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ABSTRACT 

The utilization of natural renewable resources for the development of 

functional material offers significant economic and environmental 

advantages. Polyphenols, particularly caffeic acid (CA), direct the self-

assembly of biomacromolecules through non-covalent interactions. In this 

study, a unique strategy was employed to design sustainable functional 

materials through polyphenol-directed assembly of nucleotides, addressing 

challenges associated with long-chain oligonucleotides. Using caffeic acid, 

a less-explored plant-derived polyphenol, guanosine 5′-monophosphate 

(GMP) was self-assembled into catechol-functionalized G-quadruplex 

hydrogels, forming well-defined helical fibrils with tunable 

physicochemical properties. These hydrogels enabled the precise spatial 

confinement of metal-polyphenol complexes, offering nanoscale control 

over material properties. Bismuth, chosen for its visible-light absorption, 

tunable band gaps, and environmental compatibility, was incorporated to 

exploit its photocatalytic potential. The GC-Bi hydrogel demonstrated 

exceptional nitrogen fixation performance, achieving an ammonia yield of 

905.2 μmol h⁻¹ g⁻¹ (cat.), nearly 3.8 times higher than the pristine CBi 

complex, with superior selectivity for NH₃. Structural, morphological, and 

spectroscopic analyses revealed the in-situ heterojunction formation, which 

results in enhanced charge separation and suppressed electron-hole 

recombination, underscoring the transformative potential of supramolecular 

design for scalable applications in environmental remediation, energy 

conversion, and carbon capture. 
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CHAPTER 1 

 

1.1 INTRODUCTION 

Polyphenols, a major group of phytochemicals, have drawn significant 

attention due to their several biological properties, such as antioxidant, anti-

inflammation, anticancer, antimicrobial, antiviral, and anti-obesity 

properties.1 Owing to their excellent biological properties, polyphenol-

based materials have applications as antibiotics, antidiarrheal, anti-ulcer, 

and anti-inflammatory agents, and therefore, polyphenols are essential parts 

of human and animal diets.2 The most common polyphenols include tannic 

acid (TA), gallic acid (GA), ellagic acid (EA), caffeic acid (CA), curcumin, 

and epigallocatechin gallate (EGCG)3 (Figure 1). 

 

Figure 1. Structures of the most common natural polyphenols. 

In addition to their remarkable biological properties, polyphenols exhibit 

diverse physical and chemical characteristics owing to the abundance of 

hydroxyl groups and aromatic rings in their structure. They exhibit diverse 

interactions that enable their assembly into complex supramolecular 

structures, including covalent cross-linking through oxidative 

polymerization, which imparts stability and strength; hydrogen bonding via 

their hydroxyl groups, facilitating reversible and dynamic networks; and 
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hydrophobic interactions from their aromatic cores, promoting aggregation 

in aqueous systems.4 Additionally, they form coordination complexes with 

metal ions through catechol and gallol groups, enabling pH-responsive and 

stimuli-adaptive assemblies. Electrostatic interactions arise from their 

ionizable phenolic groups, enhancing binding with charged biomolecules, 

while π-π stacking between their planar aromatic rings reinforces structural 

order (Figure 2). These synergistic interactions make polyphenols versatile 

building blocks for designing multifunctional materials 5  

 
 

Figure 2. Multiple interactions of polyphenols include (a) covalent cross-

linking, (b) hydrogen-bonding, (c) hydrophobic interaction, (d) 

coordination interaction, (e) electrostatic interaction, and (f) π-π stacking. 

Based on these interactions, they exhibit a remarkable ability to interact 

with biomolecules, enabling the formation of high-order supramolecular 

structures with tunable properties. Their interaction with proteins facilitates 

the development of functional hydrogels and nanocapsules, such as tannic 

acid-protein assemblies used in catalysis and biomedical applications. 

Polyphenols also stabilize nucleic acids, promoting the formation of G-

quadruplex architectures, exemplified by guanosine monophosphate 

hydrogels, which exhibit unique optical and electronic properties. 

Additionally, polyphenols enhance the structural integrity of 
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oligonucleotides, forming ordered frameworks utilized in gene delivery 

systems and siRNA-based therapies by protecting genetic material from 

degradation and enabling effective cellular uptake. These interactions 

underscore their applications ranging from gene delivery systems to 

functional biomaterials with tailored permeability and mechanical 

properties. Polyphenols, with their catechol and gallol groups, can interact 

with metals and play a pivotal role in the functional diversification of 

polyphenol-based materials. Acting as natural ligands, polyphenols 

coordinate with metal ions to form metal-polyphenol networks (MPNs), 

where electron-rich polyphenols donate nonbonding electrons to the vacant 

orbitals of metals. These interactions vary depending on the type of metal 

ion: alkali and alkaline earth metals interact via cation-π interactions, 

transition metals through coordination bonding, noble metals via redox 

interactions, and metalloids through dynamic covalent bonding. The pH of 

the phenolic solution and the electronic configuration of the metal ions 

critically influence MPN formation, dictating the type and color of 

complexes formed, with multivalent transition metals producing vibrant 

networks due to d-d transitions6 (Figure 3). 

 

Figure 3. Several metal-phenolic interactions. 

These unique features have been harnessed in designing multifunctional 

biomaterials with tunable properties for applications in the fields of cell 

biology, cancer theranostics, drug delivery, metabolic syndrome treatment, 

magnetic resonance imaging, photothermal therapy, sodium-ion batteries, 

catalysis, high-performance supercapacitors, etc7 (Figure 4). 
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Figure 4. Metal-polyphenol networks with their properties and potential 

applications.7 
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CHAPTER 2 

 

2.1 LITERATURE SURVEY 

In 2020, Frank Caruso and his research group developed a versatile, one-

pot interfacial assembly method for constructing functional protein–

polyphenol films and capsules using tannic acid (TA) and diverse proteins8 

(Figure 5). This water-based strategy, performed under ambient conditions, 

capitalizes on the rich multivalent chemistry of TA, which forms non-

covalent networks with proteins via hydrogen bonding, hydrophobic, and 

ionic interactions. The method enables rapid and uniform coating across a 

variety of substrates, planar, spherical, and biological, without the need for 

chemical modification or complex instrumentation. By depositing protein-

TA complexes onto sacrificial templates such as silica and subsequently 

removing them, stable and biocompatible hollow capsules can be formed. 

These assemblies preserve the native bioactivity of proteins and exhibit 

tunable responsiveness to pH and ionic environments. Compared to 

traditional protein immobilization techniques, this approach provides 

superior conformity, dynamic functionality, and structural integrity, with 

demonstrated applications in enzymatic catalysis, targeted delivery, and 

multifunctional biointerfaces. 
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Figure 5. (a) The interfacial assembly process on different substrates, (b) 

Different interactions between proteins and polyphenols exemplified for the 

representative amino acids Lys (lysine), Ser (serine), and Phe 

(phenylalanine), (c) Coating of sacrificial template and subsequent capsule 

formation, and (d) Examples of biotechnological applications of protein–

polyphenol capsules.8 

Qu et al. (2023) developed a supramolecular co-assembly approach for 

fabricating DNA-polyphenol microparticles by leveraging the multivalent 

interactions between tannic acid (TA) and nucleic acids9 (Figure 6). Using 

a simple, template-assisted assembly process where DNA (including Y-

shaped, plasmid, ssDNA, or dsDNA) was adsorbed onto porous CaCO₃ 

microparticles, followed by TA-mediated cross-linking. The resulting core-

shell structures were treated with EDTA, which chelates calcium ions to 

dissolve the CaCO₃ core, yielding hollow DNA–TA particles with tunable 

morphology, including toroids and capsules. The assembly was stabilized 

through hydrogen bonding and π–π stacking, forming compact 

nanostructures that exhibited remarkable serum stability and resistance to 

nuclease degradation. These particles enabled co-delivery of 

immunostimulatory CpG motifs and model antigens (OVA). This work 
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expands the application of polyphenol-mediated assemblies from proteins 

to nucleic acids, establishing a scalable, biodegradable, and immunoactive 

system for gene and vaccine delivery. 

 

 

Figure 6. (a) Schematic representation of the assembly of DNA-TA 

particles: (I) loading of CaCO3 particles with DNA (yDNA or plasmid 

DNA), (II) cross-linking by TA, and (III) removal of CaCO3 template core 

to yield DNA-TA particles with the possible interactions involved in the 

stabilization of the DNA-TA assemblies.9 

In 2023, a simple, template-free strategy was introduced by Frank Caruso, 

Francesca Cavalieri and their co-workers for synthesizing uniform 

oligonucleotide–polyphenol nanoparticles (TA–ODN NPs) by exploiting 

the thermal disaggregation and reassembly of tannic acid (TA) with single-

stranded oligonucleotides10 (Figure 7). At room temperature, mixing 

aggregated TA with ODNs led to the formation of polydisperse particles 

(100 nm–2 µm). However, controlled thermal cycling on heating to 90 °C 

followed by gradual cooling to 25 °C—induced the disassembly of TA 
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clusters and enabled the precise supramolecular organization of TA and 

ODNs into stable, monodisperse nanoparticles (~100 nm). These 

assemblies were stabilized through hydrogen bonding and π–π stacking 

interactions, avoiding the need for metal ions or synthetic polymers. The 

resulting TA–ODN NPs exhibited excellent colloidal stability, high DNA 

loading efficiency, and serum resistance. When loaded with 

immunostimulatory CpG motifs, they showed efficient macrophage uptake, 

lysosomal trafficking, and a 7-fold increase in TNF-α secretion compared 

to free CpG, confirming their potential as non-toxic, immunoactive 

platforms for intracellular nucleic acid delivery and vaccine development. 

 

 

Figure 7. Schematic representation of the Supramolecular Assembly of TA 

and ssDNA.10 
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CHAPTER 3 

 

3.1 MOTIVATION 

Nucleotides, regarded as the essential constituents of nucleic acids, are 

composed of a nitrogenous base, a phosphate group, and a sugar moiety. 

