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Chapter 1 

Introduction 

 

1.1. Background: 

Over the past two decades, there has been a significant technological advancement 

that has led to revolutionary breakthroughs in the field of medical diagnosis. This 

has made it easier to detect diseases at an early stage. Despite this, conventional 

therapeutics seem to be inadequate in overcoming many life-threatening illnesses. 

[1, 2]. A concerning problem in the healthcare industry is the emergence of drug 

resistance, which occurs when medicines become less effective in treating diseases, 

particularly bacterial infections, and cancer. Drug resistance begins when there is a 

mutation in the target protein site of the affected cells [3, 4]. The pharmaceutical 

industry and the Governments have not been working together to combat the 

problem of drug resistance. Additionally, the natural ability of microbes to develop 

resistance at a faster rate than the creation of new drugs [5], implies that current 

methods of developing effective and lasting anti-microbial treatments are likely to 

fail in the long run. One of the most significant threats to public health in the 21st 

century is the development of drug resistance in pathogenic microorganisms [6], 

suggesting the urgency of alternative therapeutic strategies. The invention of smart 

functional materials possessing target-specific action instigated through external 

stimuli (such as light, pH, ions, etc.) could be considered as an effective substitute 

for conventional drugs, and evaluation of such materials in terms of fabrication, 

characterization and application, should be considered as an impactful new-age 

research topic.  

On the other hand, two significant challenges confronted in the 21st century are the 

increasing need for energy and its ecological consequences [7]. Fossil fuel has been 
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predominantly utilized as a primary energy source for decades [8]. However, the 

accessibility of non-renewable energy sources is declining with time and the 

burning of such fuels is resulting in environmental contamination due to the 

discharge of harmful greenhouse gases [9]. Therefore, there is a growing interest in 

developing strategies for utilizing diverse green and renewable energy sources as 

sustainable solutions to meet the energy demand. Solar radiation is deemed as the 

primary green and renewable energy source among others, owing to its consistent 

and abundant existence on the Earth's surface [10]. The amount of solar power 

reaching the Earth's crust is approximately 1.2x105 terawatts which is 104 times 

greater than the world's energy consumption [11]. Nevertheless, existing light-

harvesting technologies rely on wide bandgap semiconductors that are inadequate 

for capturing low-energy photons [12, 13]. Hence, it is imperative to develop solar 

technologies that can effectively harness solar radiation. Moreover, monitoring 

environmental pollution and designing technologies to restore it are crucial steps 

toward achieving sustainable solutions to environmental degradation. 

1.2. Nanomaterials: 

nanomaterials are considered systems in which at least half of the particles in terms 

of number have at least one dimension between 1 and 100 nm [14]. Sometimes, the 

term is used to describe particles of larger sizes of up to 500 nm, or fibers and tubes 

that have dimensions less than 100 nm in only two directions. However, for metal 

particles smaller than 1 nm, are typically referred to as atom clusters instead [15]. 

Nanoparticles are commonly differentiated from microparticles (1-1000 µm), "fine 

particles" (ranging from 100 to 2500 nm), and "coarse particles" (ranging from 2500 

to 10,000 nm) due to their smaller size, which gives rise to distinct physical and 

chemical properties. These properties include colloidal characteristics, ultrafast 

optical effects and electric properties [16]. Due to their significantly smaller size 

compared to the wavelengths of visible light (400-700 nm), nanoparticles are not 

visible through standard optical microscopes. Instead, electron microscopes are 
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needed for their visualization. This size difference also affects the behavior of 

nanoparticle dispersions in transparent media, as they can remain transparent, 

unlike suspensions of larger particles which typically scatter visible light. Moreover, 

nanoparticles can readily pass through commonly used filters like ceramic candles, 

necessitating the use of specialized nanofiltration techniques for liquid separation. 

Typically, nanoparticles have a reduced concentration of point defects compared to 

their larger counterparts in bulk materials. However, they can still exhibit various 

dislocations mechanics due to their unique surface structures. Consequently, their 

mechanical properties differ from those of bulk materials. Moreover, non-spherical 

nanoparticles, such as prisms, cubes, and rods, showcase properties that are 

dependent on their shape and size, both in terms of chemical and physical aspects, 

resulting in anisotropic characteristics [17]. The attractive optical properties of non-

spherical nanoparticles made of gold (Au), silver (Ag), and platinum (Pt) are 

leading to their wide range of applications. The unique geometries of these non-

spherical nanoparticles result in increased effective cross-sections and more intense 

colors in colloidal solutions. The ability to adjust the resonance wavelengths by 

modifying the particle geometry makes them suitable for various purposes, 

including molecular labeling, biomolecular assays, trace metal detection, and nano 

technological applications [18]. Under unpolarized light, anisotropic nanoparticles 

exhibit a unique absorption behavior and random orientation of particles. This 

characteristic arises from continuous advancements in the synthesis of these 

nanoparticles, allowing for their efficient preparation in high quantities on a daily 

basis. 

1.3. An Overview of Nanohybrids: 

Nanohybrids are a type of nanomaterial that consist of two or more components, 

each with nanoscale dimensions, that are combined in order to create a new material 

with unique properties [19] which are different from its counterparts. The different 
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components can be organic or inorganic and can be in the form of nanoparticles, 

nanowires, nanotubes, or other nanostructures. The term "nanohybrid" is often used 

interchangeably with "nanocomposite", which is a broader term that includes any 

composite material containing nanoscale components. However, nanohybrids 

typically refer to materials where the components have distinct and separate 

functions, whereas nanocomposites may have more homogeneous properties. The 

field of hybrid materials is relatively new but already it has an immense impact on 

material science; they are anticipated to provide a strong impact in the field of 

design and development of new materials [20]. A reduction of the constituent 

dimensions of the hybrid system down to the molecular scale makes it possible to 

tune the material properties preciously [21, 22]. The molecular-level interaction at 

the surface or interface between the two constituents can produce novel properties 

of the hybrid material and thus can improve their activities compared to their 

pristine [23]. Depending on molecular interaction and parent constituent 

nanohybrid can be categorized into different categories. In terms of the possible 

interaction, connecting two species, a hybrid system can be classified into two 

categories: Class I hybrid materials are those that show weak non-covalent 

interactions between the two phases, such as van der Waals (vdW), hydrogen 

bonding, or weak electrostatic interactions. In contrast, Class II materials are those 

which show strong covalent interactions between two constituents [24]. The 

properties of the hybrid system are highly dependent on the strength of the 

interaction between the two constituents. Apart from bond strength depending 

upon the nature of two-parent counterparts of hybrid materials, there are several 

different classes of nanohybrids, each with their unique characteristics and potential 

applications:  

1.3.1. Inorganic-organic Nanohybrids: Inorganic-organic nanohybrids are a class of 

nanomaterials that combine inorganic and organic components at the nanoscale 

[25]. These hybrid materials can exhibit unique properties that arise from the 
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combination of the different components. Inorganic components typically include 

metals, metal oxides, and ceramics, while organic components can include organic 

ligands, dyes, and surfactants. There are several methods for synthesizing 

inorganic-organic nanohybrids, including sol-gel processes, co-precipitation, and 

self-assembly. The combination of inorganic and organic components can provide 

enhanced mechanical, thermal, and chemical stability, as well as increased surface 

area and tunable electronic properties.  

1.3.2. Inorganic-inorganic Nanohybrids: Inorganic-inorganic nanohybrids are a 

type of nanomaterial that consist of two or more inorganic components integrated 

at the nanoscale [26]. These hybrid materials can exhibit new or enhanced properties 

that arise from the synergistic interactions between the components. They have a 

wide range of applications in the field of catalysis, sensing, energy storage, and 

environmental remediation. For example, they can be used as photocatalysts for 

water splitting, as electrodes for supercapacitors, or as adsorbents for heavy metal 

ions. Inorganic-inorganic nanohybrids can also exhibit enhanced mechanical and 

thermal properties and high surface area, which make them promising materials for 

energy conversion and storage applications.  

1.3.3. Organic-organic Nanohybrids: Organic-organic nanohybrids consist of two 

or more organic components integrated at the nanoscale [27]. Electrostatic 

interactions involve the attraction between positively and negatively charged 

components. They can be used as drug delivery vehicles, where the combination of 

different organic components can provide enhanced biocompatibility, drug loading 

capacity, and controlled drug release. They can also be used as sensors, where the 

combination of different organic components can provide enhanced selectivity and 

sensitivity. 

1.3.4. Carbon-based Nanohybrids: This class of nanohybrids consists of carbon-

based materials, such as graphene, carbon nanotubes, or nanodiamonds, combined 
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with other materials [28]. These materials have unique electrical, mechanical, and 

thermal properties and have the potential to be used in a wide range of applications, 

including energy storage, optoelectronics, and nanomedicine. 

1.3.5. Polymer Based Nanohybrids: This class of nanohybrids consists of two or 

more types of nanoparticles combined in a matrix material, such as a polymer or 

ceramic [29]. These materials have the potential to be used in a variety of 

applications, including structural materials, sensing, and drug delivery. 

However, among all, the most common type of hybrid material is the inorganic-

organic hybrid system [30]. They have a wide diversity of potentialities to introduce 

novel structural designs in material sciences [31-33]. Combining inorganic and 

organic components allows for the creation of materials with improved or entirely 

new properties, such as enhanced mechanical strength, thermal stability, 

conductivity, and optical properties. They can be designed to exhibit specific 

functionalities by carefully selecting and controlling the composition and 

arrangement of the components. The combination of inorganic and organic 

components often results in synergistic effects, where the hybrid system exhibits 

properties superior to its components. They offer a wide range of possibilities for 

material design and synthesis. They can be tailored at the molecular level, enabling 

precise control over properties and functionalities. They can bridge the gap between 

traditionally incompatible materials, allowing for the integration of different 

materials into a single system [34]. They can contribute to sustainability efforts by 

improving the efficiency and performance of energy storage devices, such as 

batteries and supercapacitors. Additionally, the combination of organic 

components with inorganic materials can provide biocompatibility, making them 

suitable for biomedical applications with potential environmental benefits. 

The challenges associated with nanohybrids, include controlling the size and 

morphology of the hybrid particles, ensuring good dispersion of the components, 
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good efficiency, and avoiding unwanted interactions between the components. 

Additionally, there may be concerns about the potential toxicity of the inorganic 

components, particularly in biomedical applications. Understanding the 

interactions between the components and their long-term stability and 

biocompatibility is essential for optimizing their properties and minimizing 

potential risks. Further research and development in the synthesis and 

characterization of nanohybrids will be essential to harness their full potential. 

1.4. Applications of Nanohybrids: Biomedical Field and 

Environmental Remediation:  

Hybrid materials represent a fundamentally interdisciplinary field of research and 

development connecting a variety of groups of material sciences such as hybrid 

interfaces, organometallics, colloids, soft matter, coordination polymers, metal-

organic frameworks (MOFs), etc. [34]. Nanohybrid and heterostructure are 

contributing as emergent materials in different important fields including energy 

harvesting, healthcare and drug delivery, environment remedy, optoelectronics, 

supercapacitor, superconductor, sensing, optoelectronics, catalysis and surfaces, 

nanocomposites, nanoporous and mesoporous materials, sensing, biomedicine, 

biomaterials, biochemistry, and engineering materials, etc. [35-37] Another 

important aspect of nanohybrid material is the multifunctionality due to the 

synergistic effect of its two components. In recent years, nanohybrids have shown 

great potential in various fields of biomedical and environmental remediation. 

Some of their applications and potential problems are discussed below; 

1.4.1. Biomedical Applications: In drug delivery, nanohybrids can be used to deliver 

drugs to specific cells or tissues, increasing efficacy and reducing side effects. 

However, the potential problem with this is the toxicity of the nanohybrid itself. In 

tissue engineering, nanohybrids can be used as scaffolds for tissue engineering, 

providing a suitable microenvironment for cells to grow and differentiate. 
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Nonetheless, there is a risk of toxicity and immune response when the nanohybrid 

comes in contact with living cells. In diagnostic imaging, when developing 

nanohybrids for diagnostic imaging, researchers take great care to ensure their 

safety. This involves a thorough evaluation of the nanohybrid's toxicity profile, 

biocompatibility, and potential long-term effects.  

To minimize toxicity concerns, several strategies can be employed: Surface 

modification, the surface of nanohybrids can be modified with biocompatible 

coatings to improve their stability, reduce potential toxicity, and enhance their 

compatibility with the biological environment. Biodegradability, designing 

nanohybrids with biodegradable components allows for their gradual breakdown 

and elimination from the body over time, reducing long-term effects. Size and shape 

control, nanohybrids can be engineered to have specific sizes and shapes, which can 

influence their interactions with cells and tissues. Optimization of these parameters 

can minimize potential toxicity. Rigorous testing, nanohybrids undergo 

comprehensive toxicity assessments, including biocompatibility tests, cytotoxicity 

assays, and long-term animal studies, to evaluate their safety profile before clinical 

translation. 

1.4.2. Environmental Applications: In water treatment, nanohybrids can be used to 

remove contaminants from water, such as heavy metals, organic pollutants, and 

pathogens. However, the potential problem is the release of nanoparticles into the 

environment, which can have harmful effects on aquatic organisms. In air pollution 

control, nanohybrids can be used to remove pollutants from the air, such as carbon 

dioxide, nitrogen oxides, and volatile organic compounds. Nonetheless, the 

potential problem is the release of nanoparticles into the atmosphere, which can 

have harmful effects on human health and the environment. In soil remediation, 

nanohybrids can be used to remove contaminants from soil, such as pesticides, 

herbicides, and heavy metals. However, it can have negative impacts on soil 
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organisms, such as earthworms and beneficial bacteria due to the long-term effects 

of the nanohybrid. 

To mitigate the potential harmful effects, researchers and engineers focus on several 

strategies; Nanoparticle stability, the design and fabrication of nanohybrids aim to 

improve their stability and minimize the release of nanoparticles into the water. 

This can involve surface modifications, encapsulation techniques, or 

immobilization of nanoparticles onto solid supports to prevent their leaching. 

Material selection, the choice of nanomaterials for water treatment applications is 

crucial. Selecting materials that are inherently stable and less likely to release 

nanoparticles can minimize environmental risks. Additionally, biodegradable or 

environmentally kind nanomaterials can be utilized, which degrade over time 

without causing long-term harm. System design and containment, implementing well-

designed water treatment systems with appropriate containment measures can help 

prevent the release of nanoparticles into the environment. Efficient filtration or 

separation techniques can be employed to remove and recover the nanohybrids 

after water treatment, minimizing the potential for environmental exposure.  

1.5. Scope of the Optical Spectroscopic Studies for the Investigation 

of Hybrid Nanomaterials: 

Optical spectroscopy is a powerful technique that has been widely used to 

investigate the properties of materials in the nanoscale. It measures the interaction 

of light with matter and provides information on the electronic and vibrational 

structure of materials [38]. By measuring the absorption and emission spectra of 

materials, researchers can determine the size, shape, and composition of the systems 

that make up the composite material. The absorption and emission spectra at 

different temperatures, researchers can investigate the energy transfer processes 

between the different nanomaterials and the influence of the surrounding 

environment. It can be used to study the surface plasmon resonance (SPR) of 
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nanohybrid materials. SPR is a phenomenon that occurs when light interacts with 

free electrons on the surface of a material, resulting in a resonance effect [39]. By 

measuring the SPR spectra of nanohybrid materials, researchers can investigate the 

surface properties of the composite material, such as surface charge density, surface 

roughness, and surface area. The optical properties of nanohybrid materials can be 

investigated by measuring the absorption and emission spectra at different 

wavelengths, researchers can determine the optical bandgap, exciton energy, and 

exciton binding energy of the composite material. Apart from that optical 

spectroscopy can also be used for sensing applications.  

The scope of optical spectroscopic investigation on hybrid materials is vast and 

offers exciting possibilities for developing new materials with enhanced properties 

for various applications. This field contributes to advancements in diverse 

applications, including sensors, imaging, optoelectronics, and energy-related 

technologies. Continued research in optical spectroscopy of nanohybrid holds 

promise for the development of innovative materials and devices with improved 

functionalities and practical applications. So, there are lots of opportunities in 

optical spectroscopic studies on nanohybrid to investigate and develop new 

systems for enhanced multifunctional activity in various fields.  

In one of our studies, by using optical spectroscopic techniques, we studied a new 

class of MOFs that constitute a significant class of hybrid inorganic-organic 

crystalline porous materials and its structures can be manipulated at the atomic 

scale by an appropriate choice of metal ions and organic ligands [40, 41]. The optical 

spectroscopic studies on mixed metal MOFs show enhanced thermal stability, water 

stability and pH-responsive dissolution characteristics. The mixed metal MOFs 

show significant antibacterial photodynamic therapeutic activity towards drug-

resistant bacteria and they can also degrade model pollutant MB under white light 

illumination [42].  
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In one of our works, we have encapsulated rifampicin (RF), an antituberculosis drug 

[43] on the surface of ZIF8. The detailed characteristics and properties of ZIF8 and 

ZIF8-RF, have been performed in optical spectroscopic-based techniques [44]. The 

drug release profile experiment has been performed in UV-visible absorbance 

which demonstrates that ZIF8-RF carries on as pH-responsive drug delivery and is 

ideal for targeting bacterial disease. The spectroscopic investigation shows ZIF8 can 

effectively deliver phototherapeutic drugs into a bacterial infection site and 

significantly kill the infectious bacteria using antimicrobial photodynamic 

therapeutic strategies [45].  

We have also synthesized norfloxacin (NF) functionalized ZnO-based (ZnO-NF) 

nanohybrid. The newly synthesized nanohybrid has been characterized using 

various microscopic and spectroscopic techniques. To investigate the optical 

spectroscopic properties of the systems, we have used UV-visible, steady-state 

fluorescence and picosecond resolved time correlated single photon counting 

(TCSPC) studies which demonstrate the efficient electron transfer from NF to ZnO 

nanoparticle. This enhances the reactive oxygen species (ROS) generation capability 

of the system. Thus, it shows tremendous antimicrobial activity that can be 

beneficial for manifold biomedical application purposes. 

Since the ZnO-based hybrids nanomaterials are the most promising and 

encouraging system for the modulation of drug activity. The implementation of a 

dual-responsive mechanism could be a very useful technique to achieve enhanced 

efficacy in antibacterial photodynamic therapy (aPDT). Here, we study the 

fabrication of metal hybrid nanomaterials which is Au-decorated ZnO (Au_ZnO). 

The morphology and composition of the samples were characterized by several 

techniques including microscopic and optical spectroscopic. We encapsulated an 

antibacterial agent TC with Au_ZnO system to make a novel Au_ZnO-TC tri-hybrid 

[46]. The steady state photoluminescence and time-resolved fluorescence transient 

study demonstrate the FRET from TC to Au as well as charge transfer from TC to 



 

12 
 

ZnO in the Au_ZnO-TC tri-hybrid system. The investigation has suggested that the 

energy transfer from TC to Au nanoparticle triggers an enormous electron 

separation in the Au_ZnO-TC tri-hybrid system which enhanced the production of 

ROS in the presence of white light.  

Light harvesting materials that capture solar photons and convert them for light-

mediated applications are considered to be one of the ground breaking research in 

today’s world [47, 48]. Different kind of semiconductor nanoparticle has been 

utilized to harvest solar light. However, widely used semiconducting metal oxides 

such as TiO2 [13] and ZnO [12], can harvest only the ultraviolet portion of solar 

spectra which is ~4% of the full solar spectrum due to their large bandgap (TiO2 

(~3.2 eV) or ZnO (~3.37eV)). So it is highly required to design a nanomaterial that 

can harvest the NIR part of solar light. In one of our works, we have synthesized 

IR820 encapsulated ZIF-8 nano-MOF, characterized using various electron 

microscopic and optical spectroscopic techniques to confirm the formation of 

hybrid nanomaterials. The time-resolved fluorescence transient depicts the excited 

state charge transfer process from IR820 to ZIF-8 in functionalized nano-MOF [49]. 

It shows efficient NIR light-induced dose-dependent antibacterial activity due to 

enhanced ROS generation capability. 

Chelation therapy is one of the most effective and widely accepted methods of 

treatment to reduce metal toxicity caused by an excess amount of essential metals. 

Chelating complexes can efficiently capture the targeted metal and can easily be 

excreted from the body. In this work, we have investigated the iron chelating 

property of curcumin through various optical spectroscopic tools by synthesizing 

and characterizing the iron–curcumin complex [50].  

The experimental tools used for studying the dynamical processes involved are 

picosecond-resolved carrier relaxation dynamics such as photoinduced electron 

transfer (PET) [51] and FRET [52, 53]. Different experimental techniques have been 
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employed for the structural and functional characterization of the hybrid materials 

such as steady-state UV-vis absorption and fluorescence, thermogravimetric 

analysis (TGA), Fourier transform infrared spectroscopy (FTIR), Raman scattering, 

dynamic light scattering (DLS), powder X-Ray diffraction (XRD), field emission 

scanning electron microscopy (FESEM) and high-resolution transmission electron 

microscopy (HRTEM). 

1.6. Scope of the Computational Investigation on Nanomaterials:  

Ab-initio studies have become an essential part of the field of material science, 

engineering, physics, biology, chemistry and many other fields. The scope of 

computational studies is vast and continuously expanding with new applications 

emerging regularly [54]. It has been used in the development of advanced materials 

[55], the behavior of particles and systems at the atomic and molecular levels. The 

unique benefit of ab-initio modeling lies in the possibility to calculate the 

macroscopic properties of materials based on calculations of microscopic quantities. 

In the last few decades, many experimental phenomena including photochemical 

reaction pathways, and radiative and nonradiative decay processes have drawn 

substantial attention from computational scientists to offer explanations for several 

unanswered queries in photophysics and photochemistry. Using computational 

calculation it is possible to investigate the comprehensive mechanisms of 

unexplored complicated chemical reactions, ground state and excited state charge 

delocalization pathway, excitonic feature, and device transport characteristics of the 

systems. Density functional theory (DFT) based ab-initio calculation is a widely 

used method for studying the electronic structure of materials and their magnetic 

properties. In DFT, the electronic structures of a material are described by the 

density of its electrons, which is determined by solving the Schrödinger equation 

with an effective potential [56]. To study the magnetism of a material using DFT, 

one can calculate the magnetic moment associated with each atom in the material. 

The magnetic moment is defined as the magnetic dipole moment per unit volume 
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and is a measure of the strength and direction of the magnetic field produced by the 

atom. DFT calculations can predict the magnetic properties of materials by 

calculating the total energy of a system in different magnetic states [57]. The 

magnetic configuration with the lowest total energy is the ground state 

configuration which represents the most stable magnetic structure of the material. 

DFT can also be used to study the magnetic anisotropy of materials, which is the 

dependence of the magnetic properties on the direction of an applied magnetic field. 

Magnetic anisotropy is an important property in the design of magnetic materials 

for applications such as data storage and spintronic.  

By using first principles DFT calculations, we investigate structural relaxations and 

orbital decomposition on ReX2 (X = S, Se) materials to explain the existing conflicts 

[58, 59]. We have explained the semiconductor to metal transition under moderately 

high pressure in the light of orbital decomposition. We have also computed 

different X-ray spectral properties of ReS2 and ReSe2. For kagome stibnite series 

AV3Sb5 (A = K, Rb, and Cs), with first-principles electronic structure and phonon 

calculations, we found that the bulk system stabilizes in the collinear spin-polarized 

ferromagnetic state with finite vanadium moments and conforms as a frustrated 

spin cluster [60]. We have also predicted a new series of magnetic transition metal 

hydroxide semiconductors X(OH)2 (X= Mn, Fe, Co Ni). We explored the layer-

dependent magnetic properties and the formation as well as exfoliation energies 

[61]. 

The prediction of highly efficient nanohybrid and investigation of unexpected 

behavior in hybrid systems are the main motives to include DFT-based 

computational calculation. In this thesis, we have carried out ab-initio 

investigations on different nanohybrid to understand the fascinating intrinsic 

property at the interfaces. In one of our works, we prepared ZnO-NF nanohybrid 

system and investigated the electronic structure. We calculated the efficient charge 

separation from norfloxacin to ZnO nanoparticle in a nanohybrid system that 
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supports the experimental ligand to metal charge transfer mechanism [62]. In 

another work, we have investigated the electronic property and charge transfer 

mechanism in the ZIF8-IR820 hybrid system by using first principles DFT 

investigations [49]. The experimental findings of ZIF8 and ZIF8-IR820 are well 

explained by DFT-based calculations. We have also investigated the fabrication of 

metal hybrid systems which is Au nanoparticle decorated ZnO (Au_ZnO) [46]. The 

morphology and composition of the samples were characterized by DFT-based 

computational techniques. The experimental findings are well explained by first-

principles DFT analysis.  

The computational tools used for studying the electronic interaction include DFT as 

implemented in Vienna Ab initio Simulation Package (VASP) [63, 64] with projector 

augmented wave (PAW) pseudopotentials and generalized gradient approximated 

(GGA), and Perdew-Burke-Ernzerhof (PBE) exchange-correlation functionals [65] 

with the incorporation of spin-orbit coupling. The vdW corrections are incorporated 

by following the semi-empirical Grimme DFT-D3 method [66]. The time-dependent 

optical properties are calculated by using the all-electron full-potential linearized 

augmented plane wave approach including local orbitals within the framework of 

DFT as implemented in the ELK 4.3.6 code [67].  

1.7. Objective: 

The prime objective of this thesis is the use of nanohybrid materials for their benefits 

in biomedical and environmental applications. Among them, metal-drug 

complexes, organic nanoparticles encapsulating drug molecules and inorganic 

nanoparticles attached to antibiotics need to be evaluated in detail to understand 

the interfacial properties that are responsible for betterment in medicinal activity 

which could give rise to the design of heterostructures with efficient charge 

separation and useful for various diseased conditions. One of the important 

objectives of this thesis is to fabricate various types of hybrid materials and unravel 
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the ultrafast dynamical processes across the interface of heterostructures by using 

both spectroscopic and computational techniques to enhance medicinal efficiency. 

Special emphasis has been given to the correlation between the ultrafast processes 

at the interface and their implications in terms of improved biomedicinal and 

environmental applications. 

Depending upon the nature and strength of the interaction, the functionalities of the 

hybrids get altered. Thus, there is a necessity to study the interfacial processes using 

experimental and computational tools to fully understand the interfacial dynamics 

at the nano-junction. Hybrid materials with improved properties often depict 

superior functionalities. The current generation of hybrids formed using 

commercially available drug molecules with some inorganic counterparts often 

enhances the bioavailability and activity of the drug with an enhanced permeability 

and retention (EPR) effect at the target site [68]. Besides, the fabricated hybrid 

materials can incorporate ‘sense and act’ like stimuli responsive drug action and 

thus lowers the side effects of treatment [69-71]. The precise knowledge of 

interfacial charge transfer properties is important to fully understand the 

mechanism of drug action and their alteration upon hybrid formation within the 

scope of our studies. In this regard, light-mediated treatment methodologies such 

as photodynamic therapy (PDT) involve photosensitizer molecules, which could be 

activated by specific photon energy followed by the production of reactive oxygen 

species (ROS) for therapeutic use [72]. Metal-organic frameworks (MOFs) constitute 

a significant class of hybrid inorganic-organic crystalline porous materials and its 

structures can be manipulated at the atomic scale by an appropriate choice of metal 

ions and organic ligands [40, 41]. We have written a review article on sensitization 

of nontoxic MOF for their potential drug delivery application against microbial 

infection [47]. Several important features of MOFs as drug carriers for biological 

adaptabilities were investigated. Then, various types of methodologies to 

functionalize MOFs with satisfying agents were abbreviated. In the end, this review 
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proposes a thorough summary of the biomedical applications of MOF nanoparticles 

focusing on the antimicrobial activity. Finally, the challenges and predictions were 

expansively discussed to provide important context for the improvement of MOFs 

as proficient antibacterial and antiviral actions.  

In one of our studies, we employed a mixed metal approach to get both water 

stability and activity in one single MOF system [42]. The mixed metal MOF 

(Zn50Co50-ZIF) shows enhanced thermal stability, water stability and pH-

responsive dissolution characteristics. It depicts antibacterial photodynamic 

therapeutic activity towards drug-resistant bacterial strains. It can also degrade 

model pollutant MB under white light illumination. In another study, we 

encapsulated rifampicin (RF), an antituberculosis drug [43] on the surface of ZIF8. 

The synthesized ZIF8-RF nano-MOF has been characterized by using experimental 

and computational methods. The drug release profile experiment demonstrates that 

ZIF8-RF carries on as pH-responsive drug delivery and is ideal for targeting the 

bacterial disease. We have investigated that, ZIF8 can effectively deliver 

phototherapeutic drugs into a bacterial infection site and pronouncedly killed the 

infection using antimicrobial photodynamic therapeutic strategies [45].  

In another work, we have used norfloxacin (NF) with wide bandgap semiconductor 

ZnO due to its advantages such as targeted delivery vehicles, nontoxic, chemically 

reliable, biodegradable, excellent wide bandgap, greater binding energy (60 MeV), 

lower cost and abundance in nature [73-76]. The detailed characteristics are 

performed in both experimental and theoretical techniques. The synthesized 

antibiotic-implanted nanohybrids (ZnO-NF) depict tremendous antimicrobial 

activity due to the enormous ROS production capability in the presence of light. 

Light harvesting materials that capture solar photons and convert them for light-

mediated applications are considered to be one of the groundbreaking research 

topics of the present era [47]. The NIR part of solar light contains almost 50% of the 
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solar spectra. So to harvest full solar light, it is highly required to design a 

nanomaterial that can harvest the NIR part of solar light. To explore the NIR light 

activated nanohybrid systems, we have synthesized ZIF8-IR820 nanohybrid by 

encapsulating the IR820 dye (a typical cyanine dye) on the surface of the ZIF8 

nanoparticle. The electronic charge transfer mechanism has been described by using 

experimental as well as first-principles DFT calculation techniques. It shows 

efficient NIR light-induced dose-dependent antibacterial activity due to enhanced 

ROS generation capability that would be beneficial for bacterial remediation. 

Utilization of duel sensitization in photodynamic therapy can be very useful to get 

more efficiency. Although, the approach has been earlier utilized to increase the 

efficacy in dye-sensitized solar cells [77-79]. We report the fabrication of metal 

hybrids nanomaterials which is Au-decorated ZnO (Au_ZnO). We encapsulated an 

antibacterial agent tetracycline (TC) with Au_ZnO system to make a novel 

Au_ZnO-TC tri-hybrid and achieved enormous ROS in the presence of white light. 

The dual sensitization in the tri-hybrids leads to huge antimicrobial activity against 

gram-positive bacteria due to immense ROS under white light irradiation.  

In another work, we investigated the iron chelating property of curcumin through 

various spectroscopic tools by synthesizing and characterizing the iron–curcumin 

(Fe–Cur) complex. Our study unravels the improved antioxidant activity of the 

synthesized chelate complex in the dark. We further demonstrate that the proposed 

complex generates no significant ROS under dark conditions, which makes it a 

promising candidate for chelation therapy of iron toxicity.  

The results acquired from all these studies of nanohybrid heterojunction systems 

using combined spectroscopic and computational study could be very promising in 

designing new-age materials for benefit in different practical fields including 

energy harvesting, device fabrication, magnetism in superconductivity, 

development of medicine, photocatalysis, etc.  
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1.8. Summary of the Work Done: 

1.8.1. Synthesis and Optical Characterization of a Nontoxic 

Nanohybrid for their Potential Drug Delivery Application: 

1.8.1.1. Enhanced Water Stability and Photoresponsivity in Metal Organic 

Framework (MOF): A Potential Tool to Combat Drug Resistant Bacteria [42]: In 

this work, we have successfully synthesized a bimetallic (Zinc and Cobalt) Zeolitic 

Imidazolate Framework (Zn50Co50-ZIF), a class in a wider microporous Metal-

Organic Framework (MOF) family. The synthesized nanostructures maintain both 

water stability like ZIF-8 (solely Zn containing) and charge transfer electronic band 

in the visible optical spectrum as ZIF-67 (solely Co containing). Crystal structure 

from XRD, high resolution transmission electron microscopy (HRTEM) followed by 

elemental mapping (EDAX) confirm structural stability and omnipresence of the 

metal atoms (Zn and Co) across the nanomaterial with equal proportion. The 

existence of a charge transfer state consistent with ZIF67 and intact ultrafast excited 

state dynamics of the imidazolate moiety in both ZIF-8 and ZIF-67, is evidenced 

from steady state and time resolved optical spectroscopy. The thermal and aqueous 

stabilities of Zn50Co50-ZIF are found to be better than ZIF-67 but comparable to ZIF-

8 as evidenced by solubility, scanning electron microscopy (SEM) and XRD studies 

of the material in water. We have evaluated the photoinduced ROS generation by 

the mixed ZIF employing dichloro-dihydro-fluorescein diacetate (DCFH-DA) 

assay. We have also explored the potentiality of the synthesized material for the 

alternate remediation of methicillin-resistant Staphylococcus aureus (MRSA) 

infection through the photoinduced reactive oxygen species (ROS) generation and 

methylene blue (MB) degradation kinetics. 

1.8.1.1. Nano MOFs as Targeted Drug Delivery Agents to Combat Antibiotic 

Resistant Bacterial Infections [44]: The drug resistance of bacteria is a significant 

threat to human civilization while the action of antibiotics against drug-resistant 
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bacteria is severely limited due to the hydrophobic nature of drug molecules, which 

unquestionably inhibits its permanency for clinical applications. The antibacterial 

action of nanomaterials offers major modalities to combat drug-resistant bacteria. 

The current work reports, the use of nano MOFs encapsulating drug molecules to 

enhance their antibacterial activity against model drug-resistant bacteria and 

biofilm of the bacteria. We have attached rifampicin (RF), a well-documented 

antituberculosis drug with tremendous pharmacological significance, into the pore 

surface of zeolitic imidazolate framework 8 (ZIF8) by a simple synthetic procedure. 

The synthesized ZIF8 has been characterized using the X-ray diffraction (XRD) 

method before and after drug encapsulation. The electron microscopic strategies 

such as scanning electron microscope (SEM) and transmission electron microscope 

(TEM) methods were performed to characterize the binding between ZIF8 and RF. 

We have also performed picosecond resolved fluorescence spectroscopy to validate 

the formation of the ZIF8-RF nanohybrids (NHs). The drug release profile 

experiment demonstrates that ZIF8-RF depicts pH-responsive drug delivery and is 

ideal for targeting bacterial disease corresponding to its inherent acidic nature. Most 

remarkably, ZIF8-RF gives enhanced antibacterial activity against methicillin-

resistant S. aureus (MRSA) bacteria and also prompts entire damage of structurally 

robust bacterial biofilms. Overall, the present study depicts a detailed physical 

insight into nanohybrids, presenting tremendous antimicrobial activity that can be 

beneficial for manifold practical applications. 

1.8.2. A Combined Optical Spectroscopy and Computational Studies 

on Nanohybrids with wide band Semiconductor for Potential 

Biomedical Applications: 

1.8.2.1. Wide Bandgap Semiconductor Based Novel Nanohybrid for Potential 

Antibacterial Activity: Ultrafast Spectroscopy and Computational Studies [62]: 

The properties of nanomaterials generated by external stimuli are considered an 
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innovative and promising replacement for the annihilation of bacterial infectious 

disease. The present study demonstrates the possibility of getting the antibiotic-like 

drug action from our newly synthesized nanohybrid which consists of norfloxacin 

(NF), as the photosensitive material, covalently attached to the ZnO nanoparticle. 

The synthesized nanohybrid has been characterized using various microscopic and 

spectroscopic techniques. Steady state fluorescence and time-correlated single 

photon counting (TCSPC) based spectroscopic studies demonstrate the efficient 

electron transfer from NF to ZnO. This enhances the reactive oxygen species (ROS) 

production capability of the system. First principles density functional theory has 

been calculated to get an insight into the charge separation mechanism. To explore 

the electron densities of occupied and unoccupied levels of the nanohybrid, we have 

verified the nature of the electronic structure. It is observed that there is a very high 

possibility of electron transfer from NF to ZnO in the nanohybrid system which 

validates the experimental findings. Finally, the efficacy of the nanohybrid 

compared to NF and ZnO has been estimated on the in vitro culture of E. coli 

bacteria. We have obtained a significant reduction in bacterial viability by the 

nanohybrid with respect to control in the presence of light. These results suggest 

that synthesized nanohybrid could be a potential candidate in new-generation 

alternative antibacterial drugs.  

1.8.2.2. Functionalized Nano-MOF for NIR Induced Bacterial Remediation: A 

Combined Spectroscopic and Computational Study [49]: Antimicrobial infection 

has emerged as one of the principal health problems in the world that requires 

urgent effective prevention. In order to deal with this reality, antibacterial 

photodynamic therapy of photosensitizers such as IR820 is one of the most 

encouraging and innovative methodologies to combat bacteria-caused infections. 

However, their activity is limited due to low photostability, short circulation, and 

lack of targeted bio-distribution. Herein, we have developed a user-friendly and 

universal approach to overcome such limitations of cyanine dye IR820 by 
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encapsulating it with zeolitic imidazolate framework-8 (ZIF-8) keeping its activity 

intact. The synthesized ZIF8-IR820 nano-MOFs are characterized using electron 

microscopic and optical spectroscopic techniques. Moreover, the formation of 

hybrids is confirmed from the charge transfer process obtained from time resolved 

fluorescence transient and first principles DFT-based analysis. The ultrafast charge 

transfer dynamic enhances the red-light sensitive reactive oxygen species (ROS) 

production capability which is further catalyzed in acidic pH and DFT-based 

calculation validates the experimental results. The enhanced ROS production of 

ZIF8-IR820 nano-MOFs makes it superior in NIR-induced antibacterial activity. 

Overall, the study demonstrates a detailed physical understanding of 

photosensitizer encapsulated nano-MOF system which shows efficient NIR light-

induced photo-dose dependent antibacterial activity that can be beneficial for 

potential bacterial remediation. 

1.8.3. A Combined Spectroscopic and Computational Studies on Tri-

hybrid Nanomaterial for Potential Removal of Antibiotic Burden and 

Bacterial Remediation: 

1.8.3.1. Tetracycline Encapsulated in Au Nanoparticle-Decorated ZnO 

Nanohybrids for Enhanced Antibacterial Activity [46]: Infections caused by 

antibiotic-resistant bacteria are one of the most perilous health threats in today’s 

world due to its fast-increasing pace in recent years and less availability of new 

treatment strategies. In this regard, the development of novel antibacterial agents is 

needed to combat bacterial infections. Stimuli responsive nanomaterials especially 

light-mediated treatment applications using ZnO-based nanohybrids for targeted 

biomedical aspects are leading the field with high interest. However, pure ZnO has 

low activity in practical applications due to the faster recombination rate of photo-

generated electron-hole pairs. In this work, we reported the one-step fabrication of 

Au-decorated ZnO hybrids nanomaterials (Au_ZnO) and further attached it with 
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traditional antibiotic tetracycline (TC). The morphology and composition of the 

samples were characterized by electron microscopic, ultrafast optical spectroscopic 

and density functional theory-based computational techniques. The steady state 

photoluminescence and time-resolved fluorescence transient studies demonstrate 

the Förster resonance energy transfer (FRET) from TC to Au as well as efficient 

electron transfer from TC to ZnO in the Au_ZnO-TC tri-hybrid system. The multiple 

charge transfer processes present in the Au_ZnO-TC tri-hybrids show a significant 

increment of reactive oxygen species (ROS) generation in the presence of white light 

due to a higher extent of electron-hole separation. The antibacterial properties of 

Au_ZnO-TC tri-hybrids and other control samples such as ZnO nanoparticles, TC 

and Au_ZnO nanohybrids against Staphylococcus hominis were studied 

systematically. The results obtained by this study confirm that the Au_ZnO-TC tri-

hybrid has great potential as a new antibacterial agent for the remediation of 

bacterial infections with less chance of resistance generation. 

1.8.4. Synthesis and Optical Spectroscopic Studies on Properties of 

Nanohybrids after Doping with Ions for Their Potential Applications: 

1.8.4.1. Combating Essential Metal Toxicity: Key Information from Optical 

Spectroscopy [50]: Essential minerals play an important role to maintain healthy 

human physiology. However, the presence of an excess amount of such essential 

metals can cause cell injury which finally leads to severe life-threatening diseases. 

Chelating complexes can efficiently capture the targeted metal and can easily be 

excreted from the body. Commonly utilized metal chelators have major side effects 

including long-term damage to some organs which has pointed out the need for less 

harmful biocompatible chelating agents. In this work, we have investigated the iron 

chelating property of curcumin through various spectroscopic tools by synthesizing 

and characterizing the iron-curcumin (Fe-Cur) complex. We have also investigated 

whether the synthesized materials can retain their antioxidant activity after the 
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chelation of the substantial metal ion. Our study unravels the improved antioxidant 

activity of the synthesized chelate complex. We further investigate that the 

proposed complex generates no significant reactive oxygen species (ROS) under 

dark conditions, which makes it a promising candidate for chelation therapy of iron 

toxicity. Femtosecond resolved fluorescence studies further give an insight into the 

mechanism of activity of the new complex where electron transfer from ligand to 

metal has been observed prominently. Thus, the Fe-Cur complex has the potential 

to act as a dual-activity medicine for the excretion of toxic metal ions via chelation 

and as a therapeutic agent of oxidative stress caused by the metal ion as well. 

1.9. Plan of the Thesis: 

The plan of the thesis is as follows: 

Chapter 1: This chapter includes a concise introduction and motivation for the entire 

thesis work. Scope of the optical spectroscopy and first principles density functional 

theory for the investigation of the nanomaterials for manifold applications. A 

summary of the work done is also presented in this chapter. 

Chapter 2: This chapter provides an overview of the steady-state and dynamical 

tools, the structural aspects of dyes, and fluorescent probes used in the experiments. 

Chapter 3: This chapter includes the details of instrumentation, data analysis, and 

experimental procedures that have been used during the entire thesis work. A 

summary of the working principle of the instruments and synthesis procedure of 

materials has been described here. 

Chapter 4: This chapter contains the detail of the theoretical methodology of DFT-

based computational calculation. Furthermore, we discuss the time-dependent DFT 

and its application. We have also described all the methods of computational 

calculations including phonon vibrational modes. In addition, we have explained a 
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combined full-potential DFT+MLFT approach [80, 81] to calculate the X-ray spectral 

properties. In a case study, with the help of electronic structure and phonon 

calculations, we correct the structures of both of ReS2 and ReSe2 systems, capable of 

resolving the existing disputes of the structure-property relationship. We pointed 

out the effects of structural relaxations and orbital decomposition to explain the 

existing conflicts.  

Chapter 5: In this chapter, we have successfully synthesized a bimetallic (Zinc and 

Cobalt) Zeolitic Imidazolate Framework (Zn50Co50-ZIF). The synthesized 

nanostructures maintain both water stability like ZIF-8 (solely Zn containing) and 

charge transfer electronic band in the visible optical spectrum as ZIF-67 (solely Co 

containing). We have evaluated the photoinduced ROS generation by the mixed ZIF 

employing dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay. Also, we 

have attached rifampicin (RF) into the pore surface of ZIF8 to prepare ZIF8-RF 

nanohybrids. We have performed picosecond resolved fluorescence spectroscopy 

to validate the formation of the ZIF8-RF. The drug release profile experiment 

demonstrates that ZIF8-RF depicts acidic pH-responsive drug delivery capability, 

ideal for targeting bacterial disease due to its characteristic acidic nature. We have 

also explored the potentiality of the synthesized material for the alternate 

remediation of MRSA infection through the photoinduced reactive oxygen species 

(ROS) generation and methylene blue (MB) degradation kinetics. 

Chapter 6: In this chapter, we have investigated the possibility of getting antibiotic-

like drug action from our newly synthesized nanohybrids. The synthesized 

nanohybrids have been characterized using various microscopic and spectroscopic 

techniques. Steady state fluorescence and time-correlated single photon counting 

(TCSPC) studies demonstrate the efficient electron transfer from drugs to inorganic 

nanoparticles. First-principles density functional theory calculations reveal the 

charge separation mechanism which validates the experimental findings. The 
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synthesized nanohybrids show light-induced photo-dose-dependent antibacterial 

activity that can be beneficial for potential bacterial remediation. 

Chapter 7: In this chapter, we reported a one-step fabrication of Au-decorated ZnO 

hybrids nanomaterials (Au_ZnO) and further attached it with traditional antibiotic 

tetracycline (TC). The multiple charge transfer processes present in the Au_ZnO-TC 

tri-hybrids show a significant increment of reactive oxygen species (ROS) 

generation in the presence of white light due to a higher extent of electron-hole 

separation. The antibacterial properties of Au_ZnO-TC tri-hybrids and other 

control samples such as ZnO nanoparticles, TC and Au_ZnO nanohybrids against 

Staphylococcus hominis were studied systematically. The results obtained by this 

study confirm that the Au_ZnO-TC tri-hybrid has great potential as a new 

antibacterial agent for the remediation of bacterial infections with less chance of 

resistance generation. 

Chapter 8: In this chapter, we have investigated the iron chelating property of 

curcumin through various spectroscopic tools by synthesizing and characterizing 

the iron-curcumin (Fe-Cur) complex. Our study unravels the improved antioxidant 

activity of the synthesized chelate complex due to insignificant reactive oxygen 

species (ROS) under dark conditions. Femtosecond resolved fluorescence studies 

further give an insight into the mechanism of activity of the new complex where 

electron transfer from ligand to metal has been observed prominently.   
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Chapter 2 

An Overview of Experimental Techniques and 

Systems 

In order to investigate the dynamical processes involved in the synthesis of 

light harvesting hybrid materials, different steady-state and dynamical tools 

have been employed. These include photoinduced electron transfer (PET), 

Förster resonance energy transfer (FRET), distance distribution from FRET etc. 

In this chapter, we have included a brief discussion about the above-mentioned 

tools. An overview of the various systems, probes, and dyes used in the studies 

has also been provided. 

2.1. Steady-state and Dynamical Tools: 

2.1.1. Photoinduced Electron Transfer (PET): PET can be described as the 

movement of an electron caused by the absorption of light from an electron-

rich species (D) to an electron-deficient species (A), as shown in Eq. 2.1. 

  
  ADAD                             (2.1) 

The first law of photochemistry tells us that a photo-induced process must be 

initiated by the absorption of light. In PET, the absorbing species can either be a 

donor, the acceptor, or a ground-state complex between the donor and 

acceptor, often referred to as a charge transfer complex. These possibilities are 

shown in Eqs. 2.2−2.4. 

   
  ADADD h *
     (2.2) 

   
  ADDAA h *

      (2.3) 

   ADADAD
h *)()(                  (2.4) 

Transport of charges or excitons is commonly seen as a fundamental process in 

many optoelectronic devices as well as biological systems. The creation, 

diffusion, and annihilation of excitons and the mobility of charges are some of 
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the key processes in many devices that interconvert electric and light energies 

[1, 2]. PET is an important process in many biochemical systems, such as those 

in respiration and photosynthesis [3, 4]. To gain a deep understanding of these 

systems, it is important to describe the rates of these processes with a few 

empirically derived parameters [5, 6]. Therefore, it has become increasingly 

important to develop computational techniques that allow us to calculate the 

rate of charge or energy transport. In our systems, the apparent rate constants, 

knr, were determined for the nonradiative processes by comparing the lifetimes 

of the donor in the absence (0) and the presence () of an acceptor, using Eq. 

