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Abstract 

Luminescent materials, including halide perovskites (HPs) and chalcogenide quantum dots (QD), 

are being extensively researched as potential sources of considerable power for future energy 

requirements. These materials offer great luminosity, stability, and a longer lifetime, making them 

useful for future energy savings. Among its many features, the ability to promote photoinduced 

electron transport is essential since it plays a crucial role in device fabrication and operation. This 

thesis focuses on photoinduced electron transfer from HP nanocrystals and chalcogenide QDs 

assemblies to designated acceptor molecules. The study aims to understand better how these 

materials interact with acceptors and how their structural and electrical features affect electron 

transfer efficiency. The thesis is divided into five chapters to provide a full overview of the topic. 

Each chapter expands on the previous knowledge by thoroughly examining the materials, synthesis 

processes, instrumental methodologies, and experimental results, finally providing insights into 

the role of these illuminating materials in device fabrication applications.  

Chapter 1 addresses the distinctive properties of PNCs and chalcogenide QDs and the 

photoinduced electron transfer process of these two materials. First, I define the class of luminous 

nanomaterials and the quantum confinement effect. Then, I report different synthesis methods for 

PNCs and chalcogenide QDs and how temperature and environment influence their size and shape. 

The film preparation of HPs and their assembly are also explained in detail. I explain absorption 

and emission properties and how size and shape affect absorption and luminescence abilities. I 

also provide numerous examples of how charge carrier features affect photoinduced electron 

transport. The chapter concludes with the research objectives and highlights the applications of 

these materials in solar cells, PeLEDs, and Q-LEDs.  

Chapter 2 of this thesis overviews preparation methodologies of PNCs and chalcogenide QDs 

and the instrumental procedures used during this research. It begins with a detailed explanation of 

the synthesis procedures for PNCs and co-aggregated assemblies. I also describe how I construct 

the mesoscopic semiconductor assemblies. After that, the chapter examines the different tools I 

used in the study. Each instrument's underlying theoretical ideas and basic operating principles are 

fully described, providing insights into how they function and relate to the experiment's goals. This 

chapter provides a basic overview of the techniques and resources used to support the thesis's 
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findings. The optical characteristics and charge transfer process were examined using Quantaurus 

tau (Q-Tau), fluorescence spectroscopy, and UV-visible spectroscopy system. In contrast, the 

interfacial electron transport in the film state was measured using a time-resolved picosecond (ps-

system).  

Chapter 3 focuses on the electron transfer from PNCs and their assemblies to specific acceptor 

molecules. 7,8,8-Tetracyanoquinodimethane (TCNQ), fullerene (C60), and a functionalized 

fullerene (C60-RCOOH) ligand were selected as the acceptor molecules due to their high electron 

affinity in this chapter. The electron transfer to the acceptor in PNCs did not show effective 

quenching due to the long chain ligand and the abundance of free ligands. However, the 

development of assemblies was essential for promoting electron transfer. The study was performed 

in both the solution and the film state to have a deeper understanding. FAPbBr3 assemblies and co-

aggregated assemblies of FAPbBr3 and acceptor molecules were prepared to investigate the 

dynamics. The assemblies showed a significant electron transfer efficiency compared to single 

nanocrystals in both solution and film state. In isolated NC, the charge carriers are confined within 

a single particle due to quantum confinement, which hinders their carrier diffusion. However, when 

closely packed within an assembly, they enable charge carriers that increase their carrier diffusion 

length and lifetime. These results demonstrate the critical role that structural organization plays in 

maximizing the electron transport characteristics of materials based on HPs.  

The experiments, results, and discussion in Chapter 4 are based on motivation from Chapter 3. 

I prepared a chalcogenide material-based assembly to investigate its electron transfer capabilities 

further. In this study, I selected well-established core and shell QD (CdSe/CdS) as the central unit 

of the assembly due to their exceptional optical properties, which make them highly suitable for 

device fabrication. As a cross-linker molecule, the CdSe/CdS assembly was prepared using the 

1,6-hexanedithiol. A controlled ratio was followed to prepare the assembly. This controlled 

construction method allows us to analyze photoinduced electron transfer iii processes with 

remarkable accuracy, providing information about the assembly structure and electron transfer 

efficiency.  

In Chapter 5, I investigated a bio-inspired technique that employs a novel method to generate 

water-soluble quantum dot assemblies of mesoscopic size. This novel concept highlights the 

diversity of assembly processes and creates new opportunities for biocompatible optoelectronic 

applications. In this study, the CdSe/CdS was functionalized with -COOH and made a large 
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aggregate following an amide condensation reaction using DMTMM and a significant quantity of 

mono lysine. Then, trypsin was used as an amide bond cleaver to make small assembles. 

Surprisingly, the mesoscopic assemblies were formed with good dispersity. The STEM and the 

DLS data confirmed the assembly formation. These studies aim to define fundamental design 

principles for controlled nanocrystal assembly creation and better understand how assembly 

architecture affects electron transfer processes. This study raises the possibility of a contribution 

to future optoelectronic devices. 

In summary, this thesis explores the assembly formation of perovskite materials and 

chalcogenide QDs. These assemblies showed exceptional uniformity and good distribution in the 

solution and the film state, showcasing their potentiality for practical applications. However, the 

study explores electron transfer dynamics to these assemblies, demonstrating their exceptional 

efficiency. Their potential as essential parts of optoelectronic devices, where effective charge 

transfer is crucial to functionality, is highlighted by their excellent electron transfer efficiency. The 

results reported in this thesis provide prospective avenues for developing cutting-edge 

optoelectronics technology and substantially contribute to our understanding of material 

interactions. 
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Chapter 1 

Introduction 

1.1 Abstract 

Luminescent nanomaterials constitute an important class of semiconductor materials that 

have gained overwhelming interest in several applications, including LEDs, optical 

detectors, photovoltaics, and display technologies. In this respect, halide perovskite NCs 

and chalcogenide QDs are becoming the most important. These semiconductor materials 

have gained considerable interest across a broad spectrum of next-generation 

optoelectronic devices owing to their superior photoluminescence, high absorption 

coefficients, and efficient charge carrier dynamics. Despite these advantages, the future 

of perovskite-based optoelectronics and photovoltaics squarely depends on furthering the 

understanding of the interfacial charge transfer-long-range carrier diffusion processes. 

Only when these challenges are met can their full commercial and industrial potential be 

realized. This chapter has been outlined through a succinct account of the history, basic 

structure, morphology, synthesis routes of both systems in comparison to one another, 

and key optical and electronic properties of photoinduced charge carriers; the emphasis 

has been on explaining mechanisms of quantum confinement contribution to electronic 

and optical property tuning. Several techniques are introduced in this chapter to 

synthesize materials with correct, controlled sizes and shapes: perovskite nanocrystals 

(PNCs) and quantum dots (QDs) using the bottom-up process of solution-phase synthesis, 

hot injection, or ligand-assisted reprecipitation; describing self-assembly techniques 

necessary to make thin films from such building blocks as part of any device application. 

The second part will cover the charge carrier dynamics mechanism: the charge carrier 

behavior in the film state. In this context, interfacial charge transfer, recombination 

pathways, and long-range carrier diffusion will be mainly presented as relevant to 

performance optimization concerning optoelectronic and photovoltaic devices. Next, this 

chapter will focus on different applications of halide perovskite NCs and chalcogenide 

QDs to diverse applications encompassing high-efficiency solar cells, brilliant light-

emitting devices, photodetectors, and bioimaging. It has also explained various examples 
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of versatility and adaptability in diverse technological fields of those materials. The 

chapter ends with the motivation for this research and the details of the particular aims of 

this thesis. 

