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Introduction and Literature Review 

 

 

 

 

 

 

 

 

 

 

  

This chapter briefly gives an overview on metal 

nanoclusters, their properties. It concisely highlights the 

importance and applications in the field of nanoscience. 

Further brief discussions on methodologies to obtain 

higher ordered structures from nanoclusters, and 

implications in various fields have been mentioned. 
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1. Introduction 

 

“There’s plenty of room at the bottom”, as delivered in his widely recognized lecture by 

Richard Feynman, envisioning manipulating individual atoms and molecules to produce 

new materials at the nanoscale. The field of nanoscience is a relentless chronicle of 

understanding the matter at the tiniest scale, scientific curiosity, and technological 

innovations. Nanoscience, a multidisciplinary research area delves into the widespread 

behaviours of nanoscale particles. Nanoscale particles are referred to as tiny units of matter 

at the nanometre scale, typically considered in the range of 1-100 nanometre. Due to 

quantum effects and increased surface area, the properties of nanoscale materials are 

different from their larger counterparts. Continuous advancements in synthetic chemistry, 

and the prominence of nanoscale particles (for example nanoclusters, nanoparticles, 

quantum dots. etc) have greatly expanded the horizon in science. The dynamic field of 

nanoscale particles spurs research to drive and underpin applications in the fields of energy 

conversion, bioimaging, chemical sensors, catalysis, and drug delivery. 

1.1 Metal Nanoclusters 

The advancement in the field of nanoscience have led to the development of numerous 

nanoparticles varying in shape, size, and composition. Metal nanoclusters (NCs) have 

progressed in research of nanoscale materials and related fields due to their distinctive 

properties. Elucidation of their properties and control of the synthesis procedure have been 

explored in recent years.  They exhibit an intermediate state between an atom and a solid, 

that is apparent in their atomic configurations and electronic structures. The discrete 

electronic structures of metal NCs induce a plethora of unique chemical and physical 

properties. New methodologies owing to the successful development of atomically precise 

metal NCs are emerging. Based upon the attributes, NCs have important potential in 

catalysis, luminescent-based devices, chemical sensors, light harvesting materials, and 

other applications. 

1.1.1 Brief Idea 

Metal NCs are sub-nanometre-sized (2-3 nm in diameter) particles of atomic precision and 

represent an intermediate state of matter. As the size approaches the fermi wavelength of 

electrons, it bestows them to bridge between isolated metal atoms and metal nanoparticles 
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having plasmonic properties. Metal NCs are manifested in their molecular-like 

characteristics such as HOMO-LUMO transitions, tuneable photoluminescence, and 

intrinsic magnetism. Owing to the discrete energy levels, NCs exhibit unique chemical 

properties that are dependent on their geometric structures and compositions. 1-2 

1.1.2 Luminescent Metal Nanoclusters 

Metal NCs of gold (Au), copper (Cu), and silver (Ag) have been extensively studied, owing 

to their different electronic, chemical, and optical properties in terms of small size, 

photoluminescence, quantum yield, large surface-to-volume ratio and photostability.  

Numerous factors such as NC size, the design of surface ligands, NC assembly structure, 

etc affect the photoluminescence properties.3-6 

 

Figure 1.1. Solid-state model for the origin of the two luminescence bands: The high-

energy band is due to the radiative inter-band transition between the sp and d-bands, while 

the low-energy band is originated from radiative intra-band transitions within the sp-band 

across the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) gap. Modified from Reference 7. Copyright (2002) American Chemical 

Society.  

The primary explanations for the mechanism of photoluminescence have been recognized. 

The quantum confinement mechanisms of metal, not exhibiting plasmonic properties are 

observed in a few atom NCs. The continuous energy band is broken down to discrete energy 

levels, as the size of metal NCs approaches the fermi wavelength of electron (typically <1 

nm). The motion of electrons is restricted leading to the breakup of continuous energy 
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bands to discrete energy levels, and no longer supporting SPR but resulting in molecule-

like properties. The origin of electron transition process and metal NCs’ photoluminescence 

emissions are fundamentally attributed to intra band (sp - sp) transition and/or inter-band 

(sp - d) transition.7 Other parameters like charge transfer mechanism on the shell of metal 

NCs following interaction between metal core and functional ligands have a significant 

effect on emission properties. Ligand to metal charge transfer (LMCT) or ligand to metal-

metal charge transfer (LMMCT) is based on the concept of photoluminescence emission of 

organometallic complexes of transition metals.  

 

 

 

 

 

 

Figure 1.2. Optimized geometries of the experimentally synthesized metal nanoclusters. 

(a) Au18SR14, (b) Au20SR16, (c) Au24SR20. Here, nc represents the number of core metal 

atoms while nShellInt represents the number of shell-to-core interactions. Representation of 

ligands (S-CH3) is shown in stick, core, and shell atoms, in ball and stick, colored yellow 

and blue, respectively. Reprinted with permission from reference 14. Copyright 2017 

Springer Nature. 

 

However, these explanations also are challenged when accounting for size-dependent and 

independent emissions is concerned. Metal NCs’ properties are sensitive to the number of 

atoms, and hence control at the atomic level is required. Therefore, the synthesis of NCs 

requires suitable reducing agents and surface capping and/or protecting ligands for 

surrounding the NC core acting as stabilizers.  These stabilizing ligands with different 

functional moieties are important to determine the structure and photoluminescence 

properties of NCs. Generally, NCs are composed of a metal core allied by stable motifs, 

which is further stabilized by ligands like thiolates, carbenes, phosphines, or a mixture of 

ligands.7-14  
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The thiol-protected NCs have been demonstrated to have excellent stability in 

photoluminescence properties, by taking advantage of the strong coordination between 

Au/Ag and sulfur atoms. The luminescence properties of NCs can be influenced by surface 

capping ligands in two ways to prevent aggregation: (a) ligand to sulphur (S) charge transfer 

and then to Au through Au-S bond (LMCCCT) and (b) direct donation of electron (of 

electron rich atom/group in ligands) to Au core.3 Different thiol (-SH) containing functional 

groups such as glutathione (GSH), 3-mercaptopropionic acid (MPA), p-mercaptobenzoic 

acid, cysteine, etc have been used to synthesize luminescent NCs. GSH-protected clusters 

have high quantum yield attributed to the presence of functional groups (-COOH, -NH2) 

with contains of electron-rich (O, N, etc) atoms that facilitate LMCCT. Also, ligand 

stabilized metal NCs, for instance, Au102(SR)44, Au144(SR)60, and [Ag25(SR)18]
- exhibit 

precise molecular formulas, with uncharged or charged species.15-17 Examples include 

chemical reactivity, chirality, and well-defined emission and absorption resulting from 

quantized energy levels. The existence of various types of ligands on the metal core allows 

the possibility to form specific non-covalent interactions with metal NCs, and other 

molecules.  

1.2 Application of metal NCs 

1.2.1 Catalysis 

NCs of size 1-2 nm with strong quantum confinement are crucial for nanocatalysis. It is 

possible to correlate the structural properties of atomically precise NCs with well-defined 

structures and precise composition with their catalytic properties. High enhancement 

efficiency due to high surface-to-volume ratio and extreme control over specific site 

selectivity are major factors of NCs. For example, poly(N-vinyl-2-pyrrolidone) Au NCs 

were used as homogeneous catalysts for various aerobic oxidation reactions of alcohol as 

well as formal Lewis acid reactions.18 Au NC deposited on TiO2 nanotube arrays with 

enhanced activity have been used for water splitting and photocatalytic decomposition of 

pollutants.19 Selective organic transformation for controllable synthesis of chemicals is 

important. So, Au38 NC with excellent activities in the selective oxidation of sulfides and 

amines were developed.20,21 Au25(SR)18 as a model catalyst has been developed for selective 

reduction of α, β-unsaturated ketones and aldehydes.22 Au NCs have been explored as 

catalyst for electrocatalytic reactions in fuel cells, and for organic reactions including 

coupling reactions, oxidation, and reduction reactions.23-30 
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Figure. 1.3. Demonstration of Au38S2(SAdm)20 NCs in the generation of activated singlet 

oxygen for selective catalytic reactions. (a) Mechanism of the dexter-type electron 

exchange coupling between Au38S2(SAdm)20 and oxygen molecule for generation of singlet 

oxygen and (b) Illustrations of the 1O2 generation process and catalysing the oxidation of 

sulfide to sulfoxide and benzylamines to imines. Reprinted with permission from reference 

21. Copyright 2017 American Chemical Society. 

 

1.2.2 Sensors  

The sensing of different small molecules and ions using NCs has been reported. The optical 

properties and luminescence of metal NCs are responsive to the local environment and are 

influenced by interaction with external analytes and hence act as “turn-on” or “turn-off” 

sensors.31 For instance, fluorescent NCs were used for ultrasensitive detection of Hg (II) 

ions at nanomolar concentrations.32,33 The GSH -Au NC and BSA-Au NC as fluorescent 

sensors for highly selective detection of Cu (II) ions were reported.34-36 In another example, 

Au NC and Ag NCs as nanosensors for selectivity towards cyanide ion and halide ions with 

a limit of detection in the nanomolar range were developed.37,38 From literature surveys, 

fluorescent Au NCs have been reported to be used for the detection of amino acids and their 

derivatives such as urea, cysteine, dopamine, and cholesterol.39-42 

1.2.3 Biological applications 

Owing to the nontoxicity of Au particles, they are widely used in biological and biomedical 

applications such as cancer treatment, bio-labelling, drug delivery, etc. Biocompatible Au 

NCs for cancer radiotherapy and high tumor specificity were reported.43,44 For instance, 

near-IR emitting fluorescent Au NC as biomarkers were incorporated into cancer cells 
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(HeLa) by endocytosis and featured excellent intracellular thermal sensitivity.45 Also, 

conjugated Au NC nano bio probe for targeted flow-cytometric detection of acute myeloid 

leukaemia cells were reported.46 Even Au-gadolinium nanocluster showed high tumour 

accumulation and in vivo renal clearance.47 In another example, oligoarginine capped Au 

NC as a nanocarrier can also be applied for the delivery of biological drugs-nerve growth 

factor, small interfering RNA in pancreatic cancer.48  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 1.4. Schematic illustration of Au NCs with various classes of capping ligands, 

investigated for potential use in imaging, therapy, and theranostic roles in biomedical 

applications. Reprinted with permission from reference 53. Copyright 2022 American 

Chemical Society (open access). 

BSA capped Au NCs were used for the delivery of the hydrophilic drug doxorubicin (DOX) 

to cancer cells with concurrent single-photon or two photon imaging.49 Au NCs have been 

reported as a drug delivery tool, without light activation as well. For example, protein 

protected Au NCs were tested for anticancer therapeutics in lung cancer cells.50 Numerous 

studies have concentrated in particular on integrating imaging and therapy into a single 

platform. A variety of biomolecules are employed as capping ligands for metal NCs. This 
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provides options for toxicity reduction, and biocompatibility and making NCs a desirable 

and adaptable tool for biomedical applications.51-53 

1.2.4. Light emitting diodes 

Metal NCs synthesis and characterization at atomic precision further renders the tailorable 

cluster emission based on cluster size and structure. Such tunability of emission also greatly 

adds metal NCs in white light emitting diode (WLED) applications. Active absorption and 

emission make metal NCs to be used in the field of electroluminescent devices. For 

example, aggregation-induced emission of Au NC by ionic liquid (IL) for WLED and 

multiple ion probe applications were reported.54 Also, Cu NCs with long luminescence 

lifetime, and high quantum yield, were utilized as WLEDs with white light properties.55 

Protein present in unicellular bacteria as a stabilizer for the synthesis of Au NC was utilized 

for white light emission.56 In a nutshell, both Cu NCs and Au NCs have been utilized 

extensively for WLEDs.  

1.3. Self-assembly of metal NCs 

Metal NCs are focus of interest due to their strong size dependent properties, giving rise to 

different applications, and the possibility to study the evolution of various structures as a 

function of size. The use of mono-dispersed NCs as building blocks for superior structures 

offers possibilities for designing new materials. In this regard, the physicochemical 

properties of assembled NCs are found to be superior to those of non-assembled NCs, 

attributed to the combined properties of the constituents.  As a result, an upsurge in the 

generation of complex nanostructures by using NCs as building units has been reported in 

the literature. The assemblies of such NCs could be achieved because of their improved 

stability and well-defined molecular compositions. In this aspect, the assembly into 

superior hierarchical structures utilizing the molecular nature of metal clusters with discrete 

energy levels would confer them with new collective functions. Hence, the development in 

creating higher-order structures could be a significant step toward applications in the field 

of noble metal NCs. Self-assembly of NCs has been categorized into different sections 

including template-free assembly, and template-directed assembly. 

Different interactions for such assemblies of NCs have been accomplished, among which 

a few from the literature are summarized below- 
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1.3.1 Template-free assembly of metal NCs 

The role of surface forces (ligands) on the self-assembly of metal NCs in their colloidal 

forms such as electrostatic interactions, hydrogen bonding, C-H∙∙∙/∙∙∙, van der Waals, 

and metallophilic interactions have been discussed in the literature.  

For example, Jadzinsky et al. reported the crystallization of Au102(p-MBA)44 induced by 

hydrogen bonding for the first time. 16 In another example, Nonappa et al. demonstrated 

the self-assembly of Au102(p-MBA)44 monodisperse NC into two-dimensional (2D) 

colloidal crystals. Also, by changing the kinetics of crystallization via electrostatic 

interactions, the shapes of the assembled structure could be tuned.57,58 Also, electrostatic 

interactions to demonstrate self-assembly in NCs are introduced by charge separation in 

neighboring cluster units. For example, the interaction between negatively charged 

Au@SG NCs and positively charged modified silicon nanoparticles to form dual emitting 

spherical superstructures was reported.59  

 

 

 

 

 

 

Figure 1.5. (a) TEM images of colloidal assembly of Au103(p-MBA)44 NCs into 2D 

crystalline nanosheets showing the stacked layer. (b) Internal structure extracted from the 

solid-state structure of Au102(p-MBA)44 NCs. (c) TEM images of spherical capsids of 

aqueous Au102-pMBA44 nanoclusters. Reprinted with permission from Reference 57. 

Copyright 2016 John Wiley and Sons. 

Self-assembly of cationic and anionic bimetallic Au-Ag NCs in one pot method was also 

demonstrated.60 Wu et al. demonstrated the 2D self-assembly of ligand-assisted Au15 NC 

into a few, multilayered nanosheets in colloidal dispersions at higher temperatures in a 

vacuum based on the hydrophobic interaction between the ligands.61 In this case, the 

TH-3253_176122049



Chapter 1 
 

 

10 

 

asymmetric distribution of ligands generates the anisotropic van der Waals attraction into 

2D assemblies, thus allowing further control of the thickness and morphologies of Au15NC. 

The C-H∙∙∙/∙∙∙ interactions were further extended to demonstrate the 

crystallization of larger NCs. For example, Higaki et al. reported the crystal structure of 

Au103S2(S-NAP)41 NC via vapor diffusion method.62 The weak inter and intra NC 

interaction between the ligands is the primary reason behind such type of assembly. Also, 

metallophilic interactions such as Au-Au interaction and their structure-directed assemblies 

are also known.63 For example, Nardi et al. demonstrated the one-dimensional (1D) linear 

assembly of Au25(SBu)18 via aurophilic interactions.64 Wu et al. also reported the three-

dimensional (3D) colloidal assembly of [Au25(p-MBA)]- into nanoribbons with enhanced 

PL and quantum yield. In another example, Li et al. reported hierarchical 1D to a 3D 

assembly of Au21 nanoparticles.65 

 

 

Figure 1.6 Schematic picture of the hierarchical (1D to 3D) assembly of Au21 NPs. (Inset: 

TEM image of individual Au21 NPs). (b) TEM image of the 1D nanofibril assembled from 

Au21 NPs (c) scanning electron microscopic (SEM) image of 3D crystals assembled from 

Au21 NPs. Reprinted with permission from Ref 65. Copyright 2018 Springer Nature. 