2.5 [7]. 

0
11 τ/τ/nrk         (2.5) 

The direction of electron transfer in the excited state is determined by the 

oxidation and reduction potential of the ground and excited states. Upon 

excitation the electron donor transfers an electron to the acceptor with a rate 

knr, forming the charge transfer complex. This complex may emit as an exciplex 

(hE) or be quenched and return to the ground state. The important part of this 

process is the decrease in the total energy of the charge transfer complex. The 

energy decreases because the ability to donate or accept electrons changes 

when a fluorophore is in excited state. Excitation provides the energy to drive 

charge separation. D and A do not form a complex when both are in the 

ground state because this is energetically unfavorable. The energy released by 

electron transfer can also change if the ions become solvated and/or separated 

in a solvent with a high dielectric constant. Upon excitation the electron donor 

transfers an electron to the acceptor with a rate kP, forming the charge transfer 

complex [D+A–]* (Figure 2.1). This complex may emit as an exciplex (hE) or be 

quenched and return to the ground state.  

This thesis demonstrates several PET processes, particularly in light-harvesting 

materials, and discusses the consequences of various interfacial electron 

transfer processes. In heterogeneous photocatalysis, photoinduced charge 
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separation in the photocatalyst is necessary and several strategies have been 

employed to facilitate charge separation. In heterostructure/dye-sensitized 

semiconductor nanohybrid, a series of charge transfer processes had to occur 

cooperatively so that the solar light can be harnessed efficiently. These include 

(i) electron injection from excited dye into the conduction band of the 

semiconductor, (ii) electron transport from one semiconductor to another 

semiconductor in the semiconductor nanohybrid, (iii) electron shuttling 

pathway from the conduction band of the semiconductor. The matching of the 

band energies of the two semiconductors facilitates desired functionality either 

to induce electron−hole recombination (e.g., light-emitting diodes) or to 

improve charge separation by driving electrons and holes in two different 

nanoparticles (e.g., photocatalysis in semiconductor heterostructure). In each 

instance where semiconductor nanocrystals are implemented into a practical 

device, PET reactions are intimately involved, and they dictate the overall 

functionality. This thesis focuses on the recent progress made in understanding 

the kinetics and mechanistic aspects of various PET processes at the 

semiconductor interface and their role in the direction of efficient solar light 

harvesting. 

 

Figure 2.1: Energy diagram for photoinduced electron transfer (PET). The excited molecule is 

assumed to be the electron donor. andE are emission from the fluorophore and exciplex, 
respectively.  
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2.1.2. Förster Resonance Energy Transfer (FRET): FRET is an electrodynamic 

phenomenon involving nonradiative transfer of the excited state energy from 

the donor dipole (D) to an acceptor dipole (A) in the ground state (Figure 2.2a). 

FRET is of two types: (i) Homo-molecular FRET and (ii) hetero-molecular 

FRET. In the former case, the same fluorophore acts both as an energy donor 

and acceptor, while in the latter case, two different molecules act as donor and 

acceptor. 

 

Figure 2.2: (a) Schematic illustration of the FRET process. (b) Dependence of the orientation 

factor 2 on the directions of the emission and absorption dipoles of the donor and acceptor, 
respectively. 

Each donor-acceptor (D-A) pair participating in FRET is characterized by a 

distance known as Förster distance (R0) i.e., the D-A separation at which energy 

transfer is 50% efficient. The rate of resonance energy transfer (kT) from a donor 

to an acceptor is given by Eq. [8], 
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where 𝜏𝐷 is the lifetime of the donor in the absence of the acceptor and r is the 

donor to acceptor (D-A) distance. The rate of transfer of donor energy depends 

upon the extent of overlap of the emission spectrum of the donor with the 

absorption spectrum of the acceptor (J()), the quantum yield of the donor 

(QD), the relative orientation of the donor and acceptor transition dipoles (2) 

and the distance between the donor and acceptor molecules (r) (Figure 2.2b). 

The methodology to estimate the FRET efficiency of the donor and distances 

between donor-acceptor pairs are described below: 

The Förster distance R0 is given by [8], 

  
1 6

2 4

0 0.211  (in  Å)DR n Q J                                        (2.7) 

where n is the refractive index of the medium, QD is the quantum yield of the 

donor, and J() is the overlap integral. 2 is defined as, 

   
2 22 cos 3cos cos sin sin cos 2cos cosT D A D A D A                   (2.8) 

where T is the angle between the emission transition dipole of the donor and 

the absorption transition dipole of the acceptor, D and A are the angles 

between these dipoles and the vector joining the donor and acceptor, and  is 

the angle between the planes of the donor and acceptor (Figure 2.2b).2 value 

can vary from 0 to 4. For collinear and parallel transition dipoles, 2 = 4; for 

parallel dipoles, 2 = 1; and for perpendicularly oriented dipoles, 2 = 0. For 

donors and acceptors that randomize by rotational diffusion before an energy 

transfer, the magnitude of 2 is assumed to be 2/3. However, in systems where 

there is a definite site of attachment of the donor and acceptor molecules, to get 

physically relevant results, the value of 2 has to be estimated from the angle 

between the donor emission and acceptor absorption dipoles [9]. J(), the 
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overlap integral, which expresses the degree of spectral overlap between the 

donor emission and the acceptor absorption, is given by, 
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where FD() is the fluorescence intensity of the donor in the wavelength range 

of  to +d and is dimensionless. A() is the extinction coefficient (in M-1 cm-1) 

of the acceptor . If  is in nm, then J() is in units of M-1 cm-1 nm4. Once the 

value of R0 is known, the efficiency of energy transfer can be calculated. The 

efficiency of energy transfer (E) is the fraction of photons absorbed by the 

donor which are transferred to the acceptor and is defined as, 
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For D-A systems decaying with multiexponential lifetimes, E is calculated from 

the amplitude weighted lifetimes 
i i

i

    of the donor in the absence (D) 

and presence (DA) of the acceptor as, 

  1 DA

D

E



                                                               (2.12) 

The D-A distances can be measured using Eq. (2.11) and (2.12). 

2.1.3. Data Analysis of Time-Resolved Fluorescence Transients: Curve fitting 

of the time-resolved fluorescence transients was carried out using a nonlinear 

least square fitting procedure to a function (Eq. 2.13) comprised of convolution 

of the IRF  

    )t')dt'E(t')R(t(X(t)

t

 
0

                         (2.13) 

(E(t)) with a sum of exponentials (Eq. 2.14) with pre-exponential factors (Bi), 
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characteristic lifetimes (τi) and a background (A). Relative concentration in a 

multiexponential decay is expressed as (Eq. 2.15). 
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The average lifetime (amplitude-weighted) of a multiexponential decay is 

expressed as, 
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iiav τcτ
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               (2.16) 

2.2. Systems: 

2.2.1. Molecular Probes: In this section, we will discuss the different probe 

molecules that have been used in the course of the study. 

2.2.1.1. Indocyanine Green (IR820): IR820 is an indocyanine dye (Figure 2.3), 

which has a broad absorption band at 820 nm in methanol [10].  

 

Figure 2.3: Structure of indocyanine green (IR820), a benzoindole and a 1,1-diunsubstituted 
alkanesulfonate. 
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It is a near-infrared (NIR) dye with a molar absorptivity of 72 x 104 dm3 mol−1 

cm−1 in water [11]. It is a cost-effective imaging agent with low cytotoxicity. It 

can be used for image guided photothermal therapy for the treatment of 

cancer. It is also used as a contrasting agent for the detection and quantification 

of infected tissues in animals. 

2.2.1.2. Methylene Blue (MB): MB is a heterocyclic aromatic chemical 

compound with molecular formula: C16H18ClN3S. It has many uses in a range 

of different fields. At room temperature, it appears as a solid and dark green 

powder, which yields a blue solution when dissolved in water. They are widely 

used as model water contaminants [12]. Its structure is given in Figure 2.4. 

When dissolved in water, the UV-visible spectrum of MB showed three 

absorption maxima. The first band was observed at 246 nm and then at 291 nm 

and more intensely at 663 nm [13]. The absorption maxima wavelength of MB 

(λmax = 663 nm) was used for the analysis during the decolorization of MB dye. 

 

Figure 2.4: Chemical structure of methylene blue. 

2.2.1.3. Norfloxacin (NF): NF is a broad-spectrum antibiotic that belongs to the 

class of drugs known as fluoroquinolones [14] as shown in Figure 2.5. It works 

by interfering with the DNA replication processes in bacteria, thereby 

preventing their growth and multiplication. NF is primarily used to treat 

bacterial infections in the urinary tract, prostate, and gastrointestinal tract. It 

can be effective against both gram-positive and gram-negative bacteria, 

including Escherichia coli, Salmonella, Shigella, and Pseudomonas aeruginosa. NF is 

typically taken orally, with or without food, and is usually prescribed for a 

period of 3-14 days, depending on the severity of the infection being treated. It 
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is important to complete the full course of treatment, even if symptoms 

improve before the medication is finished, to prevent the development of 

antibiotic-resistant bacteria.  

 

Figure 2.5: Chemical structure of norfloxacin (NF). 

2.2.1.4. Riboflavin (RBF): Riboflavin is a water-soluble member of the B-

vitamin family [15] as shown in Figure 2.6. It is essential to the formation of 

two major coenzymes, flavin mononucleotide and flavin adenine dinucleotide. 

These coenzymes are involved in energy metabolism, cellular respiration, and 

antibody production, as well as normal growth and development. 

 

Figure 2.6: Chemical structure of riboflavin, a water-soluble member of the B-vitamin family. 

The coenzymes are also required for the metabolism of niacin, vitamin B6 and 

folate. Riboflavin is prescribed to treat corneal thinning, and taken orally, may 
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reduce the incidence of migraine headaches in adults. It is found in food and 

sold as a dietary supplement.  Sufficient dietary and supplemental RF intake 

appears to have a protective effect on various medical conditions such as 

sepsis, ischemia etc. While it also contributes to the reduction in the risk of 

some forms of cancer in humans. These biological effects of RF have been 

widely studied for their anti-oxidant, anti-aging, anti-inflammatory, anti-

nociceptive and anti-cancer properties. Moreover, the combination of RF and 

other compounds or drugs can have a wide variety of effects and protective 

properties and diminish the toxic effect of drugs in several treatments.  

2.2.1.5. Tetracycline (TC): Tetracycline is a broad-spectrum antibiotic (Figure 

2.7) that is used to treat a variety of bacterial infections. It was first discovered 

in 1948 and has been widely used ever since [16]. Tetracycline works by 

inhibiting the growth and multiplication of bacteria, thereby helping the body's 

immune system to fight the infection [17]. Tetracycline is commonly used to 

treat respiratory infections, urinary tract infections, skin infections, and 

sexually transmitted diseases, among others.  

 

Figure 2.7: Chemical structure of tetracycline, a class of medication used to manage and treat 
various bacterial infections. 

It is also used in the treatment of acne and rosacea. It is available in several 

forms, including capsules, tablets, and oral suspension. It is usually taken 

orally and should be taken on an empty stomach, as food can interfere with its 

absorption. Although tetracycline is generally considered safe and effective, it 

can cause several side effects [18]. These can include nausea, diarrhea, 
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vomiting, and abdominal pain. Tetracycline can also cause sensitivity to 

sunlight, so it is important to avoid prolonged exposure to the sun while taking 

this medication. In addition, tetracycline can interact with other medications, 

including oral contraceptives and antacids, so it is important to inform your 

doctor of any other medications you are taking before starting treatment with 

tetracycline. 

2.2.1.6. Curcumin (Cur): Curcumin (Figure 2.8) is a natural yellowish-orange 

diarylheptanoid derived from the rhizomes of Curcuma longa L. popularly 

known as turmeric, a member of the ginger family [19]. The diverse 

pharmacological applications of curcumin towards various diseases include 

Alzheimer's disease, breast cancer, pancreatic cancer, colon cancer, arthritis, 

and oxidative stress-induced pathogenesis [20]. Furthermore, its promising 

antioxidant activity anticipates its possible use as a novel drug also for other 

lethal diseases.  

 

Figure 2.8: Chemical structure of curcumin, a natural yellowish-orange diarylheptanoid. 

Curcumin is a linear polyphenol consisting of two o-methoxy phenolic groups 

that are connected by a seven-carbon linker consisting of an α, β-unsaturated β-

diketo moiety (Figure 2.8). The diketo group exhibits keto-enol tautomerism 

and can also exist in different types of conformers depending on the nature of 

the solvent [21]. Due to the presence of β-diketone linkers in the seven-carbon 

chain, curcumin tends to chelate with metal. Sometimes, this metal chelating 

property can be detrimental, as it can attach to toxic metals like mercury or 

lead.  
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2.2.1.7. Rifampicin (RF): Rifampicin (also known as rifampin) is an antibiotic 

medication that belongs to a class of drugs known as rifamycins as shown in 

Figure 2.9. It is primarily used in the treatment of bacterial infections caused by 

organisms susceptible to rifampin. Rifampin is a key component of standard 

TB treatment regimens. It is highly effective against Mycobacterium 

tuberculosis and/or the bacterium responsible for causing tuberculosis.  

 

Figure 2.9: The chemical structure of rifampicin, an antibiotic medication that belongs to a 
class of drugs known as rifamycins. 

Rifampicin is also used to treat infections caused by other mycobacterial 

species, such as Mycobacterium leprae (the causative agent of leprosy) and 

certain nontuberculous mycobacteria. It is sometimes used in combination with 

other antibiotics to treat serious infections caused by MRSA, particularly in 

cases where the bacteria are resistant to other antibiotics. Rifampicin works by 

inhibiting the activity of an enzyme called RNA polymerase, which is essential 

for bacterial RNA synthesis. By blocking this enzyme, rifampin effectively 

stops the bacteria from producing essential proteins, ultimately leading to their 

death. 

2.2.1.8. Dichlorofluorescein (DCFH): Dichlorofluorescin (DCFH) is a probe 

(Figure 2.10) that is trapped within cells and is easily oxidized to fluorescent 

dichlorofluorescein (DCF) [22]. Dichlorofluorescin (DCFH) is non-fluorescent 

and converts to fluorescent DCF upon oxidation through reacting with reactive 
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oxygen species (ROS). This quantifies the amount of ROS as well as cellular 

oxidative stress. 

 

Figure 2.10: Chemical structure of dichlorofluorescein (DCFH). 

2.2.1.9. 2,2-Diphenyl-1-picrylhydrazyl (DPPH): DPPH (Figure 1.11) is a well-

known radical and a trap ("scavenger") for other radicals. Therefore, the 

reduction rate of a chemical reaction upon the addition of DPPH is used as an 

indicator of the radical nature of that reaction [23].  

 

Figure 2.11: The chemical structure of 2,2-Diphenyl-1-picrylhydrazyl (DPPH). 

Because of a strong absorption band centered at about 520 nm, the DPPH 

radical has a deep violet color in the solution, and it becomes colorless or pale 

yellow when neutralized. This property allows visual monitoring of the 

reaction, and the number of initial radicals can be counted from the change in 

the optical absorption at 520 nm.  
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2.2.1.10. Phthalocyanine (PC): PC is very well-known for its widespread 

applications in the field of optical recording, photodynamic therapy, and solar 

energy harvesting applications [24-26]. Its structure is given in Figure 2.12. In 

visible light photocatalysis, sensitizers with extended absorption in the near IR 

region of the sun emission spectra are paramount, and phthalocyanines are 

perfectly suited for their integration in light energy conversion systems. They 

exhibit very high extinction coefficients around 680 nm for efficient photon 

harvesting [27], as well as reversible redox properties and excellent 

photoconductivity. 

 

Figure 2.12: Chemical structure of phthalocyanine with the formula (C8H4N2)4H2. 

2.2.1.11. Methyl Orange (MO): MO is an azo compound with molecular 

formula: C14H14N3NaO3S. It is a model dye which belongs to the class of 

synthetic organic compounds and is widely used in the textile industry.  

 

Figure 2.13: Chemical structure of methyl orange with molecular formula: C14H14N3NaO3S. 



50 
 

The removal of these non-biodegradable organic chemicals from the 

environment is a crucial ecological problem [28]. At room-temperature it 

appears as a solid, odorless, orange-yellow powder. MO shows orange color in 

acidic medium and yellow color in basic medium. Its structure is given in 

Figure 2.13. MO has a strong absorption at λmax = 461 nm [29] which was used 

for the analysis during decolorization of MO dye. 

2.2.1.12. Acridine Orange (AO): AO is an organic dye with molecular formula 

C17H19N3. AO is widely used as a nucleic acid-selective fluorescent cationic dye 

which is commonly used to determine cell cycle [30]. AO has strong absorption 

 

Figure 2.14: Chemical structure of acridine orange with molecular formula C17H19N3. 

at λmax = ~480 nm [31]. As AO is cell-permeable, it interacts with DNA and 

RNA by intercalation or electrostatic attractions respectively. When bound to 

DNA, it is very similar spectrally to fluorescein, with an excitation maximum at 

502 nm and an emission maximum at 525 nm (green) [30]. In association with 

RNA, the excitation maximum of AO shifts to 460 nm (blue), and the emission 

maximum shifts to 650 nm (red). AO can be used in conjunction with ethidium 

bromide or propidium iodide to differentiate between viable, apoptotic, and 

necrotic cells. Additionally, AO may be used to detect nuclear damage or 

chromatin condensation aiding in clinical diagnosis [32]. Its structure is given 

in Figure 2.14.  
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Chapter 3 

Instrumentation and Sample Preparation 

In this chapter, the instrumental setup and sample preparation techniques used 

in the thesis work have been described in comprehensive detail. The detailed 

description of the instrumental setup and sample preparation techniques 

presented in this chapter aims to provide readers with a comprehensive 

understanding of the experimental methodology employed in the thesis work. 

By thoroughly outlining the equipment, procedures, and steps involved, the 

chapter enables researchers to replicate the experiments accurately and ensures 

the reproducibility of the study. 

3.1. Instrumental Setups: 

3.1.1. UV-vis Absorption Spectroscopy: UV-vis absorption spectroscopy is a 

widely used analytical technique that measures the absorption of light in the 

ultraviolet (UV) and visible (vis) regions of the electromagnetic spectrum. It 

provides valuable information about the electronic transitions and the 

concentration of absorbing species in a sample. In operation, UV-vis absorption 

spectroscopy is based on the principle that molecules absorb specific 

wavelengths of light corresponding to the energy differences between their 

electronic energy levels. When a beam of UV or visible light passes through a 

sample, some wavelengths are absorbed by the sample, while others are 

transmitted or reflected. The absorbed light causes electronic transitions within 

the molecules, leading to an increase in their electronic energy. Components of 

a UV-vis absorption spectrophotometer, the light source of the 

spectrophotometer employs a stable and intense light source that emits a broad 

spectrum of UV and visible light. Common light sources include deuterium 

lamps for the UV region and tungsten or xenon lamps for the visible region. 

The monochromator is used to isolate specific wavelengths of light from the 

source. It consists of a diffraction grating or prism that disperses the incoming 
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light into its individual wavelengths and allows only the desired wavelength to 

pass through. The sample holder is designed to hold the sample in a way that 

the light beam can pass through it. It can be a cuvette, a solid sample holder, or 

a flow cell, depending on the nature of the sample. The photodetector 

measures the intensity of the transmitted or reflected light after it has passed 

through the sample. Commonly used photodetectors include photomultiplier 

tubes (PMTs) and photodiodes, which convert the light signal into an electrical 

signal. The data acquisition system records the intensity of the transmitted or 

reflected light at each selected wavelength. It converts the electrical signal from 

the photodetector into a digital format and stores the data for further analysis. 

 

Figure 3.1: Schematic ray diagram of an absorption spectrophotometer. Tungsten halogen 
(W1) and deuterium lamps (D2) are used as light sources in the visible and UV regions, 
respectively. M, G, L, S, PMT designate mirror, grating, lens, shutter, and photomultiplier 
tube, respectively. CPU, A/D converter and HV/amp indicate central processing unit, analog 
to digital converter and high-voltage/amplifier circuit, respectively. 

In UV-vis absorption spectroscopy, the sample is placed in the 

spectrophotometer, and the light beam passes through it. The monochromator 

selects a specific wavelength of light, which is then directed onto the sample. 

The intensity of the transmitted or reflected light is measured by the 

photodetector, and this information is recorded by the data acquisition system. 
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A reference sample, typically a solvent or blank, is also measured to correct for 

any contributions from the solvent or instrument background. The absorbance 

of the sample at a specific wavelength is calculated using the Beer-Lambert 

Law, which states that absorbance is directly proportional to the concentration 

of the absorbing species and the path length of the sample.  

Steady-state UV-vis absorption spectra were measured with Shimadzu UV-

2600 spectrophotometer and Horiba Fluorolog, respectively. Schematic ray 

diagrams of UV-vis absorption spectroscopy are shown in Figure 3.1. It is a 

technique that measures the amount of light absorbed by a sample in the 

ultraviolet and visible regions of the electromagnetic spectrum. In this 

technique, a beam of light of a specific wavelength is passed through the 

sample, and the amount of light that is absorbed by the sample is measured. 

The resulting absorption spectrum can be used to identify the electronic 

transitions occurring within the sample and provide information about its 

chemical composition and structure. 

3.1.2. Steady-state Emission Spectroscopy: Steady-state emission spectroscopy 

is a technique used to analyze the emission of light from a sample after 

excitation. It provides valuable information about the electronic transitions and 

properties of fluorescent or phosphorescent molecules. This spectroscopic 

method is commonly employed in various scientific fields, including 

chemistry, biology, material science, and environmental science. In principle, 

steady-state emission spectroscopy involves the measurement of the light 

emitted by a sample after it has been excited by an external energy source. The 

sample absorbs energy, typically in the form of light or heat, and then emits 

light of lower energy as it relaxes back to its ground state. The emitted light is 

detected and analyzed to gather information about the sample's properties. 

A typical steady-state emission spectrophotometer utilizes a light source to 

provide the excitation energy. Depending on the application, the light source 

can be a xenon or mercury lamp, a laser, or light-emitting diodes (LEDs). The 

choice of the light source depends on the required excitation wavelength and 
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intensity. A monochromator or filters are employed to select the desired 

excitation wavelength or range of wavelengths. These components ensure that 

only the desired excitation energy reaches the sample, minimizing interference 

from other wavelengths. The sample holder is designed to securely hold the 

sample in a way that maximizes the detection of emitted light. It may consist of 

cuvettes, solid sample holders, or specialized holders for different types of 

samples. The emitted light from the sample is detected by a photodetector. 

Commonly used detectors include photomultiplier tubes (PMTs), photodiodes, 

or charge-coupled devices (CCDs). These detectors convert the light signals 

into electrical signals that can be further processed and analyzed. The data 

acquisition system collects and records the emitted light signals detected by the 

photodetector. It converts the analog signals into digital form, allowing for 

further analysis and interpretation of the emission spectra. 

 

Figure 3.2: Schematic ray diagram of an emission spectrofluorometer. M, G, L, S, PMT, and 
PD represent mirror, grating, lens, shutter, and photomultiplier tube and reference photodiode, 
respectively. 
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In steady-state emission spectroscopy, the sample is excited by the light source, 

which provides the required energy for electronic transitions. The excitation 

wavelength is selected using a monochromator or filters, ensuring that only the 

desired energy reaches the sample. Upon excitation, the sample absorbs the 

energy and enters an excited state. As the excited molecules return to their 

ground state, they emit light of lower energy. The emitted light is collected by 

the photodetector and converted into an electrical signal. The data acquisition 

system records the intensity of the emitted light at different wavelengths to 

generate an emission spectrum., schematic ray diagrams as shown in Figure 

3.2, measures the light emitted by a sample when it is excited by a light source.  

3.1.3. Time-correlated Single Photon Counting (TCSPC) Technique: Time-

correlated single photon counting (TCSPC) is a powerful technique used to 

measure the arrival times of individual photons with high precision. It enables 

the investigation of fluorescence lifetimes, fluorescence decay kinetics, and 

photon emission dynamics. TCSPC is widely employed in fields such as 

biophysics, chemistry, and materials science for studying dynamic processes at 

the molecular level.  

The principle behind TCSPC involves the measurement of the time interval 

between the excitation of a sample and the detection of a single photon emitted 

from the sample. It relies on the use of ultrafast detectors and timing electronics 

to achieve accurate time resolution in the picosecond or even sub-picosecond 

range. A pulsed laser is used as the excitation source. It generates short-

duration pulses of light to excite the sample. The sample under investigation 

contains fluorescent molecules or materials that emit photons upon excitation. 

These fluorophores may have different fluorescence lifetimes or decay 

characteristics. A single-photon detector, such as a photomultiplier tube (PMT) 

or an avalanche photodiode (APD), is used to detect the emitted photons. 

These detectors can measure the arrival time of individual photons with high 

sensitivity. The timing electronics provide precise timing signals to measure 

the time intervals between the excitation pulse and the detected photon. They 
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include a time-to-amplitude converter (TAC), a time-to-digital converter 

(TDC), and a clock source. The TAC converts the time interval into an analog 

voltage, while the TDC converts it into a digital time value. The data 

acquisition system collects the time-stamped detection events from the TDC 

and stores them for further analysis. It records the arrival times of the photons 

and constructs a fluorescence decay curve or histogram. All the picosecond-

resolved fluorescence decays were collected using the TCSPC technique. The 

schematic block diagram of a TCSPC system is shown in Figure 3.3. 

 

Figure 3.3: Schematic ray diagram of time-correlated single photon counting (TCSPC). A 
signal from a microchannel plate photomultiplier tube (MCP-PMT) is amplified (Amp) and 
connected to the start channel of time to amplitude converter (TAC) via constant fraction 
discriminator (CFD) and delay. The stop channel of the TAC is connected to the laser driver 
via a delay line. L, M, G and HV represent lens, mirror, grating and a high voltage source, 
respectively. 

A commercial TCSPC setup from Edinburgh instruments (U.K.) was used 

during fluorescence decay acquisitions. The instrument response functions 

(IRFs) of the laser sources at different excitation wavelengths varied between 

70 ps to 90 ps. The fluorescence from the sample was detected by a 
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photomultiplier after dispersion through a grating monochromator [1]. For all 

excited state lifetime measurement experiments, the polarizer in the emission 

side was adjusted to be at 54.7° (magic angle) to the polarization axis of the 

excitation beam. 

3.1.4. Femtosecond Resolved Fluorescence Upconversion Technique: The 

femtosecond resolved fluorescence spectroscopy was carried out using a 

femtosecond upconversion setup (FOG 100, CDP) in which the sample was 

excited at 400 nm, using the second harmonic of a mode-locked Ti-sapphire 

laser with 80 MHz repetition rate (Tsunami, Spectra Physics), pumped by 10 W 

Millennia (Spectra Physics).  

 

Figure 3.4: Schematic diagram of a femtosecond fluorescence upconversion experimental setup. 
A BBO crystal (NC1) is used for the second harmonic generation, which provides a pump beam 
in the UV region. Another BBO crystal (NC2) generates the upconversion signal of the pump 
and probe beams. L and M indicate lenses and mirrors, respectively. M1, M2, M3, M4, M5, 
and M7 are IR mirrors whereas M6 is a UV mirror. DM is a dichroic mirror, and P is the 
periscope. 

The fundamental beam was passed through a periscopic arrangement (P) 

(Figure 3.4) before getting frequency-doubled in a nonlinear crystal, NC1 (1 

mm BBO (-barium borate),  = 25°,  = 90°). This beam was then sent into a 

rotating circular cell of 1 mm thickness containing the sample via a dichroic 

mirror (DM), a polarizer, and a mirror (M6). The resulting fluorescence 

emission was collected, refocused with a pair of lenses (L4 and L5) and mixed 
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with the fundamental beam (770 nm) coming through a delay line to yield an 

upconverted photon signal in a nonlinear crystal, NC2 (0.5 mm BBO,  = 10°,  

= 90°). The upconverted light was dispersed in a double monochromator and 

detected using photon-counting electronics. A cross-correlation function 

obtained using the Raman scattering from water displayed a full width at half 

maximum (FWHM) of 195 fs. The femtosecond fluorescence decays were fitted 

using a Gaussian shape for the exciting pulse. 

3.1.5. Femtosecond Resolved Fluorescence Measurements Using Streak 

Camera Images: Femtosecond-resolved fluorescence lifetime decay 

measurements were also carried out by capturing the streak camera images in a 

custom-made steak camera-based setup. The customized streak camera system 

consists of 3.5 ps FWHM. Laser source (Mai Tai HP 1040S from Spectra Physics, 

Mode-Locked Ti-sapphire Laser, 2.5 W, repetition rate 80 MHz, working 

temperature 20–25 °C), sample compartment, monochromator (SpectraPro 

HRS-300, scan range 0–1500 nm, 300 mm triple grating, grating change 

repeatability 0.2 nm), streak sweep unit, along with a charge coupled device 

(CCD) camera (Optronics OPTOSCOPE SC-10). The fluorescence light from the 

exit slit of the monochromator is guided to the photocathode of the streak 

camera to produce a horizontal linear spectral image. The schematic diagram of 

working principle of a streak camera is shown in Figure 3.5. 

The produced photoelectrons are then accelerated further by the electrical field 

and biased in the vertical direction under a variable electrical field through a 

streak sweep unit. These photoelectrons impinge on the multichannel plate 

(MCP) inside the streak camera and make multiple electrons that give a single 

spot on the target phosphor screen. The field scan and the laser pulse flashing 

are synchronized. These spots are then recorded by CCD and the 

corresponding pixel information is transferred to a computer for further data 

processing. The streak camera produces two-dimensional (2D) spectrum-time 

images (290 ps time along the x-axis for a 15 ps/mm sweep rate span and a 150 

nm wavelength span along the y-axis). A streak image helps detect both 
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wavelength and time from the same laser pulse shot. This experiment 

effectively captures nearly all photons of various wavelengths and times 

without producing artifacts from spectrum or decay changes during lengthy 

measurements. The decay of the fluorescence intensity in the excited state 

could be represented as I(t) = I0e−t/τ, where I(t) is the recorded intensity, I0 is the 

initial intensity, and τ is the fluorescence lifetime. 

 

Figure 3.5: Schematic diagram of working principle of a streak camera for measuring the 
variation in a pulse of light's intensity with time. 

3.1.6. Near Infrared (NIR) TCSPC: The block diagram of the customized NIR 

TCSPC system is shown in Figure 3.6. The sample was mounted on the stage 

lead of a vertically placed microscope compatible cryo stage of Linkam 

Scientific Instruments (LTS420E-PB4). The temperature controller software 

LKS10043 is able to tune the temperature from -196 °C to 400 °C. The software 

controlled liquid nitrogen flow around the stage lead is used for cooling. On 

the other hand, electrical heating issued to increase the temperature of the stage 

and that too is controlled by the same software. There is a temperature sensor 

which senses the accurate temperature of the stage and gives the feedback to 

the software. According to the difference between the target temperature and 
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the present temperature of the stage, the software interfaces either the nitrogen 

flow to the stage or electrical heating. The minimum step of temperature is 0.01 

°C for the stage. The details of the stage can be found in the website of Linkam 

Scientific Instruments as well. There were four pin probes within the stage to 

provide electrical bias to the sample. 

 

Figure 3.6. Box diagram of the custom made cryo assisted NIR TCSPC experimental set up 
along with external voltage source for device sample. The inset shows the ray diagram of the 

90° off axis gold mirror. 

The pin probes were connected to a tunable DC voltage source using external 

cables. The excitation laser of 2 mm beam diameter was passed through the 

central hole (3.2 mm diameter) of a 90° off axis gold coated parabolic mirror 

and focused on the sample using a plano-convex lens of 25.4 mm focal length at 

a spot size of 10 micron. The diverged emission was then collected through an 

optical window on the stage and has been collimated by the same planoconvex 

lens. Then, the collimated light was focused on the entry slit of a 

monochromator using a 90° off axis gold coated parabolic mirror (Thorlab, 

model number MPD269V_M01) and another reflecting mirror in the optical 
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path. Parabolic mirrors are able to focus collimated light without any spherical 

aberration on the axis of incident collimated light. Off-axis parabolic mirror is 

the side section of a parent parabolic mirror. Collimated light incident to an off-

axis parabolic mirror is focused to a particular point at a specific angle with 

respect to the incident light. For an 90° off-axis parabolic mirror, the angle 

between the collimated beam and the reflected converging light is 90°. The ray 

diagram of the 90° off axis gold coated mirror is represented at the inset of 

Figure 3.6 and the details can be found at the website of Thorlab as well. The 

diverging light coming from the exit slit was again focused on the detector 

using a set of coupled plano-convex lens. All optical components (lenses and 

mirrors) including the 90° off axis gold coated mirror were purchased from 

Thorlab. The monochromator used in the signal collection path was purchased 

from Optometrics (Model 05) which has a blazing wavelength at 1.2 

micrometer. For the detection of the signal a Hamamatsu Microchannel Plate 

Photomultiplier Tube (MCP-PMT) with a model number of R3809U-69 has 

been used. The wavelength response range of the detector is from 900 nm to 

1700 nm. The TCSPC card used in the system is SPC-130 module of Becker & 

Hickl and the transient photoluminescence data was fitted using Micromath 

Scientist software using the deconvolution by iterative reconvolution method. 

3.1.7. Transmission Electron Microscope (TEM): A Transmission Electron 

Microscope (TEM) is a powerful microscopy technique that allows for high-

resolution imaging of thin samples, typically in the range of a few nanometers. 

It is widely used in various scientific disciplines, including materials science, 

biology, and nanotechnology. A TEM operates on the principle of transmitting 

a beam of electrons through a specimen to form an image. It uses a high-energy 

electron beam instead of light, which enables much higher resolution imaging 

due to the shorter wavelength of electrons. The electron gun in a TEM 

produces a beam of high-energy electrons. It consists of a filament that emits 

electrons when heated, an anode, and a series of electromagnetic lenses to focus 

the electrons into a narrow beam. The condenser lens system focuses and 
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shapes the electron beam before it passes through the specimen. It helps to 

control the illumination of the sample. The specimen holder holds the thin 

sample that is being analyzed. The sample needs to be prepared in a way that it 

is transparent to electrons. The objective lens is responsible for forming the 

image of the specimen. It further focuses the electron beam that has passed 

through the sample onto a fluorescent screen or a detector. The projection lens 

magnifies and projects the image formed by the objective lens onto a viewing 

screen or a camera. A TEM operates under high vacuum conditions to prevent 

the scattering and absorption of electrons by air molecules. The vacuum system 

maintains a low-pressure environment within the microscope column.  

 

Figure 3.7: Schematic diagram of a typical transmission electron microscope (TEM). After the 
transmission of the electron beam through a specimen, the magnified image is formed either in 
the fluorescent screen or can be detected by a charge-coupled device (CCD) camera. 

In image formation, the electron beam passes through the thin specimen, 

interacting with its atoms along the way. Some of the electrons are transmitted 
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through the specimen, while others are scattered or absorbed. The transmitted 

electrons carry information about the sample's internal structure and interact 

with a fluorescent screen or a detector to form an image. The resulting image 

provides detailed information about the sample's morphology, crystal 

structure, defects, and other properties at atomic or near-atomic scales.  

Besides imaging, TEMs can be equipped with various detectors and accessories 

to perform advanced techniques, such as electron diffraction, energy-dispersive 

X-ray spectroscopy (EDS), electron energy-loss spectroscopy (EELS), and 

electron tomography. These techniques provide additional insights into the 

composition, elemental mapping, crystallography, and electronic properties of 

the sample. A FEI TecnaiTF-20 field-emission high-resolution TEM (Figure 3.7) 

equipped with energy dispersive X-ray (EDAX) spectrometer was used to 

characterize the microscopic structures of samples and to analyze their 

elemental composition. The sizes of the nanostructures were determined from 

the TEM images obtained at the 200 kV acceleration voltage of the microscope. 

Samples for TEM were prepared by placing a drop of the colloidal solution on 

a carbon-coated copper grid and allowing the film to evaporate overnight at 

room temperature. 

3.1.8. Scanning Electron Microscope (SEM): A Scanning Electron Microscope 

(SEM) is a powerful imaging technique that uses a focused beam of electrons to 

create high-resolution, three-dimensional images of the surface of a sample. 

Unlike the Transmission Electron Microscope (TEM), which transmits electrons 

through a thin sample, the SEM scans the sample's surface with a beam of 

electrons and detects the signals emitted from the interaction between the 

electrons and the sample. The SEM operates on the principle of scanning a 

finely focused electron beam across the surface of a sample in a raster pattern. 

As the electron beam interacts with the sample, various signals are generated, 

which are then collected and used to create an image. The high energy 

electrons across the sample give rise to secondary electrons. The signal from 

secondary electrons is detected by the detector and amplified. The ray diagram 
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of the SEM setup is shown in Figure 3.8. The components of the electron gun in 

an SEM generates a beam of electrons. It typically uses a heated filament to 

produce a stream of electrons, which are then accelerated by high voltages 

towards the sample. The electron lenses in the SEM are responsible for focusing 

 

Figure 3.8: Schematic diagram of a typical scanning electron microscope. 

and shaping the electron beam to a fine spot. They include condenser lenses 

that focus the beam onto the sample and objective lenses that focus the beam 

onto the detector. The sample stage holds the specimen and allows for precise 

positioning and movement of the sample under the electron beam. It may also 

have heating or cooling capabilities to study sample behavior under different 

temperature conditions. The scanning coils in the SEM are used to deflect the 

electron beam in a controlled manner, scanning it across the sample's surface. 

The scanning motion is typically done in a raster pattern to cover the entire 

area of interest. Various detectors are used to capture the signals generated by 

the interaction of the electron beam with the sample. The most common 

detectors include secondary electron detectors (SE) and backscattered electron 

detectors (BSE). These detectors measure the electrons that are scattered or 

emitted from the sample's surface and provide information about the 

topography and composition of the sample. Like TEMs, SEMs operate under 
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high vacuum conditions to prevent electron scattering and absorption by air 

molecules. The vacuum system maintains a low-pressure environment within 

the microscope chamber. Surface characterization of nano-materials was done 

by scanning electron microscope, FE (field emission)-SEM; JEOL. Ltd., JSM-

6500F. An electron gun is attached to SEM and the electrons from the filament 

are triggered by 0 kV to 30 kV voltages. Electrons first go through a condenser 

lens and then through an objective lens, after that through an aperture, and 

finally, reach the specimen.  

3.1.9. Dynamic Light Scattering (DLS): Dynamic light scattering (DLS), also 

known as photon correlation spectroscopy (PCS) or quasi-elastic light 

scattering (QELS), is one of the most popular techniques used to determine the 

hydrodynamic size of the particles.  

 

Figure 3.9: Schematic ray diagram of dynamic light scattering (DLS) instrument. The 
avalanche photodiode (APD) is connected to the preamplifier/amplifier assembly and finally to 
the correlator. It has to be noted that lens and translational assembly, laser power monitor, size 
attenuator and laser are controlled by the computer. 

DLS measurements were performed on a Nano S Malvern instrument (U.K.), 

employing a 4 mW He-Ne laser (λ= 632.8 nm) and equipped with a 
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thermostatic sample chamber. The instrument allows DLS measurements in 

which all the scattered photons are collected at 173° scattering angle. The 

instrument measures the time-dependent fluctuation in intensity of light 

scattered from the particles in solution at a fixed scattering angle. The ray 

diagram of the DLS setup is shown in Figure 3.9. It has been seen that particles 

in dispersion are in a random Brownian motion and this causes the intensity of 

scattered light to fluctuate as a function of time. The correlator used in a DLS 

instrument constructs the intensity autocorrelation function G(τ) of the 

scattered intensity, 

       τtItIτG                                                         (3.1) 

where τ is the time difference (the sample time) of the correlator. For a large 

number of monodisperse particles in Brownian motion, the correlation function 

(given the symbol G) is an exponential decay function of the correlator time 

delay τ, 

           Γτ2-Bexp1AτG          (3.2) 

where A is the baseline of the correlation function, and B is the intercept of the 

correlation function. Γ is the first cumulant which is related to the translational 

diffusion coefficient as, Γ= Dq2, where q is the scattering vector and its 

magnitude is defined as, 
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where n is the refractive index of dispersion, λ0 is the wavelength of the laser, 

and θ is the scattering angle. For polydisperse samples, the equation can be 

written as, 
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where the correlation function g(1)(τ) is no longer a single exponential decay 

and can be written as the Laplace transform of a continuous distribution G(Γ) 

of decay times, 

      dΓτexpGτg
0

1  


       (3.5) 

The scattering intensity data in DLS are processed using instrumental software 

to obtain the hydrodynamic diameter (dH) and the size distribution of the 

scatterer in each sample. In a typical size distribution graph from the DLS 

measurement, X-axis shows a distribution of size classes in nm, while the Y-

axis shows the relative intensity of the scattered light. The diffusion coefficient 

(D) can be calculated using the dH of the particle from the Stoke-Einstein 

relation, 

    
H

B

d3

Tk
D


         (3.6) 

where kB, T, dH, η are Boltzmann constant, the temperature in Kelvin, 

hydrodynamic diameter and viscosity, respectively. 

3.1.10. X-ray Diffraction (XRD) Measurement: XRD is a popular and powerful 

technique for determining the crystal structure of crystalline materials. By 

examining the diffraction pattern, one can identify the crystalline phase of the 

material. Small-angle scattering is useful for evaluating the average 

interparticle distance while wide-angle diffraction is useful for refining the 

atomic structure of nanoclusters. The widths of the diffraction lines are closely 

related to strain and defect size and distribution in nanocrystals. As the size of 

the nanocrystals decreases, the line width is broadened due to the loss of long-

range order relative to the bulk. This XRD line width can be used to estimate 

the size of the particle by using the Debye-Scherrer formula 3.7. XRD 

measurements were performed on a PANalytical XPERT-PRO diffractometer 

(Figure 3.10) equipped with CuK radiation (λ = 1.5418 Å at 40 mA, 40 kV). 
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XRD patterns were obtained by employing a scanning rate of 0.02° s−1 in the 2θ 

range from 10° to 80°. 
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
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D                (3.7) 

where, D is the nanocrystal diameter, λ is the wavelength of light,   is the full-

width half-maximum (FWHM) of the peak in radians, and θ is the Bragg angle.  

 

Figure 3.10: Schematic diagram of an X-ray diffraction (XRD) instrument. By varying the 

angle θ, the Bragg's law conditions, nλ = 2dsinθ are satisfied by different d-spacings in 

polycrystalline materials. Plotting the angular positions and intensities of the resultant 

diffracted peaks of radiation produces a pattern, which is characteristic of the sample. 

3.1.11. Thermogravimetric Differential Thermal Analyzer (TG-DTA): The 

thermogravimetric (TG) analysis was carried out using a diamond TG-

differential thermal analyzer (DTA) from Perkin Elmer. The TG determines the 

weight change of a sample whereas the DTA measures the change in 

temperature between a sample and the reference as a function of temperature 

and/or time. The schematic representation of the TG-DTA setup is shown in 

Figure 3.11. When a weight change occurs on the sample side, the beam 

holding the platinum pans is displaced. This movement is detected optically 

and the driving coil current is changed to return the displacement to zero. The 

detected driving coil current change is proportional to the sample weight 

change and the output is the TG signal. The DTA detects the temperature 

difference between the sample holder and the reference holder using the 
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electromotive force of thermocouples, which are attached to the holders. This 

difference is measured as the DTA signal. 

 

Figure 3.11: The schematic representation of the TG-DTA setup. 

3.1.12. Fourier Transform Infrared (FTIR) Measurement: FTIR spectroscopy is 

a technique that can provide very useful information about functional groups 

in a sample. An infrared spectrum represents the fingerprint of a sample with 

absorption peaks which correspond to the frequencies of vibrations between 

the bonds of the atoms making up the material. Because each different material 

is a unique combination of atoms, no two compounds produce the same 

infrared spectrum. Therefore, infrared spectroscopy can result in an 

identification (qualitative analysis) of different kinds of material. Also, the size 

of the peaks in the spectrum is a direct indication of the amount of material 

present. The two-beam Michelson interferometer is at the heart of the FTIR 

spectrometer. It consists of a fixed mirror (M4), a moving mirror (M5), and a 

beam-splitter (BS1), as illustrated in Figure 3.12. The beam-splitter is a laminate 

material that reflects and transmits light equally. The collimated IR beam from 

the source is partially transmitted to the moving mirrors and partially reflected 
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in the fixed mirror by the beam-splitter. The two IR beams are then reflected in 

the beam-splitter by the mirrors. The detector then detects the transmitted 

beam from the fixed mirror and the reflected beam from the moving mirror, 

simultaneously. The two combined beams interfere constructively or 

destructively depending on the wavelength of the light (or frequency in 

wavenumbers) and the optical path difference introduced by the moving 

mirror. The resulting signal is called an interferogram which has the unique 

property that each data point (a function of the moving mirror position) which 

makes up the signal that has information about every infrared frequency which 

comes from the source. Because the analyst requires a frequency spectrum (a 

plot of the intensity at each frequency) to make an identification, the measured 

interferogram signal cannot be interpreted directly.  

 

Figure 3.12: Schematic representation of fourier transform infrared (FTIR) spectrometer. It is a 
Michelson interferometer in which one of the two fully-reflecting mirrors is movable, allowing 
a variable delay (in the travel time of the light) to be included in one of the beams. M, FM, and 
BS1 represent the mirror, focusing mirror and beam splitter, respectively. M5 is a moving 
mirror. 

A means of “decoding” the individual frequencies is required, which can be 

accomplished via a well-known mathematical technique called the Fourier 

transformation. This transformation is performed by the computer which then 
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presents the user with the desired spectral information for analysis. FTIR 

measurements were performed on a JASCO FTIR-6300 spectrometer 

(transmission mode). For the FTIR measurements, powdered samples were 

mixed with KBr powder and pelletized. The background correction was made 

using a reference blank KBr pellet. Some time Fourier transform infrared 

spectroscopy (FTIR) of the powder samples are also performed with the 

attenuated total reflectance (ATR) method using a Vertex 70 V instrument 

(Bruker, Germany). 

3.1.13. Laser Raman Spectroscopy: Raman spectroscopy is a useful technique 

for the identification of a wide range of substances- solids, liquids, and gases. It 

is a straightforward, non-destructive technique requiring no sample 

preparation. Raman spectroscopy involves illuminating a sample with 

monochromatic light and using a spectrometer to examine light scattered by 

the sample.  

 

Figure 3.13: A schematic diagram of a Raman spectrometer.  

At the molecular level photons can interact with matter by absorption or 

scattering processes. Scattering may occur either elastically, or inelastically. The 

elastic process is termed Rayleigh scattering, whilst the inelastic process is 
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termed Raman scattering. The electric field component of the scattering photon 

perturbs the electron cloud of the molecule and may be regarded as exciting 

the system to a ‘virtual’ state. Raman scattering occurs when the system 

exchanges energy with the photon and the system subsequently decays to 

vibrational energy levels above or below that of the initial state. The frequency 

shift corresponding to the energy difference between the incident and scattered 

photon is termed the Raman shift. Depending on whether the system has lost 

or gained vibrational energy, the Raman shift occurs either as an up or down-

shift of the scattered photon frequency relative to that of the incident photon. 