Among the four principal nucleotides- adenosine monophosphate (AMP), 

thymidine monophosphate (TMP), cytidine monophosphate (CMP), and 

guanosine monophosphate (GMP), variations in their base structure have 

been recognized to impart distinct self-assembly and structural 

characteristics11 (Figure 8). In most cases, supramolecular DNA-based 

materials have been constructed using oligonucleotide strands with defined 

sequences and predictable secondary structures. Although such systems 

allow for precise control over assembly, their preparation often involves 

high synthesis costs, structural fragility, and increased design complexity, 

limiting their broader applicability in adaptive material systems. 

 

Figure 8. Structure of four principal nucleotides of DNA. 

In response to these limitations, a simplified strategy was considered, in 

which a single nucleotide unit was employed as a minimal scaffold capable 

of engaging in directed self-assembly with polyphenols. Instead of utilizing 

long-chain oligonucleotides, a monomeric nucleotide was examined for its 

capacity to generate ordered supramolecular assemblies under mild 

conditions. Among the canonical nucleotide units, GMP was identified as a 
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promising candidate, owing to its well-documented tendency to undergo 

spontaneous self-organization into defined supramolecular structures. 

Compared to other nucleotides, GMP has been shown to form more stable 

and diverse supramolecular structures. This behavior has been attributed to 

the purine ring, which enables extensive π–π stacking interactions along 

with multiple hydrogen-bonding sites. In contrast, pyrimidine-based 

nucleotides such as TMP and CMP possess fewer interaction points and 

exhibit limited self-association. As a result, GMP has been widely 

investigated for its capacity to organize into highly ordered architectures, 

including G-ribbons, G-dimers, and G-quartets12,13 (Figure 9). These 

assemblies have been recognized for their intrinsic stability and structural 

versatility in both solution and solid-state environments. 

 

Figure 9. GMP and their most common self-assembled structures. 

In this study, GMP has been viewed as the core structural unit for co-

assembly with polyphenolic compounds. The hydroxyl-rich, aromatic 

framework of polyphenol allows for cooperative hydrogen bonding and 

aromatic interactions with GMP, forming hybrid networks without the need 

for covalent modification or external templates. Through the utilization of 

GMP as a minimal, naturally occurring self-assembling unit, the potential 

to construct structurally tunable and compositionally simple hybrid 
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materials has been explored. By coupling GMP with polyphenols, a new 

class of nucleotide-polyphenol materials has been investigated, with an 

emphasis on non-covalent assembly, environmental responsiveness, and 

functional tunability. 

3.2 OBJECTIVE 

This work aims to construct hierarchically ordered supramolecular 

structures through the self-assembly of guanosine monophosphate (GMP) 

in the presence of a less-explored polyphenol, caffeic acid (CA). Caffeic 

acid, with its catechol and carboxylic functionalities, offers multiple 

hydrogen bonding sites, π-π stacking ability, and metal-coordination 

potential, making it a suitable candidate for guiding GMP assembly under 

aqueous conditions. A simple and template-free synthetic approach will be 

employed to facilitate the polyphenol-directed self-assembly of GMP into 

higher-order architectures. The nature and role of non-covalent interactions 

involved in the assembly process will be systematically investigated using 

spectroscopic and morphological techniques. To further enhance the 

functional scope of the system, different metal ions will be incorporated into 

the GMP-CA framework to tune the structural features, functionality, 

stability, and responsiveness. Using this framework, the study aims to 

develop a sustainable and versatile platform, enabling the exploration of 

previously unexplored applications in soft material design, biointerfaces, 

and stimuli-responsive systems. 
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CHAPTER 4 

 

4.1 EXPERIMENTAL SECTION 

This report primarily focuses on the polyphenol-directed assembly of 

guanosine monophosphate (GMP) and the confinement of a bismuth–

polyphenol complex within a hydrogel matrix, aiming toward potential 

applications in visible-light-driven photocatalysis. The hydrogel system is 

constructed using the disodium salt of GMP as a low molecular weight 

supramolecular gelator, caffeic acid (CA) as a naturally derived 

polyphenolic crosslinker, and bismuth nitrate pentahydrate as the source of 

Bi³⁺ ions. This strategy enables the in-situ formation of a hybrid network 

that integrates organic and inorganic components, offering structural 

versatility and enhanced photocatalytic properties under visible light 

irradiation. 

4.1.1 Materials: 

All chemicals used in the experiments are of analytical grade and were used 

as received without further purification. All experiments were conducted at 

ambient conditions. The following chemicals were purchased from SRL, 

India: Guanosine monophosphate disodium salt (GMP), Thioflavin T 

(ThT), hydrazine hydrate (N2H4.H2O), ammonium chloride (NH4Cl), 

sodium hypochlorite (NaOCl), sodium nitroprusside (Na2[Fe(CN)5NO]) 

and to prepare the chromogenic reagent ( salicylic acid, sodium potassium 

tartrate, sodium hydroxide (NaOH)) for indophenol blue method test, 

sulfamic acid, Greiss’s reagent for NO2
- detection. Caffeic acid from BLD 

Pharmatech (India) Pvt. Ltd, bismuth nitrate pentahydrate from Sigma 

Aldrich, Nessler’s reagent from Loba Chemie Pvt. Ltd. Deuterium oxide 

(D2O) and deuterated dimethyl sulfoxide (DMSO-d6) for NMR analysis 

was obtained from TCI. HPLC water from SRL, India, was used throughout 

the experiments. To prepare the colouring agent for hydrazine test, p-
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dimethylaminobenzaldehyde from SRL, HCL from Advent and ethanol was 

obtained from Merck. 

4.1.2 Instrumentation and Methods: 

4.1.2.1 Rheological Measurements 

Rheological analysis was conducted using an Anton Paar Physica MCR 301 

rheometer equipped with a 25 mm parallel plate geometry. Dynamic strain 

sweep tests were performed at a fixed angular frequency (ω) of 10 rad/s, 

while frequency sweep experiments were carried out at a constant strain (γ) 

of 1% at 25 °C. Thixotropic step-strain measurements were executed by 

applying alternating strain levels of 1% and 500% at a constant angular 

frequency of 10 rad/s, with measurements taken over specific time intervals. 

4.1.2.2 Fourier-transformed Infrared (FTIR) spectroscopy and PXRD 

Measurements 

FTIR analysis was performed using a Bruker Alpha II spectrometer, 

operating in the range of 400–4000 cm⁻¹ with a resolution of 4 cm⁻¹. Powder 

X-ray diffraction (PXRD) measurements were conducted with a Rigaku 

SmartLab instrument utilizing a Cu Kα source, producing X-rays with a 

wavelength of 0.154 nm. Hydrogels are lyophilized and powdered xerogel 

were used for both FTIR and PXRD measurements. 

4.1.2.3 UV-Visible and Circular Dichroism (CD) Spectroscopy 

UV-Vis spectra were recorded using an Agilent Cary 60 UV-Vis 

Spectrometer, while circular dichroism (CD) spectra were obtained with a 

JASCO J-815 Spectropolarimeter. Both sets of measurements were carried 

out in a quartz cell with a 1 mm path length, with the UV-absorption spectra 

spanning the range of 220–800 nm and the CD spectra measured between 

200–400 nm. 
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4.1.2.4 Steady-state Fluorescence Measurements 

Steady-state fluorescence (FL) spectra were acquired using a Fluoromax-4p 

spectrofluorometer (model: FM-100) from Horiba JobinYvon. All the FL 

experiments using ThT were performed in the same approach with a 

constant concentration of 10 μM, using a 10x10 mm2 cuvette. However, the 

steady-state fluorescence spectra of the prepared catalysts were recorded 

using water as the solvent. 

4.1.2.5 Zeta Potential Measurements  

Zeta potential measurements were performed using a Nanoplus Zeta 

Potential Analyzer, using a quartz flow cell, and the samples were measured 

after 100-fold dilution. 

4.1.2.6 Surface Area Analysis and Thermal Stability 

For the Brunauer-Emmett-Teller (BET) surface area analysis, Autosorb iQ2 

by Anton Paar Quantachrome instrument was used. Thermal stability was 

determined by Mettler Toledo TGA/DSC 1 thermogravimetric analyzer. 

4.1.2.7 XPS spectroscopic Measurements 

X-ray photoelectron spectroscopy (XPS) analysis was studied with the help 

of Thermoscientific NEXSA Surface analyzer.  

4.1.2.8 EPR spectroscopic Measurements 

EPR spectra were recorded using JEOL (Japan), JES_FA 200 ESR 

spectrometer with X band at room temperature. 

4.1.2.9 Microscopic characterizations 

Field emission scanning electron microscopy (FESEM) images were taken 

on Carl Zeiss Supra 55 instruments. The samples were diluted up to 200 

times in HPLC water, and 10 µl of it was drop-casted on a clean piece of 

glass slide and left to air dry for 24 hours. The drop-casted sample was then 

coated with Au and imaged under the SEM.  A Bruker EDX (Energy 
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Dispersive X-ray) instrument was used for EDX analysis.  Transmission 

Electron microscope (TEM) images were taken from the electron 

microscope of model JEM-2100 at an accelerating voltage of 200 kV. 5 µl 

of the same samples were drop-casted onto a copper grid for TEM Imaging. 

Atomic Force Microscopy (AFM) measurements were conducted using a 

Park Systems NX10 instrument. 

4.1.2.10 Nuclear Magnetic Resonance (NMR) (1H, 31P). 

1H, and 31P NMR spectra were recorded using a 500 MHz Bruker AV500 

NMR instrument at 298 K using D2O as solvent. The NMR analysis was 

done for GMP, and CA-GMP at similar concentrations to hydrogel (GMP: 

125 mM, and CA-GMP 100:125 mM). To study the NMR of the hydrogel, 

it was converted to a solution state owing to its thermoreversible property 

and then transferred into the NMR tube, where it turned back to gel state. 

For ¹H NMR analysis of NH₃ formation was recorded using a 400 MHz 

Bruker AV400 NMR instrument at 298 K using an H₂O: DMSO-d₆ solvent 

mixture in a 4:1 ratio and H2SO4. 

4.1.3 Preparation of GMP-CA (GC) hydrogel 

GC hydrogel was prepared by the non-covalent driven self-assembly 

method. Typically, 1 mL of (250 mM, 101 mg) GMP and (200 mM, 36 mg) 

CA were prepared separately. The solutions were then mixed in a vial and 

heated to 50 °C for 4 minutes while stirring gently to promote even 

interaction. Once heated, the solution was allowed to cool to room 

temperature naturally, leading to formation of a transparent yellow thermo-

reversible GC hydrogel.  

