because of the eight-electron transfer process in the case of CH4, which 

makes the kinetics substantially more sluggish in nature and makes it incredibly challenging. 

Only a handful of metal alloys, metal chalcogenides, and metal oxides are available, which 

can act as semiconductors for photocatalytic CO2 reduction. Still, those generally suffer from 

lower productivity and selectivity issues. Hence, designing a photocatalyst with a light-
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harvesting unit and catalytic center is much needed to overcome the obstacle of selectivity 

and productivity.9 

To this end, low molecular weight gelator (LMWG) based inorganic-organic hybrid 

soft nanomaterial with all compulsory components can act as a potential agent for this photo-

redox event.10 Gelator molecules can form a coordination-driven self-assembled structure 

with the help of suitable metal ions. This porous solid network is well known for various 

application fields like biomedical, optoelectronics, and food industries.11 Coordination 

polymer gel (CPG) comprises different non-covalent interactions such as π–π stacking, 

electrostatic interaction, hydrogen bonding, and hydrophobic interaction, which helps to form 

the colloidal fibrous network and can hold a copious amount of solvent.12 Such kind of 

hierarchical porous fibrous structure helps in the gas diffusion process and allows the metal 

centers to act as an active site. The integrated structure consists of a light collecting unit with 

semiconducting nature that can generate photoexcited charges.13 The feasible migration of 

these charges to the catalytic point leads to a potential candidate for CO2RR. Here, 

naphthalene diimide can serve the purpose with a long π conjugated arrangement, and it is 

also well known for constructing a self-assembled structure through face-to-face 

aggregation.14 Naphthalene diimide has absorption at the junction of the UV, and Visible 

component and a terpyridine unit with a redox-active metal center. This redox-active 

terpyridine metal complex has a large absorption in the visible range due to the MLCT 

phenomena, which helps to separate the electron and hole, indicating semiconducting 

behaviour. 

This chapter demonstrates a new class of processible soft material, Coordination 

Polymer Gel (CPG), made up of LMWG by covalently connected naphthalene diimide (NDI) 

and terpyridine units with the help of metal ion coordination. Here, iron (II) is chosen as the 

node for the polymeric chain because of its redox-active behavior, low cost, and high earth 

abundance.8,15 The nanoscopic flexible fibrous structure of the CPG matrix acts as an 

integrated component for photosensitisation. Photocatalytic CO2 reduction performance was 

examined in water medium with sacrificial agents triethylamine (TEA) and 1-Benzyl-1,4-

dihydronicotinamide (BNAH).16 CH4 was found to be the primary product with a selectivity 

of >85% with a maximum rate of 2.75 mmol g-1 h-1. Here, NDI acts as the catalytic center 

and the [Fe(Tpy)2]
2+ as the light-harvesting unit according to the molecular orbital positions. 

Furthermore, the eight-electron transfer pathway for the conversion of CO2 to CH4 is 

established by in-situ DRIFT spectroscopic study. 
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2.2 Experimental section:  

2.2.1 General: 1,4,5,8-Naphthalenetetracarboxylic dianhydride, 4-Aminobenzoic acid, 4 -

Chloro-2,2 :6 ,2 -terpyridine, 1,2-Diaminopropane, were purchased from Sigma-Aldrich 

chemical Co. Ltd. All solvents and triethylamine (NEt3) were obtained from Spectrochem 

Pvt. Ltd. (Mumbai, India).  

           1H-NMR spectra were carried out on a Bruker AVANCE-400 spectrometer (at 400 

MHz), and the chemical shifts recorded as ppm with all spectral calibration against TMS. 

UV-Vis spectra were recorded on a Perkin-Elmer lambda 900 spectrometer. MALDI has 

performed on a Bruker daltonics Autoflex Speed MALDI TOF System (GT0263G201) 

spectrometer. The ATR-IR experiment measurements were carried out using an FT-IR 

spectrophotometer (BRUKER, VORTEX 70B) in the region 4000−400 cm−1. Powder X-ray 

diffraction (PXRD) patterns were collected in gel state coated on a glass plate and taken by a 

Rigaku Smartlab SE instrument using Cu Kα radiation. Atomic force microscopy (AFM) 

measurements were carried out with Asylum MFD-3D Origin to analyse the morphologies of 

the sample surface. Samples were prepared by making a dispersion of the xerogels in THF 

and coated on a silicon wafer by the drop-casting method. The Field Emission Scanning 

Electron Microscopic (FE-SEM) images were recorded on a Zeiss Gemini SEM 500. 

Samples were prepared by the drop-casting method on a small piece of Si wafer and loaded in 

the machine without gold sputtering. Transmission Electron Microscopy (TEM) studies were 

done on JEOL JEM -3010 with an accelerating voltage of 300 kV. For this analysis, the 

xerogels were dispersed in THF and drop-casted on a carbon copper grid. The rheological 

study was done in Anton Paar Rheometer MCR 92 using plane plate geometry on a Peltier 

glass plate. The diameter of the plate was 60mm, and the measuring unit had a diameter of 

25mm. The gel samples were placed on the plate and stress sweep experiment at a constant 

frequency at 25 °C, and frequency sweep measurements at constant stress in the linear 

viscoelastic range were carried out to get the storage or elastic modulus (G′) and loss or 

viscous modulus (G″) values of the gel materials. 

2.2.2 Electrochemical characterisations: 

Mott-Schottky measurement: The energy band structure of Fe-Tpy-NDI-CPG was 

evaluated by the Mott Schottky (MS) analysis (at 1000, 2000, 3000, 4000 Hz, from -2.0 V to 

+2.0 V) using a glassy carbon electrode (area=0.07065 cm2) as a working electrode (WE) in 

N2-purged aqueous solution of 0.2 M Na2SO4 at pH=7, Pt spring was used as a counter 

https://www.sigmaaldrich.com/US/en/product/aldrich/n818
https://www.sigmaaldrich.com/US/en/product/aldrich/n818
https://www.sigmaaldrich.com/IN/en/product/aldrich/117498
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electrode (CE) and Ag/AgCl as the reference electrode (RE). The ink for this measurement 

was prepared by making a dispersion of the corresponding sample (2 mg) in a mixture 

solvent of isopropyl alcohol (800 μL), mili Q water (180 μL), and Nafion (20 μL). After 

sonication of half an hour, 10 μL of the ink was coated on the working electrode and allowed 

for drying in ambient conditions for 3 hours. The obtained graph was fitted with equation 1.17  

1/C2 = (2/ ε ε0 A
2 e ND) (V-Vfb - kBT/e)      ………...      Eq.1 

Where, C and A are the interfacial capacitance and area, respectively. ε is the dielectric 

constant of the semiconductor, and ε0 is the permittivity of free space. kB Boltzmann constant, 

T the absolute temperature, and e is the electronic charge. ND the number of donors, V the 

applied voltage. Hence the plot of 1/C2 vs. V will give a straight line, and the intercept should 

yield the conduction band edge (Vfb).  

Photocurrent measurement: A similar electrochemical setup (with three electrodes) was 

employed for the photocurrent measurement, but here an ITO plate connected with a copper 

wire was used as the working electrode. The photocurrent study was performed for Tpy-NDI-

OG and Fe-Tpy-NDI-CPG upon consecutive light "ON-OFF" cycles for 30 s over 5 cycles at 

+0.5 V. 

Impedance measurement: A three-electrode cell configuration with a glassy carbon 

electrode as the working electrode (WE), platinum as a counter electrode (CE), and Ag/AgCl 

as a reference electrode (RE) was used for Electrochemical impedance spectroscopy (EIS) 

performance and 0.2 M Na2SO4 was used as the electrolyte for this measurement. The ink 

was prepared by making a dispersion of the xerogel in a mixture solvent of isopropyl alcohol 

(800 μL), mili Q water (180 μL), and Nafion (20 μL). Sonicated for 30 mins and 10 μL of the 

ink was coated on the working electrode and allowed it for drying in ambient conditions for 3 

hours. The Nyquist plot was recorded from 0.1 Hz to 100 kHz with light irradiation and 

without light.  

2.2.3 Artificial visible light-driven CO2 reduction: Photocatalytic CO2 reduction was 

carried out under visible light from a solar light simulator. 300 W Xenon Lamp (Newport) 

after using a visible bandpass filter (400-750 nm), also fitted with a 12 cm path length of 

water filter for removal of IR irradiation. Photocatalysis was performed by taking 1 mg of 

catalyst and dispersed in the solvent (4 mL water), and taken in an airtight capped seal glass 

cell along with a magnetic stirrer. BNAH (2 mg) and triethylamine (1mL) were also taken 

into the catalytic chamber as the sacrificial electron donor, and to get a uniform dispersion, 



NDI based CPG for photocatalytic carbon dioxide reduction Chapter 2 

 

41  
 

the sample was sonicated for 30 mins. Before going to the catalysis process, the dispersed 

sample was bubbled by 99.99% pure CO2 for half an hour to ensure the full replacement of 

the dissolved gas and to get a saturation by the CO2 only. Next, the vessel was sealed properly 

by Teflon tape and kept under irradiation for the photocatalytic redox process. The generated 

gas which is collected on the upper portion of the chamber, was analyzed with an interval of 

2 hours. Hamilton syringe was used for the collection of the gaseous product and injected into 

the Gas Chromatography-Mass Spectrometry (GCMS) QP2020. Gaseous products were 

examined qualitatively and quantitatively by using the mass detector. The calibration was 

done by a standard gas mixture of H2, CO, and CH4 of different concentrations in ppm-level. 

For the isotopic labeling experiment, 13CO2 gas was purged for 5 minutes in a controlled 

manner to the photocatalytic reaction mixture. 

2.2.4 In situ diffuse reflectance FT-IR measurements: The in situ FT-IR measurements 

were carried out by FT-IR spectrophotometer (BRUKER, Pat. US, 034, 944) within a 

photoreactor. The 5 mg of catalyst was evenly spread over a glass disc of 1 cm diameter, that 

was placed at the center of the photoreactor for monitoring photocatalytic CO2 reduction 

reaction. Next, the air inside the cell was removed using vacuum and then 99.99 % CO2 gas 

along with water vapour was passed for 15 minutes into the photoreactor. At last, the visible 

light irradiation was done by 150 W white LED light (> 400 nm). In situ FT-IR signal was 

collected through MCT detector along as function of irradiation time. 
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2.3 Synthesis: 

Synthesis of the low molecular weight gelator (Tpy- NDI): The synthesis of Tpy-NDI 

is described in the following three steps. 

 

Scheme 1: Synthetic scheme for the Low Molecular Weight Gelator (Tpy-NDI) 

Step 1. Synthesis of the 4-aminobenzoic acid derivative of naphthalenediimide (NDI-Ph-

COOH): Microwave-assisted synthesis technique was followed by modifying the reported 

procedure.18 1,4,5,8-naphthalenetetracarboxylic dianhydride (500 mg, 1.86 mmol), 4-

aminobenzoic acid (1.02 g, 7.4 mmol) was taken into a 30 mL microwave vial, and 

suspended in 15 mL dimethylformamide (DMF) by 15 mins of sonication. After the addition 

of 0.55 mL of triethylamine into the reaction mixture, the vial was closed by the lid and 
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sealed with Teflon tape. Placed that vial in the microwave reactor and heated at 140°C at 900 

rpm for 10 minutes. After cooling down, the yellow color product was collected by filtration 

under suction, washed with water and methanol, followed by drying under vacuum. The yield 

was calculated 87%. 1H-NMR (400 MHz, DMSO-d6) δ: 13.15 (broad, 2H, COOH), 8.72 (m, 

4H, ArH), 8.12(t, 4H, ArH), 7.61(t, 4H, ArH).  

Figure 1. 1H-NMR of NDI-Ph-COOH in DMSO-d6 

Step 2. Synthesis of 4-aminobenzoic acid chloride derivative of naphthalenediimide 

(NDI-Ph-COCl): Synthesis of the acid chloride has been done with a known procedure. 

NDI-Ph-COOH (435 mg, 1.17 mmol) was suspended in dry THF, and SOCl2 (3.14 mL, 46.8 

mmol) was added into it under inert conditions. The reaction mixture was refluxed for 8 

hours at 65°C. Next, the reaction mixture was distilled at 120°C to remove excess SOCl2 and 

yielded a yellowish-white solid precipitate of acid chloride. That solid was repeatedly washed 

with dry THF by centrifugation. The yield was calculated to be 93%. 1H-NMR (400 MHz, 

DMSO-d6) δ: 8.74 (s, 4H, ArH), 8.15 (t, 4H, ArH), 7.63 (q, 4H, ArH). 
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Figure 2. 1H-NMR of NDI-Ph-COCl in DMSO-d6  

 

Synthesis of 2,2′;6′,2″-terpyridin-4′-yl-propane-1,3-diamine (Tpy-NH2): Synthesis has 

been done according to the reported procedure.19 4´-chloro-2,2ˊ;6ˊ,2ˊˊ-terpyridine (300 mg, 

1.12 mmol) was suspended in 1,3-diaminopropane (2.16 ml) by sonication for 10 minutes. 

The reaction mixture was then refluxed at 120°C for overnight. After cooling down to room 

temperature, distilled water (25 mL) was added, and it yielded a white precipitate. This white 

precipitate was filtered and further washed with distilled water. The solid was dissolved in 

dichloromethane and extracted twice with distilled water. The organic layers were combined 

and dried over Na2SO4, and the solvent was removed under reduced pressure to yield a white 

solid product. Yield: 82%. 1H-NMR (400 MHz, CDCl3) δ: 8.65 (m, 2H, ArH), 8.58 (m, 2H, 

ArH), 7.82 (m, 2H, ArH), 7.65 (m, 2H, ArH), 7.29 (m, 2H, ArH), 5.08 (b, 1H, NH), 3.45 (b, 

2H, NH2), 2.89 (t, 2H, CH2), 1.82 (m, 2H, CH2), 1.25 (m, 2H, CH2). 
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Scheme 2: Synthetic scheme for the Terpyridine amine (Tpy-NH2) 

 

Figure 3. 1H-NMR of Tpy-NH2 in CDCl3 

Step 3. Synthesis of Tpy- NDI Low molecular weight gelator (LMWG):                                                                             

Synthesis has been carried out by following a reported procedure.10 NDI-Ph-COCl (404 mg, 

1.34 mmol) was taken in a Schlenk RB and suspended by adding dry THF (30 mL) under an 

inert atmosphere. Tpy-NH2 (1.2 gm, 4.02 mmol) was dissolved in dry THF (20 mL) and 

triethylamine (0.5ml), also maintaining the inert condition. The second solution was added 

into the first solution dropwise over a time period of half an hour at 0°C in an inert condition. 

The reaction mixture was stirred at 0°C for 12 hours. A brown colour precipitate formed, 

which was collected by centrifugation and washed with THF, methanol, and acetone several 
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times. The yield was calculated to be 56%. 1H NMR (600 MHz, DMSO-d6): δ = 8.74 (s ,4H), 

8.56 (d, 4H), 8.15 (t, 2H), 8.03 (d, 4H), 7.95 (t, 4H), 7,57 (d, 4H), 7.44 (m, 4H), 6.95 (b, 2H), 

3.47 (m, 4H), 3.36 (m, 4H), 1.95 (m, 4H). MALDI-TOF (m/z) calculated for C64H48N12O6: 

1081.143; found: [M+H]+ 1082.546   

  

Figure 4. 1H-NMR of Tpy-NDI in DMSO-d6  

Figure 5. MALDI data of Tpy-NDI   

 

Calc – 1081.143 m/z
Exp – 1082.546 m/z
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2.4 Results and discussion: 

The low molecular weight gelator (LMWG) 4,4'-(1,3,6,8-tetraoxo-1,3,6,8-

tetrahydrobenzo[lmn][3,8]phenanthroline-2,7-diyl)bis(N-(3-([2,2':6',2''-terpyridin]-4'-

ylamino)propyl)benzamide) was synthesised by the amide coupling method shown earlier 

and characterised by different spectroscopic techniques. Next, the gelation ability was 

examined with this LMWG under different conditions. 