1.3.2 Template-directed assembly of metal NCs 

Templates considered substrates consisting of active sites such as macromolecules, 

polymers, and DNA can bind with NCs to induce assembly. Quantum confinement of NCs 

(replacing metallic NP) and PL properties of NCs add advantage to template-based 

assembly.  In the recent past, new properties of NCs have been observed in different forms 

of hybrid assemblies. Such assemblies depend on the stability of NC and the interaction of 

the template and NCs. For example, Yang et al. demonstrated the self-assembly of Au@SG 

NC inside poly(amidoamine) dendrimer with enhanced PL for bioimaging.66 Ju et al. 

demonstrated pH-dependent assembly-disassembly with similar Au NC with bacterial 
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protein that was further used for protein delivery and cell imaging.67 However, polymer 

templates often lead to uncontrolled aggregation. Later, Wang et al. reported the self-

assembled Au NC-DNA complex in cancer cells and used it for diagnosis and 

theranostics.68 Also, combined host-guest interaction also produces assembled NCs with 

superior photophysical properties. For example, Jiang et al. demonstrated Au22NC for self-

assembled spheres of NC by utilizing non-covalent ligand interaction with host cavities of 

cucurbituril.69   

 

 

 

 

 

 

 

Figure 1.7. Schematic pictorial representation of growth process and the structure of 

Au5 self-assemblies in PAMAM matrix used for sensitive and stable intracellular 

fluorescent imaging. Reprinted with permission from Reference 66. Copyright 2018 

American Chemical Society. 

In another example, Huang et al. reported a supramolecular assembly of cyclodextrin -Cu 

NC with di(adamantane-1-yl) phosphine molecule triggered by host-guest interaction.70 

Synthesis and assemblies of noble metals of Au, Pt, and Pd NCs into well-defined geometry 

were achieved with carriable micellar templates.71 

1.4 Potential applications of higher order assembled metal NCs 

Further, assembly-induced properties of NCs amplify applications in the field of optical 

devices, catalysis, luminescent sensing, energy storage, and biological imaging, are of 

significant progress. For example, Wu et al demonstrated the WLED fabricated from a 

combination of Cu14(DT)10 NCs nanosheets and Au@NC sheets and Cu14(DT)10 

nanoribbon.72 Later, from NC assembly, multi-colored LEDs were fabricated. For example, 

Huang et al. through zinc coordinated assemblies of GSH-Au NC fabricated WLED.73 
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Here, the blending of yellow-orange emitting Au NC and green emitting carbon dots 

facilitated WLED. Also, the assembled NCs have been efficient for use in molecular 

sensors.74 The self-assembled NCs were further explored for bioimaging and therapeutic 

applications. For example, the cellular uptake of assembled NCs was higher than 

constituent NCs, where assembled Au NCs were fabricated using a cationic template 

(polymer) for drug delivery and cancer cell imaging.75 Also, metal coordinated assemblies 

of Au NC have been studied for application in biomedicine. 76-78 

1.5 Context of the Thesis Work 

With the pursuit of literature surveys done in the field of assembly of metal NCs, a 

significant step may emerge from advancement towards the combined properties of 

constituent NCs. To direct the assembly of such NCs, a keen understanding of the 

interaction of ligands based on the functional groups would be essential to develop new 

material based on the assembly of constituent NCs and ions. Through the envision of 

inorganic complexation reaction, the assembly of ligand-stabilized nanocluster is possible 

with metal ions, which supersedes the non-assembled clusters in terms of tailorable 

structural properties. In this context, studying the effects of transition metal ions and 

lanthanide metal ions for assembling NCs would offer a platform to develop higher-order 

structures that may be promising and desirable. 

The current thesis covers the approach of an exploration of higher-dimensional crystalline 

assembly of gold clusters driven by the complexation of specific metal ions with the 

functional group of the surface ligands. Such formation of crystalline nanostructures could 

induce the possibility of amplification in multifunctional properties. And integrating such 

nanoparticles into assembly could have potential in the field of supramolecular chemistry. 
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1.6 Thesis Overview 

 

The details of the current works incorporated in the thesis are elaborated in the form of five 

chapters. In the thesis, works including the synthesis, and formation of crystalline 

assemblies and it’s their superior properties have been discussed. A brief discussion of the 

work is summarised below- 

 

Chapter 1 covers an overview of metal NCs including their syntheses, characteristics, and 

structural assembly. The formulation of nanocluster-based hierarchical assembly with 

amplification on molecular physio-chemical properties is highlighted. The key applications 

in various fields based on the literature are also incorporated. 

 

Chapter 2 describes the formation of a two-dimensional (2D) multi-layered assembly of 

dual ligand-stabilized gold nanoclusters (Au NCs) via the coordination of zinc metal ion 

(Zn2+) and the terminal groups of ligands stabilizing the clusters. The complexation reaction 

between Au NCs (stabilized by mercaptopropionic acid and L-phenyl alanine) with Zn2+ 

resulted in the formation of near-uniform nanosheets of Zn Au NCs with an average 

thickness of 3.80 ± 1.65 nm. The 2D nature of nanosheets was confirmed by atomic force 

microscopy (AFM) and field emission scanning electron microscopy (FESEM) analyses. 

Transmission electron microscopy (TEM) in conjugation with selected area diffraction 

(SAED) and high-resolution transmission electron microscopy (HRTEM) analyses 

revealed the single crystalline assembly of the constituents organized hexagonally. A 

plausible organization of 2D assembly of Au NC is proposed based on computational 

optimization and allied with experimental evidence. The experimental demonstration of 

photoluminescent 2D layered nanosheets of zinc Au NCs was efficient in storing molecular 

oxygen with a capacity of 0.266 ± 0.004 mM/g of Zn Au NCs, which could be used 

reversibly at an ambient condition of 20 ⁰C and pressure limit ranging from 0 to 20 bar. 

 

Chapter 3 demonstrates the delayed fluorescence enhancement of europium (Eu3+) ion 

with prolonged lifetime through interactions of ligand-stabilized Au NCs. The different Eu-

centric emissions following complexation with Au NCs had selective augmentation in 

spectral lines attributed to the modulation of the 5D0→
7Fj transitions. The photoluminescent 

(PL) properties - that included delayed Eu emission - from each component could be 

modulated through the functionalization of phosphate ions (Pi) leading to crystallization. 

The assembled crystalline structure of europium containing Au NCs (Eu Au NCs) was 
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corroborated by electron diffraction (TEM and SAED) and high-resolution transmission 

electron microscopy (HRTEM) analyses. Based on PL measurements and experimental 

evidence, the two different lifetimes arising from the components - prompt emission of Au 

NCs and delayed emission of Eu were present in the assembled nanostructure. Such design 

offers the possibility for developing an optical system by conjugating molecular NCs and 

atomic luminescent probes into superior nanomaterials with potential usage in various 

fields. 

 

Chapter 4 presents the generation of synchronous tri-color (orange, green and blue) 

emission from a single excitation wavelength out of inorganic surface complexation 

reaction on gadolinium-based 2D single crystalline assembly of gold clusters (Gd-Au NCs). 

The independent emissions at three colors were achieved from the Au NC assembly and 

the complexes with dual ligands acetylsalicylic acid and fluorescein. The assembled 

crystalline superstructure with augmented lifetime and quantum yield, emitted white light 

at exc ~325 nm to give a color chromaticity coordinate of (0.34,0.33) in the dispersed 

phase. The color rendering index (CRI) value >85 obtained from the white light emitting 

(WLE) nanostructure is important and would offer innovative entrants in the field of LEDs. 

The crystallinity of the 2D structure was established by XRD and TEM, SAED, and 

HRTEM analyses. The optical and magnetization properties of the nanosheet from 

experimental observations have been investigated by photoluminescence measurements 

and VSM analysis. 

 

Chapter 5 comprises the summary and future prospects of the present thesis work. 
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Chapter2 

Complexation Reaction based Two-dimensional Luminescent 

Crystalline Assembly of Atomic Clusters for Recyclable Storage 

of Oxygen 

 

 

 

 

 

 

In this work, we report the storage of oxygen in two-dimensional crystalline nanosheets 

comprising luminescent gold nanoclusters. Complexation reaction between gold 

nanoclusters (stabilized by L phenylalanine and mercaptopropionic acid) and zinc ions led 

to the formation of crystalline assembly of gold nanocluster (Au NCs). The crystalline 

nature of the assembly of Au NCs was confirmed through transmission electron 

microscopic (TEM), High-resolution TEM, and selected area electron diffraction (SAED) 

analysis. Atomic force microscopic (AFM) analysis, in conjunction with field emission 

scanning electron microscopic (FESEM) analysis, confirmed the two-dimensional (2D) 

nature of the assembly of Au NCs. The 2D crystalline nanosheets formed out of the reaction 

between Au NCs and Zn2+ were found to be of near-uniform thickness, with an average 

value of 3.8 ± 1.65 nm. These 2D nanosheets constituting hierarchically organized Au NCs, 

were further used for reversible storage of oxygen at ambient conditions of 20 °C and 20 

bar pressure.  

Paul et al. Langmuir 2020, 36, 3, 754–759. Reproduced with permission from American Chemical Society. 
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2.1 Introduction 

Superstructures of nanoscale particles have emerged as a class of advanced materials 

with application potential in domains as diverse as theranostics and energy-efficient 

devices.1-10 In this regard, nanoclusters, with uniform structural integrity provide 

unique opportunities for the formation of deterministic assemblies, akin to the 

organization of “atoms to molecules”. To this end, our research group has lately 

introduced the concept of the formation of crystalline assembly of gold clusters via 

“complexation reaction.11-15 Through this strategy of assembly formation, it could 

be demonstrated that zinc-mediated assembly of nanoclusters supersedes the non-

assembled clusters in terms of optical properties and application potential. Further, 

the self-assembly of gold nanoparticles has been achieved via supramolecular 

interactions like hydrogen bonding interactions. In addition, the formation of three-

dimensional superlattices of gold nanoparticles has been pursued at air-water 

interfaces.16,17 

 

On the other hand, a persistent interest of researchers pursuing spatial 

organization of nanoscale materials is to be able to form two-dimensional (2D) 

nanomaterials owing to superior chemical stability, improved optical properties, and 

ease of functionalization vis-à-vis materials with other dimensionalities.18 For 

example, 2D quantum dots derived from phosphorene, graphene, and metal 

chalcogenides have been used for catalysis, bioimaging, and therapeutics.19,20 

Notably, 2D assemblies of Au nanoclusters (Au NCs) formed using principles of 

inorganic complexation reactions were envisioned to feature further intriguing 

characteristics. In recent work, we have achieved the formation of two-dimensional 

arrangements of Au NCs via complexation between zinc ions and the carboxylate 

groups of ligands stabilizing the clusters. The so-formed 2D organization of gold 

clusters exhibited unprecedented delayed fluorescence at room temperature with a 

lifetime of 0.5 ms in comparison to that of the as-synthesized clusters being a few 

hundred µs.15 In this regard, the localization of atomic clusters onto nanosheets of double 

hydroxides has been pursued to achieve augmented luminescence. Furthermore, 2 D 

layered crystalline materials have been demonstrated to exhibit highly efficient 

phosphorescence energy transfer. In an allied vein, surface-enhanced Raman scattering 
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(SERS) 2 D materials have been fabricated by localization of gold nanoparticles onto 

sodium polyacrylate nanosheets. In addition, chalcogenide quantum dot decorated g-C3N4 

micro ribbons have been demonstrated for highly efficient hydrogen evolution. Moreover, 

the importance of the hierarchical arrangement of individual components into higher-order 

dimensions, to achieve desirable physicochemical properties, has been demonstrated.21-25 

A key application of the current concern, which is being methodically addressed, 

is with regard to energy storage. Although there are numerous examples, storage of 

oxygen at ambient pressure and temperature is of particular importance, given the 

potential utility in the survival of marine divers, Fighter pilots, military personnel, 

and medical patients with critical oxygen demand.26 To this end, zeolites and porous 

carbons have been a popular choice for oxygen storage.27, 28 However, their use for 

gas storage has been largely limited by the heterogeneous nature of their pore sizes. 

Thus, the advent of materials with well-defined geometries, where gas storage could 

be possible based on interactions between the gas molecules and constituents of the 

storage materials may be considered as an important alternative. This may lead to 

greater control over the amount of gas storage and the conditions (especially pressure 

and temperature) required for gas storage and release. It has been demonstrated in 

our laboratory that metal ion-mediated superstructures of atomic gold clusters are 

potent for the storage of gases (hydrogen and carbon dioxide) with concomitant 

visual sensing of the storage process.11,13 Further, given the widespread recognition 

of 2D nanomaterials in gas storage, synthetic fabrication of 2D assemblies of atomic 

clusters for expedient storage of oxygen at pliant conditions could be intriguing. As 

mentioned before, 2D nanomaterials with high lateral size and thickness comparable to that 

of atoms are gaining prominence owing to their unique features - high chemical stability 

and ease of functionalization, as opposed to materials of higher dimensions. For example, 

in the current case, oxygen stored in 2D nanosheets of luminescent atomic clusters may be 

further used for pursuing catalytic oxygenation reactions at ambient pressure and 

temperature. Since in the case of 2D nanomaterials, exposure of the surface atoms is very 

high, the best utilization of the oxygen stored in the 2D nanosheets of the assembled gold 

clusters may be achieved for oxygenation reactions with concomitant sensing of the 

catalytic reaction, which may otherwise be difficult in materials assemblies with other 

dimensionalities. 
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2.2 Outline of the present work: 

Herein, we report the formation of 2D multi-layered nanosheets of Au NCs via 

coordination with zinc ions. As per AFM (atomic force microscopic) analysis, the 

thickness of the nanosheets was measured to be 3.80 ± 1.65 nm. Transmission 

electron microscopic, in conjunction with field emission scanning electron 

microscopic (FESEM), analyses also featured the presence of layered crystalline 

structures. Selected area electron diffraction (SAED) in conjunction with high-

resolution transmission electron microscopic (HRTEM) analyses revealed that the 

constituents of the crystalline assembly were arranged in a hexagonal manner. 

Further, a probable organization of the 2D crystalline assembly of Au NCs could be 

proposed based on computational optimization, in addition to experimental 

evidence. Also, it has been experimentally demonstrated that these multi-layered 

nanosheets of zinc-ligated assemblies of Au NCs could store molecular oxygen 

reversibly at the ambient conditions of 20 °C and 20 bar pressure. 

 

2.3 Experimental Details: 

2.2.1 Materials:  

Ethanol, tetra chloroauric acid (HAuCl4, Sigma Aldrich), L-phenyl alanine (Sigma 

Aldrich), mercaptopropionic acid (Sigma Aldrich), zinc acetate dihydrate (Merck), 

potassium bromide (Sigma Aldrich) and methanol (HPLC grade) were used as received.  

2.2.2 Analytical Methods: 

(a) Optical measurements: UV-visible spectra and photoluminescence spectra for all 

samples were recorded using PerkinElmer Lamda 35 UV/Vis Spectrometer and HORIBA 

FluoroMax-4 spectrofluorometer respectively. 

(b) Fourier transform infrared spectroscopy (FTIR): FT-IR analyses were performed 

using PerkinElmer (Spectrum Two) FT-IR Spectrometer. The pellets were prepared by 

washing the acquired precipitate with ethanol and evaporating the solvent to dryness. 

(c) Transmission electron microscopy (TEM) and selected area electron diffraction 

(SAED) analysis: TEM, high-resolution TEM, and SAED (selected area electron 
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diffraction) analysis were done with JEOL JEM-2100F transmission electron microscope 

(operated at a maximum accelerating voltage of 200 kV). Samples were prepared by drop 

casting appropriate diluted dispersions on carbon carbon-coated copper grid. 

 

(d) Time-resolved photoluminescence study: Time-resolved PL analysis was performed 

by using a Life-Spec-II spectrofluorometer (Edinburgh Instrument) under the continuous 

stirring condition to avoid settlement of the samples. 

 

(e)  Quantum Yield Calculation: To calculate the quantum yield of Zn Au NCs, three 

samples of Zn Au NCs were synthesized in three different batches following the same 

protocol. The quantum yields of these three dispersions of Zn Au NCs nanosheets were 

calculated separately using quinine sulfate (in 0.1M H2SO4) as a reference. The quantum 

yield of Zn Au NCs nanosheets was calculated using the following equation. 

   Q.Y of Zn Au NCs = 

. ( / )

( / )

(Re / Re )

refQ Y X Area under theemission spectrmof Zn Au NCs Area under theemission spectrumof QS X

Absorbanceof QS Absorbanceof Zn Au NCs X

fractiveindex of Zn Au NCs fractiveindex of QS

 

In the current case, water was used as a solvent for calculating the quantum yield of Zn Au 

NCs. The refractive index of water is reported to be 1.33. Also, quinine sulphate (at low 

concentration) was dissolved in water. Hence, the ratio of the refractive indices of quinine 

sulphate solution and Zn Au NC dispersion was taken to be 1. Given the quantum yield of 

quinine sulphate to be 0.54, the luminescence quantum yield of Zn Au NCs has been 

calculated to be 0.83 ± 0.08 %. 

(f) Atomic force microscopic analysis (AFM): AFM analysis was performed using 

Oxford Cypher AFM Instrument. The samples were prepared by appropriate dilution of the 

dispersion of Zn Au NCs nanosheets. Further, 0.2 mL of the diluted dispersion of Zn Au 

NCs was spin-coated on a Silicon Wafer, which was dried and used for further analysis.   