4.1.4 Preparation of Metal-incorporated GC (GC-M) Hydrogel 

Briefly, the GC hydrogel was prepared by using the above procedure and 

the gel was heated to 50 °C to convert it into sol phase. The appropriate 

concentration of aqueous solutions of different metal salts (Fe3+, Sr2+, Cu2+, 

Zr4+, Mn2+, Ca2+, Bi3+, and Co2+) was prepared. The prepared metal solution 
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was then mixed separately with the GC hydrogel previously heated at 50 

°C. After cooling to room temperature, the different hydrogels containing 

various metal polyphenol complexes were obtained. 

In particular, GC-Bi hydrogel was synthesized via the above-discussed 

method. The concentration of Bi3+ was optimized by the addition of an 

aqueous solution of Bi3+ (ranging from 10 mM to 80 mM) to the previously 

heated GC hydrogel in separate vials and allowed to cool at room 

temperature. The GC-Bi metallogels at different concentrations of metal salt 

are obtained. 

4.1.5 Preparation of GBi gel 

To prepare GBi hydrogel, aqueous solutions of (250 mM, 101 mg) GMP 

and Bi(NO3)3.5H2O ranging from (10 mM to 80 mM) were freshly prepared. 

Both solutions were added in vials, and mixture was heated to 50 °C for 2-

4 minutes under gentle stirring. After heating, the solution was allowed to 

cool at ambient room conditions, yielding a white GBi gel. 

4.1.6 Preparation of CBi Coordination complex 

The CBi complex was synthesized using a simple and efficient method. In 

a 25 mL round bottom flask, (200 mM, 5 mL) caffeic acid was added and 

stirred at 65 °C, 500 rpm for 30 minutes to ensure complete solubility, 

followed by the addition of (80 mM, 5 mL) Bi(NO3)3 .5H2O to maintain a 

molar ratio of 100:40 respectively. The reaction mixture was then stirred 

vigorously for 2 h to obtain an orange-colored precipitate. The reaction 

mixture was centrifuged for 10 minutes. The precipitate was separated, 

washed with water and methanol. The washed precipitate was collected in 

a petri dish and dried overnight, yielding an orange coloured powdered CBi 

complex 

4.1.7 Thioflavin T (ThT) Binding  

A 1 mM stock solution of ThT was initially prepared in ethanol, then diluted 

to a concentration of 10 μM using water. The GC and GBi gel was used as 
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the gel conc. in the 10 μM ThT solution and allowed to incubate for two 

days. 

4.1.8 Photocatalytic nitrogen reduction reaction (PNRR)  

Photocatalytic nitrogen fixation experiments were carried out in a 25 mL 

round-bottom flask. Initially, 20 mg of catalyst and 10 mL of distilled water 

were introduced into the flask, followed by nitrogen saturation through 

continuous bubbling of N₂ gas from a balloon for 1 hour. This step ensured 

effective displacement of dissolved oxygen and saturation of the aqueous 

phase with nitrogen. The sealed system was then exposed to white light 

irradiation from a White LED (3 × 30 W) with stirring at ambient 

temperature and pressure conditions. After a certain reaction time, liquid 

products were collected from the reactor, and the catalyst was centrifuged. 

The NH₃ yield was quantitatively analyzed using Nessler's reagent and the 

indophenol blue method. 

4.1.8.1 Nessler’s Reagent Test for NH4
+ ion 

 

Figure 10. (a) UV-Vis absorption curves of Nessler's reagent assays with 

various concentrations of NH4
+, and (b) A calibration curve for estimating 

the concentrations of NH4
+. (Inset: digital photograph of concentration-

dependent complex formation of NH4
+ with Nessler’s reagent).  

The Nessler’s reagent test is a widely used method for detecting and 

measuring ammonium ions (NH4+) in water samples.14 This test relies on a 

chemical reaction where ammonium ions interact with Nessler’s reagent 
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(K2HgI4) in an alkaline environment, forming a yellow to brownish 

complex. The color intensity increases with higher ammonium 

concentrations, making it possible to determine the concentration using UV-

Vis spectroscopy. To perform the test, standard solutions containing 

different concentrations of ammonium (0–6 µg/mL) were prepared, mixed 

with Nessler’s reagent, and left to react for 10 minutes. The absorbance was 

then recorded within the 400–600 nm range, focusing on 420 nm. The 

results, as shown in Figure 10a, indicate that absorbance at 420 nm increases 

with ammonium concentration, confirming the formation of the colored 

complex. Figure 10b presents a calibration curve, demonstrating a strong 

linear relationship, where y represents ammonium concentration and x is 

absorbance. The high correlation suggests the test is highly accurate and 

reliable. Additionally, the inset image in Figure 10b visually represents the 

color changes from colorless (0 µg/mL) to deep yellow (6 µg/mL), further 

supporting the method’s effectiveness. 

4.1.8.2 Indophenol Blue Method Test for NH4
+ ion 

 

Figure 11. (a) UV-Vis spectra obtained using standard solutions of NH4Cl 

after reaction with indophenol blue, and (b) and the resulting linear 

calibration curve. (Inset: digital photograph of concentration-dependent 

complex formation of NH4
+ with indophenol blue). 

This analytical method is based on the reaction of ammonium ions with a 

chromogenic reagent in the presence of sodium hypochlorite and sodium 
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nitroprusside, leading to the formation of an indophenol blue complex. The 

chromogenic reagent was prepared using salicylic acid, sodium potassium 

tartrate, and sodium hydroxide. The resulting blue coloration, indicative of 

the indophenol complex, is directly proportional to the ammonium 

concentration, enabling quantitative analysis via UV-Visible spectroscopy. 

In this study, a series of standard ammonium solutions ranging from 0 to 5 

µg/mL were prepared and subjected to reaction with the chromogenic 

reagent. The mixtures were incubated to allow complete color development. 

The absorbance of the resulting solutions was then recorded at 690 nm using 

a UV-Vis spectrophotometer. A progressive increase in absorbance 

intensity was observed with increasing ammonium concentrations, 

confirming the successful formation of the indophenol blue complex 

(Figure 11a). A calibration curve constructed by plotting absorbance at 690 

nm against ammonium concentration exhibited a strong linear correlation, 

demonstrating the method’s high accuracy, reproducibility, and sensitivity 

(Figure 11b). Additionally, a visual transition from colorless to deep blue 

with increasing ammonium concentration further supported the quantitative 

findings. 

4.1.8.3 Watt-Chrisp spectrophotometric method for the detection of 

hydrazine (N2H4) 

 

Figure 12. (a) UV-Vis spectra of standard N₂H₄ solutions after reaction with 

a colorimetric reagent, and (b) the resulting linear calibration curve. (Inset: 
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digital photograph of concentration-dependent complex formation of 

N2H4). 

For the colorimetric detection of hydrazine (N2H4), a reagent solution was 

prepared by dissolving p-dimethylaminobenzaldehyde in a mixture of 

concentrated hydrochloric acid and ethanol.14 A fixed volume of this 

reagent was added to each sample, followed by stirring at room temperature 

for a defined period to allow complete color development. In this study, a 

series of standard hydrazine solutions ranging from 0 to 1 µg/mL were 

prepared and subjected to reaction with the colouring reagent Figure 12a. 

The absorbance of the resulting solution was then measured using a UV-

visible spectrophotometer at 455 nm. The results, as shown in Figure 12b, 

indicate that absorbance at 455 nm increases with hydrazine concentration, 

confirming the formation of the colored complex. A standard calibration 

curve was generated using hydrazine solutions of known concentrations, 

each diluted with dilute hydrochloric acid prior to reagent addition. All 

standard and experimental samples were processed and analyzed 

simultaneously under identical conditions to eliminate variations due to 

environmental factors. 

4.1.8.4 Determination of NO3
- and NO2

- ion 

The presence of nitrate ions was assessed using the sulfamic acid method, 

wherein the prepared reagent was added to the sample solution to eliminate 

potential nitrite interference. The resulting solution was analyzed at 219 nm 

using a UV-visible spectrophotometer. No characteristic color change from 

colorless to yellow was observed, indicating the absence of detectable 

nitrate ions in the sample. Similarly, the detection of nitrite ions was carried 

out using the Griess’s reagent. The sample was treated under standard 

conditions, and the formation of a pink-colored azo dye was expected in the 

presence of nitrite. However, no visible color change occurred, confirming 

the absence of nitrite ions. Both analyses suggest that the sample is free 
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from nitrate and nitrite impurities under the given experimental 

conditions.14 
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CHAPTER 5 

 

5.1 RESULTS AND DISCUSSION 

5.1.1 Fabrication and Characterization of (GMP-CA) GC Hydrogel 

Caffeic acid (CA), a naturally occurring plant-derived polyphenol, 

comprising phenolic and acrylic functional groups, is known for its 

significant role in diverse biological and chemical activities. Although it is 

partially miscible in water, the introduction of GMP at a molar ratio of 

1.25:1 led to the formation of a water-soluble, homogeneous self-assembled 

system, which ultimately resulted in the GMP-CA (GC) hydrogel. In this 

approach, aqueous dispersion of 200 mM of CA was combined with a 250 

mM aqueous GMP solution maintained at physiological pH. The mixture 

was heated to 50 °C until CA was fully dissolved, yielding a transparent 

yellow solution. Upon cooling to room temperature, this solution 

transformed into a uniform self-assembled hydrogel (Figure 13a). The 

successful formation of the GC hydrogel was confirmed visually using the 

vial inversion test, where the gel matrix effectively immobilized the solvent 

even after inversion. This GC hydrogel demonstrated thermoreversible 

characteristics, transitioning back to a sol state upon heating to 50 °C and 

reforming the gel structure once cooled to room temperature. The resulting 

GC gel was further subjected to detailed characterization using various 

microscopic and spectroscopic techniques. 