The down-shifted and up-shifted components are respectively called the Stokes 

and anti-Stokes lines. A plot of the detected number of photons versus Raman 

shift from the incident laser energy gives Raman spectrum. Different materials 

have different vibrational modes, and therefore characteristic Raman spectra. 

This makes Raman spectroscopy a useful technique for material identification. 

There is one important distinction to make between the Raman spectra of gases 

and liquids, and those taken from solids− in particular, crystals. For gases and 

liquids, it is meaningful to speak of the vibrational energy levels of the 

individual molecules which make up the material. Crystals do not behave as if 

composed of molecules with specific vibrational energy levels; instead, the 

crystal lattice undergoes vibration. These macroscopic vibrational modes are 

called phonons. In modern Raman spectrometers (Horiba LabRAM setup), 

lasers are used as a photon source due to their highly monochromatic nature, 

and high beam fluxes (Figure 3.13). This is necessary as the Raman effect is 

weak, typically the Stokes lines are ~105 times weaker than the Rayleigh 

scattered component. In the visible spectral range, Raman spectrometers use 

notch filters to cut out the signal from a very narrow range centered on the 

frequency corresponding to the laser radiation. Most Raman spectrometers for 

material characterization use a microscope to focus the laser beam to a small 

spot (<1−100 m diameter). Light from the sample passes back through the 

microscope optics into the spectrometer. Raman-shifted radiation is detected 

with a CCD detector and a computer is used for data acquisition and curve 
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fitting. These factors have helped Raman spectroscopy to become a very 

sensitive and accurate technique. 

3.1.14.  Fluorescence Microscope: Commercially available fluorescence 

microscope (Leica digital inverted microscopes DMI8.) was used in our study. 

 

Figure 3.14. Schematic presentation of the fluorescence microscope. 

The light source is usually a mercury-vapor lamp. For bright field, Tungsten-

halogen lamp was used. In particular, an inverted setup with a mercury-vapor 

lamp as light source is shown in Figure 3.14. The dichroic mirror, excitation 

and emission filter are joined together within the filter cube (Figure 3.14). Since 

mercury-vapor lamps emit light over the whole optical spectrum as well as in 

the ultraviolet range, an optical excitation filter is used to isolate one specific 

wavelength. Due to the Stokes shift, it is possible to separate excitation and 

emission light in the same light path optically via a dichroic mirror. This way, 
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only the emission light is collected by the objective. An emission filter helps to 

suppress unwanted background light. 

3.1.15. Hydrothermal Technique: The hydrothermal technique has been the 

most popular one, gathering interest from scientists and technologists of 

different disciplines, for the synthesis of different nanomaterials. The 

hydrothermal reaction is defined as any heterogeneous chemical reaction in the 

presence of a solvent (whether aqueous or non-aqueous) above room 

temperature and a pressure greater than 1 atm in a closed system.  

 

Figure 3.15: Schematic representation of an lined stainless steel autoclave. 

Crystal growth under hydrothermal conditions requires a reaction vessel called 

an autoclave. The autoclave must be capable of sustaining highly corrosive salt, 

which is used to synthesize inorganic materials at high temperatures and 

pressure for a longer duration of time. For selecting a suitable autoclave, the 

first and foremost parameter is the experimental temperature and pressure 

conditions, and the corrosion resistance in that pressure-temperature range in a 

given solvent or hydrothermal fluid. To avoid corrosion of autoclave material it 
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should be coated with non-reactive material called Teflon from inside. Due to 

the larger coefficient of thermal expansion of Teflon versus metal, the Teflon 

will expand and contract much more upon heating and cooling cycles than its 

enclosure material. For the synthesis of nanomaterials, we have used the 

Teflon-lined stainless steel autoclave of 30 mL capacity (Figure 3.15). The 

autoclave was rested at the desired temperature under autogenous pressure for 

the desired time.  

3.1.16. Electrochemical Impedance Spectroscopy (EIS): Electrochemical 

Impedance Spectroscopy (EIS) is a powerful technique to investigate the 

electronic and ionic processes in photovoltaic devices. Electrochemical 

impedance is usually measured by applying an AC potential to an 

electrochemical cell and then measuring the current through the cell.  

 

Figure 3.16. Schematic diagram of a simplified measurement circuit for performing 
Electrochemical Impedance Spectroscopy (EIS). 

An important advantage of EIS over other techniques is the possibility of using 

tiny AC voltage amplitudes exerting a very small perturbation on the system. 
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A Nyquist plot can be made by plotting the real part of the transfer function on 

the X-axis and the imaginary part on the Y-axis.  The Nyquist diagram features 

typically three semicircles that in the order of increasing frequency are 

attributed to the Nernst diffusion within the electrolyte, the electron transfer at 

the oxide/electrolyte interface and the redox reaction at the platinum counter 

electrode. From applying appropriate equivalent circuits, the transport rate and 

lifetime of the electron in the mesoscopic film are derived. Electrochemical 

impedance spectroscopy (EIS) were performed on an electrochemical 

workstation CHI650E (CH instruments) with a frequency range from 100 kHz 

to 0.1 Hz in the open circuit condition. The schematic presentation of the EIS 

set up is shown in Figure 3.16. All impedance measurements were carried out 

under a bias illumination of 100mW/cm2. The obtained spectra were fitted 

using the CHI650E software in terms of appropriate equivalent circuits. 

The system containing thin films were used as a working electrode with a 0.27 

cm2 geometric area exposed to the electrolyte solution under light irradiation. 

The experiments were performed in a conventional three-electrode cell using 

Ag/AgCl (3.5 M KCl) used as a reference electrode, Pt-foil as counter electrode 

and the sample coated film as the working electrode. The photo-

electrochemical measurement was executed in 0.1 M Na2SO3 with 0.1 M 

Na2SO4 solution for SO32- (sacrificial) oxidation reaction within the potential 

range from 0.1 to 0.6 V using a CHI650E potentiostat (CH Instrument, Austin, 

TX) at a scan rate of 10 mV/s. The water oxidation reaction was carried out in 

0.1 M Na2SO4 solution in PBS (pH 7) using a similar experimental set up within 

the range from 0.0 to 1.0 V [2]. The EIS measurements were performed using a 

similar experimental setup with 0.1 M Na2SO4 ( in pH 7 PBS) solution 

employing Autolab 302N PG-stat with a frequency response analyzer (FRA). In 

the Nyquist plot, the variation of real and imaginary parts of the impedance at 

different frequencies within the range of 100 kHz to 20 MHz was obtained 

under UV- visible illumination at an applied potential of 0.8 V. The stability of 

the system undergoing a water oxidation reaction was examined through 
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chronoamperometry using the same reaction condition under constant 

illumination of 100 W/cm2 at an applied potential of 0.8 V for 30 min [2]. 

The classical definition of external quantum efficiency (EQE) is the ratio 

between the numbers of molecules degraded by the number of incident 

photons involved in the catalysis process [3-5]. The EQE is denoted by the 

below equation – 

                 EQE =  
<𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒(𝑚𝑜𝑙/𝑠𝑒𝑐)>

<𝑝ℎ𝑜𝑡𝑜𝑛 𝑟𝑎𝑡𝑒(𝑒𝑖𝑛𝑠𝑡𝑒𝑖𝑛/𝑠𝑒𝑐)>
× 100%      (3.8) 

EQE of the semiconductor is also calculated from the photo-induced current 

measurement process. Incident Photon to Charge Carrier Efficiency (IPCE) was 

calculated by determining the power of the incidental beam of light at a 

specified wavelength, using the following equation  

       IPCE (%) = (1240/λ) × (IPh/Pin) × 100 %                      (3.9) 

where λ is the wavelength of the incident light, IPh is the measured 

photocurrent of the system (in mA/cm2) and Pin is the power of incident beam 

(in mW/cm2) [6].  

3.1.17. Electrode Preparation for Photocurrent Measurement: 100 mg of NPs 

were suspended in 5 ml EG and the mixtures were kept in an ultra-sonication 

bath for ∼1 hr. Then 400 μl of the mixture was dropped cast onto a clean ITO 

coated rectangular size glass plate of dimension 1.5 × 1.5 cm2 to prepare thin 

films of samples. The NP coated thin films were annealed in air at ~350 °C for 6 

hr. with a ramping rate of 1°C per min. followed by soaking for 3 hr. to obtain 

uniform, well-adhered thin films. 

3.1.18. Light Source Used to Illuminate Samples: For UV light-mediated 

experiment a homemade UV light source of 360 nm – 500 nm was used to 

irradiate samples under UV-blue range. For visible light-driven experiments, a 

readymade light source (λ = ~400 nm to 560 nm and power = 3 mW/cm2) has 

been used. For NIR light source a tungsten-halogen light with a 650 nm high-

pass filter has been used. A 300 W Xe-lamp (Excelitas USA) with 100 mW/cm2 
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illumination was utilized as the light source for the photo-electrochemical 

measurements. 

3.1.19. Photostability Measurement: To characterize the photostability of ZIF8-

IR820 nano-MOF, we used the ZIF8-IR820 nano-MOF and IR820 in ethanol 

solvent. The concentration of IR820 in the ZIF8-IR820 nano-MOF was 1.6 μM 

and the same concentration of pristine IR820 was used for the measurement. 

The optical density (OD) measurements were collected at 819 nm in 3 minutes 

intervals of time under a white LED lamp of power 12 watts and wavelength 

range 400 nm to 800 nm [7]. 

3.1.20. Aqueous Stability Measurement: To check the water stability of all the 

ZIF samples, we have synthesized ZIFs using methanol as the suitable solvent. 

For all the solution phase experiments, we used dimethyl sulphoxide (DMSO) 

as the solvent. The solid samples are poured into water for a certain time and 

then it was collected using multiple centrifugation steps. Finally, the water 

treated solids are heated at 60 °C for 3 hr for drying before the XRD analysis. 

The water stability experiments are performed using solid ZIF samples. 2 mg of 

each of the samples are dissolved in DMSO and 100 µL of the solution is mixed 

with 2 mL of distilled water. The absorbance at 595 nm is measured at a 1 

minute time interval. Moreover, the solid samples are kept in water for 10 days 

at room temperature, dried and XRD is recorded.  The morphology of the ZIFs 

is analyzed using scanning electron microscopy (Quanta FEG 250: FEG source; 

accelerating voltage, 200 V to 30 kV; resolution). 

3.1.21. pH-responsive Dissolution: To investigate the dissolution pattern of 

Zn50Co50-ZIF, 2 mg sample is dissolved in DMSO and 100 µL of the solution is 

mixed separately with 2 mL of phosphate buffer (pH = 7.4) and acetate buffer 

(pH = 5.5). The absorbance at 595 nm is monitored at an hour interval of time. 

3.1.22. Drug Loading Capability: The RF drug loading capability (DLC) was 

measured in an ethanol solution of RF. The absorption peak of RF was collected 

before and after loading onto ZIF8 sample and by relating the absorption peak 
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intensity at 480 nm DLC (in percentage) was calculated as per the below 

equation: 

The amount of drug loaded

The amount of ZIF8 sample
 × 100                                        (3.10)  

 

3.1.23. Photocatalytic Measurements: The photocatalytic measurements of the 

systems have been carried out using photocatalytic degradation of dyes at 

ambient temperature. The sample was taken in a quartz cuvette (1 mg in 2 ml 

aqueous medium) and toxic dye (TD) was added to it to get an absorption peak 

height of 0.6 a.u. The total suspension was then exposed to a light source and 

absorbance data were collected at 10 minutes interval of time. The percentage 

degradation (% DE) of TD was determined using the following equation, 

 % 𝐷𝐸 =  
𝐼0−𝐼(𝑡)

𝐼0
× 100          (3.11) 

For photocatalysis using stainless steel mesh (SSM), a 1 cm2 mesh has been 

taken for the experiment. Initially, sample has been decorated on the mesh 

using the hydrothermal method described above. The nanoparticle decorated 

mesh is placed into a beaker containing 5 mL of water. The whole system is 

exposed to light for 4 hrs and data has been collected at 20 minutes time 

interval. The photocatalytic activity of the mixed ZIF under visible light 

illumination was performed for photo-decomposition of methylene blue (MB), 

a model pollutant in an aqueous solution. The photodegradation of MB was 

examined in a quartz cell (1 cm optical path) containing 3 mL of the solution (1 

gL-1) of ZIF. The suspension was irradiated under visible light using a standard 

white LED light source of 6-watt power and date were taken out at certain time 

intervals. 

3.1.24. DPPH Assay for In Vitro Antioxidant Activity Study: UV-vis assisted 

DPPH assay was performed to study the antioxidant activity of the samples 

using the reported methodology [8]. The degradation kinetics of 2, 2-diphenyl-

1-picrylhydrazyl (DPPH) was observed and monitored by measuring the 
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decrease in this characteristic absorption peak of DPPH at 520 nm as a function 

of time. The assay was performed in the dark as well as in the presence of light 

irradiation and the time interval between two consecutive data was 5 minutes. 

3.1.25. Preparation of DCFH for Extracellular ROS Generation Study: DCFH 

was prepared by the de-esterification reaction of DCFH-DA at room 

temperature [8]. DCFH was prepared by the composition of 0.5 ml of 1.0 mM 

DCFH-DA in methanol solvent with 2.0 ml of 0.01 N aqueous NaOH for 30 

minutes at room temperature. The mixture was neutralized to pH = 7.4  by 10 

ml of 25 mM NaH2PO4 solution [9]. The final solution was stored on ice in dark 

condition. In this assay, DCFH oxidation leads to the formation of a fluorescent 

DCF, which can be taken upon excitation at the wavelength of 488 nm, using 

steady-state fluorescence emissions. The extends in the fluorescence intensity at 

around 520 nm reflects the generation of ROS. For recyclability assay, fresh 

DCFH is added to the system after 1 hr and the assay is continued for 

consecutive three cycles. The standard white light source of wavelength 400 nm 

to 700 nm is used to irradiate the samples. 

In order to investigate the DCFH oxidation experiment of Au_ZnO and 

Au_ZnO-TC, we have used concentration of TC (1.4 µM), ZnO-TC hybrid (the 

concentration of TC in the nanohybrid is 1.4 µM) and Au_ZnO and Au_ZnO-

TC were checked from optical density (OD). The concentration-dependent ROS 

activity of tri-hybrid is also performed for different concentrations (C1, 5.2 µM; 

C2, 7.8 µM, C3, 10.4 µM and C4, 13.0 µM) of Au_ZnO-TC tri-hybrid. The room 

temperature steady-state fluorescence emissions were collected at 525 nm upon 

an excitation wavelength of 485 nm. The ROS experiments were performed in 

dark followed by irradiation of white light of wavelength 400 nm to 700 nm. To 

measure the ROS production capability of ZIF8-IR820, the concentration of the 

samples was confirmed from OD measurement. We used 1 μM concentration 

of only IR820 dye and the same concentration of IR820 was fixed in ZIF8-IR820 

by maintaining a similar OD at 819 nm.  The concentration of ZIF-8 was 

maintained by keeping the same OD of ZIF-8 with the ZIF8-IR820 nano-MOF 
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which contains 1 μM of IR820. The pH-dependent ROS measurement was 

performed in PBS buffer media of two different pH values (pH = 5.5 and pH = 

7.4). The concentration dependent ROS studies were measured for four 

different concentrations (C1, 0.1 OD; C2, 0.15 OD; C3, 0.2 OD and C4, 0.25 OD) 

of ZIF8-IR820 nano-MOF. The ROS experiment was completed in dark initially 

for 15 minutes and then under treatment of red light irradiation of wavelength 

640 nm for 25 minutes. 

3.1.26. In Vitro Photodynamic Therapy (PDT): The antibacterial assays of 

Zn50Co50-ZIF have been performed using antibiotic-resistant bacterial strains of 

gram-positive methicillin-resistant S. aureus (MRSA). To perform the growth 

performance of bacteria under different treatment conditions, bacterial culture 

of 12 hrs is diluted 20 times and different samples are added. The samples were 

incubated for 2 hrs followed by light irradiation of 30 minutes. The absorbance 

at 540 nm is monitored with 30 minutes intervals. Only bacterial culture is 

considered as negative control. The absorbance is plotted against time and the 

nature of the plot suggests the relative effectiveness of the ZIF samples as an 

antibacterial agent. For colony forming unit assay, we have chosen 1 mg/mL 

concentration of the sample. MRSA culture was incubated with the requisite 

sample for 3 hrs under dark conditions followed by 30 minutes of white light 

irradiation followed by plating of the cultures. The plates were incubated 

overnight at 37 °C and well-grown colonies were counted for estimation of the 

antibacterial effect of the Zn50Co50-ZIF sample.  

The bacterial culture of ZIF8-RF was evaluated using MRSA (strain 1692) as the 

typical culture. The MRSA bacteria growth in Luria Broth (LB) media was 

performed in a shaker incubator at 37 °C. The colony forming unit (CFU) assay 

was performed on MRSA bacterial cells. Once the optical density (OD) reached 

∼0.6 in the absorbance band, the MRSA bacterial culture was diluted 103 times. 

The culture was treated by ZIF8-RF (for four different concentrations C1: 0.25 

mg/mL sample, C2: 0.50 mg/mL sample, C3: 0.75 mg/mL sample and C4: 1.00 

mg/mL sample of ZIF8-RF) and RF (maintaining the OD at 480 nm similar to 
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the ZIF8-RF nanohybrid) for 3 hrs. 100 μl from each of the treated samples were 

spread on agar plates and incubated at 37 °C overnight. The CFU were counted 

after incubation and the triplicate of the experiment was carried out, and the 

results were expressed with proper statistical P value less than equal to 0.05. 

The antibacterial culture of ZnO-NF has been performed with E. Coli cells 

following a reported method [10]. To observe the bacterial growth analysis 

under different treatment conditions, bacteria cells were cultured at 37 °C in 

Luria Broth (LB) medium for 12 hrs, diluted 1000 times and different samples 

are added. The bacterial assay experiment has been cultured in different 

cuvettes containing 30 nm ZnO-NF nanohybrids (0.5 mg/mL sample of 

nanohybrids which contains 0.5 μM NF), 30 nm ZnO nanoparticles 

(maintaining the O.D. at 369 nm similar to the 30 nm ZnO nanohybrid), NF 

(concentration of NF used on the basis of NF loading on the surface of ZnO 

nanoparticles) and DMSO.  The samples were incubated at 37 °C after 

irradiation of UV light (wavelength 375 nm) for 30 minutes. In order to verify 

the reduction effect of drugs, absorbance was taken in 1 hr interval of time and 

it has been performed up to ~25 hrs. Finally, the absorbance of all the samples 

has been performed and plotted with respect to time. The nature of the plot 

suggests the relative effectiveness of the ZnO-NF samples as antibacterial 

drugs. 

The antimicrobial activity of ZIF8-IR820 samples was investigated against 

Staphylococcus hominis as the model bacteria. Staphylococcus hominis were 

cultured in an incubator shaker of temperature at 37 °C in LB medium for 24 

hrs. The experiments proceeded with freshly grown Staphylococcus hominis 

culture, diluted 105 times and the samples were added on it. Initially, the dark 

toxicity was checked for four different concentrations (1 mg/ml, 0.75 mg/ml, 

0.5 mg/ml, 0.25 mg/ml and 0.125 mg/ml) of the ZIF8-IR820 nano-MOF. The 

treatment of white light was introduced on the optimized concentration (0.125 

mg/ml) of ZIF8-IR820 nano-MOF. The bacterial cells were incubated for 2.5 hrs 

followed by 25 minutes irradiation of red light. Then cultures were spread 
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uniformly on LB agar plates, then it is incubated at 37 °C for 24 hrs to get the 

number of viable cells. The photo-dose dependent antibacterial action of 0.125 

mg/ml ZIF8-IR820 nano-MOF was performed under red light illumination in 5 

minutes interval of time. 

The antibacterial action of Au_ZnO-TC tri-hybrids has been performed against 

S. hominis bacteria. The fresh bacteria of S. hominis has cultured in a shaker 

incubator at a temperature of 37 °C for 16 hrs. The freshly grown S. hominis 

culture was diluted 105 times. Treatment of bacteria has been performed by the 

samples. The experiment was done on LB agar plates by the colony forming 

unit (CFU) assays method. Initially, the dark toxicity was optimized by 

performing concentration dependent antibacterial activity (0.125 mg/ml, 0.25 

mg/ml, 0.5 mg/ml, 0.75 mg/ml and 1 mg/ml sample) of the Au_ZnO-TC tri-

hybrids. The treatment of light was performed with an optimized 

concentration of Au_ZnO-TC tri-hybrid which is 0.25 mg/ml. The S. hominis 

cells were incubated for 2.5 hrs at 37 °C followed by 25 minutes illumination of 

white light. Then the treated bacteria were spread uniformly on agar plates.  

3.1.27. Bacterial Biofilm Development Technique: The biofilms of MRSA 

bacteria were prepared in LB media on 60 mm antiseptic polycarbonate Petri 

plates. These cells were uniformly spread over the Petri plate and then 

incubated for 2 days at 37 °C temperature [11]. Crystal violet (CV; 0.1% (w/v)) 

assay analysis was used to measure the biofilms. After then it was solubilized 

in 95% ethanol. The level of biofilm arrangement was assessed using the UV-

vis absorbance band at 588 nm. The biofilms have also been cultured by the 

ZIF8-RF sample (concentration C3) with respect to control MRSA and the 

morphological variations of the biofilms were obtained using SEM setup. 

3.2. Chemicals Used:  

The chemicals and spectroscopic probes were procured from the following 

sources. Analytical-grade chemicals were used for synthesis without further 

purification. Deionized (DI) water obtained from Millipore, was used to 
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prepare all aqueous solutions. Different solvents including Methanol, Ethanol, 

DMSO, and Ethylene Glycol were purchased from Sigma-Aldrich. 

Polyethylene glycol (PEG) (Mw = 1000) was brought from Fluka. The probes 

methylene blue (Carlo Erba), methyl orange (Sigma-Aldrich), 2,2-Diphenyl-1-

picrylhydrazyl (DPPH) (Sigma-Aldrich), the dyes protoporphyrin IX (Sigma-

Aldrich), curcumin (Cur) (Sigma-Aldrich), phthalocyanine (Sigma-Aldrich), 

anhydrous iron(III) chloride (FeCl3), norfloxzcin (Sigma-Aldrich), rifampicin 

(Sigma-Aldrich), Tetracyclin (Sigma-Aldrich), 2-methyl imidazolate (Sigma-

Aldrich), Zn(NO3)2·6H2O (Sigma-Aldrich), CoCl2 (Sigma-Aldrich), indocyanine 

green IR820 (Sigma-Aldrich), Na2CO3 (Sigma- Aldrich), NaOH (Sigma- 

Aldrich), silver nitrate (AgNO3) (Sigma- Aldrich), tri-sodium citrate (Sigma- 

Aldrich), NaBH4 (Sigma- Aldrich), ZnO nanoparticles (Sigma- Aldrich), 

Gold(III) chloride HAuCl4·3H2O (Sigma- Aldrich)  were purchased for 

experimental work. The solution of chromium chloride hexahydrate salt 

(CrCl3· 6H2O), ammonium hydroxide (NH4OH), Dichlorofluorescin (DCFH) 

(Sigma- Aldrich), Na2HPO4, crystal violet, phthalocyanine and zinc acetate 

dehydrate (Zn(CH3CO2)2·2H2O) (Sigma-Aldrich) were also purchased from 

Sigma-Aldrich.  

3.3. Sample Preparation:  

In this section, all the sample preparation methods have been discussed. 

3.3.1. Synthesis of Zn50Co50 Systems: Zn50Co50 nanocrystals have been 

prepared by employing Zn, Co and Hmim (2-methyl imidazolate) ligand ratio 

as 1:1:8. The concentration of metals and ligand are chosen based on the 

previously reported results of mixed ZIF synthesis [10]. The synthesis has been 

carried out through an easy and facile route following a one-pot procedure 

[12]. In a typical synthesis of ZIF, metal and ligand solutions are prepared 

individually in the same volume of methanol 5 mL methanolic solution has 

been prepared using 50 mM of each of the metal salt. Ligand solution is 

prepared by dissolving 292 mg Hmim in 5mL methanol. The two solutions are 
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mixed under stirring conditions at room temperature and kept undisturbed for 

24 hrs. The resultant solid products are collected by centrifuging (at 5000 rpm, 

5 minutes), washed thrice with methanol to remove excess Hmim and then 

dried overnight at room temperature. ZIF-8 and ZIF-67 are synthesized 

following the reported strategy using Zn(NO3) and CoCl2 as precursors 

respectively. 

3.3.2. Synthesis of ZIF-8 Framework: The room temperature sol-gel method 

was applied for the synthesis of ZIF-8 nano-MOF [13]. Initially, 7.33 mg of 

(Zn(NO3)2·6H2O) and 16.22 mg of Hmim were solubilized in 5 mL of methanol 

solution individually. Once the solutions dissolved, the 5 mL of Hmim solution 

was mixed with 5 mL of metal ion dropwise under constant magnetic stirring 

conditions. The mixer solution started precipitating within a few minutes. The 

final solution was kept at room temperature for 2 hrs and precipitates were 

collected after washing with methanol and dried under 50 °C.  

3.3.3. Synthesis of ZIF8-IR820 Nano-MOF: 20 mg of ZIF-8 was mixed in 10 

mL, 0.2 mM of IR820 solution in methanol under constant magnetic stirring 

and kept for 12 hrs. The final solution was washed 5 times with pure methanol 

by centrifugation methods. Finally, the precipitates of ZIF8-IR820 were 

collected and dried at 50 °C [13]. 

3.3.4. Synthesis of Fe-Cur Composite: The Fe-Cur compound was prepared by 

mixing curcumin with iron(III) chloride at a molar ratio of 1:1 in a methanolic 

solution [8, 14]. First, 50 mL of 2 mM curcumin in methanol was heated at 60 °C 

for dissolution. Iron(III) chloride (2 mM) was dissolved in 100 mL methanol by 

heating and added into the curcumin solution. A brown colour solid 

precipitate was formed immediately and it was refluxed for 2.5 hrs [15]. The 

brown product was filtered and washed firstly with cold methanol and then 

with water to eliminate the remaining reactants. The purified product was 

dried in a vacuum overnight at 60 °C and the final appearance of the product 

was brown. 
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3.3.5. Synthesis of Zn(II)–Cur Compound: The compound Zn(II)-Cur was 

synthesized at a molar ratio of 1:1 [8, 14]. 50 mL of 2 mM solution of Cur in 

methanol was heated at 60 °C for suspension. 2 mM zinc acetate dihydrate was 

dissolved in 100 mL of methanol by heating. It was added into the Cur and the 

solution was refluxed for 2.5 hrs [15]. The red solid sample was filtered and 

washed to eliminate the remaining reactants. The purified sample was dried in 

a vacuum overnight at 60 °C and the final product was red in colour [14]. 

3.3.6. Synthesis of Fe2O3 Nanoparticles: Fe2O3 nanoparticles were prepared 

following a method described in reference [16]. Typically 203 mg FeCl3 was 

dissolved in 5 ml ethylene glycol by vigorous stirring. After 30 minutes of 

stirring 15 ml, 0.25M NaOH was added drop-wise to the solution. Then the 

solution is vigorously mixed for 2 hrs after which the brown-colored 

precipitation was transferred into a teflon lined stainless-steel autoclave. The 

sealed device is kept at a constant temperature of 150 °C for 18 hrs. Under the 

solvothermal conditions, the complete nucleation process takes place.  

3.3.7. Synthesis of Fe2O3-PC Nanohybrids: The nanohybrids were prepared 

using a mechanical attachment process. 30 mg Fe2O3 nanoparticles were taken 

in 30 mL DMSO-water mixture. The pH of the system is slightly adjusted to 

basic by adding two drops of 0.25 M NaOH. Then 0.2 mM PC solution was 

added and mixed at room temperature and shaken for 24 hrs to obtain PC 

attached Fe2O3 nanohybrid. The system is then washed several times using 

Millipore water to remove unattached PC. Finally, as synthesized nanohybrid 

was dried in an oven and put in the dark until further use. 

3.3.8. Synthesis of ZnO Nanoparticles: ZnO nanoparticles of size ~5 nm were 

prepared in the ethanolic medium following the method as described in 

reference [17]. 20 mL 4 mM zinc acetate dihydrate (CH3COO)2Zn·2H2O was 

heated at 60 °C around 30 minutes [18]. 20 mL 4mM sodium hydroxide 

solution in ethanol was added in the solution. The mixture was vigorously 

stirred for 2 hrs at 60 °C. The resulting solution was cooled at room 

temperature and stored at 4 °C until further use. ZnO nanoparticles of size ~30 
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nm were synthesized by the precipitation method [19]. Firstly, PEG (10% V/V) 

was taken in a three-naked flux. Next, 0.05 M zinc acetate and 0.1 M Na2CO3 

were added simultaneously into the PEG solution. The system was stirred 

vigorously for 2 hrs. Then the precipitate was washed with double distilled 

water, ammonia solution (pH = 9), and ethanol. It was dried at room 

temperature. The precipitate was calcined in a muffle furnace at 450 °C for 3 

hr. Finally, ZnO nanoparticle of size ~25 - 30 nm were prepared.  

3.3.9. Preparation of ZnO-NF Nanohybrids: The surface 30 nm of ZnO 

nanoparticles were functionalized by NF by adding 15 mg of 30 nm ZnO 

nanoparticles to 15 ml of NF solution (0.25 mM solution in DMSO) with 

regular stirring at room temperature for 15 hrs [18]. After 15 hrs the solution 

was then centrifuged for 30 minutes. Then the nanohybrid was washed with 

DMSO three times to remove free dyes. After washing, the nanohybrid was 

then dried in an oven for 8 hrs under 140 °C. Similarly, the surface of ~5 nm 

ZnO nanoparticles were functionalized with NF (0.25 mM solution in ethanol) 

by adding 15 mL of ZnO (5 nm) nanoparticles with continuous stirring at room 

temperature, for 15 hrs. 

3.3.10. Synthesis of Silver Nanoparticles: Citrate functionalized Ag 

nanoparticle was synthesized at 0 °C temperature in an aqueous solution (pH 

= 6.5) by following the synthesis technique described below [20]. In a typical 

synthesis process, 1 mL 5 mM aqueous solution of AgNO3 was added to 16 mL 

1 mM aqueous solution of sodium citrate. The solution was then put under 

continuous stirring conditions in an ice bath at 0 °C for 2 hrs. 150 mL 5mM 

aqueous NaBH4 solution was added to that solution dropwise. The color of the 

solution turned yellow and the synthesized nanoparticle was kept at 4 °C 

temperature until further use.  

3.3.11. Synthesis of ZnO-TC Nanohybrids: The synthesis of ZnO-TC 

nanohybrids were performed under continuous stirring conditions at room 

temperature. Initially, 12 mg of ZnO nanoparticles were added into 0.2 mM 10 

ml of TC solution. After 12 hrs of continuous magnetic stirring, the solution 
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was taken out and washed with ethanol three times by using centrifuged to 

remove excess TC from the solution. The ZnO-TC hybrid was then dried in the 

oven at 75 °C for 5 hrs. 

3.3.12. Synthesis of Au_ZnO Nanohybrids: The synthesis of Au nanoparticle 

decorated ZnO nanohybrids were performed by in situ reaction process [21]. 12 

mg of commercial ZnO nanoparticles was taken in an aqueous solution with 5 

ml of 1 mM HAuCl4·3H2O. The mixer has been put on constant magnetic 

stirring at room temperature for 30 minutes. Then 5 ml of 5 mM NaBH4 

solution was added drop-wise. The solution of ZnO+HAuCl4·3H2O turns 

purple from light yellow due to the reduction of the Au3+ to Au nanoparticles 

on the surface ZnO.  

3.3.13. Synthesis of Au_ZnO-TC Tri-hybrids: The Au_ZnO-TC tri-hybrids 

were prepared as follows [21]. 12 mg of synthesized Au_ZnO hybrid was 

added into 10 ml of 0.2 mM TC under constant magnetic stirring at room 

temperature. After 24 hrs, the solution was washed with ethanol solvent to 

remove an excess amount of TC. The synthesized Au_ZnO-TC tri-hybrids were 

then dried in the oven at 75 °C for 5 hrs. 

3.3.14. Synthesis of Au_Al2O3 Nanohybrids: The synthesis of Au nanoparticle 

decorated Al2O3 nanohybrids were performed by in situ reaction process [21]. 

12 mg of commercial Al2O3 nanoparticles was taken in an aqueous solution 

with 5 ml of 1 mM HAuCl4·3H2O. The mixer has been put on constant 

magnetic stirring at room temperature for 30 minutes. Then 5 ml of 5 mM 

NaBH4 solution was added drop-wise. The solution of Al2O3+HAuCl4·3H2O 

turns purple from light yellow due to the reduction of the Au3+ to Au 

nanoparticles on the surface Al2O3.  

3.3.15. Synthesis of Au_Al2O3-TC Tri-hybrids: Au_Al2O3-TC tri-hybrids were 

fabricated by adding 12 mg of as prepared Au_Al2O3 to the TC solution in 

ethanol of concentration 0.2 mM under constant magnetic stirring at room 

temperature [21]. After 24 hrs, the solution was washed with ethanol solvent to 
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remove an excess amount of TC. The synthesized Au_Al2O3-TC tri-hybrids 

were then dried in the oven at 75 °C for 5 hrs. 

3.3.16. Synthesis of ZIF8-RF: ZIF8 nanoparticles were produced following the 

previously described sol−gel method [22]. 10 mg of synthesized ZIF8 sample 

was added with 0.5 mM of RF solution in DMSO solvent in a constant stirring 

condition overnight and the ZIF8-RF sample is collected by washing with 

DMSO and then with distilled water, and dried at 90 °C.  

3.3.17. Synthesis of Cr2O3 Nanoparticles: Chromium oxide (Cr2O3) 

nanoparticles have been prepared by sol-gel precipitation route. About (2 g, 7.5 

mmol) of chromium chloride hexahydrate salt (CrCl3· 6H2O) was dissolved in 

(50 ml) of ethanol. The prepared solution was stirred on the magnetic stirrer for 

30 minutes in a container, the solution converts to green. After that, ammonium 

hydroxide solution (NH4OH), was added as drop by burette about 2 drops per 

minute to the prepared solution until the pH of the solution become ~8. After 

10 minutes solution was filtered by using a centrifuge, then release the upper 

solution and washed the precipitate with a small amount of distilled water 

(repeat step twice). The precipitate was dried at 90 °C for 2 hrs. The green-dark 

precipitate powder of chromium oxide was obtained (weight 1.5 g, 70% yield). 

The process can be typed by the following equations: 

CrCl3· 6H2O + 3NH4OH → Cr(OH)3 + 3NH4Cl + 6H2O               (3.12) 

   2Cr(OH)3 → Cr2O3 + 3H2O                                                                (3.13) 

O (2CrCl3· 2H2O + 3NH4OH → Cr2O3 + 3NH4Cl + 9H2                (3.14) 

The precipitate was annealed at 400 °C for 120 minutes. 

3.3.18. Synthesis of Citrate Functionalized Cr2O3 Nanoparticles: As prepared 

Cr2O3 nanoparticles were added to 0.5 M aqueous citrate ligand (∼20 mg 

Cr2O3 nanoparticles/ml)  solution of pH = 7.4 and kept for vigorous stirring for 

24 hrs in a cyclomixer. A syringe filter of 0.22 μm diameter was used to 

eliminate the nonfunctionalized bigger-sized nanoparticles. 
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Chapter 4 

Computational Techniques and Details of 

Calculations 

 

4.1. Introduction: 

In condensed matter physics, computational techniques refer to the methods and 

tools used to simulate and analyze complex systems or phenomena using 

computer models to understand and predict the behavior of materials at the 

atomic and molecular scale. There are several computational techniques in 

condensed matter physics, e.g. Molecular Dynamics (MD), Monte Carlo (MC), 

Density Functional Theory (DFT), Monte Carlo Renormalization Group 

(MCRG), Quantum Monte Carlo (QMC) and Time-Dependent Density 

Functional Theory (TDDFT). These computational techniques have 

revolutionized the field of condensed matter physics, chemistry and materials 

science, allowing researchers to study and understand complex materials and 

phenomena that are difficult or impossible to study experimentally. 

Computational DFT is the implementation of the theoretical concepts and 

mathematical tools into computer programs. These programs are used to 

simulate the behavior and properties of molecules, materials, and solids. DFT is 

a single-particle derived technique based on the Kohn-Sham equation. In 

computational DFT, the electronic structure of the system is calculated by 

solving the Schrödinger equation using the exchange-correlation functional, 

which is typically chosen from a set of available functionals that have been 

developed and tested by the scientific community. Except exchange-correlation, 

there are several terms in the DFT functional. The most common type of 

computational DFT is based on the plane-wave basis set and pseudopotentials, 

which are used to approximate the electronic structure of the system. Other 
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methods, such as the localized basis set and the real-space grid methods, are also 

used. Computational DFT has many advantages over experimental techniques, 

such as being able to simulate the behavior and properties of complex systems, 

being less expensive and time-consuming, and providing insights into the 

underlying properties of the system. Overall, computational DFT has become a 

powerful and widely used tool in many fields of science, such as chemistry, 

physics, materials science, and biology, and has contributed to the development 

of new materials and technologies. 

Time-dependent DFT is an extension of DFT that enables the study of electronic 

excitations and dynamics in molecules and materials. TDDFT provides a 

theoretical framework for calculating the excited state properties of systems, 

such as electronic transitions, optical spectra, and photochemistry. In TDDFT, 

the electronic density is not static but evolves due to external perturbations or 

internal dynamics. The TDDFT equations describe the time-dependent behavior 

of the electronic density and the exchange-correlation functional. The excitation 

energies and transition probabilities of a system can be calculated from the 

TDDFT response function, which describes the system's response to an external 

electromagnetic field. It is used to calculate the electronic excited states and 

optical spectra of molecules and materials, to design new materials with desired 

electronic properties, and to study the dynamics of photochemical reactions. It 

has become a widely used tool in computational chemistry and materials science, 

and it has contributed to the understanding of the electronic structure and 

dynamics of a wide range of systems. 

In this chapter, we have included a brief discussion of different methods and 

techniques used in our investigation of the electronic, magnetic, and optical 

properties of our systems. Depending upon the physical property of the system 

under study, we have chosen either the ab-initio DFT method or TDDFT. 

Although the approach of various methods is different, the main objective of 

those methods is to solve the many-body Hamiltonian which is the fundamental 

Hamiltonian describing atoms, molecules, clusters, and bulk systems.  
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4.2. Approach of Various Methods: 

4.2.1. The Many Body Hamiltonian: The many-body Hamiltonian is a 

mathematical operator that describes the behavior of a system composed of 

many interacting particles. It is used in quantum mechanics to calculate the 

energy and other properties of such systems. In the many-body Hamiltonian, the 

total energy of the system is given by the sum of the kinetic and potential 

energies of all the particles in the system. The potential energy term describes 

the interactions between the particles, which can be either pairwise or more 

complex interactions. The many-body Hamiltonian is usually written in terms of 

the positions and momenta of the particles. The many-body Hamiltonian is 

important in many areas of physics and chemistry, including condensed matter 

physics, nuclear physics, and molecular physics. It is used to study the behavior 

of materials, the properties of atomic nuclei, and the electronic structure of 

molecules. Materials of different forms are made up of interacting atoms. The 

properties of matter are a combined result of different interactions between 

atoms. So, the microscopic properties of the matter are a complex problem. 

However, the regular periodicity of the atom leads to simplification to 

investigate the properties of the materials. According to quantum mechanical 

theory, the microscopic behavior of a collection of the interacting atom can be 

represented by an ensemble of electrons and nuclei, the fundamental element of 

an atom, interacting through electrostatic (Coulombic) forces. In principle, the 

energy may be computed by the solution of the Schrödinger equation which, in 

the time-independent, nonrelativistic, Born-Oppenheimer approximation is:  

𝑯𝜓 (𝑅, 𝑟) = 𝐸𝜓 (𝑅, 𝑟)  (4.1) 

The exact Hamiltonian for many body systems can be written in a 

generalized form as: 
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where 𝑹 =  {𝑹𝐼}, I = 1, …P, are the set of P nuclear coordinate and r= {ri}, i= 

1,….N, are the set of N electronic coordinates. ZI and MI are the P nuclear charges 

and masses respectively. mi is the N electronic masses each of charge e. The first 

two terms in the right-hand side of the equation describe the kinetic energies of 

the nuclei and electrons respectively. The last three terms denote the Coulomb 

interaction between nucleus-nucleus, different electrons, and nucleus-electron 

respectively. Despite its simplicity, the exact solution of Schrödinger’s equation 

is very challenging as it contains a coupled electron-electron Coulomb 

interaction term. In practice, solving Schrödinger’s equation either in the 

analytical method or numerical method, requires 3N+3P number of degrees of 

freedom which makes the equation very difficult to exactly solve beyond the 

hydrogen atom.  

One of the crucial works of computational material science is to solve the many-

body Hamiltonian equation with sufficient accuracy and provide a reliable result 

that can explain the diverse physical property of a broad range of materials. Thus 

usually one resorts to some sensible approximations. In this matter, there are two 

most commonly known approximations; a) Born-Oppenheimer approximation 

and b) Classical Nuclei approximation.  

4.2.2. The Born-Oppenheimer Approximation: The Born-Oppenheimer 

approximation [1] is a fundamental concept in molecular physics and chemistry 

that allows the separation of electronic and nuclear motion in molecules. The 

basic idea behind the approximation is that the electronic motion is much faster 

than the nuclear motion so the electronic motion can be treated as instantaneous 

relative to the nuclear motion. The approximation assumes that the total wave 

function of a molecule can be written as a product of an electronic wave function 

and a nuclear wave function. The electronic wave function describes the motion 

of the electrons, and the nuclear wave function describes the motion of the 

nuclei. Using the Born-Oppenheimer approximation, the electronic wave 

function can be calculated independently of the nuclear wave function, since the 

electronic motion is assumed to be much faster than the nuclear motion. Thus 
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one can assume the nuclei to be stationary to electrons that move around it. This 

allows us to decouple the electron and nuclear degrees of freedom. So, the many-

body Hamiltonian can be written as:  

𝛹(𝑹, 𝒓, 𝑡) = 𝜃𝑚(𝑹, 𝑡)𝜑(𝑹, 𝒓)  (4.3) 

𝑯 = 𝑯𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 + 𝑯𝑛𝑢𝑐𝑙𝑒𝑖  (4.4) 

= [𝑻𝑒 + 𝑽𝑒𝑒 + 𝑽𝑛𝑒] + [𝑻𝑛𝑛 + 𝑽𝑛𝑛]  (4.5) 
 

where Tnn and Vnn are the nuclear kinetic and potential operators respectively, 

Te and Vee are the same for the electronic case, and Vne is the potential energy 

operator for the electronic and nuclear interaction. As the nuclei are assumed to 

be fixed, the Tnn term can be ignored, while the Vnn term can be assumed to be 

constant, this constant nuclear potential energy is called Madelung energy and 

can be calculated classically. 

Thus by solving the electronic part of the Schrödinger equation, it is possible to 

obtain electron energy Eelectron and electron wavefunction Ψelectron which 

explicitly depends on the electron coordinates. Thus the total energy of the 

system can be written as the sum of electron energy and constant nuclear energy:  

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 + 𝐸𝑛𝑢𝑐𝑙𝑒𝑖  (4.6) 

This is a useful tool for understanding the structure and behavior of molecules, 

and is widely used in theoretical and computational chemistry. However, it is 

important to note that the approximation is only valid in certain cases, and may 

break down in situations where the electronic and nuclear motion are strongly 

coupled. 

4.2.3. The Independent Electron Approximation: Now the primary problem in 

the structure of matter is reduced to solve the Schrödinger equation for a system 

of N interacting electrons in the Coulombic field generated by a collection of 

atomic nuclei. Even after the simplification of the Born-Oppenheimer equation, 

the solution of Eq. (4.3) remains difficult as there are still too many parameters, 

which makes it difficult to solve the problem. It is possible to get an exact 
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solution only in the case of uniform electron gas or atom with a small electron 

number.  

In the independent electron approximation approach, the electron-electron 

interaction in the system is not considered, this approximation allows us to map 

the problem of many interacting electron systems onto a system of a non-

interacting electron moving in an effective potential due to all other electrons. 

However, to achieve this mapping one can follow two different formulations (a) 

the wave function-based approaches of Hartree  , Hartree-Fock [2] formalism, 

and (b) the DFT-based approaches [3, 4]. The wave function-based approach is 

computationally heavy, and it is difficult to solve using the wave function 

approach for the bigger system. On the other hand, DFT is relatively simpler and 

computationally controllable compared to the wave function-based approach. In 

DFT, the many-electron wave-function is completely bypassed in favor of the 

electron density. This is the reason why DFT becomes the most important 

conceptual and practical advance in solving many-electron problems in physics 

and chemistry. The following discussions attempt to explain both the conceptual 

structure and some of the formalism of DFT.  

4.2.4. Density Functional Theory: The term density functional theory refers to 

all methods that express the ground-state energy as a function of the electronic 

density ρ(r). The DFT is presently the most successful (and also the most 

promising) approach to computing the electronic structure of matter. Its 

applicability ranges from atoms, molecules, and solids to nuclei and quantum 

and classical fluids. The idea of DFT can be attributed to the Thomas-Fermi 

theory of electron density concept [5], where  In this way, a function of the 3N 

variable, where N is the number of electrons, can be reduced to a lower 

dimension. According to that model, the electron density can be written as eq. 

(4.7). The Thomas-Fermi model, however, was too crude, because the 

approximation used for the kinetic energy of the electrons as well as errors in the  

𝜌(𝒓) = 𝑁∫𝜓(𝑟1, 𝑟2, … , 𝑟𝑁)𝜓
∗(𝑟1, 𝑟2, … , 𝑟𝑁)𝑑𝑟1𝑑𝑟2…𝑑𝑟𝑁 

(4.7) 
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exchange energy was unable to sustain bound states. Nevertheless, it had shown 

the pathway for the development of DFT by Hohenberg and Kohn in [6] to deal 

with many-electron problems more efficiently. In 1964, Hohenberg and Kohn 

put forth two crucial theorems [3] that provided a practical approach for 

reducing the many-electron problems to an effective one-electron problem. 

These two theorems are considered the backbone for electronic structure 

calculations in condensed matter physics. 

The primary advantages of taking electronic density as the basic variable are: (i) 

it is a function of 3 variables, unlike the wave-function which is a function of 3N 

variables and is simpler to tabulate and plot, (ii) it is a function in 3D space in 

which we live, and it provides better visualization, (iii) it is an experimental 

variable. In the next section, we discuss the mathematical formulation of the 

density of states briefly.  

4.2.5. The Hohenberg-Kohn Theorem: The Hohenberg-Kohn theorem is a 

fundamental theorem in DFT that establishes a one-to-one correspondence 

between the ground-state electron density and the external potential of a system. 

The theorem was first proposed by P. Hohenberg and W. Kohn in 1964. The 

theorem states that the ground-state electron density uniquely determines the 

external potential of a system, and vice versa. In other words, if two systems 

have the same ground-state electron density, they must have the same external 

potential, and therefore the same total energy. The Hohenberg-Kohn theorem 

provides a theoretical basis for the use of electron density as the fundamental 

variable in DFT calculations. In practical terms, this means that the total energy 

of a system can be expressed as a functional of the electron density, rather than 

being explicitly calculated from the wave function of the system.  