 

(g) Field emission Scanning electron microscope (FESEM) analysis: FESEM analysis 

was performed using JEOL JSM-7610F. The sample was prepared by diluting the 

TH-3253_176122049



Chapter 2 
 

 
 

28 

 

dispersion of Zn Au NC nanosheets and drop casting 0.3 mL of this dispersion on an 

aluminium foil enfolded in a glass slide. The sample was dried overnight under ambient 

conditions for analysis. 

(h) Computational analysis: The structure of Zn Au NCs was optimized using Avogadro 

software. 

(i) Oxygen adsorption analysis: For probing oxygen adsorption, firstly the crystalline 

assembly of Au NCs was prepared by following the procedure as discussed above with 

ethanol as the solvent. The acquired precipitate was washed with ethanol and dried by 

evaporating the solvent. To perform the O2 adsorption analysis, 125.8 mg of the sample 

was purged with nitrogen at a temperature of 90 ◦C. The sample was then used for the O2 

adsorption experiment in the pressure range of 0.2 bar to 20 bar and at a temperature of 20 

◦C, using the isorbHP1-XKRLSPN100 machine. 

2.2.3 Synthetic methods: 

(a) Synthesis of gold nanoclusters: 1 mL HauCl4 (10 mM) was added to 10 mL ethanol. 

To this solution of HAuCl4 0.4 mL mercaptopropionic acid was added. This led to the 

gradual formation of a colorless dispersion. The resultant solution was thereafter added 

with ~ 5 mg of L-phenylalanine, which consequently resulted in the formation of a 

luminescent dispersion. This dispersion was centrifuged for 10 min at 10 °C.  The speed of 

centrifugation was set at 10,000 rpm. This pellet, following re-dispersion in one mL water, 

was used for further experiments. 

(b) Synthesis of assembly of gold clusters: To the above-obtained dispersion of Au NCs 

(obtained following centrifugation), ~ 100 mg zinc acetate dihydrate was added, which led 

to the formation of a highly luminescent dispersion exhibiting emission at 590 nm (λex = 

330 nm). The dispersion was centrifuged for 10 min at 10 °C. The speed of centrifugation 

was set at 10,000 rpm. The obtained pellet was re-dispersed in one mL of water and used 

for further experiments. 
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2.4 Result and discussion 

Adding mercaptopropionic acid (MPA) and L-phenylalanine (Phe) to tetrachloroauric acid 

(HAuCl4) in ethanol resulted in the formation of a colourless dispersion.  

The UV-vis absorption spectrum of the dispersion did not feature the presence of any 

significant maximum (Figure 2.1.A). Further, the dispersion was observed to be 

luminescent, exhibiting an emission maximum at 590 nm (λex 330 nm) (Figure 2.1.B).  This 

could be indicative of the successful synthesis of Au NCs.  

 

 

 

 

 

 

 

Figure 2.1. (A) UV-vis spectrum of MPA and L phe Au NCs. (B) Excitation and emission 

spectra of MPA and L phe stabilized Au NCs. 

TEM analysis was performed to confirm the formation of particles with a size of 2 

nm (Figure 2.2.A). These particles were observed to be non-crystalline (Figure 2.2.B). 

Moreover, electrospray ionization mass spectrometric (ESI-MS) analysis confirmed the 

formation of Au14 NCs. The ESI-MS spectrum featured a peak at 1489.8962, which has 

been assigned to the presence of Au14 species. The formula of the aforementioned species 

has been attributed to [Au14MPA10Phe4]
3+ (Figure A.2.1). 

 

 

 

(A) (B) 
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Figure 2.2. (A) TEM image of MPA and L phe stabilized Au NCs. (B) SAED of a typical 

collection of particles shown in (A). 

Principles of reaction chemistry were used to achieve the synthesis of “a few layered” 2D 

assemblies of Au NCs. Given the scope of facile chemical bonding between the carboxylate 

groups of ligands stabilizing the Au NCs and transition divalent metal ions, the formation 

of metal ion coordinated extended network of Au NCs was deemed possible. Further, the 

possibility of π- π interaction between the Phe moieties stabilizing the Au NCs provided an 

opportunity for assemblies with close intermolecular packing and sheet forming propensity. 

Thus, a combined methodology of coordination and supramolecular chemistry was pursued 

for the formation of a few layered two-dimensional assemblies of Au NCs. Complexation 

of Phe and MPA stabilized Au NCs and zinc ions was carried out at room temperature. This 

led to the formation of dispersion with augmented luminescence intensity and lifetime as 

compared to the constituent Au NCs (Figure 2.3, 2.4, and Table 2.1). Further, the dispersion 

of zinc-added Au NCs was centrifuged and the so-obtained pellet was found to retain the 

enhanced luminescence intensity.  

(B) (A) 
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Figure 2.3. Emission spectrum of (a) MPA and L phe stabilized Au NCs and of that 

following the addition of (b) 0.05 mL (c) 0.1 mL, (d) 0.20 mL, (e) 0.30 mL and (f) 0.40 mL 

of ~ 100 mg/mL of zinc acetate dehydrate. 

 

 

 

 

 

 

 

 

Figure 2.4. TRPL decay profile of (A) MPA and L phe stabilized Au NCs. (B) TRPL decay 

profile of Zn Au NCs. 

(A) (B) 
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Table 2.1.  Decay parameters obtained from TRPL analysis of Au NCs and Zn Au NCs 

obtained following biexponential fitting. 

 

 

This could possibly indicate the binding of zinc ions with the Phe and MPA moieties 

stabilizing the Au NCs. To this end, Fourier transformed infrared (FTIR) analysis was 

performed to understand the nature of binding between the terminal groups of ligands 

stabilizing Au NCs and zinc ions. As it may be noted in the FTIR spectrum of Au NCs, a 

peak at 1704 cm-1, owing to the asymmetric stretching of carboxylate groups of Phe and 

MPA was observed to be absent in the FTIR spectrum of Zn Au NCs. This indicated the 

possible role of carboxylate groups of Phe and MPA in bonding with zinc ions (Figure 

A.2.2). 

The formation of complexation reaction-based 2D assemblies of Au NCs linked via zinc 

ions was confirmed through TEM analysis. Intriguingly, TEM analysis of zinc-assisted 

assemblies of Au NCs (Zn Au NCs) showed the presence of two-dimensional “sheet-like” 

structures (Figure 2.5).  Each sheet-like structure was found to comprise multiple sheets 

resulting in the appearance of a stacked structure. Selected area electron diffraction (SAED) 

analysis performed on typical nanosheets, highlighted their crystalline nature. The SAED 

pattern indicated the hexagonal positioning of constituents Au NCs (Figure 2.5.A).  The 

edge length of the hexagonal assembly (as obtained from the diffraction) was measured to 

be 4.7 Å. Further, high-resolution TEM (HRTEM) analysis revealed the presence of lattice 

spacing with values of 5.7 Å and 2.7 Å on such nanosheets (Figure 2.5 E- F).  Additionally, 

FESEM analysis, also corroborated the presence of 2D nanosheets (Figure A.2.3). STEM 

analysis and elemental mapping further confirmed the simultaneous presence of Au and 

zinc in the so-formed nanosheets (Figure A.2.4). 

Sample A1   A1 τ1(ns) A2   A2 τ2(ns)  

Au 

NCs 

96.241 1.39 276.734 3.759 0.28 4.675 1.249 

Zn Au 

NCs 

92.798 0.28 1804.670 7.202 1.36 133.771 1.141 
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Figure 2.5. (A) Selected area electron diffraction (SAED) pattern of the crystalline 

assembly of two-dimensional nanosheets obtained from the reaction between ligand 

stabilized Au NCs and zinc ions. (B-D) TEM image of a typical stack of sheets of Zn Au 

NCs. (E-F) High-resolution TEM image of Zn Au NCs. 

Further, AFM analysis was pursued to confirm the 2D nature of Zn Au NCs. Interestingly, 

several nanosheets with an average height of 3.80 ± 1.65 nm could be observed in a typical 

AFM image (Figure 2.6). It is important to note here that the heights of typical sheet like 

structures of boron nitride and sulphides of molybdenum and tungsten are reported to be in 

the range of 1 nm to 3 nm. Thus, in the current case, it may be claimed that in addition to 

single-layered nanosheets, multi-layered 2D nanosheets could also be present. This 

observation is in fair agreement with the TEM analysis featuring the presence of multi-

layered nanosheets. Moreover, based on TEM analysis, supported by AFM analysis, a 

plausible structure of Zn Au NCs could be proposed. Briefly, ten MPA and four phe ligands 

stabilized a single unit of cluster, in accordance with ESI MS analysis. Six such Au NCs 

(stabilized by ligands) were arranged hexagonally with an additional Au NC positioned at 

the center of the hexagon. Further, in the XY plane, each of these hexagonally placed 
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clusters was connected to each other via zinc ions following coordination with the MPA 

ligands. Thus, the XY plane of the 2D nanosheets comprised of hexagonally arranged Au14 

clusters linked through zinc ions via coordination with MPA stabilizing the clusters. Based 

on computational studies (Figure A.2.5), the distance between the clusters was found to be 

5.2 Å, which matched well with the observed distance of 4.5 Å. On the other hand, the 

growth of the crystal in the z direction was defined by the coordination of l phe with zinc 

ions, in conjunction with π- π interaction between l phe moieties. The distance was found 

to be 2.7 Å, which was rather small compared to the distance in the XY plane, resulting in 

plausible 2D structures. Further, the distance between Au14 cluster-zinc ions - Au14 cluster 

bonded through l phe was computationally found to be 6.5 Å, which was in good agreement 

with the observed distance of 5.7 Å. Schematic illustrations of such a plausible bonding 

scheme and structure of Zn Au NCs are shown below (Figure 2.6 B, D). Given the distance 

between each layer of the 2 D crystalline assembly of Au NCs to be ~ 0.57 nm, the layer 

number distribution was calculated to be seven units per sheet. Further AFM analyses were 

performed to understand whether the thickness of the nanosheets could be tuned by varying 

the amount of zinc acetate dihydrate. Interestingly, when ~100 mg of zinc acetate dihydrate 

was added to a dispersion of Au NCs, the heights of the nanosheets were found to be in the 

range of 4-6 nm. However, when ~ 200 mg of zinc acetate dehydrate was added to Au NCs, 

nanosheets with thickness ranging from 4 to 12 nm were formed. Moreover, upon the 

addition of ~ 300 mg of zinc acetate dihydrate to Au NCs, nanosheets with heights ranging 

from 7-10 nm were primarily formed (Figure A.2.6). 
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Figure 2.6. (A) AFM images of Zn Au NCs featuring the presence of 2D nanosheets. (B) 

Schematic representation of possible bonding modes between ligands (Phe and MPA) 

stabilizing Au NCs and zinc ions. (C) Corresponding height profiles of Zn Au NCs as 

obtained. (D) Schematic representation of a plausible two-dimensional structure of Zn Au 

NCs. 

The as-prepared nanosheets of Zn Au NCs were tested for their efficacy in oxygen storage. 

The oxygen storage ability of Zn Au NCs nanosheets was found to be 0.266 ± 0.004 mM/g 

of Zn Au NCs at 20 ◦C and 20 bar (Figure 2.7). Further, the effect of oxygen adsorption 

and desorption on the luminescence of Zn Au NCs was monitored. Interestingly, Zn Au 

NCs showed a decrease in luminescence intensity in the presence of oxygen. However, 

upon reducing the oxygen pressure, the luminescence of Zn Au NCs was found to recover 

(partially). (Figure A.2.7) 
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The reversible nature of changes in luminescence in the presence of oxygen provides 

further support to the interaction Thus, the 2D assemblies of Au NCs mediated by zinc ions 

could not only be used for oxygen storage but also served as a visual indicator for 

adsorption and desorption of oxygen. Further, the practical utility of a gas storage material 

is not only realized in terms of its gas storage efficiency but also the retention of its gas 

storage capacity, following repeated cycles of use. Thus, the recyclability of Zn Au NCs 

nanosheets was also tested. Interestingly, the oxygen storage capacity of Zn Au NCs 

nanosheets was retained following the completion of one cycle of adsorption and 

desorption (Figure 2.7). Also, literature reports suggest the reactivity of Au atoms towards 

molecular oxygen and the interaction is likely to be attributed to the physisorption of 

oxygen molecules on Au atoms present in Zn Au NCs nanosheets.  

Notwithstanding the several advantages of Zn Au NCs as a novel system for storage and 

sensing of oxygen, a major premise of concern with the practical utility of Zn Au NCs lies 

in their limited storage capacity of oxygen as compared to other well-known systems (Table 

A.2.1). Thus, significant efforts are to be made in modulating the oxygen storage capacity 

of Zn Au NCs. A possible way to circumvent the limited oxygen storage capacity of 

assembled gold nanoclusters may emerge from using redox active metal ions for 

complexation-mediated assembly of clusters. In principle, as observed in the case of 

haemoglobin, ions like Fe2+, which upon binding with oxygen are transformed to Fe3+, may 

lead to enhancement in the oxygen storage capacity of the assembled Au NCs. Also, species 

like vanadate molybdate and europium – exhibiting extended coordination capacity may be 

useful as complexation agents for assembling gold nanoclusters for enhanced oxygen 

storage vis-à-vis Zn Au NCs. Importantly, our laboratory is currently involved in the 

exploration of various possibilities to maximize the performance of assembled atomic 

clusters. 
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Figure 2.7. (A) Adsorption and desorption isotherms of O2 on Zn Au NC nanosheets, (B) 

Bar diagram showing reusability of Zn Au NC nanosheets for reversible storage of O2. (C) 

Additional data on adsorption and desorption isotherms of O2 on Zn Au NC nanosheets. 

(D) Bar diagram showing reusability of Zn Au NC nanosheets for reversible storage of O2. 
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(E) Additional data on adsorption and desorption isotherms of O2 on Zn Au NC nanosheets. 

(F) Bar diagram showing reusability of Zn Au NC nanosheets for reversible storage of O2. 

(C-D) and (E-F) are the results of two different experiments performed on different days 

using two different samples of Zn Au NCs nanosheets. (G) Bar diagram (with error bars) 

showing the reusability of Zn Au NCs nanosheets for reversible storage of O2. The oxygen 

storage ability of Zn Au NCs nanosheets was found to be 0.266 ± 0.004 mM/g of Zn Au 

NCs at 20 ◦C and 20 bar. We observed the measurements were reproducible within 89%, 

measured over three different samples.  

2.5 Conclusion 

The generation of 2D nanosheets of Au NCs (stabilized by l-phenylalanine and 

mercaptopropionic acid) was achieved based on principles of coordination and 

supramolecular chemistry. Complexation reaction between zinc ions and ligand-stabilized 

Au NCs resulted in the formation of nanosheets with an average height of 3.80 ± 1.65 nm. 

The 2D nanosheets were thoroughly characterized by TEM, AFM, and FESEM analyses. 

A possible structure of such 2D assembly was proposed, based on experimental evidence 

and computational analysis. Further, the 2D nanosheets could be used for recyclable storage 

of oxygen at ambient conditions with a storage capacity of 0.266 ± 0.004 mM/ g of Zn Au 

NCs. 
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Appendix: A.2 
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Figure A.2.1. (A) ESI-MS spectrum of MPA and L phe stabilized Au NCs. (B) 

Experimental mass spectrum of Au14MPA10Phe4. (C) Simulated mass spectrum of 

Au14MPA10Phe4. 
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Figure. A.2.2. Fourier transformed infrared spectrum of (A) MPA and L phe stabilized Au 

NCs. (B) FTIR spectrum of Zn Au NCs. 

 

 

 

Figure. A.2.3 (A-B) Representative FESEM images of Zn Au NCs. 
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Figure. A.2.4. (A) STEM image of the product of reaction between MPA and L phe Au 

NCs and zinc ions and. Elemental mapping analysis of (B) Au, (C) N, (D) O, (E) S, (F) Zn 

obtained from the STEM image of Zn Au NCs.  

 

 

 

 

 

 

 

 

 

 

 

Figure. A.2.5. Computationally optimized structure of Zn Au NCs. 
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Figure. A.2.6. AFM image of (A1) Zn Au NCs nanosheets formed using ~ 100 mg of zinc 

acetate dihydrate. (A2) Corresponding height distribution of Zn Au NCs nanosheets. AFM 

image of (B1) Zn Au NCs nanosheets formed using ~ 200 mg of zinc acetate dihydrate. 