5.1.1.1 Morphological Evaluation 

The structural morphology of the GC hydrogel was examined using various 

microscopic techniques. FESEM of the dried GC hydrogel cast on a glass 

plate displayed a network of densely entangled nanofibers, with an average 

fiber diameter ranging between 70–80 nm (Figure 13b). Additionally, TEM 

offered insights into the fine structure, showing that thin fibers were cross-

linked and bundled together to form larger, intertwined assemblies with 
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diameters reaching approximately 150–200 nm (Figure 13c). It is likely that 

individual G-quadruplex strands were extensively cross-linked via 

noncovalent interactions, which facilitated the development of a bundled 

and entangled fibrillar network capable of holding substantial amounts of 

water. AFM further validated the formation of entangled helical fibers, 

revealing an average fibril height and pitch length in the range of 13-15 nm 

and 270–300 nm, respectively (Figure 13d). 

 

Figure 13. (a) Formation of the GMP-CA hydrogel along with its 

thermoreversible nature, (b) FESEM image, (c) TEM image, and (d) AFM 

image of the GC hydrogel (inset: height profile of the fiber morphology). 

5.1.1.2 Spectroscopic Characterization   

Various spectroscopic methods were employed to gain deeper insights into 

the polyphenol-driven assembly of GMP and the non-covalent interactions 

responsible for GC hydrogel formation. UV-visible measurements were 

performed to examine the alterations in the optical properties of the sample 

before and after it was subjected to physical stimuli (Figure 14a). UV 

spectrum of GMP exhibits a sharp peak around 252 nm, characteristic of the 

π-π* transitions of the purine base in guanosine monophosphate (GMP).15 

The spectrum for CA shows a broader and slightly red-shifted absorbance 

compared to GMP due to the presence of a carboxylic acid group, with a 

maximum absorbance around 315 nm, accompanied by a shoulder peak 

appearing at 290 nm was attributed to π-π* transitions occurring within the 

conjugated benzene ring and neighboring double bonds, along with n-π* 
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transitions associated with the lone electron pairs present on the oxygen 

atoms of the hydroxyl (-OH) and carboxyl (-COOH) groups, respectively. 

Moreover, the absorption peak at 232 nm corresponded to π-π* transitions 

confined within the benzene ring. When GMP was introduced into the CA 

solution, hypsochromic shift of 5 nm from the absorbance of pure CA (315 

nm) was observed. Additionally, the peaks at 250 nm and 277 nm appeared 

with a significant increase in the intensity as compared to the pure GMP and 

CA, which indicates the non-covalent interactions such as hydrogen 

bonding and π-π stacking between GMP and CA components within the 

hydrogel matrix.  

 

Figure 14. (a) UV−visible spectra of GMP, CA and GC hydrogel, (b) FTIR 

of GMP, CA and GC xerogel, (c) Zeta potential analysis for GC, GBi and 

GC-Bi, (d) 31P NMR, (e) 1H NMR of GMP and GC hydrogel, and (f) CD 

spectra of GMP, CA and GMP-CA hydrogel. 

FTIR spectroscopy was conducted to gain insights into the participation of 

different functional groups in the self-assembly process. (Figure 14c) In 

case of GMP, the characteristic peak at 1686 cm−1 correspond to C=O 

stretching, shifted to 1694 cm-1 and the band intensity at 1595 cm−1 assigned 

to N-H bending, was found to be decrease after hydrogel formation. 

Additionally, the bands located at 1068 cm-1 and 970 cm-1 in GMP 
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correspond to asymmetric and symmetric stretching vibrations of the PO3
2- 

bond, respectively.16 In case of CA, the bands at 1641 cm-1 associated with 

the C=O group, along with the bands at 3407 cm-1 and 3215 cm-1 

corresponds to –OH groups get broadened upon gelation (Figure 14b). 

These observations indicated that these functional groups actively 

participated in the non-covalent interactions between GMP and CA, which 

ultimately facilitated the formation of hydrogel. These interactions were 

further validated through nuclear magnetic resonance (NMR) analysis of 

GMP and the GC hydrogel in D₂O. In the ³¹P NMR spectrum (Figure 14d), 

the phosphate resonance, originally observed at 3.5 ppm for GMP, shifted 

upfield to 1 ppm after hydrogel formation, suggesting the participation of 

phosphate groups in hydrogen-bond-assisted cross-linking with CA. 

(Figure 14e) Similarly, multiple peak shifts in the ¹H NMR spectrum of 

GMP pointed toward a noncovalent, hierarchical assembly mechanism 

between GMP and CA, which ultimately resulted in the formation of the 

GC hydrogel. 

Circular dichroism (CD) analysis was performed to illustrate the chiroptical 

behaviour of the GC hydrogel (Figure 14f). This analysis provides insight 

into the secondary structure and interactions within these molecular 

assemblies. In the spectra, GMP alone exhibits a prominent positive Cotton 

effect at approximately 220 nm, corresponding to an n-π* transition of the 

purine base, is observed, followed by a noticeable negative peak around 250 

nm, indicating the presence of the β-anomeric form of the sugar moieties.17 

These features are characteristic of the right-handed helical stacking of 

guanosine nucleotides. Upon the introduction of CA to GMP, a modest 

reduction in ellipticity at the 220 nm peak was observed without significant 

wavelength shifts. This indicates a potential π–π stacking or hydrogen 

bonding interactions between purine bases without notable reconfiguration 

of the GMP’s helical arrangement. These observations suggest that CA 

facilitates self-assembly via non-covalent interactions, while maintaining 
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the inherent helical structure of GMP, which eventually results in the 

development of helically arranged chiral fibers within the GC hydrogel.  

5.1.1.3 π–π stacking investigation 

To investigate the presence of π–π stacking interactions within the self-

assembled GC hydrogel, a Thioflavin T (ThT) fluorescence assay was 

performed (Figure 15a). ThT is known to exhibit a substantial increase in 

fluorescence intensity upon association with ordered π-stacked domains, 

thereby serving as a reliable indicator of such molecular arrangements.  In 

its unbound state, ThT shows weak fluorescence at 485 nm when excited at 

445 nm, due to the free rotation of its aromatic rings, which leads to non-

radiative energy loss. Interestingly, upon introduction into the GC hydrogel 

environment, ThT displayed an impressive 135-fold enhancement in 

emission intensity, accompanied by a characteristic red shift of 

approximately 15 nm. This significant enhancement is attributed to the 

insertion of ThT molecules into the spaces between stacked G-quartets, 

leading to an enhanced planar conformation, which restricts its 

intramolecular rotations and suppresses non-radiative decay pathways. This 

restricted rotation stabilizes the excited state, allowing for greater 

fluorescence yield, which is indicative of strong molecular ordering and 

stacking. The hypsochromic shift in GC is due to the presence of extended 

conjugation by the carboxylic group of CA. The observed fluorescence 

behavior was compared with the previous literature reports, strongly 

supporting the formation of G-quartet motifs, which arise from the 

hydrogen bonding of four GMP units (Figure S1). These planar G-quartets 

further assemble via π–π stacking interactions to form higher-order G-

quadruplex structures, leading to the fibrillar morphology. 
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 Figure 15. (a) Fluorescence spectra of ThT, GBi + ThT and GC+ThT, (b) 

PXRD pattern of GC, GBi, GC-Bi and CBi and (c) Plausible structures of 

G-quartet formation governed by CA. 

PXRD was employed to elucidate the structural characteristics and 

molecular organization within the hydrogel (Figure 15b). The presence of 

broader, less intense peaks in the diffraction pattern signifies its 

predominantly amorphous nature. Notably, the two low-angle peaks 

observed at 2θ = 4.2° (d = 21.01 Å) and 2θ = 7.8° (d = 11.32 Å) are 

correspond to the inner and outer shell diameters of an individual G-quartet 

(Figure 15c), while the peak at 2θ = 29° (d = 3.03 Å) represents the 

interplanar distance between π–π stacked G-quartets, respectively.18,19  

A combination of spectroscopic techniques offers compelling evidence for 

the proposed mechanism behind the formation of the supramolecular GC 

hydrogel. Insights gained from circular dichroism (CD), Thioflavin T (ThT) 

fluorescence assays, and powder X-ray diffraction (PXRD) collectively 

confirm the existence of G-quartet assemblies within the hydrogel network. 
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Under suitable concentration conditions, guanosine monophosphate (GMP) 

is capable of spontaneously organizing into G-quadruplex structures 

through self-assembly. Within a pH window of 3–6, protonation of the 

phosphate moiety (conversion from PO₃²⁻ to PO₃H⁻) further promotes 

hydrogen-bonding interactions among the G-quartets, leading to enhanced 

cross-linking between these supramolecular units. In this system, the 

protonation process is primarily facilitated by the carboxylic acid 

functionality of CA, as supported by both ³¹P NMR and FTIR spectral data. 

This shift in protonation state not only assists in bridging the G-quartet units 

but also reduces the negative charge density, thereby minimizing 

electrostatic repulsion and encouraging ordered stacking. In essence, CA 

plays a crucial role as a molecular cross-linking agent, stabilizing the 

stacked G-quartet arrays and supporting the growth of a robust, 

interconnected three-dimensional fibrillar framework. 

5.1.1.4 Surface Charge Analysis 

In order to investigate the surface charge properties of the fibrillar 

assemblies, zeta potential analysis was carried out (Figure 17). The GC 

hydrogel shows a strongly negative zeta potential of around -22 mV, 

primarily due to the phosphate groups in GMP and catechol groups in CA, 

which generate significant electrostatic repulsion and enhance stability. The 

amphiphilic character of guanosine monophosphate (GMP) plays a crucial 

role in ensuring the uniform dispersion of CA, despite its limited solubility 

in aqueous environments. This is achieved through a combination of 

hydrophobic interactions and robust hydrogen-bonding networks. The 

synergy of these non-covalent interactions directs the CA-assisted self-

assembly of GMP, ultimately leading to the development of highly 

entangled, helical fibrous structures characterized by catechol-

functionalized G-quadruplex frameworks. 
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Figure 16. Gelation mechanism of GC hydrogel induced via G-quadruplex 

formation. 