2.4.1 Preparation of the organogel:   

Gelation was tried with different single and bi-component solvent systems using the 

conventional heating and cooling method. But we found that our low molecular weight 

gelator can only form the gel in dimethyl sulfoxide (DMSO). 5 mg of the low molecular 

weight gelator (Tpy- NDI) was taken into a glass vial, and 200 μL of DMSO was added, 

followed by sonication for 15 minutes and heating at 120 °C. The thick viscous solution was 

kept overnight without any disturbance, and it transformed into the gel. The formation of gel 

was confirmed by the inverse vial test and rheology experiment. 

Solvent system Temperature Solubility Gel 

DMSO 120 °C Yes Yes 

DMSO + water (7:3) 120 °C No No 

DMF 120 °C Sparingly No 

DMF + water (7:3) 120 °C No No 

THF 80 °C No No 

Chloroform 80 °C No No 

THF + Chloroform (1:1) 80 °C No No 

Acetonitrile 80 °C No No 

Table 1. Solvation and gelation trial of Tpy-NDI   

2.4.2 Characterisation of the LMWG and organogel:  

As synthesised LMWG (Tpy-NDI) was characterized by 1H NMR, MALDI, and ATR-IR 

techniques. UV-vis spectrum of 10-6 M Tpy-NDI in DMSO indicates the presence of both 

NDI and terpyridine units. The characteristic vibronic band was observed in the UV-vis 

spectrum at 335, 352, and 372 nm for the NDI core (Fig 6a). The absorption band at 372 and 

352 nm can be attributed to the π-π* transition of the carbonyl unit and naphthalene core.20 
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The terminal terpyridine component also shows the absorption band at 275 nm due to the π-

π* transition. Photoluminescence spectrum of 10-6 M Tpy-NDI in DMSO upon excitation at 

the lowest energy absorption band of NDI core (at λex = 350 nm) shows two sharp peaks at 

410 and 435 nm and a shoulder peak at 465 nm (Fig 6b).21  

Figure 6. (a) Absorption spectrum of Tpy-NDI (LMWG) in solution state. (b) Emission spectrum of 

Tpy-NDI (LMWG) in solution state. 

These kinds of π electron-rich planar units, along with amide connectivity, can form 

self-assembly with short-range ordering driven by π-π stacking and H-bonding interactions. 

25 mg/mL gelator solution in DMSO was heated at 120 °C followed by cooling at room 

temperature, showing a light brown opaque gel formation. Gelation was confirmed by the 

inversion test method and rheology experiment. The rheology study showed a linear 

viscoelastic region under lower shear strain when the amplitude sweep method was carried 

out under a wide range of shear strain, starting from 0.01% to 100% with a constant angular 

frequency of 1.5 Hz (Fig 7a). It also exhibited the cross-over point at 100% strain. 

 Figure 7. (a) Strain sweep measurement of Tpy-NDI-OG with γ% = 0.01-100% (b) Frequency 

sweep test for Tpy-NDI-OG at a constant strain of 0.1%. 
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Notably, the storage modulus (G') value was higher as compared to the loss modulus 

(G") under the lower shear strain region, indicating the viscoelastic nature of the gel. 

Amplitude sweep experiment has also been performed by varying the angular frequency (0.1 

rad/s to 100 rad/s) under a constant shear strain of 0.1% (Fig 7b). Linear and parallel lines of 

storage modulus (G') and loss modulus (G") suggested that there was no dependency of these 

modulus values on this angular frequency region.22 

Scheme 3: Typical schematic illustration of the self-aggregation process of the Tpy-NDI LMWG with 

the help of H-bonding and π-π stacking interaction towards the fibrillar structure.  

To investigate the aggregation nature of the Tpy-NDI gelator, UV-Vis spectra were 

collected with the addition of water into a DMSO solution of 10-5 (M) Tpy-NDI. The 

absorption band for 10-5 (M) Tpy-NDI DMSO solution was found in the range of 330 to 400 

nm. These three peak maxima were attributed to the π-π* transition of the NDI core, which is 

polarized along the molecular long axis. These transitions were sensitive towards the 

aggregation of the NDI units through the π-π interaction.23 There are two types of self-

assembled structures that can be possible for these types of π-electron rich core moieties, 

namely H-type aggregation and J-type aggregation. Where the face-to-face arrangement is 

known as H-type and a staircase-like arrangement is known as the J-type. With the addition 

of the water to the DMSO solution of      Tpy-NDI shows a shifting of the absorbance band 

from 382 nm to 384 nm with a decrease in the optical density (Fig 8a). This gradual 

bathochromic shift of the absorption maxima (λmax) with the increasing amount of water 

indicates the formation of self-assembly of the NDI chromophore in the J-type aggregation 

fashion (Scheme 3).24 Other Photophysical properties of the Tpy-NDI in gel state were 

performed by making a thin film on a quartz plate. Self-assembly of the low molecular weight 

gelator was studied in gel state with UV-vis spectroscopy. A significant red shift in 

Self-assembly

H-bonding

π-π stacking

Tpy-NDI

Tpy-NDI organogel
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absorption peak maxima was observed for both the NDI core and Terpyridine terminal. In the 

case of 350 nm absorbance peak for NDI core, a 20 nm peak maxima shift has been observed 

along with a 17 nm shift in 380 nm absorbance peak (Fig 8b). This bathochromic shift in 

absorbance of the π electron-rich rings indicates the J-type aggregation of the LMWG in the 

gel state. The photoluminescence emission peak of the Tpy-NDI gel was found to be much 

broader than its molecular state in solution (Fig 8c). The optical bandgap of the Tpy-NDI 

xerogel was determined by diffused reflectance spectroscopic (DRS) technique. A plot of 

Kubelka-Munk function with energy indicates the bandgap of 3.02 eV (Fig 8d). Attenuated 

transmission reflectance (ATR)-IR spectra of Tpy-NDI-OG shows the characteristic peak for 

N-H stretching at 3381 cm-1, C-H stretching at 3016 cm-1, and C=O stretching at 1653 cm-1 

(Fig 9a). 

Figure 8. (a) Change in absorption spectrum of Tpy-NDI in DMSO with the addition of water. (b) 

Absorption spectrum of Tpy-NDI-OG. (c) Emission spectrum of Tpy-NDI-OG (d) Kubelka-Munk 

plot for Tpy-NDI-OG obtained by Diffused Reflectance Spectra (DRS). 
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Figure 9. (a) ATR-IR spectrum of Tpy-NDI-OG. 

Morphological investigation of the self-assembled structure of Tpy-NDI was done by 

atomic force microscopy (AFM) and transmission electron microscopy (TEM). Tpy-NDI OG 

shows an interconnected fibrillar assembly with a height of ~15 nm (Fig 10a). 

Figure 10 (a) AFM image of Tpy-NDI-OG with the height profile diagram. (b) TEM image of Tpy-

NDI-OG. 
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2.4.3 Characterisation of the LMWG and Coordination polymer gel: 

As the LMWG, Tpy-NDI has metal coordination sites at the two ends. Further, we move to 

get a self-assembled coordination polymer gel with appropriate metal ions. An earth-

abundant, low-cost Fe (II) metal center was found to be suitable for gelation. Fe (II) 

terpyridine complexes were well studied to show the MLCT transition from metal d orbital to 

π* of terpyridine, and this has an intense visible light absorption. Recently, the terpyridine 

complexes with first-row transition metal ions are getting more recognition towards different 

redox processes driven by photo and electrochemical methods because of their easy 

availability with more than one stable oxidation states. Before performing the gelation study, 

the stoichiometric complexation ratio was determined by the UV-Vis titration curve.25 

Titration was carried out by taking 2 × 10-5 M Tpy-NDI solution in DMSO as the aliquot and 

1 × 10-3 M aqueous solution of FeSO4 as titrant (Fig 11a). 

Figure 11. (a,b) Titration of Tpy-NDI LMWG (2×10-5 M in DMSO) with Fe(II) (1×10-3 M in water).  

A gradual peak shifting was observed with the addition of Fe (II) metal ions solution 

into the Tpy-NDI solution (Fig 11b). The peak at 275 nm for the terpyridine unit slowly 

shifted to 280 nm, and a new peak appeared at 300 nm upon metal binding to the terpyridine 

terminal.10 This steady shift in absorbance and isosbestic point with increasing the 

concentration of Fe (II) indicates the complexation of the metal center with the ligand. It was 

also observed that the peak intensity for the NDI core was getting increased. This 

phenomenon suggests that the NDI core was coming out from the π-π interaction to the 

molecular phase. Upon metal ions binding to the terminal part of the LMWG, it went towards 

a linear state. Jobs plot and isosbestic point revealed the binding ratio of Fe (II) metal ion and 

Tpy-NDI is 1:1 where the absorbance gets saturated (Fig 12a). The association constant (Ka) 

of metal and binding sites of Tpy-NDI was determined from the Benesi-Hildebrand plot and 

calculated to be 1.3 × 104 (Fig 12b).  
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Figure 12. (a) Change in absorbance at 275 nm with the addition of Fe(II) ions. (b) Benesi-

Hildebrand plot for the binding affinity of Tpy-NDI LMWG with Fe (II) ion. 

After confirming the binding of the metal ions to the organo-linker, CPG formation 

was tried with different solvent ratios. The coordination polymer gel was formed only with 

the molar ratio of 1:1 of metal ions and LMWG in a 1:1 solvent mixture of water and DMSO 

(Scheme 4). 100 μL of 2 × 10-3 M aqueous solution of FeSO4 was added to a solution of Tpy-

NDI (5 mg in 100 μL of DMSO) and heated at 120 °C for 10 min, followed by cooling at 

room temperature, leads to the formation of deep purple color gel. Metal ions and LMWG 

ratio were kept to be 1:1 as determined from the titration plot. Similar to organogel, CPG 

formation was confirmed by the rheology experiment (Fig 13a). The amplitude sweep 

measurement with varying shear strain at a constant angular frequency of 1.5 Hz indicates a 

linear viscoelastic nature of the gel. In a lower strain percentage, i.e., in the viscoelastic 

region, storage modulus (G') had a higher value than that of loss modulus (G") with a cross-

over point at 30% of shear strain.  

Figure 13. (a) Strain sweep measurement of Fe-Tpy-NDI-CPG with γ% = 0.01-100%. 
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Scheme 4: Schematic illustration of the self-assembled process of Tpy-NDI with the Fe2+ ions to the 

fibrillar structure. 

UV-Vis spectra of the 1:1 solution mixture of the Fe (II) and Tpy-NDI (10-6 M) show 

the characteristic band for the NDI core at 335, 352, and 372 nm (Fig 14a). A broad spectrum 

starting from 500 nm to 600 nm indicates the MLCT band.26 Photoluminescence spectrum 

was taken for the 1:1 solution mixture of the Fe (II) and Tpy-NDI (10-6 M in DMSO-water) 

with the excitation at 350 nm (Fig 14b). Two sharp peaks appeared at 411 nm and 436 nm, 

with a shoulder peak at 463 nm coming from the NDI core. The optical band gap of Fe_Tpy-

NDI xerogel was calculated from the Kubelka-Munk plot. DRS study shows that CPG has a 

bandgap of 2.8 eV (Fig 15a). This bandgap value falls into the visible region (1.6 – 3.1 eV) 

and also confirms the ability of visible light absorption of the coordination polymer gel 

Fe_Tpy-NDI, which can act as a catalyst for solar light-driven photocatalytic redox reaction. 

UV-Vis spectrum was collected for the Fe-Tpy-NDI-CPG, which indicates a broad 

absorption at 540 to 600 nm due to MLCT transition. The photoluminescence spectrum 

shows a broad peak from 400 nm to 460 nm, also corroborating the aggregated structure (Fig 

15b-c). Fe-Tpy-NDI-CPG was dried in vacuum at 120°C for overnight to get the dried 

xerogel denoted as Fe-Tpy-NDI xerogel. 
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Figure 14. (a) Absorption spectrum of Fe-Tpy-NDI (1:1) in solution state. (b) Emission spectrum of 

Fe-Tpy-NDI (1:1) in solution state. 

Figure 15. (a) Kubelka-Munk plot for Fe-Tpy-NDI-CPG obtained by Diffused Reflectance Spectra 

(DRS). (b) Absorption spectrum of Fe-Tpy-NDI-CPG. (c) Emission spectrum of Fe-Tpy-NDI-CPG. 

Topographical images of the CPG were collected by field emission scanning electron 

microscopy (FESEM), atomic force microscopy (AFM), and transmission electron 

microscopy (TEM) (Fig 16a-d). It shows a flexible fibrous morphology of Fe-Tpy-NDI-CPG. 

The fibers were having a length in micrometer scale with the height of 30 nm as indicated by 

the AFM and FESEM analysis. 
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Figure 16. (a-b) AFM image of Fe-Tpy-NDI-CPG with the height profile diagram. (c) FESEM image 

shows the fibrous morphology of Fe-Tpy-NDI-CPG. (d) TEM image of Fe-Tpy-NDI-CPG. 

 

Further, to ensure the feasibility of the CO2 reduction process, the Mott-Schottky 

analysis has been carried out for the Fe-Tpy-NDI xerogel. 0.2 M Na2SO4 solution with pH=7 

has been used as the electrolyte for the following experiment, and the Fe-Tpy-NDI CPG 

shows the n-type semiconducting nature with a positive slope. It was also found that slopes 

were increased with increasing the frequency, but the intersection point was found to be the 

same for different frequency values. The flat band potential (Vfb) was calculated from this 

curve and found to be -0.55 V (vs. NHE at pH 7) for the Fe-Tpy-NDI CPG (Fig 17a-17b).27 

Conduction band edge potential was calculated from this flat band potential. Valance band 

maximum was also calculated by adding the conduction band edge and bandgap value. These 

conduction band edge value suggests that the CPG is able to transfer excited state electrons 

from the conduction band to CO2.  
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Figure 17. (a) Mott-Schottky plot for Fe-Tpy-NDI-CPG shows the valance band minima. (b) 

Schematic shows the feasibility of the electron transfer process from LUMO to CO2 for reduction. 

 

Further, the band alignments were evaluated for separated units to investigate the 

electron transfer feasibility in the CPG units. Theoretical calculations for [NDI(CONH2)2] 

and [Fe(TPY)2]
2+ units were performed by the Density Functional Theory(DFT) method. The 

Lowest Unoccupied Molecular Orbital (LUMO) levels of [NDI(CONH2)2] and [Fe(TPY)2]
2+ 

units were calculated to be -3.7 eV and-2.5 eV (Fig 18a). This suggested a feasible electron 

transfer process from the metal-coordinated terpyridine unit to the NDI core upon 

photoexcitation. This electron transfer initiated through the metal to ligand charge transfer 

(MLCT) transition and finally can be processed for the redox reaction. A reverse 

phenomenon came into play where the excited electrons jump from the iron-coordinated 

terpyridine to the π-conjugated NDI core. Further, these electrons were processed for 

photochemical CO2 reduction reactions.  