(B2) Corresponding height distribution of Zn Au NCs nanosheets. AFM image of (C1) Zn 

Au NCs nanosheets formed using ~ 300 mg of zinc acetate dihydrate. (C2) Corresponding 

height distribution of Zn Au NCs nanosheets.  
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Figure. A.2.7. (a) Luminescence spectrum of (a) Zn Au NCs and of that following (b) 

purging by oxygen for ~ 5 min and (c) withdrawal of oxygen flow.  

Table A.2.1. Table comparing the oxygen storage abilities of several materials reported 

in the literature. 

 

Reference Materials Oxygen 

storage 

Capacity 

Advantages Disadvantages 

(i) He, H.; Dai, H. 

X.; Au, C. T. Catal. 

Today 2004, 90, 245. (ii) 

DiMonte, R.; Fornasiero, 

P.; Graziani, M.; Kašpar, 

J. J. Alloys Compd. 

1998, 275, 887. 

Ce1–xZrxO2+δ 0.4 – 0.5 

mMol/g of 

sample 

Appreciable oxygen storage 

capacity 

Operates at high 

temperature of ~ 500 °C. 

Nagai, Y; Yamamoto, 

T.; Tanaka, T.; Yoshida, 

S.; Nonaka, T.; 

Okamoto, T.; Suda, A.; 

Sugiura, M. Catal. 

Today 2002, 74, 225. 

CeO2–

ZrO2 mixtures 

1.5 mMol/g of 

sample 

Appreciable oxygen storage 

capacity 

(i) The materials are 

synthesised are harsh 

conditions like very high 

temperature. (ii) Low BET 

surface area 

DeCoste, J. B.;   Weston, 

M. H.;  Fuller, P. E.;  

Tovar, T. M.;  Peterson, 

G. W.;  LeVan, M. D.; 

Farha, O. K. Angew. 

Chem. Int. Ed. 2014, 53, 

14092-14095. 

(i) Metal organic 

framework 

(MOF) - NU-

125 

(ii) Zeolites 

(i) 10.1 mMol/g 

of sample 

(ii) 3 mMol/g of 

sample 

(i) Excellent oxygen storage 

capacity 

(ii)  Operates at room 

temperature 

Appreciable oxygen storage 

capacity 

Operates at high pressure 

of about 140 bar. 

Current work Luminescent 

Assembly of 

nanoclusters 

0.266 mM/g of 

sample 

(i) Moderate oxygen storage 

capacity. (ii) Luminescent 

indicator for oxygen storage 

and de-storage (iii) Operates 

at 20 °C and 20 bar pressure 

i.e., at ambient conditions 

(iv) The material for oxygen 

storage may be synthesised 

under pliant conditions. 

------- 
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Chapter3 

Modulating Photoluminescence of Europium Through 

Crystalline Assembly Formation with Gold Nanoclusters and 

then Phosphate Ions 

 

Herein we report delayed fluorescence 

enhancement of europium (Eu3+) ion through 

complexation with ligand-stabilized gold 

nanoclusters (Au NCs). The different Eu3+ centric 

emissions following complexation with Au NCs 

had selective augmentation in spectral lines 

attributed to the modulation of the 5D0→7Fj 

transitions. The photoluminescence (PL) 

properties - that included delayed Eu emission - 

from each component could be modulated 

through further functionalization of phosphate ions (Pi) leading to crystallization.  The 

assembled crystalline structure of europium containing Au NCs (Eu Au NCs) was 

corroborated by electron diffraction analyses (TEM and SAED) and high-resolution 

transmission electron microscopy (HRTEM) analyses. Based on PL measurements and 

other experimental evidence, the two different lifetimes arising from the components - 

prompt emission of Au NCs and delayed emission of Eu were affected in the assembled 

nanostructure. Such design offers a possibility for developing an optical system by 

conjugating molecular NCs and atomic luminescent probes with potential usage in 

imaging. 

Paul et al. J. Phys. Chem. Lett. 2023, 14, 50, 11250–11257. Reproduced with permission from American 

Chemical Society. 
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3.1 Introduction 
 

Deterministic multicomponent assembly of atomic and molecular species offers the 

opportunity of designing nanoscale matter with the highest precision of functionality. In 

this regard, the advent of few-atom metal nanoclusters (NCs) having discrete energy levels 

and inherent feature of molecule-like properties has generated significant interest in the 

pursuit of their higher-order organization. The atomic clusters exhibit distinctive structures 

made up of metal core and surface ligands. Typical utilization of organic ligands containing 

thiols, carboxylate, and amines as functional groups, for surface functionalization, provides 

convenient options for higher-order assembly through chemical reactions, especially 

complexation reactions. Recent results suggest that such organization into higher 

dimensional structures and their subsequent supers-stacking bring in novel properties that 

are absent in the constituent clusters or metal complexes and even in the 2D assemblies. 

The transition metal ions such as those of Zn2+ play a critical role in bringing structural 

order to the assembly that leads to superior physical and chemical properties. For example, 

the crystalline 2D assembly of Au nanoclusters based on complexation reaction with Zn2+ 

ions were efficient for reversible storage of gaseous carbon dioxide, hydrogen, and oxygen 

and, for recognition and separation of chiral molecules.1-4 On the other hand, similar 

crystalline 2D assembly of Au and Cu nanoclusters exhibited properties of delayed 

fluorescence at room temperature and near white light emitter with superior quantum yield. 

5,6 Additionally, 2D crystalline hexagonal Cu nanocluster assemblies - when chemically 

stacked at 30⁰- resulted in superior chemical stability and delayed photoluminescence.7 The 

cited literature indicates the prominence of the property of the atomic clusters in the 

assembly with the transition metal ion acting as the bridging species. However, if the metal 

ion also could add to the overall physical and chemical properties of the assembly through 

its distinctive features, the multifunctionality could be more advantageous. Such an 

assembly is yet to be introduced.  

An important choice of the metal ion could be based on rare-earth elements with their 

specific chemical and physical properties. The lanthanides exhibit properties that are 

unique to their electronic configurations and are disparate from the transition metal and 

main group elements.8-11 However, the low absorption coefficient of the lanthanide ion 

results from their parity forbidden f-f transition, and causes low-intensity luminescence 

emission. This emission can be enhanced by bonding with ligands, which help overcome 
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the low absorption of lanthanide (III), and serve as sensitizers that effectively transfer 

energy from the ligand to the 4f metal center.12-15 Because of atomic-like emission, long 

excited states (up to millisecond timescale) and great photostability, lanthanide complexes 

are potential candidates for application as molecular imaging agents, electroluminescent 

materials, and as luminescent optical probes.16-21 For instance, co-doped clusters of gold 

and silver with lanthanide in silicate glasses show potential as bright light-emitting 

devices.22 Also, europium-coordinated gold nanoparticle probes have been developed for 

sensing heavy metal toxins.23 

Thus, complexation reaction involving ligand-stabilized atomic gold nanoclusters 

(Au NCs) and lanthanides may provide assembled structures with complementary optical 

properties of both components. The luminescent lanthanide, in particular, europium (III) is 

prominent with strong luminescence, which includes narrow-band emission (5D0→
7FJ) and 

prolonged excited state lifetime (due to delayed emission) in µs-ms time scales.24 The 

emission is induced by configurational 4f electronic transitions, which are sensitive to the 

structure and symmetry of the complex.25,26 Contrast to typically used molecular 

fluorophores, these aspects make them appealing as they enable the cut-off of scattering of 

light and auto-fluorescence of short-lived background photoluminescence generally in ns 

range and hence improve the signal-to-noise ratio through as overcome time-resolved 

detection. The europium (III) specific luminescence is indeed important and desirable for 

optical sensing 27,28   and light-emitting devices29,30. For example, a europium hybrid 

complex of nanoparticle and polymer dots were developed for biological imaging and 

assays.31-32 Also, the long luminescence lifetime of europium complex was efficient as a 

selective anion sensor with a potential for biosensing.33-34 

Although europium-based inorganic complexes or compounds offer an avenue for 

materials with tuneable properties, however, the synergy of action that is due to the 

optoelectronic properties of the components may be either insignificant or difficult to 

achieve. On the other hand, when both the components are active with their specific 

optoelectronic properties then the synergy of action may be more prominent. This would 

be even more significant when the components are assembled based on molecular 

chemistry principles with molecules contributing to both structural and functional aspects 

of the assembly. One way forward would be to conjugate ligand-stabilized atomic clusters 

with Eu3+ ions through complexation reaction. The Eu3+ ions would bind through chelation 
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to carboxylate groups present in the ligands of the Au-NC surface and serve as links 

between the Au-NCs, leading to the formation of an assembly. It is also known that the oxo-

philic nature of the Eu3+ allows the ions to bind with species such as phosphate ions. Thus, 

the already-assembled Au-NCs through Eu3+ ions may further react with phosphate ions to 

form superstructure that may have superior optoelectronic properties. This provides an 

opportunity to explore the crucial attributes of the luminescent characteristics of the atomic 

clusters and functionalized metal in a single-nanocomplex, which are correlated and could 

also be modulated in a supramolecular assembly. To the best of our knowledge, the 

combination of correlated luminescence of an atomic species and that of atomic clusters in 

a crystalline superstructure is yet to be reported. It is also plausible that the emission 

wavelengths and lifetimes of the emitting species would bring newer aspects of a 

multifunctional property hitherto unreported. 

3.2 Outline of the present work: 

We herein report a crystalline super-assembly that consists of ligand-stabilized Au-NCs, 

Eu3+ ions bonded through complexation with the ligands, and finally phosphate (Pi) ions 

that played crucial roles in the formation of the superstructure. We also observed that the 

emission properties of the Eu3+ ions and Au-NCs in the assembly were different from the 

components when isolated. Functionalization with Pi ions not only contributed to the 

crystallinity of the structure but also to the optical properties of both the Au-NCs and Eu3+ 

ions. Importantly, the difference in lifetimes of the Au-NCs and Eu3+ ions provided an 

opportunity to have two different emissions in the same composite - with the prompt 

emission of the NCs and the delayed emission of the atomic ions. Transmission electron 

microscopy (TEM) analyses indicated the hexagonal arrangement of crystalline assembly 

of Eu-Au-NC-Pi composite with an edge length of 4.5 Å. Interestingly, in the super-

assembly, the Eu-Au-NCs were present as single crystalline particles with the Pi ions 

bridging them through a hexagonal crystal structure.  
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3.3  Experimental Section: 

3.3.1 Chemicals:  

Tetrachloroauric acid (Sigma-Aldrich, assay = 99.99%), mercaptopropionic acid (Sigma-

Aldrich, assay ≥ 99%), D-tryptophan (Sigma-Aldrich, assay ≥ 98.0 %), europium (III) 

chloride hexahydrate (Sigma-Aldrich, assay = 99.9 %), ortho-phosphoric acid (Merck, 

assay ≥  85.0%), ethanol( assay ≥ 99.9%), acetonitrile (Merck, assay ≥ 99.9 %), potassium 

bromide (Sigma-Aldrich, assay ≥ 99%), sulphuric acid (Merck, assay = 95% - 98%), and 

Milli-Q grade water was used as procured for experimental work. 

 

3.3.2 Analytical Methods:  

 

(a) Optical Measurements: All measurements related to fluorescence experiments of Au 

clusters and europium assembly of Au clusters were performed using Horiba Jobin Yvon 

Fluoromax-4 spectrofluorometer.  UV measurements were performed using Perkin Elmer, 

Lamda 750 UV-Visible spectrophotometer. 

(b) Time-resolved photoluminescence study: TRPL analysis was performed under 

continuous stirring of Au clusters and europium assembly of Au clusters to avoid 

precipitation of samples. TRPL analysis was done using an Edinburgh Life spec-II 

spectrofluorometer. 

(c) Delayed fluorescence spectroscopy: Delayed fluorescence spectra and decay lifetime 

measurements were acquired using Horiba Jobin Yvon Fluoromax-4P. Delayed 

fluorescence measurements were performed under settings of-  

Initial delay time- 0.05 ms; sample window- 0.5 ms; maximum delay- 2 ms; flash count-

100, time/flash-61 ms, excitation slit- 5 nm; and emission slit- 5 nm. 

 

(d) Fourier transform infrared spectroscopy: FTIR analysis of Au clusters and europium 

assembly of Au clusters were done using a Thermo scientific Perkin Elmer FTIR 

spectrometer. 

 

(e) Field emission transmission electron microscopy (TEM) and selected area electron 

diffraction analysis: TEM and SAED analyses of all the samples were acquired using 
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JEOL JEM 2100F FETEM Instrument with an acceleration voltage of 200 kV. An aqueous 

dispersion of the sample was drop-casted in the carbon-coated copper grid and allowed to 

dry in a vacuum. 

(f) Thin film X-ray diffraction study: Thin film XRD analysis was done using Rigaku 

TTRAX III diffractometer running with CuKα source (=1.54 Å).  

(g) Simulation of Electrospray ionization mass spectrometric study: ESI-MS of Au 

clusters was simulated using mMass spectrometry tool. 

 

3.3.3 Synthetic methods:  

 

(a) Synthesis of Au nanoclusters: D-tryptophan stabilized gold clusters were synthesized 

following a previously reported approach.4 1 mL of HAuCl4 (10 mM) was added to 10 mL 

of ethanol, followed by 0.4 mL of MPA (0.11M), and the medium was stirred continuously, 

leading to a colorless dispersion. Following that, ~10 mg of D-tryptophan was added to the 

above resultant solution and agitated continuously. The luminescent dispersion obtained 

was centrifuged at 10 °C for 10 min at a speed of 10,000 rpm to remove the free ligands 

existing in the supernatant. The pellet obtained was utilized for further experiments. 

 

(b) Synthesis of Europium Au nanocluster (Eu Au NCs): 10 mM of salt europium (III) 

chloride hexahydrate was added to the Au NCs dispersion obtained after centrifugation. 

For the next 60 minutes, the solution was allowed to stir, which led to dispersion with 

decreasing luminescence intensity. The resulting dispersion was centrifuged multiple times 

at 10°C for 10 min at a speed of 10,000 rpm. The final pellet produced after centrifugation 

was utilized for further experiments. 

 

(c) Synthesis of phosphate-mediated crystalline assembly of Eu Au NCs: 1 mL of ortho-

phosphoric acid (5 mM) was added dropwise to the above dispersion of Eu Au NCs 

resulting in opaque dispersion of Eu-Au NC-Pi. For the next 60 minutes, the solution was 

allowed to stir. The resulting luminescent color-less dispersion was then centrifuged at 

10°C for 10 minutes at a speed of 12,000 rpm. Finally, the pellet obtained was washed 

multiple times, later re-dispersed in 1 mL water, and used for characterization and 

measurements. 
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3.4  Results and discussions  

The consecutive addition of mercaptopropionic acid (MPA) followed by D- tryptophan 

(Try) to an ethanolic solution containing tetrachloroauric acid (HAuCl4) resulted in 

colorless dispersion of Au nanoclusters. The colorless dispersion exhibited photo-

luminescent emission maximum at 590 nm at excitation at 340 nm. (Figure 3.1) The UV-

vis spectrum marked the absence of any possible significant peak beyond the range of 500 

nm, suggestive of the presence of any gold nanoparticle. (Figure A.3.1) Transmission 

electron microscopy (TEM) and selected area electron diffraction (SAED) analyses 

confirmed the formation of non-crystalline atomic Au NCs. (Figure 3.2) Additionally, the 

formation of Au14 NCs species was confirmed from the electrospray ionization 

spectrometric (ESI-MS) analyses. The isotopic distribution featuring peak at 

m/z=1366.0416 was assigned to the formula of Au14 (MPA)5 (Try)4
 with the assigned 

ionization [Au14(MPA)5(Try)4 +3H]3+. The simulated pattern of the obtained molecular 

formula was characterized by mMass software. ((Figure 3.3).  

 

 

 

 

 

 

 

 

 

Figure 3.1. (A) Photoluminescence (a) excitation (with the emission fixed at 590 nm) and 

(b) emission (with the excitation fixed at 340 nm) spectra of MPA and D-tryptophan, ligand 

stabilized Au NCs.  
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Figure 3.2. (A) TEM image of Au NCs stabilized by MPA and D-tryptophan in 20 nm 

scale. (B) SAED of the collection of particles being devoid of any distinct diffraction 

pattern. 

With the increase in the concentration of Eu3+ ions, the fluorescence emission intensity of 

Au NCs at 590 nm was reduced in the solution. (Figure 3.4.A) The appearance of a weak 

peak at 615 nm suggested the coordination of Eu3+ with Au NCs. The typical emission peak 

at ~ 615 nm is attributed to the transition from excited state 5D0 to lower state 7F2 of Eu3+ 

ions. The centrifuged pellet of Eu3+ coordinated Au NCs obtained following re-dispersion 

retained the diminished luminescence intensity i.e., a perceptible peak at 615 nm. (Figure 

A.3.2) There was a change in fluorescence (FL) lifetime from 244.23 ns to 223.64 

ns (Figure 3.4.B, Table A.3.1). This also supported the coordination of the ions to the NCs. 