1.2 General Introduction 

1.2.1 Luminescent semiconductor nanocrystals and quantum dots  

QDs of semiconductors are brightly emitting nanoparticles employed in diverse 

applications such as LEDs, displays, solar cells, bioimaging, and optical detection.1–

6 These materials might be broadly divided into various categories according to their 

chemical composition: 

Metal chalcogenides are classified as: 

• II-VI compounds: MX (M=Zn, Cd, Hg; X=S, Se, Te) 

• III-V compounds: MX (M=Al, Ga, In; X=N, P, As) 

• III-VI compounds: M2X3 (M=In; X=S, Se, Te) 

• IV-VI compounds: MX/MX2 (M=Pb/Sn; X=S, Se, Te) 

Metal halides and halide perovskites include: 

• Simple metal halides: MX (M=Cu/Ag; X=Cl, Br, I) 

• Perovskite structures: AMX3 (A=Cs/MA/FA, M=Pb/Sn, X=Cl/Br/I) 

• Complex structures: A3Bi2X9, A2BBiX6 (A=Rb/Cs/MA, B=Na/Mg/K/Zn/Ag, 

X=Cl/Br/I) 

    These materials' distinctive photonic and electronic characteristics, which may be 

precisely adjusted through composition control and quantum confinement impacts have 

attracted a lot of attention. Their well-established synthesis techniques and diverse surface 

chemistry enable the creation of outstanding performance in optical-electronic devices 

and biological applications.  

    The manipulation of size, structure, and composition of these nanomaterials enables 

accurate bandgap engineering, allowing the wavelength of emission to be changed from 

ultraviolet to infrared. This adjustability, along with strong photoluminescence quantum 

yields and outstanding photostability, qualifies them for next-generation optoelectronic 

applications. 
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1.2.2 The structure of halide perovskites 

The Russian mineralogist Lev Perovski is honored with the names of perovskite structures. 

The term "perovskite" was first used to refer to CaTiO3, a mineral that a German scientist 

called Gustav Rose found in the Ural Mountains in 1839.7 In time, the definition was 

widened to cover compounds with a similar structure. 3D perovskites have the general 

chemical formula ABX3, where A can be either an inorganic cation like Cs⁺ or an organic 

cation like MA⁺ (CH3NH3⁺) or FA⁺ (NH2C=NH2⁺). B stands for a cation of a divalent 

metal. X refers to halide ions: I⁻, Br⁻, or Cl⁻.8 3D lead-based perovskites' structure (Figure 

1.1) is schematically composed of lead-centered octahedra, PbX6, sharing a vertex. This 

provides a framework with the A cations filling in the holes between the octahedra. The 

size of the A cation is critical and is constrained by the gaps created between the corner-

sharing octahedra.  

  Figure 1.1 A unit cell of halide perovskite. 

     The geometrical criteria are some of the most important factors governing the stability 

and feasibility of perovskite structure formation. In other words, certain relationships 

must be satisfied among the ionic radii of A, B, and X ions, expressed as RA, RB, and RX, 

respectively. 

 

The octahedral factor (μ=RB/RX) indicates the stability of the structure, whereas the 

Goldschmidt tolerance factor (t) forecasts whether the mixture can form a stable 
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perovskite framework.9 Typically, a perovskite structure might be stable if 0.813≤t≤1.107 

and 0.442≤μ≤0.895. It is relatively low, particularly for materials with heavier halides, 

where the forecast accuracy falls to 60% or below (51% for chlorides, 56% for bromides, 

and 33% for iodides). τ was presented as a new tolerance factor and is defined as follows: 

 

Where ri is the ionic radius of ion I and nA is the oxidation state of A. The substance is a 

perovskite if τ is less than 4.18. 

     The size of the A cation has significance in the phenomenon of 3D perovskites. The 

size of the A component should be as small as possible to ensure structural stability and 

proper integration in the lattice. The limitation in size helps to maintain the geometric 

compatibility required to form a robust perovskite structure. 

1.2.3 The structure of the chalcogenide quantum dots 

Chalcogenide QDs are nanoscale semiconductor particles based on materials containing 

chalcogen elements (oxygen, sulfur, selenium, or tellurium) combined with metals such 

as cadmium, lead, or indium.9,10 The special structure and properties of QDs result from 

the quantum confinement effect, which seriously affects their optical and electronic 

properties compared to the bulk material.  The core of chalcogenide QDs is with a 

nanocrystal structure made up of semiconductor material, enveloped by an outer shell 

made from another material. In such a structure, the optical and electronic properties are 

improved, hence enhancing the performance and stability of QDs in respective 

applications. The core of the QDs is defined by its central region, which is made of 

semiconductor materials like CdSe, PbS, or InP. The emission wavelength is one of the 

primary optical and electrical characteristics that it regulates through the quantum 

confinement effect.11 The smaller the core, the higher the energy (blue-shifted) the 

emission, the larger the core, the lower the energy (red-shifted) the emission. A shell, 

typically made from a second semiconductor material like ZnS, ZnSe, or CdS, covers the 

core. The shell acts as a protective layer to the core from environmental degradations like 

oxidation or photodegradation. It also passivates the surface of the core, reducing 
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nonradiative recombination and hence increasing quantum yield (QY). The general 

structure is shown in Figure 1.2, 

Figure 1.2 General structure of the metal chalcogenide (core-shell) 

     Organic molecules or polymers coat the surface of the shell to stabilize the QD in 

solution and enhance compatibility with the surrounding medium. Ligands can also affect 

the solubility and processability of the QDs. In type I structures, the shell material 

possesses a larger band gap compared to the core, confining electrons and holes within 

the core and enhancing luminescence efficiency. An example of this is CdSe/ZnS QDs. 

In type II structures, the shell’s conduction band minimum is lower than the core’s, or its 

valence band maximum is higher.12 This results in a spatial distinction between electrons 

and holes, leading to longer exciton lifetimes and red-shifted emission. For example, 

CdTe/CdSe QDs. There is a gradual variation in composition from the core to the shell, 

which minimizes lattice mismatch and enhances structural stability. Example: CdSe/ZnSe 

QDs with a composition gradient alloy shell. In an inverted core-shell, the core material 

should have a higher bandgap than the shell for carriers to be confined in the shell. 

Example: ZnSe/CdSe QDs. Shell passivation reduces the surface defects serving as 

nonradiative recombination sites. The shell protects the core from chemical and 

photochemical degradation. Tuning of core-shell materials allows the optical and 

electronic properties to be precisely tuned.5 
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1.2.4 Background of Quantum Confinement  

Quantum confinement, commonly known as the 'particle-in-a-box' problem, was first 

theoretically stated in the 1930s by physicist Herbert Fröhlich who first proposed that the 

macroscopic dimensions of a small particle can determine material properties.13 

     Fröhlich investigated the repercussions of the Schrödinger equation, which states that 

when particles get exceedingly small, there is less space for the material's electrons, 

causing the electrons to be pressed together. In the decades following Fröhlich's initial 

work, the understanding of quantum size effects evolved significantly. Researchers were 

able to develop nanostructures in the 1970s and show that size did affect their optical 

characteristics.  

     The first experimental realization of quantum confinement in semiconductor 

nanoparticles, such as quantum dots, quantum wires, and quantum wells, occurred in 1980. 

Because of the confinement of charge carriers, these structures displayed distinct energy 

levels. A key idea in materials science and nanotechnology nowadays is quantum 

confinement. Numerous uses in electronic devices, photographic science, and quantum 

computation have resulted from the exact regulation of the form and structure of 

nanoparticles made feasible by advancements in manufacturing techniques. Quantum 

confinement in semiconductors is the phenomenon whereby materials' electronic and 

visible properties change as they approach the nanoscale, often below the exciton Bohr 

radius. This occurrence has a major effect on the behavior of materials, leading to 

different energy levels and size-dependent band gaps. Quantum confinement has been 

shown in several experimental investigations in diverse semiconductor nanostructures. 