Figure 18. (a) Optimized structure and HOMO-LUMO band alignments of NDI(CONH2)2 and 

[Fe(TPY)2]2+ for thermodynamic feasibility of electron transfer. 
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2.4.4 Visible light-driven photocatalytic CO2 reduction: Based on the literature survey, 

it was found that most of the photocatalytic CO2 reduction process has been carried out in 

organic solvents with triethylamine and triethanolamine as the sacrificial electron donor. Here 

we have investigated the photocatalytic activity towards CO2 reduction in water medium 

along with electron donor substrate. However, a sacrificial electron donor with lower 

oxidation potential will be better, and it can tune the reaction pathway under a mild reaction 

environment. 1-Benzyl-1,4-dihydronicotinamide (BNAH) was found to be a suitable 

candidate which can fulfill these conditions.16 The electron donation capability of BNAH 

towards more selectivity and productivity can be explained by the lower oxidation potential 

of BANH (E°
OX= 0.57 V vs. SCE) than that of TEA (E°

OX= 0.7 V vs. SCE). The presence of 

more than two redox species in a reaction medium can lead to a faster electron transfer 

process in photocatalysis reactions. In this present study, BNAH and TEA were both used as 

the electron donor in the same reaction vessel and found to be more effective than the 

individual one. CO2 reduction reaction was carried out under visible light irradiation (λ>400 

nm) in water medium using BNAH and TEA as sacrificial electron donors, where Fe-Tpy-

NDI-CPG was employed as the catalyst. The catalytic assembly showed an outstanding 

performance towards photocatalytic CO2 reduction to CH4 under visible light irradiation 

without any external co-catalyst or photosensitizer. Catalytic activity was verified in both 

xerogel and gel states, which leads to similar results for CH4 formation up to 12 h, but 

xerogel was used for further studies because of its ease of handling. 1 mg of catalyst was 

dispersed in 4 mL of water with 2 mg (9.3 mmol) of BNAH and 1 mL TEA in a cap sealed 30 

mL quartz vial, and CO2 was bubbled for 30 minutes prior to light irradiation. Gaseous 

products formed during the catalytic process were monitored by GC-MS at 2 h of intervals. 

Photocatalytic CO2 reduction was found to be saturated after 16 h of continuously visible 

light irradiation. The highest productivity for CH4 was found to be 41.2 mmol g-1 with a 

maximum rate of 2.75 mmol g-1 h-1 with an average rate of 2.45 mmol g-1 h-1. More than 85% 

of selectivity was obtained for CH4 in 16 h (Fig 19a-b). The maximum turnover number for 

CH4 production was calculated to be 46.83 after 16 h. 
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Figure 19. (a) Amount of CH4 formation by Fe-Tpy-NDI-CPG during the visible light irradiation 

process in water medium with TEA and BNAH. (b) Rate of formation of CH4 as a function of time. 

Figure 20. (a) Comparison plot of CH4 formation by Fe-Tpy-NDI-CPG and Tpy-NDI-OG. 

Several control experiments have been carried out to understand the crucial role of 

each component in this photochemical redox process. No detectable CO2-reduced product 

was obtained without light or catalyst. To investigate the role of the metal center, a CO2 

reduction reaction has been performed with the metal-free Tpy-NDI_OG under similar 

conditions as Fe-Tpy-NDI_CPG with TEA and BNAH. Organogel shows a much lower 

catalytic activity than the coordination polymer gel. 5.6 mmol g-1 CH4 formation was 

observed after 16 h of visible light irradiation (Fig 20a), suggesting NDI as the active 

catalytic center. This also suggests an important role of the visible light absorbing metal 

center in the CPG matrix to act as a heterogeneous catalyst for the photochemical CO2 

reduction reaction. The role of the NDI core in the photocatalytic reduction reaction by 

eliminating the NDI part and only [Fe-(Tpy)2]
2+ complex was chosen as the catalyst under the 

identical condition. The aforementioned complex forms a homogeneous solution in water, 

whereas the Fe-Tpy-NDI CPG acts as a heterogeneous catalyst and remains in dispersion 

state. These studies suggest that the [Fe-(Tpy)2]
2+ complex acts as a light-harvesting unit for 
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the catalytic process, and NDI unit makes the catalyst hydrophobic by acting as the support 

system for the catalytic center by covalent linkage. Additionally, a negligible CO2 reduction 

activity was observed under visible light irradiation for the only [Fe-(Tpy)2]
2+ complex. Next, 

the catalytic activity of the Fe-Tpy-NDI-CPG was assessed using sole sacrificial agents. The 

addition of individual electron donor components in the reaction mixture displayed inferior 

activity towards CO2RR. The catalyst produced 1.5 mmol g-1 and 1.55 mmol g-1 of CH4 using 

TEA or BNAH as the sacrificial agent after 12 h. The combined effect of two sacrificial 

donor species was already explored, and it suggests the pivotal role of TEA as a base. It is 

well established that the first electron donation takes place from BNAH and is converted to 

BNAH•+, but these two species hold themselves in an equilibrium that bends towards BNAH 

side. Here TEA acts as a base to abstract the proton from the radical cation species and 

accelerates the reduction reaction kinetics by prohibiting the back electron transfer process 

from the catalyst. As a result, an enhanced activity was found in the photocatalytic CO2RR 

process in the presence of both the electron donor. Fe-Tpy-NDI exhibited an outstanding 

photocatalytic activity and showed excellent stability even after 4 cycles (Fig 21a). After each 

run, the catalyst was collected by centrifugation, and a dispersion was made for the next 

cycle. After 20 min of CO2 bubbling, it was kept under the simulated light for the next cycle. 

A similar production rate was observed for CH4 up to the 4th cycle. The fibrous morphology 

after the completion of the reaction indicates the high stability of this heterogeneous catalyst 

(Fig 21b). This fact further confirms the firmness of Fe-Tpy-NDI under catalytic conditions. 

The turnover number for the catalyst was calculated over time, and the highest value was 

found to be 46.83 at 16 h (Fig 21c). 

The origin of the carbonaceous product was investigated by performing a control 

experiment with argon instead of CO2 under the same reaction condition, and no detectable 

carbonaceous product was found. Additionally, photocatalysis was monitored with isotopic 

CO2, where 13CO2 was bubbled prior to the irradiation of simulated solar light. The obtained 

chromatogram shows a mass peak at 17, which originated from the formation of 13CH4. The 

fact also confirms that it derives specifically from the CO2 reduction reaction (Fig 22a). 
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Figure 21. (a) Recyclability test for CH4 formation by Fe-Tpy-NDI-CPG. (b) FESEM image of Fe-

Tpy-NDI shows a similar morphology after the catalysis process. (c) TON for CH4 formation by Fe-

Tpy-NDI-CPG.  

Figure 22. (a) Mass analysis for 13CH4 as a product obtained from 13CO2 saturated sample using Fe-

Tpy-NDI under visible light irradiation for 1 hour. 
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2.4.5 Insights into CO2 reduction mechanism:  

To understand the exceptionally high activity towards photocatalytic CO2RR, several 

photoelectrochemical experiments were performed. The Nyquist plot of Electrochemical 

Impedance Spectroscopy (EIS) shows the charge transfer resistance for the OG and CPG (Fig 

23a). The lower semicircle area for the Fe-TPY-NDI CPG than that of Tpy-NDI OG indicates 

the lesser charge transfer resistance for the CPG. Further lowering of area upon visible light 

irradiation for the Fe-Tpy-NDI-CPG suggests an easy charge transfer process. Importantly 

the lowering of the area in the case of organogel under visible light is very negligible, also 

corroborating the lower absorbance in the visible light of the only Tpy-NDI unit. This 

demonstrates the difficulty in the charge separation process without UV light and very low 

activity towards photocatalytic CO2RR. These studies were additionally supported by the 

photocurrent study for both samples (Fig 23b). The electrochemical charge transport 

phenomena were visualized under light and dark conditions. Samples were coated on an ITO 

plate, and a three-electrode system was employed for this particular experiment. A higher 

photocurrent in the case of Fe-Tpy-NDI CPG than organogel indicates more feasible in 

charge transport activity with visible light irradiation. These studies validated the better 

performance for the Fe-Tpy-NDI CPG than the Tpy-NDI organogel.  

Figure 23. (a) Nyquist plot for Tpy-NDI-OG and Fe-Tpy-NDI-CPG under visible light and dark 

conditions. (b) Photocurrent measurement in 0.5 M Na2SO4 at pH=7 upon visible light irradiation in 

the time interval of 30 sec.   

 

Next, in situ Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopic 

technique was employed to track the intermediates adsorbed on the catalyst surface along 

with TEA and BNAH during the photo-redox reaction (Fig 24a). New peaks appeared during 
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the process. Bands at 1436 cm-1 and 1207 cm-1 can be attributed to the HCO3
2- species 

formed by the reaction of CO2 and H2O.28 Peaks at 1339 cm-1 and 1674 cm-1 correspond to 

monodentate carbonate (m-CO3
2-) and CO2

- respectively.29 The appearance of IR stretching 

frequency at 1622 cm-1 tells us about a key intermediate COOH* for the photocatalytic CO2 

reduction process.5 The increasing intensity with time at 1492 cm-1 and 2082 cm-1 indicates 

the formation of adsorbed CO intermediate on the catalytic surface.5 Weak intensity peaks at 

1087 cm-1 and 1849 cm-1 can be attributed to CHO*, another crucial intermediate for CO2 to 

CH4 production was readily converted into other multi-electron intermediates. Production of 

CH2O after 4th electron transfer was confirmed by the rising of peaks at 1249 cm-1, 1709 cm-

1, 1779 cm-1.30 Peaks arising at 1045 cm-1, 1125 cm-1, 1161 cm-1 can be assigned for CH3O*.5 

Apart from these, symmetric (ns) and asymmetric (nas) stretching vibration peak for -CH2 was 

observed at 2886 cm-1 and 2983 cm-1, respectively. Symmetric and asymmetric vibration 

peaks for -CH3 also can be seen arising at 2937 cm-1 and 3077 cm-1.31 These results help to 

understand the progress of photochemical reduction of CO2 to CH4 and also corroborate the 

reaction pathway with the pivotal intermediate.  

Figure 24. (a) In situ DRIFT spectra for a mixture of CO2 and H2O vapour on the Fe-Tpy-NDI-CPG 

under visible light irradiation. 
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2.5 Summary:  

In this study, we have prepared a naphthalene diimide and terpyridine-based soft processable 

gel materials. Where terpyridine ends were used as the metal binding part of the LMWG, and 

it forms a coordination polymer gel with metal ion Fe(II). This CPG was used as the catalyst 

for photocatalytic CO2RR, and it showed an outstanding performance towards CH4 formation 

with high productivity and selectivity. The catalytic redox process was carried out in water 

medium with TEA and BNAH as the sacrificial electron donor. The feasible reduction 

process was supported by different photophysical and electrochemical experiments. The in-

situ DRIFT study also showed the formation of possible intermediate in the CH4 production 

pathway. 
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Chapter 3 

Self-assembly of Ga-MOC and [Ni(en)3]2+ by 

charge assisted H-bonding interaction: 

Understanding of Gel to Crystal 

transformation 
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Abstract 

This chapter discusses the self-assembly of the GaIII containing metal-organic cubes (Ga-

MOCs) ((Me2NH2)12(Ga8(ImDC)12)·DMF·29H2O) and [Ni(en)3]
2+ (en = ethylenediamine) 

binder molecules towards gel to crystal transformation. The tris-ethylenediamine NiII complex 

is chosen as a binder which connects Ga-MOCs through charge-assisted hydrogen bonding. 

The structural units promote the supramolecular self-assembly in water, leading to a hydrogel. 

This strong hydrogen bonding interaction results in a transition from gel to crystal. This 

transformation underwent with time and resulted in phase-separated solution and precipitate. 

The crystallisation process was studied in detail by varying the stoichiometric ratio, and a 

correlation was drawn with the mechanical shear modulus of the gel with the time of 

crystallisation. The morphological study also inclined with the rheological parameters a high 

contact surface overlap for the high concentration facilitates the microcrystal formation process 

by helping to cross the thermodynamical energy barrier. 
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3.1 Introduction: 

The self-assembly process using small molecules1–4 or metal-organic polyhedras (MOPs)5–7 as 

the building blocks is a powerful bottom-up technique for producing functional nanomaterials.  

These assembled structures are found to form a metastable gel state.8 For the formation of gel, 

the organic peptide systems are the primary choice in most cases.9–11 However, there are reports 

of gel formations with metal-organic hybrid systems also. Most of the time, the self-assembly 

process is found to be unidirectional, which leads to a fibrillar nanostructure.12,13 Non-covalent 

interactions are found as the main driving force for this self-assembly process.14–17 The 3D 

entangled fibrous network acts as a sponge which restricts the flow of the liquid and makes it 

a soft material.12 These supramolecular gels are generally found to be stable over time or 

sometimes assumed as there are no aging effects on the nanostructure.18–20 However, a deep 

investigation on the aging effects shows an increase in the crystallinity of the gel matrix often 

found a phase transformation.21 A detailed gel to crystal transition study shows that in most 

cases, the transformation takes place with the expense of the entangled, and a cross-linked gel 

matrix leads to phase-separated solutions and crystals.22–26 There is always a competition 

between the gelation and crystallisation processes as both phenomena are initiated by the self-

assembling of the gelators.12 A controlled growth of the assembled structure to a particular 

direction leads to fibrillar structure for gelation, whereas the three-dimensional growth 

generally ends up with crystal formation. However, there is an argument between the structural 

similarity of the gel structure and the structure obtained from the single-crystal.23 Generally, it 

is assumed that, there is a similarity between the gel and the xerogel state, which is nothing but 

an intact gel structure without the solvent molecules. Most of the time the X-ray diffraction 

pattern of the xerogel matched with the simulated pattern of the single crystal depicting 

structural similarity in both the state. In some cases, it is also found that powder X-ray 

diffraction pattern is not matched with the single crystal X-ray diffraction pattern.27  

Most of the gel to crystal transformation processes are reported with a single-

component systems; only a few are available with bi or multicomponent. Smith et al. showed 

a gel to crystal transformation process with a donor-acceptor-based bi-component system.28 

There are some advantages of a multicomponent systems compared to a single component, 

such as the mechanical strength was found to be higher in a multicomponent systems than in a 

single component one.  Despite several advantages of a multicomponent systems, the number 

of reports is less. Probably, because of the complicacy in the characterisation and understanding 

of such a systems.  
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An extensive study has been carried out from the different corners of the globe with the 

fluorenylmethyloxycarbonyl (F-moc) group functionalised hydrogelator to realise the gel to 

crystal transformation process.13,29–31 The different peptide derivative of F-moc shows 

excellent gelation, which also transforms into microcrystals upon the application of different 

external stimuli.21,27,32,33 Gel is considered as the metastable kinetically trapped state of the 

self-assembling molecules, and therefore, the crystallisation process from the gel can be 

triggered by different external stimuli.34 Whereas, in some cases, the gel to crystal transitions 

are also found as a spontaneous processes. This gel to crystal transition process has the potential 

which is yet to be explored. The gel is a kinetically trapped state; hence theoretically, it might 

also be possible to transform into different definite polymorphs depending on the crystallisation 

environment. 

Herein, we have explored a spontaneous gel to crystal transition phenomena with a bi-

component system. To the best of our knowledge, this is the first report for the bi-component 

gel to crystal transformation process where a metal-organic hybrid system has been used. A 

systematic investigation also showed that the mechanical strength of the hydrogel could be 

tuned by changing the stoichiometric ratio of the components. A detailed morphological 

analysis reveals the origin of this spontaneous transformation.  
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3.2 Experimental section: 

3.2.1 General: 4,5-Imidazoledicarboxylic acid (H3ImDC), Gallium nitrate hexahydrate 

[Ga(NO3)3.6H2O], Nickel(II) Nitrate trihydrate (Ni(NO3)2.3H2O) were purchased from Sigma-

Aldrich chemical Co. Ltd. All solvents and triethylamine (NEt3) were obtained from 

Spectrochem Pvt. Ltd. (Mumbai, India).  