Through TEM investigation, the europium-coordinated Au NCs were then analyzed, which 

exhibited aggregated larger-size particles in comparison to the NCs. The results indicated 

possible aggregation of NCs through bridging between neighbouring clusters via europium 

ions. The aggregated particle sizes were in the range of 8-12 nm. (Figure 3.4 C, D).  Inverse 

fast Fourier transform (IFFT) images obtained from the high-resolution transmission 

electron microscopy (HRTEM) analysis indicated a lattice spacing value of 2.5 Å as 

obtained from the particles. (Figure A.3.4) The d-spacing corresponds to the intra Au-Au 

distance in an Au14 cluster. The confirmation of associated gold and europium atoms was 

examined by scanning transmission electron microscopy (STEM) analysis and was shown 

by elemental mapping that corroborated the associated elements (Eu and Au) present in Eu-

Au NCs nanoparticles. (Figure A.3.5).  

(B) (A) 
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Figure 3.3. Experimental and simulated histograms of the mass spectrum depicting the 

isotopic distribution of Au NCs species with formula [Au14(MPA)5(Try)4 + 3H]3+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. (A) Emission spectra of (a) tryptophan-MPA Au NCs, and of that following 

addition of (b) 10 µL, (c) 20 µL, (d) 30 µL, (e) 50 µL, (f) 70 µL, (g) 90 µL, (h)120 µL, 

(i)150 µL and (j) 200 µL of 50 mM europium chloride hexahydrate. TRPL decay profile of 

(B) europium mediated assembly of tryptophan-MPA Au NCs. (C) TEM image of Eu Au 

NC crystals obtained from the reaction between Eu3+ ions and Au NCs and (D) 

corresponding particle size histogram. 
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Fourier transform infrared spectroscopy (FT-IR) revealed the binding nature of terminal 

groups in ligands MPA and tryptophan stabilizing the Au NCs assembled by europium ion.  

(Figure 3.5) As observed in the FT-IR spectrum, the asymmetric stretch at 1704 cm-1 for 

the carboxylate group of MPA shifted to 1608 cm-1, and peak at 1630 cm-1 owing to the 

asymmetric stretch of the carboxylate group of D-tryptophan shifted to 1541 cm-1 after 

coordinating to Eu3+ ion in the assembly now known Eu-Au NC. (The peak at 1385 cm-1 is 

symmetric stretching of C-O present in ligands (D-tryptophan and MPA). Thus, it is evident 

from the observation that the carboxylate group of ligands stabilizing the Au NCs were 

bound to the europium ions. 

 

 

 

 

 

 

 

 

Figure 3.5. Fourier transform infrared spectra of (a) MPA and D-tryptophan stabilized Au 

NCs. (b) FTIR spectrum of Eu Au NCs. 

The absorptions of lanthanide (Eu) cations as a consequence of Laporte forbidden 4f 

transition are weak, which restricts their practical applicability in the visible region.  The 

europium emission is delayed for an extended period owing to the long excited state and 

efficient energy transfer between the excited emissive state (5D0) and ground state (7F2). 

Thus, the delayed fluorescence characteristics of europium in the “aggregated” Eu Au NC 

ensemble were measured, which could be effectively modulated by taking leverage of its 

high flexible coordination number. So, combined with the time-gated method, that 

eliminates the short-lived background autofluorescence, the long-lived europium emission 

significantly contributes to the emission of the assembly.  
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Interestingly, owing to the effective complexation between Au14NCs and Eu3+ ions, the 

distinctive luminescent metal-centred emission confirmed the coordination of cluster and 

Eu metal ion. The excitation spectrum of Eu- Au NC particles exhibited a collection of 

peaks in the broad wavelength range of 250 - 500 nm. (Figure A.3.6) An intense red 

emission was observed for the Au NCs after strong coordination with Eu ions. Hence, only 

the assembled nanoscale particles of Eu Au NC were affecting the emission from the Eu 

(III) excited state. A schematic representation of Au NC aggregated by europium ion is 

represented in Figure 3.6A. The intense narrow peak at 393 nm in the visible range 

corresponding to 7F0→ 5L6 transition was identified from a sequence of peaks. Following 

excitation, Eu Au NCs exhibited emissions at 590, 615, 650, and 699 nm structured to the 

metal-centric europium emission ascribed to the 4f-4f transitions 5D0 →
7F1, 

5D0 →
7F2, 

5D0 

→7F3 and 5D0 →
7F4, respectively. (Figure 3.6.B) The presence of these significant peaks 

supported the interactions between the Au NCs and Eu3+ in the aggregated particles. The 

peaks at 580 nm and 650 nm correspond to 5D0 →
7F0 and 5D0 →

7F3 transitions that are 

forbidden in electric and magnetic dipole transitions. The 5D0 →
7F2 transition is observed 

with the highest intensity, dominating the whole spectrum followed by the 5D0 →7F1 

transition. The intense electric dipole transition at 615 nm of the Eu3+ ions is sensitive to a 

polarizable chemical environment. Strong interaction with the ligands stabilizing the Au 

NCs led to a non-symmetrical local environment around Eu ions. The asymmetric ratio was 

evaluated from the ratio of emission intensities (r = I j=2/I j=1) of the integrated 5D0 →
7F2 

transition to 5D0 →
7F1 transition peaks.25 The asymmetric intensity ratio obtained for Eu 

Au NCs in the dispersion was 3. That was the highest calculated value compared to 0.5 and 

0.6 for Eu salt solution, and a mixture of ligand and Eu salt, respectively. (Table A.3.2).  
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Figure 3.6. (A) Schematic illustration of luminescence process of europium-mediated 

ligand-stabilized Au NC producing europium delayed fluorescence emission. (B) Delayed 

fluorescence emission spectrum of Eu Au NCs recorded fixing excitation at 393 nm. (C) 

Time-resolved decay spectrum of Eu Au NC nanoparticles fixing at emission 615nm. 

[black-experimental and red-fitted graphs] The average lifetime calculated is 0.230 ±0.005 

ms at an emission of 615 nm.  

Interestingly, the as-synthesized Eu-Au NC nanoparticles with an average emission lifetime 

of 0.230 ±0.005 ms being attributed to f→f transition (at 615 emission), indicated the 

presence of delayed fluorescence of Eu (III) ion. (Figure 3.6.C) Also, for the intense peak 

at 590 nm corresponding to the 5D0 →7F1 transition, the calculated decay lifetime was 

0.236±0.009 ms. Remarkably, the longest lifetime was observed for the aggregated Eu Au 

NCs as compared to other possible compositions as pursued in control experiments. (Table 

A.3.4).  The overall quantum yield of Eu-Au NCs aggregated particles was observed to 

have been 33.99 ±1.56 %. The long emission decay and quantum yield accounted for the 

strong coupling of europium ions to Au14NC through complexation with the stabilizing 

ligands. The generated ensemble effectively combined the dual characteristics of molecular 
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atomic cluster and Eu3+ ions based on high affinity for oxygen-donor atoms of the 

phosphate ions for the lanthanide ions. 

Thus, the complexation with Eu3+ ions resulted in an assembly that retained the 

emission characteristics of the Au-NCs and the lanthanide ions, which could be probed 

independently. In other words, the composite emission characteristics were those of 

distinguishable signals from individual components. Interestingly, the incorporation of 

lanthanide ions in the complexation-based composite provides an opportunity to extend the 

coordination of the central metal ions beyond the limit of transition metal ions. In addition, 

the oxophilic nature of the Eu3+ ions could be utilized for extending the assembly into 

further complex structures in the hierarchy. For example, the composite could be further 

treated with phosphate (Pi) ions in the medium, to generate a secondary assembly that may 

provide new structural, physical, and chemical property-based superiority. TEM analysis 

revealed the crystalline nature of the aggregates of Eu Au-NC and Pi. The morphologies of 

resultant phosphate containing Eu Au NC particles, revealed transformation from small 

coalesced nanoclusters to agglomerated larger size nanostructures (termed Eu Au NC Pi). 

(Figure 3.7) The complex deviates from the initial Eu Au NC aggregates, which were 

moderately dispersed. The nanostructure was analyzed by SAED and HRTEM results to 

examine the lattice parameters of the crystalline complex. The observed lattice spacing of 

2.5 Å matched well with the edge parameter of Eu Au NC particles that were not single 

crystalline, to begin with. The length of each hexagonal edge in the assembled Eu Au NC 

Pi nanostructure was calculated to be 4.5 Å. The lattice spacing of 5.2 Å was attained from 

the HRTEM analysis performed on the typical crystalline nanostructure. The additional 

lattice fringes from the HRTEM image constituting lattice distances 3.4 Å, 2.9 Å, 2.8 Å, 

and 2.28 Å subsequently were also generated following IFFT analysis from the selected 

region. The powder X-ray diffraction (XRD) pattern, also pointed towards a crystalline 

phase indicated by the presence of diffraction parameter at 31.8⁰ (2θ value). (Figure A.3.7) 
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Figure 3.7. (A) TEM image of phosphate added Eu Au NC dispersion. (B) TEM image of 

crystalline Eu Au NC Pi complex. (C) SAED pattern obtained on crystalline complex of Eu 

Au NC Pi. (D) HR-TEM image of crystalline assembly of Eu Au NC Pi. 

 

Scanning-TEM image of Eu Au NC Pi nanostructure and analysis from elemental mapping 

confirmed the presence of Au, Eu, N, O, P, and S (Figure A.3.8). The findings confirmed 

the existence of the constituent elements in the hybrid system. The characteristic peak at 

31.8⁰ in the powder XRD of Eu-Au NC-Pi revealed the formation of the rhabdophane 

crystal structure of (102) plane of hexagonal europium phosphate.35,36 The corresponding 

plane corroborated with the lattice fringe distance of 2.8 Å from HRTEM analyses. The 

clearly identified lattice fringes due to (110), (200), (112), and (102) planes substantially 

revealed the hexagonal EuPO4.H2O polymorph. (JCPDS Number- 020-1044) Further, 

based on the aforementioned TEM observation and SAED analyses, a plausible 

arrangement of the corresponding assembled structure of Eu Au NC Pi has been proposed.   
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Figure 3.8. (A) Schematic illustration representing the plausible phosphate-based 

europium Au NC crystalline assembly. (B) Crystallographic structure representation of 

hexagonal EuPO4.H2O obtained using vesta program 3.5.8. 

 

The crystal is constituted of hexagonal close packing of ligand-stabilized Au14NCs. In the 

arrangements. the two nearby Au14NCs are connected through carboxylate group of ligands 

of Au14NCs, coordinated via europium ion. The distance between the two Au14 NCs 

connected via tryptophan ligand to metal ion was calculated to be 5.3 Å, which was close 

to the experimental distance of 4.5 Å from SAED analyses. The particular distance of 2.5 

Å is identical to the intra-cluster gold atoms (Au-Au) distance of Au14NC. Further, 

unsaturated coordination of europium ion in Au14NCs nanoparticles offers selective binding 

of free phosphate (PO4
3-) group with metal ion over the surface in a hexagonal manner, 

resulting in europium phosphate crystallization over the Au14 NCs assembled 

nanostructures. The distance between the Au14NCs connected by MPA ligands in the XY 

plane was calculated to be 6.5 Å, which is in close agreement with the observed distance 

of 5.2 Å.  Thus, based on the experimental evidence, the addition of orthophosphoric acid 

to Eu Au NC led to the growth of europium phosphate structure over the surface of NCs 

which further resulted in the complexation of assisted assembly of NCs. Also, the newly 

generated lattice distances of 3.4 Å, 2.9 Å, 2.8 Å, and 2.28 Å were found to be similar to 

the d-spacing of hexagonal europium phosphate structure.  A crystal structure of hexagonal 

europium phosphate monohydrate with cell parameters of a=b= 6.9100 Å and c=6.3400 Å 
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and α=β=90⁰, γ=120⁰ is schematically presented (Figure 4.B). A plausible arrangement of 

crystalline Eu Au NC Pi corresponding to the assembled system has been proposed based 

on TEM evidence and computational analysis. (Figure 3.8) FESEM analyses also 

corroborated the larger ordered assembly of Eu Au NC Pi. (Figure A.3.10) The 

aforementioned TEM results assisted inferring the plausible interactions through 

complexation reaction that are further supported by FT-IR analysis. (Figure A.3.11) The 

broad peak at 920-1100 cm−1 is ascribed to the stretching mode of P-O bonds. The 

distinctive P-O asymmetric stretch band at 1057 cm−1 indicated a phosphoric type complex. 

The corresponding asymmetric triply degenerate (O-P-O) bending vibrations appeared at 

540 cm−1, 574 cm−1 and 619 cm−1.37 The (O-P-O) bending and (P-O) stretching vibrations 

are the characteristics bands for europium coordination to phosphate. The limited blue shift 

in the C-O stretching vibration of carboxylate group indicated higher affinity of Eu3+ ion 

for oxygen atoms in phosphate group. Also, the O-C=O asymmetric stretch at 1543 cm−1 

indicated coordination to the Eu ion.  

 

Also, the optical measurements of crystalline assembly were made to assess the 

fluorescence characteristics of Eu Au14NC following complexation. The prompt 

fluorescence intensity of Eu Au14 NC was augmented and was accompanied by an increase 

in the average decay lifetime to 321.50 ns corresponding to the emission of Au NC at 590 

nm. The structural stiffness induced by the molecular interaction between phosphate group 

and Eu ions, reduced the non-radiative transitions from excited states, which in turn 

affected the total decay parameters emanating from Eu Au NC-Pi crystalline nanostructure. 

Moreover, phosphate addition to Au NCs dispersion suggested no change in the FL 

emission intensity. (Figure 3.9) The results indicated the importance of the incorporated 

phosphate in the Eu Au NCs assembly. Thus, the addition of phosphate led to aggregated 

assembly, which coalesced together to form ordered arrays between the metal ion and 

ligands generating a crystalline superstructure. Also, the addition of europium to a solution 

of phosphate only led to the generation of wire-like structures that supported the formation 

of the crystalline structure of Eu Au NCs. (Figure A.3.12)  

 

 

 

 

TH-3253_176122049



Chapter 3 
 

 
 

65 

 

 

 

Figure 3.9. (A) Emission spectrum of (a) Eu Au NCs and those following titration (b) 50 

µL, (c) 100 µL, (d) 150 µL and (e) 200 µL of 45 mM of ortho-phosphoric acid. (B) TRPL 

decay profile of Eu Au NC-Pi. (C) Emission spectrum of (a) Au NCs and those obtained 

following titration with (a) 50 µL, (b) 100 µL, (c) 150 µL and (d) 200 µL phosphate.  

The delayed fluorescence of Eu Au NC Pi crystalline nanostructure was measured 

for the metal centric emission. The complexation with phosphate led to a selective decrease 

in luminescence intensity (615 nm) in the assembled complex (Figure 3.10.A). It is worth 

mentioning here that in Eu emission, the electric dipole transitions (5D0 →7F2) are 

hypersensitive to coordination environment while the emission due to magnetic-dipole 

transition (5D0 →
7F1) signifies site with centre of symmetry.8 This type of transition being 

independent from coordination surrounding, the extent of decrease in 5D0 →
7F2 emission 

intensity was significant as compared to 5D0 →7F1 transition in the assembled 

nanostructure. The complex symmetry change characterized by the intensity ratio, I (5D0 

→7F2) / I (
5D0 →

7F1) descends to the value of 1 which is lower than the value of 3 observed 

for Eu Au NCs.  So, in the phosphate added assembled system this pointed to a transformed 

symmetric coordination environment around the Eu3+ centre. The intensity ratio of value 1 

(C) 
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is in good agreement with the formation of hexagonal growth of europium phosphate in the 

crystalline system.37 Therefore, the explanation of luminescence transition- is the formation 

of the hexagonal structure of europium phosphate during the reaction, has made the change 

in symmetry of Eu3+ coordination environment.  The europium ion in the Au NCs medium 

affects the selective binding of phosphate groups with the metal ion in a hexagonal manner 

distributed on their surface.  An intense magnetic dipole transition (J=1) indicates metal 

interface with inversion symmetry in the assembled state. A more symmetric environment 

transition from low symmetric environment leading to a crystalline nature caused the 

change in the 5D0→ 7Fj transitions. The intensity ratios 3 and 1 of Eu3+ emissions are higher 

than that in the europium chloride solution. This phenomenon of coordination 

transformation from high to low value indicated initial interaction between Eu3+ and 

phosphate ions changed from low symmetry to a higher symmetry. Under an excitation of 

393 nm, the intrinsic Eu3+ transitions to the emitting states had increased, which suggested 

efficient energy transfer. The decay curve is biexponential and the average lifetime of the 

5D0 state obtained is longer 0.339±0.005 ms. (Figure 3.10.B) This spectroscopic data 

indicated Eu (III) ion at a site of higher symmetry. The longer lifetime is also indicative of 

the effect of lowering of non-radiative decay process prior to effective shielding of Eu (III) 

ions by ligands and phosphate ions from the surrounding environment. The photophysical 

properties hence indicate through enhanced rigidity following crystal formation of Au NCs 

with europium phosphate growth in Eu Au NC Pi nanostructure.  