One of the best-studied systems for observing quantum confinement phenomena is CdS 

QDs. One of the earliest theoretical and experimental proofs of quantum confinement in 

CdS QDs was given by Brus (1984).14 Murray et al. (1993) synthesized semiconductor 

nanocrystals of varying sizes and observed clear size-dependent shifts in absorption edge 

in ultraviolet and luminescence spectra.15 Efros and Efros (1982) theoretically predicted 

and experimentally confirmed discrete excitonic states in the semiconductor sphere.16 

Alivisatos et al. demonstrated size-regulated preparation of different sizes of 

semiconductors, resulting in a continuous range of tunable emission colors.17 Peng and 

Peng (2001) improved synthetic techniques to produce highly stable semiconductor QDs 
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with tunable QYs.18 Together, these investigations show that quantum confinement 

effects cause substantial alterations in the electrical and optical characteristics of 

semiconductor materials as they are reduced to nanoscale dimensions.  

Similar to conventional semiconductor QDs like CdSe, perovskite QDs, particularly those 

based on lead halides have shown quantum confinement effects. This quantum 

confinement results in a significant size-dependent bandgap that allows for tunable 

emission wavelengths.  

    Protesescu et al. (2015) prepared CsPbBr3 nanocrystals and found that when 

nanocrystals' sizes decreased from large to nanosize, there was a noticeable shift in the 

spectrum of light emission and absorption.19 When the perovskite QDs' size decreases, 

their electronic states split into discrete energy levels. Becker et al. (2018) studied 

CsPbBr3 QDs using single-particle spectroscopy and found evidence of discrete excitonic 

transitions.20 Zhang et al. (2018) synthesized CH3NH3PbX3 (X = Cl, I, Br) PNCs and 

demonstrated that the emission of light wavelength changed by adjusting the halide 

content and managing the dimension of QDs. 21 The quantum confinement in these QDs 

results in narrow and stable photoluminescence (PL) peaks. Kovalenko et al. (2017) found 

that CsPbBr3 QDs produce stable, narrow-band emission over time.22 These results make 

perovskite QDs attractive options for use in optical devices. 

1.3 Synthesis of halide perovskites and chalcogenide quantum dots 

1.3.1 Preparation of halide perovskite nanocrystals and quantum dots 

Numerous efforts have been made to develop a straightforward and reliable synthesis 

process for PNCs. The growth process is the framework for the broad classification of 

these synthesis techniques into "top-down" and "bottom-up" approaches. Heat-up, 

reprecipitation, and in situ synthesis are the three primary categories into which the 

bottom-up techniques are grouped further. Hot injection (HI) and ligand-assisted 

reprecipitation (LARP) approaches have become the most used synthesis methods among 

those shown in Figure 1.3. Figure 1.3(a) illustrates the HI synthesis process, which 

involves dissolving PbX2 with ligands in 1-octadecene, followed by heating the mixture 

to a high temperature under an argon atmosphere. Subsequently, pre-prepared Cs-oleate 

is injected into the solution, and the reaction is rapidly quenched by cooling in a cold 

water bath. 
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Figure 1.3 (a, b) PNCs are produced through the hot-injection method and the LARP 

technique, respectively. (c) Ligand-capped PNCs display a variety of morphologies.23  

     The hot injection strategy requires precise control of precursor concentrations, 

injection temperature, reaction duration, and precursor-to-surfactant ratio to regulate size 

distribution and morphology.8,24,25 This approach indeed plays a significant role in 

exercising very precise control over synthesis through effective decoupling of the 

nucleation and growth phases. The possibility of separating these two most important 

stages allows the opportunity to control the conditions whereby PNCs could be formed 

to ensure their sizes remain small and uniform. This technique consequently reduces 

undesirable aggregations and overgrowths; hence, PNCs of a very narrow size 

distribution can be achieved very important factor to retain their valuable optical and 

electronic properties. Among the most important results obtained so far in this field is that 

published by Protesescu et al. in 2015, they developed a colloidal synthesis technique to 

prepare cesium lead halide PNCs (CsPbX3). CsPbX3 PNCs were successfully synthesized 

by injecting Cs-oleate into a heated solution (140–200 °C) that contained PbX2, salts, 

alkyl amines, and fatty acids dispersed in octadecene. Their findings demonstrated that 

changing the reaction temperature and ligand ratios affected the size of the PNCs. The 

use of several halide salts (Cl⁻, Br⁻, and I⁻) enabled tunable emission colors across the 

visible spectrum.26 Udayabhaskararao et al. described a two-step growth mechanism in a 
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follow-up study in 2017.27 They tracked the CsPbX3 PNC growth using electron 

microscopy, observing the seed generation of Pb0 NCs followed by CsPbX3 nucleation. 

    The LARP (Ligand-Assisted Reprecipitation) approach is a simple and cost-effective 

way to create colloidal PNCs.22,23 By supersaturating precursors in a solvent, a 

nonequilibrium condition is generated, causing PNCs to precipitate. These PNCs are 

stabilized by capping with long-chain acid or amine ligands. Adjusting the temperature, 

adding a subpar solvent, or letting the solvent evaporate can all cause supersaturation. 

Zhang and colleagues (2015) presented the LARP approach for PNC synthesis.21 To 

produce colloidal MAPbBr3 PNCs, they dissolved ligands (alkyl amine and carboxylic 

acid) and precursors (PbBr2 and MABr) in DMF. The precursor solution was then 

introduced into toluene at room temperature under constant stirring and finally got the 

crystals a yellow solid. 

1.3.2 Preparation of thin films 

Films of halide perovskites are employed as working layers in light emitters and energy 

harvesters. The stability and surface chemistry of the perovskite layers largely dictate the 

devices' optical and electrical characteristics.28–30 Although extensive research has been 

conducted, many aspects of the crystallization process and surface properties of 

perovskite thin films remain unresolved.  

   Several deposition techniques have been conducted for the production of homogeneous 

high-quality thin films with different advantages and suitable conditions for target 

applications. Among these, the most common deposition methods are spin coating, 

doctor-blade coating, drop-casting, and spray coating, each of these techniques presents 

huge differences in operational principles, scalability, and film qualities. These methods 

can produce these perovskite films in one or two steps by depositing their precursor 

solutions (Figure 1.4).31 A highly luminous polycrystalline film can be created by 

depositing precursor salts in DMF, GBL, or DMSO, followed by drying and annealing.32 

Perovskites will be aided in nucleation and growth by the solvents' temperatures and low 

pressures. The settings utilized to prepare perovskite thin films have a significant impact 

on the crystallization process. Sequential deposition can produce films of excellent 

quality by first applying the first precursor mixture to a surface, drying it, and then 

applying, drying, and annealing a second precursor solution.33 
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Figure 1.4 General methods for synthesizing perovskite films. (a) Sequential deposition 

of the precursor solution.23 

    Among the most important challenges for preparing high-quality perovskite thin films, 

the shape control of produced nanoparticles is a key challenge. The shape and size of 

nanoparticles are considered to be very important factors that seriously influence optical, 

electronic, and structural properties in perovskite materials, highly related to the device 

performance. The diffusion of charge carriers occurs in PNC thin films with densely 

packed nanocrystals, resulting in a loss in quantum confinement. The enhanced dielectric 

screening in these films helps excitons dissociate into free carriers, allowing them to 

move.34  

    Therefore, it is crucial to fabricate these dense nano-structures to learn more about the 

diffusion and migration of charge carriers. These assemblies are prepared utilizing simple 

spin-coating and drop-casting techniques for making ligand-assisted self-assembled films. 