3.2.2 Single-crystal X-ray diffraction: X-ray single-crystal structural data of 1 was collected 

on a Bruker Smart-CCD diffractometer equipped with a normal focus, 2.4 kW sealed tube X-

ray source with graphite monochromated Mo–Kα radiation (λ = 0.71073 Å) operating at 50 kV 

and 30 mA. The program SAINT was used for integration of diffraction profiles and absorption 

correction was made with SADABS program. All the structures were solved by SIR 92 and 

refined by full matrix least square method using SHELXL-97. All the nonhydrogen atoms were 

refined anisotropically and the hydrogen atoms were fixed by HFIX and placed in ideal 

positions. All calculations were carried out using SHELXL 97, PLATON and X-Seed Ver 4. 

3.2.3 Powder X-ray Diffraction Measurements: Powder X-ray diffraction (PXRD) patterns 

were collected in gel state coated on a glass plate and taken by a Rigaku Smartlab SE instrument 

using Cu Kα radiation.  

3.2.4 Thermal Stability Measurements: Thermogravimetric analysis (TGA) was carried out 

using Mettler Toledo TGA 850 instrument under inert atmosphere in the temperature range of 

25-800°C at the heating rate of 5°C per min. 

3.2.5 Morphological analysis: Atomic force microscopy (AFM) measurements were carried 

out with Asylum MFD-3D Origin to analyse the morphologies of the sample surface. Samples 

were prepared by making a dispersion of the xerogels in THF and coated on a silicon wafer by 

the drop-casting method. The Field Emission Scanning Electron Microscopic (FE-SEM) 

images were recorded on a Zeiss Gemini SEM 500. Samples were prepared by the drop-casting 

method on a small piece of Si wafer and loaded in the machine without any gold sputtering. 

3.2.6 Rheological analysis: The rheological study was done in Anton Paar Rheometer MCR 

92 using plane plate geometry on a Peltier glass plate. The diameter of the plate was 60mm, 

and the measuring unit had a diameter of 25mm. The gel samples were placed on the plate and 

stress sweep experiment at a constant frequency at 25 °C, and frequency sweep measurements 

at constant stress in the linear viscoelastic range were carried out to get the storage or elastic 

modulus (G′) and loss or viscous modulus (G″) values of the gel materials. 
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3.2.7 ATR-IR Measurements: The ATR-IR experiment measurements were carried out using 

an FT-IR spectrophotometer (BRUKER, VORTEX 70B) in the region 4000−400 cm−1. 

 

 

 

 

 

 

 

 

 

 

3.3 Synthesis: 

3.3.1 Synthesis of Ga(III) Metal-Organic Cube: Synthesis of Ga(III) Metal-Organic Cube 

was previously reported by our group, we have followed the same solvothermal method.35 4, 

5-Imidazoledicarboxylic acid (4, 5-ImDC) (0.5 mmol, 78 mg), Ga(NO3)3.H2O (0.5 mmol, 128 

mg) and 10 ml DMF were mixed in a 20 ml Teflon container and stirred for 30 minutes at room 

temperature. 15 µl triethylamine was added to the reaction mixture and stirred for an additional 

30 minutes. After that, the Teflon container was kept inside a stainless steel autoclave which 

was heated at 120 °C for 24 hours. Next, the autoclave was slowly cooled down to room 

temperature, and the white product was centrifuged with washing repeatedly by methanol and 

dried in air. PXRD (Fig 1a). FTIR data (cm−1) (Fig 1b): 3447 (b), 3086 (m), 2775 (m), 1676 

(s), 1473 (s), 1363 (s), 1100 (s), 857 (m), 660 (m), 550 (m) is well-matched with the literature.  
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Figure 1. (a) PXRD pattern of Ga-MOC simulated (black) and as synthesised (red). Peaks indicates the 

phase purity (b) ATR spectra of as synthesised Ga-MOC. 

3.3.2 Synthesis of tris(ethylenediamine)nickel(II) nitrate (Ni-EDA complex): We 

have followed the reported procedure for the synthesis of the Ni-EDA complex.36 

Ni(NO3)2.6H2O (500 mg, 1.72 mmol) was dissolved into 10 mL of ethanol, and 3 equivalents 

(a little excess) of ethylenediamine (5.5 mmol) was added dropwise into it under stirring 

condition over 10 minutes. A faint violet colour precipitate formed, filtered under suction, and 

washed with ethanol. Powder X-ray diffraction (Fig. 2a) was collected, and it is well-matched 

with the simulated pattern. 

Figure 2. (a) PXRD pattern of [Ni(en)3](NO3)2 simulated (black) and as synthesised (red). Peaks 

indicates the phase purity. 
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3.4 Results and discussion: 

A previous study of Ga-MOC and CuII ethylenediamine complex showed the instantaneous 

formation of hydrogel just after the addition of the binder solution to the Ga-MOC solution. 

Charge-assisted hydrogen bond (CAHB) driven gelation followed by a crystallisation process 

was observed after some days. This interesting phenomenon drives us to investigate the 

spontaneous phase transformation process in more detail. Instead of CuII ethylenediamine, a Ni 

metal ion-based tris ethylenediamine complex was used here to understand the universal nature 

of gelation and the phase transformation process. For the formation of hydrogel, a 0.01 M 

aqueous solution of Ga-MOC was taken into a small vial, and an aqueous solution of 0.1 M of 

tris(ethylenediamine)nickel(II) nitrate was added dropwise. Immediate gelation was observed 

with the addition of binder solution to the solution of Ga-MOC. An opaque gel was obtained 

with faint violet colour, the same as the colour of the Ni-EDA complex. The transition of the 

two free-flowing solution to an opaque stable gel indicates that the monomer units of the MOC 

transformed into the self-assembled structure by linking each other with the help of the binder 

(Ni-EDA complex). Here the pendent oxygen from the carboxylate group of the MOC 

framework plays an important role in solubility by making a single unit highly charged. These 

oxygens are not only acting as a crucial component for the solvation process but also help to 

arrange the MOC into a self-assembled structure by connecting themselves with the binder 

molecules through CAHB. The critical gelation ratio of the Ga-MOC and Ni-EDA complex 

was determined to be 1:4 and confirmed by the inversion test method.  

Figure 3. Schematic representation of the self-assembly process of the Ga-MOC with Ni-EDA complex 

to a fibrillar nanostructured hydrogel followed crystallisation process. 
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Gelation was checked by the inversion test method, and the rheology experiment also 

confirmed the formation of the gel.  To investigate the viscoelastic nature of the gel, a shear 

strain was applied to the material with the help of two-disc plates under a constant angular 

frequency of 1.5 Hz. The hydrogel was scanned with a long-range of shear stress starting from 

a very lower value of 0.01% to 100%. The Ga-Ni hydrogel was found to be stable up to a shear 

strain of 5%, and after that, it transformed into sol as indicated by the cross-over point.  

Figure 4. (a) Amplitude sweep measurement of Ga-Ni gel. Storage modulus (G') (black circle) has a 

higher value than loss modulus (G") (red circle), indicating the viscoelastic nature.  

The storage modulus (G') is one order higher than the loss modulus (G"), which indeed 

confirms the formation of gel (Fig. 4). Here the storage modulus represents the potential of the 

gel matrix to return to its original structure after removing the applied shear stress, and the loss 

modulus indicates the propensity of the material to flow with the applied shear force like a 

liquid. A higher value of storage modulus than the loss modulus indicates the dominating 

elastic nature of the gel. The linearity of both the curves under a lower shear region reveals the 

viscoelastic nature of the gel, which has an in-between behaviour of liquid and solid. A value 

of the loss factor (tan δ) in-between 0 and 1 up to the cross over point also suggests the phase 

difference of shear stress and the shear strain has a value medial of 0° to 90° tells that the 

hydrogel is not a perfect solid or a perfect liquid.8 Next, to investigate the thixotropic nature of 

the gel matrix, it was shaken to break the hydrogen bond interaction, and a gel to sol transition 
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occurred (Fig. 5). When the sol was kept for half an hour in undisturbed condition, again, the 

sol was transformed into a gel state.  

 

Figure 5. Mechanical stimuli driven gel to sol transition and upon resting it again transformed into gel.  

The obtained hydrogel was kept in ambient condition for drying to get the powder form, 

and it was named as Ga-Ni xerogel. Next Attenuated Transmission Reflectance (ATR)-IR 

study has been carried out for Ga-MOC, Ni-EDA complex, and Ga-Ni xerogel (Fig. 6a-b). All 

the peaks which are presents in the individual component of the gel were also found to remain 

intact in the xerogel, indicating the structural stability in the xerogel. A Peak observed at 3100 

cm-1 for Ga-MOC spectra indicates the aromatic C-H stretching frequency. Bands at 1658 cm-

1 and 1323 cm-1 can be designated for C=O and C-N stretching, respectively. Two distinguish 

peaks at 3329 cm-1, and 3297 cm-1 in the Ni-EDA complex indicate the N-H stretching band. 

However, a bathochromic shift was found for these two bands in the xerogel. Peaks came at 

3323 cm-1, and 3276 cm-1 in the Ga-Ni-xerogel spectra with a shift of 6 cm-1, and 21 cm-1, 

respectively, suggesting the involvement of the N-H bond in the hydrogen bonding.26 IR 

spectra for the Ni-EDA complex also show the peaks at 3121 cm-1, 1388 cm-1, and 1029 cm-1 

can be attributed to the C-H bond stretching, CH2 bending, and C-N stretching, respectively. 

The thermal stability of the assembly was monitored by the thermogravimetric analysis curve 

in the xerogel state (Fig. 7). It was observed that the Ga-Ni xerogel was stable up to 190°C. 

The TGA curve also shows a weight loss of 24% at the temperature of 190°C. This can be 

attributed to the loss of the solvent molecules (water and DMF) in the Ga-MOC units.35 Next 

18% weight loss was found to be started at 270°C due to the degradation of the [Ni(en)3] 

complex. 

Shaking

Resting
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Figure 6. (a)-(b) ATR spectra of Ga-Ni xerogel (blue), Ni-EDA complex (green). Ga-MOC (red). 

The morphological analysis was carried out with field emission scanning electron 

microscopy (FESEM) and atomic force microscopy (AFM) technique. Ga-Ni hydrogel shows 

a highly interconnected fibrous network structure (Fig. 8a-c). AFM analysis of the Ga-Ni gel 

also confirms the fibrillar nanostructure. The micrometer long fibers have a height of ~20 nm, 

and the width was calculated to be in the range of 300-400 nm, as indicated by the AFM studies.  

 

Figure 7. (a) TGA curve of Ga-Ni xerogel shows the stability up to 200°C. 
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Figure 8. (a) FESEM images of Ga-Ni xerogel shows interconnected fibrous structures. (b) 2D AFM 

image of the Ga-Cu xerogel also confirms the fibrillar morphology. (c) Hight profile diagram of the 

fibers obtained in AFM. 

3.4.1 Gel to crystal transition: 

We have also tried the combinations for other ratios to check the minimum gelation 

stoichiometric ratio. The Ga-MOC:Ni-EDA complex ratio was varied from 1:9 to 1:1. The 

rheology experiment was carried out by varying shear strain and keeping the angular frequency 

constant for different stoichiometric ratio gels which have already passed the inversion test 

(Ga-MOC:Ni-EDA complex = 1:10 to 1:4). In the cases of 1:3, 1:2, and 1:1 stoichiometric 

ratios, there was no gel formation rather, a free-flowing liquid was found. An interesting 

phenomenon was observed with the rheological experiment for different concentration ratio 

gel. A gradual decrease in elastic storage modulus (G') was noticed starting from 1:10 to 1:4, 

which indicates a decrease in the mechanical strength of the system with lowering the 

concentration of the binder Ni-EDA complex (Fig. 9a-f).27 Therefore, according to this 

equation, G = G'+iG", the shear modulus of the gels was also decreasing (G is the complex 
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shear modulus and G" is the loss modulus). As the formation of gel is driven by the CAHB 

between the binder and the MOC, lowering the amount of binder in the vicinity of the Ga-MOC 

leads to a decrease in the number of hydrogen bonding and also the stiffness of the gel.  

 

 

Figure 9. Strain sweep rheology measurement of Ga-Ni gel with different stoichiometric ratio (a) Gel 

(1:9) (b) Gel (1:8) (c) Gel (1:7) (d) Gel (1:6) (e) Gel (1:5) (f) Gel (1:4).  
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Herein we kept all the gel samples for a long time to check the stability and the 

capability of the gel matrix to capture the solvent molecules; an interesting phenomenon was 

observed. Without the application of any external stimuli, a gel to crystal transition takes place. 

It was observed that a different time scale was required in the crystallisation process for 

different stoichiometric ratio gel. For all the different ratio gels, the transformation was found 

to be spontaneous, but the transition time was different in each case. With decreasing the 

amount of Ni-EDA complex, the time scale goes to a higher value, also corroborating the 

rheology study. Visible crystals were found just after 6 hours of the formation of the gel in the 

case of 1:10 (Ga-MOC:Ni-EDA complex), whereas the 1:4 (Ga-MOC:Ni-EDA complex) gel 

sample takes 4 days to form the visible crystals. All the other ratio gels took an intermediate 

time for this particular conversion. This evolution process was first observed with a visible 

weakening of the gel matrix with the formation of some microcrystals. After the formation of 

microcrystals, the degree of crystallisation was found to be increased for the next 48 hours and 

ended up with the rupture of the integrated gel structure and a phase-separated state of solvent 

and the precipitate. Presumably, the transformation of the reticular fibril structure to a closed 

packed microcrystal leads to the degradation of the gel matrix, and there is also a decrement in 

the solvent holding capacity. To the best of our knowledge, there is no report to date for such 

kind of gel to crystal transformation without any external perturbation, where a metal-organic-

cubes were used with a binder as the bicomponent system. A comparative rheological 

experiment was carried out for all the gel samples by keeping the shear strain constant and 

varying the oscillatory angular frequency. The linear behaviour of the curve for both the storage 

modulus (G') and loss modulus (G") indicates the gels were stable under the strain of 1% 

throughout the angular frequency (ω) range from 0.1 rad/s to 100 rad/s. All the stoichiometric 

gel samples showed a minute dependency of the storage modulus (G') and loss modulus (G") 

on the angular frequency. A gradual decrease was found in the storage modulus (G') value 

when the concentration of the Ni-EDA complex went to a lower value (Fig. 10a).5 The 

correlation between crystallisation time and storage modulus (G') was evaluated from the curve 

given in Fig. 10b. A linear relation was observed between the time of crystallisation and the 

storage modulus value at the angular frequency of 1 rad/s under the viscoelastic region. 
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Figure 10. (a) Angular frequency sweep rheology data of different stoichiometric gel [(1:4) to (1:10)] 

show less dependency of the storage modulus on the angular frequency under viscoelastic conditions. 

(b) A plot of Storage modulus vs. time of crystallisation process showing linear relation with the gel 

stiffness. 