 

Figure 3.10. (A) Delayed fluorescence emission spectrum of Eu Au NC-Pi. (B) Time-

resolved decay profile of crystalline Eu Au NC-Pi assembled particles recorded fixing 

emission at 615 nm. The average lifetime calculated is 0.339±0.005 ms at emission 615 nm 
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The delayed emission and decay spectra are in accordance with the delayed fluorescent 

nature of europium in the assembled complex (Figure 3.10). Altogether, the modified Eu 

environment via oxygen donor atom in Eu Au NC Pi enhanced the delayed PL lifetime in 

atomic europium ions impacted by the structural alterations. It is noteworthy that europium 

delayed emission could be modulated for the first time in crystalline assembled Au NC. 

The structural confinement established on Au14 clusters during assembly formation from 

(complexation) reaction including phosphate groups to coordinate with europium ion was 

characterized by radiative lifetime and symmetry transitions (I j=2/I j=1), which varied 

modestly. Alongside, the control set of experiments depicted the photophysical details 

including excitation spectra, and emission spectra. (Figure A.3.13-A.3.14) Also, an 

overview of the intensity ratios and lifetime of the transitions in the luminescence spectra 

are reported in tabulated form. (Table A.3.2, A.3.4). The overall photoluminescent quantum 

yield for metal centred emission upon nanocluster excitation (340 nm) for Eu Au NC Pi 

nanostructure was measured 25.19 ± 1.93 %. The loss in quantum yield (from 33.99 ±1.56 

%) is relevant to the association of europium mediated Au NC and phosphate ions, leading 

to additional crystallinity. 

 

3.5 Conclusion 

In summary, we have introduced a complexation reaction-based assembly of Au14 NCs with 

lanthanide europium ions. The coordination of europium to Au14 NCs could effectively 

enhance the metal-centric properties of europium ions that could further be modulated on 

formation of a higher order assembly of gold nanocluster. The Eu Au14 NC aggregates 

exhibited a long- lifetime of Eu emission.  The facile tailoring of delayed fluorescence of 

Eu in the assembled structure would enable application based on modulated intensity ratios 

and exploration for tailorable nanoprobe designs due to the unique optical characteristics 

of lanthanides. The work reported here could lead to novel materials by the organization of 

lanthanide metal-mediated nanoclusters and further functionalization through phosphate 

into the crystalline assembly. 
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Appendix: A.3 

Chapter 3 

 

 

 

 

 

 

 

 

 

Figure A.3.1. UV-vis spectrum of MPA and D-Tryptophan Au NCs marking absence of any 

significant peak beyond the range 500 nm. 

 

 

 

 

 

 

 

 

 

Figure A.3.2. (B) Photoluminescence spectra of (a) Au NC and (b) Eu3+ added Au NC 

showed decrease in emission intensity and a perceptible atomic peak at ~612 nm.   

TH-3253_176122049



Chapter 3 
 

 
 

74 

 

Table A.3.1. Decay parameters obtained from TRPL analysis monitored at 590 nm 

emission for Au NCs, Eu Au NCs, and Eu Au NCs Pi following tri-exponential fitting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3.4. (A) Additional FE-TEM images of europium mediated Au NCs (B) HRTEM 

obtained on single particle of Eu Au NCs (inset showing d-spacing of 0.25nm)  

 

Sample A1 

(%) 

 

τ1 (ns) A2 

(%) 

τ2 (ns) A3 

(%) 

τ 3 (ns) 2 τavg 

(ns) 

Au NCs 3.134 1.052 7.418 22.95 89.449 245.98 1.2 244.23 

Eu Au NCs 6.314 2.778 27.418 32.977 66.268 234.965 1.1 223.64 

Eu Au NC 

Pi 

3.210 0.907 6.726 21.963 90.063 323.051 1.1 321.50 

(A) (B) 

2.5 Å 
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Figure A.3.5. STEM image of (A) Eu Au NCs and elemental mapping of (B) Eu, (C) Au, 

(D) O, (E) S, (F) N in Eu Au NCs, hence marking the presence of the elements in the Eu 

Au NCs. 

 

 

 

 

 

 

 

 

Figure A.3.6. (a) Delayed fluorescence excitation spectrum of Eu Au NCs recorded fixing 

emission at 615 nm.  

 

(A) (B) (C) 

(F) (E) (D) 
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Table A.3.2. Assessment of area ratio of 5D0 →7F2 (615 nm): 5D0 →7F1 (590 nm) at 393 

excitation. 

 

 

 

 

 

 

 

 

Table A.3.3. Decay parameters obtained from delayed fluorescence analysis of Eu Au NCs 

monitored at emission of (a) 590 nm, (b) 615 nm obtained following bi-exponential fitting. 

 

 

 

 

 

 

 

 

 

 

 

Sample Asymmetric area 

Ratio 

5D0 →7F2: 5D0 →7F1 

Eu-Au NCs 3 

Eu-Au NCs-Pi 1 

EuCl3 0.5 

EuCl3 + D-Try + MPA 0.6  

Emission Set 

No. 

A1  τ1 

(ms) 

A2 τ2 

(ms) 

2 τavg 

(ms) 

τavg±σ 

(ms) 

 

 

590 nm 

1 63.3% 

 

0.249 

 

36.7% 

 

0.040 

 

0.99 0.231  

 

0.236±0.009 
2 57.3% 

 

0.286 

 

42.7% 

 

0.117 

 

0.99 

 

0.247 

3 73.9% 

 

 

0.244 

 

 

26.1% 0.053 0.99 0.230 

 

 

615 nm 

1 39.2% 

 

0.028 

 

60.8% 

 

0.240 

 

0.99 0.225  

 

0.230±0.005 
2 76.7% 

 

0.245 

 

23.3% 

 

0.050 

 

0.99 0.233 

3 26.5% 

 

0.075 

 

73.5% 

 

0.250 

 

0.99 0.233 
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Table A.3.4. Decay lifetime of Eu fluorescence monitored at excitation wavelength 393 

nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3.7. (A) Additional TEM image of Eu Au NC-Pi nanostructure. (B) HRTEM 

obtained on the nanostructure signifying the lattice fringes obtained from the IFFT pattern. 

(C) XRD pattern of as synthesized crystalline Eu-Au NC-Pi complex. 

Sample Delayed fluorescence Lifetime 

(ms) at emissions (nm) 

Emission  590 615 

Eu-Au NCs 0.236 0.230 

EuCl3 0.111 0.108 

EuCl3 + Ligands 0.106 0.106 
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Figure A.3.8. STEM image of (A) Eu Au NCs Pi, and elemental mapping of (B) Au, (C) 

Eu, (D) N, (E) O, (F) P, (G) S in Eu Au NC Pi, hence marking the presence of the 

elements in the Eu Au NCs Pi complex. 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3.9. Computationally optimized structure of assembled Eu Au NCs. 

(G) 

(C) (D) 

(A) 

(B) 

(E) (F) 
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Figure A.3.10. FESEM images obtained on crystalline nanocomplex of Eu-Au NC-Pi 

nanostructures. 

 

 

 

 

 

 

 

Figure A.3.11. (A) Fourier transformed infrared spectrum of Eu Au NCs Pi. (B) Magnified 

view in the range of 400-1600 cm-1. 

 

 

 

 

 

 

 

(A) (B) 

(A) (B) 
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Figure A.3.12. (A) TEM images of EuPO4. (B) Enlarged area with high magnification. 

 

Table A.3.5. Decay parameters obtained from delayed photoluminescence analysis of Eu 

Au NCs-Pi monitored at emission (a) 590 nm (b) 615 nm obtained following bi-exponential 

fitting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Emission Set 

No. 

A1  τ1 

(ms) 

A2 τ2 

(ms) 

2 τavg 

(ms) 

τavg±σ 

(ms) 

 

 

590 nm 

1 18.8% 

 

 

0.059 81.2% 

 

0.374 0.99 0.362 

 

 

 

0.360±0.012 

 

2 44.9% 

 

0.373 55.1% 

 

0.024 0.99 

 

0.347 

3 38.9% 

 

0.074 61.1% 

 

0.405 0.99 0.371 

 

 

615 nm 

1 72.5% 0.357 

 

27.5% 

 

0.081 

 

0.99 0.335 

 

 

 

0.339±0.005 

2 49.6% 

 

0.408 

 

50.4% 

 

0.108 

 

0.99 0.345 

 

3 63.0% 

 

0.374 

 

37.0% 

 

0.089 

 

0.99 0.339 
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Figure A.3.13. Delayed photoluminescence (A) excitation spectrum centered at emission 

590 nm. (B) Emission spectrum. Time resolved decay spectrum at (C) Emission 590 nm. 

(D) Emission 615 nm of EuCl3.6H2O. [(a) Decay (b) Fit]  

 

 

 

 

 

 

 

 

 

Figure A.3.14. Delayed photoluminescence (A) excitation spectrum centred at emission 

590 nm. (B) emission spectrum. Time resolved decay spectrum at (C) Emission 590 nm, 

(D) Emission 615 nm of EuCl3 + Ligands [(a) Decay (b) Fit]  
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Chapter4 

Gadolinium Mediated Crystalline Assembly of Gold Nanoclusters 

for White Light Emission 

 

 

 

We report the formation of photo-luminescent two-dimensional (2D) crystalline 

nanosheets involving gadolinium ions and ligand stabilized gold nanoclusters (Gd-Au NCs).  

Transmission electron microscopy (TEM), selected area electron diffraction (SAED), high- 

resolution TEM (HR)-TEM in conjunction with FESEM analyses substantiated the 2D 

crystalline nature of the Au NC nanosheets. The optical and magnetic properties of the 

have been investigated by photoluminescence measurements and vibrating-sample 

magnetometry (VSM) analyses. The so-formed crystalline product was further utilized to 

generate a synchronous tri-colour (orange, green, and blue) emission from a single 

excitation wavelength through an inorganic surface complexation reaction. The 

independent emissions were tuneable after ligand functionalization of - acetylsalicylic acid 

and fluorescein with Gd Au NC assembly. Interestingly, the assembled superstructure with 

augmented quantum yield led to white light emission at exc ~325 nm with CIE of (0.34, 

0.33) in the liquid phase. Also, The CRI value of > 85 obtained from the white light emitting 

(WLE) nanostructure is important and would offer innovative entrants in the field of LEDs. 
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4.1 Introduction 

Higher-order assembly of atomically precise metal nanoclusters (MNCs) in the form of 

well-defined superstructures has emerged as a class of interest in the field of nanomaterials. 

The tuneable size and surface chemistry of the nano-regimes are advantageous in 

assembled hierarchical structures. MNCs have been well-known to bridge molecular and 

supramolecular chemistry.  In this regard, the assembly of such building blocks into 

“ordered aggregates” has been emphasized by numerous non-covalent interactions like- 

electrostatic interactions, H-bonding, van der Waals interactions, and π-π stacking. 1-4 

However, the ordered assemblies of MNCs are achievable by utilizing the peripheral 

ligands, which influence the physical and chemical properties exclusively in the assembled 

crystals. Thus, the higher pattern of assembly is achievable and designable, also by the 

choice of metal salts and stabilizing ligands.  Such supramolecular structure of MNCs 

provides avenues to attain collective properties from the attained new materials with myriad 

applications. For example, higher dimensional (3D and 2D) assemblies of NCs achieved 

by divalent transition metal (Zn2+) have been efficient for gas storage, and sensing 

applications.5-8 Also, Zn ion assemblies of atomic (Au and Cu) clusters with delayed 

fluorescence and near-white light properties were developed.9,10 Considering that 

multivalent metal ions could be an effective choice of metal ions, which are scarcely 

explored to trigger assembly of thiolate Au NCs could be promising.  

Rare earth-based materials with unique 4f configurations are at the forefront owing 

to their unique optical, magnetic, catalytic, and other physical and chemical properties. 

Such have attracted significant interest in the field of biological imaging, sensors, optical 

materials, and white light-emitting diodes.11-13 One such element -gadolinium, from the 

lanthanide family with a paramagnetic nature, is eminent for clinical applications as a 

contrast agent (CA) for magnetic resonance imaging (MRI).  Also, gadolinium-based 

nanosheet platforms with an extended surface area as compared to their bulk counterparts 

demonstrate the potential of highly efficient CAs in this regard. 14,15 Also, Au-supported 

Gd-doped cobalt boride nanosheets were demonstrated as remarkable electrocatalysts for 

water oxidation.16 In another example, gadolinium oxide nanoclusters and rare earth-doped-

Gd nanocrystals find pronounced application in optical fields. 11,17 Now, optimizing the 

properties of nanomaterials for multifunctionality requires parameters such as size and 

surface chemistry, which is necessary to improve their effectiveness. In this regard, well-
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defined structures composed of multicomponent species with inherent advantages provide 

tuneable functionalities. Therefore, approaching a combination of Gd3+ ions and Au NCs 

with well-defined assemblies-which could create optical and magnetically sensitive 

nanostructures, could be of interest. Au NCs are found to be photostable and luminescent; 

their stability in liquid medium provides opportunity for use in optical applications. For 

example, Au NC for white light emission in aqueous medium initiated through energy 

transfer to a dye was demonstrated.18 A white light-emitting composite of conjugated Au 

NCs and ZnS Qdots has also been demonstrated. 19 Among the multitude of properties of 

Au NCs assembly, there also remains room to develop effective multicomponent 

nanocrystals with tuneable emission channels. Recent results have demonstrated that 

introducing organic ligands on the surface of doped-ZnS Qdots produces white 

photoluminescence from two channels.20 Also, surface complexation of 8-

hydroxyquinoline ligand on Cu nanocluster assembled 2D crystals led to delayed near 

white light properties.10 This also enables the possibility to analyze the scope of designing 

multiple inorganic complexes with different optical properties. In such a way, inorganic 

components might be crucial for the stability and adaptability of colour parameters. Hence, 

establishing the chemistry of inorganic complexes on the surface of higher dimensional 

assemblies could open new outlooks and have an impact on technologies involving sensing, 

bioimaging, and optical devices. Additionally, a single-component nature consisting of 

multicolour emission in the visible range at the same time is desirable.  

4.2 Outline of the present work: 

Herein, we report the generation of synchronous tri-colour (orange, green and blue) 

emission from a single excitation wavelength out of inorganic surface complexation 

reaction on gadolinium based 2D single crystalline assembly of gold clusters (Gd-Au NCs). 

The crystallinity of the 2D structure was established by XRD, TEM, SAED, and HRTEM 

analyses. The optical and magnetic properties of the nanosheets have been investigated by 

photoluminescence measurements and VSM analysis. The independent emissions at three 

colours were achieved from the Au NC assembly and the complexes with dual ligands 

acetylsalicylic acid and fluorescein. In this way, the assembled crystalline superstructure 

with augmented lifetime and quantum yield, emitted white light at exc ~325 nm to give 

colour chromaticity coordinate of (0.34, 0.33) in the liquid phase. The colour rendering 
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index (CRI) value >85 obtained from the white light emitting (WLE) nanostructure may 

offer novel strategies and materials in the field of LEDs.  

4.3 Experimental Section: 

4.3.1 Chemicals:  

Tetrachloroauric acid (Sigma-Aldrich, assay = 99.99%), D-tryptophan (Sigma-Aldrich, 

assay ≥ 98.0 %), mercaptopropionic acid (Sigma-Aldrich, assay ≥ 99%), gadolinium 

acetate hydrate (Sigma-Aldrich, assay = 99.9 %), ethanol (assay ≥ 99.9%), acetylsalicylic 

acid (Sigma-Aldrich, assay > 99%), fluorescein (Sigma-Aldrich), acetonitrile (Merck, 

assay ≥ 99.9 %), potassium bromide (Sigma-Aldrich, assay ≥ 99%), quinine sulphate 

(Sigma-Aldrich), sulphuric acid (Merck, assay = 95% - 98%), and Milli-Q grade water 

were used as procured for experimental work. 