For example, a double-stage spin-coating method can be used to deposit PNCs suspended 

in toluene onto a material to create highly luminous nanocrystalline films, first at low 

speed (100 rpm for one min) followed by high speed (1000 rpm for three min).35 
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1.3.3 Synthesis of chalcogenide quantum dots 

In the current period, there were various preparation methods were reported, including 

sol-gel, co-precipitation, microemulsion, facile, and other approaches. The sort of 

synthesis process is generally determined by the desired application and specific material 

requirements, as each methodology has distinct advantages and limits. In some cases, one 

method may work well, while in others, the same procedure may not be suitable due to 

differences in conditions and basic materials employed. The choice of the method of QD 

synthesis is a crucial step that directly influences the quality, size, shape, and functionality 

of the key parameters for specific applications of QDs. Additionally, precursors, such as 

metal salts, organic ligands, or solvents, critically account for the synthesis strategy or 

conditions to control QDs in synthesis. QDs are typically synthesized using one of two 

fundamental strategies, top-down or bottom-up methods, each with distinct mechanisms, 

advantages, and limitations. 

     The strategy of this method creates nanoparticles (NPs) by breaking down bigger units 

into smaller ones, which are then transformed into nanometric scale particles. As 

illustrated in Figure 1.5, this approach is used in a variety of processes, including laser 

ablation by Amendola and Meneghetti, 200936 and Hulteen et al., 199937; ball milling by 

Cundy and Liversidge, 199538; and Liversidge-Merisko et al., 200339, nanolithography, 

sputtering, and thermal control (Bikiaris and Chrissafis, 201140). However, the primary 

drawbacks of this method are the inclusion of contaminants and structural flaws through 

patterning during the formation of QDs.41 
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Figure 1.5 Nanoparticle synthesis via a top-down approach, (A) mechanical milling (B) 

nanolithography (C) thermal decomposition, (D) laser ablation, and (E) sputtering.42 

     The bottom-up approach, often referred to as the self-assembly strategy, constructs 

nanostructures by assembling fundamental units into larger, stable configurations through 

the controlled influence of nanoscale physical forces. Using this method, nanostructures 

are created by additional self-assembly once the required material is reduced in size. Self-

assembly relies on nanoscale physical forces to transform basic units into larger, uniform 

structures. The creation of nanostructured particles from colloidal dispersions and the 

development of QDs through epitaxial growth serve as common examples. This method 

combines a variety of laboratory-based techniques, often referred to as colloidal 

techniques such as the sol-gel method, ion-exchange reactions, hot injection, co-

precipitation, and hydrothermal techniques. 
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Figure 1.6 The hot-injection technique (a) TOPX (TOPSe, TOPS, or TOPTe) is present 

in solution I. (b) TOPO solution and TOPM (TOPCd) at elevated temperatures (often 

above 200 °C) are present in solution II. (c) little aliquots of QDs of varying sizes were 

collected at various times. 

    The standard process for preparing QDs, which involves heating particular organic 

solvents and adding precursors, was developed in 1993 by Murray et al.15 To make the 

Se and Cd solutions, Se and Cd(CH3)2 are mixed with tri-n-octylphosphine (TOP) 

solutions, as shown in the schematic design of Figure 1.6. In a batch reactor, these 

solutions are swiftly poured into a heated trioctylphosphine oxide (TOPO) solution in an 

inert environment.15 By acting as a high boiling solvent and stabilizing ingredient, TOPO 

enables the mixture for gain raised temperatures (at 320 °C). TOPO acts as both a 

protector and a solvent with a high boiling point, allowing the solution to reach reaction 

temperatures of as high as 320 °. By regulating the growth temperature, QDs of various 

sizes, ranging from 1.5 to 11.5 nm, could be produced. However, the reactant Cd(CH3)2 

is exceedingly toxic, costly, and explosive, making this approach unsuitable for QD 

synthesis in large amounts. Peng et al. devised an eco-friendly approach for hot-injection 

QD synthesis, which marked a significant development. This technology substituted the 

very toxic and expensive Cd(CH3)2 with the more cost-effective and less hazardous CdO 

to create CdSe nanocrystals, resulting in high-quality QDs without compromising 

performance.18,43 It is widely recognized that octadecene (ODE), a non-coordinating 

solvent, can serve as an alternative to TOPO, a coordinating solvent.44,45 After the 

synthesis parameters are optimized, the final QDs' quality does not decline.46  

     Deng et al. made the manufacture of CdSe QDs more environmentally friendly and 

cost-effective by using oleic acid and liquid paraffin as reaction conditions rather than 
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standard TOP/TOPO.47 Through the careful selection of precursors and optimization of 

synthesis parameters, the hot-injection method has been adapted for the production of 

various semiconductor QDs.48,49  

     Initially, researchers focused on single nanoparticles since they had significantly better 

qualities than materials in balk size. The discovery was that in 1980, semiconductor 

particles that are sandwiched, composite, or heterogeneous are more effective.50–52 The 

evolution of core/shell structures marked a crucial milestone in the early 1990s. To 

enhance the characteristics of these semiconductor materials, researchers created 

semiconductor nanoparticles with several layers. The term "core/shell" was introduced to 

describe nanoparticles consisting of two primary components: the core, which is the inner 

material, and the shell, which forms the outer layer.53–55 Figure 1.7 shows a schematic of 

some core/shell structure types. Of the many different core/shell nanostructures the most 

common are spherical core/shell nanoparticles. Figure 1.7a where a spherical core particle 

is completely enclosed within a shell composed of another material.  

Figure 1.7 Various nanoparticles with core/shell are shown. (a) Nanoparticles with a 

spherical core and shell; (b) Nanoparticles with a hexagonal core and shell; (c) 

nanomatryushka material; (d) moveable core within hollow shell material; and (e) several 

tiny core components covered in a single shell.56 

     A combination of the two techniques can also be applied to maintain precise and 

constant shell thickness. For instance, the top-down method is used to create core particles, 

and the bottom-up method is used to coat them. The overall luminescence of the freshly 
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prepared colloid is enhanced when zinc cations are adsorbed onto the sulfur-enriched 

surfaces of CdS particles, forming a pseudo-ZnS shell, as was noted as early as 1982.57  

Henglein and colleagues later carried out more detailed studies, showing that aqueous 

CdS/Cd(OH)2 samples can achieve a QY of 50% at room temperature and display 

significantly greater resistance to photo-anodic corrosion compared to uncoated CdS 

particles.51 ZnS53 and ZnSe58 shells were successfully deposited onto CdSe in 1990 by 

White and colleagues, and Brus and colleagues using the inverse micelle technique. 