To understand the topology of the different gel matrices and the correlation of the 

transition time scale with the different concentrations of Ni-EDA complex, a detailed FESEM, 

and AFM study were performed. The study was done with four different concentration ratios 

(1:4, 1:6, 1:8, 1:10) and all of them showed an interconnected fibrillar network structure under 

the electron microscope (Fig. 11) and AFM (Fig. 12). A distinct change in the connectivity of 

the fiber network was found in each case under FESEM.27,34 A higher association was observed 

with increasing the ratio, which also corroborated with the higher stiffness and higher elastic 

modulus. As there was an increase in the number of nodes in the fibrillar structure along with 

the fibrillar density, the stiffness of the gel increased. The higher elastic modulus (G') value in 

the rheology experiment with increasing the concentration ratio also indicates a rise in complex 

shear modulus (G = G'+iG"). The topographical images from FESEM and AFM gave a visual 

representation of that only. Higher mechanical strength with the increment in the fibrillar 

connectivity generated from the enhanced hydrogen bonding interaction leads to a faster 

crystallisation process. This increase in the fusion of the fibers also transforms the solvated gel 

state to a rhombus shape crystal. A comparative AFM study showed that the height of the fibrils 

obtained in all cases are almost same and was calculated to be in the range of 15-20 nm. Next, 

the width of the fibrils were also calculated, and it was found that Ga-Ni gel (1:10) had the 

fibrils width in the range of ~ 400 nm, whereas in the case of Ga-Ni gel (1:4), the width was 

found to ~ 200 nm. Presumably, the lower concentration of the Ni-EDA complex binder 

restricts the growth process of the fibrils. 
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Figure 11. FESEM images of Ga-Ni gels showing fibrous nanostructure. (a) Gel (1:10) (b) Gel (1:8) 

(c) Gel (1:6) (d) Gel (1:4), a decrement in contact surface overlap with the lowering of the Ni-EDA 

complex concentration.  

Figure 12. Atomic force microscopic images of Ga-Ni gels with different stoichiometric ratio shows 

the fibrillar structure. (a). Gel (1:10) (b). Gel (1:8) (c). Gel (1:6) (d). Gel (1:4). 
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The gel state is considered as the thermodynamically metastable form of the self-

assembled aggregated structure with a local minimum, and the crystal is known for having a 

close-packed, highly ordered structure with a global minimum.34,37 Now, these two states of 

material are connected through an energy barrier, and the assembly has to cross it during the 

phase transformation process (Fig. 13). The hydrogen bond formed just after the addition of 

the binder to the Ga-MOC solution was not in a very well-oriented fashion. This has crucial 

importance in holding the components into the gel state and helps to attain the local minimum. 

Proper placement of the binder molecules helps the system to attain the global minima. The 

fibrillar structure of the gel samples indicates the metastable trap state of the system, which 

remains in equilibrium with its soluble parts. In comparison, the lower fibrillar connectivity is 

not sufficient to overcome the energy barrier to attain the global minimum. At the junction of 

these fibers, the amount of contact surface overlap (CSO) is much higher, and these nodes help 

in the ripening process by acting as a seed for crystal growth. Therefore, the lower 

concentration ratio gels have a lower number of the contact point (node) that remains stable as 

in gel state for a longer time. Consequently, the higher concentration ratio gels were able to 

reach the transition state easily with having a lower depth of metastable local minimum. 

Rebalance in the orientation of the binders and stronger association by the hydrogen bond 

interaction stabilises the aggregation state into a long-range crystalline network. 

Figure 13. Schematic of the switching of local minimum fibrillar Ga-Ni gel state to the global minimum 

crystal state through the strong hydrogen bond interaction between Ga-MOC and Ni-EDA complex.  
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3.4.2 Single Crystal X-ray Diffraction Analysis (SCXRD): 

To understand the role of the binder (Ni-EDA complex) towards gelation and 

crystallisation process, the stoichiometric ratio of the Ga-MOC and the Ni-EDA complex was 

varied from 1:1 to 1:10. The rheological data confirmed that the gel was obtained only in the 

cases of 1:4 to 1:10 stoichiometric ratio. There was no gelation and crystallisation process 

found in the case of 1:1, 1:2, and 1:3 ratio combination as the initial interaction was not 

sufficient to form the gel. For the increasing ratio of the Ni-EDA complex, the gel was found 

to be stiffer, as indicated by the rheological study. The crystallisation process was found for all 

the cases where it is forming the gel. This indicates that the gelation is the crucial step in the 

crystallisation process, where it helps to hold the Ga-MOC and Ni-EDA binder in close vicinity 

for further close packing. We have diffracted all the crystals obtained from different 

stoichiometric gels, and the obtained cell parameters are given in table 1. The geometrical 

shape of the crystals was also found to be improving with the increasing amount of Ni-EDA 

complex, as given in Fig.14. When we have diffracted the crystals, it was found that a minor 

number of spots were coming for the crystals obtained from 1:4, 1:5, and 1:6 stochiometric gel. 

Whereas for all other stoichiometric ratios (1:7 to 1:10), the obtained crystals gave a good 

number of diffraction spots. This study suggested the lower crystallinity of the single crystals 

for the lower stoichiometric. In contrast, the improvement in the crystallinity was found with 

the increasing amount of Ni-EDA complex. This indicated the important role of the binder in 

gelation and followed by crystallisation process. SCXRD for the crystals starting from the 1:7 

to 1:10 ratio gel indicates that the Ga-MOC was crystallising in the triclinic Pī space group 

with the help of a binder Ni-EDA complex. To investigate the arrangements of the Ga-MOC 

and Ni-EDA in the 1:4, 1:5, and 1:6 ratio crystals, we have compared the PXRD pattern of all 

the xerogel, and it was found to be the same in all cases (Fig. 15). Therefore, the Ga-MOC and 

Ni-EDA complex combined to form the long-range ordered crystals in the same arrangements, 

but with the lowering in the concentration of the binder, the crystallinity was found to be 

decreasing.  
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Stoichiometric 

ratio gel 

a (Å) b (Å) c (Å) α (°) β (°) γ (°) Volume 

(Å3) 

1:7 
17.91 18.15 18.21 116.13 107.52 95.63 4879 

1:8 
18.06 18.11 18.19 116.04 107.52 95.21 4922 

1:9 
18.14 18.16 18.23 116.18 107.82 94.81 4964 

1:10 
17.93 18.14 18.20 116.01 106.97 95.73 4910 

Table 1. Unit cell parameters of different crystal shows a similarity obtained from different 

stoichiometric ratio Ga-Ni gel. 

 

 

Figure 14. (a) formation of Ga-Ni gel (1:10) followed by transformation in rhombus shaped crystals 

within 6 hours. (b) Formation of the Ga-Ni gel (1:4) and transformation into crystals with undefined 

geometrical shape after 4 days. 

Ga-MOC (0.01M, 250 ml)

Ni-EDA (0.1M, 250 ml)

6 h

Ga-MOC (0.01M, 250 ml)

Ni-EDA (0.04M, 250 ml)

4 days

1 : 10

1 : 4

(a)

(b)
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Figure 15. (a) PXRD pattern comparison of the xerogel obtained from the different stoichiometric gel.  

A rhombus-shaped crystal was taken from the 1:10 ratio gel, and the single-crystal X-

ray diffraction study was performed to understand the packing of the Ga-MOC with the binder 

Ni-EDA complex. X-ray diffraction data were collected with a violet coloured crystal having 

the dimension of 271 mm×271 mm×138 mm. The SCXRD analysis showed that the self-

assembly of the Ga-MOC with the binder crystallises into a triclinic Pī space group. The unit 

cell contains a single number of Ga-MOC and is surrounded by the six Ni-EDA complexes. 

Each MOC had 12- charges which compensated with the 12+ charges from the six Ni-EDA 

complexes leading charge neutralisation within a unit cell. SCXRD also confirmed the 

structural stability of the Ga-MOC and the Ni(en)3 complex in both gel and crystal states. The 

only interaction was found in this self-assembled structure is the charge-assisted hydrogen 

bonding. As shown in Fig. 16, the Ga-MOC was encircled by six Ni-EDA complexes which 

are not properly seated at the faces of the cube rather, it found a suitable position for better 

non-covalent hydrogen bonding interaction 
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Figure 16. SCXRD study shows the Ga-MOC (wires/stick model) encircled by six Ni-EDA complexes 

(ball and stick model).  

In the 1:10 ratio gel, the orientation of the Ga-MOC and the Ni-EDA complex is very 

much random in the gel state. Which actually readjust themselves into a proper directional 

fashion and results in the formation of crystals. Further, it was found to be a single MOC is 

connected with the other six MOC, where the Ni-EDA complex acted as the linker through the 

hydrogen bonding network. The non-covalent bond distances were found to be in the range of 

2.37 Å to 2.45 Å suggesting a strong H-bonding interaction.38 Fig.17 shows the connectivity 

of a single MOC with the four others in the X and Y directions (connectivity was shown in 

only two directions for clear visualisation whereas the same is also present in the 3rd direction). 

Strong hydrogen bonding interaction between the pendent oxygen groups of the Ga-MOC and 

the hydrogen from the ethylene diamine ligand helped to cross the thermodynamical energy 

barrier from the gel to crystal and started the ripening process. Therefore, the charged assisted 

hydrogen bonding (CAHB) not only played a vital role in the gelation but also drove the phase 

transformation process with the proper orientation of the Ga-MOC and the binder in a long-

range order structure. 
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Figure 17. Interlinked hydrogen-bonded structure of Ga-MOC by the Ni-EDA complex linkers in two 

directions (3rd direction is not shown for visual clearance). 

 

Next, to understand the structure of the crystalline state and the structure in the xerogel 

state, the PXRD pattern of the Ga-Ni-xerogel 1:10 (Ga-MOC:Ni-EDA complex) was compared 

with the simulated pattern obtained from the SCXRD (Fig. 18a). It shows a similar pattern for 

both, indicating a close structural similarity between the xerogel state and the single crystal 

state. However, the peak intensity of the xerogel was found to be less as compared to the 

SCXRD, suggesting the lower long-range ordering present in the case of the xerogel. 
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Figure 18. (a) X-ray diffraction pattern comparison of the simulated pattern obtained from the 

SCXRD and PXRD of the xerogel.  

 

3.5 Summary:  

In summary, we have explored a bicomponent gel to crystal transition process. GaIII metal ions-

based metal-organic cubes were used for the gelation. It is assembled in a proper arrangement 

with the help of a binder (Ni-EDA complex). The extended self-assembly was found to form 

instantaneously after the addition of Ni-EDA into the Ga-MOC solution. A strong charge-

assisted hydrogen bond interaction holds the building block in a proper orientation. Over a 

period of time, a gel to crystal transition was found without any external stimuli. This 

transformation process ended up with the rupturing of the gel matrix, leading to a phase-

separated solution and crystals. The binder concentration was varied from higher to lower 

value, where the gelation and crystallisation process was found to be highly affected. With the 

lower concentration of the binder, the mechanical strength of the gels was found to be lowering 

down. The crystallisation process was also dependent on the concentration ratio and a higher 

time required for crystal formation in the low Ni-EDA complex concentration. A detailed 

rheological and morphological analysis showed the origin of the concentration dependency of 

the gel to crystal transition process. The SCXRD data showed the arrangements of the 

molecular building blocks with the help of the hydrogen bonds.  

 

10 20 30 40 50

10 20 30 40 50

 Simulated pattern from SCXRD

2q (degrees)
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Chapter 4 

Co-assembly of Ga-MOC and [Cu(en)2(NO3)2] 

towards soft materials: Gel to Crystal 

transformation and electrocatalytic CO2 

reduction 
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Abstract 

A sustainable route for renewable energy storage by minimizing greenhouse gas is the 

electrochemical CO2 reduction reaction (CO2RR). However, the electrochemical CO2RR 

possesses some limitations to achieve high efficiency. This chapter reports the 

supramolecular self-assembly of Gallium-based metal-organic cubes (Ga-MOCs) by linking 

each other with a binder making it a heterogeneous substance. The charge-assisted hydrogen 

bonding plays a crucial role in the gelation, and it was also observed that a spontaneous gel to 

crystal transformation is happening. The detailed morphological study showed the change of 

fibrillar structure to toroidal nanoring leads to crystallisation. A redox-active metal center 

(Cu2+) was incorporated into the binder to explore the electrochemical process. This multi-

stimuli responsive gel was further used for the electrochemical CO2 reduction process in 

water medium. The robust electrocatalyst showed an efficient conversion of CO2 to CO with 

a faradaic efficiency of 92%, along with high partial current density. Furthermore, the 

durability of the xerogel catalyst was analysed by running the electrochemical process at a 

constant potential for 16 hours. This 3D entangled fibrous network of the heterogeneous 

hydrogel opened an avenue for developing new molecular electrocatalysts for energy 

applications. 
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4.1 Introduction: 

Ordered and functional architectures can be established via supramolecular assembly based 

on various non-covalent interactions such as hydrogen bonding, π–π interactions, and van der 

Waals interactions.1,2 In particular, the controlled assembly of a single component promotes 

the formation of multiple phases with a rich diversity of physical and chemical properties. 

Utilizing low molecular weight gelators (LMWGs)3 or metal-organic polyhedras (MOPs)4–9 

with a particular binder tends to form gel phase materials with typical fiber-like morphology. 

In fact, charge-assisted hydrogen bond (CAHB)-based non-covalent interaction produces 

versatile gel-based architectures with discrete properties. Owing to their dynamic and 

adaptive nature, the structure and function of supramolecular assemblies are tunable by slight 

variations of the molecular arrangements. This bottom-up approach has already found various 

applications in optoelectronics,10,11 biomedicine,12,13 electrical engineering,14 catalysis,15 

chemical separation,16,17 and artificial photosynthesis,18 as it enables the formation of self-

assemblies with desired properties. Yet, while allowing external stimulus-response, the gel 

permits altering the inherent supramolecular nature that may disrupt the gel matrix over time 

or under varying conditions. One such process is the spontaneous transition of gelator 

molecules into a crystalline phase. This gel–crystal transition happens due to 

thermodynamically more favorable crystalline formation than the kinetically trapped gel 

phase.19–21 The phase transition from gel to crystal is of great significance due to the 

evolution of advanced macroscopic functionalities. 

The twin pressure of energy and environmental crisis has provoked pronounced 

attention to the recycling of CO2.
22,23 To carbon neutrality, using an electrochemical method 

to convert CO2 into chemical fuel is a superior approach.24,25,26 This process deals with 

energetic electrons at the cathode to reduce CO2 into value-added chemicals such as CO,27,28 

formic acid (or formate),29 methane,30,31 methanol,32 ethylene,33,34 ethanol,35,36 etc. The 

presence of two strong C=O bonds in the CO2 molecule and the required bond rearrangement 

reflects the high overpotential and the low reaction efficiency, which remains a fundamental 

problem limiting practical applications.37,38 The first electron transfer to form CO2
•− anion 

radical occurs at a high negative potential of −1.90 V (vs. SHE) without any electrocatalysts, 

making the reaction energetically uphill to take place. The multiple reaction pathways of 

CO2 reduction limit the reaction selectivity.39 CO2 reduction can proceed via two, four, six, 

eight, twelve, or even more electron-transfer pathways, producing a large spectrum of 

possible reduction products. In addition, CO2RR needs the participation of free protons or 
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proton donators (e.g., HCO3
−) to disrupt the C-O double bond. It is thereby very trivial that 

hydrogen evolution reaction (HER) always exists as the competing side reaction, which is 

often kinetically favoured over CO2RR, unfortunately. As a result, we urgently need to 

develop proper electrocatalysts to significantly expedite the reaction rate and steer the 

reaction selectivity toward the target product. The recent progress of electrocatalysts design 

for CO2 reduction has gained considerable attention. Cu-based materials are the most sought-

after catalyst for generating versatile products among the designed electrocatalysts.24,26,40–43 

However, the utilisation of gel material is rarely explored towards electrochemical CO2 

reduction. 