 

4.3.2 Analytical Method: 

 

(a) Optical Measurements (UV-vis and fluorescence experiment): All measurements 

related to fluorescence studies of Au NC, gadolinium assembly of Au clusters (Gd Au NC), 

and Gd Au NC complex were performed using Horiba Jobin Yvon Fluoromax-4 

spectrofluorometer.  UV measurements for all the samples were performed using Perkin 

Elmer, Lamda 750 UV-visible spectrophotometer. 
 

 

(b) Electron paramagnetic resonance (EPR measurement): EPR measurements were 

performed using JEOL, Model: JES-FA200 EPR spectrometer. The EPR spectrum was 

recorded by taking an aliquot of sample in a capillary tube.  
 

 

(c) Vibrating-sample magnetometry (VSM analysis): VSM measurements were 

performed using Model 7410 series Lakeshore vibrating sample magnetometer. The 

product obtained was dried after centrifugation, then weighed and wrapped in Teflon tape 

for VSM analysis. 
 

(d)  Fourier transform infrared spectroscopy (FTIR): FTIR analyses of Au NC, and 

Gd-Au NCs, and Gd Au NC complex were done using Thermo scientific Perkin Elmer 

FTIR spectrometer. 
 

(e) Field emission transmission electron microscopy (TEM) and selected area electron 

diffraction analysis: TEM and SAED analyses of all the samples were acquired using 
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JEOL JEM 2100F FETEM Instrument with an acceleration voltage 200 kV. Each of the 

aqueous dispersion of samples was drop-cast in carbon coated copper grid and allowed to 

dry in a vacuum. 
 

(f) Field emission scanning electron microscope (FESEM): Instrument JEOL JSM-

7610F was used to analyze Gd Au NC nanosheets. Sample were prepared by drop casting 

a dilute dispersion of Gd Au NCs on an aluminium foil wrapped on a glass slide, and 

allowed to dry overnight. 
 

(g) Thin film X-ray diffraction study: Thin film XRD analysis of samples were recorder 

using Rigaku TTRAX III diffractometer running with CuKα source (=1.54 Å).  
 

(h) CIE chromaticity coordinate calculation: The software “go cie” was used to calculate 

chromaticity points in the CIE diagram.  

 

4.3.3 Synthesis method: 

 

(a) Synthesis of Au nanoclusters: Au NC was synthesized based on a previously reported 

approach. 4 1 mL of HAuCl4 (10 mM) was added to 10 mL of ethanol, followed by 0.4 mL 

of MPA (0.11M), and the medium was stirred continuously, leading to a colorless 

dispersion. Following that, ~10 mg of D-tryptophan was added to the resultant solution and 

allowed to stir continuously. The luminescent dispersion obtained was centrifuged at 10 °C 

for 10 min at a speed of 10,000 rpm to remove the free ligands existing in the supernatant. 

The pellet obtained was utilized for further experiments. 

 

(b) Synthesis of gadolinium assembly of Au NCs (Gd Au NCs): 20 mg of gadolinium 

acetate hydrate was added to the dispersion of Au NCs obtained after centrifugation. The 

dispersion was allowed to stir, which led to an increase in luminescence intensity. The 

resulting dispersion was centrifuged multiple times at 10 °C for 10 min at a speed of 10,000 

rpm. The final pellet produced after centrifugation was re-dispersed in 1 mL water and 

utilized for further experiments. 
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4.4 Results and discussions 

Higher dimensional systematic organization of dual ligand stabilised Au NCs -based on the 

chemistry of complexation reactions - may offer precise functionalization with enhanced 

stability. In this case, the coordination of negatively charged carboxylate or amide 

functional groups with trivalent lanthanide metal ions could produce NC-coordinated 

assemblies. Interestingly, at room temperature – the complexation of gadolinium ions with 

D-tryptophan (Try) and MPA ligands stabilizing Au14 NCs induced luminescence 

enhancement and excited state lifetime. The synthetic details of (i) Au14 NCs and (ii) 

gadolinium-mediated crystalline assembly of Au14 NCs are described in section 4.3.3. 

Briefly, Au NCs with an emission maximum of around 595 nm, were synthesized at room 

temperature in an ethanolic solution of HAuCl4 by adding ligands (mercaptopropionic acid 

and Try). The prepared Au NCs showed no peak beyond 500 nm in the absorption band, 

marking the absence of plasmon-active large nanoparticles. (Figure A.4.1A) The 

fluorescent Au NCs showed an emission maximum at 595 nm at exc 325 nm. (Figure 

A.4.1B) TEM and SAED results indicated the formation of Au NCs with an average particle 

size of 2.5 nm with no crystalline characteristics. (Figure A.4.2) ESI-MS featured the 

formation of Au14 NCs attributed to the molecular formula [Au14MPA5Try4+3Na]3+
 (Figure 

A.4.3) The photoluminescent lifetime of Au NCs was measured as 252.3 ns. (Figure A.4.4) 

 

 

 

 

 

 

 

 

Figure 4.1. (A) Emission spectrum of Au NCs and of that following addition of (a) 5 µL, 

(b) 10 µL, (C) 15 µL, and (d) 20 µL of 10 mM Gd (OOCCH3)3∙H2O. 
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Based on supramolecular chemistry, the formation of an extended network of Au NC via 

the coordination of multivalent metal ions could be possible. It was observed that the 

luminescence intensity of Au NCs was augmented after the addition of gadolinium, which 

was in stark contrast to those of Au NCs. The gadolinium added dispersion of Au NCs was 

centrifuged multiple times, and the so obtained colloidal pellet when redispersed retained 

the luminescent intensity. Hence this possibly indicates the binding of Au NC with the metal 

ions (Gd Au NCs) (Figure 4.1). One such possible reason for binding is the coordination of 

ligands of NCs -Try and MPA with metal ions leading to the formation of Gd-Au NCs. The 

possible binding mode between MPA and Try ligands- stabilizing the clusters and Gd3+ in 

promoting the formation of assembled structures of Au NCs was verified by FT-IR 

spectroscopic analysis. (Figure 4.2). The C=O stretching frequency due to carboxylate 

group of MPA at 1696 cm-1 was absent in Gd-Au NC, which appeared at a lower stretching 

value of 1633 cm-1. Also, as is evident from the peak at 1544 cm-1, which was red shifted 

from higher stretching frequency of 1625 cm-1 for the C=O stretching frequency of Try 

ligand. The shifts in the stretching frequencies implied the important role of carboxylate 

groups of terminal ligands in coordination with gadolinium ion.  

 

 

 

 

 

 

 

Figure 4.2. Fourier transformed infrared spectra of (a) MPA and Try stabilized Au NCs. (b) 

FTIR spectrum of Gd Au NCs. 

Also, the UV-Vis spectrum remained unaltered following complexation with 

gadolinium ions, indicating a lack of formation of larger plasmonic nanoparticles. Given 

the practical importance of the assembly of Au NCs, the ensemble of such NCs can behave 

coherently/differently compared to individual components when interacting with a 
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common light field. Also, in the close proximity of emitting components, charge transfer is 

anticipated to occur which may lead to delayed fluorescence.  

In addition to the prompt fluorescence properties, Gd Au NC exhibited distinct delayed 

fluorescence emission at 595 nm with a long-excited state lifetime. The decay profile of Gd 

Au NC nanosheets showed a bi-exponential decay function fit with an average lifetime of 

0.91 ms at room temperature. (Figure 4.3, Table A.4.1) Also, photoluminescence intensities 

were significantly enhanced. The intramolecular rotations are also comprised of ligands 

stretching vibrations, which are suppressed by physical constraints in the “aggregated” 

states. Hence the excited states undergo a radiative decay (ISC or RISC) process with 

conspicuous delayed fluorescence and intense luminescence. As a consequence, the longer 

lifetime component resulted in a near millisecond lifetime. Such enhanced delayed 

lifetimes are of special interest in the field of light-emitting materials.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. (A) UV-vis spectrum of Gd Au NCs. (B) Delayed fluorescence excitation 

spectrum of Gd Au NCs. (B) Delayed fluorescence emission spectrum of Gd Au NCs. (C) 

Time-resolved delayed fluorescence spectrum of Gd Au NCs.  
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Next, considering the higher coordination site of trivalent gadolinium ions, the formation 

of two-dimensional superstructures via a conjugated extended network of Au NCs is 

possible through chemical bonding. Also, from FT-IR observations, the effect of strong 

intermolecular bonding between carboxylate groups of ligands and gadolinium ions, 

molecular rigidity, and inclination towards close packing could be anticipated. Intriguingly, 

from TEM analysis, gadolinium ion mediated assembled structures constituting Au NC 

showed the presence of several segregated 2D nanosheet-like structures. (Figure 4.4.A) The 

typical nanosheets of Au NCs obtained had an average size of 200-300 nm. On further 

magnification, the typical nanosheets were found to have been composed of a few layers 

of 2D structures. The nanostructures, as observed from the assemblies resulted in enhanced 

emission properties. The SAED pattern of Gd Au NCs, which revealed the crystalline 

nature of 2D nanosheets indicated hexagonal lattice diffraction. The dimension analyzed 

from one such nanosheet from a hexagonal diffraction pattern (SAED) was calculated to 

be 2.9 ± 0.1 Å. (Figure 4.4.D). Also, from high-resolution TEM analysis (HRTEM), the 

well-resolved lattice fringes were obtained. The measured lattice spacing was 7.5 Å and 3.0 

Å obtained from a typical crystalline nanosheet. (Figure 4.4.C, E) The presence of 

constituent Au NCs in the nanosheet was evident from the distributed small particles of size 

about 2.5 nm. (Figure 4.4.E) Also, the lattice parameter obtained from HRTEM analysis 

confirmed the finding from the d-spacing value calculated from XRD analysis. (Figure 

4.4.F) The simultaneous localization of gold and gadolinium along with other constituents 

in the so formed nanosheets were confirmed by scanning-TEM analysis and elemental 

mapping. (Figure A.4.5) Hence, evidence of constituent elements in the nanosheet of Au 

NCs was confirmed. FESEM analysis also corroborated the simultaneous formation of Gd-

Au NC layered nanosheets. (Figure A.4.6) 
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Figure 4.4. (A-B) TEM image of crystalline assembly of 2D nanosheets obtained from the 

reaction between ligand stabilized Au NCs and gadolinium ions. (C) High-resolution -TEM 

image of a typical sheet of Gd Au NCs. (D) SAED pattern of the crystalline sheet. (E) 

HRTEM image of a typical sheet of Gd Au NCs in 5 nm scale. (F) XRD pattern obtained 

from Gd Au NCs.  

Based on the TEM analysis, a probable structure of nanosheets could be predicted by 

analyzing the diffraction pattern generated by the constituent Au NCs. The formation of 

nanosheets has been attributed to the chemical interaction between trivalent gadolinium 

ions and MPA ligands. The periodic presence of brighter spots obtained from the SAED 

pattern may be attributed to the network of Au14 clusters that are aligned at the apex of the 

formed hexagon in the XY plane. The observed distance was found to be similar to the 

calculated distance of 4.5 Å. In contrast, an extension of Au14 cluster in the z direction was 

defined by the coordination of gadolinium ions with Try, as well as π–π interaction between 

the aromatic moieties of ligand (Try). Based on computational calculations, the distance 

between hexagonally arranged clusters, that is clusters coordinated via gadolinium ions in 

the z direction was found to be 7.2 Å. (Using Avogadro Figure A.4.7) The calculated 

distance was in close resemblance with the experimentally obtained distance of 7.5 Å 

between adjacent planes consisting of NCs. Further, the experimentally obtained distance 
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of 3.0 Å was smaller in comparison to the distance obtained in the z direction, resulting in 

a smaller lattice parameter and could be a plausible reason for the close stacking-together 

of each layer of Au NC to result in 2D structural growth. A schematic illustration of the 

structure of Gd Au NCs from the spatial organization of Au NC and Gd3+ ions based on the 

above-mentioned observations is presented in Figure 4.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4.5. (A) Schematic representation of ligand stabilized Au NCs prior to 

complexation with Gd ions. (B) Schematic representation of the possible mode of bonding 

between Au NC and Gd ions, (C) Plausible 2D structure representation of Gd Au NCs. 

Apart from the augmented luminescence properties of Au NCs, the effect on the magnetic 

properties obviously on interacting with Gd ions was studied. The electron paramagnetic 

resonance (EPR) spectrum for the solid sample of Gd Au NCs was recorded. The 

experimental EPR spectrum of Gd Au NCs was slightly broad with a value of g ≈ 2.0. 

(A) (B) 

(C) 
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(Figure 4.6.A) Magnetic measurements were performed and the magnetic hysteresis (M-

H) curve exhibits the paramagnetic behavior of Gd Au NC.  The magnetization value 

recorded for the Gd Au NC pellet was Ms = 0.4 emu/g. (Figure 4.6.B) The significant shift 

in the magnetization values for Gd after complexation with Au NCs signifies a possible 

change in magnetic properties on assembling. Also, an experimental spectrum depicting the 

shift in magnetization in comparison to gadolinium salt was acquired. The results 

demonstrated the magnetic responsiveness evident from M-H curve with the shift in the 

value of Ms obtained after the assembly of Au clusters by Gd ions. (Figure A.4.8) 

 

 

Figure 4.6. (A) EPR spectra of Gd Au NCs. (B) M-H curve of Gd Au NCs.  

Complexation reaction between Au NC with Gd metal ion leading to crystalline assemblies 

generated superstructure with enhanced physical and chemical properties that were superior 

to only nanoclusters. Further, surface modifications of such crystalline nanoclusters may 

provide opportunities for various applications. Through surface functionalization of 

organic ligands on the generated Au nanosheets may generate independent emissions-

integrated in a single nanostructure. Through the formation of different complexes chelated 

to its surface, the composition of the emission channel could be controlled. Possible 

engineering on the surface of Au nanosheets by forming inorganic complexes may generate 

different optical characteristics. The addition of ASA to an aqueous dispersion of Gd Au 

NCs led to the generation of a new blue emission peak at 410 nm when excited at 325 nm.  

 

(A) (B) 
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The luminescence intensity peak at 595 nm of Gd Au NCs changed after ASA complexation 

with metal ions.  The emission peak at 595 nm was partially reduced with the enhancement 

of peak intensity at 410 nm, with an increase in concentration of 0.05 mM, 0.10 mM, and 

0.20 mM ASA gradually. (Figure 4.7.A) Interestingly, the position of an excitation spectrum 

remained unaltered at an emission maximum of 595 nm, and a distinct excitation peak at 

295 nm appeared with the emission maximum of 410 nm. (Figure 4.7.B) It was observed 

that with only ASA solution, the emission maxima at 410 nm increased upon the addition 

of Gd3+ at an excitation of 295 nm. (Figure A.4.9) The ASA added dispersion of Gd Au NCs 

were centrifuged and redispersed pellet obtained showed similar luminescence 

characteristics. Hence this also indicated a similar nature of product formation of a 

luminescent species on the surface of Gd Au NC nanosheets. The surface labile Gd3+ ions 

assist the coordination with ASA ligand to form M(ASA)3 complex. So, it is plausible that 

a composition of M(ASA)3 complexes (M=Gd) was attached to Au NC nanocrystals 

creating an independent emission channel at 410 nm. Moreover, such salicylates are 

potential of luminescent material for further applications.21-23 Earlier observations based on 

the formation of metal and ASA complexes (M=Zn) on the surface of ZnS quantum dot are 

also reported.   

  

Figure 4.7. (A) Emission (λex = 325 nm) spectra of (a) Gd-Au NCs and that following 

addition of (b) 0.05 mM, (b) 0.10 mM, and (C) 0.20 mM of ASA. (C) Excitation spectra of 

(a) Gd-Au NCs at λem = 595 nm, and (b, c) ASA-added Gd-Au NCs at λem = 595 and 410 

nm, respectively. 

The as-synthesized Gd Au NCs upon complexation into M(ASA)3 on the nanosheet surface 

emitted in the blue region at 410 nm, and orange region at 595 nm. Now, for a white light- 
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emitting source - a green emitting organic fluorophore is desirable. Hence, the dual emitting 

Gd Au NC-ASA complex was conjugated with green emitting species fluorescein (FL) by 

coordination with gadolinium ions. Earlier reports of gadolinium-fluorescein complex 

formation as dual mode probe for fluorescence sensing have been reported. 24 This could 

provide an ideal choice of independent tri-colour emitting channel from a single 

nanocomplex entity. The emergence of a new green luminescent maximum at 510 nm, in 

addition to luminescent maxima of ASA complex at 410 nm, and Au NC nanosheets at 595 

nm, was observed at an excitation of 325 nm. (Figure 4.8.A) Notably, the luminescence 

intensity of only FL was enhanced compared to the intensity prior to addition of Gd salt. 