1.4 Photophysical properties of chalcogenide nanocrystals and quantum dots 

1.4.1 Optical properties of halide perovskites 

The [PbX6]
4- octahedra in lead halide perovskites make a strong contribution to the band-

edge electronic structure, which plays a decisive role in classifying these materials as 

direct bandgap semiconductors.59–62 Figure 1.8, sigma (σ*) and pi (π*) antibonding 

orbitals of the conduction band minimum (CBM) arise from the hybridization of the s- 

and p-orbitals of the halogen with the 6p-orbitals of lead. By comparison, the VBM is 

primarily composed of s- and p-orbitals of the halogens and 6s- and 6p-orbitals of Pb. It 

thus follows that the bandgap and optical properties are defined by the [PbX6]
4- octahedral 

framework. While the composition of the halogen changes from chlorine to bromine and 

further to iodine, the contribution of the halide p-orbitals increases to the VBM. An 

enhanced orbital mixing between the halide p-orbitals and the Pb s-orbital results in a 

systematic reduction of the optical bandgap energy (Eg) in the order of I < Br < Cl.59,63  

Figure 1.10B shows that the PL of perovskites can be precisely modulated within the UV-

visible to near-infrared spectrum by changing the halogen composition via anion 

exchange, thus offering variable optical properties for different applications. 
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Figure 1.8 (A) Depicts the band-edge states of lead halide perovskites, emphasizing the 

role of spin-orbit coupling and the total angular momentum associated with the electron 

states. Adapted from Chouhan et al.19 and Utzat et al. (B).64 

    Spin-orbital coupling (SOC), which results from the mixing of orbital-angular 

momentum ( p, d, and f orbital electron motion) and spin-angular momentum (electrons 

rotate either clockwise or anticlockwise around their axis) affects the optical bandgap in 

lead halide perovskites.61,62,65 SOC significantly lowers optical bandgap energies in lead 

halide perovskites by splitting the three-fold degenerate CBM into higher-energy 

quadruplet states and lower-energy doublet spin-orbit split-off states. The perovskites' 

optical properties are influenced by SOC through CBM modification, which is linked to 

the octahedral tilting and the compositions of the cations positioned at the A-site and B-

site.65–68 A decrease in the Pb-X-Pb dihedral angle from its optimum value (180°) causes 

an octahedral tilt when the size of the A-site cation's size shrinks from a bigger FA+ to a 

smaller Cs+.59,65,66 The lead halide perovskites' crystal structures with and without 

octahedral tilting are depicted in Figure 1.9.  

    Halide perovskites are generally characterized by their direct bandgap nature. Recent 

research suggests that the noncentrosymmetric lattice structure in halide perovskites may 

lead to Rashba or Dresselhaus band splitting.69 Quantum confinement is normally weak 

in perovskites due to their rather large exciton Bohr radius, providing a means whereby 

electronic and optical properties remain unaltered with nanoscale reduction in size. This 

interaction gives rise to excitonic states characterized by total angular momentum 
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quantum numbers (J) of 0 or 1. These states are created by the so-called Rashba effect, 

which is a consequence of the loss of inversion symmetry in the perovskite crystal lattice. 

In detail, the Rashba effect arises from the interplay between spin-orbit coupling and an 

asymmetry of the crystal electric field concerning the spatial coordinate; this interplay 

gives rise to a splitting of energy levels depending on the spin and momentum of electrons. 

The heavy nucleus of lead creates strong momentum-dependent interactions, resulting in 

spin-orbit interaction that divides the exciton levels into singlet and triplet states.70 More 

precisely, Figure 1.8B presents how the band edge for perovskites has further split into 

three discrete triplet states, which, in turn, appears under the action of the angular 

momentum projections driven by the Rashba effect. 

    Additionally, spin-orbit coupling (SOC) in perovskite materials modifies the optical 

characteristics through CBM manipulation. The structural configuration of lead halide 

perovskites is, in particular, quite heavily influenced by the size of A-site cations within 

the crystal lattice. The cations occupy the central voids between the corner-sharing PbX6 

octahedra and vital importance to stabilize the lattice structure and thus dictate the overall 

geometry. As the ionic radius of the A-site cation decreases, the spatial constraints within 

the lattice change, leading to a progressive reduction in the Pb-X-Pb dihedral angle, which 

defines the angle formed by the bonds between lead and halogen atoms across adjacent 

octahedra. Larger A-site cations, such as formamidinium (CH(NH2)2
+, FA⁺), 

accommodate a near-linear alignment of the Pb-X-Pb bonds with a dihedral angle close 

to 180°. However, as smaller cations like methylammonium (CH3NH3
+, MA⁺) and cesium 

(Cs⁺) replace FA⁺, the dihedral angle reduces significantly due to increased tilting of the 

PbX6 octahedra. This is attributed to the decreasing size of the A-site cations, which 

induce greater distortion in the crystal lattice for structural stability. Specifically, for FA⁺, 

the Pb-X-Pb dihedral angle is close to 180°, giving a negligible tilting and thus a more 

symmetric arrangement of the octahedra; for MA⁺, this angle decreases to approximately 

163°, showing noticeable tilting in the octahedral geometry. In the case of Cs⁺, this angle 

is further reduced to about 153°, reflecting an important tilting and more distorted lattice 

configuration. Figure 1.9 provides a structure of these structural changes visually. It 

shows the PbX6 octahedral structure: without tilt (FA⁺) and with tilt in MA⁺ and Cs⁺. The 

latter indicates that the reduction of this dihedral angle depends upon the size of the A-

site cation from virtually unchanged 180° for FA⁺ to very strongly tilted structures for 
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smaller cations, such as MA⁺ and Cs⁺. This tilting has a great impact on the electronic and 

optical properties of the material. Changes in the Pb-X-Pb angle affect the orbital overlap 

between lead and halogen atoms, which alters the bandwidth of the conduction and 

valence bands. This tilting thus affects the bandgap energy and charge transport properties 

of perovskites, besides photophysical behavior, rendering the kind of A-site cation 

important to adapt these materials to particular requirements for photovoltaic or light-

emitting diodes and other optoelectronic applications. 

Figure 1.9 The structural configuration of halide perovskites undergoes notable 

deformations that are closely tied to the size of the A-site cation. Adapted from the work 

of Manser et al. 59 

     In general, the tilting of PbX6 octahedra in halide perovskites largely influences the 

electronic structure due to a change in the SOC strength. The SOC is an important factor 

in defining band-edge electronic properties and depends strongly on the orbital overlap 

between Pb and X atoms within the perovskite lattice. On the tilting of PbX6 octahedra, 

the orbital overlap reduces due to the distortion in bond angles, specifically the Pb-X-Pb 

dihedral angle. This reduction in orbital overlap leads to a decreased contribution of the 

Pb orbitals to the band-edge states. Since the SOC strength is directly related to the mixing 

of Pb's heavy 6s and 6p orbitals with the halogen orbitals, the weakening of SOC changes 

the band structure. With this effect of reduced SOC, in particular, the strength translates 

to an expanded bandgap by a shift in CBM upwards and a shift in VBM downward. 

Modifications within the bandgap bring immediate effects on optical properties. 

Consequently, the absorption and PL spectra of the material blue shift due to the 
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expansion of the bandgap. This effect is graphically portrayed in Figure 1.10, showing 

how such tilting of octahedra, the SOC strength, and spectral shifts are all connected. 

    Octahedral tilting may arise from a change in the structure of the crystal from cube to 

square or different phases. Additionally, the perovskite lattice is sensitive to 

temperature,71,72 pressure,73,74 which results in this crystal phase shift and octahedral tilt. 