Our previous study demonstrated the employment of organic molecular binders led to 

the self-assembly of MOC.44 Herein, Ga-based MOC was employed to produce three-

dimensional supramolecular assembly through CAHB using Cu-ethylenediamine (en) -based 

complex as a binder. The entire phase transition phenomenon from solution to gel to crystal 

was monitored. The incorporation of a redox-active Cu center assisted in producing self-

assembled structure and was also utilized as a heterogeneous catalyst. Hence, the three-

dimensional architecture was exploited as heterogeneous electrocatalysts in CO2RR. The Ga-

Cu-MOC showed high selectivity towards CO formation from CO2 with maximum Faradaic 

efficiency of 92% in water. The incorporation of the Cu-EDA complex assisted in producing 

3D gel matrix and acted as a redox center to initiate the catalytic CO2 reduction cycle. 

Interestingly, the gel matrix displayed superior long-term durability up to 16 h with a steady 

current. The reaction intermediate was identified using in situ FT-IR study. We anticipate that 

this approach to electrochemical CO2 reduction based on a 3D-Ga-Cu-MOC hydrogel will 

also direct the development of other highly efficient 3D structured electrocatalysts in the near 

future. 
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4.2 Experimental section:  

4.2.1 General: 4,5-Imidazoledicarboxylic acid (H3ImDC), Gallium nitrate hexahydrate 

[Ga(NO3)3.6H2O], Copper(II) Nitrate trihydrate (Cu(NO3)2.3H2O) were purchased from 

Sigma-Aldrich chemical Co. Ltd. All solvents and triethylamine (NEt3) were obtained from 

Spectrochem Pvt. Ltd. (Mumbai, India).  

4.2.2 Single-crystal X-ray diffraction: X-ray single-crystal structural data of 1 was 

collected on a Bruker Smart-CCD diffractometer equipped with a normal focus, 2.4 kW 

sealed tube X-ray source with graphite monochromated Mo–Kα radiation (λ = 0.71073 Å) 

operating at 50 kV and 30 mA. The program SAINT was used for integration of diffraction 

profiles and absorption correction was made with SADABS program. All the structures were 

solved by SIR 92 and refined by full matrix least square method using SHELXL-97. All the 

nonhydrogen atoms were refined anisotropically and the hydrogen atoms were fixed by HFIX 

and placed in ideal positions. All calculations were carried out using SHELXL 97, PLATON 

and X-Seed Ver 4. 

4.2.3 NMR Measurements: 1H NMR is recorded on a Bruker AV-400 spectrometer (400 

MHz) with chemical shifts recorded as in parts per million (ppm) and all spectra were 

calibrated against DMSO (δ=2.6 ppm). Solvent suppression was done for each of the sample 

for clear observation. For the sample preparation 50 l of D2O, 50 l of DMSO with known 

concentration and 500 l of the sample was taken for the experiments.  

4.2.4 Powder X-ray Diffraction Measurements: Powder X-ray diffraction (PXRD) patterns 

were collected in gel state coated on a glass plate and taken by a Rigaku Smartlab SE 

instrument using Cu Kα radiation.  

4.2.5 Thermal Stability Measurements: Thermogravimetric analysis (TGA) was carried out 

using Mettler Toledo TGA 850 instrument under inert atmosphere in the temperature range of 

25-800°C at the heating rate of 5°C per min. 

4.2.6 Morphological analysis: Atomic force microscopy (AFM) measurements were carried 

out with Asylum MFD-3D Origin to analyse the morphologies of the sample surface. 

Samples were prepared by making a dispersion of the xerogels in THF and coated on a 

silicon wafer by the drop-casting method. The Field Emission Scanning Electron Microscopic 

(FE-SEM) images were recorded on a Zeiss Gemini SEM 500. Samples were prepared by the 
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drop-casting method on a small piece of Si wafer and loaded in the machine without any gold 

sputtering. 

4.2.7 Rheological analysis: The rheological study was done in Anton Paar Rheometer MCR 

92 using plane plate geometry on a Peltier glass plate. The diameter of the plate was 60mm, 

and the measuring unit had a diameter of 25mm. The gel samples were placed on the plate 

and stress sweep experiment at a constant frequency at 25 °C, and frequency sweep 

measurements at constant stress in the linear viscoelastic range were carried out to get the 

storage or elastic modulus (G′) and loss or viscous modulus (G″) values of the gel materials. 

4.2.8 Zeta Potential Measurements: Zeta potential analysis was carried out in NanoZS 

(Malvern UK) employing a 532 nm laser. 

4.2.9 ATR-IR Measurements: The ATR-IR experiment measurements were carried out 

using an FT-IR spectrophotometer (BRUKER, VORTEX 70B) in the region 4000−400 cm−1. 

4.2.10 Preparation of working electrode: A 1X0.5 cm2 carbon paper was taken as the 

working electrode and connected with copper wire with the help of crocodile clip. 

Connection area were wrapped with Teflon tape to ensure no contact with the electrolyte 

during the electrolysis. The electrical connectivity was tested by the multimeter. For the ink 

preparation, 2 mg of the catalyst was taken along with 2 mg of Vulcan carbon to increase the 

conductivity. These two components were dispersed in 1 mL of a solution made up with 600 

μL of isopropyl alcohol, 380 μL of mili Q water and 20 μL of Nafion. A homogeneous 

product was obtained after sonication for 30 min. 100 μL of the resulting mixture was coated 

evenly on both side of the carbon paper, and dried for 3 hours in ambient conditions. The 

same ink was coated on a glassy carbon electrode for the Linear Sweep Voltammetry (LSV) 

and Cyclic Voltammetry (CV) measurement.  

4.2.11 Electrochemical setup: An undivided electrochemical cell equipped with three 

electrodes was used for LSV and CV testing. Glassy carbon electrode (area = 0.07065 cm2) 

used as a working electrode, Ag/AgCl as the reference and Pt  plate as the counter electrode 

in 0.2 M KHCO3 solution saturated with CO2 (or Ar) in LSV measurement. For the CV 

experiment non-aqueous solution was used to avoid the HER or other redox processes. 0.2 M 

tetrabutylammonium hexafluorophosphate solution in acetonitrile was used as the electrolyte 

for CV performance.  
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An air-tight H-type electrochemical cell was used for further experiment which consists of 

two compartments namely anodic and cathodic. These two parts were separated by a cation 

exchangeable Nafion membrane. Cathodic compartment was our main focus and comprised 

of the working electrode and Ag/AgCl as the reference electrode. In anodic compartment Pt 

plate was used as the counter electrode. 0.2 M KHCO3 solution was used in both the 

chambers as the electrolyte and CO2 was bubbled in both prior to the electrochemical 

experiment. A continuous CO2 flow of 10 mL/min was employed to the cathodic chamber 

during the electrolysis and the outlet was connected with a gas bag as the gas collector where 

excess CO2 itself act as a carrier gas. Gaseous products collected in gas bag were analysed by 

GCMS and after each chronoamperometry solution were collected for liquid analysis by 

NMR.  

 

 

All the potential was converted from Ag/AgCl to RHE scale by following the equation. 

E (RHE) = E (Ag/AgCl) + 0.197 + 0.059 X pH 

Faradaic Efficiency calculation: 

According to the definition of Faradaic Efficiency  

FE% = 
𝑄𝑖

𝑄𝑡𝑜𝑡𝑎𝑙
 

Where Qi represents the specific amount of charge required for a particular reduced product 

and Qtotal represents the total charge passed during the process. Here i represents H2, CO, 

HCOO- and CH3OH. For the gaseous products analysis done by the gas-chromatography and 

ideal gas law has been followed. FE for H2, CO was calculated by following the equation. 

FE% = 
𝑛𝐹𝑉𝑣𝑃°

𝑅𝑇𝑖
 X 100% 

Where n is the number of electron required for the particular product (here it is 2), F is the 

Faradaic constant, V (vol%) is the volume concentration of the gas,  is the gas flow rate in 

mL/min at ambient condition, i is the steady state cell current in mA, Po = 1.01 X 105 Pa, R = 

8.314 J mol-1 K-1, T = 273.15 K and F = 96485 C mol-1 
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For the measurement of the liquid products 1H nuclear magnetic resonance was used in 

quantitative way. DMSO and phenol was used as the internal standard with known 

concentration. Peak areas were quantified for both the product and standard to determine the 

amount of the products. The relative peak intensity ratio was calculated according to this 

formula. 

Relative peak area ratio = 
𝑠𝑖𝑛𝑔𝑙𝑒𝑡 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑎𝑡 3.23 𝑝𝑝𝑚 (𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙)

𝑠𝑖𝑛𝑔𝑙𝑒𝑡 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑎𝑡 2.6 𝑝𝑝𝑚 (𝐷𝑀𝑆𝑂)
 

Faradaic efficiency for all the liquid products were calculated as follows, 

FE% = 
𝛼𝑛𝐹

𝑄
 X 100% 

Where  is the number of electron required for that particular product. n is the amount of the 

liquid product in mol, calculated from the relative peak area ratio. F is the faradaic constant 

and Q is the total charge passed during the full run.  

4.2.12 Chronoamperometric experiment: To calculate the faradaic efficiency of all the 

products and to check the durability of the catalyst, chronoamperometric analysis was carried 

out at different potential starting from 0.68 V to 1.18 V (vs RHE) for 7200 s each. Both the 

compartments of the electrochemical cell were bubbled with CO2 for 30 min prior to the 

experiment and a constant CO2 flow rate of 10 mL/min was maintained throughout the 

experiment. We have also changed the KHCO3 solution before starting at each potential and 

collected the electrolyte for the quantification of the liquid product through 1H NMR analysis. 

4.2.13 1H-Nuclear Magnetic resonance analysis: For the quantification of the liquid 

products such as formate and methanol obtained during the electrolytic process performed for 

2 hours, 1H NMR studies was used in a quantitative manner. NMR for the liquid samples 

were recorded in Bruker Ultrashield Plus 400 (operated at 400 MHz) using DMSO and 

phenol mixture as the internal standard. Concentration of the product was determined from 

the relative peak area ratio of the product versus internal standard with known concentration. 

For the sample preparation, 600 μL of the electrolyte solution was taken after catalysis along 

with 50 μL of DMSO and phenol mixture having the known concentration of 4 mM and 20 

mM respectively and 50 μL of D2O.  

4.2.14 Gas-Chromatography analysis: All the gaseous products obtained during the 

electrocatalysis process were collected in a multilayer gas sampling bag. The gases were 

identified and quantified by the Gas Chromatography Mass Spectrometry analysis. Helium 
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was used as the carrier gas and calibration was done with H2 and CO. After completion of 

chronoamperometric study at each potential for 2 hours gas sample was collected by the 

Hamilton syringe and injected into the sampling loop of the GCMS analyser. CO was 

analysed by the flame ionized detector with a methanizer and for H2 thermal conductivity 

detector was used.   

4.2.15 Turn Over Frequency calculation: Based on the two-electron pathway for the 

production of CO turn over frequency was calculated by following this equation. 

TOF = 

Turnover number for CO production
geometrical area⁄

Number of active sites
geometrical area⁄

 

For the calculation of turnover number for CO production the below equation was followed. 

TON = 
𝐽 × 𝑡 × 𝐹𝐸 𝑓𝑜𝑟 𝐶𝑂

2𝐹
 × NA 

Where J is the current density and time was denoted by t. NA is the Avogadro constant to 

cancel out the per mole term in Faradaic constant designated by F and the 2 in the 

denominator was taken because production of CO is a two-electron process. Turnover 

number was calculated at the potential of 0.98 V vs RHE because of the highest faradaic 

efficiency obtained for CO.  

Number of active per cm2 was calculated by the following equation.  

N = NA ×  
weight of copper on the electrode

Molar weight of Copper
 

4.2.16 In situ diffuse reflectance FT-IR measurements: The in situ FT-IR measurements 

were carried out by FT-IR spectrophotometer (BRUKER, Pat. US, 034, 944) within a 

electrocatalytic chamber. The catalytic ink was coated on a graphite electrode and runed it as 

working electrode with Pt spring as counter electrode and Ag/AgCl as the reference 

electrode. Next, the air inside the cell was removed using vacuum and then 99.99 % CO2 gas 

along with water vapour was passed for 15 minutes into the photoreactor. The IR source was 

focused on the working electrode surface to observed the changes in absorbance. In situ FT-

IR signal was collected through MCT detector as a function of time with applied potential. 
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4.3 Synthesis: 

4.3.1 Synthesis of Ga(III) Metal-Organic Cube: The synthesis of Ga(III) Metal-Organic 

Cube was previously reported by our group; we have followed the same solvothermal 

method. 4, 5-Imidazoledicarboxylic acid (4, 5-ImDC) (0.5 mmol, 78 mg), Ga(NO3)3.H2O (0.5 

mmol, 128 mg), and 10 ml DMF were mixed in a 20 ml Teflon container and stirred for 30 

minutes at room temperature. 15 µl triethylamine was added to the reaction mixture and 

stirred for an additional 30 minutes. After that, the Teflon container was kept inside a 

stainless steel autoclave, heated at 120 °C for 24 hours. Next, the autoclave was slowly 

cooled down to room temperature, and the white product was centrifuged with washing 

repeatedly by methanol and dried in air. PXRD pattern matches with the simulated one (Fig 

1a). FTIR data (cm−1) (Fig 1b): 3447 (b), 3086 (m), 2775 (m), 1676 (s), 1473 (s), 1363 (s), 

1100 (s), 857 (m), 660 (m), 550 (m) is well-matched with the literature. Mass peak (Fig 1c) in 

MALDI at 821.393 m/z for the unit [(Ga8(ImDC)12)(7H+)(2Na+)(H2O)]3− also indicates the 

successful synthesis of Ga-MOC as per the earlier report. 

Figure 1. (a) PXRD pattern of Ga-MOC simulated (black) and as synthesised (red). Peaks indicate 

the phase purity. (b) ATR spectra of as synthesised Ga-MOC. (c) Negative mode acquisition of 

MALDI of the aqueous solution of Ga-MOC, peak at m/z 821.393 (z=3-) corresponding to the moiety 

[(Ga8(ImDC)12)(7H+)(2Na+)(H2O)]3−. 
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4.3.2 Synthesis of bis(ethylenediamine)copper(II) nitrate (Cu-EDA complex): We 

have followed the reported procedure for the synthesis of the Cu-EDA complex.45 

Cu(NO3)2.6H2O (500 mg, 1.7 mmol) was dissolved into 10 mL of ethanol, and 2 equivalents 

of ethylenediamine (3.4 mmol) were added dropwise into it under stirring condition over 10 

minutes. Violet colour precipitate formed, filtered under suction, and washed with ethanol. 

Powder X-ray diffraction (Fig. 2a) was collected, and it is well-matched with the simulated 

pattern.  

Figure 2. (a) PXRD pattern of Cu-EDA complex simulated (black) as synthesised (red). Exact 

matching of peaks indicates the successful synthesis.  

4.3.3 Preparation of Ga-Cu hydrogel: Due to the high negative charges (with general 

formula = [MaLb]
n-) on each of the metal-organic cubes, these are very much water-soluble in 

nature. This fact was utilized to use an aqueous solution of both the Ga-MOC and Cu-EDA 

complex for the gelation process. Solutions were made by dissolving 17 mg of Ga-MOC in 

0.5 mL and 15 mg of Cu-EDA complex in 0.5 mL of water. Instantaneous gelation took place 

just after the addition of binder Cu-EDA complex solution in Ga-MOC, and the gel colour 

was appeared to be violet. The formation of gel was confirmed by the inversion test method 

and rheology experiment. Xerogel was prepared by the air-drying method under ambient 

conditions. The dried obtained xerogel was further used as a catalyst for electrocatalytic CO2 

Reduction Reaction.  