Hence, this indicates the green emitting peak (510 nm) is a result of FL ligand coordination 

with Gd ions.  (Figure A.4.10) Additionally, when FL interacted with dual emitting Gd Au 

NCs complex, there was a change in intensity observed for Au NC and metal ASA complex-

suggesting preferential interaction with metal ions.  Also, the spectra were obtained 

following centrifugation and redispersion in water, and the three-emitting channels in the 

same nano-entity consisted of the Gd Au NCs and metal complexes on the surface of 

nanosheets. The emission intensity was tuneable at 595 nm by the extent of complexation 

of the components.  Because, with the addition of either of the ligands (ASA and FL), the 

emission intensity at 595 nm was reduced, and the emission intensities at 410 nm and 510 

nm were commensurate with changing concentration. Upon excitation at 325 nm, the nearly 

perfect white light emission was achieved following a reaction with ASA (of 0.20 mM 

concentration) and FL (of 0.0015 mM concentration). Also, the presence of three emitting 

species was confirmed further from excitation spectra recorded at three different emissions. 

(Figure 4.8.B) The overlapping excitation peaks following centrifugation and redispersion 

supported the single excitation wavelength origin for tri-emissions at 410 nm, 510 nm, and 

595 nm. The excitation peak at 295 nm corresponded to ASA complexation; the additional 

excitation range also beyond the range of 340 nm corresponded to FL coordination. Also, 

the UV-Vis spectra of the Gd Au NCs, and after complexation with ASA and FL ligands 

showed equivalent absorption with non-functionalized Gd Au NCs. (Figure A.4.11) This 

also indicated signifies similar behaviour with Gd Au NCs nanosheets from the little 

contribution of the ligands to the absorption characteristics. (Figure A.4.10) Moreover, the 

increase in photoluminescence quantum yield from 0.7% to 1.3%, measured at 325 nm 

excitation was observed. Importantly, the preservation of the 0.75 nm lattice spacing from 

XRD analysis supported no change in morphologies of the surface functionalized Gd Au 
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NCs nanosheets. (Figure A.4.12) EPR spectral data, also signified the functionalizing of 

the ligands on the surface of nanosheets with unaltered properties of gadolinium in the 

complex. (Figure A.4.13) 

 

Figure 4.8. (A) Emission spectrum of (a) ASA (0.20 mM) added Gd-Au NCs at 325 nm 

excitation and (b) the emission spectrum following the addition of FL (0.0015 mM) to 

ASA-Gd Au NCs. (B) Excitation spectra of Gd-Au NC-ASA-FL complex at emission 

wavelengths of (a) 595 nm, (b) 510 nm, and (c) 410 nm, respectively.  

The Fourier transform infrared spectroscopic data revealed the characteristic 

frequencies of ligands (ASA and FL) present in the Gd Au NCs complex, which were absent 

in the Gd Au NCs nanosheets. (Figure A.4.14, Table A.4.2) The FT-IR spectra were 

compared to the un-interacted ligands (ASA and FL), showing a number of additional bands 

in the range of 1750-500 cm-1, in order to detect the change caused by ligands. The 

stretching frequency at 1631 cm-1 due to carboxylate group of ASA was shifted to 1709 cm-

1. Also, the appearance of a new peak at 1300 cm-1 is attributed to the carboxylic group of 

ASA due to the chelation through two oxygen. The emergence of a new peak at 1592 cm-1 

in the complex also suggested the coordination of oxygen atoms (of the carboxylate group) 

with Gd3+ ions. Similar results were obtained for the rare earth metal complex of 

salicylates.25 Additionally, the disappearance of the peak at 1635 cm-1, which is 

characteristic of carboxylate group of Fl, revealed the coordination through oxygen. The 

spectra of Gd Au NC complex as expected due to low FL concentration also showed weak 

bands caused by FL. The results shown above supported the formation of new products via 
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complexation of independent dual emissive ligands on the surface of Gd Au NCs 

nanosheets.  

 

Figure 4.9 (A) Emission spectra (at exc 325 nm) of (a) ASA Gd Au NCs and that upon 

treatment with (b) 1 µL (c) 5 µL, (d) 10 µL, (e) 15 µL, (f) 20 µL, (g) 25 µL, and (h) 30 µL 

of fluorescein ligand (0.05 mM). (B) Tabulated form comparing the CIE coordinates of Gd, 

Au NCs, and ligated Gd Au NCs.  

Importantly, at a fixed concentration the dual emissive Gd Au NC complex was treated with 

0.05 mM fluorescein ligand. The emission intensity at 510 nm of FL added solution 

increased and the other emission intensities at 595 nm and 410 nm changed accordingly. 

This led to changes in WLE parameters correspondingly like- CIE coordinates and CRI 

values. (Figure 4.9.A) Thus, tunability in photophysical properties was observed with the 

surface complexation of additional FL ligands. For example, dual emissive ASA Gd Au 

NCs exhibited chromaticity of (0.41,0.30) and CRI of 63. With increase in concentration, 

the FL treated Gd Au NCs complex displayed white light emission with CIE coordinates of 

(0.34, 0.33) and CRI 87, when excited at 325 nm. (Figure 4.9.B) Also, for a fixed 

concentration of FL, the tunability in luminescence, CIE values, and CRI were observed 

following the change in excitation wavelength. (Figure 4.10) This indicated the excitation-

dependent tuneable photophysical parameters of complexed Gd Au NCs. However, only 

Gd Au NCs and ASA added Gd Au NCs did not lead to products with such parameters, 

indicating the importance of both the ligands in Gd Au NC complex. (Figure 4.9.B) 

(A) 

(B) 
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Figure 4.10. (A) Variation in emission intensity. (B) Chromaticity coordinates of Gd Au 

NC complex at different excitation wavelengths as indicated in the legends. (C) Tabulated 

form of chromaticity coordinates of Gd Au NC complex at different excitation wavelengths. 

 

Figure 4.11. (A) CIE chromaticity diagram of Gd Au NCs complex at 325 nm excitation. 

(B) Digital photograph of Gd-Au NC Complex at exc 325 nm. (C) Schematic representation 

of Gd Au NCs nanosheet complexation with ASA and FL is represented. 

(C) 

TH-3253_176122049



Chapter 4 
 

 
 

100 

 

The white light emission (0.34, 0.33) for Gd Au NCs complex at 325 nm excitation was 

observed visually and photographed. A schematic representation of ASA and FL 

complexation on the surface of Gd Au NC nanosheets is represented. (Figure 4.11)   Also, 

the complex was photostable under constant illumination of 325 nm excitation with respect 

to the emission at 410 nm, 510 nm, and 595 nm. (Figure A.4.15) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. (A) TRPL decay profile at (A) 410 nm, (B) 510 nm, of Gd Au NCs WLE 

complex (C) TRPL decay profile at 595 nm emission of Gd Au NC complex.  

Table 4.1 Tabulated form of TRPL lifetime of Gd Au NCs complex at three different 

emission wavelengths.  

  

Emission 

(nm) 

A1(%) τ1 (ms) A2(%) τ2 (ms) Avg. 

lifetime 

(ms) 

2 

595 0.455 0.116ms 0.544 0.947 ms 0.870 ms 0.99 

510 2.9 0.13 ns 97.1 3.82 ns 3.82 ns 1.09 

410 3.37 0.40 ns 96.63 3.77 ns 3.76 ns 1.04 
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Further, Gd Au NCs complex after bi-exponential fit showed average lifetimes of 3.82 ns 

at emission 510 nm, and 3.76 ns at emission maximum 410 nm. On the contrary, only 

fluorescein dye and ASA ligand gave single exponential fitting curves. This indicates the 

presence of both ligands on the surface of the nanosheets. Also, a long lifetime of 0.870 ms 

was observed at an emission maximum of 595 nm for Gd Au NCs. Overall, the surface 

modification of Au NC nanosheets via metal complexation with organic ligands led to 

better white light emission.  

4.5 Conclusion  

In summary, the complexation with two ligands (acetylsalicylic acid and fluorescein) on 

gadolinium-based 2D crystalline assembly of gold clusters (Gd-Au NCs) was 

demonstrated. The crystalline 2D nanosheets of Au NCs were characterized by XRD, 

FESEM, and systematic TEM, SAED, and HRTEM analyses. PL measurements and VSM 

analyses evaluated the optical and magnetic properties of the synthesized 2D nanosheets. 

The independent emitting channel exhibited tri-colour emission based-white light, from the 

Au NC assembly and the chelation with dual ligands ASA and FL. The 2D crystalline 

superstructure exhibited an augmented lifetime and photoluminescent quantum yield. The 

synchronous tri-colour emitting white light at exc ~325 nm could be achieved from a single 

nanocomponent with colour chromaticity coordinate of (0.34, 0.33) and CRI >85 in the 

liquid phase. The present work could bring new chemistry and strategies for the 

functionalization of higher-order nanostructures with a scope in light-emitting materials.  
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Appendix: A.4 
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Figure A.4.1. UV-vis spectrum of Au NCs marking absence of any significant peak beyond 

the range 500 nm. (A) Photoluminescence (a) excitation and (b) emission spectra of MPA 

and D-tryptophan Au NCs. 

 

 

 

 

 

 

 

 

 

 

Figure A.4.2 (A) TEM image of Au NCs. (B) SAED image obtained on Au NCs. 

  

(A) (B) 

(A) (B) 
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 Figure A.4.3. Experimental and simulated histogram depicting the isotopic distribution of 

gold nanocluster species with formulas (A) [Au14(MPA)5(Try)4 + 3Na]3+ and (B) 

[Au14(MPA)4(Try)4 + 3Na]3+. 

 

 

 

 

 

 

 

 

 

 

Figure A.4.4. TRPL decay profile of MPA and D-tryptophan stabilized Au NCs. 

(A) 

(B) 
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Figure A.4.5. (A) STEM image of Gd Au NC nanosheet and elemental mapping of (B) Au, 

(C) Gd, (D) O and (E) N (F) S in Gd Au NCs, corroborating the associated abovementioned 

elements in Gd Au NCs.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4.6. FESEM image of Gd Au NC nanosheets. 

TH-3253_176122049



Chapter 4 
 

 
 

108 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4.7. Simulated structure of Gd Au NCs. The structure was generated using 

Avogadro 1.2.0 software. 

 

 

Table A.4.1. Time-resolved delayed photoluminescence (TRPL) decay parameters of Gd-

Au NCs. 

 

 

 

 

 

Excitation 

(nm) 

Emission 

(nm) 

Sample  A1 τ1 

(ms) 

A2 τ2 

(ms) 

Avg. 

lifetime 

(ms) 

2 

325 nm 595 Gd-Au 

NCs 

0.416% 0.172 0.584% 0.998 0.91 0.99 

TH-3253_176122049



Chapter 4 
 

 
 

109 

 

 

 

 

 

 

 

 

 

Figure A.4.8. MH curves for (a) Gd salt and (b) Gd Au NC complex. 

 

Figure A.4.9. (A)  Emission spectra of (a)ASA, and (b) addition of Gd3+ salt at 295 

excitations. (B) Excitation spectra of (a) ASA, and (b) addition of Gd3+ salt at 410 

emissions.  

 

Figure A.4.10. (A) Emission spectra of (a) FL and (b) addition of Gd3+ salt. B) Excitation 

spectra of (a) FL and (b) addition of Gd3+ salt at 510 emissions.  

(A) (B) 

(B) (A) 
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Figure A.4.11. UV-vis spectra of (A) Gd Au NC and (B) Gd Au NC complex.  

 

 

 

 

 

  

 

 

 

Figure A.4.12. XRD pattern of Gd Au NC complex with ASA and FL.  

 

 

 

 

 

 

 

 

 

 

Figure A.4.13. EPR of Gd Au NC complex. 

 

(A) (B) 
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Figure A.4.14. FT-IR spectra of (a) Gd Au NC complex, (b) only FL ligand, and (c) only 

ASA ligand.  
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Figure A.4.15. Photostability study under constant irradiation of 325 nm excitation for 

1800 sec of tri-emissive Gd Au NCs with respect to emission channel at (A) 410 nm, (B) 

510 nm, and (C) 595 nm. 
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Table A.4.2. Tabulated peaks of vibrational frequencies obtained from FT-IR spectra of Gd 

Au NC complex. 

 

Vibrational 

frequency 

(cm-1) 

Band assignment 

Vibrational 

frequency 

(cm-1) 

Band assignment 

1751 C=O (ester group) 1230 C-H deformation (in plane) 

1709 C=O (carboxylate group) 1093 C-H deformation (in plane) 

1610 
C=O stretching, 

C-C stretching (ring) 
1015 C-H deformation (in plane) 

1592 COO asymmetric stretching 920 
C-H deformation (out of plane 

deformation) 

1457 C-C stretching (phenyl group) 860 
C-H deformation (out of plane 

deformation) 

1406 COO symmetric stretching 756 
C-H deformation (out of plane 

deformation) 

1300 C-O stretching 670 C-H bending vibration 

1297 C-H asymmetric stretching   
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Chapter5 

 

Summary and Future Prospects 

 

5.1 Summary 

The present dissertation work focuses on developing metal ion-mediated crystalline 

assembly of gold NCs through chemical reactions allowing the development of functional 

nanomaterials with tailored properties. Through the assembly formation of such gold NCs, 

it was possible to demonstrate superior and new properties in higher dimensional assembled 

nanostructures. In the first work, the formation of two-dimensional (2D) nanostructures 

from zinc-assisted assembly of gold NCs has been achieved. The experimental 

demonstration of photoluminescent 2D layered nanosheets of zinc Au NCs was efficient to 

store molecular oxygen with a capacity of 0.266 ± 0.004 mM/g of Zn Au NCs, which could 

be used reversibly at an ambient condition of 20 ⁰C and pressure limit ranging from 0 to 20 

bar. Also, the thesis work explored the potential of crystalline nanostructures for 

constructing multifunctional optical nanostructures through the integration of atomic 

clusters and lanthanide (europium and gadolinium) ions. For example, another work 

demonstrated the delayed fluorescence enhancement of europium ion with a prolonged 

lifetime through the interaction of ligand-stabilized Au NCs. The photoluminescent (PL) 

properties - that included delayed Eu emission - from each component could be modulated 

through the functionalization of phosphate ions (Pi) leading to crystallization. By 

combining atomic luminous probes and molecular NCs, this concept provides the 

opportunity to create an optical system that might be used in a variety of applications. 

Further, a single nanocomponent tri-colour white light emission could be possible from a 

2D crystalline assembly of gadolinium-gold NCs through surface complexation with 

augmented properties. The optical and magnetization properties of the nanosheet with 

experimental observations have been investigated by photoluminescence measurements 

and VSM analysis. This thesis presents a thorough investigation of the tuneable properties 
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of gold nanoclusters (NCs) and explains the complex process of NC assembly assisted by 

metal ions. Through investigation, the study provides valuable insights into the controlled 

manipulation of gold NCs, showcasing their potential for diverse applications in 

nanotechnology and materials science. 

 

5.2 Future prospects 

The present thesis guides the assembly of NCs assisted by a few of the important transition 

metal ions like zinc, europium, and gadolinium. Given the advantages of assembled gold 

clusters, a substantial effort could be accelerated towards enhancement in energy harvesting 

and storage by using species like europium with extended coordination that is useful for 

complexation. Thus, with enhanced long emissions and tunable luminescent properties, 

lanthanide-based assembled superstructures of NCs can also be utilized in luminescence 

imaging. The concurrent luminescence arising from the atomic clusters and the 

incorporated metal ion species represents a groundbreaking aspect of these assemblies. This 

simultaneous luminescence introduces a dual functionality, expanding the scope of 

potential applications. The correlated individual luminescence of atomic clusters and metal 

ion species enable the nanomaterials to serve in dual functionalities and bring new aspects 

to multifunctional applications ranging from sensors to optoelectronics. Such assemblies 

with multifunctional properties could be utilized to further detect important biomolecules 

by independently studying the multichannel emissions. The specific functionalities of the 

modified assembled superstructure can be created for multiplexed sensing platforms for the 

detection of multiple analytes, valuable in food safety and medical diagnostics. By guiding 

the assembly of nanoclusters with selected transition metal ions, the research not only 

unlocks new possibilities in energy-related technologies but also opens avenues in 

luminescence imaging, multifunctional applications, and advanced sensing platforms. The 

multifaceted nature of these assembled structures, combined with their tunable properties, 

positions them as versatile tools with the potential to revolutionize diverse scientific and 

technological domains. This thesis lays the groundwork for future research endeavors, 

offering a blueprint for harnessing the full potential of nanocluster assemblies in addressing 

complex challenges across various disciplines. 
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