As a result, these variables affect the band-edge electrical structure, which in turn affects 

the Eg values and, ultimately, the optical characteristics of these materials. In addition to 

octahedral symmetry and chemical composition, quantum-size effects or quantum 

confinement also affect lead halide perovskite’s optical properties.19,75–77 

 

Figure 1.10 (A) Colloidal CsPbBr₃ PNCs dissolved in toluene show brilliant PL upon 

excitation by UV light, (B) PL spectra of CsPbBr₃ PNCs after undergoing halide ion 

exchange to tune their emissive wavelengths, (C) The corresponding UV-vis absorption 

and PL spectra show excellent light absorption and efficient radiative recombination for 

halide-exchanged CsPbBr₃ PNCs. These data, adapted from the referenced study, (A, C) 

Protescu et al. 19 and (B) Bekenstein et al. 75 

   The quantum confinement effect, when the size of a material approaches the exciton 

Bohr radius, has more and more significant influence, and thus it has caused a blue shift 

of PL bands and absorption edges. For nanostructures, where the dimensions are reduced 

to this scale, the increased spatial confinement of charge carriers raises their energy by 

the restriction of their movement. It leads to bandgap widening, shifting the material to 

absorb and emit light at shorter wavelengths, hence a blue shift in its optical spectra. The 
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change of CsPbBr3 PNCs from 3D nanocubes to 2D nanoplatelets is an example of this 

effect. Transitioning from a three-dimensional (3D) geometry into a two-dimensional 

(2D) geometry reduces the dimensionality of quantum confinement, thereby further 

constricting the motion of charge carriers.75 In nanocubes, confinement is along all three 

spatial dimensions, while in nanoplatelets, the confinement is essentially along the 

thickness dimension, significantly changing the electronic and optical properties. 

1.4.2 Optical properties of chalcogenide quantum dots 

Well-designed QDs have a small diameter (between 2 and 20 nm), which allows them to 

have unique electrical characteristics, good photostability, and exceptional brightness 

with high PLQY.78 In QDs, the excitons are firmly contained in three dimensions and 

bound by Coulomb interactions. The confinement effect, which is determined by size and 

form, influences the optoelectronic properties of the materials 79  

     In addition, when the size of particles in a material is decreased down to the nanoscale, 

some remarkable changes in its electronic and optical properties show up as a result of 

the quantum confinement effect. It arises when the size of a particle becomes comparable 

to, or less than, the natural size of an exciton described by the Bohr radius. This 

confinement spatially confines the charge carriers-electrons thereby reducing the energy 

states to discrete rather than the continuous bands found in bulk. This confinement 

increases the interband energy and thus broadens the bandgap; the consequence is the 

shift in the optical absorption and emission to higher energies-short wavelengths. In 1990, 

Luis Brus and Moungi Bawendi first realized the basic concept of quantum confinement 

and its effect on optical absorption in QDs.80 They were able to determine how the 

decrease in the size of the particle modifies the electronic structure by molecular orbital 

calculations, giving rise to size-dependent optical properties. Their work provided 

essential insight into how QDs behave differently from their bulk counterparts. 

    CdX QDs show narrow Gaussian emission spectra and a wide and continuous 

excitation range. The first exciton peak is 15–30 nm less than the PL peak, and additional 
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excitonic peaks emerge at shorter wavelengths.81,82 These QDs show broad absorption 

when excited above their band-edge states. Figure 1.11 displays the PL and absorption.  

Figure 1.11  PL and absorption spectra of (A) CdTe, (B) CdSe, and (D) CdS QD illustrate 

spectral redshifts caused by the crystals' size changes over time. Reprinted from Ref.83 

     The PL intensities of  QDs are determined by the relative states of the valence band 

(VB) and conduction band (CB), as well as the core and shell band gaps. Excitons are 

confined within the core by shells with larger bandgaps, and the PL wavelength is decided 

by the core's energy gap. CdSe/CdS, CdTe/CdS, and CdSe/ZnS are examples of such 

types of QDs.84 However, the core's surface activity is reduced by the thickness of the 

shells. As observed in ZnS/CdSe and CdS/CdSe QDs, the excitons on the shell are 

somewhat confined when a narrow bandgap material is coated over a broad bandgap core 

material. Even though such techniques have shown an improved ability to resist 

photobleaching, the PLQYs were low. These issues might be resolved by covering the 

surface with a material with a broad bandgap.   
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    To restrict carriers on the shell and core, staggered-type QDs are designed with the 

core of VB and CB at a smaller or larger state than the shell. This structure effectively 

facilitates electron and hole separation, extends decay times, and enhances wavelength 

tunability. CdTe/CdSe, CdS/ZnSe, ZnTe/ZnSe, and CdSe/ZnSe, ZnTe/CdS, CdTe/CdS,  

are a few examples of this type. The application of additional multi-shell coatings 

enhances the physical and photonic characteristics of QDs, such as their bandgap, PLQY, 

PL lifetime, and PL 

 wavelength.79,85,86 

1.5 Charge carrier properties  

Photoexcitation produces excitons (bound electron-hole pairs) due to strong Coulomb 

interactions. Exciton binding energy depends on size, with smaller QDs having higher 

binding energy due to stronger confinement. At room temperature, QDs with low exciton 

binding energy can dissociate into free electrons and holes. Carrier mobility is usually 

limited in isolated QD systems because of quantum confinement and scattering at the 

borders. In well-assembled QD films, where electrical coupling between QDs is improved, 

electron and hole mobility can rise. Because of faster recombination and more overlap 

between the electron and hole wavefunctions, smaller QDs have shorter carrier lifetimes.         

To determine the diffusion length (LD) of charge carriers in a material, we can use the 

relationship between the charge carrier lifetime (τ) and the diffusion coefficient (D), as 

shown in Equation (1),  

LD= τD……..(1) 

    This equation, again, points out that the diffusion length is directly related to the charge 

carrier lifetime and the diffusion coefficient. Here, τ is the lifetime of a carrier, being an 

electron or hole, while the diffusion coefficient, D, is defined by the speed at which 

carriers diffuse through a material. The relation by Einstein provides a link between the 

diffusion coefficient, D, and carrier mobility, µ, under field-free conditions expressed in 

equation (2), 

µ= Dq/KBT…….(2) 

Where q is the electronic charge, kB is Boltzmann’s constant, and T is temperature. This 

relationship shows that the diffusion coefficient can be expressed in terms of carrier 
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mobility, which is a measure of the speed at which charge carriers move under an electric 

field. 

By substituting the expression for D from Equation (2) into Equation (1), one can 

calculate the diffusion length (LD) if the charge carrier mobility (µ), temperature (T), and 

charge carrier lifetime (τ) are known. This relationship allows us to gain insight into the 

behavior of charge carriers in materials, such as semiconductors or perovskites, which are 

critical for applications in solar cells, light-emitting devices, and sensors. 

Charge carrier recombination, which refers to the process in which an electron and a hole 

recombine, releasing energy, can be modeled by a differential equation that accounts for 

the rate of change in carrier concentration (𝑛) over time. The recombination dynamics are 

governed by several processes, including third-order, second-order, and first-order 

recombination, as described by equation (3), 

    dn/dt= -k3n
3-k2n

2-k1n…..(3) 

In this equation, n represents the concentration of total charge carriers (electrons and 

holes), and 𝑘1, k2, and 𝑘3 are the rate constants for first-order, second-order, and third-

order recombination processes, respectively. The rate of change of 𝑛 is negative, 

indicating that as time progresses, the carrier concentration decreases due to 

recombination. 

     To understand carrier diffusion paths, the diffusion coefficients must be estimated. 

Crystal defects and local characteristics can both have a major impact on diffusion 

coefficients. For a single crystal, a wide range of local diffusion coefficients has been 

observed, ranging from 0.3 to 2 cm2s-1, depending on trap density and crystal shape.87 

Diffusion lengths, mobility, and carrier lifetimes are the main factors influencing the 

monomolecular, bimolecular, and Augur recombination rates. Monomolecular 

recombination rates are influenced by trap states. Nevertheless, thin-film exciton 

recombination is not much aided by the low exciton binding energies. The fact that the 

exciton recombines with a trap in the band gap is widely known. As a result, 

monomolecular recombination rates have a direct correlation with the number of trap 

states. 