4.2.5.1. First Theorem: The electron density ρ(r) determines the external 

potential (to within an additive constant).  

Corollary: Electron density ρ(r) uniquely determines the Hamiltonian operator 

which can be obtained by solving the full many-body Schrödinger’s equation. 
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Proof: Let the ground state of two N-electron systems be characterized by two 

different external potentials (differing by more than an additive constant) v1(r) 

and v2(r). Let us further assume that, the corresponding two wave functions ψ1 

and ψ2 yields the same ground-state electron charge density ρ0(r). Thus the 

corresponding Hamiltonians and Schrödinger’s equation for the two N-electron 

systems is given by: 

𝐻1𝜓1 = 𝐸1𝜓1  

(4.8) 
𝐻2𝜓2 = 𝐸2𝜓2 

One may use the variational principle and write the energy expression as, 

𝐸1 = 〈𝜓1|𝐻1|𝜓1〉 <  〈𝜓2|𝐻2|𝜓2〉 (4.9) 

= 〈𝜓2|𝐻2|𝜓2〉 + 〈𝜓2|𝐻1 − 𝐻2|𝜓2〉 (4.10) 

< 𝐸2 +∫𝑑𝑟𝜌(𝒓) [𝑣1(𝒓) − 𝑣2(𝒓)] 
(4.11) 

On interchanging the suffices, we can write: 

𝐸2 < 𝐸1 +∫𝑑𝑟𝜌(𝒓) [𝑣2(𝒓) − 𝑣1(𝒓)] 
(4.12) 

Summation of the two inequality leads to a contradiction: 

𝐸1 + 𝐸2 < 𝐸2 + 𝐸1 (4.13) 

Thus, the theorem has been proven by reductio ad absurdum. Thus one may 

conclude that the assumption of identical density arising from two different 

external potentials is wrong. Hence a given ρ(r) corresponds to only one v(r) and 

since v(r) is fixed, the Hamiltonian and hence the ground state expectation value 

of any observable is unique functional of the ground state electron charge 

density.   

4.2.5.2. Second Theorem: For any positive definite trial density ρt, such that 

∫ρt(𝐫)d𝐫 = N then (ρt) ≥ E0[ρt]. 

Corollary: The functional E[ρ] alone is sufficient to determine the exact ground 

state energy and density. In general excited states of the electrons must be deter- 
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mined by other processes.  

Proof: The proof of this theorem is very much straightforward. Let us consider, 

the many-body Hamiltonian H = T + V + Vext where T is the kinetic energy, V is 

the electron-electron interaction and Vext is the external potential.  For a given 

electron charge density ρ(r) total energy can be expressed as:  

𝐸(𝜌) = ⟨𝜓[𝜌]|𝐻|𝜓[𝜌]⟩ (4.14) 

= ⟨𝜓[𝜌]|𝑇 + 𝑉|𝜓[𝜌]⟩ + ⟨𝜓[𝜌]|𝑉𝑒𝑥𝑡|𝜓[𝜌]⟩ (4.15) 

= 𝐹(𝜌) + ∫𝜌(𝑟)𝑉𝑒𝑥𝑡(𝒓)𝑑𝒓 
(4.16) 

Now using Rayleigh-Ritz variational principle to electron charge density we can 

obtain that:  

𝐹(𝜌) + ∫𝜌(𝑟)𝑉𝑒𝑥𝑡(𝒓)𝑑𝒓 =  𝐸[𝜌(𝒓)] ≥ 𝐸0[𝜌0(𝒓)] = 〈𝜓|𝐻|𝜓〉 
(4.17) 

This implies a remarkable fact that the ground state properties of an interacting 

N electron system can be completely determined by the electron charge density 

ρ(r). So, the problem is reduced to find ρ(r) which minimizes the energy 

functional E[ρ(r)]. 

Now, to determine E[ρ(r)] one need to know the exact analytical form of F(ρ) 

which contains all the many-body effect. The kinetic and electron-electron 

functionals are unknown. If good approximations to these functionals could be 

found direct minimization of the energy would be possible. It was Kohn and 

Sham who specifically proposed a new approximation that can solve this 

shortcoming. The Hohenberg-Kohn theorem has had a significant impact on the 

development of modern theoretical and computational chemistry and has been 

the basis for many important advances in the field. However, it should be noted 

that the theorem is limited to ground-state properties, and does not apply to 

excited states or time-dependent phenomena. 

4.2.6. The Kohn-Sham Equation: The Kohn-Sham equation is a fundamental 

equation in DFT that provides a way to calculate the electronic structure of a 
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system. The equation is named after Walter Kohn and Lu Jeu Sham, who 

developed it in 1965 [4]. The weakest part of the Thomas-Fermi theory [6] was 

the treatment of kinetic energy functionals, which was taken care of by Kohn-

Sahm equations based on the Hohenberg-Kohn theorem. It is based on the idea 

of mapping a many-electron system onto a system of non-interacting electrons 

in an effective potential. The effective potential is constructed so that the electron 

density of the non-interacting system matches the electron density of the real 

system. The effective potential is also chosen so that it can be easily calculated, 

typically by solving a set of self-consistent equations for the wave functions of 

the non-interacting electrons in the effective potential. The equations are similar 

in form to the Schrödinger equation, but with an additional term that accounts 

for the exchange-correlation energy, which is a measure of the interaction 

between the electrons. Solving the Kohn-Sham equation involves iteratively 

adjusting the effective potential until self-consistency is achieved, meaning that 

the electron density of the non-interacting system matches the electron density 

of the real system. Once the self-consistent solution is obtained, the total energy 

and other properties of the system can be calculated. 

This equation provided an approximation of kinetic energy functional T(ρ) for 

the interacting electron system in terms of a non-interacting electron system 

having the same ground-state charge density ρ(r). 

The total energy functional for the N interacting electron system can be written 

in terms of density and has thus the generalized form: 

𝐸[𝜌(𝒓)] =   𝐹(𝜌) + ∫𝜌(𝑟)𝑉𝑒𝑥𝑡(𝒓)𝑑𝒓 
(4.18) 

where F[ρ] is a universal function of density.  

Kohn-Shan separated this function into three different terms as eq. (4.19). Where 

T(ρ) is the kinetic energy of the interacting electron and VH(ρ) is the electrostatic  

𝐹(𝜌) =  𝑇(𝜌) + 𝑉𝐻(𝜌) + 𝐸𝑥𝑐
𝑡𝑜𝑡𝑎𝑙[𝜌] (4.19) 
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Coulomb energy of electrons and 𝐸𝑥𝑐
𝑡𝑜𝑡𝑎𝑙[𝜌] contains all the exchange and 

correlation effects. Within the Kohn-Sham formulation, the exact kinetic energy 

is replaced by the kinetic energy of a system of non-interacting particles having 

the same charge density with a new effective exchange-correlation term  which 

is in general called the exchange-correlation (XC) energy functional EXC[ρ]: 

𝐸𝑥𝑐(𝜌)  = 𝐸𝑋𝐶
𝑡𝑜𝑡𝑎𝑙[𝜌] + 𝑇[𝜌] − 𝑇𝑠[𝜌] (4.20) 

where Ts[ρ] represents the kinetic energy of non-interacting electrons. This 

approximation allows us to map many interacting electron systems onto an 

exactly equivalent system of non-interacting electrons living under an effective 

potential contributed by all other electrons and having the same ground-state 

charge density ρ(r). Thus the interacting many-electron problem is reduced to 

solving a set of self-consistent non-interacting one-electron equations known as 

Kohn-Sham equations.  

For a system of N non-interacting electrons, the ground state charge density can 

be represented as a sum over one-electron orbitals φi as follows: 

𝜌(𝑟) =  ∑|𝜑𝑖|
2 (4.21) 

and henceforth the total energy functional for this non-interacting system may 

be evaluated as: 

𝐸𝐾𝑆[𝜌] = 𝑇𝑠[𝜌(𝒓)] + ∫𝑽𝑒𝑥𝑡(𝒓)𝜌(𝒓)𝑑𝒓

+
1

2
 
𝑒2

4𝜋𝜖𝑜
 ∬

𝜌(𝒓)𝜌(𝒓′)

|𝒓 − 𝒓′|
𝑑𝒓𝑑𝒓′ + 𝐸𝑥𝑐 [𝜌(𝒓)] 

(4.22) 

and the corresponding Hamiltonian is given by:  

𝑯𝐾𝑆 = −
ћ2

2𝑚
𝜵2 + 𝑉𝑒𝑓𝑓(𝒓) 

(4.23) 

𝑉𝑒𝑓𝑓(𝒓) =  𝑉𝑒𝑥𝑡(𝒓) +
1

2

𝐸2

4𝜋𝜖0
∫

𝜌(𝒓′)

|𝑟 − 𝒓′|
𝑑𝑟′ +

𝛿𝐸𝑥𝑐
𝛿𝜌(𝒓)

 
 

(4.24) 

= 𝑉𝑒𝑥𝑡(𝒓) + 𝑉𝐻𝑎𝑟𝑡𝑟𝑒𝑒(𝒓) + 𝑉𝑥𝑐(𝒓) 
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Thus using Eq. (4.21), (4.22), (4.23), and (4.24) one can find the one-electron 

orbitals φi which minimize the energy and satisfy the following set of one-

electron Schrödinger-like equations:  

[−
ћ2

2𝑚
𝜵2 + 𝑉𝑒𝑓𝑓(𝒓, 𝝆)] 𝜑(𝒓) = 𝜖𝑖𝜑𝑖 

(4.25) 

From Eq. (4.25) it should be noted that the above set of one-electron equations 

can be solved if the effective potential Veff is known. However, to know Veff we 

have to know the charge density ρ(r). Now, ρ(r) depends on Kohn-Sham orbitals 

φi, which again depends on Vext(r). So, the Kohn-Sham equations can’t be solved 

straightforwardly. Thus the Kohn-Sham equations need to be 

solved self-consistently by applying iterative methods as follows: 

1. Start with an initial guess for the charge density ρ(r). 

2. Calculate the corresponding Veff (r,ρ) and solve the Eq. (4.24) with 

appropriate boundary conditions to obtain the total energy εi and the one-

electron orbitals φi. 

3. From the φi, calculate the new charge density and repeat the iterative 

process until convergence is reached. The convergence is self-consistently 

achieved when the output charge density differs from the input charge 

density by a preassigned small value. 

A flowchart summarizing the above steps is given in Figure 4.1. 

The Kohn-Sham equation has become a cornerstone of modern theoretical and 

computational chemistry and is widely used in the design of new materials, 

drugs, and catalysts. However, it is important to note that the accuracy of DFT 

calculations depends on the choice of exchange-correlation functional, which is 

not well-known in general. 

4.2.7. Exchange Correlation Functional: The exchange-correlation (XC) 

functional is a key component of DFT calculations. It is a mathematical function 

that accounts for the effects of electron exchange and electron correlation, which 

are not explicitly included in the Kohn-Sham equation. The XC functional is used 
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to calculate the exchange-correlation energy, which is a measure of the 

interaction between the electrons in a system. The exchange energy arises from 

the antisymmetry of the wave function of a system of indistinguishable particles. 

It describes the energy change when two electrons exchange places, and it can 

be calculated exactly for some simple systems. 

 

Figure 4.1: Flowchart illustrating the iterative procedure to solve the Kohn-sham equations. 

However, for more complex systems, the exact exchange energy is not known, 

and an approximation must be used. The correlation energy arises from the fact 

that electrons repel each other due to their Coulombic interactions. This 

repulsion leads to a reduction in the energy of the system, known as the 

correlation energy. Like the exchange energy, the exact correlation energy is not 
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known for most systems and must be approximated. Many different forms of XC 

functionals have been developed, ranging from simple local approximations to 

more complex non-local functionals that include the effects of electron density 

gradients. The choice of XC is functional depends on the properties of the system 

being studied and the accuracy required for the calculations. 

Although DFT is accurate in principle, the main drawback of the Kohn-Sham 

formulation comes due to its inexplicit exchange-correlation term. The exact 

expression of the EXC is complex and unknown. So, to solve the equation one 

needs to choose a good approximation of the exchange-correlation function. In 

practice, the utility of the theory lies in the approximations used for EXC. Even 

though the exact formulation of EXC is very complex, great progress has been 

made with a remarkably simple approximation to encounter the problem. the 

various approximation formulas, the local density approximation (LDA) and 

generalized gradient approximation (GGA) are the most commonly used 

approximation methods. The development of more accurate and efficient XC 

functionals is an active area of research in computational chemistry and 

materials science. The goal is to develop functionals that can accurately predict 

the properties of complex systems with reasonable computational costs. The 

different approximate functionals for exchange-correlation are discussed next 

section. 

4.2.7.1. Local Density Approximation (LDA): The Local Density Approximation 

(LDA) is a widely used theoretical framework in condensed matter physics, 

materials science, and related fields for calculating the electronic structure of 

solids. In the LDA, the energy of the system is expressed as a functional of the 

electron density, which is the probability density of finding an electron at a given 

point in space. The electron density is calculated self-consistently by solving the 

Kohn-Sham equations, which are a set of partial differential equations that 

describe the behavior of non-interacting electrons in an external potential. This 

approximation is based on the idea that the electronic structure of a solid is 

determined by the local environment around each atom, rather than the global 
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structure of the crystal. It was first introduced by Kohn and Sham in 1965, but 

the basic idea existed in the theory by Thomas-Fermi-Dirac. Under the LDA 

approximation, it is assumed that the charge density varies very slowly at any 

point r in space so that the electron gas in a small volume element d3r could be 

considered locally uniform.  

LDA postulates that the exchange-correlation functional has the following form:  

𝐸𝑋𝐶[𝜌(𝑟)] = ∫ 𝜖𝑋𝐶
𝐿𝐷𝐴 [𝜌(𝒓)]𝜌(𝒓)𝑑𝒓  (4.26) 

Under the LDA formalism, an obvious choice is to take 𝜖𝑋𝐶
𝐿𝐷𝐴 to be the exchange 

and correlation energy density of the homogeneous electron gas of density ρ(r). 

This term can be further written as a sum of the exchange and correlation 

contributions, 

𝜖𝑋𝐶
𝐿𝐷𝐴[𝜌(𝒓)] = 𝜖𝑋

𝐿𝐷𝐴[𝜌(𝒓)] + 𝜖𝐶
𝐿𝐷𝐴[𝜌(𝒓)] (4.27) 

for any homogeneous electron gas, the exchange energy 𝜖𝑋
𝐿𝐷𝐴[𝜌(𝒓)] part can be 

formulated by Dirac equation: 

𝜖𝑋
𝐿𝐷𝐴[𝜌(𝒓)] =  −

3

4
(
3

𝜋
)

1
3
𝜌
1
3 = −

3

4
(
9

4𝜋2
)

1
3 1

𝑟𝑠
= −

0.058

𝑟𝑠
 

 

(4.28) 

where rs= (3/4πρ)1/3 is the mean inter-electron distance. 

On the other hand, the functional form of correlation energy density 

𝜖𝐶
𝐿𝐷𝐴[𝜌(𝒓)] is unknown and in 1980, Ceperley and Adler [7] provided an accurate 

estimate of 𝜖𝐶
𝐿𝐷𝐴[𝜌(𝒓)] for the homogeneous electron gas by numerical quantum 

Monte-Carlo simulations which yield essentially exact results with numerical 

accuracy. The resultant XC functional was later on parameterized by Perdew and 

Zunger [8], Perdew and Wang [9], etc. and are now known as LDA functionals. 

The LDA approximation is expected to work well for systems in which the 

electronic charge density is varying slowly, but surprisingly it yields good 

results even in the case where the density is not slowly varying, for which this 

approximation hardly looks appropriate [10]. This can be attributed to two facts. 
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First, the LDA underestimates the exchange energy and overestimates the 

correlation energy which leads to the cancellation of errors. Secondly, the 

electron-electron interaction is dependent only on the spherical average of the 

exchange-correlation hole and not on its detailed shape. 

However, while the LDA approximation provides reasonable results for metallic 

systems, for the semiconductor system, the bandgap is underestimated by a 

factor of 1/2 to 2/3 factors. The properties of insulators, particularly Mott 

insulators, are not described well using this formalism. Moreover, it cannot 

accurately predict activation energy barriers and is known to overestimate the 

binding energies. Intense efforts are going on to resolve the backlogs of this 

theory. We shall briefly describe the next step toward the improvement of LDA 

XC. 

4.2.7.2. Generalized Gradient Approximation (GGA): We have seen that the 

LDA was derived by assuming that the electron density varies very slowly in 

space. Thus, it was argued that LDA could be improved if we expanded the 

exchange-correlation functional in terms of the gradient of the density in the 

Taylor series and truncated it to some order. Such an approximation is known 

as generalized gradient expansion approximation and was implemented by 

Herman et al. (1969) [11]. While GGA retains the core features of LDA, it also 

takes into account the spatial variations in the charge density which are 

important. The exchange-correlation energy within the GGA approximation can 

be written as:  

𝐸𝑋𝐶
𝐺𝐺𝐴 = ∫𝜖𝑋𝐶[𝜌(𝒓), |𝛻𝜌(𝒓)|]𝜌(𝒓)𝑑𝒓 

 

(4.29) 

                         = ∫ 𝜖𝑋𝐶[𝜌(𝒓)]𝐹𝑋𝐶[𝜌(𝒓), 𝛻𝜌(𝒓)]𝜌(𝒓)𝑑𝒓 

where the functional FXC is called an enhancement factor. Depending on the 

choice of the functional form of enhancement factor Fxc, there are many forms of 

GGAs available that are being used over the years. One that has been widely 

used is by Perdew and Wang, known as PW86 and PW91 [12, 13]. Later on, 
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Perdew et al. (1996) proposed another functional (PBE) [14], which retains 

important features of PW91. In this thesis, we have mostly used the GGA-PBE 

exchange-correlation function, which is briefly described below.  

In the case of PBE exchange-correlation functional, first, the enhancement factor 

FXC over the local exchange is defined as: 

𝐸𝑋𝐶
𝑃𝐵𝐸 = ∫𝜖𝑋

𝐿𝐷𝐴[𝜌(𝒓)]𝐹𝑋𝐶(𝜌, 𝜁, 𝑠)𝜌(𝒓)𝑑𝒓 
(4.30) 

where ρ is the local density,  ζ is the relative spin-polarization, and 𝑠 =
∇𝜌(𝑟)

2𝓀𝐹𝜌
 is 

the dimensionless density gradient.  

𝐹𝑋𝐶(𝑠) = 1 + Ƙ −
Ƙ

1 + 𝜇𝑠2/Ƙ
 

(4.31) 

where Ƙ and μ are empirically fitted to a database of ionization energies. 

The correlation contribution to the energy is written as: 

𝐸𝐶
𝑃𝐵𝐸 = ∫[𝜖𝑐

𝐿𝐷𝐴(𝜌, 𝜁) + 𝐻(𝜌, 𝜁, 𝑡)]𝜌(𝒓)𝑑𝒓                                                (4.32) 

with, 

𝐻(𝜌, 𝜁, 𝑡) = (
𝑒2

𝑎𝑜
)𝛾𝜙2𝑙 𝑛 {1 +

𝛽𝛾2

𝑡
[

1 + 𝐴𝑡2

1 + 𝐴𝑡2 + 𝐴𝑡4
]}                       

(4.33) 

in this equation  𝑡 =
|∇𝜌(𝒓)|

2𝜙𝓀𝑠𝜌
 is the dimensionless density gradient and   𝓀𝑠 =

(
4𝓀𝐹

𝜋𝑎𝑜
) is the Thomas Fermi Screening wave number, and,  𝜙(𝜁) =

 
[(1+𝜁)2 3⁄ +(1−𝜁)2 3⁄ ]

2
  is a spin scaling factor.  

The Function A has the form: 

𝐴 =
𝛽

𝛾
[
𝑒𝑥𝑝(−𝜖𝐶

𝐿𝐷𝐴[𝜌])

𝛾𝜙3(𝑒2 𝑎𝑜⁄ )
− 1]−1 

 

(4.34) 

This GGA retains the correct features of LDA and combines them with the 

inhomogeneity features that are energetically most important. Although the 
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GGA method works much more precisely over LDA in terms of predicting the 

binding energies, electronic and magnetic properties of the materials, it does 

have a few drawbacks. The GGA approximation cannot describe the van der 

Waals (vdW) interaction. It is also known to overestimate the electric 

polarization for polar materials [15]. Finally, both GGA and LDA fail for strong 

electron-electron correlated systems and present research is continuing in search 

of a better functional.  

4.2.7.3. LDA + U or GGA + U Method: It has been seen that LDA and GGA fail 

to give the correct ground state of strongly correlated systems such as transition 

metal oxides. LDA + U or GGA + U methods have been designed to correct this 

situation by constructing an orbital-dependent functional. The idea was taken 

from the Hubbard model [16, 17]. Suppose we have an orbital that already has 

one electron. If we put another electron in it, it will cost an energy U because of 

the electron-electron repulsion in that orbital. This idea when incorporated in 

LDA or GGA produces the LDA + U method. In the LDA + U or GGA + U 

method, strong on-site Coulomb repulsion (generally term as U) is directly 

added to strongly localized orbitals such as d and f orbitals along with the LDA 

or GGA functional. The magnitude of the added interaction is determined by the 

parameter U. 

Let us consider a system with a fluctuating number of d (or f) electrons, but the 

total number of electrons 𝑁 = ∑ 𝑛𝑖𝑖  is constant. Within the LDA + U method, 

total energy can be written as:  

𝐸 = 𝐸𝐿𝐷𝐴 +
1

2
𝑈∑𝑛𝑖
𝑖≠𝑗

𝑛𝑗 − 𝑈
𝑁(𝑁 − 1)

2
 

 

(4.35) 

This orbital-dependent functional gives upper and lower Hubbard band 

separation equal to U and thus correctly describes the physics of Mott insulators. 

For example, it correctly gives the antiferromagnetic insulating ground states for 

many transition metal oxides and cuprate superconductors, which turn out to be 

metallic using LDA or GGA. However, the main problem of the LDA + U 
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method is the choice of the value of U. Although U can be found ab initio by using 

the constrained DFT approach, it is overestimated by this method. Thus, the 

common way of finding U is to treat it as an adjustable parameter so that one 

finds good agreement between some calculated and experimental results. 

4.2.7.4. Van der Waals Corrections:  Although the results of Kohn-Sham 

equations are very much robust i.e. it provides reasonably correct predictions for 

many properties of various systems [18]. However, the main disadvantage of all 

common GGA functionals, including hybrids is that they are not able to describe 

long-range electron correlations precisely that are responsible for vdW forces 

[19, 20]. The vdW interactions between atoms and molecules play a crucial role 

in many systems in which they maintain a balance with electrostatic and 

exchange-repulsion interactions. As a result of it, they control many important 

fundamental properties including the packing of crystals, the structures of DNA 

and proteins, the orientation of molecules on surfaces or in molecular films, etc. 

So, it is very important to incorporate the vdW corrections in the DFT 

calculations.  

Total exchange-correlation energy Exc of a system including vdW correction can 

be written as:  

𝐸𝑥𝑐 = 𝐸𝑋
𝐺𝐺𝐴/𝐿𝐷𝐴

+ 𝐸𝐶
𝐺𝐺𝐴/𝐿𝐷𝐴

+ 𝐸𝐶
𝑁𝐿 (4.36) 

where standard exchange and correlation components of LDA or GGA. 

Moreover, 𝐸𝐶
𝑁𝐿 represents the nonlocal term describing the dispersion energy. 

Typically, 𝐸𝐶
𝑁𝐿  is computed non-self-consistently i.e. it is simply an add-on to 

the self-consistent field (SCF). Even though this new add-on has very little effect 

on computed energy, it affects the computational forces calculated during 

geometry optimization. Grimme finds the empirical dispersion correction term 

which is written below: 

𝐸𝐶
𝑁𝐿 = −𝑠6 ∑ ∑

𝐶6
𝑖𝑗

𝑅𝑖𝑗
6 𝑓𝑑𝑚𝑝(𝑅𝑖𝑗)

𝑁𝑎𝑡

𝑗=𝑖+1

𝑁𝑎𝑡−1

𝑖=1

 

(4.37) 
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Here, Nat is the number of atoms in the system, C6
ij
 denotes the 

dispersion coefficient for atom pair ij, s6 is a global scaling factor 

which depends only on the density functional used, and Rij is an interatomic 

distance. 

In order to avoid near-singularities for small R, a damping function fdmp has been 

used, which can be written as: 

𝑓𝑑𝑚𝑝(𝑅𝑖𝑗) =  
1

1 + 𝑒−𝑑(𝑅𝑖𝑗/𝑅𝑟−1)
   

(4.38) 

where Rr is the sum of atomic vdW radii. The DFT-D2 method is implemented 

in the VASP software [21].  

4.2.8. Basis Set: To solve the Kohn-Sham equations, a choice of an appropriate 

basis set to expand the one-electron Kohn-Sham orbitals is necessary. The choice 

of basis set is dependent on the attributes of the system under study. Over the 

years, various basis-set methods have been developed for the prediction of the 

electronic properties of solids with reasonable accuracy. Depending on the 

choice of basis sets, different methods can be broadly classified into two 

categories: 

4.2.8.1. Fixed Basis Set Methods: In this approach, the Kohn-Sham orbitals are 

expanded in terms of energy-independent basis sets or fixed basis sets as in the 

tight-binding model using a linear combination of atomic orbitals (LCAO) [22], 

the orthogonalized plane wave-pseudopotential methods [23, 24], etc. Here one 

has to solve the following eigenvalue value equation: 

(𝐻 − 𝜖𝑂). 𝐶 = 0 (4.39) 

to determine the eigenvalue ε and expansion coefficient C, where O is the 

overlap matrix. This method is computationally simple but the disadvantage is 

that the basis depends on the ionic positions, so Pulay corrections have to be 

added to the Helmann-Feynman forces. 
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4.2.8.2. Partial Wave Methods: In these methods, the Kohn-Sham orbitals are 

expanded in a set of energy and potential-dependent all-electron partial wave 

basis set as in the cellular method, the augmented plane wave method (APW) 

[25], and the Korrimga-Kohn-Rostoker (KKR) method [26, 27]. Here one has to 

solve the set of the equation of the following form: 

𝑀(𝜖). 𝐶 = 0 (4.40) 

This approach is accurate in the band structure calculation but the main 

shortcomings of this method are due to the complicated non-linear energy 

dependence of the secular equation, the solution of this kind of equation is 

computationally very heavy. To overcome this, in 1975 O. K. Andersen first 

proposed a unified approach considering the positive aspects of a fixed basis set 

method and that of partial wave basis by linearisation of energy-dependent of 

partial waves. Linear augmented plane wave (LAPW) [25] and linear muffin-tin 

orbital (LMTO) [28] methods are the linearized version of the APW and KKR 

methods respectively. 

In this thesis, we have used two types of basis set methods for geometry 

optimization and electronic structure calculations: (I) Plane-wave basis set 

pseudopotential method within the projected augmented wave (PAW) scheme. 

(II) The all-electron linearized augmented plane wave (LAPW) method. 

A brief description of those above-mentioned methods is provided below: 

4.2.9. Plane Wave Based Pseudopotential Method: The Plane Wave Based 

Pseudopotential Method (PWPP) is a widely used theoretical approach in 

computational materials science and condensed matter physics for calculating 

the electronic structure of solids. In the PWPP method, the wavefunctions of the 

electrons are expanded in a basis set of plane waves, which are simple periodic 

functions that can describe any periodic solid with arbitrary precision. The 

electron-ion interactions are described using pseudopotentials, which are 

effective potentials that replace the detailed atomic potential near the nuclei with 

a simpler form that still captures the essential physics.  
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4.2.9.1. Plane Wave Basis Set: The choice of the plane wave as a basis function 

to expand the single-particle Kohn-Sham orbitals is one of the common and 

widely used approaches in many first-principles method calculations due to the 

following reasons: 

(I) The basis set is independent of the atomic position. (II) The Hellmann-

Feynman forces acting on the atoms and the stresses on the unit cell can be easily 

calculated in terms of the expectation value of the Hamiltonian with respect to 

the ionic coordinates. So no basis set correction to the force is needed. (III) With 

this basis set, it is easy to change from a real-space representation (where the 

potential energy V has a diagonal representation) to momentum-space (where 

kinetic energy has a diagonal representation) via a Fast Fourier Transform (FFT). 

According to Bloch’s theorem, the wave function of an electron moving in a 

potential generated by a periodic lattice can be written as a product of a plane 

wave eik.r and a function uk(r) that has the periodicity of the lattice. Thus we can 

write: 

𝜓𝑘(𝒓) = 𝑒
𝑖𝒌.𝑟𝑢𝒌(𝒓) (4.41) 

Furthermore, the cell periodic part uk(r) of the electron wave-function can be 

expanded using a basis set of plane waves whose wave vectors are the reciprocal 

lattice vectors of the crystal. So, we can write uk(r) in the following way: 

𝑢𝒌(𝒓) =∑𝑐𝑖,𝑮𝑒
𝑖𝑮.𝑟

𝑮

  (4.42) 

where the reciprocal lattice vectors G are defined by G.l = 2πm for all l where l is 

a lattice vector and m is an integer. Therefore the full electron wave-function can 

be written as: 

𝜓𝒌(𝒓) =∑𝑐𝑖,𝑘+𝑮𝑒
𝑖(𝑘+𝑮).𝑟

𝑮

 (4.43) 

Thus, we can expand the electron wave-function at each k as a linear 

combination of discrete plane waves. 
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4.2.9.2. Pseudopotential Method: The electronic states of a large number of 

materials can be separated into two classes, such as core states, which are 

localized in space and deep in energy and valence or conduction states which 

are spread out spatially as well as higher in energy. Since the core electrons are 

tightly bound to the nucleus and rapidly oscillating due to the orthogonality 

required within the valence state, a large number of plane waves are required to 

describe the accurate behavior of the core state’s wave functions. This is one of 

the major problems of the plane wave basis. To overcome the problem, in 1940 

C. Herring introduced the orthogonalized plane wave method [29], where he 

described core states by Bloch sums built from localized orbitals and valence 

states by plane waves, orthogonalized to the core states. 

 

Figure 4.2: Schematic diagram showing the basic idea of pseudopotential. The figure is taken 
from web:http://en.wikipedia.org/wiki/Pseudopotential. 

The pseudopotential approximation takes advantage of the fact that electrons in 

the core state do not play a significant role in determining the physical properties 

of materials such as chemical bonding, electronic structure, etc. Instead, these 

electrons partially screen the nucleus and thereby form an inert core along with 
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the nucleus. Thus the atom can be represented as an ionic core that interacts with 

the valence electrons via a strong ionic potential. This allows separation of the 

core states and valence states, which is exploited in the pseudopotential 

approach by removing the core electrons and replacing the strong ionic potential 

with a weaker effective pseudopotential. The valence electrons are then 

described by a set of pseudo wave functions which are acted on by the effective 

pseudopotential. The pseudopotential and pseudo wave functions are 

constructed in such a way that they are identical to the true potential and true 

wave function, respectively beyond a certain cut-off radius. The general 

procedure for obtaining the pseudo-potential is following, 

The all-electron (AE) free atom Kohn-Sham radial equation is given by:  

[−
1

2

𝑑2

𝑑𝑟2
+
𝑙(𝑙 + 1)

2𝑟2
+ 𝑉𝑒𝑓𝑓

𝐴𝐸 [𝜌𝐴𝐸(𝒓)]] 𝒓𝑅𝑛𝑙
𝐴𝐸(𝒓) = ∈𝑛𝑙

𝐴𝐸 (𝒓)𝑅𝑛𝑙
𝐴𝐸(𝒓) 

 

(4.44) 

 

where 𝑅𝑛𝑙
𝐴𝐸 is the radial part of the all-electron wave-function with angular 

momentum l. Within the spherical assumption of the Hartree and exchange-

correlation potential, the effective potential 𝑉𝑒𝑓𝑓
𝐴𝐸  is written as: 

𝑉𝑒𝑓𝑓
𝐴𝐸 [𝜌𝐴𝐸(𝒓)] = −

𝑍

𝑟
+ 𝑉𝐻𝑎𝑟𝑡𝑟𝑒𝑒[𝜌

𝐴𝐸(𝒓)] + 𝑉𝑥𝑐[𝜌
𝐴𝐸(𝒓)] (4.45) 

For a given distribution of electrons in the atomic energy levels, the free atom 

Kohn-Sham radial equation is then solved to obtain the radial wave function 

𝑅𝑛𝑙
𝐴𝐸.  

Next, generate a pseudo-wave function 𝑅𝑛𝑙
𝑃𝑆 corresponding to 𝑅𝑛𝑙

𝐴𝐸 imposing the 

following conditions, 

(i) The pseudo wave function should be node-less inside the core region of a 

certain radius rc. 

(ii) It should coincide exactly with the true all-electrons (AE) wave function 

beyond a certain cutoff distance i.e  𝑅𝑛𝑙
𝑃𝑆 = 𝑅𝑛𝑙

𝐴𝐸 for 𝑟 ≥ 𝑟𝑐. 
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Knowing the pseudo-wave-function, the pseudo-potential can be obtained by 

inverting the radial Kohn-Sham equation for the pseudo-wave-function and the 

valence electronic density, given by: 

𝑉𝑙,𝑠𝑐𝑟
𝑃𝑆 = ∈𝑙

𝑃𝑆−
𝑙(𝑙 + 1)

2𝒓2
+

1

2𝑟𝑅𝑙
𝑃𝑆(𝑟)

𝑑2

𝑑𝑟2
[𝒓𝑅𝑙

𝑃𝑆(𝒓)] 
(4.46) 

The pseudopotential 𝑉𝑙,𝑠𝑐𝑟
𝑃𝑆   thus obtained takes into account the screening effect 

of the valence electrons. Finally to obtain the pseudopotential one has to subtract 

the Hartree and XC potential calculated only for the valence electrons. Therefore, 

considering the screening effect the pseudopotential takes the following form: 

𝑉𝑙
𝑃𝑆 = 𝑉𝑙,𝑠𝑐𝑟

𝑃𝑆 − 𝑉𝐻𝑎𝑟𝑡𝑟𝑒𝑒[𝜌
𝑃𝑆(𝒓)] − 𝑉𝑥𝑐[𝜌

𝑃𝑆(𝒓)] (4.47) 

The basic idea of pseudopotential is depicted in Figure 4.2. The cut-off radius rc 

where pseudo and true wave-functions coincide is not an adjustable 

pseudopotential parameter. The outermost nodal surface of the true wave-

function gives rise to the estimation of the smallest possible value of cut-off 

radius rc and the pseudopotential corresponding this cut-off radius close to the 

minimum, is very realistic and at the same time very strong. If a very large cut-

off radius is chosen, the pseudo-potential will be smooth and almost angular 

momentum independent, and at the same time it will be unrealistic. A smooth 

potential leads to fast convergence of plane-wave basis calculations. So choosing 

an optimal cut-off radius is critical to balance between basis-set size and 

pseudopotential accuracy.  

A major drawback of the plane-wave pseudopotential method is that all 

information on the true wave-function close to the nuclei is lost which can play 

an important role in determining certain physical properties such as hyperfine 

splitting, electric field gradients, etc. Within the pseudopotential method, this 

problem can be addressed by the use of the projected augmented wave (PAW) 

method proposed by P. Blöchl [30]. A different approach is on the all-electron 

approach of the linearized augmented plane wave method based on the choice 
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of partial wave functions as basis sets. Both methods are discussed in the 

following sections. 

4.2.10. Linearized Augmented Plane Wave (LAPW) Formalism: The linearized 

augmented plane wave (LAPW) is a method for solving the equations of DFT. It 

was first formulated by Slater in 1937 [31, 32]. Although pseudopotential 

methods are extremely useful in solving many problems, however, information 

inherently near the nucleus they are not the method of choice. In such cases, 

Augmented Plane Wave (APW) basis set can be more useful. LAPW formalism 

is a modification of the augmented plane wave (APW) method proposed by 

Slater. Modern implementations allow for several approximations to exchange 

and correlation (LDA, GGA, and LDA+U, among others) and make no 

approximations to the shape of the crystal potential, unlike methods employing 

the atomic sphere approximation (ASA) which assume spherical symmetry 

around each atom. Like most modern electronic-structure methods, the LAPW 

method is a variational expansion approach that solves the equations of DFT by 

approximating solutions as a finite linear combination of basis functions. 

Electrons that are far away from the nuclei behave as free particles. They can be 

described by plane waves. In contrast to regions close to the nuclei, the electrons 

behave in a localized manner at the nuclei site and therefore are more accurately 

described by atomic-like functions. In the APW method, this allows one to 

partition the system space into two parts viz the ‘muffin-tin" (MT) spheres 

centered at each atom site and the remaining region called interstitial. The MT 

approximation was widely used in APW codes to elucidate the properties of 

transition metals and compounds. An MT sphere (Sa) is a sphere of radius Ra 

constructed around each atom. These MT spheres are chosen in such a way that 

they do not overlap and fill the space to the maximal extent. The remaining space 

outside the spheres is called the interstitial region (IS). Within the MT spheres, 

the potential is approximated to be spherically symmetric while in the interstitial 

region, it is considered to be constant. 

The APW basis functions are then defined as; 
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𝜙𝐺
𝑘(𝑟, 𝜖) = 𝑓(𝑥)

=

{
 

 
1

√𝛺
𝑒𝑖(𝑘+𝐺).𝑟                                      𝑓𝑜𝑟 𝑟 ∈ 𝐼𝑆

∑ 𝐴𝑙𝑚
𝑎,𝑘+𝐺𝜑𝑙

𝑎(𝑟, 𝜖)𝑌𝑚
𝑙 (𝜃′, 𝜑′)

𝑙,𝑚
  𝑓𝑜𝑟 𝑟 ∈ 𝑆𝑎

 

 

(4.48) 

 

The position r inside the spheres is given with reference to the center of each 

sphere. 𝜑𝑙
𝑎 is the solution to the radial Schrödinger equation for an isolated atom 

to the energy parameter ε. The coefficients 𝐴𝑙𝑚
𝑎,𝑘+𝐺are determined by the 

requirement that the wave-functions have to be continuous at the boundary of 

the MT spheres. Thus by matching the plane waves outside the sphere to the 

function inside the sphere at the boundary the value of 𝐴𝑙𝑚
𝑎,𝑘+𝐺can be obtained. In 

principle, since the expansion of the plane wave term of Eq. 4.45 contains a series 

of infinite terms, an infinite number of 𝐴𝑙𝑚
𝑎,𝑘+𝐺 can be found such that two 

functions can be matched. For practical purposes, however, a truncation at some 

value of lmax is required. A reasonably good condition is given by RaGmax= lmax 

where Gmax provides the cut-off for the plane wave expansion. 

Since, 𝜑𝑙
𝑎 depends on energy, so does the resultant Hamiltonian matrix H. Thus, 

solving the secular equation to obtain the energy eigenvalues becomes a 

nonlinear problem that is computationally more expensive and non-trivial. 

Linearization of the APW method i.e. LAPW [31] helps to get rid of this problem. 

The linearized version of Augmented Plane Wave basis, following Andersen’s 

linearization approach [33, 34], is expressed as: 

𝜙𝐺
𝑘(𝑟, 𝜖)

=

{
 

 
1

√𝛺
𝑒𝑖(𝑘+𝐺).𝑟                                                                                𝑓𝑜𝑟 𝑟 ∈ 𝐼𝑆 

∑ 𝐴𝑙𝑚
𝑎,𝑘+𝐺𝜑𝑙

𝑎(𝑟′, ∈𝜈) + 𝐵𝑙𝑚
𝑎,𝑘+𝐺𝜑̇𝑙

𝑎(𝑟′, ∈𝜈)𝑌𝑚
𝑙 (𝜃′, 𝜑′)

𝑙,𝑚
   𝑓𝑜𝑟 𝑟 ∈ 𝑆𝑎

 

 

(4.49) 

where the coefficients 𝐴𝑙𝑚
𝑎,𝑘+𝐺 and 𝐵𝑙𝑚

𝑎,𝑘+𝐺can be determined by matching these 

solutions in magnitude and slope at the sphere boundary. Although adding local 

orbitals increases the LAPW basis set size, still their number is quite small 

compared to the typical LAPW basis set the size of a few hundred functions. The 
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problem with the APW method was the energy dependence of the basis set, 

which is removed in the LAPW method, however, at the cost of a somewhat 

larger basis set size. 

4.2.11. The Projector-Augmented-Wave (PAW) Formalism: The projector 

augmented-wave (PAW) method was developed by Blochl in 1994 [30] as a 

method to accurately and efficiently calculate the electronic structure. The 

advantage of this formalism is it contains the numerical advantages of 

pseudopotential calculations while retaining the physics of all-electron 

calculations including the correct nodal behavior of the valence-electron wave 

functions and the ability to include upper core states in addition to valence states 

in the self-consistent iterations. Later Kresse and Joubert modified this PAW 

method and implemented it within the plane-wave code of the Vienna Ab-initio 

Simulation Package(VASP) [35, 36]. Within this formalism, the drawback arising 

due to oscillations of valence-state wave-functions is addressed by transforming 

the physical wave-functions ψn(r) into smooth auxiliary wave-functions 

𝜓̃𝑛(𝑟)  that can be represented in a plane wave expansion. This is achieved by 

defining a linear transformation operator T as:  

𝑇 = 1 +∑𝑇𝑎

𝑎

 (4.50) 

where 𝑇𝑎  only acts in the augmentation spheres.  

Augmentation spheres are constructs similar to the muffin-tin spheres defined 

around each atom i and have a radius|𝑟 − 𝑅𝑎| <  𝑟𝑐
𝑎, where 𝑟𝑐

𝑎 is the cut-off 

radius, a is the atom site index and Ra is the position of the atoms i.  

Then transformation T maps the smooth auxiliary wave-functions onto the true 

wave-functions by:  

𝜓𝑛(𝑟) = 𝑻 𝜓̃𝑛(𝑟) (4.51)  

 

 

 

 

 

 

 

To evaluate the form of the operator T, one considers the all-electron partial 

wave basis functions |𝜙𝑖
𝑎⟩. Let |𝜙̃

𝑖

𝑎
 ⟩ be the auxiliary partial wave such that 
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outside the augmentation spheres they are identical to the all-electron partial 

wave basis functions: 

|𝜙𝑖
𝑎⟩ =|𝜙̃

𝑖

𝑎
 ⟩ ∀|𝑟 − 𝑅𝑎| > 𝑟𝑐

𝑎 (4.52) 

Then,  

|𝜙𝑖
𝑎⟩ = 𝑻|𝜙̃

𝑖

𝑎
 ⟩ (4.53) 

|𝜙𝑖
𝑎⟩ = (1 +∑𝑻𝑎

′

 

𝑎′

) |𝜙̃
𝑖

𝑎
 ⟩ 

 

(4.54) 

|𝜙𝑖
𝑎⟩ = (1 + 𝑻𝑎

 
) |𝜙̃

𝑖

𝑎
 ⟩ (4.55) 

The above equation implies that:  

𝑇̂𝑎
 
|𝜙̃

𝑖

𝑎
 ⟩ = |𝜙𝑖

𝑎⟩ − |𝜙̃
𝑖

𝑎
 ⟩  

(4.56) 

=∑(|𝜙𝑗
𝑎⟩ − |𝜙̃

𝑗

𝑎
 ⟩⟨𝑝𝑗

𝑎|𝜙̃
𝑖

𝑎
 ⟩)

 

𝑗

 

where  ⟨𝑝𝑗
𝑎| is the projector operator satisfying the condition ⟨𝑝𝑗

𝑎|𝜙̃
𝑖

𝑎
 ⟩ = 𝛿𝑖,𝑗 

So, the operator T can be written as: 

𝑻 = 1 +∑(|𝜙𝑗
𝑎⟩ − |𝜙̃

𝑗

𝑎
 ⟩⟨𝑝𝑗

𝑎|𝜙̃
𝑖

𝑎
 ⟩)

 

𝑗

 
(4.57) 

Thus, ψn(r) can be reconstructed from ψ̃n(r) on operating T as: 

ѱ𝑛(𝑟) = ѱ̃𝑛(𝑟) +∑(|𝜙𝑗
𝑎⟩ − |𝜙̃

𝑗

𝑎
 ⟩⟨𝑝𝑗

𝑎|𝜙̃
𝑖

𝑎
 ⟩)

 

𝑗

 
(4.58) 

The smooth auxiliary wave-function ѱ̃𝑛(r) is identical to the all-electron 

wavefunctions ѱ𝑛(r) outside the augmented spheres. The auxiliary partial 

waves |𝜙̃
𝑗

𝑎
 ⟩ are chosen such that they form the basis for ѱ̃𝑛(r) within the 

augmented sphere. Therefore it can be written as in eq. (4.59). Furthermore, it 
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can be shown that the all-electron wave function ѱ𝑛(r) can be expanded in terms 

of all-electron partial waves |𝜙𝑗
𝑎⟩ using the same coefficients 𝐶𝑛𝑖

𝑎 . 

ѱ̃𝑛(𝑟) =∑𝐶𝑛𝑖
𝑎 |𝜙̃

𝑖

𝑎
 ⟩

𝑖

 
 

(4.59) 

The PAW formalism as implemented within the VASP software by Kresse and 

Joubert has been primarily used for the work described within this thesis. 

4.2.12. Time-Dependent Density Functional Theory: The DFT has been 

generalized to include time-dependent potentials and is known as TDDFT. This 

theory can be thought of as a reformulation of the time-dependent quantum 

mechanics in terms of time-dependent electron density ρ(r,t). This approach has 

a great advantage over the wave function approach, as the many-body wave 

function is a function of N positions, where N is the number of electrons while 

the electron density is a function of one position only. 

The main theoretical construction was done by Runge and Gross (1984) who 

gave a theorem known as the Runge–Gross theorem [37], which is the analog of 

the Hohenberg–Kohn theorem for the time-dependent electron density ρ(r,t). 

They showed that DFT can be extended to problems where a time-dependent 

external perturbation is present, such as the oscillating electric field of a laser. 

Runge–Gross theorem establishes a one-to-one correspondence between ρ(r,t) 

and time-dependent external potential vext(r,t) for a given initial state. Similar to 

DFT, one can define a fictitious system of non-interacting electrons that has the 

same density ρ(r,t) of the real system and which moves in a time-dependent 

effective potential veff(r,t). This leads to an equation similar to the time-

dependent Schrödinger equation, known as the time-dependent KS equation. A 

noninteracting system is defined in such a way that it reproduces the exact 

groundstate density of the interacting system. This means that we can calculate 

the exact density as the sum of squares of single-particle orbitals: 

𝜌(𝒓, 𝑡) =  ∑|𝜑𝑗(𝑟)|
2

𝑁

𝑗=1

 
(4.60) 
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where the orbitals satisfy the following equation: 

[−
∇2

2
+ 𝑣𝑒𝑓𝑓(𝒓, 𝑡)] 𝜑𝑗(𝑟) = 𝜀𝑗𝜑𝑗 

(4.61) 

This equation is called the time-dependent Kohn Sham equation [38, 39]. 