 

 

Figure 17. Zeta potential analysis for GC, GBi and GC-Bi hydrogels. 
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5.1.2 G-quadruplex-based GC Hydrogel: An adoptive Scaffold for 

Multifunctional Metal ion Integration 

The catechol functionalities present on the G-quadruplex framework 

provide a versatile platform for the direct fabrication of metal–polyphenol 

coordination complexes on the surface of the fibrillar network. Metal ions, 

which are abundant in nature, play an essential role in guiding the assembly 

of functional materials across various scientific fields, including chemistry, 

biology, and materials science. Their inherent capacity to form stable 

coordination bonds with polyphenolic ligands enables precise control over 

molecular arrangement and introduces distinct physicochemical 

characteristics to the final constructs, rendering them highly valuable in 

advanced material design.20,21 

 

Figure 18. Photographic image of metal ion-induced coordination cross-

linking in catechol-functionalized G-quadruplex GC hydrogels. 

In this context, the introduction of metal ions not only promotes cross-

linking among catechol-functionalized G-quadruplex assemblies but also 

endows the resulting hydrogels with the specific properties associated with 

their corresponding metal–polyphenol frameworks. Utilizing the 

thermoreversible behavior of the GC hydrogel, the system was initially 

heated to 50 °C to induce the sol phase. Subsequently, aqueous solutions of 

selected metal salts — including Fe³⁺, Sr²⁺, Cu²⁺, Zr⁴⁺, Mn²⁺, Ca²⁺, Bi³⁺, 

Mg²⁺, and Co²⁺ — were introduced (Figure 18). Upon cooling the system 
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back to ambient conditions, the formation of structurally diverse G-

quadruplex hydrogels featuring unique metal–polyphenol coordination 

networks was observed. This strategy offers a straightforward route for 

tailoring the properties of the hydrogel through the selective incorporation 

of metal ions, exploiting the broad coordination chemistry of polyphenolic 

ligands. 

5.1.2.1 Strategic Incorporation of Bismuth for Functional GC-Bi 

Hydrogel Engineering 

 

Figure 19. (a) Varying the conc. (mM) of Bi3+ keeping the conc. of GMP 

(125 mM) and CA (100 mM) constant, (b) GBi hydrogel at 125:40 mM 

conc. respectively. 

Bismuth-based semiconductors have emerged as promising candidates for 

photocatalytic applications, owing to their desirable combination of 

environmental compatibility, cost-effectiveness, high stability, and strong 

absorption in the visible-light region. Their suitable band gaps and efficient 

charge separation capabilities make them particularly effective in processes 

such as CO₂ reduction, organic pollutant degradation, solar energy 

conversion, and photoelectrochemical reactions.22,23 Inspired by these 

advantages, a bismuth–polyphenol complex (CBi) was purposefully 

embedded within the G-quadruplex hydrogel matrix, resulting in a hybrid 

material, termed GC–Bi, specifically designed for photocatalytic nitrogen 

reduction (PNRR). This integration not only utilizes the intrinsic 

photocatalytic activity of bismuth but also benefits from the adaptable and 

supportive architecture of the G-quadruplex network, establishing an 
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efficient and stable platform for ammonia production under ambient 

conditions. 

The GC-Bi hydrogel was optimized by systematically adjusting the Bi³⁺ ion 

concentration from 10 mM to 80 mM within the GC matrix. Hydrogels 

formed successfully at all tested concentrations. Initially, the GC hydrogel 

clear and transparent, indicating no metal presence (Figure 19a). With the 

introduction of metal ions at low conc. (10 to 40 mM), the yellow color 

intensifies as the concentration increases reflecting stronger coordination 

interactions between the Bi3+ and the catechol groups of CA. Upon further 

increase in metal concentration (50 mM and above), the gel turns white, 

suggesting a dense packing of metal ions within the gel, possibly interacting 

with specific groups like phosphate in GMP, altering the optical properties 

of the hydrogel. A consistent trend was observed in UV–visible spectra 

(Figure S2), with absorbance in the visible range intensifying from 10 mM 

to 40 mM, followed by a sharp reduction at higher concentrations.  

Rheological studies revealed that the mechanical strength of the hydrogels 

progressively increased with the concentration of Bi³⁺, reaching its 

maximum at 30 mM, beyond which no significant enhancement was 

observed. Considering both the mechanical properties and optical clarity, a 

Bi³⁺ concentration of 40 mM was determined to be optimal for the GC–Bi 

hydrogel formulation and was employed for further characterization and 

functional assessments (Figure S3). To better understand the role of each 

component, control experiments were performed by mixing aqueous Bi³⁺ 

solutions individually with GMP and CA, keeping the molar ratio consistent 

with that of the GC–Bi hydrogel system (GMP:CA:Bi = 125:100:40). 

Notably, the mixture of GMP and Bi³⁺ alone led to the formation of a 

thermoreversible hydrogel, hereafter referred to as GBi hydrogel (Figure 

19b). Conversely, the combination of CA and Bi³⁺ produced an orange-hued 

coordination complex precipitate, denoted as the CBi complex. 
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5.1.2.2 Morphological Evaluation of GC-Bi, GBi and CBi 

The structural morphology of the GC-Bi and GBi hydrogels was examined 

using various microscopic techniques to assess the influence of bismuth ion 

incorporation on the self-assembled network (Figure 20a, e). FESEM of the 

dried GC-Bi and GBi hydrogels displayed helical morphology with an 

average fiber diameter ranging between 70–80 nm, comparable to that 

observed in the GC hydrogel (Figure 20b, f). Energy-dispersive X-ray 

(EDX) spectroscopy validated the successful incorporation of Bi³⁺ ions into 

the fibrillar architectures, with C, N, O, P, Na, and Bi elements identified in 

both GC-Bi and GBi systems. Elemental mapping revealed a uniform 

distribution of these elements across the fibrillar structures, confirming their 

homogeneous integration (Figure S4 and S5). TEM further confirmed the 

presence of well-defined fibrillar structures in both GC-Bi and GBi 

hydrogels, reflecting the formation of an ordered and continuous network 

throughout the matrix with diameters reaching approximately 150–200 nm 

(Figure 20c, g). The introduction of bismuth ions is likely to promote 

enhanced crosslinking via ionic interactions, which contributes to the 

observed structural integrity. AFM additionally validated the formation of 

helical fibrillar assemblies, revealing an average fibril height of 

approximately 7–9 nm for GC-Bi and 5–7 nm for GBi, while the pitch 

length was found to be in the range of 260–280 nm (Figure 20d, h). These 

observations suggest that the presence of Bi3+ reinforces the supramolecular 

architecture, resulting in a more cohesive and stabilized hydrogel network. 
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Figure 20. (a) Formation of the GC-Bi hydrogel along with its 

thermoreversible nature, (b) FESEM image, (c) TEM, and (d) AFM images 

of the GC-Bi hydrogel, (e) Formation of the GBi hydrogel along with its 

thermoreversible nature, (f) FESEM, (c) TEM, and (d) AFM images of the 

GBi hydrogel. 

To further investigate and compare the properties of the free bismuth–

polyphenol complex with its hydrogel-incorporated counterpart, the CBi 

complex was independently synthesized. For this, an aqueous solution of 

bismuth nitrate (80 mM) was gradually introduced into a CA solution (200 

mM) under stirring, resulting in the formation of an orange-colored 

precipitate (Figure 21a). The obtained solid was isolated, dried, and 

subjected to detailed morphological and compositional analysis. FESEM 

revealed that the CBi complex exhibits a characteristic peanut-shaped 

morphology (Figure 21b). Energy-Dispersive X-ray Spectroscopy (EDX) 

analysis confirmed the presence of carbon (C), bismuth (Bi), and oxygen 
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(O) within the sample, which demonstrated a uniform spatial distribution of 

these elements across the entire structure (Figure 21c). Furthermore, FTIR 

analysis indicated a broadening and noticeable decrease in the intensity of 

the characteristic catechol –OH stretching bands at 3397 and 3217 cm⁻¹ in 

pure C, suggesting the successful coordination between the catechol 

moieties and Bi³⁺ ions within the complex (Figure 21d). 

  

Figure 21. a) Synthetic scheme, b) FESEM image, c) EDX elemental 

mapping of C, Bi, and O, and d) FT-IR spectra of CBi complex. 

5.1.2.3 Spectroscopic Characterization   

Following the morphological evaluation of the CBi, GBi, and GC–Bi 

systems, a series of spectroscopic investigations were undertaken to 

elucidate the nature of interactions between Bi³⁺ ions and the components 

of the G-quadruplex hydrogel, and their influence on the self-assembly 

behavior. The UV–Vis absorption spectrum (Figure 22a) of GBi exhibited 

a maximum in the ultraviolet region, closely aligning with the spectral 

profile of unmodified GMP, thereby indicating that the coordination of Bi³⁺ 

ions does not significantly alter the electronic environment of the guanine 

moiety. In contrast, the spectrum of the CBi complex revealed a markedly 

broadened absorption band extending into the visible region, which is 

attributed to metal–ligand charge transfer interactions between Bi³⁺ ions and 

the catechol functionalities of caffeic acid. Interestingly, the GC–Bi 

hydrogel displayed the most extensive spectral broadening, with a well-
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defined absorption edge near 450 nm. This behavior is indicative of 

enhanced electronic delocalization, likely due to the synergistic 

coordination among GMP, caffeic acid, and bismuth ions within the spatial 

confinement of the fibrillar hydrogel network. Such confinement not only 

stabilizes the integrated metal–polyphenol complex but also promotes an 

extended conjugated architecture, thereby enhancing visible-light 

responsiveness and confirming the successful embedding of the bismuth–

polyphenol complex into the G-quadruplex hydrogel matrix. 

To further investigate the molecular interactions governing the coordination 

and confinement of bismuth within the hydrogel matrix, Fourier-transform 

infrared (FT-IR) spectroscopy was employed. In the GC–Bi hydrogel, a 

substantial reduction in the intensity of the broad O–H stretching band 

around 3133 cm⁻¹ was observed (Figure 22 b), indicating the coordination 

of catechol hydroxyl groups of caffeic acid with Bi³⁺ ions. In the native 

GMP spectrum, characteristic peaks were identified at 1686 cm⁻¹ (C=O 

stretching), 1595 cm⁻¹ (N–H bending), and at 1068 cm⁻¹ and 970 cm⁻¹, 

corresponding to the asymmetric and symmetric stretching vibrations of the 

phosphate (PO₃²⁻) moiety (Figure 22c). These peaks exhibited noticeable 

shifts in the GC–Bi spectrum, signifying the involvement of these 

functional groups in non-covalent interactions, likely mediated by metal 

coordination and hydrogen bonding under spatial confinement. 