     Halide and B-site cation compositions influence charge carriers during bimolecular 

recombination.88 This mechanism is dominant at modest charge carrier density. When the 

trap state concentration is low, the major relaxation pathway is radiative recombination. 
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Furthermore, In perovskite, auge-assisted recombination is dominant for elevated charge 

carrier ratios and excitation intensities. Langevin recombination, which occurs when 

excitons are inside their shared coulombic area, is generally encouraged by free carriers 

in low-mobility systems. The bimolecular recombination rate present in halide 

perovskites is essentially distinct from this recombination process. Consequently, halide 

perovskites have substantial carrier mobility for non-Langevin bimolecular 

recombination.23,87  

     An accurate understanding of halide perovskites' charge carrier characteristics is 

essential for developing photovoltaic and optoelectronic applications. These materials 

have distant carrier diffusion, strong charge carrier movement, and longer charge carrier 

lifetimes. Charge transport converts photoexcited excitons to hot electric charge states, 

which dissociate into neutral charge carriers in less than 1 ps. There have been reports of 

a high number of charge carriers in halide perovskites. The lifetime is primarily governed 

by electron fractional distribution, electrostatic screening, exciton binding force, and 

exciton diffusion, among other factors. (Figure 1.12) 

Figure 1.12  STEM images of  (A) QD, (B) FAPbBr3 QD, (C) Electron transfer (D) Time-

resolved PLdecay of FAPbBr3 PNCs film. Reproduced from (A) Yoon et al.89 (B) Zhang 

et al.90 (C, D) Nair et al.91 
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     Due to their densely packed nature, the films of PNCs intrinsically possess several 

unique properties, which make them highly promising for further advanced 

optoelectronic applications. The high dielectric constants efficiently screen the 

Coulombic interactions between charge carriers and low exciton binding energies, thus 

promoting efficient separation of electron-hole pairs and enabling free carriers 

prerequisite for photovoltaic and light-emitting applications. Electron delocalization and 

hole localization are common phenomena in halide perovskites, which contribute to their 

remarkable charge transport properties. The mean free paths of electrons in these 

materials lie in the range of 10-30 nm, which suggests that electrons can travel for 

considerable distances without being scattered. These characteristics are very important 

for effective charge collection and transport in devices. High-resolution STEM and TEM 

images of densely packed PNC films confirm that interparticle distances are of the order 

of 1.6 nm. This distance is consistent with the thickness of the most commonly used 

surface ligands during the synthesis to stabilize the nanocrystals, such as oleic acid and 

oleylamine. While these ligands prevent aggregation and maintain colloidal stability, their 

presence also affects the optical and electronic properties of the films. The interparticle 

spacing induced by the ligands reduces exciton-to-free carrier conversion due to partial 

confinement of the excitons within individual PNCs. 

     In this context, the control of recombination dynamics of charge carriers becomes 

crucial. Radiative and nonradiative recombination processes have a great impact on the 

efficiency of PNC-based devices. The effective management of such dynamics requires 

a deep understanding of the distribution and behavior of charge carriers in densely packed 

PNC films. Optimization of ligand length, packing density, and the degree of electronic 

coupling between adjacent PNCs is necessary for better performance. A way to surmount 

these challenges requires intensive engineering of the composition and structure in PNC 

films for superior interparticle coupling while retaining stability, thereby enabling the 

designing of perovskite-based devices with superior efficiency, stability, and 

functionality across a wide gamut of applications in LED, photodetectors and solar cells. 
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1.6 The photoinduced electron transfer process 

A basic process known as photoinduced electron transfer (PET) uses photoexcitation to 

transfer an electron from the donor to an acceptor (D-A).92 When light is absorbed, the 

donor molecule or substance becomes stimulated, allowing the passing of an electron to 

the acceptor more energy efficient. PET is essential for a variety of natural and artificial 

processes, including photosynthesis, photovoltaics, photocatalysis, and molecular sensing. 

Electron bands in materials and electron orbitals in molecules are two terminology often 

used to describe where electron transfer. To keep things simple, the description below 

will be expressed in terms of molecular level. It is possible to stimulate an electron in a 

ground state orbital to a higher energy orbit when a beam of light interacts with a molecule. 

An electron donor can replace the vacancy created in a ground state orbital by its excited 

state. It produces an electron that can be carried to an electron acceptor at a high-energy 

level. A photoexcited molecule can act as an oxidizing or reducing agent in these contexts. 

Photoinduced oxidation 

A (donor) + hν → A* 

A* + B (acceptor)  → A+ + B-  

Photoinduced reduction 

A* + B  → A- + B+  

Figure 1.13 depicts the mechanism. 

 

Figure 1.13 Charge transport dynamics in a donor-acceptor system (D-A) are shown 

schematically. Reproduced from93  

    Both processes finally deliver an electron to a higher energy level at its previous 

location. When dealing with semiconductors, what is commonly called a charge-

separated electron-hole pair. The reaction free energy (ΔG°) determines the rate of 
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electron transfer.94 When an excited donor particle (D*) and a ground-state acceptor 

particle are separated by RC, the free-energy change for photoinduced electron transfer 

(1) is expressed as ∆G(RC).  

A* + B — A+ + B- ∆G(RC)         (1) 

The Rehm-Weller and Marcus equations help estimate the formation of free energy 94 and 

predict the feasibility of electron transfer. 

ΔG0
et= Eox - ERED – E00 + C        (2) 

Where E00 is the zero-zero transition energy, Eox is the donor’s oxidation potential, and 

ERED is the acceptor reduction potential. Considering the solvent reorganization energy 

for the charge transfer state, the ΔG0
et can approximate employing the Marcus equation.  

ΔG0
et = Eox – ERED – E00 + e2/2 ( 1/rA + 1/rD – 2/Rcc) (1/ɛT – 1/ɛREF) – e2/ɛREFRcc        (3) 

Where rA is the effective radius of the donor, and rD is the effective radius of an acceptor. 

ɛT and ɛREF are the dielectric constant of the solvent and reference solvent, respectively. 

Rcc is the center-to-center distance between the donor and acceptor. The negative ΔG0
et 

value indicates whether the PET is feasible or not. 

1.6.1 Photoinduced electron transfer from halide perovskites 

Perovskite QDs (PQDs), nanocrystals, and perovskite materials films show promise for 

solar cells. The efficiency of solar cell charge separation is impacted by variations in 

photoinduced electron transfer (PET) rates. Perovskite samples doped with electron 

donors or acceptors facilitate PET analysis and the effective harvesting of charge carriers. 

PET has hence created considerable interest in the donor-acceptor systems based on 

perovskites. The highly negative Gibbs energy changes of PET were theoretically 

calculated using the size of the donor-acceptor, redox potentials, and solvent dielectric 

constant. PET's dynamic nature is evidenced by a fall in the fluorescence, fluorescence 

(PL) lifetimes, and PL photocounts of donors as acceptor concentrations grow.95Because 

of their high absorption coefficients in the solar spectrum region, wide and adjustable PL 

color, long-range charge carrier diffusion, superior defect tolerance, and high PLQYs, 

halide perovskite QDs are appealing for use in optoelectronic technologies.76,90,96–98 The 

charge carrier extraction efficiency in perovskite-based solar cells improves power 

conversion efficiency.  A variety of electron acceptors was used in the PET system, 
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including SnO2, (PCBM-C61/71), TiO2, fullerene (C60), and 7,7,8,8-

tetracyanoquinodimethane (TCNQ) And 1,2,4,5-tetracyanobenzene (TCNB), 95,99–103 

Because of possible uses in solar cell technology, charge transport investigations is 

important in electron donor-acceptor (D-A) systems and recently gained a lot of attention. 