Here,  

𝑣𝑒𝑓𝑓(𝒓, 𝑡) = 𝑣𝑒𝑥𝑡(𝒓, 𝑡) + 𝑣𝑋𝐶(𝒓, 𝑡) + ∫𝑑
3𝑟′

𝜌(𝒓, 𝑡)

|𝑟 − 𝑟′|
 

(4.62) 

Here 𝑣𝑋𝐶(𝒓, 𝑡) is the time-dependent exchange-correlation potential, and 

𝑣𝑒𝑥𝑡(𝒓, 𝑡) is the external time-dependent field. The second term on the right-hand 

side of Eq. (4.62) is the time-dependent Hartree potential, describing the 

interaction of classical electronic charge distributions. The exchange-correlation 

potential 𝑣𝑥𝑐(𝒓, 𝑡) is an unknown functional of 𝜌(𝒓, 𝑡) which has to be 

approximated. The functional derivative of exchange-correlation potential 

𝛿𝑣𝑥𝑐/𝛿𝜌 is called the exchange-correlation kernel fXC. The simplest 

approximation is the adiabatic local density approximation (ALDA) in which the 

exchange-correlation potential of the homogeneous electron-gas [7] with the 

instantaneous density is used to evaluate 𝑣𝑥𝑐(𝒓, 𝑡), that is: 

𝑣𝑋𝐶
𝐴𝐿𝐷𝐴(𝒓, 𝑡) = 𝑣𝑋𝐶

𝑢𝑛𝑖𝑓
(𝑛(𝒓, 𝑡)) (4.63) 

This formalism has been applied to calculate excited-state energies and photo-

absorption cross-sections of molecules and clusters.  Hence one replaces the 

inhomogeneous electron system at each point r with a  homogeneous electron 

gas having the density of the inhomogeneous system at r. The rationale for this 

approximation is in the limit of slowly varying density. In practice, however, the 

macroscopic dielectric function calculated using this kernel has two well-known 

deficiencies: the quasiparticle gap is too small, and the physics of the bound 

electron-hole pair is missing. ALDA does not improve on the results obtained 

within the random phase approximation (RPA) which corresponds to the trivial 

kernel fXC =0.  
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4.2.12.1. Exchange Correlation Kernel:  The change of electron density in the 

presence of an external potential requires, in addition to the exchange-

correlation potential, the exchange-correlation kernel– the functional derivative 

of the exchange-correlation potential with respect to the density. The search for 

improved TDDFT potentials and kernels is hence a subject of increasing interest. 

There is a large literature dealing with the inclusion of many-body effects into 

TDDFT kernels, to correctly reproduce excitonic features. In the present thesis, 

we have used two types of exchange-correlation kernel in order to calculate the 

excitonic property of systems, these are; a) Bootstrap (BOS) [40] and b) Long 

Range Contribution (LRC) [41].    

4.2.12.2. Bootstrap Method [40]: We have adapted the Bootstrap kernel method 

as implemented by Gross et al. The exact relationship between the dielectric 

function ε and the kernel fxc for a periodic solid can be written as: 

𝜀−1(𝒒, 𝜔) = 1 + 𝑣(𝒒)𝜒(𝒒, 𝜔)  

 

(4.64) 
                                              

= 1 + 𝜒0(𝒒, 𝜔)𝑣(𝒒){1 − [𝑣(𝒒) + 𝑓𝑥𝑐(𝒒, 𝜔)]𝜒0(𝒒,𝜔)}
−1 

In this equation, v is the bare Coulomb potential, 𝜒 is the full response function, 

and 𝜒0 is the response function of the noninteracting Kohn-Sham system. The 

frequency-independent approximation for the XC, can be written as: 

𝑓𝑋𝐶
𝑏𝑜𝑜𝑡(𝑞, 𝜔) = −

𝜖−1(𝑞, 𝜔 = 0)𝑣(𝒒)

𝜀𝐺𝐺′
0 (𝑞, 𝜔 = 0) − 1

=
𝜖−1(𝑞, 𝜔 = 0)

𝜒𝐺𝐺′
0 (𝑞, 𝜔 = 0)

 
 

(4.65) 

where 𝜀0 = 1 − 𝑣(𝒒)𝜒0(𝒒, 𝜔) is the dielectric function in RPA formalism [42]. The 

approximate functional is chosen in such a way that it satisfies two important 

requirements; a) fXC has the exact long-wavelength behavior i.e: 

𝑓𝑋𝐶(𝑞 → 0) = 𝛼𝑋𝐶/𝑞
2 (4.66) 

In the 𝜔 → 0 limit, the form of fXC should yield static dielectric constants close to 

the RPA values, which are known to reproduce experiments reasonably well. 
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These equations are useful when either fXC or ε is unknown. With the addition of 

the approximation given by Eq. (4.65), however, both fXC and ε can be determined 

from knowledge of 𝜒0  exclusively. The modus operandi for doing so is to start by 

setting 𝑓𝑋𝐶 = 0 and then solving Eq. (4.64) to obtain ε-1. This is then 

‘‘bootstrapped’’ in Eq. (4.65) to find a new fXC, and the procedure repeated until 

self-consistency between the two equations at ω=0 is achieved.   

This Bootstrap kernel has two key advantages: first of all, the computation cost 

is very minimal, as the most expensive part is the calculation of 𝜒0, which needs 

to be calculated only once, and, most importantly no system-dependent external 

parameter is required.  

4.2.12.3. Long Range Method [41]: The long-range component of the exchange-

correlation kernel fXC is completely absent from local density or generalized 

gradient approximations, but it is believed to be present in the “exact” fXC. In the 

case of solids, the Hartree contribution is not sufficient to yield good absorption 

spectra (it then just gives rise to the crystal local field effects). In this case, taking 

into account fXC within Time-Dependent LDA (TDLDA) does not lead to a 

significant improvement. The reason for this failure can be traced back to the 

short-range nature of the TDLDA fXC, while the “exact” fXC is believed to be long-

ranged, decaying in momentum space as 1 𝑞2⁄ . 

Therefore, when calculating electronic excitations in solids we have the BSE, a 

precise but computationally demanding method, and at the same time we are 

using TDDFT, a rather inexpensive method whose applicability is severely 

limited by the shortcomings of the TDLDA. Several attempts have been made to 

find a desirable fXC which will be generally applicable. Improvements to the 

TDLDA might come through the inclusion of dynamical effects and/or long-

range nonlocal terms. One of the simplest models used to consider the long-

range effect is of the form: 

𝑓𝑋𝐶
𝑠𝑡𝑎𝑡𝑖𝑐(𝑞) = −𝛼𝑠𝑡𝑎𝑡𝑖𝑐 𝑞2⁄  (4.67) 
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where 𝛼𝑠𝑡𝑎𝑡𝑖𝑐 is a frequency-independent long-range component of the 

exchange-correlation kernel. Keeping only this contribution is sufficient to 

simulate the strong continuum exciton effect in the absorption spectrum. More 

detailed and accurate formulation involves introducing frequency dependence. 

In order to improve on this simplest of models, we can follow two paths: a) 

introduce a more complex spatial behaviour, b) introduce frequency 

dependence. We have followed the later method in our time-dependent 

absorption calculations.  

The frequency-dependent form of the model kernel is proposed as:  

𝑓𝑥𝑐
𝑑𝑦𝑛(𝒒, 𝜔) = −

1

𝑞2
(𝛼 + 𝛽𝜔2)  (4.68) 

the two parameters 𝛼 and 𝛽 of Eq. (4.68) can be related to physical quantities, 

like the dielectric constant and the plasma frequency. This approach is a 

promising alternative to the use of the significantly more complicated kernels 

proposed in the literature for the efficient calculation of electronic excitations in 

complex systems made of semiconductors and insulators. 

4.3. Computational Details: 

4.3.1. Electronic Structure and Orbital Analysis: The first-principles electronic 

structure are calculated with the help of plane-wave calculations with norm-

conserving projector augmented wave (PAW) pseudopotentials. We have used 

both the local density approximation (LDA) and generalized gradient 

approximation (GGA) with Ceperley-Alder (CA) and Perdew-Burke-Ernzerhof 

(PBE) [43] exchange-correlation functionals respectively, as implemented in the 

Vienna ab initio simulation program (VASP) [44]. To examine the role of the 

vdW interactions across the layers, the semi-empirical dispersion potential 

representing the dipolar interactions is included within the DFT energy 

functional by using the DFT-D3 method of Grimme [45]. A monkhorst-Pack k-

grid of dimension 5×5×3 is used for sampling the Brillouin zone and the cut-off 

for the plane wave expansion is kept at 500 eV. The energy convergences for all 



131 
 

self-consistent field calculations are kept as 10-5 eV and the structural 

optimizations were performed using the conjugate gradient algorithm, till the 

Hellmann-Feynmann force on each ion is less than 0.01 eV/Å.  

4.3.2. Phonon Dispersion Using VASP Phonopy Code: The phonon-dispersion 

curves are calculated from the VASP-Phonopy code with GGA-PBE exchange-

correlation functional after incorporating van der Waal correction. We have 

employed a combination of the supercell and the finite displacement methods to 

first generate a 2×2×2 supercell and successively provide a finite displacement 

to its atoms by an amount of 0.002 Å. The force constants are generated for each 

supercell by using first-principles VASP calculations and these constants, being 

a signature of the interatomic potential, are collected after using the Phonopy 

code to generate the dynamical matrix [46]. Diagonalization of this matrix results 

in the phonon frequencies and thus produces the phonon dispersion curves 

along the high-symmetry path of the Brillouin-zone. The plane wave cut-off 

energy is kept at 500 eV and the criteria for minimization of Hellmann-

Feynmann force is kept at 0.001 eV/Å and the criteria for convergence of the 

electronic energy is kept at 10-8 eV.  

4.3.3. Hybrid Functional (HSE06) Calculation: We have utilized Heyd Scuseria-

Ernzerhof (HSE06) [47] hybrid functional calculations for a precise description 

of the unoccupied levels and better determination of the band gap of the 

semiconductor-based system. The energy convergence for all self-consistent 

field calculations is kept as 10-5 eV and the structural optimizations were 

performed within the conjugate gradient algorithm, till the Hellmann–

Feynmann force on each ion is less than 0.01 eV/Å. Band-structure calculation 

by using HSE06 will complete in two steps. First, HSE SCF: for this copy the 

input files along with CHGCAR and WAVECAR from GGA-PBE SCF. Put the 

HSE tags (LHFCALC = .TRUE., HFSCREEN = 0.2, AEXX = 0.25, ALGO = D, 

TIME = 0.3, LDIAG = .TRUE.) in INCAR file. Second, copy the four input files 

along with CHGCAR, WAVECAR and IBZKPTS from HSE-SCF. Collect the "k-

points in reciprocal lattice" from OUTCAR of GGA-PBE band-structure 
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calculation and put them at the bottom of IBZKPTS and rename it as KPOINTS. 

The fourth column of the KPOINTS copied from OUTCAR should be changed 

to 0.000 and modify the number of automatically generated mesh as per the k-

points in reciprocal lattice. 

4.3.4. X-ray Spectral Properties: The optimized structures from VASP were 

taken as input for computing the X-ray spectroscopic properties. The DFT 

ground state self-consistent solutions are obtained with the GGA potentials, after 

incorporating the spin-orbit coupling in the fully relativistic manner, as 

implemented in full potential Linearized Muffin-Tin orbital (FP-LMTO) based 

RSPt code [48, 49]. To compute the L and M edges, the core-hole is created at the 

metal-2p and 3p levels respectively and the corresponding p-levels are explicitly 

included in the single-impurity Anderson model (SIAM) [50, 51]. The Slater-

Condon integrals corresponding to the L and M edge X-ray spectroscopy are 

calculated after considering the corresponding modified basis sets with the core-

hole placed at the respective levels. These integrals and the hybridization 

functions are used in the calculation of the X-ray spectra after solving the SIAM. 

The double-counting corrections used in this calculation are formulated using 

the concept of charge-transfer energy [50].  

In this approach, the construction of the local Green’s function is done with the 

projection of a single particle Green’s function from the lattice momentum to the 

impurity site. The projection is defined with a particular energy window. The 

hybridizations of the projected Re-5d orbitals with the ligands are calculated 

from the inversion of the local Green’s function in terms of the impurity-bath 

hopping parameters. The continuous hybridization function is discretized and 

the resulting bath states are used in the exact diagonalization scheme, as 

implemented in the impurity model. The SIAM is constructed from the DFT-

derived single particle Hamiltonian after combining the Coulomb interaction 

terms between the impurity 5d orbital, relevant bath states and a 2p (or 3p) core 

spin-orbital state. The strong spin-orbit coupling of the core states splits the L3 

and L2 (or M3 and M2) edges of the absorption spectrum. 
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4.3.5. Calculation of Exfoliation Energies: The exfoliation energies are 

calculated by using formula, 

Eex(n) = [Eslab(n) − Ebulk/m]/A             (4.69) 

Where, Eex(n) is the exfoliation energy of n layers, Eslab(n) is the energy of the unit 

cell of the n-layer slab in a vacuum, Ebulk is the energy of the unit cell of the bulk 

system consisting of m layers, and A is the in-plane area of the bulk unit cell.  

4.3.6. DFT + Dynamical Mean-field Theory (DMFT) + Spin Orbit Coupling 

(SOC): We have used DFT+DMFT+SOC approach to treat the moderately 

correlated Kagome systems. For strongly correlated systems, the basic task is to 

find out the actual set of “correlated orbitals” {|R,  >} with R specifying the 

Bravais lattice site corresponding to the correlated atom and  is the orbital index 

within the unit cell. In the presence of correlation, the total Hamiltonian of the 

system can be written after incorporating the Hubbard interaction, explicitly 

describing the local Coulomb repulsion U as the Local-density approximations 

(LDA) + U Hamiltonian: 

𝐻 = 𝐻𝐿𝐷𝐴 +
1

2
∑ ∑ 𝑈𝜉1….𝜉4𝑐𝑅,𝜉1

†
𝜉1….𝜉4𝑅 𝑐𝑅,𝜉2

† 𝑐𝑅,𝜉3𝑐𝑅,𝜉4       (4.70) 

with the atomic-like correlated orbitals, the Coulomb parameter 𝑈𝜉1….𝜉4 can be 

expressed in terms of the Slater integrals Fn as: 

𝑈𝜉1….𝜉4 = ∑ 𝑎𝑛(𝜉1…
2𝑙
𝑛=0 𝜉4)𝐹𝑛      (4.71) 

with 

                    𝑎𝑛(𝜉1… . . 𝜉4) =
4𝜋

2𝑛+1
∑ ⟨𝜉1|𝑌𝑛𝑞|𝜉3⟩⟨𝜉2|𝑌𝑛𝑞

∗ |𝜉4⟩
𝑛
𝑞=−𝑛                          (4.72) 

where ⟨𝜉1|𝑌𝑛𝑞|𝜉3⟩ and ⟨𝜉2|𝑌𝑛𝑞
∗ |𝜉4⟩ are the integrals over the products of three 

spherical harmonics.  

The LDA+U Hamiltonian represent an effective Hubbard model, the solution of 

which requires treating a many-body problem. In spectral DFT, after specifying 

the main observable quantity, we map the original system into one with lesser 
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degrees of freedom in such a way that the expectation value of the observable is 

kept intact. In DFT, we define the main observable as the charge density 𝜌(𝑟) 

and the one electron Green’s function 

𝐺̂(𝑧) = [(𝑧 − 𝜇)𝕀 − ℎ̂𝐿𝐷𝐴 − Σ̂(𝑧)]
−1

                                         (4.73) 

here z is the energy in the complex plane,  is the chemical potential, ℎ̂𝐿𝐷𝐴 is the 

unperturbed Hamiltonian consisting of the hopping term and Σ̂(𝑧) is the self-

energy operator, being a many-body representative of the electron interactions. 

In spectral DFT, the main observable is the local Green’s function at the site R: 

𝐺̂𝑅(𝑧) = 𝑃̂𝑅𝐺̂(𝑧)𝑃̂𝑅         (4.74) 

where, 𝑃̂𝑅 = ∑ |𝑅, 𝜉⟩𝜉 ⟨𝑅, 𝜉| is the projection operator in the correlation subspace 

of R. Like LDA or GGA approximations in DFT, the corresponding 

approximation in spectral DFT is Dynamical mean field theory (DMFT), where 

the self-energy is assumed to be purely local. This assumption of local self-

energy allows us to concentrate only on single site R and the effect of the other 

sites can be replaced with a self-consistent electronic bath  𝒢0
−1(𝑅, 𝑧). Thus, the 

atomic site is considered to be embedded in a fermionic bath and that whole 

system is treated as a multiband Anderson impurity model. Without knowing 

the exact Hamiltonian, one can always represent the effective action as: 

𝑆 = −∬𝑑𝜏𝑑𝜏
′ ∑ 𝑐𝜉1

† (𝜏′)[𝒢0
−1]

𝜉1𝜉2
(𝜏−𝜏′)𝑐𝜉2(𝜏)𝜉1𝜉2  +

                                                               
1

2
∫𝑑𝜏 ∑ 𝑐𝜉1

† (𝜏)𝑐𝜉2
† (𝜏)𝑈𝜉1…𝜉4𝜉1…𝜉4 𝑐𝜉4(𝜏)𝑐𝜉3(𝜏)  (4.75) 

where 𝜏 is the imaginary time for the finite temperature many-body system and 

the limit of the integral are from 0 to = 
1

𝐾𝑇
 . So, the problem is now defined and 

the impurity Green’s function 𝐺̂𝑖𝑚𝑝(𝑧) arises from the dynamics ascribed 

through the action S. With the help of the inverse Dyson equation, an explicit 

expression for the self-energy operator is obtained after solving the “impurity” 

problem: 

Σ̂(𝑅, 𝑧) =  𝒢0
−1(𝑅, 𝑧) − 𝐺𝑖𝑚𝑝

−1 (z)     (4.76) 
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The solution of this multiband Anderson impurity problem is obtained with the 

help of the spin-polarized T-matrix fluctuation-exchange (SPTF) solver [52, 53], 

which is an efficient and reliable impurity solver for moderately correlated 

electron systems. Once the effective impurity problem is solved and the updated 

self-energy is obtained, the number of particles will undergo an effective change 

and thus the chemical potential will be updated and thus a new Green’s function 

is obtained as per equation (S2.4). Thus, one now obtains a new electronic bath 

𝒢0
−1(𝑅, 𝑧) by using the inverse Dyson equation: 

𝒢0
−1(𝑅, 𝑧) = 𝐺𝑅

−1(𝑧) + Σ̂(𝑅, 𝑧)      (4.77) 

This full process is iterated until a convergent self-energy is obtained. In the next 

step, this couples with the convergence of electronic charge via the full self-

consistent cycle to obtain a complete solution of DFT+DMFT.  

All of these calculations have been performed using the relativistic spin-

polarized toolkit (RSPt) [49, 54, 55], which is based on linearized muffin-tin 

orbitals. 

4.3.7. Calculation of Inter-site Exchange Interactions: The Heisenberg and DM 

interactions are calculated using the Lichtenstein-Katnelson-Antropov-Gubanov 

(LKAG) relation [56, 57], where the concerned electronic system is mapped onto 

a generalized classical Heisenberg model: 

𝐻 = −∑ 𝑒𝑖
𝛼𝐽𝑖𝑗
𝛼𝛽
𝑒𝑗
𝛽

𝑖≠𝑗 ,   𝛼, 𝛽 = 𝑥, 𝑦, 𝑧      (4.78) 

Here the unit vector ei denotes the local spin direction and the fully relativistic 

exchange tensor constitutes the interactions like Heisenberg exchange, DM 

interaction and symmetric anisotropic exchange ̂ by following the relations (for 

the z-component): 

𝐷𝑖𝑗
𝑧 =

1

2
(𝐽𝑖𝑗
𝑥𝑦
− 𝐽𝑖𝑗

𝑦𝑥
)          (4.79) 

Γ𝑖𝑗
𝑧 =

1

2
(𝐽𝑖𝑗
𝑥𝑦
+ 𝐽𝑖𝑗

𝑦𝑥
)       (4.80) 
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Similarly, the x and y components can be calculated.  

All these parameters are extracted from a fully self-consistent converged 

DFT+DMFT calculation. 

4.3.8. Superconducting Critical Temperature (𝑇𝑐) of AV3Sb5 (A = Cs, Rb and 

K): The superconducting critical temperature (𝑇𝑐) calculations were performed 

based on an analysis of Eliashberg's theory proposed by Allen and Dynes [58] 

with the help of an approximate formula: 

𝑇𝑐 =
𝑓1𝑓2𝜔𝑙𝑜𝑔

1.20
exp (− 

1.04 (1+𝜆)

𝜆− µ∗(1+0.62𝜆)
)                                                         (4.81) 

where 𝑓1 and 𝑓2 are correction factors depend on λ, µ∗, 𝜔𝑙𝑜𝑔 and 𝜔̅2 

 𝑓1 = [1 + {
𝜆

2.46(1+3.8µ∗)
}
3
2⁄

]

1
3⁄

                                                             (4.82) 

𝑓2 = [1 +
𝜆2{

𝜔̅2
𝜔𝑙𝑜𝑔

−1}

𝜆2+{1.82(1+6.3µ∗)(𝜔̅2 𝜔𝑙𝑜𝑔⁄ )}
2]                                                      (4.83) 

and          µ∗ =  𝛼
𝑁

(1+𝑁)
                                                                                             (4.84) 

The value of 𝛼 is in the range of 0.28 to 0.31. N is the density of states at the Fermi 

level.  

The first inverse moment of 𝛼2𝐹(𝜔) gives the frequency-dependent electron-

phonon coupling constant parameter λ from the relation,  

𝜆(𝜔) = 2 ∫ 𝑑(𝜔)
 ∞ 

0
𝛼2𝐹(𝜔)/𝜔.           (4.85) 

The values of λ and 𝜔𝑙𝑜𝑔, as extracted from a density functional perturbation 

theory (DFPT) calculation by using the Quantum Espresso code was directly 

used in the Allen and Dynes equation. Here, 𝜔2 is the second moment of the 

normalized weight function and the general form of the moment is 

𝜔𝑛 =
2

𝜆
∫ 𝑑𝜔𝛼2𝐹(𝜔)𝜔𝑛−1.                                                                   (4.86)  
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We have calculated the above integral for 𝑛 = 2  by using 𝛼2𝐹(𝜔) for each value 

of λ. After getting the value of 𝜔2, we calculate the 𝜔̅2 as 

𝜔̅𝑛 = (𝜔𝑛)
1
𝑛⁄                                                                                        (4.87) 

4.3.9. Time-dependent DFT (TDDFT) for the Calculation of Interacting and 

Non-interacting Response: In TDDFT, the time-dependent Schrödinger 

equation is mapped onto an effective one-electron problem, where the time 

dependence is incorporated in the approximation of the exchange-correlation 

kernel as a function of the explicit time dependence of the exchange-correlation 

potential and electron-density as: 

𝑓𝑥𝑐(𝑟, 𝑟
′, 𝑡 − 𝑡′) =

𝜕𝑣𝑥𝑐(𝑟,𝑡)

𝜕𝜌(𝑟′,𝑡′)
      (4.88) 

Calculation of the response function involves a many-body approach towards 

the solution of the Bethe Saltpeter Equation (BSE) using the one-body Green’s 

function. In BSE, the dielectric function is written in terms of the bare-Coulomb 

potential and the interacting response function as: 

𝜖𝐺𝐺′
−1 (𝑞, 𝜔) = 𝛿𝐺𝐺′ + 𝑣𝐺𝐺′(𝑞)𝜒

′(𝑞, 𝜔) ,                                         (4.89) 

where v(q) is the bare Coulomb potential and  is the full response function, 

which is related to the response function 0 of  the non-interacting Kohn-Sham 

system as: 

𝜒′(𝑞, 𝜔) =
𝑣
𝐺𝐺′

(𝑞)𝜒
𝐺𝐺′
0 (𝑞,𝜔)

1−[𝑣𝐺𝐺′(𝑞)+𝑓𝑥𝑐(𝑞,𝜔)]𝜒𝐺𝐺′
0 (𝑞,𝜔)

                                           (4.90) 

The time-dependent exchange correlation is calculated from: 

𝑓𝑥𝑐
𝑇𝐷𝐷𝐹𝑇(𝑞, 𝜔) =

𝜖−1(𝑞,𝜔)

𝜒
𝐺𝐺′
0 (𝑞,𝜔)

                                                               (4.91) 

The coupled equations (2), (3) and (4) are solved by initially setting 𝑓𝑥𝑐
𝑇𝐷𝐷𝐹𝑇 = 0 

and then calculating 𝜒′(𝑞, 𝜔) and thus 𝜖𝐺𝐺′
−1 (𝑞, 𝜔). This value is then utilized in 

equation (4) to find out the new 𝑓𝑥𝑐
𝑇𝐷𝐷𝐹𝑇. This procedure is repeated until self-
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consistency is obtained at  = 0. The response functions are computed after 

taking care of both interband and intraband contributions. 

4.4. A First-principles Study for Structure-function Correlation: A 

Case Study: 

4.4.1. Introduction: Strong in-plane anisotropy and the presence of metallic bonds in 

rhenium dichalcogenides ReX2 (X = S, Se) promote the formation of the Peierls-distorted 

Re4-parallelogram array along an in-plane axis [59]. As a consequence, the lack of 

rotational symmetry incites highly anisotropic optical, vibrational, thermal and 

electrical responses leading to their utilization for optoelectronic [60],  electrical [61], 

photocatalytic [62] and excitonic [63] devices. Manifestation of in-plane anisotropies on 

polarized photoluminescence [64], Raman [65, 66], thermal conductivity [67] and carrier 

mobility [68] brightens their prospects for novel functional usage. The superior 

environmental stability of ReX2 enhances the application potential of its directional 

anisotropy in comparison to the anisotropic but highly degradable black phosphorus 

[69] and many other 2D materials. 

In contrast to the well-established in-plane anisotropies of ReX2 (X = S, Se), there are 

many conflicting experimental reports on several other properties of these compounds, 

which lack a proper theoretical explanation. These conflicts can be listed as follows: (A) 

There is no consensus on the long-debated issue of whether the bandgaps of these 

systems are direct or indirect in the bulk and monolayer limit [65, 70-77]. Whereas most 

experiments suggested an indirect band-gap nature for ReS2 from monolayer to seven 

layers [65, 71, 73-78], some also indicated the presence of a direct band-gap [70, 72, 73, 

79, 80]. Angle resolved photoemission spectra (ARPES) of ReS2 have been variously 

interpreted to suggest the band-gap as being nearly direct [81], marginally indirect [82] 

and significantly indirect [83]. For ReSe2, high resolution ARPES indicated an indirect 

band gap in bulk single crystals [84]. Nonetheless, the experimental results mainly 

indicate an indirect bandgap, GW-BSE calculations for both bulk systems suggested a 

direct bandgap [73, 79, 80].  In addition to the conflict about the nature of bandgap, the 

role of orbital contributions at the band edges, controlling the in-plane anisotropy and 

the nature of bandgap, is not analyzed to any larger detail [75]. (B) The question about 

the presence of interlayer coupling and the relative contribution of van der Waals (vdW) 

interaction and electronic hybridizations towards it remains unanswered [83, 85-87]. In 
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ReS2, the presence of interlayer coupling was confirmed from the shear and the 

breathing Raman modes [85, 86, 88, 89] and also from anisotropic photoluminescence 

[90]. The delocalization of electrons across the vdW gap indicates the contribution of 

electronic hybridization toward interlayer coupling [83] of ReS2. For ReSe2, the intimate 

interplay of the in-plane anisotropy and orbital contribution in tuning the interlayer 

coupling [91, 92] was demonstrated by ARPES measurements. A lack of understanding 

of the interlayer coupling in these systems leads to the presence of contradicting 

experiments of the bandgap crossovers with lowering material thickness [70, 80, 83]. (C) 

Whether ReS2 and ReSe2 are isostructural or isoelectronic is still an open question. While 

polarized Raman measurements indicate them to be isostructural [86], the transmission 

electron micrograph (TEM) spurs the controversy regarding the presence and absence 

of Bernal stacking in ReSe2 and ReS2 respectively [72, 93]. The ambipolarity of ReSe2 and 

n-type doping in ReS2 illustrate their difference of orbital contributions at the band-

edges [94], emphasizing the fact that these two systems are not isoelectronic. (D) 

Although pressure-induced metallization in these systems is reported [95, 96] to have 

negative pressure coefficients for the first direct optical transition, which is anomalous 

when compared to other dichalcogenides [97], there is still a lack of knowledge on the 

analysis of pressure-induced metallic transition in the light of orbital decomposition. 

Despite numerous existing results, all these conflicting experimental and theoretical 

results are yet to be analysed in the light of structure-property correlations. In this 

comprehensive work, with the help of a detailed first-principles electronic structure and 

phonon calculations, we perform a comparative study of the energetics and electronic 

properties of all the available structures for both of these systems. After converging 

upon the lowest energy structures, we point out the effects of structural relaxations and 

orbital decomposition on the detailed anisotropic electronic structure of these systems 

to explain the existing conflicts. In addition, with the help of a combined full-potential 

DFT+MLFT approach, we have constructed a single impurity Anderson Model (SIAM) 

[50, 51] for the Re-5d and 2p (3p) states and solved it to calculate the X-ray spectra for 

the ground state structures of ReS2 and ReSe2 for assessing the role of structural 

optimization and electronic structure on the chemical environments. The following 

sections describe the results of this comprehensive study. 

4.4.2. Re-dichalcogenides: Resolving Conflicts of their Structure-property 

Relationship [98]: ReX2 (X = S, Se) have been discussed to stabilize in the 
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distorted 1T′ structures belonging to the triclinic symmetry group P-1 [72]. 

Detailed scrutiny of prior literature leads to two different structures for ReS2 and 

ReSe2. The initial structure prediction for ReS2 was carried out by Murray et al. 

[99] with an unit cell of four formula units and lattice parameters a = 6.42 Å, 

b = 6.51 Å and c = 6.46 Å.  

 

Figure 4.3: (a) ICSD structure of ReS2 (S-1), ReS2 (S-2), ReSe2 (S-3) and ReSe2 (S-4). (b) The 
simulated XRD spectra for NR structures of S-1, S-2, S-3 and S-4 are presented. 

Later, a flaw in this structure was rectified by Lamfers et al. [59] with an unit cell 

of eight formula units and the modified lattice parameters are a = 6.35 Å, 

b = 6.45 Å and c = 12.78 Å. Figure 4.3a depicts all the structures of ReS2, as per 
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Lamfers et al. [59]  and Murray et al. [99], designated as S-1 and S-2 respectively. 

Note that, S-1 has four almost coplanar symmetric types for Re due to the 

presence of the pseudo-inversion centre at (1/4, 0, 0).  The repetition of this 

inversion centre along the c axis does not obey the reflection symmetry. This 

weak reflection asymmetry was ignored in S-2 and thus its c-axis is half of that 

of S-1.  

 

Figure 4.4: The electronic structures of S-1 (ReS2 by Lamfers et al.) treated by (a) GGA-PBE 

and (b) LDA PAW potential. The electronic structures of S-2 (ReS2 by Murray et al.) treated by 

(c) GGA-PBE and (d) LDA PAW potential. The calculation has been performed for three 

different relaxations (RI, RISV, RIS,) of unit cell and also no relaxation (RNR) after incorporation 

of spin orbit coupling (SOC).  
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Additionally, in S-2, there is a flipping of c  a axes in comparison to S-1, leading 

to an a-axis stacking in S-2, in contrast to the c-axis stacking in S-1. For ReSe2, the 

structure defined by Wildervanck et al. [100] has lattice parameters a = 6.71 Å, 

b = 6.60 Å and c = 6.73 Å.  

 

Figure 4.5: The electronic structures of S-3 (ReSe2 by Lamfers et al.) treated by (a) GGA-PBE 
and (b) LDA PAW potential. The electronic structures of S-4 (ReS2 by Wildervanck et al.) treated 
by (c) GGA-PBE and (d) LDA PAW potential. The calculation has been performed for three 
different relaxations (RI, RISV, RIS,) of unit cell and also no relaxation (RNR) after incorporation 
of spin-orbit coupling (SOC). 

This structure was refined by Lamfers et al. [59] with unit cell parameters 

a = 6.60 Å, b = 6.71 Å and c = 6.72 Å, where there is an interchange of a and b 
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lattice parameters. We denote these two structures as S-3 (described by Lamfers 

et al.) and S-4 (described by Wildervanck et al.), having four formula units per 

unit cell. To estimate the impact of structural differences on X-ray diffraction 

(XRD) patterns, the simulated XRD spectra for all four non-relaxed (NR) 

structures of ReS2 and ReSe2 are plotted in Figure 4.3b. The Miller indices of the 

reflecting planes corresponding to the most significant peaks are marked and 

these peak positions resemble the experimental data presented in reference [72]. 

It is evident that the XRD patterns of S-1 and S-2 are indistinguishable and the 

same is true for S-3 and S-4. Therefore, by mere comparison of the XRD, the 

subtle differences between the NR structures are untraceable. Since the XRD 

spectra of the NR structures could not detect the differences between the 

structures S-1 to S-2 and S-3 to S-4, we have carried out different types of 

structural relaxations to estimate the impact of relaxation on the XRD spectra. 

We have used three different modes of structural relaxations using DFT within 

the realm of conjugate gradient algorithm. In the first one, designated as RI, the 

ionic positions (I) are optimized and the cell volume (V) and shape (S) are intact. 

The next one is named RISV, where all these three parameters I, S and V are 

optimized. For RIS, the ionic positions and the cell shapes are varied. The non-

relaxed cases are described as RNR.  

Table 4.1: Electronic structure properties of S-1, S-2, S-3 and S-4 using LDA-CA and GGA-

PBE exchange-correlation functional respectively. The bandgaps are calculated using GGA-PBE 

(with vdW) and LDA-CA (without vdW) functional with PAW potentials after incorporating 

SOC. Summaries are listed for three different relaxations (RI, RISV and RIS) and non-relaxed 

(RNR) cases. 

 

System Potential 
LDA/GGA 

Bandgap (Indirect/Direct) 
 

R
I
 R

ISV
 R

IS
 R

NR
 

ReS2 (S-1) LDA Indirect  
Eg = 0.69 

eV 

Indirect 
Eg = 0.30 

eV 

Indirect  
Eg = 0.31 

eV 

Direct  
Eg = 1.07 

eV 

GGA 
 

Indirect 
Eg = 0.25 

eV 

Indirect 
Eg = 0.12 

eV 

Indirect 
Eg = 0.06 

eV  

Direct 
Eg = 1.09 

eV 
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ReS2 (S-2) LDA Direct 
Eg = 0.81 

eV 

Direct 
Eg = 0.16 

eV 

Direct 
Eg = 0.11 

eV 

Direct 
Eg = 1.11 

eV 

GGA 
 

Indirect 
Eg = 0.95 

eV 

Direct 
Eg = 0.17 

eV 

Direct 
Eg = 0.26 

eV 

Direct 
Eg = 1.12 

eV 
ReSe2 (S-3) LDA Indirect  

Eg = 0.80 

eV 

 
 
 
 

Metallic 

 

Indirect 
Eg = 1.11 

eV 

GGA 
 

Indirect 
Eg = 1.13 

eV 

Indirect 
Eg = 1.11  

eV 
ReSe2 (S-4) 

 
LDA Indirect 

Eg = 0.75 

eV 

Indirect 
Eg = 0.76 

eV 

GGA 
 

Indirect 
Eg = 0.76 

eV 

Indirect 
Eg = 0.80 

eV 

 

Table 4.2: The total energy values corresponding to different modes of structural relaxations (RI, 

RISV and RIS). 

 

We have used the LDA Ceperley-Alder (LDA-CA) and GGA Perdew-Burke-

Ernzerhof (GGA-PBE) calculations with vdW correction after including spin-

orbit coupling (SOC) for structures S-1 to S-4 and investigated the types and 

magnitudes of the bandgaps. The key results of all of these calculations are listed 

in Table 4.1. For RNR, we find that ReS2 is a direct band-gap system for both S-1 

and S-2, whereas the band-gap of ReSe2 is indirect with both S-3 and S-4. The 

Bulk System Formation energy per atom (eV) 

with vdW without vdW 

RNR RI RNR RI 

ReS2 (S-1) -5.40 -5.31 -5.16 -4.89 

ReS2 (S-2) -3.09 -3.13 -2.90 -2.75 

ReSe2 (S-3) -5.00 -5.09 -4.71 -4.61 

ReSe2 (S-4) -4.89 -5.04 -4.61 -4.57 
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incorporation of structural optimization is seen to introduce drastic changes in 

the electronic structure, especially at the band edges. For RISV and RIS, the 

bandgaps in ReS2 are highly reduced with a change of bandgap from direct to 

indirect. 

Table 4.3: Calculated formation energies of S-1, S-2, S-3 and S-4 using GGA-PBE and 

DFT-D3 vdW corrections. 

 

In S-2, the nature of bandgap varies from LDA to GGA for RI. In ReSe2, both RISV 

and RIS result in a metallic state for S-3 and S-4. For RI, the GGA potentials 

abruptly reduce the indirect band-gap for ReS2, but retain the NR values for both 

S-3 and S-4. However, the use of hybrid functionals [47] for the exchange-

correlation energy enables the rectification of the gap-values for the RI cases, as 

will be seen in the next section. This survey indicates that ReX2 (X = S, Se) are 

capable of producing widely different results depending on the types of 

relaxation, approximations used for the energy functional and the input crystal 

structures. Since both RISV and RIS are leading to almost metallic behaviour for 

the bulk systems, we continue with the RI and RNR schemes to compare the 

electronic properties. A comparison of the total energies corresponding to these 

aforementioned modes of structural relaxations indicates that the relaxed 

systems generated after using the mode RI provide the lowest energy 

configuration for each structural system, as can be seen in Table 4.2. The 

summaries of this full survey of all the structures and methods are presented in 

Figures 4.4 and 4.5. From this elaborate study, it is seen that the GGA-PBE 

exchange functional and the relaxation mode RI is the most effective to generate 

System RI RISV RIS 

ReS2 (S-1) -186.9436 -184.9797 -184.9745 

ReS2 (S-2) -92.4122 -91.5381 -91.6497 

ReSe2 (S-3) -87.0059 -84.1383 -84.1205 

ReSe2 (S-4) -86.5089 -84.1738 -84.8164 
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the lowest energy configurations. Next, we have compared the formation 

energies per atom of the bulk structures of ReS2 and ReSe2 both with and without 

vdW for RI and RNR, and the results are presented in Table 4.3. 

 

Figure 4.6: Polyhedral coordinations for (a) S-1 and (b) S-3. Re-Re metallic bonds make up the 

Re4 parallelogram array along a-direction for (c) ReS2 and (d) ReSe2. (e) Simulated XRD spectra 

of S-1 (for RNR and RI) and (f) S-3. The differences in the XRD peaks are highlighted. 

The comparison of the formation energies implies that for both of these schemes, 

S-1 and S-3 are the lowest energy structural configurations for ReS2 and ReSe2 

respectively. For ReS2 in particular, the energy difference between S-1 and S-2 is 

quite large. Therefore, from here onwards, we shall discuss the results only for 



147 
 

the structures S-1 (for ReS2) and S-3 (for ReSe2) mostly for the relaxation mode 

RI. As inferred from the energetics, ReS2 and ReSe2 belong to two different 

structures.  

 

Figure 4.7: Phonon dispersion curves for (a) ReS2 (S-1) and (b) ReSe2 (S-3) bulk crystal 

structure. Different colours signify the projections corresponding to different eigenvectors. 

This non-isostructural nature of these two compounds becomes more evident if 

we scrutinize the polyhedral coordination of the relaxed structures. Figure 4.6a 

depicts the polyhedral coordination of ReS2, which indicates that the in-plane 

structure consists of the edge-shared ReS6 octahedral array along the b-axis. 

These arrays are bridged by two face-shared ReS5 square pyramids along the a-

axis. This in-plane structure consists of voids surrounded by the bridge and the 

array. In relaxed ReS2 (S-1), due to the reflection asymmetry along the c-axis, 

there is no Bernal stacking. ReSe2, on the other hand, consists of only ReSe6 
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distorted octahedral coordination (Figure 4.6b). The a-b plane of ReSe2 is space-

filled with face-shared distorted ReSe6 octahedron and reflection symmetry of 

this plane along c-axis confirms the presence of Bernal stacking. 

 

Figure 4.8: (a) In-plane Re (dxy and dx2-y2), (b) out-of-plane Re (dyz, dxz and dz2), (c) In-plane S 
(px and py) and (d) out-of-plane S (pz) orbitally-projected GGA-PBE + SOC bands for RNR of S-
1. (e) In-plane Re, (f) out-of-plane Re, (g) in-plane Se and (h) out-of-plane Se orbitally projected 
GGA-PBE bands for RNR of S-3. 
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Figure 4.9: (a) In-plane Re (dxy and dx2-y2), (b) out-of-plane Re (dyz, dxz and dz2), (c) in-plane S 

(px and py) and (d) out-of-plane S (pz) bands of structure ReS2 (S-1) after ionic relaxation. (e) In-

plane Re (dxy and dx2-y2), (f) out-of-plane Re (dyz, dxz and dz2), (g) in-plane Se (px and py) and (h) 

out-of-plane Se (pz) bands of structure ReSe2 (S-3) after ionic relaxation. The calculations are 

performed using GGA-PBE with PAW potentials after including SOC.   

This difference in stacking was also pointed out by the TEM experiments [69, 72, 

101] and the calculated optimized structures are capable of reproducing this 
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observation. Both of these systems contain the Re4 parallelogram array along a-

axis, as seen in Figures 4.6c and d. In Figure 4.6e, we present a comparison of the 

simulated XRD spectra of ReS2 and ReSe2 both with and without RI, highlighting 

the differences with the rectangular boxes, where the appearance or absence of 

peaks are indicated.  

 

Figure 4.10: (a) The ionic optimized crystal structure of ReS2 (S-1) and ReSe2 (S-3), (b) and (c) 

OPDOS of ReS2 (S-1) for RNR and RI respectively. (d) Ionic optimized crystal structure of ReSe2 

(S-3), (e) and (f) OPDOS of ReSe2 (S-3) for RNR and RI respectively. The calculations are 

performed using GGA-PBE with PAW potentials after including SOC.  

This comparison connotes that with incorporation of structural relaxation, the 

subtle structural differences between the non-relaxed and relaxed structures 
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lead to theoretically distinguishable XRD spectra, albeit the significant peaks 

remain similar to the reference [72]. The significance of choosing an appropriate 

mode of structural relaxation in reproducing the experimental results becomes 

evident from this comparison.  

 

Figure 4.11: (a) In-plane Re (dxy and dx2-y2), (b) out-of-plane Re (dyz, dxz and dz2), (c) in-plane S 

(px and py) and (d) out-of-plane S (pz) orbital-projected HSE06 bands of ReS2 (S-1) for RI. (e) In-

plane Re, (f) out-of-plane Re, (g) in-plane Se and (h) out-of-plane Se orbital-projected HSE06 

bands of ReSe2 (S-3) for RI. 

For further confirmation of structural stability, we have calculated the phonon 

dispersions of the bulk structures of S-1 and S-3, corresponding to the RI mode 

of structural relaxation, as presented in Figures 4.7a and b. The absence of any 

imaginary modes confirms that there is no dynamical instability near room 

temperature. Near the  point, the phonon band-dispersions of ReS2 have a non-
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linear q-dependence, originating from the out-of-plane ZA-like acoustic modes.  

On the contrary, the phonon dispersions in ReSe2 are mostly linear near the  

point, implying a lesser contribution from out-of-plane vibrations. Thus, the 

phonon dispersions confirm the structural stability of S-1 and S-3. Next, we 

analyze the orbital contributions from the Re-5d, S-3p and Se-4p orbitals at the 

valence band maximum (VBM) and conduction band minimum (CBM) to assess 

the compatibility of these structures to reproduce the experimental ARPES data.  

 

Figure 4.12: OPDOS of bulk (a) ReS2 (S-1) and (b) ReSe2 (S-3) by using spin polarised GGA-

PBE with HSE06 hybrid functional calculations after ionic relaxation (RI). 

The in-plane (dxy and dx2-y2) and out of plane (dyz, dxz, dz2) orbital contributions of 

Re-5d orbitals and the respective in-plane (px and py) and out-of-plane (pz) orbital 

contributions of S and Se-p orbitals at the band edges represent their low-energy 
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electronic structure. The orbital projection of the band-structures, as calculated 

with the GGA-PBE+vdW functional after incorporating SOC, for the in-plane 

and out-of-plane orbitals of bulk S-1 and S-3 for RNR are presented in Figure 4.8. 

 

Figure 4.13: (a) In-plane Re (dxy and dx2-y2), (b) out-of-plane Re (dyz, dxz and dz2), (c) In-plane S 
(px and py) and (d) out-of-plane S (pz) orbitally-projected GGA-PBE bands for RNR of monolayer 
of S-1. (e) In-plane Re, (f) out-of-plane Re, (g) In-plane Se and (h) out-of-plane Se orbitally 
projected GGA-PBE bands for RNR of monolayer of S-3. All the calculations are done after 
incorporating SOC. 

 For RNR, ReS2 has a direct bandgap of magnitude 1.21 eV at the -point and 

ReSe2 is an indirect bandgap system of magnitude 1.11 eV with flat bands at the 

VBM and CBM. The orbital contributions of the in-plane and out-of-plane 
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orbitals are mixed at the band-edges for both systems, as can be seen from 

Figures 4.8a-h. Interestingly, this distribution of the in-plane and out-of-plane 

orbital contributions undergoes a change for RI. Figure 4.9 presents the orbital 

projected band-structure for RI with GGA-PBE+vdW functional after 

incorporating SOC. For ReS2, there is a drastic reduction of the bandgap to 0.25 

eV. However, ReSe2 retains its indirect bandgap of 1.11 eV with a shift of the 

edge of the CBM from Y to X. Unlike the other TMDC systems, the effects of SOC 

is not very prominent for the S-1 and S-3 bulk structures of ReS2 and ReSe2, as 

was also seen in prior studies [79, 80]. We have compared the effects of SOC on 

the electronic structure of these two systems. The orbital-projected density of 

states (OPDOS) corresponding to the RI and RNR are presented in Figure 4.10. 

The reduction of the bandgap for relaxed systems can be circumvented by using 

the HSE06 hybrid functional for the exchange correlations, where the 

overestimation of the electron delocalization for Re-5d levels by semi-local GGA-

PBE functional is avoided [47]. Figures 4.11a–d represents the orbital projections 

for S-1 using HSE06, where ReS2 is an indirect band gap system having a 

bandgap ~ 0.8 eV. There is a very close direct bandgap transition at Γ, within a 

few hundred of meV of the indirect transition, which resembles the ARPES 

valence-band maps as presented in reference [82].  

The contribution of both Re and S out-of-plane orbitals are higher at VBM due 

to a sigma-bonding-like inter-plane charge-overlap of Re-5dz2 and S-3pz orbitals, 

matching closely with the ARPES results as presented in reference [81]. The in-

plane orbitals contribute more at the CBM. For S-3, as seen from Figures 4.11e-h, 

the system possesses an indirect bandgap of ~1.6 eV. Whereas the CBM has more 

contributions from the out-of-plane Re-5d and Se-4p orbitals, the VBM is 

constituted of both in-plane and out-of-plane Se-4p orbitals, which is very similar 

to the ARPES results presented in the literature [92]. The corresponding OPDOS 

are presented in Figure 4.12. While investigating the monolayers, we have first 

calculated the formation energies per atom for the monolayers of S-1 and S-3 and 

their negative (Table 4.4) values confirm their stability. The exfoliation energies 
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for the monolayers of S-1 and S-3 are calculated to be 30.48 and 5.25 meV/Å2 

respectively, as presented in Table 4.4.  