 

 

 

5 10 15 20 25 30 35 40 45 50

 [Cu(en)2(NO3)2]

         as synthesized

2q (degrees)

 Simulated pattern

(a)



Charge assisted hydrogel for electrocatalytic carbon dioxide reduction Chapter 4 

 

108  
 

 3.4 Results and discussion: 

The surface negative charges of Ga-MOC arises from the free carboxylate group of 4,5-

ImDC, which makes it water-soluble. As indicated by the mass analysis, these MOCs were 

also stable in the water medium. The peripheral carboxylate oxygens were not only made the 

cubes polar but also it plays an important role in the gelation. After the addition of the Cu-

EDA complex solution to the aqueous solution of the Ga-MOC results in gel formation. Here 

the negatively charged oxygens help to form the charge-assisted hydrogen bonding with the 

binders (Cu-EDA complex) and arrange the cubes into a self-assembled structure. The MOCs 

were arranged in a well-oriented fashion through the CAHB interaction and led to the fibrillar 

structure (Fig-3).  

Figure 3. Schematic illustration of the self-assembled structure of Ga-MOC with Cu-EDA complex 

towards electrocatalytic CO2 reduction. (a) Formation of the Cu-EDA complex binder-driven 

hydrogel of the Ga-MOC and the gel to crystal transformation process. (b) Electrocatalytic CO2 

reduction process with hydrogel as the catalyst. 

Gelation was confirmed by the invert vial test, and the Ga-Cu hydrogel was found to be 

stable when the vial was inverted upside down. Furthermore, the viscoelastic nature of the 

hydrogel was revealed by rheological experiments. Amplitude sweep measurements were 

carried out by varying shear strain and angular frequency, which indicates the higher value of 

storage modulus (G') than that of loss modulus (G") under the viscoelastic region (Fig 4a and 

4b). As shown in fig 5a, both the modulus displayed a linear nature under the lower shear 

strain region, and also a crossover point appeared at a shear strain of 5%, representing the 

phase change from gel to sol. Whereas in the case of angular frequency variation at a constant 

shear strain of 0.5% depicted a long-term storage behaviour under a wide range starting from 

0.1 rad/s to 100 rad/s. This linearity indicates the non-dependency of the shear modulus on 
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the Angular frequency. A higher value of G' than G" suggests a solid-like structure with a 

stable network of forces. Both liquid and solid-like behaviour of the gel can be confirmed by 

the value of loss factor (tan δ). For a perfectly viscous material (liquid), the phase difference 

(δ) between stress and strain is 90°, but in the case of an ideally elastic material (solid), this is 

calculated to be 0°. Now, if any material has the value of loss factor (tan δ) in between 0 to 1 

can be described as a viscoelastic material that experiences both liquid and solid-like 

properties. Ga-Cu hydrogel also shows the same under the lower shear strain region. PXRD 

pattern of xerogel indicates the crystalline ordered structure constructed by Ga-MOC and Cu-

EDA complex binder (Fig. 5a). Bragg's reflections' similarity with Ga-MOC indicates MOC 

is intact in the gel.   

Figure 4. (a) Amplitude sweep measurement of Ga-Cu gel. Storage modulus (G') (blue circle) has a 

higher value than loss modulus (G") (red circle), indicating the viscoelastic nature. (b) Oscillatory 

frequency sweep measurement of Ga-Cu gel where the shear modulus is independent on angular 

frequency. 

Figure 5. (a) PXRD pattern of Ga-Cu xerogel. 
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Next, the morphology of the xerogel was investigated by field emission scanning 

electron microscope (FESEM). Ga-Cu xerogel shows a highly interconnected fibrous 

nanostructure under the electron microscope. It was further confirmed by the atomic force 

microscopy (AFM) analysis. A thoroughly cross-linked micrometer-long fibers were also 

found in AFM. Height of the fibers was calculated to be 10-15 nm, and the width was 

calculated to be in the range of 300-400 nm (Fig. 6 a-c). 

Figure 6. (a) FESEM images of Ga-Cu xerogel shows interconnected fibrous structures. (b) 2D AFM 

image of the Ga-Cu xerogel also confirms the fibrillar morphology. (c) Hight profile diagram of the 

fibers obtained in AFM. 

This Ga-Cu hydrogel was also responsive to different external stimuli and exhibited 

excellent reversibility also (Fig. 7). It was transformed into sol just after shaking, which again 

returned into its gel phase upon resting. This behaviour indicates the self-assembly of the Ga-

MOC with the help of Cu-EDA complex binder, made up of weak H-bonding, which can be 

damaged by a little perturbation, but it regains its original phase upon standing. Such kind of 

dynamic behaviour suggests the thixotropic nature of Ga-Cu hydrogel. The aforementioned 

self-assembly showed a transition from gel to sol when it was exposed to different pH. The 

pH of the as-prepared gel was measured to be 6.8, but upon the addition of 1 (M) HCl, a 

spontaneous transformation occurred into the sol state. At lower pH (pH = 4.72), the 
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carboxylate oxygen gets protonated, which destroys the charge-assisted hydrogen bonding, 

leading to demolish of the self-assembled gel structure. This transformation was found to be 

reversible upon the addition of basic solution (1 M NaOH), and upon resting for half an hour, 

it again comes into the gel phase with a pH value of 6.72. 

Figure 7. Stimuli-responsive behaviour of the Ga-Cu gel. Upon shaking, it turns into sol and again 

comes back to gel. With addition of 1N HCl gel (pH = 6.8) turns to sol (pH = 4.72) which again 

transform into gel (pH = 6.72) with addition of 1 NaOH.  

Next, to check the stability of the gel, the Ga-Cu hydrogel was kept in undisturbed 

condition for several days. Here we observed an interesting phenomenon with this hydrogel. 

A phase transformation from gel to crystal was happening spontaneously over a period of 17 

days. This kind of evolution process is well known to be triggered by different external 

stimuli such as agitation, cryogenic treatment, irradiation, pH change, and change in polarity 

of the solvent. Herein, a spontaneous transition was observed without any disturbance, and 

crystals with cubic geometrical shapes were found under the optical microscope (Fig. 8a-b). 

The conversion was initially observed by the visible weakening of the gel matrix, and an 

increase in the degree of crystallisation was found over one month.  

Figure 8. (a) Microscopic image shows the formation of crystal from the GA-Cu hydrogel. (b) Block-

shaped microcrystal mounted on a glass wire. 
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This whole event leads to the loss of hydrogel matrix integrity and ends up with the 

two separated phases, sol and crystals. Presumably, a rise in fibrillar connectivity conducts 

the crystallisation process, where uniformly distributed self-assembled fibers get converted 

into an insoluble well-ordered crystals. To understand the mechanism of the phase 

transformation process, we have investigated the hydrogel morphology by AFM with the 

time scale (Fig 9a). For the first day, the cross-linked fibrous morphology was obtained; after 

five days also, the fibers remained stable, as evident from the AFM analysis. After ten days, 

we saw a change in morphology under the AFM, and the fibers were started to transform into 

microrings. This transformation started from the fiber's end, and after fifteen days, all the 

fibers were fully transformed into microrings. This process concentrates the fibers in a 

particular fashion, leading to the facile crystallisation process.  

Figure 9. (a) A time scale AFM images of the fibrillar structure of Ga-Cu hydrogel. A transformation 

from nanofiber to microrings was observed after 15 days of the standing of the gel. 

There was a competition between the two components of the gel toward solvation and 

intermolecular interaction, which led to the formation of a gel. But as the gel is nothing but a 

thermodynamically metastable trap state for any assembled structure, therefore, it always 

tries to go towards a more stable, lower energetic structure. In this present study, this 

spontaneous transition reveals the potential of charge-assisted hydrogen bonding to build the 

order structure and capability to cross the thermodynamic energy barrier toward 

crystallisation. Next, we took out a good quality block-shaped crystal from the gel and 

mounted it on a glass wire for the Single Crystal X-Ray Diffraction (SCXRD) study. The 

details of the Ga-Cu crystal structure obtained after SCXRD were discussed below. 
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4.4.1 Single Crystal X-ray Diffraction Analysis (SCXRD): 

 

The single-crystal x-ray diffraction analysis of the Ga-MOC-Cu was examined to determine 

the packing of Ga-MOC and Cu-EDA complex units in the crystal phase. The obtained 

block-shaped crystals were blue colored with 280 m×189 m×128 m dimensions. The 

SCXRD analysis displays the monoclinic P21/n space group. Detailed cell parameters are 

given in Table 1. Each unit cell consists of two formula units of Ga-MOC and Cu complexes, 

with one unit of Ga-MOC in the center and partial contribution from eight units of Ga-MOCs 

at the corner. Each Ga-MOC unit is encircled by six Cu-EDA complexes leading to charge 

neutralisation between the anionic MOC and cationic metal complex, supported by zeta 

potential calculations (Fig. 14a-b). Based on the crystal structure, the spatial arrangement of 

adjacent Ga-MOC units is shown in (Fig. 10). Two adjacent Ga-MOC units are held together 

by the non-covalent H-bonding and dipole-dipole interactions.  

 

Figure 10. Ellipsoid model of Ga-MOC-Cu based on the crystal structure showing the interlinked 

gelator Ga-MOC units by Cu-EDA binders 

Fig 11 shows two adjacent Ga-MOC units held together by two Cu-EDA complexes 

via two different types of interactions (violet and green dotted line). The gel state generally 

consists of a random array of Ga-MOC gelator units suspended in a pool of solvent and Cu-

EDA complex binder molecules. We have observed gel to crystal phase transformation, 

which occurs due to the displacement of several solvent molecules resulting in the compact 

arrangement of gelator and binder units. In our case, two kinds of non-bonding interactions 

play a significant role in directing the phase transformation.  
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Figure 11. High-resolution X-ray diffraction single crystal structure of Ga-MOC-Cu showing the 

non-covalent interaction between two Ga-MOC and the two Cu-EDA binder units, with appropriate 

experimental distances for the respective sites. (Violet dashed lines: H-bonding interactions, Green 

dashed lines: dipole-dipole interaction) Note: most of the atoms in the Ga-MOC unit have been made 

transparent for proper visualisation of the role of Cu-EDA binder units. 

 

Firstly, H-bonding plays a vital role not only in the self-assembly of gelator molecules 

during gel formation but also acts as an invisible string to pull together the Ga-MOC units 

until a compact packing is achieved during the phase transformation. Secondly, the dipole-

dipole interaction between the metal center in the Cu-EDA complex (5 coordinated) and the 

Oxygen atom in the Ga-MOC unit, i.e., Cu1 and O2. In the gel state, the coordination number 

of each Cu-EDA complex is expected to be 6, including four coordinating sites from two 

EDA ligands and two axially coordinated H2O ligands. During phase transformation, one of 

the axially coordinated H2O molecule dissociates, and the Cu – center shifts towards the Ga-

MOC unit, keeping the Oxygen atom (O2) from the gelator unit axially inclined towards the 

vacant 6th coordination site. The distance measured between Cu1 and O2 is 2.99 Å, which is 

longer than the other axial Cu1-O5 bond length of 2.508 Å. Both these non-covalent 

interactions stabilize the gelator and binder in the unit cell. 
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Parameters Ga-Cu 

Empirical formula C90 H108 Cu6 Ga8 N59 O58 

Formula weight  3883.35 

Crystal system Monoclinic 

Space group P21/n 

a, Angstrom 18.3277(17)   

b, Angstrom 23.2153(19)   

c, Angstrom 18.9579(19)   

β, deg 96.950(3) 

V, Angstrom3 8007.0(13)   

Z 2 

T, K 293 

, mm-1 2.209 

Dcalcd, g/cm3 1.692 

F (000) 4090   

Reflections [I>2σ(I)] 10983 

Unique reflections 15197 

Total reflections 108809 

Rint 0.110 

GOF on F2 1.07 

R1[I>2σ(I)]a 0.0765 

Rw[all data]b 0.2237 

Δ max/min [e Angstrom-3] 3.80, -1.53 

aR1= ||Fo|−|Fc||/|Fo|; bRw= [{w(Fo
2 −Fc

2 )2 }/{w(Fo
2 )2 }]1/2 

Table 1. Cell parameters and structure refinement parameters of Ga-Cu 
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Next, Attenuated Transmission Reflectance (ATR) study was carried out for Ga-

MOC, Cu-EDA complex, and Ga-Cu xerogel (Fig. 12a). Peaks at 3158 cm-1, 3248 cm-1, 3271 

cm-1 for the Cu-EDA complex indicated the N-H stretching frequency of ethylenediamine. 

Stretching frequency for C-H was observed at 2886 cm-1, 2954 cm-1. The peak at 1604 cm-1 

can be attributed to N-H bending vibration. 

Figure 12. (a) ATR spectra of Ga-MOC (blue), Ga-Cu xerogel (black), Cu-EDA complex (red). 13. 

(b) TGA curve of Ga-Cu xerogel shows stability up to 200°C.  

O-H stretching and bending peaks were observed at 3331 cm-1 and 1459 cm-1, respectively, 

indicating the presence of water in the complex. Cu-N bond stretching frequency also can be 

found at 480 cm-1. A weak band can be observed at 3100 cm-1 for Ga-MOC spectra, 

indicating the aromatic C-H stretching frequency. Peaks at 1658 cm-1 and 1323 cm-1 can be 

designated for C=O and C-N stretching. Interestingly, all peaks for Ga-MOC and Cu-EDA 

complex can be found intact in Ga-Cu xerogel, implying the structural integrity of both 

components in the xerogel state. The decomposition temperature curve of TGA reveals the 

stability of the xerogel at higher temperatures, and it is quite stable up to 200 °C (Fig. 12b). A 

primary weight loss was started from 200 °C due to the loss of the guest molecules inside the 

Ga-MOC, water, and DMF. Weight loss at 260 °C corresponds to the breaking of the CuII- 

complex, oxidation of the ethylenediamine takes place at this temperature. Third, weight loss 

at 400 °C can be attributed to the breaking of the MOC and oxidation of the 

imidazoledicarboxylate unit. Next, zeta potential measurement has been carried out to 

understand the surface binding of the Cu-EDA complex to the Ga-MOC having carboxylate 

groups at its periphery (Fig. 13a-b). For only Ga-MOC, it showed a zeta potential of -34 mV, 

which indicates the negatively charged surface of the cubes. However, a shift of the zeta 

potential was observed upon the subsequent addition of the binder. This result again confirms 

the tie-up between the two charged species by the charge-assisted hydrogen bonding. 
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Interestingly it was found that the zeta potential goes near to zero value (0.33mV) with the 

addition of six equivalent of Cu-EDA complex, also corroborating the neutralisation of 

negative charges on each MOC ([(Ga8(ImDC)12)]12-) by the Cu-EDA complex having positive 

charges {[Cu(en)2]
2+}. With the addition of more than six equivalent of Cu-EDA complex 

binder solution to the aliquot, two peaks appeared near to zero and on the positive side. This 

reveals the binder accumulation on the MOC surface as the zeta potential indicates the 

positive values with increasing the concentration of Cu-EDA complex binder along with 

some neutral units. The CO2 affinity of the Ga-Cu xerogel was determined by CO2 adsorption 

study (Fig. 14a). The experiment was performed at room temperature (298 K) after activating 

the sample at 120 °C under vacuum overnight. It showed a CO2 uptake of 6.37 mL g-1 at a 

relative pressure of 1, also corroborating the intake and easy diffusion of CO2 through the 

fibrous network of the xerogel. It also suggests the binding probability of CO2 to the metal 

center, which fulfills the primary step for the CO2 reduction reaction and indicates the 

capability of this heterogeneous catalyst toward the reduction process. 