Additionally, in the GBi system, the asymmetric phosphate stretching band 

was significantly shifted to 1036 cm⁻¹, suggesting a strong ionic interaction 

between the PO₃²⁻ group of GMP and Bi³⁺ ions (Figure 22e). The 

appearance of a new absorption band around 638 cm⁻¹ across both GBi and 

GC–Bi samples further supports the formation of Bi–O coordination bonds, 

confirming successful integration of the metal ion into the hydrogel 

framework.24  
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Figure 22. (a) UV-Vis absorption spectra of prepared samples with respect 

to GMP, (b, c) FTIR spectra of GC-Bi with respect to their components, (d) 

PXRD pattern of prepared samples, (e) FT-IR spectra of GMP and GBi, (f) 

and CD spectra of prepared samples with respect to GMP. 

To gain further insight into the structural evolution and crystalline behavior 

following the incorporation of bismuth ions, PXRD analysis was carried out 

for the CBi complex, GBi, and the GC–Bi hydrogel (Figure 22d). The CBi 

complex exhibited well-defined, sharp diffraction peaks, indicative of a 

highly crystalline structure. This pronounced crystallinity can be attributed 

to the ordered coordination network formed between caffeic acid and Bi³⁺ 

ions in the absence of guanosine-based confinement. In contrast, both GBi 

and GC–Bi displayed significantly broader and less intense peaks, reflecting 

a predominantly amorphous character. This reduction in crystallinity 

suggests that the spatial confinement and supramolecular interactions 

within the G-quadruplex framework hinder the formation of long-range 

ordered domains typically observed in the standalone CBi complex. 

Notably, the characteristic low-angle reflections at 4.2° and 7.8°, 

corresponding to the inner and outer diameters of the guanine quartet 

channels, were preserved in GBi and GC–Bi. However, a distinct shift in 

the inner shell reflection implies partial substitution of monovalent cations 
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(e.g., Na⁺) by Bi³⁺ within the G-quartet cavity, leading to enhanced 

structural stabilization (Figure 23a, b). Moreover, GC-Bi also retains some 

peaks from the CBi complex, indicating its properties are incorporated into 

GC-Bi without preserving the original complex, resulting in a unique hybrid 

material. 

 

 

Figure 23. Plausible structures of G-quartet formation governed by (a) 

Bi3+ and (b) cross-linking of G-quartets obtained by GC and GBi. 

Circular Dichroism (CD) spectroscopy was utilized to examine the 

influence of Bi³⁺ on the chiral self-assembly behavior of GMP and GC. 
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Notable changes were observed in the CD spectra of both GBi and GC-Bi 

upon Bi³⁺ addition, including the disappearance of a negative shoulder at 

285 nm and reduced ellipticity at 250 and 220 nm, indicating 

conformational rearrangements (Figure 22f). To investigate this 

phenomenon further, a concentration-dependent CD analysis was 

conducted by varying Bi³⁺ concentrations (0.1–0.5 mM) while maintaining 

GMP at 0.5 mM. The negative shoulder at 285 nm progressively diminished 

with increasing Bi³⁺ concentration up to 0.2 mM, after which a positive 

Cotton effect emerged at the same wavelength, along with an increase in 

ellipticity (Figure S6). These findings suggest that Bi³⁺ drives a 

conformational transition in GMP, facilitating the formation of antiparallel 

G-quadruplex assemblies and resulting in well-ordered quadruplex 

superstructures. 

5.1.2.4 Band Gap Calculation using Tauc’s Plot 

The photographic images illustrate the physical appearance of the 

synthesized materials, GBi as a fibrous white solid, CBi as a vibrant orange 

powder, and GC-Bi as a pale yellow xerogel (Figure 24a). These visual 

differences reflect variations in molecular composition and structural 

arrangement, highlighting the need for optical characterization to assess 

their electronic properties. The absorption edge for GBi appears at 

approximately 365 nm, suggesting limited absorption in the visible range. 

In contrast, CBi displays a red-shifted edge around 460 nm, indicative of an 

extended π-conjugation resulting from coordination between caffeic acid 

and Bi³⁺. Notably, GC–Bi exhibits the most pronounced red shift with an 

absorption edge near 450 nm, implying synergistic interactions among 

GMP, caffeic acid, and bismuth within the hydrogel network, leading to 

enhanced visible light absorption (Figure 24b).  
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To quantitatively determine the optical band gaps of these materials, Tauc 

plots were constructed using the absorption data. The Tauc’s relation is 

given by the equation: 

(αhν)n = A(hν − Eg) 

where α is the absorption coefficient, hν is the photon energy, A is a 

constant, Eg is the optical band gap, and n is the exponent that depends on 

the nature of the electronic transition (with n=1/2 for allowed direct 

transitions).25 As shown in Figure c, the extrapolation of the linear regions 

of the Tauc plots yields band gap values of 3.5 eV for GBi, 2.7 eV for CBi, 

and 2.75 eV for GC–Bi. These results underscore the significant reduction 

in band gap upon incorporating the CBi complex into the G-quadruplex 

hydrogel, highlighting the role of the confined hydrogel environment in 

facilitating enhanced visible light absorption (Figure 24c). The intermediate 

band gap of GC–Bi relative to its individual components suggests a unique 

hybridization of electronic states, providing a promising platform for 

photocatalytic applications. 
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Figure 24. (a) Photographic images of powdered GBi, CBi and GC-Bi, (b) 

UV-Vis spectra, (c) and Band Gap Calculations using Tauc’s Plot of GBi, 

CBi and GC-Bi. 

5.1.3 Photocatalytic Nitrogen Reduction Reaction (PNRR) 

Photocatalytic conversion of dinitrogen (N₂) to ammonia (NH₃) under 

ambient conditions presents a compelling approach toward sustainable 

nitrogen fixation. In this context, the metal–polyphenol-based hybrid 

materials synthesized in our study demonstrate significant potential for 

catalytic nitrogen fixation. The investigation was centered around three 

catalyst systems: CBi, GBi, and GC-Bi. A systematic evaluation of these 

materials was conducted under simulated light irradiation to assess their 

ammonia (NH₃) generation capabilities. 

As illustrated in Figure 25a, photocatalytic nitrogen fixation was performed 

using the synthesized CBi, GBi, and GC-Bi catalysts in aqueous media 

under ambient temperature and pressure. The ammonia concentration was 

quantified using Nessler's reagent with UV–Vis spectroscopy at 420 nm and 

indophenol blue method with . Among the three systems, the GC-Bi 
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composite yielded a maximum ammonia production of 905.2 μmol g⁻¹ h⁻¹, 

which was nearly four times higher than that observed for the CBi catalyst. 

To further optimize the GC-Bi catalyst, varying concentrations of Bi³⁺ (10–

50 mM) were employed to examine their influence on ammonia production 

(Figure 25b). The results clearly demonstrate a concentration dependent 

trend, wherein the ammonia yield peaked at 40 mM Bi³⁺ loading. This 

indicates an optimal ratio of metal to organic ligands where the coordination 

environment and porosity are favorably balanced. At lower Bi³⁺ 

concentrations, insufficient catalytic active sites are available, while at 

higher concentrations, the excess bismuth ions may induce particle 

agglomeration or excessive precipitation, reducing the catalytic surface 

area. A series of control experiments were performed to verify the 

photocatalytic origin of the ammonia generation (Figure 25c). No detectable 

NH₃ was observed under the following conditions: (i) in the absence of N₂ 

(Ar atmosphere), (ii) in the dark, (iii) in the absence of catalyst.  

 

Figure 25. (a) The NH4 
+ yield using prepared catalysts under white light 

irradiation in N2, (b) Effect of bismuth ion concentration (10–50 mM) on 

NH₄⁺ yield for GC-Bi catalysts, (c) Nitrogen fixation performance through 

controlled experiments, (d)The NH4
+ production rates using GC-Bi as a 
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photocatalyst, (e) selective production of NH3, (f) 
1H NMR of standard NH3 

and produced NH3.  

These results confirm that the ammonia generation is strictly dependent on 

the presence of light, N₂ gas, and the GC-Bi catalyst, thus affirming the 

photocatalytic NRR mechanism and establishing GC-Bi as the primary 

driving force in the N₂ reduction process. To understand the kinetics of 

photocatalytic NRR over GC-Bi, the time-resolved production of ammonia 

was monitored under constant irradiation (Figure 25d). The results indicate 

a steady increase in NH₃ concentration within the first 3 hours, beyond 

which the system attains a saturation point. This behavior is consistent with 

efficient photocatalytic systems where the catalytic rate stabilizes due to 

limited available active sites. 

To evaluate product selectivity, potential side products including hydrazine 

(N₂H₄), nitrate (NO₃⁻), and nitrite (NO₂⁻) were analyzed using appropriate 

colorimetric and spectrophotometric methods. As represented in (Figure 

25e), the GC-Bi catalyst demonstrated negligible generation of undesired 

byproducts, indicating high selectivity toward NH₃ formation. This is 

essential for practical application, as selective ammonia synthesis without 

secondary nitrogen-containing species is critical to ensure catalytic 

efficiency and avoid interference during product quantification.  

¹H nuclear magnetic resonance (NMR) spectroscopy was employed to 

confirm the formation of ammonium ions (NH₄⁺) after photocatalytic 

nitrogen fixation (Figure 25f). A standard solution of ammonium chloride 

(NH₄Cl) was first recorded as a reference. To suppress hydrogen exchange 

and sharpen the ammonium signal, dilute sulfuric acid (H₂SO₄) was added 

to the samples. DMSO-d6 was used as the solvent to provide a stable lock 

signal and minimize background interference. In the ¹H NMR spectra, a 

characteristic triplet signal for NH₄⁺ was observed.26 This splitting arises 

due to coupling between the hydrogen nuclei and the nitrogen-14 nucleus 

(¹⁴N), which has a nuclear spin quantum number (I) of 1. According to the 
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formula 2nI + 1 (where n = 1 for one neighboring nitrogen), the expected 

multiplicity is three, resulting in the observed triplet pattern. The position 

and splitting of the signal matched well with the NH₄Cl standard, 

confirming successful ammonia generation. 