 

Figure 4.14: (a) In-plane Re (dxy and dx2-y2), (b) out-of-plane Re (dyz, dxz and dz2), (c) in-plane S 

(px and py) and (d) out-of-plane S (pz) bands of monolayer ReS2 (S-1) structure after ionic 

relaxation. (e) In-plane Re, (f) out-of-plane Re, (g) in-plane Se and (h) out-of-plane Se, bands of 

ReSe2 (S-3) structure after ionic relaxation. The calculations are performed using GGA-PBE 

with potentials after incorporating SOC. 

The exfoliation energy of monolayers of ReS2 is higher because of the 

contribution of electronic hybridization to the interlayer coupling in addition to 
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the vdW interaction. Figure 4.13 depicts the orbital-projection for the RNR 

monolayers of S-1 and S-3 with the GGA-PBE+vdW functional. Both of the non-

relaxed monolayers are displaying indirect band-gaps of magnitudes 1.34 and 

1.20 eV respectively for S-1 and S-3. From Figures 4.13a–d, the homogeneous 

contributions of the in-plane and out-of-plane orbitals at both VBM and CBM are 

evident. For S-3, as in Figures 4.13e–h, the out-of-plane contributions are more 

than the in-plane ones at the VBM and the reverse occurs for CBM. A close 

comparison of NR bulk and monolayers implies the effects of vdW interactions 

in obtaining a shift in the band-edges while lowering the thickness of the system. 

Figure 4.14 represents the orbital projections for the relaxed monolayers with the 

GGA-PBE+vdW functional after incorporating SOC. The effect of SOC is 

negligible for monolayers, except for splitting of band-crossing at the -point 

(Figure 4.15), as also seen in a prior study [80]. Unlike bulk systems, the 

monolayers do not exhibit the drastic reduction of the bandgaps under 

relaxation, albeit a shift of the band-edges. The anisotropy of the orbitals is not 

very evident from both RNR and RI band structures with GGA-PBE functional.  

Table 4.4: Formation energy and exfoliation energy of ReS
2
 and ReSe

2 
monolayers using GGA-

PBE method. 

 

 

Table 4.5: The electronic band-gaps of S-1 and S-3 after RI using HSE06 functional. 

Monolayer 
System 

Formation Energy Per atom 
(eV) 

Exfoliation Energy 
(meV/Å2) 

ReS2 (S-1) -5.30 30.48 

ReSe2 (S-3) - 4.91 5.25 

System Bulk/Monolayer Bandgap (eV) 
 

Theoretical Experimental 

ReS2 (S-1) Bulk 0.8 1.32 - 1.50 [65, 77, 102, 103] 

Monolayer 1.8 1.58 - 1.85 [102, 103] 

ReSe2 (S-3) Bulk 1.6 1.19 - 1.29 [77, 78, 104, 105] 

Monolayer 1.9  1.47 - 1.52 [104, 105] 
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The bandgaps are much closer to the experimental values after using a HSE06 

calculation, having the magnitudes of 1.8 eV and 1.9 eV for S-1 and S-3 after 

retaining the indirect bandgap nature, as can be seen from Figure 4.16 [65, 71, 

79]. Remarkably, the in-plane versus out-of-plane orbital anisotropy is more 

prominent in monolayers at VBM for both S-1 and S-3, as seen in Figure 4.16a-h. 

The CBM has similar contributions from the Re-5d in-plane and out-of-plane 

orbitals. As expected, the out-of-plane S-3pz and Se-4pz contributions are less for 

both VBM and CBM for the monolayers due to the lack of inter-plane charge 

overlap with the Re-5dz2 orbitals from the next layer. Figure 4.17 presents the 

OPDOS of monolayers for RNR, RI and HSE063 Table 4.5 presents a comparison 

of the theoretical and experimental bandgaps with appropriate references. It has 

been observed that the RI mode of structural relaxation is capable of producing 

the theoretical results resembling close to the experiments. Although, there is 

experimental evidence of semiconductor to metal transitions for both ReS2 and 

ReSe2, as per our knowledge, the theoretical studies dealt with the structures S-

2 [99] and S-4 [100].  

 

Figure 4.15: The electronic band structures of (a,b) bulk ReS2, (c,d) monolayer ReS2, (e,f) bulk 
ReSe2 and (g,h) monolayer ReSe2 for both with and without SOC. 
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For structures S-1 and S-3, there is no theoretical study to investigate the effects 

of high pressure. We have explored the high-pressure effects on both of these 

systems with the help of GGA-PBE+vdW functional. Figure 4.18a presents the 

evolution of the band structures for S-1 with respect to an isotropic reduction of 

volume upto 4.6%, where the system undergoes a metallic transition with a 

closure of the bandgap at the Y point with an increase of the band-flatness for a 

large region of the Brillouin zone. 

 

Figure 4.16: (a) In-plane Re (dxy and dx2-y2), (b) out-of-plane Re (dyz, dxz and dz2), (c) in-plane S 

(px and py) and (d) out-of-plane S (pz) orbital-projected HSE06 bands of monolayer ReS2 (S-1) 

for RI. (e) In-plane Re, (f) out-of-plane Re, (g) in-plane Se and (h) out-of-plane Se orbital-

projected HSE06 bands of monolayer ReS2 (S-3) for RI. 

For S-3, the system is less compressible and the metallic transition occurs after 

18.2% volume reduction. The corresponding pressures required to induce a 

metallic transition are 3.4 GPa and 10.7 GPa for ReS2 and ReSe2 respectively. The 
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metallicity appears to be extremely located around the Y point, as can be seen 

from Figure 4.18b. In Figures 4.18c and d, we have plotted the variation of the 

total energy versus the volume of the unit cell for ReS2 and ReSe2, which shows 

the usual equation of state behavior to be fitted with the Birch-Murnaghan 

equation (5.1) as:  

𝐸(𝑉) =  𝐸0 + 
9𝑉0𝐵0

16
{[(
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𝑉
)

2

3
− 1]
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𝑉
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2
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]}         (4.92) 

 

Figure 4.17: The ionic optimized monolayer structures of (a) ReS2 (S-1) and (b) ReSe2 (S-3) by 

using spin polarised GGA-PBE and PAW potential. (c) OPDOS before and after ionic relaxation 

of ReS2 (S-1) and ReSe2 (S-3) using spin polarised GGA-PBE and PAW potential after 

incorporating SOC. (d) OPDOS after ionic relaxation of ReS2 (S-1) and ReSe2 (S-3) using spin 

polarised GGA-PBE with HSE06 hybrid functional calculations after ionic relaxation (RI). 
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In this expression, B0 is the bulk modulus at ambient conditions and 𝐵0
′  is the 

pressure derivative of B0. After fitting the equation of state, the values of the bulk 

moduli for S-1 and S-3 are calculated to be 73.4 and 53.4 GPa respectively (Table 

4.6).  

 

Figure 4.18: Band structures of (a) ReS2 (S-1) and (b) ReSe2 (S-3) for different percentages of 

volume compression. A metallic transition occurs after 4.6% and 18.2% volume compression 

respectively. Birch-Murnaghan equation of state curve for (c) ReS2 (S-1) and (d) ReSe2 (S-3) 

respectively. The energy scale has been normalized so that zero represents the energy minimum. 
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In S-3, on the verge of metallic transition, the in-plane contribution is larger than 

the out-of-plane contribution. Such behavior can be attributed to the fact that S-

3 contains only a single layer in the bulk unit cell, which is in contrast to the 

double-layer per unit cell behavior of S-1. 

Table 4.6: Fitting parameters from Birch-Murnaghan equation of state for both of ReS2 (S-1) 

and ReSe2 (S-3). 

 

Next, we used a combined DFT+MLFT approach to calculate the X-ray spectra 

of S-1 and S-3 for both RNR and RI structures. First, DFT provides a description 

of the ground state and the Kohn-Sham eigenvalues have no physical 

interpretation in terms of the quasi particle excitations. 

 

Figure 4.19: XPS L2,3-edge spectra of (a) ReS2 (S-1) and (b) ReSe2 (S-3). XPS M2,3-edge spectra 

of (c) ReS2 (S-1) and (d) ReSe2 (S-3). Insets show the single edge of the corresponding spectra.  

System Eq. volume 
(Å3) 

Bulk modulus 
(GPa) 

Derivative of Bulk modulus 
(GPa) 

S-1 451.78 73.41 3.69 

S-3 253.99 53.37 5.14 
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Second, the single particle description of the potential and the exchange 

correlation functional is insufficient to analyze the excitation process. In MLFT, 

the electron-electron interaction is treated in a many-body approach, wherein 

one can construct a single-impurity Anderson Model (SIAM) and then solve it 

with an exact diagonalization scheme to obtain the excitation spectra [50, 51].  

The onsite Coulomb repulsions among the 5d electrons and the Coulomb 

interaction between the 2p or 3p semi-core-hole with the 5d electrons are 

calculated in terms of the Slater-Condon integrals from a converged DFT 

calculation. A standard screening term is multiplied by each Slater-Condon 

integral to account for the screening by the itinerant electron. The double 

counting correction is subtracted from the DFT Hamiltonian by following the 

charge-transfer formalism, as used in MLFT [50]. 

 

Figure 4.20: XAS L2,3-edge spectra of (a) ReS2 (S-1) and (b) ReSe2 (S-3). XAS M2,3-edge spectra 

of (c) ReS2 (S-1) and (d) ReSe2 (S-3). The energy scale has been set to be zero at the threshold 

energy.  Insets show plot of a single edge of the corresponding spectra. 

The fully-relativistic full-potential LMTO calculations are performed for the RNR 

and RI of S-1 and S-3. From this solution, a SIAM is constructed with MLFT and 
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is then solved to calculate the spectral intensities as a function of the energies of 

the incident photons for the X-ray photo-electron (XPS), X-ray absorption 

spectroscopy (XAS), valence-band photoemission (PS) and the resonant inelastic 

X-ray scattering (RIXS) spectra. We have computed both L2,3 and M2,3 edges of 

the spectra, where the X-ray photon excites an electron from the Re-2p and 3p 

core states respectively to its 5d valence states. Figures 4.19a-d present the L2,3 

and M2,3 spectra for the XPS.  

 

Figure 4.21: Valence electron PS spectra of (a) ReS2 (S-1) and (b) ReSe2 (S-3) for RNR and RI. 

Zero on the energy scale corresponds to the Fermi energy. 

The differences between the two peak positions signify the large spin-orbit 

splitting corresponding to the 2p and 3p core states. The inset focuses on a single 
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edge for each case. It will be evident that for each spectral plot the peak positions, 

numbers and types of satellite peaks and their intensities differ substantially 

from the relaxed to non-relaxed systems. A comparison of the single edges also 

implies that the peak positions are significantly different between S-1 and S-3. 

 

Figure 4.22: Diagonal components of the RIXS M-edge spectra for (a) ReS2 (S-1) relaxed and 

(b) ReS2 (S-1) NR. Off diagonal components of the RIXS M-edge spectra of (c) ReS2 (S-1) relaxed 

and (d) ReS2 (S-1) NR. Diagonal components of the RIXS M-edge spectra of (e) ReSe2 (S-3) 

relaxed and (f) ReSe2 (S-3) NR. Off diagonal components of the RIXS M-edge spectra of (g) 

ReSe2 (S-3) relaxed and (h) ReSe2 (S-3) NR. 
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Figures 4.20a-d represent the L2,3 and M2,3 spectra of XAS for S-1 and S-3 for RNR 

and RI. Apart from the differences in the XAS peak positions for the RNR and RI, 

the XAS intensity for the NR structure is always higher than the relaxed structure 

of S-1. For S-3, the difference in the peak-positions and intensities are both 

marginal, revealing that the effects of relaxations are not so high for ReSe2. 

 

Figure 4.23: Diagonal RIXS L-edge spectra of (a) ReS2 relaxed and (b) ReS2 NR. Off diagonal 

RIXS M-edge spectra of (c) ReS2 relaxed and (d) ReS2 NR. Diagonal RIXS L-edge spectra of (e) 

ReSe2 relaxed and (f) ReSe2 NR. Off diagonal RIXS L-edge spectra of (g) ReSe2 relaxed and (h) 

ReSe2 NR. 
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Figures 4.21a and b depict the PS for ReS2 and ReSe2, where the gapped nature 

of ReS2 in NR case is smeared out for the relaxed structure. In ReSe2, the value of 

the band-gap is modified after relaxation, after keeping the upper- and lower-

Hubbard nature of the peaks. ReS2 has a typical three-peak structure, 

constituting the upper-, lower-Hubbard and the quasiparticle peak around the 

Fermi level like the metallic systems. Figures 4.22a–h presents the RIXS electron 

energy loss versus the incident energy plots for the diagonal and off-diagonal 

components of the dipole matrix corresponding to the M2,3 edge. The 

corresponding RIXS responses of the L2,3 edge are presented in Figures 4.23a-h. 

Thus, for the lowest energy structures of both S-1 and S-3, we have computed 

the X-ray spectroscopic properties with the help of DFT+MLFT. As per our 

knowledge, the experimental data corresponding to these calculations are still 

not available in the literature. These calculations will be helpful to plan future 

experiments using high-energy X-ray beams.  

4.4.3. Conclusion: 

In this comprehensive study, we have investigated all the available structures in 

the contemporary literature for ReS2 and ReSe2 and then converged upon the 

lowest energy ones to investigate the details of their electronic structures and 

shed light upon the existing disputes. Our study indicates the importance of 

structural relaxations in calculating the electronic structure to obtain a 

resemblance with the existing experimental data. The anisotropic orbital 

contributions at the band edges and the controversies about the direct or indirect 

bandgap nature for the bulk or monolayer can be resolved with these new 

structures. High-pressure-induced metallic transitions were predicted and the 

corresponding bulk moduli were calculated for the bulk structures. The X-ray 

spectral properties were investigated by using the DFT+MLFT methods for the 

relaxed and non-relaxed systems, which could be of use to plan the future high-

energy X-ray experiments on these systems. This study indicates that the 

structure as well as the electronic properties of these two systems ReS2 and ReSe2 

is quite different.   
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Chapter 5 

Synthesis and Optical Characterization of a 

Nontoxic Nanohybrid for their Potential Drug 

Delivery Applications 

5.1. Introduction:  

Treatment of antibiotic resistant infections is a global hazard to human 

civilization [1] possesses an open challenge to the contemporary therapeutic 

research to combat multi-drug resistant bacteria [2]. In this direction, 

nanomaterials have emerged as a substitute tool to fight multi-drug resistant 

bacteria [3]. As the nanomaterial-bacteria interaction relies on several physical 

phenomena namely electrostatic attraction, van der Waals forces and 

hydrophobic. A profound scientific understanding of the interactions, which 

may not be unique for all cases provides ultimate insight for designing novel 

antimicrobial agents [4]. The key factor for the development of new antibiotics 

using nanomaterials is unique according to its physiochemical properties which 

essentially offers a versatile platform to develop innovative therapeutic 

strategies [5]. In general, the therapeutic strategies using nanomaterials can be 

classified into two categories namely direct and indirect interaction of the 

nanometals with target microorganisms. The direct strategy involves 

development of a class of organic-inorganic nanohybrid which either included 

or directly interacts with the microorganisms till their eradication. For example, 

in a recent study vancomycin-functionalized gold nanoparticles were 

synthesized to overcome vancomycin-resistant enterococci (VRE) infection [6, 7]. 

The improved antibacterial activity of the nanohybrids attributes to the 

enhanced internalization of the antibiotics inside cells connected to the 

polyvalent effect of concentrated antibiotics present on the surface of 

nanomaterials [8]. The mechanism of the bactericidal effect was reported to be 

disruption of negatively charged cell membrane of the bacteria by the cationic 
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polymer and eventually release of Ag+ ions from the AgBr nanoparticles [9]. In 

addition, biopolymers such as DNA, proteins/antibodies are also used in order 

to develop nanohybrids with specific recognition properties [10]. Antibacterial 

activity of DNA stabilized Ag nanoparticles was demonstrated by varying the 

oligonucleotide sequence [11]. It was concluded that the structure of the DNA 

used to stabilize the nanoparticles plays a key role in cellular internalization and 

eventually antimicrobial activity [11]. 

The indirect antimicrobial effect can be achieved through the use of 

nanomaterials as antimicrobial delivery vehicles to successfully deliver them to 

the infection site [12, 13]. In order to qualify as a delivery vehicle, a nanomaterial 

is essential to have the following properties, which can only be achieved through 

careful nano-surface engineering. Firstly, solubility in the bloodstream of the 

nanomaterial assures invisibility in opposition to the body’s common defense 

system as mononuclear phagocytic system can eliminate these nano-vehicles 

from the bloodstream. Secondly, the ability to cross biological barriers through 

the process of opsonization. As opsonin proteins in the blood rapidly adhere to 

nanomaterials, allowing the macrophages from the MPS (mononuclear 

phagocytic system) to bind and remove the nanomaterial from circulation [14]. 

Recently, nitrite-loaded silane-hydrogel based composite nanomaterial was 

developed to attach the antimicrobial activity of nitric oxide (NO) [15]. Among 

other nanomaterial-based drug delivery vehicles for pH-triggered drug delivery 

systems, enzyme-sensitive delivery systems, bacterial toxin-triggered drug 

delivery, the strategy for the stimuli-mediated cargo release is both sophisticated 

and complex, requiring biocompatible materials that can undergo chemical or 

structural changes in response to stimuli, e.g. light exposure at infection sites [3]. 

The acidic microenvironments, chronic infections or wounds with pH value in 

the range of 4−7 might be exploited to construct pH-sensitive nanotherapeutics 

[16]. The exceptional dissolution of ZnO (zinc oxide) nanoparticles at lower pH 

inducted its useful purpose as nanocarriers for drug delivery applications [17]. 

Recently, ZnO nanoparticles of great biocompatibility loaded with NIR active 

photosensitizer are shown to provide unprecedented antimicrobial 
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photodynamic therapeutic efficacy [18]. However, a photo-responsive nano-

vehicle for the delivery of conventional drugs, where the delivery vehicle itself 

shows antibacterial properties to drug-resistant bacteria is sparse in the literature 

and the development of such multifunctional nano-material is the motive of our 

work. 

Metal-organic frameworks (MOFs) constitute a significant class of hybrid 

inorganic-organic crystalline porous materials and its structures can be 

manipulated at the atomic scale by an appropriate choice of metal ions and 

organic ligands [19, 20]. MOF shows a range of applications in different fields 

including gas separation, gas storage, catalysis and sensing due to their large 

surface areas and tunable pore sizes [21-23]. MOFs possess many advantages for 

the adsorption and release of biomolecules and have a great potential for use as 

a new-age drug-delivery agent. Recently, it has been reported that porous 

iron(III)-based MOF (MIL) with engineered cores and surfaces are able to 

function as exceptional nanocarriers for powerful controlled delivery of 

challenging anti-tumoral drugs against cancer [24]. However, poor 

bioavailability (solubility, stability) under aqueous conditions of most of the 

MOF systems hindered its use as a drug-delivery agent [25]. 

MOFs encompassing their own antibacterial property are mainly reported in the 

case of Ag-containing MOF systems. Recently, it has been reported that Ag-

containing Zr-based MOFs synthesized via a two-step process can kill gram-

negative E. coli infection [26, 27]. However, stability and expense of silver are a 

matter of concern. Cobalt based MOFs are suggested as the only alternatives of 

Ag-MOF. Co-based MOF using tetrakis[(3,5-dicarboxyphenyl)-oxamethyl] 

methane acid as ligand has depicted its potency toward inactivation of E. coli 

[28]. Moreover, Co-SIM-1 and ZIF 67 are also reported as potential antibacterial 

agents. The main issue of Co-based MOF is its water stability and solubility [29]. 

In this chapter, we have employed a mixed metal approach to get both water 

stability and activity in one single MOF system. ZIF-8 and ZIF-67 are highly 

compatible due to their iso-reticular structure and similar lattice parameters, and 
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thus the mixed metal ZIF is synthesized via the co-precipitation of zinc and cobalt 

ions with Hmim. Electron microscopic images suggest that zinc and cobalt ions 

coexist uniformly in the bimetallic ZIF. The unperturbed crystal structures are 

confirmed using X-ray diffraction. As a consequence of the metal mixing process, 

the optical characteristics of mixed ZIF get altered which are evaluated using 

excited state emission property. The water stability of mixed ZIF has been 

evaluated both in the short term and for a long period. The pH-responsive 

dissolution of mixed ZIF is also assessed. The photoinduced reactive oxygen 

species generation was monitored using DCFH assay. The antibacterial effect of 

mixed ZIF is evaluated against drug-resistant bacterial strains. The light-induced 

reactivity of mixed ZIF can be employed for many fold applications including 

therapy and pollutant degradation. However, the detailed study using variant 

composition of metal ions is indeed of great importance and we would like to 

perform these types of experiments in the near future. 

Besides, there is an appeal for the improvement by employing stimuli responsive 

nanohybrids that can be accountable for their multifunction, multiuse and 

profoundly successful execution [30, 31]. These days, nanoparticles are 

progressively used to target microorganisms and could fill in as an option to 

natural antibacterial operators [32]. The viability of antibacterial capability might 

be expanded by means of nanohybrid that could be powerful to prevent the 

development of microbial infections in humans [33]. The nanohybrid is probably 

going to maintain stability against degradation, improving bioavailability, and 

intracellular transportation [34, 35]. MOFs are types of permeable materials 

containing metal sites attached through organic bridging ligands forming a 

frame-like structure. They are appreciated broadly due to their large surface 

area, tunable hole arrangement and manageable functionalities [36, 37]. ZIF8 is 

thermally nearly as steady as a covalent bond which makes it an extraordinary 

nominee for various applications [38]. Past reports have exhibited the utilization 

of ZIF8 as stimuli responsive targeted delivery framework for typical anticancer 

treatment doxorubicin [39]. Under some conditions, ZIF8 crystals can course 

through the circulation system pursued by moderate discharge into intracellular 
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organelles with lower pH 5−6 portraying its likelihood of usage as pH-sensitive 

drug delivery [33, 40]. We have shown earlier ZIF8 can effectively deliver 

phototherapeutic drugs into a bacterial infection site and pronouncedly killed 

the infection using antimicrobial photodynamic therapeutic strategies [33]. 

Hence, the attention is right now on improvement for increasing aqueous 

stability and the bioavailability issues of widely used antibiotics using ZIF8 [41].  

Therefore, we have used rifampicin (RF), a compelling antituberculosis drug that 

has tremendous pharmacological significance [42]. The common anti-microbial 

RF covers a wide scope of natural action while these investigations propose the 

use of ZIF8 frameworks for focused targeted drug delivery operators to combat 

anti-microbial resistance bacterial infections. RF is encapsulated into ZIF8 by a 

simple synthetic procedure [43]. The addition of RF inside the pores of ZIF8 

structure is required to bring down the free dissemination of RF in biological 

media. The synthesized ZIF8-RF nanohybrids are characterized by electron 

microscopic methods such as transmission electron microscopy (TEM), scanning 

electron microscopy (SEM) and X-ray diffraction. We have performed optical 

spectroscopic experiments such as absorption, emission and picosecond 

resolved fluorescence spectroscopy to validate the formation of the ZIF8-RF 

nanohybrid. The drug release profile experiment demonstrates that ZIF8-RF has 

acidic pH-responsive drug delivery capability which is ideal for targeting 

bacterial diseases. Most notably, ZIF8-RF provides enormous antibacterial 

activity against MRSA bacteria and prompts total loss of adherence to robust 

bacterial biofilms. The overall study depicts detailed physical insight for 

antibiotic-impregnated ZIF8-RF hybrid with tremendous antimicrobial activity 

that can be beneficial for manifold biomedical application purposes. 

5.2. Results and Discussion: 

5.2.1. Enhanced Water Stability and Photoresponsivity in Metal-Organic 

Framework (MOF): A Potential Tool to Combat Drug-Resistant Bacteria [37]: 

Bimetallic ZIFs are prepared by reacting Co2+ and Zn2+ metal ions with 2-
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methylimidazolate (Hmim) in methanolic solution as depicted in Figure 5.1a. 

The mixed-coordination of Hmim with an initial similar molar ratio of Zn2+ and 

Co2+ ions used in synthesis has been denoted as Zn50Co50-ZIF. Figure 5.1b shows 

the XRD patterns of all synthesized samples namely ZIF-8 (red), ZIF-67 (black) 

and Zn50Co50-ZIF (blue). All samples exhibit the same peaks at 7.22°, 10.2°, 12.5° 

and 17.8°, which correspond to the diffraction planes (011), (002), (112) and (222) 

respectively that agree with reported XRD of ZIF-8 [44].  

 

Figure 5.1: (a) Schematic representation of synthetic strategy for mixed metal zeolitic 
imidazolate framework (ZIF). (b) XRD patterns of synthesized ZIF-8 (red), ZIF-67 (black) and 
bimetallic ZIF (blue). 

It indicates that all samples are in pure phases and isostructural with ZIF-8 

showing high crystallinity. Also, we have the specific surface areas and porosity 

properties of this ZIF that are consistent with each other reported in the literature 
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[45, 46]. Next, we used TEM for the structural characterization of these samples. 

TEM results revealed the size and morphology of ZIF-8 (Figure 5.2a, b) and ZIF-

67 (Figure 5.2d, e) as uniform rhombic dodecahedral-shaped crystals with an 

average diameter of 150-250 nm. To observe the chemical composition of ZIF 

systems, we have employed energy filtered TEM (EFTEM) mapping analysis of 

ZIF-8 (Figure 5.2c) and ZIF-67 (Figure 5.2f). Zn50Co50-ZIF crystals are also 

characterized using TEM analysis. Figure 5.2g depicts the single crystal 

morphology of the bimetallic ZIF. The average diameter of the crystals is 100 nm. 

The EFTEM map of a single crystal and multiple crystals of both ZIF-8 and 

Zn50Co50-ZIF depicts (Figure 5.3) the homogeneous distribution of metal ions 

(Zn2+ and Co2+) and ligand atoms (N) throughout the crystal. 

 

Figure 5.2: (a) TEM images of ZIF-8 nanoparticles, (b) TEM image of single nanoparticle, (c) 
EFTEM compositional analysis of ZIF-8 nanoparticles. (d) TEM images of ZIF-67 nanoparticles, 
(e) TEM image of single nanoparticle, (f) EFTEM compositional analysis of ZIF-67 
nanoparticles. (g) TEM images of Zn50Co50-ZIF nanoparticles, (h) EFTEM compositional 
analysis of Zn50Co50-ZIF nanoparticles. 

Quantitative analysis of Zn and Co K shell maps collected using the energy 

dispersive X-ray (EDX) elemental mapping analysis (data not shown) depicts 
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that the weight percentages of Zn and Co are 11.8% and 10.73% respectively. The 

observation suggests the similarity between the ratio of Co and Zn used in the 

synthesis with the metal loaded within the crystal, indicating the formation of 

actual Zn50Co50-ZIF crystals. 

 

Figure 5.3: (a) TEM image of single ZIF-8 nanoparticle and (b-c) EFTEM compositional 
analysis of ZIF-8 nanoparticles. (d) TEM images of ZIF-8 nanoparticles and (e-f) EFTEM 
compositional analysis of ZIF-8 nanoparticles. (g-h) EFTEM compositional analysis of Zn50Co50-
ZIF nanoparticles. 



186 
 

After the structural characterizations, the optical absorption spectra of the ZIF 

systems are evaluated. The absorption spectrum of ZIF-8 is located in the UV 

region and is virtually featureless in the visible region. ZIF-67 attributes 

absorption maxima at 588 nm with two shoulder peaks at 565 nm and 537 nm 

(Figure 5.4a).  

 

Figure 5.4: (a) UV-visible absorption spectra of ZIF-8 (red), ZIF-67 (black) and Zn50Co50-ZIF 
(blue). Inset shows the corresponding normalized emission spectra upon excitation at 375 nm. 
(b) Picosecond resolved fluorescence transients of ZIF-8 (red), ZIF-67 (black) and Zn50Co50-ZIF 
(blue) collected at 450 nm upon excitation at 375 nm. 

These absorption characteristics generate due to the higher-lying [4A2(F) to 

4T1(P)] d-d ligand field transitions [47]. The observation also suggests the 

presence of Co2+ in a tetrahedral environment. Following the mixed metal ZIF, 
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the absorption characteristics are like that of ZIF-67 with a slight red shift in the 

peak position. The main absorption maximum is at 593 nm with shouldered at 

570 nm and 540 nm. All the ZIF systems show broad absorption characteristics 

in < 400 nm region due to the presence of ligand to metal charge transfer (LMCT) 

processes. Although the mixed metal ZIF is isostructural with that of ZIF-67, it 

possesses decreased absorption of Co d−d transitions owing to the dilution of 

the Co2+ chromophores by the non-absorbing Zn2+ ions [48]. The evaluation of 

photoluminescence property of the ZIF systems suggests that all three ZIFs 

provide an emission maximum of around 450 nm upon excitation at 375 nm 

(lower inset of Figure 5.4a). The emission band arises mainly due to the 

association of the linker with the coordinating metal ions and remains at the 

same position for various metal ions i.e. Zn2+ (d10) or Co2+ (d7) [49]. We then 

performed the excited state photoluminescence experiments to unravel the 

charge transfer process. The fluorescence decay profiles for ZIF-8, ZIF-67 and 

Zn50Co50-ZIF were obtained upon photoexcitation at 375 nm in ethanol and 

monitored at 450 nm as shown in Figure 5.4b. The time profile of the fluorescence 

decay at 450 nm for ZIF-8, ZIF-67 and Zn50Co50-ZIF showed bi-exponential 

decay, with a faster component of ~0.8 ns and a slower component of 4 ns. The 

lifetime components of the transients are represented in Table 5.1.  

Table 5.1: Picosecond-resolved fluorescence transient lifetime. The emission (monitored at 450 
nm) was detected with 375 nm laser excitation. Numbers in parentheses indicate relative 
contributions. 
  

 

As evident from Table 5.1, time components appear to be similar in all the 

fluorescence transients indicating superior involvement of ligand for the 

emission characteristics. The thermal behaviour of the ZIFs is examined via 

thermogravimetric analysis (TGA). Figure 5.5a shows the thermogravimetric 

System 𝝉𝟏 (ps) 𝝉𝟐 (ps) 𝝉𝟑 (ps) 

ZIF-8 847 (17%) 4462 (83%) 3847 

ZIF-67 730 (7%) 4212 (93%) 3968 

Zn50Co50-ZIF 791 (17%) 4440 (83%) 3819 
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(TG) curves of ZIF-8, ZIF-67 and Zn50Co50-ZIF implementing the increasing 

temperature method. The first weight loss of ZIF-67 occurs from 100°C to 200°C 

due to the disappearance of guest molecules as well as gas molecules from the 

cavities. Subsequently, a more weight loss of ZIF-67 occurred in the range of 300 

- 450 °C, which could be imposed to the putrefaction of the overall crystal 

structure. 

 

Figure 5.5: (a) Thermogravimetric profile of ZIF-8 (red), ZIF-67 (black) and Zn50Co50-ZIF (blue) 
monitored under N2 flow. (b) Aqueous stability of ZIF-8 (red), ZIF-67 (black) and Zn50Co50-ZIF 
(blue) monitored using absorption at 595 nm for 90 minutes time frame. (c) XRD pattern of ZIF-
67 (black) and Zn50Co50-ZIF (blue) after keeping in water for 10 days at room temperature. SEM 
images of (d) ZIF-67 and (e) Zn50Co50-ZIF, after keeping in water for 10 days at room 
temperature. (f) Dissolution pattern of Zn50Co50-ZIF at two different pH buffer solutions (pH = 
5 and 7) over different time intervals as 0 hr (black), 14 hr (light grey), 20 hr (dark grey). 

For ZIF-8 sample, an unchanging weight loss profile is reached with respect to 

temperatures up to 450 °C, upon which effective weight loss occurs with respect 

to temperature and suggests the onset of impermanence temperature of the ZIF-

8 nanoparticles.  After reaching either rottenness temperature, it indicates a steep 

reduction in weight analogous to a downfall of the ZIF-8 structure and 

carbonization under extreme thermal stress [50]. The bimetallic ZIF depicts 
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similar thermal behaviour with ZIF-8 system. There is only one step weight loss 

associated which is due to the decomposition of the organic linker. It has been 

observed that Zn50Co50-ZIF is quite stable and begins to decompose at 450°C.  

The observation suggests that the incorporation of Zn(II) in ZIF-67 crystal 

improves its thermal stability probably due to that Zn(II) ion has a stronger 

coordination capability to 2-methylimidazolate than Co(II) ion [51]. As the 

mixed metallic Zn50Co50-ZIF nanoparticles show improvement in thermal 

stability, so we have assessed its aqueous stability in short time frame as well as 

in long term. Figure 5.5b shows the change in absorbance at 595 nm (main peak 

of ZIF systems) with increasing time. It has been observed that ZIF-8 is very 

stable without unaltered absorbance value after 90 minutes, but ZIF-67 shows 

~30% decrease in absorbance value. This suggests that ZIF-67 is not stable in an 

aqueous environment owing to the spontaneous hydrolysis of ZIF-67 due to 

breaking of weak Co-Imidazolate bond. Zn50Co50-ZIF shows typical stability in 

water with almost no change in absorbance value at 595 nm. The improved water 

stability may arise due to lesser possibility of crystal hydrolysis as the Zn-

imidazolate bond is much stronger. Further, the long-term water stability of the 

systems is analyzed using XRD and SEM analysis. XRD pattern of ZIF-67 shows 

complete perturbation of crystal structure after 10 days of water exposure, 

whereas the XRD signals remain unchanged for the Zn50Co50-ZIF under the same 

condition (Figure 5.5c). The SEM images of Zn50Co50-ZIF and ZIF-67 after 10 days 

of water exposure are shown in Figures 5.5d and 5.5e respectively. The SEM 

images also confirm the total structural destruction of ZIF-67 upon long term 

water exposure which gets improved in case of Zn50Co50-ZIF systems [47]. The 

thermally stable and water steady Zn50Co50-ZIF nanoparticles are finally 

evaluated for their pH-responsive deposition nature. The decrease in the 

absorbance at 595 nm corresponds to the degree of dissolution of Zn50Co50-ZIF. 

Figure 5.5f shows that there is a ~30% increase in dissolution at acidic pH (pH = 

5.5) compare to physiological pH (pH = 7.4). The pH-responsive dissolution 

trend is mainly because ZIF is a porous network assembled by the coordination 

interactions within ligand (methylimidazole) linkers and metal ions. The acidic 
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environment nature will protonate methylimidazole (pKa ~ 7.35) which may 

decrease the coordination interactions and leads to a damaged network [51]. As 

it has been already reported that the Zn-N bond in ZIF-8 tends to dissociate in 

acidic pH, so the trend can be observed in the mixed system also. The enhanced 

stability (both thermal and aqueous), as well as the pH-responsive dissolution of 

Zn50Co50-ZIF indicate its superior potential for various application purposes. We 

have chosen and analyze its light-induced effectivity as an alternative 

antimicrobial agent and a photocatalyst.  

 

Figure 5.6: (a) DCFH oxidation with respect to time with addition of ZIF-8 (red),  Zn50Co50-ZIF 
(blue) and DCFH control (black) under dark and subsequent white-light irradiation. (b) 
Recyclability of ROS generation by Zn50Co50-ZIF under white light irradiation monitored by 
DCF fluorescence at 520 nm. (c) Kinetics of methylene blue degradation under white light 
illumination (control: grey, Zn50Co50-ZIF: blue). 
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We have evaluated the photoinduced reactive oxygen species generation by 

Zn50Co50-ZIF as the sample possesses broad absorption characteristics, as well as 

some recent reports, suggest there exists a stable higher energy state in ZIF-67 

which can generate reactive species. The increase of DCF emission upon 

oxidation of DCFH by ROS has been monitored to detect the amount of ROS. 

Zn50Co50-ZIF nanoparticle shows 2.5 times more ROS generation efficiency 

compare to ZIF-8 under white light illuminated conditions as depicted in Figure 

5.6a. The ROS generation capability is also recyclable up to three consecutive 

cycles (Figure 5.6b). The fitted curve with the exponential rise equation depicts 

that rate constant for 1st cycle is 186 minutes. Thereafter rate constants for 2nd 

and 3rd cycles are 48 minutes and 40 minutes respectively. As depicted by 

transient absorption spectroscopy, there exists a long-lived intermediate excited 

state in ZIF-67 systems [47]. Thus, we have predicted that mixed ZIF also 

possesses such stable excited electronic states which contribute to ROS formation 

ability.  

 

Figure 5.7: (a) Effect of N2 and TBA on the photocatalytic activity of Zn50Co50-ZIF. (b) XRD 
experiment of Zn50Co50-ZIF before photocatalysis (blue) and after photocatalysis (red). 
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We have also performed photocatalysis of model pollutant MB to check the 

environmental aspect of the mixed ZIF system. Figure 5.6c shows the kinetics of 

degradation of MB that depicts 75% degradation in 90 minutes. The reactive 

oxygen species such as ∙OH and O2∙ are generated in the photocatalytic oxidation 

process.  

 

Figure 5.8: (a) Optical density measurement for Methicillin resistant S. aureus grown in the 
presence of Zn50Co50-ZIF under dark (blue) and white light (red) (control dark is black, and 
control light is green curve). The error bars represent the standard deviation of three independent 
measurements. The lines connecting the experimental points are for visual aid. (b) Bacterial 
viability after treatment with Zn50Co50-ZIF in the presence and absence of white light irradiation. 
(c) shows images of MRSA plates treated with Zn50Co50-ZIF, before (left) and after (right) white 
light irradiation. 
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Hence, the effects of radical scavengers on the photo degradation of MB were 

performed to unravel the reaction process. The scavenger of ∙OH, TBA (Tertiary 

butyl alcohol) was introduced. The degradation efficiency of Zn50Co50-ZIF 

photocatalyst for MB is reduced to 30% after adding TBA and decreased to 5% 

after adding N2. Therefore, It can be seen that ∙OH has a significant role in the 

photocatalytic oxidation process of MB, whereas O2∙ has a slight effect on this 

mechanism. We have depicted in Figure 6.7a. Apart from that, in order to 

confirm the metal leaching during photocatalysis, we performed colorimetric 

test and EDAX test after photocatalysis of filtered liquid solutions. Also, the XRD 

experiment of Zn50Co50-ZIF has been performed before and after photocatalysis. 

The XRD peaks of normal Zn50Co50-ZIF are exactly similar to the XRD peaks of 

Zn50Co50-ZIF after photocatalysis as shown in Figure 5.7b. The above tests 

sufficiently justified our conclusion that metal leaching is not happening during 

photocatalysis. 

Finally, we have evaluated the antibacterial action of Zn50Co50-ZIF using 

clinically relevant drug-resistant bacterial strain gram-positive methicillin-

resistant Staphylococcus aureus (MRSA). Figure 5.8a shows the MRSA growth 

curve upon treatment with Zn50Co50-ZIF. The effect of Zn50Co50-ZIF on the 

bacteria-growth kinetics experiment in LB aqueous media showed a typical 

antibacterial effect in the presence of visible light. Compared to the growth curve 

of the control MRSA bacteria, the presence of mixed ZIF samples can slow the 

growth of MRSA. It is reasonable to determine that the executed high and long-

term photodynamic antibacterial activity of Zn50Co50-ZIF is due to their higher 

stability than that of ZIF-67. We have also performed the colony formation assay 

to check the phototoxicity. As shown in Figure 5.8b, it is observed that Zn50Co50-

ZIF destroys MRSA colonies around 45% more in the presence of light than in 

the dark condition. Figures 5.8c and 5.8d show the respective images of plates 

that show the distinct change in the number of colonies after light treatment. The 

sustained dissolution at acidic pH following release of metal ions and synergistic 

effects of dual metal ions uptake by the bacterial cells promotes cell death. 

Overall, the greater water stability and ROS generation employ a new way for 
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different types of applications of mixed metallic MOF as Zn50Co50-ZIF systems 

like photodynamic therapy, photocatalysis etc.  

5.2.2. Nano MOFs as Targeted Drug Delivery Agents to Combat Antibiotic 

Resistant Bacterial Infections [52]: The chemical structure of rifampicin (RF) is 

depicted in Figure 5.9a. Figure 5.9b represents the XRD peaks of synthesized 

ZIF8 and ZIF8-RF. XRD profiles of both ZIF8 and ZIF8-RF show X-ray diffraction 

peaks at 2θ = 7.2, 10.3, 12.5, and 17.8° corresponding to diffraction planes (011), 

(002), (112) and (222).  

 

Figure 5.9: (a) Structure of rifampicin, (b) XRD patterns of ZIF8 (Blue) and ZIF8-RF (Red). (c) 
Thermogravimetric profile of ZIF8 (blue), RF (green) and ZIF8-RF (red) monitored under N2 
flow. 
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The diffraction peaks are in good agreement with reported articles [33] affirming 

that the synthesized sample has an unadulterated ZIF8 stage before and after the 

drug encapsulation. In any case, the XRD shape of ZIF8-RF (Figure 5.9b) displays 

comparative peaks to ZIF8 with minor fluctuation as a tiny widening at lower 

values of 2θ in ZIF8-RF contrasted with those of ZIF8. The perception shows a 

reduction in the precise crystal size as indicated by Debye−Scherrer's equation 

[53]. The RF drug encapsulation into the micro-pores of ZIF8 is answerable for 

the adjustment in the interplanar distances. The thermal stability of the samples 

is evaluated utilizing TGA (thermogravimetric analysis), the subsequent bends 

are shown in Figure 5.9c.  

 

Figure 5.10: (a) The FESEM image of ZIF8 and (b) FESEM image of ZIF8-RF. (c) Particle 
distributions of ZIF8 (average particle size 158.72 ± 0.52 nm) and (d) Particle distributions of 
ZIF8-RF (average particle size 157.96 ± 1.07 nm). (e) Schematic representation of ZIF8-RF 
nanohybrid. 
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The primary weight reduction is around 10% before 450 °C due to the removal 

of solvent and some guest molecules. A significant difference in around 60% 

weight reduction after 500 °C suggests the separation of the natural ligand which 

accounts for the collapse of the system structure. Along these, ZIF8 is thermally 

steady up to nearly 450 °C. Whereas, for the thermal steadiness of RF, the 

underlying weight reduction is about 13% happens at around 80 °C, which may 

resemble the removal of the dissolvable particles. A significant difference in 

around 40% weight reduction after 250 °C and complete weight reduction 

happens at around 500 °C as appeared in Figure 5.9c. The thermal stability 

existence of ZIF8-RF, the underlying weight reduction is about 10% happens at 

the scope of 300 °C, due to the removal of the dissolvable particles. Moreover, 

ZIF8-RF starts thermal breakdown at 400 °C, and almost 76% weight reduction 

happens within 500 °C. The commencement of thermal breakdown at a prior 

temperature is ascribed to the separation of RF particles encapsulated into the 

pores of ZIF8 structure [54]. 

 

Figure 5.11: (a) TEM image of ZIF8 and (b) EDAX mapping of ZIF8. (c) TEM image of ZIF8-
RF and (d) EDAX mapping of ZIF8-RF. Green dots signify Zn, blue dots signify N, red dots 
denote O. 

The morphological investigation of the synthesized nanoparticles of ZIF8 and 

ZIF8-RF is performed using SEM, TEM and EFTEM analysis. SEM image of ZIF8 

(Figure 5.10a) represents an unchanging rhombic dodecahedron crystal 
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structure. The SEM images of ZIF8-RF (Figure 5.10b) outline adjustment in edge 

thickness contrasted with ZIF8 and shrinkage of crystal size. No clear 

accumulation or damage in crystal structure is observed by SEM image that 

confirms RF molecules are encapsulated into the pores or to the outside surface 

of the synthesized ZIF8 system [55]. Figure 5.10c represents the particle size 

distribution of ZIF8 (average particle size 158.72 ± 0.52 nm) and Figure 5.10d 

represents the particle size distribution of ZIF8-RF (average particle size 157.96 

± 1.07 nm). The size of ZIF8 is unchanged before and after drug loading. Figure 

5.10e depicts the schematic representation of the formation of ZIF8-RF 

nanohybrid. The TEM experiment is performed for structural clarification of 

ZIF8 and ZIF8-RF. It shows uniform size distribution of around 160 nm (Figure 

5.11a). The morphology of ZIF8 nanoparticles are depicted as rhombic 

dodecahedral. To investigate the synthetic structure of ZIF8 frameworks, we 

have used EFTEM mapping experiment of ZIF8 (Figure 5.11b). The EFTEM 

mapping of ZIF8 represents the homogeneous distribution of metal (Zn) ions 

and nitrogen (N) atoms all through the crystal. ZIF8-RF nano-conjugates are also 

analyzed, Figure 5.11c represents the crystal structures of the ZIF8-RF. It shows 

a slight reduction in size of the nanoparticle and the EFTEM mapping (Figure 

5.11d) shows the homogeneous distribution of ions all through the ZIF8-RF 

structure. It shows no destruction in the overall crystal structure and depicts that 

RF molecules are attached into the pores of the ZIF8 structure [55]. 

To investigate the optical properties of the frameworks, UV-Vis absorption 

bands are measured for all samples. Figure 5.12a shows the UV-Vis absorption 

spectra of RF (Green), ZIF8 (Red) and ZIF8-RF (Blue) in DMSO. The 

characteristic absorbance peaks are observed at 330 nm and 480 nm respectively. 

After conjugation, the trademark peaks of RF are seen in ZIF8-RF as shown in 

Figure 5.12a (Blue) which shows the effective complexation among RF and ZIF8 

nanoparticles. The room temperature photoluminescence spectra of RF (Green) 

and ZIF8-RF (Blue) are shown in Figure 5.12b and the room temperature 

excitation spectra are given in the inset. It is seen that both RF and ZIF8-RF 
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showed an emission maximum at 425 nm upon excitation at 375 nm. In both 

cases, after the attachment of RF to the ZIF8 nanoparticles, the steady state 

emission intensity is decreased which may show the atomic level interaction 

during the synthesis process. We have investigated Förster Resonance Energy 

Transfer (FRET) from the ZIF8 surface to the RF because of their significant 

spectral overlap as appeared in Figure 5.12c. The steady state emission intensity 

of ZIF8 in the nanohybrid quenched significantly compared to that of free ZIF8, 

which can be described by the effective nonradiative photo-induced processes 

from ZIF8 to the RF [56].  

Table 5.2: Picosecond-resolved fluorescence transient lifetime. The emission (monitored at 

450 nm) was detected with 375 nm laser excitation. Numbers in parentheses indicate relative 

contributions. 