Figure 13. (a) A titration curve of zeta potential where Ga-MOC (10-4 M) was taken as the aliquot 

and Cu-EDA complex (10-4 M) was added as titrant. (b) Negative zeta potential curve with the 

addition of Cu-EDA complex, where the negative value lowers down with the addition of Cu-EDA 

complex. 
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Figure 14. (a) CO2 adsorption curve of Ga-Cu xerogel at 298 K where filled circles indicate the 

adsorption and empty circles indicate the desorption curve.   

 

4.5 Electrochemical CO2 reduction:  

In order to evaluate the catalytic potential of as-prepared Ga-Cu xerogel, the electrochemical 

CO2 reduction process was performed in a gas-tight H-cell having two compartments 

separated by a proton exchange membrane (Nafion 117). A three-electrode system was 

implemented for the electrochemical process, where Ag/AgCl was used as a reference 

electrode, and Pt (1x0.5 cm2) plate was used as the counter electrode. To avoid the unwanted 

oxidation process of the CO2-reduced products on the anode, it was separated from the 

working electrode. The working compartment consists of working and reference electrodes, 

and another one had only the counter electrode. 0.2 M KHCO3 was used as the electrolyte, 

and 99.99% pure CO2 was purged for half an hour prior to the electrochemical process in 

order to get the saturated state. CO2 was also bubbled into the cathodic compartment with a 

constant flow rate during the redox reaction, and a magnetic stirring process was employed to 

ensure the mass transfer action to the electrode. Fig 15 shows a schematic of the setup used 

for the electrochemical CO2 reduction reaction. 

 

 

0.0 0.2 0.4 0.6 0.8 1.0

0

1

2

3

4

5

6

7

C
O

2
 u

p
ta

k
e
 (

m
L

 g
-1

)

Relative pressure (P/Po)

 Adsorption

 Desorption

at 298 K

(a)



Charge assisted hydrogel for electrocatalytic carbon dioxide reduction Chapter 4 

 

119  
 

Figure 15. Schematic of the electrochemical setup used for the CO2RR process. Two separate 

compartments were used for the cathodic and anodic process, where carbon paper was used as the 

working electrode, Pt plate as the counter electrode, and Ag/AgCl as the reference electrode. 

To confirm the electrochemical CO2 reduction process by the Ga-Cu xerogel, first 

linear sweep voltammetry (LSV) was carried out in two different conditions (Fig 16a). The 

polarisation curve for argon saturated KHCO3 solution exhibited a cathodic current density of 

22 mA/cm2 (at -1.38 V vs. RHE) due to the hydrogen evolution process, but a higher current 

density of 28 mA/cm2 (at -1.38 V vs. RHE) was found for the CO2 saturated solution. 

Figure 16. (a) LSV curve of Ga-Cu xerogel in argon saturated (black) and CO2 saturated 0.2 M 

KHCO3 solution by using GC electrode. Inset indicates the lower overpotential of the reduction 

process in CO2 saturated solution. 
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The higher current density for the CO2 saturated electrolyte confirms a process was 

happening at the working electrode other than the proton reduction process. To get an 

indication of the onset potential for the CO2 reduction process, the electrochemical reduction 

was carried out at different lower potential regions.46 The CO formation was observed in GC-

MS at a potential as low as -0.28 V vs. RHE which depicts the onset potential for CO2RR 

(Fig. 17a). The overpotential was calculated to be as low as 180 mV. 

Figure 17. (a) The first peak was obtained for the carbonaceous product (CO) at -0.28 V vs. RHE, 

indicating the onset for CO2RR. 

Next cyclic voltammetry was performed to understand the redox-active species 

present in the catalyst. Also, a control experiment was performed for the Ga-MOC and Cu-

EDA complex each separately. It was observed that the characteristic reduction and oxidation 

peaks for the catalyst were well matched with the redox peak found in each constituent for 

the gel (Fig. 18a). A redox peak at -0.56 V vs. Ag/AgCl for the Ga-Cu xerogel indicates the 

reduction of the Cu2+ to Cu+. The oxidation of the Cu+ to Cu2+ was also found at -0.4 V vs. 

Ag/AgCl. These two peaks were also found in the case of CV of only Cu-EDA complex, 

which again confirms the redox-active behaviour of CuII.47  

Figure 18. (a) CV curve for Ga-MOC (black), Ga-Cu xerogel (Red), and Cu-EDA complex (blue) 

taken in 0.2 M TBAHFP solution of acetonitrile by using GC electrode. (b) Mass peak of CO in 
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GCMS for catalysis with only Ga-MOC and Cu-EDA complex. Peak obtained with only Cu-EDA 

complex indicates CuII as the active catalytic center for the CO2RR process.  

As the system had two redox-active metal centers (Cu and Ga), a control experiment was 

performed with the pristine Ga-MOC to scrutinize the active catalytic site for the CO2RR. 

Ga-MOC and Cu-EDA complex were used for electrochemical CO2RR at the potential -0.98 

V vs. RHE under the identical condition as done in the case of Ga-Cu xerogel. No detectable 

carbonaceous was found for Ga-MOC, but in the case of Cu-EDA complex, the mass peak 

for CO has been detected in GC-MS (Fig. 18b), indicating the CuII metal ion as the 

responsible unit for the CO2 reduction reaction. To get a better insight into the CO2 reduction 

reaction and to evaluate the faradaic efficiency (FE) of the reduced products,40 

chronoamperometric studies were performed at different potentials (Fig. 19a-b). Ga-Cu 

xerogel was tested under the six different potentials as follows -0.68 V, -0.78 V, -0.88 V, 

0.98 V, -1.08 V, -1.18 V vs. RHE, and the faradaic efficiency distributions were obtained for 

all the reduced products. Analysis showed, among all the gaseous and liquid products 

acquired after the reduction event, CO was found to be the major one. Notably, with the 

application of more negative potential at the cathode, FE was found to be increased for CO 

with the suppression of the HER process and reached a maximum value of 92% at -0.98 V vs. 

RHE. Further increment in the negative potential indicates the lower feasibility of the CO2 

reduction reaction over the proton reduction, and the FE of CO was found to be lowering 

down. No significant change in partial current density for CO was found with increasing in 

the overpotential.  

Figure 19. (a) Chronoamperometric response of Ga-Cu xerogel under different potential for 2 hours. 

The linear current density curve indicates the stability of the catalyst under different potentials. (b) 

Faradaic efficiency distribution of different products obtains after CO2RR at different potentials. 
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This phenomenon is inline with the other reports that suggest the mass transport limitation of 

CO2 at the higher total current density. Fig depicted the stability of our catalyst at different 

potentials as indicated by the linear current density curve over a time of two hours. At the two 

initial potentials (-0.68 V and -0.78 V), only CO and H2 were found as the gaseous product 

without any trace of liquids. The faradaic efficiency of CO (FECO) was found to be 54% at 

the potential -0.68 V, which further increased to 60% and 69% at -0.78 and -0.88 V, 

respectively. First liquid product was obtained at the potential of -0.88 V with a minimal digit 

of faradaic efficiency. Only C1 products were obtained in the case of gas and liquid, both of 

which again restricted up to six electrons transfer only. Formate and methanol were found as 

the reduced products along with CO for only three particular potentials -0.88 V, -0.98 V, and 

-1.08 V (Fig 21). The faradaic efficiency of HCOO- was lying between 1.7% to 2.7%, and for 

the methanol, it was found to be in the range of 4% to 10% in the potential region of -0.88 V 

to -1.08 V. Distribution curve at -0.98 V shows the highest FE for the CO2 reduction process 

and FE of H2 was found to be as lowest as 2.7% indicating successful crushing of HER 

activity. Further, the product of FE and current density was plotted against different potential 

values at which the catalyst was tested.  

Figure 20. 1H-NMR analysis of the liquid product after each run for two hours. DMSO and phenol 

with known concentrations were used externally as the standard, and the peak at 3.23 indicates the 

methanol, and the 8.33 peak indicates the formate as CO2RR product. 

A lower partial current density (-2.96 mA/cm2) was obtained for CO (denoted as jCO) at the 

initial potential region under the CO2 saturated 0.2 M KHCO3 solution. But it further 

accelerated with the increase in negative potential and culminated with -13.66 mA/cm2 at -

0.98 V, corresponding to the peak of the CO faradaic efficiency (Fig. 21a). The Ga-Cu 

xerogel performs well in terms of faradaic efficiency and shows long-term stability. A 

chronoamperometric study was carried out at -0.98 V vs. RHE for 16 hours, and the catalyst 

shows utmost stability towards both faradaic efficiency and current density (Fig 22a). More 

importantly, it retains 97.5% of the initial current density, and the faradaic efficiency of CO 
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was maintained throughout the experiment after 16 hours. PXRD pattern and AFM studies 

also suggest the extreme structural stability of the Ga-Cu xerogel after the electrochemical 

process (Fig 23a-b). 

 Figure 21. (a) Partial current density curve of CO at different potentials. Current density is saturating 

after 0.98 V vs. RHE.  

Figure 22. (a) Current density and FE% as a function of time (16 h) during the chronoamperometric 

study at -0.98 V vs. RHE. 
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Figure 23. (a) PXRD pattern of the catalyst before (red) and after (blue) the catalysis process. (b) 

AFM image showed intact fibrous structure of the catalyst after the electrochemical process. 

To investigate the origin of CO, first, a control experiment was carried out in 0.2 M 

KHCO3 solution with argon saturation instead of CO2, which showed negligible production of 

CO. Further, an isotopic labeling experiment was performed with 13CO2, and the mass peak 

disposed at 29 corresponded to the 13CO (Fig. 24). Both the experiments unambiguously 

confirms that the CO is produced due to the reduction of CO2 only. Considering all the Cu  

atoms are active toward CO2RR, the turnover number was calculated to be 1.52 X 1020 cm-2 

h-1, and the turnover frequency was also found to be 987 h-1 at the potential -0.98 V.46  

Figure 24. Mass spectrum for 13CO during the electrocatalysis process with 13CO2. A peak at 29 

confirms the formation of 13CO. 

From the overpotential vs. log of the partial current density curve, the Tafel slope for the Ga-

Cu xerogel was calculated to be 85 mv/dec (Fig. 25a). This value suggests the first 

13
29



Charge assisted hydrogel for electrocatalytic carbon dioxide reduction Chapter 4 

 

125  
 

elementary electron transfer step is the rate-determining step and concomitantly indicates the 

formation of COOH* on the catalyst surface.42,48,49 To understand the mechanism of 

electrochemical reduction of CO2, a detailed study was performed by the in-situ Diffuse 

Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) technique. The possible 

intermediates in CO2 to CO pathway were directly detected by this FT-IR study (Fig. 25b). 

As the electrochemical study suggests, the highest Faradaic efficiency (92%) for CO 

production was found at -0.98 V vs. RHE. The investigation for the intermediates was also 

carried out at the same potential, and a change in absorbance was collected with time. The 

intermediate which can be found after the first electron transfer to the CO2 is CO2
¯, and the 

formation of this specie was confirmed by the increase in peak intensity at 1669 cm-1, and 

1244 cm-1.50 Peak arises at 1620 cm-1 can be attributed to the HCOO* attached to the catalyst, 

which is considered as a crucial intermediate for the production of CO.51 Now, at the starting 

of the electrochemical reduction process the two peaks at 1621 cm-1, and 1669 cm-1 was 

distinguishable, but with time the peak maxima merged with each other with the increase in 

peak area and appeared as a single peak. A lower intensity peak was observed at 1488 cm-1, 

which indicates the weak binding of the CO* to the metal center and indicates the rapid 

desorption of CO from the catalyst surface.50 New IR peaks were observed at 1543 cm-1, and 

1360 cm-1 corresponded to the bidentate carbonate species.52 Detection of these intermediates 

clearly indicates the reaction progress on the electrode surface.   

Figure 25. (a) Tafel slope for CO2 to CO conversion over Ga-Cu xerogel with CO2 saturated 0.2 M 

KHCO3 solution. (b) in-situ DRIFTS measurement using Ga-Cu xerogel coated graphite rod as the 

working electrode with a CO2 saturated 0.2 M KHCO3 solution. 
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4.6 Summary:  

In summary, we have developed a binder-driven self-assembled soft material. An extended 

nanostructure was observed for the Ga-Cu hydrogel, which shows a morphological change 

with time. An interesting phenomenon was observed where the gel to crystal transformation 

was found in a spontaneous way. This material was used for electrocatalytic CO2 reduction 

reaction to CO. it shows a remarkable, resulting performance with a faradaic efficiency of 

92% at a potential -0.98 V vs. RHE at pH=7. In addition to this, our catalyst shows an 

excellent stability towards the electrolysis process at -0.98 V vs. RHE for 16 hours. This 

work summarises the rational design of a soft heterogeneous electrocatalytic material for the 

CO2RR process under mild conditions. 
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Summary and Future Outlook 

The thesis work comprises of self-assembly of different gelator molecules to the 

formation of the gel. These inorganic-organic hybrid soft materials were exploited in energy 

and environment-related applications. Various molecules with π-electron rich units and small 

metal-organic cubes were employed as the gelator with some linker units. The low molecular 

weight organogelator consists of π-electron rich chromophore with terminal terpyridine groups 

as coordinating sites, and these two units were covalently connected through a flexible 

amidealkyl chain. This bipodal ligand was further connected with each other through metal ion 

binding, where Fe(II) was taken as a redox-active center. Introduction of metal ions induces 

different photophysical and electrochemical properties. Based on these properties, the CPG 

was employed in photocatalytic CO2 reduction reaction to different value-added products with 

high productivity, selectivity, and it also shows high stability. Furthermore, Ga(III) based 

metal-organic cubes were taken as gelator, and the self-assembly process was explored in the 

form of hydrogel. Different -NH2 group containing metal complexes were employed as the 

binder, which arranged these MOCs in a well-oriented fashion through charge-assisted 

hydrogen bonding. These MOC-based hydrogels showed a spontaneous gel to crystal 

transition. This phenomenon was investigated through morphological and rheological 

properties of different stoichiometric gels. Redox-active metal complex containing 

heterogeneous system was utilized in electrochemical CO2 reduction reaction with high 

faradaic efficiency towards CO formation. 

 The implementation of these hybrid gel materials as a catalyst in the CO2 reduction 

application is in an infant stage, which is yet to be explored in different way. The future 

research objective will include the modification of the LMWG with different metal centers to 

realize the novel properties of gel materials. Current thesis work is only dealing with C1 

products from photocatalytic and electrocatalytic CO2 reduction reactions, which can be 

improved to C2 or C3 by coupling these two aforementioned methods. Incorporation of DTE-

based photoresponsive materials into this soft hybrid system to realise the mechanical strength 

and morphological difference with light irradiation can be an interesting topic to be explored. 

The self-healing properties of these soft materials are another interest in this field. This thesis 

only deals with a single gelator component, whereas the physical properties of these soft 

materials can be tuned with a hybrid multicomponent system, which can be done with different 

clay materials and 2D materials. Overall the well-designed gelator molecules and 



134  
 

corresponding organogel and metallogel cover a widespread interest in material science. 

Hence, the implementation of these soft hybrid materials with superior efficacy can fulfill the 

energy requirements.   
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