After completing three catalytic cycles, the photocatalytic efficiency 

reduced to 49% (Figure S7). So to understand the mechanism behind the 

activity, the catalyst was thoroughly washed with methanol, dried, and 

subsequently characterized to assess its structural and morphological 

stability. FESEM and PXRD analyses revealed no significant changes in the 

surface morphology or crystalline structure, confirming the catalyst’s 

robustness (Figure S8). However, the Bi 4f X-ray Photoelectron 

Spectroscopy (XPS) spectra exhibited a shift toward higher binding energy 

for the peaks corresponding to the +3 oxidation state of bismuth. This shift 

may be attributed to partial oxidation of Bi during the nitrogen reduction 

reaction to ammonia, indicating a slight decline in catalytic efficiency over 

repeated cycles. Nevertheless, the observations affirm the heterogeneous 

nature, structural integrity, and recyclability of GC–Bi throughout the 

catalytic process. 

5.1.4 Exploration of Factors Governing High Ammonia Yield 

Achieving efficient photocatalytic nitrogen fixation under ambient 

conditions necessitates a comprehensive understanding of the fundamental 

factors that govern catalytic performance. Previous studies have shown that 

several key parameters critically influence the overall activity of 

photocatalysts. Among these, a high specific surface area is essential to 

provide an abundance of accessible active sites for nitrogen adsorption and 

activation. An optimal band gap within the visible light region, typically 

between 1.8 and 2.8 eV, ensures efficient solar light utilization while 

maintaining sufficient redox potentials to drive the multi-electron nitrogen 

reduction process. 



46 
 

Moreover, the suppression of electron-hole recombination is a decisive 

factor in enhancing catalytic efficiency. Prolonged carrier lifetimes 

facilitate effective charge transfer to adsorbed nitrogen species, thereby 

promoting ammonia generation. Surface engineering strategies, such as 

heteroatom doping, defect creation, and the construction of heterojunctions, 

have also been extensively employed to improve photocatalyst performance 

by tuning the band structure, modulating charge carrier dynamics, and 

introducing new active sites. These modifications help in enhancing the 

separation and migration of charge carriers, reducing recombination rates, 

and increasing the intrinsic reactivity of the catalyst.27 

In this study, we systematically investigated these factors to understand 

their individual and collective influence on photocatalytic ammonia 

synthesis. Detailed analysis of surface area, band gap position, electron-hole 

recombination behavior, and surface structural features was carried out to 

establish a correlation between the material properties and catalytic 

performance. This approach provides critical insights into the design 

principles required for developing next-generation photocatalysts for 

sustainable nitrogen fixation. 

5.1.4.1 Thermal Stability and Surface Area Analysis 

Thermal stability is a critical parameter for evaluating the structural 

integrity and practical applicability of catalysts under operating conditions. 

Thermogravimetric analysis (TGA) provides valuable insights into material 

stability, purity, and composition (Figure S9). The initial increase in weight 

observed in the TGA profiles is attributed to the adsorption of N₂ gas. 

Among the catalysts, CBi exhibits the highest thermal stability, with only 

gradual mass loss up to 800°C. In contrast, GBi and GC-Bi display more 

rapid decomposition, particularly GC-Bi, which shows approximately 60% 

mass loss by 600°C, indicating a higher content of organic or volatile 

species. This differentiation in thermal stability is crucial for selecting and 
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tailoring catalysts for specific industrial applications, particularly in 

temperature-sensitive processes. 

The Brunauer–Emmett–Teller (BET) method is widely employed to 

determine the specific surface area of porous materials, utilizing nitrogen 

adsorption–desorption isotherms to derive key insights into surface texture, 

pore structure, and volume. This surface analysis holds particular 

significance in catalysis research, where the extent of surface exposure and 

porosity directly influences the density of active sites, mass transport 

properties, and overall catalytic efficiency. The nitrogen adsorption–

desorption isotherms recorded for the GC-Bi and GBi catalysts exhibit a 

distinct hysteresis loop, indicative of mesoporous characteristics and the 

presence of well-organized pore structures (Figure 26a). BET analysis 

revealed that among the synthesized catalysts, GC-Bi demonstrated the 

highest specific surface area of 64.433 m²/g (Figure 26b), along with the 

largest pore volume of 0.026 cc/g and an average pore diameter of 3.440 

nm (Figure S10). The larger surface area and mesoporous network of GC-

Bi facilitate improved nitrogen adsorption and mass transport, thereby 

providing more active sites for nitrogen activation and significantly 

enhancing the photocatalytic ammonia production efficiency. 

 

Figure 26. (a) N2 Adsorption-desorption curves of CBi, GBi and GC-Bi, 

(b) Comparison of pore size, specific surface area, and pore volume for CBi, 

GBi, and GC-Bi catalysts. 
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5.1.4.2 In-Situ Formation of Heterojunction and Oxygen Vacancies 

BET surface area analysis and thermogravimetric studies demonstrated that 

the GC-Bi composite exhibits both an enhanced specific surface area and 

superior thermal stability compared to its individual constituents, CBi and 

GBi, facilitating higher active site availability and robust framework 

integrity. These structural and compositional attributes were further 

substantiated through detailed X-ray photoelectron spectroscopy (XPS) 

investigations. The XPS survey spectra confirmed the presence of all the 

expected elemental peaks corresponding to the CBi, GBi, and GC-Bi. 

Further, to study the chemical state and electronic environment of Bi in the 

synthesized materials, Bi 4f spectra were analyzed and compared. In the 

case of the CBi sample, two well-defined peaks were observed at binding 

energies of 159.46 eV and 164.82 eV, corresponding to Bi 4f₇/₂ and Bi 4f₅/₂, 

respectively (Figure 27a).28 The energy separation between these two peaks 

is approximately 5.2 eV, which is consistent with the expected spin-orbit 

coupling for Bi in the +3 oxidation state. The clear presence of Bi³⁺ is 

indicative of the formation of a stable metal-organic coordination 

environment in the C-Bi complex, where Bi is predominantly coordinated 

through oxygen donor atoms of the polyphenolic ligand. When examining 

the GBi system, the Bi 4f₇/₂ and 4f₅/₂ peaks appear at slightly lower binding 

energies, specifically at 159.25 eV and 164.43 eV, respectively. This 

marginal shift of approximately 0.2 eV towards lower binding energy, while 

maintaining a consistent spin-orbit splitting of ~5.18 eV, reaffirms that Bi 

remains in the +3 oxidation state in the GBi network as well. However, the 

lower binding energy suggests an increased electron density around the Bi 

centers, likely resulting from electron-donating interactions originating 

from the guanosine-derived gel matrix. The delocalized π-electron system 

and possible hydrogen-bonded network in the gel may facilitate partial 

electron donation to Bi, thereby reducing the effective nuclear charge felt 

by the core electrons. Strikingly, in the GC-Bi hybrid system, the Bi 4f₇/₂ 

and 4f₅/₂ peaks are observed at 159.37 eV and 164.67 eV, respectively, lying 
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precisely between the corresponding peaks of CBi and GBi. The spin-orbit 

separation remains at ~5.3 eV, once again confirming the oxidation state of 

bismuth as +3. This intermediate position of the binding energies strongly 

suggests the coexistence of two distinct chemical environments for bismuth, 

reflective of an efficient electronic interaction at the interface of the CBi 

and GBi domains. The observed electronic configuration implies that 

charge redistribution has occurred across the GC-Bi interface, giving rise to 

a well-integrated type-1 heterojunction facilitating efficient electron 

delocalization from GBi (electron-rich) to CBi (electron-deficient) 

components.29 (Figure 27b) The high-resolution P 2p spectra revealed spin-

orbit components corresponding to P 2p₃/₂ and P 2p₁/₂ at binding energies 

of ~132.5 eV and ~133.0 eV, respectively, attributable to the phosphate 

(PO₄³⁻) group of GMP. Notably, these peaks were positively shifted by 

approximately 1.0 eV in both GBi and GC-Bi samples relative to GMP, 

implying a stronger interaction between the phosphate species and the metal 

center or catechol groups of caffeic acid in the gel-derived systems.  

To gain deeper insights into the oxygen chemical environment and defect 

structure within the synthesized systems, the O 1s spectra were 

deconvoluted and analyzed (Figure 27c). The spectra exhibited three well-

resolved peaks centered at approximately 529.7 eV, 531.1 eV, and 532.4 

eV, corresponding to lattice oxygen (OL), oxygen vacancies (OV), and 

surface hydroxyl groups (OH), respectively. In both GBi and GC-Bi 

systems, all three oxygen species were distinctly present, whereas the CBi 

spectrum notably lacked the OH component entirely, indicating the absence 

of significant surface-bound hydroxyl functionalities in the catechol–

bismuth complex. 

The lattice oxygen peak (OL), observed at ~529.7 eV, is primarily attributed 

to metal-oxygen bonding environments such as Bi-O-C and P-O linkages 

that constitute the structural backbone of the composite. Meanwhile, the OV 

peak at ~531.1 eV corresponds to oxygen-deficient regions, including non-
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bridging oxygen atoms and P=O or C=O moieties introduced during gel 

formation. The OH component, centered on 532.4 eV, reflects adsorbed 

water or bridging hydroxyl groups typically associated with gel matrices or 

surface hydration layers.30 

 

Figure 27. (a) Bi 4f, (b) P 2p, (c) and O 1s XPS spectra of CBi, GBi and 

GC-Bi, (d) EPR spectra, (e) and Fluorescence spectra of CBi, GBi and GC-

Bi. 

Among the three systems, GC-Bi demonstrated a significantly enhanced 

intensity of the OV peak, approximately 30% higher in integrated area 

compared to CBi, which reflects a higher concentration of oxygen vacancies 

indicating successful defect engineering.31 This is likely a consequence of 

the gelation process and amorphous domain formation, both of which 

facilitate lattice distortion and oxygen deficiency. Importantly, the 

increased OV peak intensity in GC-Bi not only confirm structural 

modifications but also signal a nuanced electronic reconfiguration. The 



51 
 

enrichment of C=O and P=O functional groups around bismuth enhances 

the electron withdrawing nature of the surrounding chemical environment. 