 

Thus, we propose FRET from the donor of ZIF8 nanoparticles to RF, the acceptor 

[57]. The fluorescence decay of the ZIF8 in the presence and absence of the 

acceptor RF are depicted in Figure 5.12d, upon excitation with 375 nm laser and 

collected at 450 nm. Detailed information on the fitting parameters of the 

fluorescence decay is presented in Table 5.2. From FRET formulations, the 

separation between the donor ZIF8 nanoparticles and acceptor RF is found to be 

13.3 Å, and the energy transfer efficiency is calculated to be 65%. The FRET 

separations confirm the vicinity of the RF to the ZIF8 [57]. From that point, the 

time-dependent drug release profile experiment of ZIF8-RF is performed at two 

distinct pH conditions. The drug release profile of ZIF8-RF measured up to 8 

hours for the time interval of 2 hours as shown in Figure 5.13a. It is found that 

there is a significant RF release (69%) with respect to control ZIF8. It has to be 

noted that if a drug is not been released for a longer period of time (between 5 

and 12 h after the administration of a single dose) may be excreted from our body 

System 𝝉𝟏 (ps) 𝝉𝟐 (ps) 𝝉𝟑 (ps) 𝝉𝒂𝒗𝒈 (ps) 

ZIF8 50 (40%) 608 (40%) 3510 (20%) 965 

ZIF8-RF 34 (69%) 320 (20%) 2253 (11%) 335 
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[58]. As the higher metabolic degrees due to anaerobic fermentation, microbial 

diseases regularly have acidic situations [59], ZIF8-RF is anticipated to be 

invested more in the diseased site than ordinary tissues. These outcomes 

demonstrate that ZIF8-RF carries on as pH-responsive treatment, as the Zn−N 

coordination in ZIF8 dissociates at pH ∼5.0. The Zn−N dissociation makes the 

pH-responsive drug release and due to this reason, ZIF8 is ideal for targeting 

bacterial diseases [33, 60].  

 

Figure 5.12: (a) UV-Visible absorbance of ZIF8-RF (Blue), RF (Green) and ZIF8 (Red). (b) 
Room-temperature PL spectra (excitation at 375 nm) of RF (Green) and ZIF8-RF (Blue). Inset 
shows steady state excitation spectra of RF (Green) and ZIF8-RF (Blue) at 450 nm. (c) Spectral 
overlap of ZIF8 (donor) and RF (acceptor). (d) The picosecond resolved fluorescence transient of 
ZIF8-RF (Blue), RF (Green) and ZIF8 (Red). The excitation wavelength was 375 nm and the 
collection wavelength was 450 nm. 

Scheme 5.1 depicts the schematic representation of nano MOFs as targeted drug 

delivery agents to combat antibiotic-resistant bacterial infections. The RF drug 

loading capacity (DLC) of ZIF8 is calculated by measuring the absorption peak 

of RF at ∼480 nm, which is found to be 42%. Next, we investigated the 

antimicrobial activity of ZIF8-RF toward MRSA bacteria. We have performed 
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control experiments using the same amount of ZIF-8 as that of ZIF8-RF with 3 hr 

incubation time. The pH of LB culture medium reduces with bacterial growth as 

the cell density increases [61]. 

 

Figure 5.13: (a) Drug release nature of ZIF8-RF at two different pH conditions. (b) Dose-
dependent antibacterial effect of ZIF8-RF at varying concentrations on methicillin-resistant S. 
aureus. 

The experiments for variable concentrations of ZIF8-RF are analyzed as 

appeared in Figure 5.13b. For RF (green) treated samples, an extremely less 

bacterial executing impact is seen. The samples are treated with four different 

concentrations (C1: 0.25 mg/mL sample, C2: 0.50 mg/mL sample, C3: 0.75 

mg/mL sample and C4: 1.00 mg/mL) of ZIF8-RF. The visual distinction in the 

number of MRSA bacteria has been occurred after treated with ZIF8-RF nano-

conjugate. The highest antibacterial impact is found to be ∼96% colony reduction 

for C3 concentration of ZIF8-RF and the MIC is found to be 1 mg/mL (C4).  ZIF-

8 has not provided any significant change in a number of bacterial colonies 
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compared to the untreated MRSA. This effect suggests that the delivery of RF 

plays a significant role in the antibacterial effect of ZIF8-RF composite. Thus, we 

anticipated the lower pH condition due to bacterial growth, promote the 

loosening of bonds in porous ZIF8 and consequently improves the delivery of 

RF. 

 

Figure 5.14: (a) Antibiofilm effects of ZIF8-RF on the MRSA biofilm monitored by the adhesion 
efficiency of biomass through the crystal violet staining assay. Field emission gun SEM images 
of (b) MRSA biofilms and (c) MRSA biofilms after ZIF-RF-treated samples. Scale bar is 3 μm. 

The extraordinary antimicrobial viability of ZIF8-RF inspires us to investigate 

the antibiofilm ability of ZIF8-RF nano-MOF. Biofilms are infectious 

arrangements of free living microbials connected to a surface or with one another 



202 
 

using EPS (extra polymeric substance), a common organic drug-resistant [62]. To 

build up that MRSA 1692 can form biofilms, we first accomplished a CV assay 

on overnight grown bacteria. The CV-stained sample has been stored on the 

sides of the developed MRSA biofilm. The investigation of the optical density at 

588 nm (Figure 5.14a) of solubilized crystal violet stain helped us to observe the 

effect of ZIF8-RF nano-MOF on MRSA bacteria. 

 

Scheme 5.1: Schematic representation of nano MOFs as targeted drug delivery agents to combat 
antibiotic-resistant bacterial infections. 

The intrinsic acidic condition of biofilms encourages us to do further annihilation 

activity by ZIF8-RF on MRSA bacteria. The morphological changes after 

treatment of the biofilms are exhibited by SEM images as shown in Figures 5.14b 

and 5.14c. It shows a drastic change in the MRSA biofilms after being treated 

with ZIF8-RF nano-MOFs. These observations confirm that ZIF8-RF is 

exceptionally successful against MRSA bacterial infections. The anti-bacterial 

effect by ZIF8-RF using bioanalytical techniques is predictable to deliver 

momentous real-life applicability of the fabricated nano-MOFs. 

5.3. Conclusion: 

In summary, our work employs a synthesis of novel mixed metal zeolitic 

imidazolate framework to enhance the applicability of MOF-based systems. The 
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synthesis follows a solution phase strategy and an equal molar ratio of Zn and 

Co metal ions are incorporated within the framework using imidazolate as the 

linker. The Zn50Co50-ZIF nanocrystals have been structurally characterized using 

XRD and TEM. Energy filtered mapping of the crystal suggests homogeneous 

distribution of Zn and Co ions. The optical absorption spectra confirm that the 

incorporation of Co improves the visible light absorption property. The 

photoluminescence analysis suggests that the emission peak at 450 nm in the ZIF 

system mainly originated from the ligand part and the excited state lifetime is 

independent of the metal characteristics. The mixed metal shows enhanced 

thermal stability, water stability and pH-responsive dissolution characteristics. 

The reason behind the improvement of the properties is mainly the synergistic 

effect between the two metal ions. Zn is mainly responsible for stability whereas 

Co improves the activity. The generation of photoinduced reactive oxygen 

species (ROS) by Zn50Co50-ZIF under white light illumination is monitored. The 

ROS generation is found to be recyclable. Zn50Co50-ZIF depicts antibacterial 

photodynamic therapeutic activity towards drug-resistant bacterial strains. It 

can also degrade model pollutant MB under white light illumination.  

Moreover, the synthesized nanohybrid (ZIF8-RF), drug molecules encapsulated 

into the well-characterized porous structure of ZIF8, prevents the self-

aggregation property of RF. ZIF8-RF nano binding shows FRET from ZIF8 to RF 

that confirm the proximity of the RF to the ZIF8 with molecular resolution. The 

immense impact of ZIF8-RF toward MRSA bacteria at particularly lower 

concentrations proposes its uniqueness and possible outcomes for real 

applications. The overall investigation implements, the synthesized 

nanohybrids can be used as potential biomedicine with great biocidal properties 

and also as a future light-harvesting material for manifold applications.   
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Chapter 6 

A Combined Optical Spectroscopy and 

Computational Studies on Nanohybrids with Wide 

Band Semiconductor for Potential Biomedical 

Applications 

6.1. Introduction:  

Bacterial infections are one of the most dangerous health problems worldwide 

that affect almost all age group people [1] that initiate various social and 

economic complications [2, 3]. Increased infections and outbreaks related to a 

pathogenic burden, antibiotic infection of bacteria, the emergence of new 

bacterial mutations, and shortage of applicable vaccines create danger for 

people's health worldwide, especially in children [4]. These are most generally 

treated by broad-spectrum antibiotics (Norfloxacin, Ciprofloxacin, Tetracyclin, 

Meticillin, etc.) [5]. However, they have some limitations like overuse of 

antibiotics, extended durations of treatment, use of sub-therapeutic dosages, 

prophylactic use of antibiotics, and misuse of antibiotics for other non-bacterial 

infections [1, 6, 7]. So it is very much required to develop a new alternative 

strategy (targeted and stimuli responsive) to overcome bacterial infections.  

Implementation of light harvesting nanomaterials (like metallic, inorganic oxide 

nanoparticles) for numerous targeted biomedical aspects is presently going 

through a dramatic expansion [8, 9]. In the last few years, photosensitizers (PS) 

have been broadly used in antibacterial photodynamic therapy (PDT) because of 

their high molar extinction coefficient, less toxicity, good biocompatibility, etc. 

[10, 11]. Some reports on their photocatalytic activity are also present [12]. They 

can generate reactive oxygen species (ROS) from neighboring water and oxygen 

molecules upon excitation [13]. These ROS are responsible for their antibacterial, 

antifungal and anticancer activity [14]. However, there are some limitations 
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associated with photosensitizers that restrict their practical applications [15]. 

Many PS have poor solubility in polar protic solvents (many dyes undergo 

aggregation in polar protic solvents), very short circulation time and poor 

photostability [16, 17]. In order to avoid these limitations for both 

photosensitizers and inorganic nanoparticles, the formulation of organic-

inorganic (unit cell to large crystal) nanohybrid has got key importance in this 

field [18].  

There is a high demand for the development of stimuli responsive nanohybrid 

just because of multifunction, multiuse and highly effective implementation [19, 

20]. Nowadays, nanoparticles are increasingly used to target bacteria and could 

serve as an alternative to organic antibacterial agents [21, 22].  Efficacy of 

antibacterial agents may be increased via nano-binding which could be effective 

to obstruct infections in humans and animals as well as to prevent the growth of 

bacteria in family products [23]. The nanohybrid is likely to keep safety against 

degradation, develop bioavailability, advancement in intracellular penetration, 

control delivery of the drug and enhanced efficacy [24-27]. Therefore, the 

improvement of new antibiotics is necessary to enhance the efficacy. 

Nonetheless, this kind of attempt has already passed since the late 1980s just 

because of the relatively low potential recovery on investment and high 

expenditure on development [28]. Hence, our attention has been focused on 

newly synthesized, less toxic, low cost and exciting nanoparticle-based light-

harvesting hybrid materials with antibacterial activity. 

The inappropriate and inconsistent use of these antibacterial agents gives rise to 

unwholesome or harmful bacteria [29]. Thus, improving novel and light 

sensitive antibacterial drugs against bacterial strains has become the ultimate 

demand [30]. The potential toxicology of newly synthesized hybrid materials 

upon light exposure is mysterious [31]. Such kind of medication could be applied 

to the affected tissue while surrounding cells remain normal, active and healthy 

[32]. This requires the drugs or nanohybrid materials to be activated in the 

targeted organism. Recently, nanotechnology and nanoparticle-based materials 
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have gained a lot of attention in antibiotics, antimicrobial action against bacteria 

and more specifically cancer therapy [33]. Therefore, our strategy has been 

focused on the use of antibiotics as light sensitive moieties. Norfloxacin (NF) has 

been widely used in the medicinal sector for various diseases including urinary 

tract infections in chronically catheterized patients [34, 35]. We chose a wide 

bandgap semiconductor ZnO nanoparticle due to its advantages compared to 

other nanoparticles such as targeted delivery vehicles, non-toxic, chemically 

reliable, biodegradable, excellent wide bandgap, greater binding energy (60 

MeV), lower cost and abundance in nature [32, 36-38]. We have synthesized NF 

functionalized nanohybrid using ZnO nanoparticles (~5 nm and ~30 nm) to 

study the effect of crystal dimension on molecular interactions. We have chosen 

the fluorescence properties of 5 nm ZnO nanoparticles to confirm the 

nanohybrid formation and excited state electron transfer dynamics from ZnO to 

NF. We have used 30 nm ZnO for application purposes as 5 nm ZnO is not stable 

at room temperature. The newly synthesized nanohybrid has been characterized 

using various microscopic (HRTEM and XRD) and optical spectroscopic 

techniques. To represent the optical spectroscopic properties of the systems, we 

have used UV-visible, steady-state fluorescence and picosecond resolved time 

correlated single photon counting (TCSPC) studies which demonstrate the 

efficient electron transfer from NF to ZnO nanoparticle. This enhances the 

reactive oxygen species (ROS) generation capability of the system. First 

principles density functional theory (DFT) calculation has been performed using 

the Vienna Ab initio simulation package (VASP) code to understand the charge 

separation mechanism of both systems. To explore the electron densities of 

occupied and unoccupied levels of the ZnO-NF complex, we have investigated 

the nature of electronic structure for both systems. It is observed that there is a 

high chance of charge transfer from NF to ZnO which validates the experimental 

findings. Finally, for the potential applications of the nanohybrid system, in vitro 

bacteria culture has been performed on E. coli bacteria. A significant bacterial 

death has been occurred by the nanohybrid compared to the free NF in the 

presence of UV light of wavelength 375 nm.  
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Also, the resistance among several infectious agents to various antimicrobial 

drugs has originated as a source of a human health threat in the world [39-41].  

In each year, more than 35000 deaths have been reported in the United States, in 

addition, 2.8 million patients have serious illnesses [42, 43]. Some reports 

conclude 10 million annual deaths will occur from antibiotic-resistant bacteria 

by 2050 [44] which is more than the deaths initiated by cancer disease. The 

development of new antibacterial agents is needed to combat bacterial infections 

as the improvement of antibiotic resistance is predicted to progress more in the 

upcoming years. 

Considering this issue, antimicrobial photodynamic therapy is one of the most 

encouraging and new approaches to combat bacterial infections [45-48]. This 

process involves the activation of photosensitizer upon light irradiation to 

produce ROS which can destroy the infected tissue [49]. In general, the process 

follows two types of mechanisms (type I and type II) to begin a photochemical 

course of action. Type I reactions progress through radical production by 

involving photoinduced triplet state electron transfer processes from 

photosensitizer to inorganic nanoparticles [50]. In type II, it involves the direct 

energy transfer process from the triplet excited state of photosensitizer to the 

ground state of molecular oxygen [51]. However, the chances of happening such 

a mechanism depend upon the anchoring group present in the photosensitizer 

as well as the neighbouring environment [52].  

Furthermore, the antibacterial efficacy of photosensitizer at the NIR wavelength 

region (650-900 nm) could contribute more due to higher light penetration into 

the biological tissue [53-55]. There are numerous advantages of NIR light 

activated antibacterial applications such as a lesser chance of antibacterial 

resistance generation due to high light penetration, targeted antibacterial 

treatment, and negligible side effects for the surrounding healthy cells [55, 56]. 

However, photosensitizers are mostly hydrophobic that which leads to self-

aggregation in aqueous solution. This self-aggregation process is harmful to the 

efficiency of photodynamic therapy as it reduces the overall ROS production 
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[57]. In addition to that, cyanine dye such as IR820 has poor photostability as 

they are degraded by self-generated singlet oxygen under NIR irradiation. 

Moreover, ineffective delivery of photosensitizer molecules particularly to the 

infected site leads to demolition action on the neighbouring unaffected tissues. 

An encouraging and innovative method to improve the antibacterial activity of 

photosensitizers is its delivery using nanoparticles into the infected site [58]. 

Nanomaterials have criteria activated by external stimuli in the bacterial growth 

environment, preferential for targeted drug delivery [59]. The use of inorganic 

nanoparticles in biological applications is comparatively new and continuously 

increasing due to tunable surface properties and ease of functionalization [60]. 

Nowadays, metal-organic frameworks (MOFs) are considered new kinds of 

porous frameworks having enormously high porosity, large surface area, and 

enough pore size to be attached with organic photosensitizers [61-64]. It can 

easily be functionalized with a huge number of small organic molecules due to 

its large surface porosity nature [65-67]. In this work, we, aim to fabricate a user-

friendly as well as an easy synthetic strategy of nano-MOF which maintains 

thermal and photostability with ultrahigh drug loading capacity for photo-

induced antibacterial applications. 

Amongst them, ZIF-8 is a type of MOF made by metal ions Zn2+ linked via 

nitrogen atoms of four imidazole rings identically. ZIF-8 nanoparticles have all 

the properties of MOF with exceptional application in targeted drug delivery 

under physiological conditions [68-72]. In this work, we have synthesized ZIF-8 

nano-MOF having a uniform size of ~50 nm. The ZIF-8 nano-MOFs are 

functionalized by IR820 a typical cyanine dye. The functionalized ZIF8-IR820 

nano-MOFs are characterized using various electron microscopic and optical 

spectroscopic techniques to confirm the formation of hybrid nanomaterials. It 

shows improvement in thermal and photostability properties after 

functionalization. The time-resolved fluorescence transient depicts the excited 

state charge transfer process from IR820 to ZIF-8 in functionalized nano-MOF. 

The density of states (DOS) of the hybrid indicates the possibility of ligand-to-
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metal charge transfer from IR820 to ZIF-8 and the charge density of the hybrid 

displays a big charge overlap in the interface of ZIF-8 and IR820. This confirms 

the mutual charge transfer from IR820 to ZIF-8 in the hybrid system which 

further supports the experimental findings. It enhanced ROS production 

capability in a pH-responsive manner upon red light excitation. The antibacterial 

action of ZIF8-IR820 is investigated against Staphylococcus hominis bacteria and it 

shows efficient NIR-induced antimicrobial activity due to enhanced ROS 

generation capability. Thus, the study depicts a detailed physical insight into a 

photosensitizer-encapsulated nano-MOF system which shows efficient NIR 

light-induced dose-dependent antibacterial activity that would be beneficial for 

bacterial remediation. 

6.2. Results and Discussion: 

6.2.1. Wide Bandgap Semiconductor Based Novel Nanohybrid for Potential 

Antibacterial Activity: Ultrafast Spectroscopy and Computational Studies 

[73]: Figure 6.1a depicted the structure of NF, it has a carboxylic (-COOH) group 

which can make bond formation with other material. The powder X-ray 

Diffraction (XRD) of ZnO nanoparticles displayed many peaks which indicates 

the presence of many diffraction planes. The XRD patterns of ZnO (blue) and 

NF-ZnO (red) are depicted in Figure 6.1b. The diffraction peaks are well-indexed 

using JCPDS Card No. 36-1451, which confirms the wurtzite ZnO. No additional 

peaks were obtained in the X-ray diffraction patterns which proposed its 

crystalline impurities. Nanohybrid shows the same nature of diffraction peaks 

as ZnO, which confirms there is no change of phase during the formation of 

nanohybrid. The crystalline nature and size of synthesized ~ 5 nm ZnO 

nanoparticle, ~30 nm ZnO nanoparticle, ~5 nm ZnO-NF nanohybrid and ~30 nm 

ZnO-NF nanohybrid were analyzed by TEM and HRTEM techniques. Figure 

6.1c illustrates the HRTEM image of size ~5 nm ZnO nanoparticles and Figure 

6.1d depicts the HRTEM image of synthesized ~5 nm NF functionalized ZnO 

nanohybrid. Which shows the high crystallinity nature of synthesized ~5 nm 

ZnO nanoparticles and ~5 nm ZnO nanohybrid. The TEM image (Figure 6.1e) of 
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nanohybrid shows a sphere-like structure. The overall particle size distribution 

of nanohybrid is shown in the inset of Figure 6.1e and the average particle size 

was found to be 29.35 ± 0.68 nm.  The inter-planer distance in the lattice fringe 

was found to be 0.27 nm of a single nanohybrid, which relates to the distance 

between two (002) planes as shown in Figure 6.1f, depicts the synthesized 

nanohybrid as polycrystalline [32].  

 

Figure 6.1: (a) Depicted the structure of norfloxacin (b) XRD patterns of ZnO nanoparticles 
(Blue) and XRD patterns of ZnO-NF nanohybrid (Red). (c) The HRTEM image of ~5 nm ZnO 
nanoparticles. (d) The HRTEM image of ~5 nm ZnO-NF nanohybrid. (e) The TEM image of 30 
nm ZnO nanohybrid and the inset shows particle distributions (average particle size 29.35±0.68 
nm). (f) The HRTEM image of 30 nm ZnO-NF nanohybrid. 
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To investigate the optical properties of the systems, UV-Vis absorption spectra 

were measured for all the samples. Figure 6.2a shows the UV-Vis absorption 

spectra of NF (Green) and 5 nm ZnO nanoparticle (Blue) in ethanol solvent 

exhibited the characteristic peaks at 330 nm and 353 nm respectively. After 

binding 5 nm ZnO nanoparticle to NF, the characteristic peak of NF was seen in 

nanohybrid with a new peak at 348 nm corresponding to 5nm ZnO nanoparticle, 

which indicates the sign of complexation between NF and 5 nm ZnO 

nanoparticles.  

 

Figure 6.2: (a) UV-visible absorbance of 5 nm ZnO nanoparticle (Blue), NF (Green) and 5 nm 
ZnO-NF nanohybrid (Red), inset shows corresponding absorbance in enlarged wavelength scale. 
(b) UV-visible absorbance of 30 nm ZnO nanoparticle (Blue), NF (Green) and 30 nm ZnO-NF 
nanohybrid (Red), inset shows corresponding absorbance in enlarged wavelength scale.  (c) 
Room-temperature PL spectra (excitation at 335 nm) of NF (Green), 5 nm ZnO nanoparticle 
(Blue) and 5 nm ZnO-NF nanohybrid (Red), inset shows corresponding excitation spectra. (d) 
Room-temperature PL spectra (excitation at 335 nm) of NF (Green) and 30 nm ZnO-NF 
nanohybrid (Red), inset shows corresponding excitation spectra. 

Similarly, the absorption of NF (Green) and 30 nm ZnO nanoparticles (Blue) in 

DMSO, exhibited the characteristic peaks at 330 nm and 370 nm respectively. 

After binding 30 nm ZnO to NF, the characteristic peak of NF was seen in 
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nanohybrid (Red) with a new peak at 372 nm corresponding to ZnO nanoparticle 

as shown in Figure 6.2b, which also indicates the sign of complexation between 

NF and 30 nm ZnO nanoparticles. The room temperature photoluminescence 

(PL) spectra of the 5 nm ZnO nanoparticle (blue) in Figure 6.2c shows a large and 

broad green-yellow emission centered at around 530 nm, which can be attributed 

to the oxygen vacancy defect states (mostly present at the surface of the 

nanoparticles) [74]. Here, NF exhibits an emission maximum at 435 nm upon 

excitation at 335 nm and nanohybrid exhibits (slightly blue shift with respect to 

NF) emission maxima at 431 nm. The excitation spectra are presented in the inset 

of Figure 6.2c. On the other hand, 30 nm ZnO has no broad green-yellow room 

temperature emission centered at around 530 nm due to less oxygen vacancy 

defects states [75].  

 

Figure 6.3: (a) The picosecond-resolved fluorescence transient of 5nm ZnO nanoparticle (Black), 
NF (Blue) and 5 nm ZnO-NF nanohybrid (Red). The excitation wavelength was 375 nm and the 
collection wavelength was 440 nm. (b) The picosecond-resolved fluorescence transient of 30 nm 
ZnO-NF nanohybrid (Red) and NF (Blue).  



220 
 

The room temperature photoluminescence spectra of NF (Green) and 30 nm 

ZnO-NF (Red) are shown in Figure 6.2d and the corresponding room 

temperature excitation spectra are given in the inset. It is observed that both NF 

and nanohybrid exhibited an emission maximum of 435 nm upon excitation at 

335 nm. In both cases, after the attachment of NF to the ZnO nanoparticles, the 

steady state emission intensity is significantly reduced. This may indicate the 

molecular level interactions during the synthesis process. The emission 

quenching in this region may be due to a nonradiative process, which is 

attributed to charge transfer from the NF to ZnO within the nanohybrid [17]. To 

understand the electron transfer from NF to ZnO nanoparticles, TCSPC studies 

have been performed for all the samples. The time resolved fluorescence decay 

for 5 nm ZnO nanoparticles (Black), free NF and 5 nm ZnO-NF was measured 

upon excitation with a 375 nm laser and detected at a wavelength of 440 nm as 

shown in Figure 6.3a. The excited state time resolved decay profile of NF was 

fitted with exponential decay, the lifetime was found to be 1.6 ns. 

Table 6.1: Picosecond-resolved fluorescence transient lifetime of NF and 30 nm ZnO-NF in 
DMSO solvent. The emission (monitored at 440 nm) was detected with 375 nm laser excitation. 
The values in parentheses represent the relative weight percentages of the time components. 
 

 

 

The excited state lifetime of NF quenches in nanohybrid with respect to NF. The 

fitting parameter of the time resolved fluorescence decays are depicted in Table 

6.1. On the other hand, 30 nm ZnO has no time resolved fluorescence decay 

profile due to less oxygen vacancy state, the time resolved fluorescence decays 

for free NF (Green) and 30 nm ZnO-NF (Red) in the DMSO solvent are measured 

with a 375 nm laser and emission has been detected at a wavelength of 440 nm 

as shown in Figure 6.3b. The excited state lifetime of NF quenches in nanohybrid 

with respect to NF. It has been found that a faster component (50 ps) arises after 

the attachment of NF on the surface of 30 nm ZnO nanoparticle (Table 6.1) as 

Systems 𝝉𝟏 (ns) 𝝉𝟐 (ns) 𝝉𝟑 (ns) τavg  (ns) 
 

NF  1.6 (100) --- --- 1.6 

ZnO-NF 0.05 (70) 0.7 (22) 3.9 (8) 0.5 
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well as after the attachment of NF on the surface of 5 nm ZnO nanoparticle (Table 

6.2). Here, the potential of energy transfer is eliminated as there is no overlap 

between NF emission and ZnO absorption spectra. Therefore, a faster 

component indicates the PET (photoinduced electron transfer) from the highest 

occupied molecular orbital (HOMO) of NF to the conduction band of the ZnO 

semiconductor nanoparticles [32]. Thus, the PET interfaced from the HOMO of 

NF to the CB (conduction band) of ZnO nanoparticle scale down the 

recombination of electron and hole of the semiconductor. This appreciates the 

biological antibacterial activity [32], which will be discussed in the later course 

of the discussion. To investigate the insight of the electron delocalization of 

occupied and unoccupied levels of the ZnO-NF complex, we have investigated 

the band decomposed electron densities nature of nanohybrid. It is observed that 

there is a high possibility of electron transfer from NF to ZnO in the nanohybrid 

system which validates the experimental findings. Among several different 

binding modes, bidentate binding of NF through the carboxylic O to the Zn on 

the nonpolar [101̅0] surface was found to be the most energetically favourable 

mode of binding. 

Table 6.2: Picosecond-resolved fluorescence transient lifetime of ZnO 5 nm, NF and 5 nm ZnO-
NF in ethanol solvent. The emission (monitored at 440 nm) was detected with 375 nm laser 
excitation. The values in parentheses represent the relative weight percentages of the time 
components. 

 

The bond distances of Zn and two carboxylic O of the NF are found to be 1.98 Å 

and 2.01 Å respectively, which is consistent with the computationally estimated 

covalent bond distances of Zn and O in ZnO (1.98 Å, 1.98 Å, 1.98 Å and 1.99 Å). 

This indicates the formation of covalent bonds between ZnO and NF. The 

binding energy of the nanohybrid has been calculated by using the equation 

Systems 𝝉𝟏 (ns) 𝝉𝟐 (ns) 𝝉𝟑 (ns) τavg (ns) 
 

ZnO  0.6 (23) 4.7 (77) --- 3.7 

NF  --- 0.9 (46) 2.2 (54) 1.6 

ZnO-NF 0.08 (56) 0.6 (31) 4.1 (13) 0.7 
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(6.1). The theoretically calculated binding energy of the nanohybrid is found to 

be -1.9 eV. The negative sign of the binding energy indicates the formation of a 

stable nanohybrid.  

EB = EZnO-NF − EZnO − ENF     (6.1) 

The band decomposed charge density calculations were performed to find out 

the electronic distribution of the valance band maximum (VBM), and the 

conduction band minimum (CBM) as shown in Figures 6.2.4a and 6.2.4b 

respectively. It suggests that in ground state the highest energy electrons remain 

localized on the O of NF. Given the energy, the electron delocalizes to the CBM 

of the ZnO nanoparticles, was confirmed by time-resolved fluorescence 

spectroscopy with 30 nm ZnO nanoparticle. A similar result was observed for 

the NF complex with (ZnO)12 atom cluster as shown in Figures 6.2.4c and 6.2.4d, 

which validates the experimental findings with 5 nm ZnO nanoparticle. 

 

Figure 6.4: Band decomposed electron densities of ZnO-NF nanohybrids (a) VBM  of nanohybrid 
for the lowest energy binding conformation of NF on the nonpolar zig-zag surface of ZnO 
wurtzite structure and (b) CBM  of nanohybrid for the lowest energy binding conformation of 
NF on the nonpolar zig-zag surface of ZnO wurtzite structure. (c) HOMO of nanohybrid for the 
lowest energy binding conformation of NF on (ZnO)12 nanocluster. (d) LUMO of nanohybrid 
for the lowest energy binding conformation of NF on (ZnO)12 nanocluster. 

The DOS (density of states) analysis has continued to gain further investigation 

into the observed effect. We calculated the TDOS (total density of states) of ZnO 

nanoparticles and the gap between the VB (valence band) and CB (conduction 

band) of ~0.8 eV has been obtained which is in accordance with the literature 

data [76] as shown in Figure 6.5c. It shows non-magnetic and semiconducting. 

The total DOS of NF is also calculated as shown in Figure 6.5b. Changes in the 

coordination number of atoms affect the banded nature of the material, retaining 
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the reduction in the hybridization and covalent bond nature of atoms [77]. In the 

nanohybrid system, the contribution of the DOS near the Fermi level comes from 

NF. This may indicate the molecular level interactions during the formation of 

nanohybrid. After investigation of the photoinduced electron transfer dynamics 

and excited state molecular dynamics, we have continued our research on the 

antibacterial activity of nanohybrid.  

 

Figure 6.5: TDOS of (a) ZnO-NF, (b) NF, (c) ZnO nanoparticle surface [101̅0] direction. The 
black solid line represents Fermi energy (EF). 

In vitro reactive oxygen species (ROS) generation is performed using a well-

known familiar marker dichlorofluorescein (DCFH). DCFH is oxidized to 

fluorescent DCF in the presence of ROS which shows an emission peak near 520 

nm. Thus, the enhancement of ROS during the experiment is monitored at 520 

nm. The experiment was performed in the absence of light for 10 minutes and 
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under irradiation of UV light (wavelength 375 nm) for 30 minutes. The results 

are depicted in Figure 6.6a. With an increase in the time of light exposure, the 

enhancement of ROS has been observed for synthesized ZnO-NF nanohybrid as 

compared to NF and ZnO.  

 

Figure 6.6: (a) The DCFH oxidation with time in the presence of ZnO nanoparticle (Blue), NF 
(Green) and ZnO-NF nanohybrid (Red). Growth of cells (b) in the absence of UV light and (c) 
in the presence of UV light over time control (dark), DMSO (Gray), ZnO nanoparticle (blue), 
NF (green) and ZnO-NF nanohybrid (red). (d) Percentages of living bacteria cells (D, Dark; L, 
Light). 

The electron capture (from the HOMO of dye to CB of ZnO) is responsible for 

the enhancement of ROS generation in the nanohybrid. Mainly, this excited state 

electron and produced hole generate ROS from the neighbouring H2O and O2. 

The detailed reaction mechanisms are listed below- 

      NF + h𝝂 = NF (e- + h+)                        (6.2) 

NF (h+) + H2O → NF + H+ + OH-      (6.3) 

NF (h+) + OH- → NF + ȮH       (6.4) 

ZnO (e-) + O2 → ZnO + Ȯ2
−       (6.5) 

            Ȯ2
− + H+ → HȮ2

−        (6.6) 



225 
 

HȮ2
− + HȮ2

− → H2O2 + O2       (6.7) 

ZnO (e-) + H2O2 → ZnO + ȮH + OH-     (6.8) 

H2O2 + Ȯ2
− → ȮH+ OH- + O2      (6.9) 

 

For a potential application, we have performed in vitro bacteria culture. A 

bacterial culture experiment for the antibacterial activity is conducted on E. coli, 

which is incubated for around 25 hours at 37 °C with the fixed concentrations of 

ZnO-NF nanohybrid, free NF and ZnO nanoparticles in the absence of light 

(Figure 6.6b), and in the presence of light (Figure 6.6c) to study the cell growth 

rate. The enhancement of antibacterial activity is observed by the complex in the 

presence of light as compared to free NF and ZnO nanoparticles. The 

percentages of living cells with respect to control are shown in Figure 6.6d. 

Nanohybrid has significantly higher bacteria death, which is around 65% 

compared to free NF (20%) and ZnO nanoparticles (11%) for a particular 

concentration.  

 

Scheme 6.1: Schematic representation of electron shuttling in semiconductor ZnO 
nanostructure leading to antibacterial activity. 

However, the antibacterial application depends on the dose. The bacterial death 

can be increased by increasing the dose of ZnO-NF [78]. This approach could be 

applied to other antibiotics that will enhance their potential utilization in a PDT. 
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6.2.2. Functionalized Nano-MOF for NIR Induced Bacterial Remediation: A 

Combined Spectroscopic and Computational Study [79]: In this work, we have 

synthesized ZIF-8 nanoparticles by one-step simple synthetic procedure. Figure 

6.7a depicts the schematic representation of the ZIF-8 synthesis procedure. The 

synthesized nano-MOFs are functionalized by a well-known cyanine dye 

photosensitizer IR820. Figure 6.7b shows the X-ray diffraction of pure ZIF-8 (red) 

and ZIF8-IR820 (blue).  

 

Figure 6.7: (a) The schematic representation for the preparation of zeolitic imidazolate framework 
(ZIF-8) nanoparticles. (b) The X-ray Powder Diffraction (XRD) patterns of ZIF-8 nano-MOF 
(red) and the functionalized nano-MOF (ZIF8-IR820) (blue). (c) Absorption spectra of IR820 
(black), ZIF-8 (red) and ZIF8-IR820 (blue) using DMSO as the solvent. 

The X-ray diffraction patterns of both ZIF-8 and ZIF8-IR820 depict the diffraction 

peaks at 2θ = 7.3, 10.5, 12.6, and 18.1° associated with (011), (002), (112), and (222) 

diffraction planes of ZIF-8 [68] which confirmed that the sample has pure ZIF-8 
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phase before and after dye encapsulation. Nevertheless, the diffraction peaks of 

ZIF8-IR820 (blue line in Figure 6.7b) reveal the same characteristics peaks as ZIF-

8 with slight broadening at smaller values of 2θ related to those of ZIF-8. It 

implies shrinkage in the crystal size, agreeing with Debye−Scherrer’s method 

[80]. The functionalization of dye molecules into pores of ZIF-8 is the prime 

reason for the size modification of the ZIF-8. To investigate the optical properties 

of the samples, UV-visible absorption spectra are measured as shown in Figure 

6.7c.  

 

Figure 6.8: (a) The TEM image of ZIF-8 nanoparticles, inset shows HRTEM image of ZIF-8 
nanoparticle. (b) TEM image of ZIF8-IR820 nano-MOF and inset shows HRTEM of ZIF8-
IR820 nano-MOF. (c) The average particle distributions of the ZIF-8 nanoparticles. (d) The 
average particle distributions of the functionalized nano-MOF ZIF8-IR820. 

It depicts the absorption spectra of ZIF-8 (red), NIR dye IR820 (black), and the 

ZIF8-IR820 nano-MOF (blue) in methanol solvent. The two absorption peaks at 

819 nm and with a shoulder at 746 nm are observed for IR820. The absorption 
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peak of IR820 at 819 nm relates to 0 → 0 transition and a 746 nm corresponds to 

the 0 →1 vibronic sub-band [81, 82]. In the case of functionalized nano-MOF, 

absorption peaks of IR820 and the same nature of absorption spectra of ZIF8 are 

observed simultaneously in ZIF8-IR820. This confirms the formation of the 

hybrid system.  

Further investigation regarding morphological analysis and crystal size 

distribution of the nano-MOFs are investigated using TEM as shown in Figure 

6.8. Figure 6.8a depicts the uniform rhombic dodecahedron crystalline nature of 

the synthesized framework ZIF-8. The morphological structure of ZIF-8 exhibits 

sharp edges in nature as shown in the inset of Figure 6.8a. The TEM image of 

functional nano-MOFs (ZIF8-IR820) is depicted in Figure 6.8b. The 

encapsulation of IR820 into ZIF-8 alters the sharp crystalline nature as shown in 

the inset of Figure 6.8b which results in a little shrinkage of crystal size. The 

particle size distributions are calculated from TEM results to measure the 

average size of the ZIF-8 nano-MOF before (Figure 6.8c) and after IR820 

encapsulation (Figure 6.8d). The average particle size of the ZIF-8 and ZIF8-

IR820 nano-MOF are found to be 51.16 nm and 48.76 nm respectively. The 

incorporation of ligand IR820 inside the micropores of ZIF-8 nano-MOF is 

responsible to reduce the edge sharpness as well as a decrease in the crystal size. 

The thermal stability of ZIF-8 and functionalized ZIF8-IR820 nano-MOF is 

represented in Figure 6.9a. In the case of ZIF-8, the first weight-loss is started at 

~500 °C is ~5% which corresponds to the removal of solvent as well as some 

guest molecules. Thus the thermal stability of ZIF-8 is upto ~525 °C as shown in 

Figure 6.9a and an intense change has occurred after 525 °C. However, in the 

case of ZIF8-IR820, the primary weight loss of ~5% occurs within the 

temperature range of 350 °C which corresponds to the removal of the solvent 

molecules. In addition to that, ZIF8-IR820 nano-MOF initiates disintegration at 

400 ◦C, and approximately 86% weight loss occurs within 515 °C. The beginning 

of thermal breakdown at an earlier temperature relates to the dissociation of 

IR820 molecules incorporated into micropores of the framework. The thermal 
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weight loss before 515 °C recommends the separation of the organic molecules 

[83]. The percentage of drug loading is calculated from TGA weight loss curves 

in the temperature range of 120 to 480 °C which is 43%. 

 

Figure 6.9: (a) Thermogravimetric profile of ZIF-8 (red) and ZIF8-IR820 (blue) monitored under 
N2 flow. (b) Time-dependent photo-degradation of IR820 and ZIF8-IR82. 

Also, the IR820 dye loading capacity was measured in an ethanol solution and 

by comparing the absorption peak intensity of IR820 at 819 nm before and after 

loading onto ZIF8 sample (data not shown). The dye loading capacity is found 

to be 42% which is consistent with TGA analysis. Such high DLC is crucial for 

therapeutic applications. The efficient drug loading capability of ZIF-8 indicates 

favourable molecular reorientation of IR820 ligands into micropores of ZIF-8 

structure. Figure 6.9b depicts photo-degradation of IR820 and the ZIF8-IR820 

nano-MOF with time. The degradation rate of IR820 is much higher as related to 
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that of the ZIF8-IR820 nano-MOF under white light illumination. The percentage 

of degradation is found to be ~55% for IR820 with respect to ZIF8-IR820 nano-

MOF in 24 minutes of an experimental time. The emission properties of the IR820 

and hybrid are depicted in Figure 6.10a. The emission peaks of both IR820 and 

ZIF8-IR820 are measured at wavelength 820 nm (λex = 740 nm) in methanol 

solvent. There is a significant quenching of steady state emission in the hybrid 

system which shows the possibility of an excited-state nonradiative process.  

 

Figure 6.10: (a) Room-temperature PL spectra of IR820 (black) and ZIF8-IR820 nanohybrid 
(blue). The excitation wavelength was 633 nm. (b) The picosecond-resolved fluorescence 
transient of IR820 (black) and ZIF8-IR820 nanohybrid (blue). The excitation wavelength was 
633 nm of laser and the collection wavelength was 700 nm. 
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In order to investigate the excited state dynamics of IR820 on the surface of ZIF-

8, we have performed the picosecond-resolved fluorescence study of IR820 and 

ZIF8-IR820 upon excitation at 633 nm laser source and detected at 820 nm (Figure 

6.10b) using methanol as the solvent. The fitted time parameters (Table 6.3) for 

the excited-state fluorescence transient of IR820 in methanol show a single time 

constant of 243 ps. IR820 has the ability to produce heat if it is excited by NIR 

light [84] and also it produces singlet oxygen by energy transfer from its T1 state 

to triplet oxygen [85]. These are the reasons behind the faster lifetime of IR820.In 

the case of functionalized nano-MOF, the picosecond resolved transient curve is 

departed from single exponential to bi-exponential with an additional 

component of 38 ps having a significant contribution of 68%. It suggests charge 

transfer from HOMO of IR820 dye (the singlet state (S1) of IR820) to the 

conduction band (CB) of ZIF-8 [73]. The details of picosecond-resolved fitting 

parameters are listed in Table 6.3. 

Table 6.3: Picosecond-resolved fluorescence transient lifetime. The emission decay is collected at 
820 nm with 633 nm laser excitation. Numbers in parentheses indicate relative contributions. 

 

We predict that encapsulation of IR820 with ZIF-8 leads to bandgap realignment 

of the functionalized system which is in favour of photo-induced electron 

transfer. This electron transfer process decreases the rate of the intersystem 

crossing process and prevents the electron transfer to the triplet-excited (T1) state 

in the photosensitizer dye [86].  Thus, the process of energy transfer from the T1 

state of IR820 to the triplet state of oxygen is arrested by the electron-transfer 

process which should decrease the production of singlet oxygen by the 

functionalized nano-MOF [87] and increases its photostability over free IR820.  

In order to investigate the electronic property and charge transfer mechanism in 

the hybrid system, we have performed first principles DFT investigations. We 

System τ1 (ps) τ2 (ps) τavg (ps) 

IR820 243 (100%) 0 243 

ZIF8-IR820 38 (68%) 188 (32%) 90 
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have optimized all three structures (ZIF-8, IR820 and the nanohybrid) to its 

ground state. The formation energy of the hybrid system is approximately -0.18 

eV/atom, confirming the chemical stability of the nanohybrid. The orbital 

projected density of states (OPDOS) of the systems are presented in Figure 6.11. 

ZIF8 shows a bandgap of 4.6 eV which is consistent with the reported literature 

[88].  

 

Figure 6.11: Density of states of (a) ZIF-8 nano-MOF, (b) IR820 and (c) functionalized ZIF8-

IR820 nano-MOF. 

The valance band maxima (VBM) of ZIF8 indicates a strong hybridization of the 

C-2p and N-2p states. On the other hand, the VBM of IR820 is mostly populated 
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with the C-2p and O-2p states. The OPDOS of the hybrid system implies that the 

VBM of the combined system is mainly constituted by the C-2p and O-2p 

electrons of ZIF-8 and IR820 respectively. On the other hand, the conduction 

band maxima are mainly consisted of the IR820 levels. There is a significant 

reduction of the effective bandgap in the hybrid system. The hybrid system 

indicates p-type doping due to the ligand-to-metal charge transfer from IR820 to 

ZIF-8 as also evidenced experimentally.  

 

Figure 6.12: (a) Spin density and (b) charge density plot of the ZIF8-IR820 nanohybrid system. 

The DOS of the hybrid system as plotted in Figure 6.11c reveals a high degree of 

spin polarization, which is also reflected in the spin density plot of the system as 

depicted in Figure 6.12a. There is a spin imbalance in the ZIF-8 after the 

formation of the nanohybrid because of the mutual electronic interaction of the 

individual systems within the assembled system. The charge density of the 
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hybrid system is plotted in Figure 6.12b which displays a significant charge 

overlap between ZIF-8 and IR820 at the interface, confirming the mutual charge 

transfer from IR820 to ZIF-8 in the hybrid system [89].  The enhanced excited 

state charge transfer process motivates us to investigate the photoinduced ROS 

generation ability of ZIF8-IR820 and IR820. It shows an enormous increase in 

ROS for ZIF8-IR820 nano-MOF under red light as shown in Figure 6.13a. The 

increment of ROS is observed to be ~12-fold increase in 25 minutes for ZIF8-

IR820 compared to only IR820. Nevertheless, the same strategy is used to check 

the ROS capability of only ZIF-8 which shows no increment of ROS.  

 

Figure 6.13: The DCFH oxidation (monitored at 525 nm) with respect to control DCFH (pink), 
(a) in the presence of ZIF-8 nanoparticles (red), IR820 (black) and ZIF8-IR820 nanohybrid 
(blue), (b) in the presence of ZIF8-IR820 nanohybrid at variable concentrations (C1, 0.1 OD; 
C2, 0.15 OD; C3, 0.2 OD and C4, 0.25 OD) and (c) in the presence of ZIF8-IR820 nanohybrid 
at two different pH values only under dark (15 minutes) and in presence of red light (25 minutes). 
The excitation wavelength was 484 nm. (d) XRD of nano-MOF before and after light irradiation 
for 45 minutes. 

The enormous amount of photoinduced ROS motivates us to investigate the 

concentration-dependent and pH-dependent ROS production capability of ZIF8-

IR820. The concentration-dependent DCFH oxidation of nano-MOF is 
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investigated for four different concentrations (C1, 0.1 OD; C2, 0.15 OD; C3, 0.2 

OD and C4, 0.25 OD) of ZIF8-IR820 as shown in Figure 6.13b. Greater ROS 

production was observed with increasing the concentration of ZIF8-IR820. The 

higher DCF formation at a higher concentration of ZIF8-IR820 is the reason 

behind the greater ROS production [90].  

 

Figure 6.14: (a) Optimisation of bacterial viability in dark of ZIF8-IR820 for different 
concentrations of samples with respect to control. (b) The treatment with 0.125 mg/ml ZIF8-
IR820 samples in the presence and absence of red light irradiation. (c) The images of 
Staphylococcus hominis plates treated with ZIF8-IR820, (i) control of Staphylococcus hominis 
bacteria, (ii) Staphylococcus hominis bacteria treated in the absence of light and (iii) after treated 
with red light irradiation for 25 minutes. 

Figure 6.13c depicts pH-dependent DCFH oxidation of ZIF8-IR820 at two 

different pH values. The ROS capability of ZIF8-IR820 is much higher in acidic 

conditions at pH = 5.5 which is doubled as compared to normal pH = 7.4. The 
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reactivity of superoxide ion is comparatively prominent at acidic pH due to its 

protonation which shows better ROS generation at lower pH range [91]. 

However, only IR820 depicts negligible changes of ROS in acidic pH, which 

further indicates that functionalized ZIF8-IR820 nano-MOFs are acting as pH-

responsive photoinduced ROS generating nanomaterials.  

 

Figure 6.15: (a) Bacterial viability with varying times of red light irradiation and inset shows 
the XRD of nano-MOF before and after bacteria treatment. (b) Images of Staphylococcus hominis 
plates treated by ZIF8-IR820 sample with varying time of red light irradiation, ((i) 0 minute, (ii) 
5 minute, (iii), 10 minute, (iv) 15 minute, (v) 20 minute and (vi) 25 minute.  

Moreover, the XRD of ZIF8-IR820 before and after the red light irradiation on 

the sample is performed to investigate the structural stability after light 

irradiation (Figure 6.13d.) The XRD peaks of ZIF8-IR820 are similar before and 

after light treatment on nano-MOF for 45 minutes. It confirms that the structural 
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nature of nano-MOF remain intact after red light irradiation. The enhanced ROS 

production in the presence of red light suggests ZIF8-IR820 could be used as a 

potential NIR-induced antibacterial agent. For the antimicrobial activity study, 

we have evaluated the antimicrobial action of functionalized nano-MOF toward 

Staphylococcus hominis bacteria under dark and red light illumination. To 

optimize the dark toxicity nature, we have treated Staphylococcus hominis bacteria 

for different concentrations (1 mg/ml, 0.75 mg/ml, 0.5 mg/ml, 0.25 mg/ml and 

0.125 mg/ml) of ZIF8-IR820 nano-MOF (keeping IR820 concentration same) as 

shown in Figure 6.14a. The very less bacterial killing effect is observed under 

dark conditions for 0.125 mg/ml concentration of ZIF8-IR820 nano-MOF with 

respect to control (Figure 6.14a). Then we proceed with red light irradiation 

viability treatment on S. hominis bacteria with the optimized concentration (0.125 

mg/ml) of ZIF8-IR820 nano-MOF as shown in Figure 6.14b. The enormous 

antimicrobial activity of ZIF8-IR820 nano-MOF in the presence of red light of 

wavelength 650 nm is observed which is around 96% in 25 minutes due to 

enhanced ROS generation. The control experiments have also been performed 

keeping the same amount of ZIF-8 in 0.125 mg/ml ZIF8-IR820 nano-MOF. ZIF-

8 nano-MOF has negligible antibacterial activity against S. hominis bacteria. For 

IR820 treated samples, negligible antibacterial activity is observed in the absence 

of light and very less bacterial effect under red light treatment (Figure 6.14b).  

However, the bacteria-killing efficacy is better at concentrations higher than the 

concentration used in 0.125 mg/ml ZIF8-IR820 nano-MOF after 25 minutes of 

red-light exposure. Figure 6.14c depicts the images of colony forming unit (CFU) 

plates treated by ZIF8-IR820 on S. hominis bacteria. The images in Figure 6.14c 

depict (i) the untreated plate of S. hominis bacteria, (ii) S. hominis bacteria treated 

with 0.125 mg/ml ZIF8-IR820 nano-MOF in dark and (iii) S. hominis bacteria 

treated by 0.125 mg/ml ZIF8-IR820 nano-MOF in presence of red light for 25 

minutes. The enhanced antimicrobial activity of ZIF8-IR820 nano-MOF in the 

presence of red light motivates us to investigate the photo-dose dependent 

action of ZIF8-IR820 nano-MOF against the same bacteria. Figure 6.15a depicts 

the photo-dose dependent experiment of ZIF8-IR820 nano-MOF. The 
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experiments are performed by red light irradiation in 5 minutes intervals of time. 

The antimicrobial activity of ZIF8-IR820 nano-MOF is increased with increasing 

the time of red light illumination (Figure 6.15a). Moreover, the Powder XRD tests 

of ZIF-IR820 before and after the antibacterial treatment is also performed to 

check the stability of nan-MOF as shown in the inset of Figure 6.15a.  

 

Scheme 6.2: Schematic representation of nano-MOF to deliver the photosensitizers in the 
targeted bacterial cells that could be used for photoinduced bacterial remediation. 

The XRD peaks of ZIF8-IR820 are similar before and after antibacterial treatment 

for 2.5 hours of incubation which confirm the stability of the nano-MOF. The 

enhancement of ROS with time of ZIF8-IR820 nano-MOF in the presence of red 

light is the main cause of killing the bacteria. Figure 6.15b shows S. hominis plates 

treated with 0.125 mg/ml ZIF8-IR820 under red light. The difference in CFU 

number of S. hominis bacteria after treatment of light indicates the potential 

photo-dose dependent antibacterial effect of ZIF8-IR820. The efficiency is 

measured to be ∼96% CFU reduction in 25 minutes and complete bacterial 

reduction is observed by ZIF8-IR820 nano-MOF after 30 minutes of irradiation 

of red light. The study confirms that ZIF8-IR820 is highly effective against 

bacterial infections which can be useful for real-life antibacterial applications. 
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6.3. Conclusion:  

In summary, we have investigated the enhanced antibacterial ability of ZnO-NF 

nanohybrid over free NF and ZnO nanoparticles using various experiments as 

well as computational studies. We have established the benefit of NF as the light-

stimulated drug. NF is strongly associated with ZnO nanoparticles and the 

attachment has been confirmed using various spectroscopy mechanisms. The 

excited state charge transmission process from NF to ZnO semiconductor are 

confirmed by TCSPC and supported by the first principles DFT-based 

computational analysis. This charge transfer mechanism shows a greater extent 

of ROS generation. The antibacterial photodynamic effect on E. coli is confirmed 

using the cell culture experiment, which suggests significant changes after light-

stimulated drug treatment. Our results figure out that bacterial cell death has 

occurred to a high ROS production process. It reveals that the ZnO-NF 

nanohybrid is much more effective in the antibacterial effect on E. coli cells 

compare to free NF and ZnO nanoparticles. This developed procedure could be 

applied to other antibiotics that will enhance their ability in PDT. This result 

provides a new path that has the capability to deliver the NF in the targeted cells, 

which can be used for disinfection or membrane-based antibacterial 

applications. 

Moreover, we investigate an approach for the fabrication of functionalized nano-

MOF (ZIF-8) encapsulating with a well-known cyanine dye IR820 which 

improves its photodynamic action. The functionalized ZIF8-IR820 nano-MOF 

provides greater thermal stability and photostability after encapsulation with 

ZIF-8. The time-resolved fluorescence study of ZIF8-IR820 explains the excited-

state charge-transfer dynamics from IR820 to ZIF-8 in the functionalized nano-

MOF. The first principles DFT analysis of functionalized nano-MOF illustrates 

the possibility of ligand to metal charge transfer which is consistent with 

experimental findings. The excited-state ligand to metal charge transfer in the 

functionalized nano-MOF is responsible for the production of photoinduced 

ROS in a pH-responsive manner because of more access of molecular oxygen. 
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The functionalized nano-MOF shows an enormous antimicrobial effect against 

S. hominis bacteria even at distinctly lower concentrations which recommend its 

remarkability for real application. Overall, the study demonstrates a detailed 

physical understanding of photosensitizer encapsulated nano-MOF system 

which shows efficient NIR light-induced photo-dose dependent antibacterial 

activity. It provides a new path to deliver the photosensitizers in the targeted 

bacterial cells that would be used for photoinduced bacterial remediation. 
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Chapter 7 

A Combined Spectroscopic and Computational 

Studies on Tri-hybrid Nanomaterial for Potential 

Removal of Antibiotic Burden and Bacterial 

Remediation 

7.1. Introduction:  

Infections instigated by antibiotic-resistant of bacteria are considered one of the 

most dangerous health threats in the world [1-3]. The resistance amongst several 

antimicrobial agents to various antibacterial drugs namely antibiotics has 

initiated the threat of bacterial infection [4-7]. Several thousand death and a few 

million serious illnesses of patients have been reported in the United States alone 

each year due to bacterial infection. Bacterial infection is the second leading 

cause of death in patients with cancer and it increases at a fast pace in recent 

years [8, 9]. So, the development of new antimicrobial agents is required to 

combat diseases caused by bacterial infections.  

Bacterial infections are generally treated by wide-spectrum antibiotics (such as 

tetracycline, ciprofloxacin, norfloxacin, methicillin, and azithromycin) [10-12]. 

Among them, tetracycline (TC) is well known for its broad range of activity. It 

acts as an antibiotic in the dark and as a photosensitizer under illumination with 

visible light [13, 14]. However, the use of antibiotics has many limitations in 

antibacterial applications including the lack of targeted treatment and 

mismanagement of antibiotics for non-bacterial diseases. The high doses of 

antibiotics used progressively lead to the emergence of antibiotic resistance of 

bacteria [15-17]. A potential approach to developing non-invasive therapeutic 

strategies for bacterial infections has attracted significant attention [18, 19]. 

Light harvesting applications of hybrid nanomaterials for targeted theranostics 

are leading with high interest. In a few years, numerous hybrid materials have 
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been developed to deliver antibiotics and organic molecules for sustaining 

therapeutic activities such as Ag-based antibacterial agents, metal oxides (ZnO, 

CuO, etc.) and also some heterosystems [20-23]. They can produce ROS upon 

photo-excitation which is responsible for their biomedical action (antifungal, 

antibacterial, anticancer action, etc.) as ROS has capability to destroy the active 

substances in the bacterial inner or outer membrane [24-26]. However, to 

minimize the possible side effects and complications, stimuli responsiveness is 

necessary. In this regard, ZnO-based hybrids nanomaterials are the most 

promising and encouraging system for modulation of drug activity, targeted 

disease site-specific delivery, low cost and less toxicity [27-29]. 

Implementation of a dual responsive mechanism could be a very useful 

technique to achieve enhanced efficacy in antibacterial photodynamic therapy 

(aPDT). The approach is based on the combined effect of excited stated 

photoelectron transfer process and dipolar coupling of a covalently linked donor 

to the acceptor, although, the approach has been earlier utilized to increase the 

efficacy in dye-sensitized solar cells [30-32]. These are expensive for their 

synthesis and the developed hybrids are not biocompatible. The 

implementations of dual sensitization are not reported to enhance the 

antimicrobial activity of the drug molecules.  

In this regard, the development of a dual responsive (electron and energy 

transfer) tri-hybrid system could be an appropriate solution for the enhancement 

of antimicrobial action and hence is the main motive of our current study. In this 

work, we report the fabrication of metal hybrid nanomaterials which is Au-

decorated ZnO (Au_ZnO). The morphology and composition of the samples 

were characterized by microscopic, optical spectroscopic and DFT-based 

computational techniques. We encapsulated an antibacterial agent TC with 

Au_ZnO system to make a novel Au_ZnO-TC tri-hybrid. The steady state 

photoluminescence and time-resolved fluorescence transient study demonstrate 

the FRET from TC to Au as well as charge transfer from TC to ZnO in the 

Au_ZnO-TC tri-hybrid system. The energy transfer from TC to Au nanoparticle 
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triggers an enormous electron separation in the Au_ZnO-TC tri-hybrid system 

which enhanced the production of ROS in the presence of white light. The dual 

sensitization in the tri-hybrids leads to wide-range antimicrobial activity against 

gram-positive bacteria due to immense ROS under white light irradiation. 

Therefore, the developed tri-hybrids show enhanced antibacterial activities due 

to dual sensitization. Moreover, the Au nanoparticle-decorated ZnO is capable 

of destroying excess antibiotics which gradually decreases the appearance of 

drug-resistance bacteria. This study demonstrates a promising aspect that could 

be beneficial for manifold biological applications. 

7.2. Results and Discussion: 

7.2.1. Tetracycline Encapsulated in Au Nanoparticle-decorated ZnO 

Nanohybrids for Enhanced Antibacterial Activity [33]: The schematic 

representation of the synthesis of Au-decorated ZnO nanohybrid and 

encapsulation of TC on Au_ZnO is shown in Scheme 7.1. Figure 7.1 depicts the 

characteristic X-ray diffraction patterns of ZnO, ZnO-TC and Au-ZnO.  

 

Scheme 7.1: Schematic Representation for the Synthesis Procedure of Au-decorated ZnO 
nanohybrid and Au_ZnO-TC tri-hybrid. 

The X-ray diffraction of the ZnO nanoparticles suggests its wurtzite structure 

with hexagonal type.  The decoration of Au nanoparticles into the surface of ZnO 

nanoparticles retains the same position of diffraction peaks of ZnO. It suggests 
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that upon the decoration of Au nanoparticles, the structure of pure ZnO 

nanoparticle crystal remains intact. The presence of some additional 

characteristic peaks of Au nanoparticles have appeared in the XRD pattern of the 

Au-ZnO nanohybrids. TC decoration over ZnO crystal does not change their 

XRD pattern. The value of 2θ of the diffraction peaks of Au nanoparticles are 

found at 38.15°, 44.31° and 64.54° which correspond to (111), (200) and (220) 

planes respectively [34].  

 

Figure 7.1: XRD patterns of commercial 30 nm ZnO nanoparticles (red), synthesized Au-ZnO 
(black) and ZnO-TC (dark red). 

 

 

Figure 7.2: (a) TEM images of Au-ZnO (b) HRTEM image of Au-ZnO. (c-f) EFTEM 
compositional analysis of Au-ZnO. 
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The HR-TEM images of Au-ZnO nanohybrid (Figures 7.2.2a and 7.2.2b) show 

the decoration of Au nanoparticles on ZnO. The fringes distance for the ZnO 

nanoparticles of sizes <50 nm is found to be 0.27 nm which signifies the (002) 

crystal planes of ZnO nanoparticles [29]. The interplanar distance of 0.24 nm for 

the Au nanoparticles corresponds to the (111) crystal planes [35] which confirms 

the presence of Au in Au_ZnO nanoparticles, and an average diameter of the Au 

nanoparticles is found to be ~10 nm. The EFTEM images of Au_ZnO 

nanoparticles show a composition of Au (gold), Zn (blue) and O (red) as shown 

in Figure 7.2c-f.  

 

Figure 7.3: (a) EDAX spectrum extracted from the map visibly and numerically identifies ~8% 
Au, even though they contain common elements. (b) Optimized structure of Zn12O12, calculated 
average bond lengths of hexagons (S1) and tetragons (S2) are about 1.88 and 1.96 Å respectively. 
The angles in hexagons (Φ1, Φ2) and tetragons (Φ3, Φ4) were 126.68°, 112.29°, 91.07° and 
87.75° respectively. (c) Theoretical UV-visible absorbance of Zn12O12 nanoparticle. 

The composition analysis is also confirmed from EDAX as depicted in Figure 

7.3a. The atomic % values of Au, Zn and O are found to be 7.89%, 45.37% and 

46.73% respectively which are tabulated in Table 7.1. Therefore, HR-TEM images 

depict the attachment of Au nanoparticles on ZnO and the EDAX mapping 

analysis confirms the atomic % of Au nanoparticles which is 7.89% in Au_ZnO 

nanohybrid. The DFT-based technique is applied to investigate the physical 

insight of Au_ZnO nanohybrid. First, the structural geometry of pristine Zn12O12 

is prepared by a combination of eight hexagons of (ZnO)3 and six tetragons of 

(ZnO)2 rings.  The structural geometry of pristine Zn12O12 has tetrahedral 
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rotational and inversion symmetry. The optimized geometry of the Zn12O12 

nanoparticle is depicted in Figure 7.3b. The calculated average bond distances of 

hexagons (S1) and tetragons (S2) are about 1.87 and 1.95 Å, and angles in 

hexagons (Φ1, Φ2) and tetragons (Φ3, Φ4) are 126.66°, 112.28°, 91.60° and 87.45° 

respectively. 

Table 7.1: Atomic percentage in Au_ZnO nanohybrid from EDAX spectrum. 

 

The optimized structure of Zn12O12 using DFT/B3LYP exchange-correlation 

functions showed that the distances S1 and S2 were 1.85 and 1.93 Å respectively. 

The calculated Φ1, Φ2, Φ3 and Φ4 angles were found to be 126.41°, 112.37°, 91.97° 

and 86.92° respectively [36]. From the comparison, we concluded that the results 

well agree with the calculated data reported in the literature [36, 37]. Absorption 

spectra of Zn12O12 nanocage are calculated by using the same exchange-

correlation function as shown in Figure 7.3c. The calculated absorption peak of 

ZnO is 350 nm which is consistent with our experimental absorption spectra for 

smaller ZnO nanoparticles [29]. The TDOS of Zn12O12 is calculated as shown in 

Figure 7.4a which shows orbital delocalization in the valence and conduction 

bands of Zn12O12 nanoparticles. The highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO) of Zn12O12 are separated by a 

bandgap of 3.43 eV which agrees well with previous work [38]. Figure 7.4b 

depicts the surfaces of the frontier molecular orbitals of Zn12O12. The 

HOMO/LUMO of ZnO are localized on the Zn and O sites, respectively. It 

indicates that the Zn sites are electrophilic and O sites are nucleophilic in ZnO. 

In order to investigate the Au-decoration on ZnO nanoparticles, Au-doped 

Zn12O12 nanoparticles are made with two Au atoms, as shown in Figure 7.4c. The 

Au-doped Zn12O12 structure is optimized B3LYP/6-311++G(d,p)-SDD based 

S. No Elements Atomic % Uncert. % 

1 O(K) 46.73 0.22 

2 Zn(K) 45.37 0.35 

3 Au(L) 7.89 0.32 
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method and the frontier molecular orbitals of Au-doped Zn12O12 hybrid are 

shown in Figure 7.4d. Figure 7.4e shows the TDOS of Au-doped Zn12O12 

nanoparticles. It depicts some additional states near the Fermi level which 

indicates charge transfer near the bandgap. Moreover, after the doping process, 

the LUMO level significantly shifted toward the Fermi level and consequently, 

the bandgap was considerably narrowed. 

 

Figure 7.4: (a) Density of states (DOS) plot and (b) the frontier molecular orbitals LUMO and 
HOMO of Zn12O12 nanoparticle. (c) The optimized structure of Au-doped Zn12O12. (d) LUMO 
and HOMO of Au-doped ZnO nanoparticle. (e) DOS of Au-doped Zn12O12 nanoparticle. The 
energy gap between HOMO and LUMO is 2.04 eV. (f) Theoretically computed UV-Visible 
absorbance of Au-doped Zn12O12. (g) UV-Vis absorption spectra of ZnO (red) and Au-ZnO 
(black). Inset shows the difference between the two absorbance spectra. 

The bandgap of ZnO significantly decreases to 2.04 eV, which indicates the 

formation of Au-doped Zn12O12 hybrid nanomaterials. So, the theoretical 

investigation is well-matched with experimental results as seen in HRTEM. The 

UV-vis absorption of Au-doped Zn12O12 is calculated with the most stable 

geometry of hybrids as shown in Figure 7.4f which is well-matched with our 

experimental result and also indicates the formation of Au nanoparticle-doped 

Zn12O12 nanohybrid. Figure 7.4g depicts the absorption spectra of ZnO 

nanoparticles and Au-ZnO nanohybrid. In the case of Au-ZnO nanohybrid, the 
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peak of ZnO at 370 nm is visible whereas the newly generated peak at 540 nm 

signifies the presence of a surface plasmon resonance band of Au nanoparticles. 

The inset shows the difference between the absorption spectra of ZnO and 

Au_ZnO nanoparticles which depict the absorption spectra of Au nanoparticles. 

This confirms the presence of Au in Au_ZnO nanoparticles which is also a 

signature of the formation of Au_ZnO nanohybrid. 

 

Figure 7.5: (a) UV-vis absorbance of tetracycline (TC), inset shows structure of TC. (b) The 
density of states (DOS) plot of TC. (c) HOMO and LUMO of optimized geometrical structure 
of TC. Energy gap between HOMO and LUMO is 3.34 eV. (d) UV-Vis absorption spectra of 
Au_ZnO-TC nanohybrid. 

Next, TC has encapsulated on the surface of Au-decorated ZnO nanohybrid to 

make Au_ZnO-TC tri-hybrid. Figure 7.5a depicts the absorption spectra of TC 

which is measured experimentally in DMSO solvent and the inset shows the 

structure of TC. The absorption spectra of TC in DMSO exhibit three 

characteristic peaks at 220 nm, 270 nm and 355 nm corresponding to π-π* 

transitions.  Figure 7.5b depicts total DOS of TC which is composed of the 

valence and conduction bands separated by an energy gap of 3.34 eV. Figure 7.5c 
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shows the electron delocalization of TC at HOMO and LUMO respectively. After 

encapsulation of TC with Au_ZnO hybrid, the charge transfer dynamics in the 

tri-hybrid have been performed. Figure 7.5d depicts the absorption spectra of 

Au_ZnO-TC tri-hybrid. Figure 7.6a depicts the room temperature steady-state 

emission spectrum of TC (Green), ZnO-TC (Red) and Au_ZnO-TC (Blue). Steady 

state emission of TC, ZnO-TC and Au_ZnO-TC have exhibited an emission 

maximum at 530 nm upon excitation at 409 nm. 

 

Figure 7.6: (a) Room-temperature PL spectra (excitation at 405 nm) of TC (green), ZnO-TC 
(red) and Au_ZnO-TC (blue). (b) Spectral overlap of TC (donor) and Au-ZnO (acceptor). (c) 
The picosecond resolved fluorescence transient of TC (green), Al2O3-Au-TC (pink), ZnO-TC 
(red) and Au_ZnO-TC (blue). The excitation wavelength was 405 nm and the collection 
wavelength was 530 nm. 

In both cases, after the attachment of TC to the ZnO and Au_ZnO nanoparticles, 

the steady state emission intensity is significantly reduced. This may indicate the 

molecular level interactions present in the nanohybrid. The emission quenching 
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also signifies the presence of any excited state non-radiative process. However, 

the spectral overlap between the emission of TC and absorption of Au (Figure 

7.6b) indicates the possibility of significant energy transfer between TC and Au. 

Figure 7.6c depicts the time-resolved fluorescence transients of all the samples. 

The time-resolved transient of TC has a two time component of 782 ps and 2153 

ps with an average lifetime of 1865 ps which quenches significantly for ZnO-TC 

due to the presence of a faster time constant of ~43 ps (with 53% contribution). 

It is attributed to interfacial excited state electron transfer from the LUMO of TC 

to the conduction band (CB) of ZnO [39-41].  

 

Figure 7.7: (a) DCFH oxidation with respect to time with the addition of ZnO (cyan), TC 
(green), Au-TC (pink), Au-ZnO (red), Au_ZnO-TC (blue) and DCFH control (black). (b) 
Concentration-dependent DCFH oxidation of Au_ZnO-TC sample for four different 
concentrations. The experiment was performed in the dark for 10 minutes and then subsequent 
white-light irradiation for 30 minutes. 



261 
 

In the case of Au_ZnO-TC tri-hybrid, the faster component of 52 ps attributes 

excited state photoelectron transfer [42]. It has to be stated that the time 

component of 272 ps could be an indicator of FRET from TC to Au nanoparticle 

[41]. To clarify FRET more specifically, we have introduced an insulator Al2O3 to 

make Au_Al2O3-TC tri-hybrid and measured time-resolved fluorescence 

transient. In this case, the faster time constant of 260 ps indicates the energy 

transfer from TC to Au nanoparticles as the possibility of an excited state 

photoelectron transfer process from TC to the Al2O3 insulator is insignificant. 

This implies that time constant of 260 ps (with contribution 36%) indicates the 

energy transfer from TC to Au. 

Table 7.2: Picosecond-resolved fluorescence transient lifetime. The excitation wavelength was 
405 nm and the collection wavelength was 550 nm. Numbers in parentheses indicate relative 
contributions. 

 

Systems  τ1 (ps) τ2 (ps) τavg (ps) 

TC 782 (21%) 2153 (79%) 1865 

ZnO-TC 43 (54%) 291 (46%) 163 

Au_Al2O3-TC 260 (36%) 1032 (64%) 785 

Au_ZnO-TC 52 (34%) 272 (66%) 221 

 

The fitting parameters of fluorescence transient are tabulated in Table 7.2. The 

efficiency of FRET is found to be 63% and FRET distance is found to be 1.9 nm 

which follows norms of FRET distance that is under 1-10 nm. Apart from that, 

the dipolar coupling between TC and Au also leads to electron transfer from Au 

to the conduction band of ZnO [43-45]. This indicates a huge extent of charge 

separation in the Au_ZnO-TC tri-hybrid upon excitation of TC using a visible 

light source. Enhancement of charge separation upon excitation of the Au_ZnO-

TC tri-hybrid motivates us to measure the photoinduced generation of ROS. ROS 

production experiment has been performed using a well-known non-fluorescent 

marker dichlorofluorescein (DCFH). The change in ROS level is monitored by 

the enhancement of emission intensity peak at 525 nm for 10 minutes in the dark 

and then under irradiation of white light for 30 minutes. The enhancement of 
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ROS is observed in the presence of light for Au_ZnO-TC and ZnO-TC as 

compared to TC and other controls as shown in Figure 7.7a. The increment of 

ROS is occurred due to superoxide generated by free electrons from 

neighbouring oxygen molecules whereas hydroxyl radical is generated by holes 

from neighbouring water molecules [46-48].  

 

Figure 7.8: (a) Optimization of bacterial viability in dark for different concentrations of 
Au_ZnO-TC samples with respect to control. (b) The images of S. hominis plates treated with 
Au_ZnO-TC sample; (i) the untreated plate of S. hominis bacteria, (ii) S. hominis bacteria treated 
by 1 mg/ml Au_ZnO-TC nanohybrid in the absence of light. (c) Bacterial viability of Au_ZnO-
TC samples with respect to control. 

In case of tri-hybrid, concentration-dependent enhancement of ROS activity has 

also been performed for four different concentrations  (C1, 5.2 µM; C2, 7.8 µM; 

C3, 10.4 µM and C4, 13.0 µM) at wavelength 525 nm) as depicted in Figure 7.7b. 
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The tri-hybrid shows greater ROS production capability when increasing the 

concentration which is due to a greater number of DCF formations with 

increasing concentration [49]. Besides the huge amount of charge separation in 

the Au_ZnO-TC nanohybrid upon excitation of TC, the white light (having a 

broad wavelength) irradiation facilitates direct excitation of Au which leads to 

electron migration process prom excited state of Au to CB of ZnO.  

 

Figure 7.9: (a) DCFH oxidation with respect to time with addition of ZnO (red), Au-ZnO (black) 
and DCFH control (green) under dark and subsequent white-light irradiation. (b) Kinetics of 
tetracycline degradation under white light illumination (control: green, ZnO: red and Au-ZnO: 
black). 

Overall, a greater extent of electron-hole separation in the Au_ZnO-TC 

nanohybrid induces a massive production of ROS under white light illumination 

(free electron combine with an oxygen molecule to generate the superoxide 
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radicals and holes are responsible for the generation of hydroxyl radicals from 

water molecule). Also, a significant amount of ROS production by Au_ZnO 

nanohybrid under white light supports the above explanation. The antibacterial 

activity of Au_ZnO-TC has been determined against S. hominis bacteria under 

white light irradiation. The dark toxicity nature of the samples has been checked 

by treated S. hominis bacteria with five different concentrations (0.125 mg/ml, 

0.25 mg/ml, 0.5 mg/ml, 0.75 mg/ml and 1 mg/ml) of Au_ZnO-TC nanohybrid 

as shown in Figure 7.8a. Figure 7.8b depicts colony forming unit (CFU) image of 

S. hominis plates treated with Au_ZnO-TC sample; (i) control of S. hominis 

bacteria, (ii) 1 mg/ml sample of Au_ZnO-TC in the absence of light. The tri-

hybrid has less antibacterial effect under dark for 0.25 mg/ml concentration with 

respect to controls.  

 

Scheme 7.2: Schematic representation of photo nano-therapy of bacterial infection by Au_ZnO-
TC tri-hybrids due to immense ROS production and metal hybrid (Au_ZnO) has the capability 
to destroy excess antibiotics which potentially reduces the chance of development of antibiotic 
resistance. 

Light irradiation treatment on S. hominis bacteria is carried out with the 

optimized concentration (0.25 mg/ml) of Au_ZnO-TC tri-hybrid. It shows 

enormous antimicrobial activity of Au_ZnO-TC nanohybrid in the presence of 

white light of wavelength 400-700 nm (89% in 30 minutes) due to enhanced ROS 
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production. The control experiments of only TC, ZnO, Au_ZnO and ZnO-TC 

have lesser antibacterial action against S. hominis in the presence of white light. 

Antibacterial experiments confirm the enhanced antimicrobial action of 

Au_ZnO-TC trihybrid. Furthermore, we found five times enhancement of ROS of 

Au_ZnO nanohybrid compared to ZnO in the presence of white light (Figure 

7.9a). It motivates us to investigate TC degradation capability by Au_ZnO 

nanohybrid. It will help to degrade the remaining excess amount of TC, thus, the 

transmutation chances of TC antibiotic-resistant bacteria would be less.  Figure 

7.9b shows the kinetics of TC degradation by Au_ZnO hybrid due to ROS 

generation. The degradation percentage is found to be ~55% in 90 minutes, 

which implies that, after the treatment of bacterial infection, the excess amount 

of TC would be degraded by Au_ZnO. The results of this study confirm that the 

Au_ZnO-TC tri-hybrid nanomaterial has a potential antibacterial activity which 

further degrades the excess amount of TC by Au_ZnO in the presence of white 

light. The destroying excess antibiotic potentially reduces the chance of the 

development of antibiotic resistance. 

7.3. Conclusion: 

We have synthesized a new tri-hybrid material, Au-decorated ZnO 

nanoparticles attached to the TC drug. The morphology and composition of the 

samples are characterized by microscopic, ultrafast optical spectroscopic and 

DFT-based computational techniques. The DFT calculation of the hybrid 

material validates the experimental findings. We encapsulated an antibacterial 

agent TC with Au_ZnO system to make the Au_ZnO-TC tri-hybrid. The steady 

state photoluminescence and time-resolved fluorescence transient studies 

demonstrate the FRET from TC to Au as well as electron transfer from TC to ZnO 

in the Au_ZnO-TC tri-hybrid system. In addition to that the faster time resolved 

transient components of Au_Al2O3-TC further confirms FRET between TC and 

Au in Au_ZnO-TC tri-hybrid. It shows immense production of ROS in the 

presence of white light due to the enhanced charge transfer which improved the 

antibacterial activity of Au_ZnO-TC tri-hybrids against S. hominis bacteria. 
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Overall, the developed Au_ZnO-TC tri-hybrids show an enhanced antibacterial 

action due to immense ROS production and the metal hybrid (Au_ZnO) has 

capability to destroy excess antibiotics which potentially reduces the chance of 

development of antibiotic resistance. 
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 Chapter 8 

Synthesis and Optical Spectroscopic Studies on 

Properties of Nanohybrids after Doping with Ions 

for their Potential Applications 

8.1. Introduction:  

Essential metals such as, cobalt (Co), iron (Fe), chromium (Cr), copper (Cu), 

nickel (Ni), manganese (Mn), molybdenum (Mo), zinc (Zn) and selenium (Se) are 

fundamental supplements that are essential for several physiological and 

biochemical purposes [1, 2]. Nevertheless, a portion of these substantial metals 

in high dosages can be dangerous to the body, while others (for example 

cadmium, mercury, lead, chromium, silver, and arsenic) in minute amounts, 

have incoherent impacts in the body causing critical and chronic toxicities in 

humans [3, 4]. Excess amounts of essential metals are source of neurotoxicity. 

Moreover, excess metal in the human body can generate free radicals which can 

increase the oxidative stress and can destroy lipids, proteins and DNA 

molecules. These free radicals also promote carcinogenesis. Excess amount of 

iron has largely been reported to be one of the reasons for death in children [5, 

6] and has a long history of research in therapeutics [7, 8]. After the discovery of 

numerous oral medicines for iron toxicity, child mortalities are under control but 

rigorous poisonings due to excess iron still take place [9]. 

So far, chelation therapy is the most powerful and commonly utilized strategy 

for the treatment of substantial metal over-burden and related to the mitigation 

of several diseases such as Parkinson's, Alzheimer's, Wilson's ailment, and 

Friedreich's ataxia [10]. The most commonly utilized chelating agents such as 

CaNa2EDTA – 1985 [8]; BAL – 1949 [8]; DMSA – 1978 [11]; DMPS – 1958 [12]  

were utilized to treat metal over-burden issues for a long time.  However, these 

chelators have adverse effects creating harmful impacts that may damage a few 
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fundamental organs [13, 14]. The accumulation of the substantial amount of 

metals in the cerebrum by some chelators can affect the intellectual capacity of 

teenagers [15]. Thus, nanoscience related innovation can open a new approach 

for the treatment of metal toxicity related issues [16, 17]. Various in vitro 

investigations have portrayed the capacity of metallic nanoparticles to tie or 

detect the excess amount of metals [6, 18]. For example, nanosized silver and 

gold particles can agglomerate with the bivalent metal ions such as mercury 

(Hg2+), copper (Cu2+), iron (Fe2+) and lead (Pb2+) which can shift the surface 

plasmon band, useful for detection purpose [19-21]. However, low 

biocompatibility limits their in vivo applications [19]. In the present study, we 

have developed new technique that could be a potential option for the treatment 

of substantial cationic metal poisoning. 

Among all the cationic metals, iron is an essential mineral in the human body as 

it constitutes the important biological molecule hemoglobin and thus maintains 

the proper iron balance in the body which is important to regulate different 

physiological activities [22]. Nevertheless, iron is one of the heavy metals 

commonly known to produce hydroxyl radicals (•OH) [23]. Excess amount of 

iron leads to greater formation of free radicals that can cause carcinogenesis [24]. 

Iron-instigated free radicals can produce malignancy by oxidation of DNA, 

prompting to DNA damage [25]. In this work, through various spectroscopy 

tools, we have investigated the different properties of the synthesized Fe-Cur 

complex which provides us with the details of Fe-chelating action by promising 

chelator curcumin. We have also investigated whether the synthesized complex 

provides antioxidant activity. The role of metal particles in the antioxidant action 

of the complex is assessed in detail using a well-known radical scavenger 2, 2- 

diphenyl-1-picrylhydrazyl (DPPH) in aqueous media under light irradiation as 

well as under dark condition. This analysis reveals that the antioxidant activity 

of the curcumin increases after the chelation of Fe and consequent decrease is 

also observed in free radical generation under dark. We have extended our 

studies on ROS in an aqueous solution which show this complex does not 

generate any significant ROS in the dark. The results validate its acceptability as 
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a therapeutic agent. Femtosecond resolved fluorescence studies further 

highlight the mechanistic approach of the therapeutic activity of the metal-

ligand complex. Through the photophysical study, it has been found that the 

ligand to metal charge transfer plays a key role to control the entire ROS 

generation and radical scavenging activity of the proposed complex. For a 

comparison of the activity and probable side effects of the Fe-Cur complex, we 

have introduced and investigated another transition metal complex with the 

ligand curcumin (Zn-Cur). Although, these two complexes are structurally 

similar, the difference in electronic distribution causes a decreased efficiency in 

the activities. The trend in radical scavenging activity is observed to be similar 

for both the metal curcumin complexes which validate the role of electron 

transfer in controlling the activities of the complex. Thus, the entire study 

provides a deep insight into the photophysical behaviour of a potential chelation 

therapeutic agent curcumin in mitigation of iron toxicity with validation of in 

vitro applications that may uncover a dual activity nanotherapeutic approach in 

the future. 

8.2. Results and Discussion: 

8.2.1. Combating Essential Metal Toxicity: Key Information from Optical 

Spectroscopy [15]: The schematic representation of Fe-Cur complexes is 

depicted in Figure 8.1a and the photographs of curcumin (yellow) and Fe-Cur 

(brown) in the DMSO solvent under visible light are shown in Figure 8.1b. The 

formation of metallo-organic complexes causes significant alterations in the 

electronic configuration of the free ligands. UV-visible absorption spectroscopy 

is a suitable method to determine complexation or metalation. Figure 8.1c 

represents the absorption spectra of FeCl3 (blue) with an absorption peak of 340 

nm and curcumin (black) with a peak of 435 nm in DMSO solvent. The inset 

shows the absorption maximum of FeCl3 (blue) with an absorption peak of 390 

nm and curcumin (black) appears at 440 nm in an aqueous solvent. The 

absorption peaks of the ligand curcumin can be assigned to a π–π* transition 

from (HOMO-1) to (LUMO) and (HOMO) to (LUMO)  respectively [26]. The blue 
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shift in the absorption spectra of curcumin after attachment to the metal particle 

provides a signature of the covalent attachment. For the Fe–curcumin, a clear 

peak can be observed at 440 nm, with a wide absorption peak at around 520 nm 

in DMSO as well as in water as shown in Figure 8.1c (red). Some earlier reports 

[27, 28] have depicted the comparative FTIR and NMR spectra of Fe-Cur with 

curcumin and concluded effective complex formation. The room temperature 

steady-state PL spectrum (Figure 8.2a) of curcumin (black) shows a peak at 520 

nm upon excitation at 400 nm in DMSO solvent and the inset shows the same 

measurement in aqueous solvent. However, after metalation with iron, the 

steady-state emission intensity is significantly quenched (in both the solvents) in 

spite of the fact that the absorption peak of the complex in both the solutions are 

comparable.  

 

Figure 8.1: (a) Schematic representation of Fe-Cur complexes. (b) Photographs of curcumin 
(Cur) and Fe–Cur in DMSO under visible light (c) Absorption spectra of FeCl3 (blue), Cur 
(black), Fe–Cur (red) using DMSO as the solvent. Inset shows the absorption spectra of FeCl3 
(blue), Cur (black), and Fe–Cur (red) using water as the solvent. 
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The observation leads to the possibility of non-radiative charge transfer [29]. 

Figure 8.2b shows the excitation spectra of all the samples in DMSO solvent and 

the inset shows the excitation of all the samples in an aqueous solvent. A 

significant decrease in intensity for both emission and excitation spectra after the 

metalation can be ascribed to the signature of complexation as well as non-

radiative charge transfer from the ligand (Cur) to the chelated metal ion.  

 

Figure 8.2: (a) Room-temperature emission spectra of Cur (black), Fe–Cur (red) in DMSO are 
shown. The excitation wavelength was 400 nm. Inset shows the emission of the same samples 
using water as a solvent. (b) Room temperature excitation spectra of Cur (black), Fe–Cur (red) 
in DMSO are shown. The emission wavelength was set at 530 nm. Inset shows the excitation of 
the same samples using water as a solvent. 

There is also a possibility of the development of a new energetically low lying 

charge-transfer state due to the electronic transition from curcumin to the 
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chelated metal. The curcumin moiety having delocalized -electron density 

behaves as a donor to the positively charged metal center (which has empty d-

orbitals) behaving as an acceptor and exhibiting a ligand to metal charge transfer 

band (LMCT) [30, 31]. 

 

Figure 8.3: Absorption kinetics of DPPH degradation (monitored at 540 nm) (a) in the absence 
of light using samples Cur (green), Fe–Cur (red) and in the presence of green light with Cur 
(blue), Fe–Cur (brown). (b) In the absence and presence of light using samples Fe–Cur with 
variable concentration. 

Figure 8.3a demonstrates the antioxidant activities of curcumin and Fe–Cur 

complex in the dark as well as under green light irradiation under constant 

stirring conditions. The antioxidant activity of samples is observed by the 

decolorization kinetics of stable free radical DPPH in ethanol-water mixture [32]. 
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DPPH, a stable free radical having violet colour, is reduced to DPPH2, which is 

yellow in colour, due to donation of an H-atom from polyphenolic antioxidants 

to the radical [33]. As the DPPPH assay is performed under stirring conditions, 

there is no possibility of precipitation.  

 

Figure 8.4: DCFH oxidation (monitored at 520 nm) with time in absence and presence of light 
with (a) the samples Cur (green) and Fe-Cur (red) and in presence of light with Cur (blue), Fe–
Cur (brown), (b) using samples Fe–Cur with variable concentration. The excitation wavelength 
was 488 nm. 

Figure 8.3a shows an increase in radical scavenging activity for Fe-Cur in the 

dark whereas under green light conditions no effect has been observed in this 

assay. The electronic configuration of Fe (at ground state) allows it to capture 

electron density from the peripheral O-H bond and initiate the breaking of 

peripheral O-H bond [26]. Thus, it can show more antioxidant properties. 
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However, in case of light irradiated system, the electronic configuration alters 

significantly in Fe-Cur complex. This may induce stability in the complex which 

could lead to less electron affinity of the metal center, which causes a lower 

antioxidant activity. Thus, the improved anti-oxidant property for Fe–Cur in 

dark credits to a more vulnerable ArO–H bond in curcumin and a resulting 

simpler H-atom loss process [34]. The dose-dependent antioxidant activities of 

Fe-Cur have been performed up to three different concentrations (OD 0.07, 0.10 

and 0.15) as shown in Figure 8.3b. It has been observed that the antioxidant 

capability of Fe-Cur increases more for the concentration of OD 0.10 compared 

to the other two concentrations in the dark (Figure 8.3b). The results demonstrate 

that Fe–Cur serves as an extremely effective free-radical scavenger compared to 

free curcumin in water in the absence of light.  

 

Figure 8.5: Femtosecond resolved fluorescence transients of Cur (grey), Fe–Cur (green) in 
DMSO. The excitation wavelength was at 400 nm and the detection wavelength was at 530 nm. 
The circles are experimental data, and the solid lines are the best multiexponential fit. 

We have assessed the ROS generation capability by Fe-Cur with respect to 

curcumin by performing the DCFH assay in the presence of light and dark as 

well. The rise in the emission intensity of DCF which is the oxidized form of 

DCFH has been monitored to quantify the amount of ROS in the system. Fe-Cur 
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complex shows 8.5 times additional ROS generation compared to curcumin 

under the green light irradiated condition, as represented in Figure 8.4a. The 

dose-dependent capability of Fe-Cur has been performed up to three different 

concentrations (OD 0.07, 0.10 and 0.15) as shown in Figure 8.4b. It has been 

observed that the ROS generation capability of Fe-Cur increases with increasing 

concentration (Figure 8.4b) in the presence of green light. Fe-Cur almost doesn’t 

generate any ROS in the absence of light. 

 Table 8.1: Lifetime of femtosecond-resolved fluorescence transients of Cur and Fe-Cur 
complexes, detected at 530 nm (PL maxima) upon excitation at 400 nm wavelength. Numbers 
in parentheses indicate relative contributions. 
 

 

 

Femtosecond resolved fluorescence transients of Fe-Cur samples have been 

measured to find out the excited state dynamics of the complex which provide 

further evidence of the metal ligand chelation. The femtosecond resolved decay 

profiles of the free ligand curcumin and the Fe-Cur complex are compared in 

Figure 8.5.  

 

Scheme 8.1: Schematic view of iron chelation by the formation of Fe-Cur complex leading to 
efficient radical scavenging activity for the effective treatment of iron overload diseases.  

System τ1 (ps) τ2 (ps) τ3 (ps) τavg (ps) 

Cur 3.19 (32%) 73.50 (68%) - 50.50 

Fe-Cur 0.09 (32%) 1.82 (28%) 62 (40%) 25.60 
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Figure 8.6: (a) Depicts the absorption kinetics of DPPH degradation (monitored at 520 nm) in 
the absence and presence of light using Zn-Cur. (b) DCFH in the absence and presence of light 
using samples Zn–Cur. The excitation was at 488 nm. 

The fluorescence decay of curcumin is fitted by a double exponential decay with 

a lifetime of 3.2 ps (faster part: mark of solvation dynamics) and another 73.5 ps 

(longer part: sign for excited state intramolecular H atom transfer ESIHT) [35]. 

The average lifetime of the system is 50.5 ps. The femtosecond resolved decay 

profile of Fe-Cur shows a faster time component of 0.09 ps and the 

corresponding average lifetime is 25.6 ps. The lifetime components of the 

fluorescence transients are summarized in Table 8.1. The faster timescale in the 

decay pattern of the Fe-Cur complex could be ascribed to the electron transfer 

from the ligand to the chelated metal centre [36]. Therefore, this electron transfer 
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process can be correlated to enhanced antioxidant activity and photoinduced 

ROS generation by Fe-Cur. Additionally, we have performed an antioxidant 

activity and photoinduced ROS generation by Zn-Cur complex in order to 

compare its activity with the Fe-Cur one. It has been found that the antioxidant 

activity of Zn-Cur is increasing under dark but the increment is much less as 

compared to Fe-Cur. The trend is due to the presence of a stronger O-H bond in 

the case of the Zn-Cur complex as Zn(II) has a filled d-orbital and shows lower 

interactions compared to Fe(II) [37]. Figure 8.6b shows the ROS generation 

capability of Zn-Cur in the presence of green light (blue) and the absence of light 

(red). The ROS of Zn-Cur is increasing but the ability is much less than Fe-Cur. 

Therefore, antioxidant activity and photoinduced ROS generation by Zn-Cur is 

consistent with the Fe-Cur results. However, the activity of Fe-Cur is far better 

than Zn-Cur. 

8.3. Conclusion: 

In summary, the biocompatible ligand curcumin shows a high affinity to chelate 

with metallic Fe. Curcumin is known to have less or minimal side effects. So, it 

can be used as an alternative to conventional chelating agents. The Fe-Cur has 

enhanced antioxidant activity and negligible ROS generation capability in the 

dark. The prominent ligand to metal charge transfer in the case of the Fe-Cur 

complex is found to be the mechanistic pathway to control the radical 

scavenging and the ROS generation trends. The proposed mechanism has 

further been validated by a comparison of activity with the structural analogue 

Zn-Cur.  Thus, the electron rearrangement process in the Fe-Cur complex 

leading to efficient radical scavenging activity may pave a new way for the 

effective treatment of iron overload diseases and can be considered as an 

alternative medicine. 
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Dichalcogenides: A First-principles Study”  and participated in 

workshop in an international conference ‘Evolution of Electronic 

Structure Theory & Experimental Realization (EESTER-2023)’  during 

4th – 12th January 2023 of August 2022 in IIT Madras & SRM IST KTR, 

Chennai, India. 

 

4.  Oral presentation delivered on “Metallic Transition in Rhenium 

Dichalcogenides” in an international conference “EHPRG 2022”, from 

5th to 8th of September 2022, Uppsala University, Uppsala, Sweden. 

 

5.  Contributed in oral presentation on “Controversies and contradictions 

in Rhenium Dichalcogenides: First-principles pathway towards 

solutions”   and presented two posters in an international conference 

‘Psi-k 2022” from 22nd to 25th of August 2022 in SwissTech Convention 

Center, EPFL, Lausanne, Switzerland. 

 

6.  Poster presentation delivered in an international Conference on 

“Frontiers In Materials for Technological Applications (FIMTA-2021)” 

(Virtual) from 4th – 6th August 2021 at CSIR-IMMT, Bhubaneswar, 

India. (Best Poster Award) 

 

7.  Participated in an international conference on “Advanced Materials for 

Better Tomorrow (AMBT 2021)” (Virtual) from 13th -17th July 2021 held 

at Indian Institute of Technology, BHU, Varanasi, India. 
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8.  Poster presentation delivered in an International Conference on Nano 

Science and Nano Technology (ICONSAT 2020)  from 5th – 7th March 

2020 held at SN Bose National Centre for Basic Sciences, Kolkata, India.                                        

 

9.  Poster presentation delivered in an international Conference On 

“Smart Materials For Sustainable Technology (SMST 2020)” from 22nd 

– 25th February 2020 held at Bagmallo Beach Resort, Goa, India.                                                            

 

10.  Oral Presentation delivered in an International workshop on Physics 

of Semiconductor Devices (IWPSD 2019) during 17th – 20th December 

2019 held at Novotel Hotel and Residences, Kolkata, India.                                                 

 

11.  Poster presentation delivered in an International Science Festival-2019, 

Young Scientist’ Conference, during 5th – 7th November 2019 held at 

Biswa Bangla Convention Centre, New Town, Kolkata 700156, India. 

 

12.  Participated in a workshop on “Nanolithography and 

Nanofabrication” organized by RAITH INDIA, Bangalore in 

cooperation with S. N. Bose National Centre for Basic Sciences, held  on 

9th July 2019 at Kolkata, India. 

 