This, in turn, intensifies the electropositive nature of Bi3+ centers. To 

stabilize and maintain the Bi³⁺ oxidation state, bridging oxygen atoms from 

C–O and P–O environments (OL peak) act as electron donors, thereby 

increasing local electron richness, generating oxygen vacancies and 

consequently diminishing the intensity of the OL peak. 

This enhanced electron density around Bi centers was further confirmed by 

the electron paramagnetic resonance (EPR) spectra, which exhibited a 

markedly stronger signal in GC-Bi than in the other two samples (Figure 

27d). The EPR enhancement reflects the greater abundance of unpaired 

electrons associated with oxygen vacancies, reinforcing the conclusion that 

both defect sites and heterojunction interfaces contribute to the observed 

electronic properties. 

Finally, fluorescence spectroscopy revealed a substantial quenching of 

emission intensity in GC-Bi compared to CBi and GBi (Figure 27e). This is 

a direct manifestation of suppressed electron-hole recombination, a 

hallmark of efficient heterojunction design and defect-mediated charge 

separation. Taken together, the results from XPS, EPR, and 

photoluminescence analyses convincingly demonstrate the successful in-

situ construction of a heterostructured photocatalyst with enriched oxygen 

vacancies and enhanced interfacial charge transfer - an ideal configuration 

for high-performance photocatalytic nitrogen reduction reaction (PNRR). 
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Figure 28. (a) Tauc’s plot, (b) VB-XPS spectra, (c) Energy band gap 

structure of GC-Bi containing both CBi and GBi. 

To further establish the formation of the in-situ heterojunction and 

understand the electronic structure of the prepared systems, a detailed band 

structure analysis was carried out using UV–Vis spectroscopy and valence 

band XPS. The optical band gaps were determined from the Tauc plots 

(Figure 28a), derived from the absorption spectra, revealing distinct 

electronic transitions in each sample. Simultaneously, valence band XPS 

measurements were employed to estimate the position of the valence band 

maxima (VBM) by extrapolating the leading edge of the spectra in the low 

binding energy region (Figure 28b). 

By combining the optical band gap values with the VBM positions, the 

conduction band minima (CBM) were calculated, thereby constructing a 

complete picture of the energy band structure (Figure 28c). The resulting 

alignment clearly indicates that GC-Bi exhibits a type-I heterojunction 

configuration, wherein both the valence and conduction bands of CBi lie 
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within those of GBi. This configuration supports effective charge 

confinement, consistent with the suppressed fluorescence intensity and 

improved charge carrier separation observed earlier. The resulting energy-

level structure illustrates the synergistic interaction of both components 

within GC-Bi, affirming the rational design of the heterostructure. 

5.1.5 Plausible mechanism for photocatalytic nitrogen reduction 

reaction (PNRR) 

 

Figure 29. Plausible mechanism for photocatalytic nitrogen reduction 

reaction (PNRR). 

The photocatalytic performance of the GC-Bi system can be rationalized by 

analyzing the band structure and charge carrier dynamics between its two 

constituents, GBi and CBi. As illustrated in Figure 29, the energy band 

alignment corresponds to a Type-I (straddling gap) heterojunction, wherein 

both the conduction band (CB) and valence band (VB) edges of GBi are 

located at higher energy levels compared to those of CBi. Upon irradiation 

with photons of energy greater than the bandgaps of both components (3.5 

eV for GBi and 2.7 eV for CBi), electron-hole pairs are generated in the 

respective semiconductors. Due to the Type-I band alignment, 

photogenerated electrons in the CB of GBi spontaneously transfer to the 
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lower-lying CB of CBi, while the holes in the VB of GBi migrate to the VB 

of CBi. This results in the accumulation of both charge carriers (electrons 

and holes) in CBi, which serves as the primary catalytic site for subsequent 

redox reactions. The electrons in the CB of CBi possess sufficient reducing 

power to activate and reduce molecular nitrogen (N₂) to ammonia (NH₃). 

The standard potential for the N₂/NH₃ redox couple is approximately –1.39 

V vs. NHE, and the CB position of CBi (+1.31 V vs. NHE) oxidize water 

molecules to generate molecular oxygen (O₂) and protons, thus maintaining 

charge neutrality and completing the photocatalytic cycle. 

In this mechanism, GBi functions primarily as a light absorber and charge 

donor, whereas CBi serves as the main active site where both reduction and 

oxidation half-reactions take place. The spatial concentration of charge 

carriers within CBi minimizes recombination losses and enhances the 

overall efficiency of the nitrogen reduction process. The energetically 

favorable band positions and effective charge transfer dynamics confirm the 

capability of the GC–Bi system to function as a robust and recyclable 

photocatalyst for sustainable ammonia production under ambient 

conditions. 

5.1.6 Mechanical Strength  

Rheological testing was conducted to assess the mechanical stability and 

self-recovery abilities of the metalogel at 25°C. Strain, stress, and frequency 

sweep analyses were performed on gels with different metal ion 

concentrations ranging from 10 to 80 mM (Figure 30a, b). The gels with a 

40 mM metal ion concentration exhibited the highest mechanical strength. 

The storage modulus (G′) was found to be greater than the loss modulus 

(G′′), indicating that the gels displayed more elastic than viscous properties. 

The yield points were observed to be at 22%, 70%, and 150% strain for GC-

Bi, GBi, and GC gels, respectively. The G′ and G′′ values for GC-Bi and 

GBi were higher than those for GC, likely due to the ionic bridge effect of 
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the metal ion, which promotes fibril cross-linking and increases mechanical 

rigidity. To test the hydrogel's recoverability, a thixotropic loop test was 

performed, alternating between low (1%) and high (500%) strains at 100-

second intervals to ensure full loss and recovery of elasticity. All gels 

maintained their elastic nature (G′ > G′′) at 1% strain but began to lose this 

elasticity (G′′ > G′) when the strain was increased to 500%. Once the strain 

was reduced back to 1%, the gels regained their elastic properties. The 

reversible sol-gel transition was observed over multiple cycles, with the gels 

returning to their gel state within 100 seconds, demonstrating dynamic 

behaviour and quick recovery of the self-assembled supramolecular 

network (Figure 30c-e).32  

 

Figure 30. (a) Dynamic strain sweep of the GC, GBi, and GC-Bi gels 

conducted at a constant angular frequency of 10 rad/s, (b) frequency sweep 

tests of the GC, GBi, and GC-Bi metalogels at a constant strain of 1%, (c) 

thixotropic loop analysis for the GC, (d) GBi, (e) and GC-Bi metalogel. 
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CHAPTER 6 

 

6.1 CONCLUSION  

This research demonstrates the effective development of supramolecular 

hydrogels via polyphenol-directed assembly of nucleotides, overcoming the 

challenges associated with long-chain oligonucleotides. Using CA as a 

directing and cross-linking agent, GMP self-assembles to a G-quadruplex 

architecture, leading to the formation of a thermoreversible transparent GC 

hydrogel. The spectroscopic and microscopic analysis of GC hydrogel 

revealed the functionalization of catechol groups on the surface of G-

quadruplex-driven helical fibrillar networks. The functionalization of these 

catechol groups opened a new avenue to exploit it as a versatile scaffold for 

incorporating various metal-polyphenol complexes on the G-quadruplex 

hydrogel system for multifunctional applications. In particular, the bismuth-

integrated hydrogel (GC-Bi) exhibited exceptional photocatalytic activity, 

achieving a significantly enhanced ammonia yield of 905.2 μmol h⁻¹ g⁻¹ 

(cat.), nearly 3.8 times higher than the standalone CBi complex. Thorough 

investigation revealed that the in situ formation of heterojunction led to the 

increased oxygen vacancies and surface area, which promotes the physical 

and chemical adsorption of N2 on the surface of the GC-Bi catalyst, thereby 

enhancing the photocatalytic N2 fixation to NH3. Structural and 

spectroscopic analyses highlighted features like mesoporosity, efficient 

charge separation, and stabilized electronic properties, underscoring the 

potential of supramolecular chemistry to bridge the structure-property-

function relationship and address challenges in sustainable material design. 
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6.2 FUTURE SCOPE 

Future work will focus on expanding the scope of this strategy to include 

alternative polyphenols and metal ions, aiming to tune material properties 

for specific applications. Efforts will also be directed toward mapping 

active sites and elucidating reaction mechanisms to enhance catalytic 

efficiency. This approach offers a platform for designing scalable, 

recyclable materials with diverse applications, including environmental 

remediation, energy conversion, and carbon capture, paving the way for 

innovations in functional material design and sustainable technology. 
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7.2 SUPPORTING FIGURES 

 

 

Figure S1. Comparison of ThT fluorescence increase in the previous 

reported systems of G-assemblies with Gbi and GC. 

 

 

Figure S2. UV-Vis absorbance spectra of GC-Bi gel with varying Bi³⁺ conc. 

(10–50 mM) 

 

 

400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

A
b

s
o

rb
a
n

c
e
 

Wavelength (nm)

 GC-Bi 10

 GC-Bi 20

 GC-Bi 30

 GC-Bi 40

 GC-Bi 50



65 
 

 

 

Figure S3. Concentration-dependent rheological experiment GC-Bi 

hydrogels by varying Bi3+ conc. from 10 mM to 80 mM. 

 

 

 

Figure S4. EDX elemental mapping (C, N, O, P, Na, Bi) of GC-Bi gel. 
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Figure S5. EDX (C, N, O, P, Na, Bi) of GBi gel. 

 

 

 

Figure S6. CD spectra of GBi gel with varying Bi³⁺ conc. (0–50 mM). 
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Figure S7. Recyclability of PNRR using GC-Bi as catalyst. 

 

 

Figure S8. (a) Bi 4f XPS spectra, (b) SEM image, (c) and PXRD spectra 

of recycled GC-Bi. 
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Figure S9. Thermogravimetric analysis of CBi, GBi and GC-Bi. 

3 6 9 12 15 18

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

d
V

(d
) 

(c
m

3
/g

)

Pore Diameter (nm)

 CBi

 GBi

 GC-Bi

 

Figure S10. Pore size and pore volume analysis of CBi, GBi and GC-Bi. 

 

Figure S11. XPS survey spectra of CBi, GBi  and GC-Bi
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