For instance, Jeong et al. observed that TCNQ was used as an electron acceptor in the 

experiment and PET was transferred quickly from the donor (electrode) to TCNQ. PET 

from the electrode to TCNQ and employed TCNQ as an electron scavenger in 

photoelectrochemical investigations.104 Additionally, sandwiched multiple 

graphene/TCNQ electrodes were developed by Hsu et al. for photovoltaics, in which two 

graphene layers are connected by TCNQ molecules.105 TCNQ's strong electron affinity 

contributed to its high PCE. In another group Wu and his colleagues demonstrated 

effective charge separation was found from perovskite materials to acceptors 

(phenothiazine and benzoquinone).106 In a recent investigation, Long and associates 

claimed great efficiency for a PSC employing TiO2 as the electron acceptor and showed 

quick interfacial charge separation.107 In this case, the perovskite TiO2 interface has a fast 

electron injection rate. This work provides a tiny time-domain account of interfacial 

electron transmission through simulation. Yang and associates used fullerene derivatives, 

including PCBM, as an electron transport layer in an inverted perovskite solar cell to 

achieve a power conversion efficiency (PCE) of 20.6%.108 These PNC electron transfer 

systems were created with heterostructures and the distribution of D-A heterojunctions 

should be used to choose the best design.109 The charge mobility at interfaces is shown 

by both the PL lifetime and transient absorption (TA) measurements when electron- and 

hole-accepting materials are present.88 However, photogeneration, transfer of electrons, 

and distance-dependent movement in these junctions remain complex and need further 

investigation. Our lab team demonstrated how C60 affected the PL of the FAPbBr3 PNCs 

film.110 It shows how moving carriers in PNC films are channeled into C60. They 

discovered that interfacial electron transport in PNC-based D-A junctions is both 

diffusion-controlled and distance-dependent (Figure 1.14). 
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Figure 1.14 PL lifetime of donor-acceptor films based on distance. (A, B) Photographs 

and schematics of PNC films containing (A) FAPbBr3:C60 or (B) FAPbBr3:TiO2 

interfaces under (i) room light and (ii) UV light. Photocount maps of FAPbBr3:C60/TiO2 

films were acquired at 1000 μm, 0 μm, and 0 μm from the FAPbBr3:C60 interface, 

respectively. Figures (D, E) show that The PL decay patterns of FAPbBr3:C60/TiO2 films 

were explored from 1000 to -200 μm from the PNC.C60 and PNC-TiO2 interfaces.110 

    Most perovskite-based optoelectronic devices are not able to realize effective electron 

transfer because of many challenges from intrinsic properties of perovskite materials, 

interactions with adjacent layers, and structural quality of the films themselves often 

prohibit such processes. Such reductions in efficiency and stability make the elucidation 

of the underlying issues highly critical. One of the main issues is trap states, which are 

generated by defects in the perovskite crystal lattice. Such defects can occur in a few 

different forms, including interstitial atoms, vacancies, and grain boundaries. The trap 

states capture the charge carriers before they are effectively collected or utilized, causing 
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nonradiative recombination losses. This fact drastically reduces the overall efficiency of 

the device. The defects are particularly concentrated on the surfaces of perovskite films, 

where they act as recombination centers and inhibit electron extraction. These surface 

defects are more pronounced in polycrystalline films because of grain boundaries that 

introduce additional recombination sites or barriers to charge carrier movement. The most 

general polycrystalline perovskite films, obtained through device fabrication, are full of 

grain boundaries. Such grain boundaries disrupt electron transport by acting as 

recombination sites or as physical barriers to carrier transport. Further complications in 

charge transfer arise due to the presence of nonuniform grain sizes, originating from 

poorly controlled crystallization upon film deposition. The larger grains allow better 

pathways for charge carriers, while smaller ones increase the chances of recombination, 

thus leading to efficiency losses. That also depends on the proper alignment of energy 

levels between the conduction band of the perovskite material and that of the electron 

transport layer. Poorly matched energy levels create barriers for electron injection into 

the ETL, reducing efficiency in charge extraction. Such mismatches result in increased 

recombination and energy losses, hence reducing device performance. Poor contact with 

the ETL arising from nonuniform perovskite films introduces resistive losses and 

localized charge accumulation. This can be further propagated inhomogeneously, perhaps 

leading to the enhancement of recombination and, consequently, overall efficiency 

degradation. A uniform thickness and consistent morphology of grains are thus a very 

important property that has to be ensured for achieving efficient charge transport and 

minimal loss. 

1.6.2 Photoinduced electron transfer from chalcogenide quantum dots 

Because of their excellent photoemission properties and multifunctionality, chalcogenide 

QDs have attracted enormous attention in modern nanotechnology. Serving as 

photoelectrical conversion sources after optical excitation, these QDs may be useful in 

providing an avenue toward the development of advanced optoelectronic and 

photovoltaic systems. Upon light excitation, QDs form excitons, which are electron-hole 

pairs bound through Coulombic attraction.111,112 Eventually, the electron-hole pairs can 

be separated (Figure 1.15), which enables the newly created charge carriers to leave the 

nanoparticle and interact with the environment. Inorganic QDs during their synthesis and 
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subsequent processing are invariably coated with organic ligands to maintain colloidal 

stability. The nature of these surface ligands has a crucial role in modulating charge 

generation and its separation within the nanoparticles. The surface modifications may 

include secondary charge transfer pathways, charge carrier generation rates, and electron-

hole recombination processes, whether radiative or nonradiative. All these factors 

together govern the photophysical behavior of QDs, which has implications in its 

applications like photovoltaics, photocatalysis, bioanalysis, LEDs, and QD-based cellular 

automata.  

Figure 1.15 A schematic illustration of photo-induced charge transfer between a QD and 

charge acceptors is presented. Valence bands are denoted by VB and conduction bands 

by CB.113 

    Such an alignment is favorable for electron transfer when the energy level of the 

ligand's lowest unoccupied molecular orbital is at or lower than that of the QD core's CB 

edge. In this energetic configuration, photoexcitation would provide an electron in the 

conduction band of the QD with enough driving force to move onto the LUMO of the 

ligand acting as an electron acceptor. Various types of compounds, such as ethylene 

blue114 Rhodamine B (RhB)115 anthraquinone dyes116, viologen derivatives117, 

organometallic complexes of transition metals118 functionalized fullerenes119, carbon 

nanotubes120, etc. The most relevant kinds of probe molecules for researching charge 

transfer on QD surfaces using optical spectroscopic methods. 

     To investigate how the gap between the electron acceptor and the QD affects the 

electron transfer rate put CdSe QDs in a poly viologen matrix with a native ligand of HS 

single bond(CH2) single bondCOOH (n = 1, 2, 5, 7, 10, or 15). The acceptor moieties 

cannot be PET-active because they are not in direct contact with QDs, unlike isolated 
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viologen molecules. Very fast PET was seen when QDs were coated with mercapto 

carboxylic acid ligands with methylene groups varying from 1 to 7 dispersed in a 

polyviologen matrix. PET rates were substantially greater than those for PDDA and QDs. 

Compared to QDs with short ligands, the PET rate of longer-chain QDs (n = 12-15) was 

much lower. According to the donor and acceptor's energy level positions and ligand 

length, an interesting case of electron transfer has been published. The study looked at 

CdSe and CdTe QD assemblies that were produced in a liquid state by electrostatic 

relations among surface ligands' external polar groups. The interparticle distance, QD 

band alignment, and the direction of the applied electric field all have great effects on the 

PL quenching of CdTe QDs, which pointed out that the nonradiative relaxation pathway 

was introduced due to electron transfer. By simultaneously flipping the surface charges 

of naturally negatively charged CdTe and positively charged CdSe QDs, the researchers 

were able to show that PL quenching due to charge transfer could be avoided. This charge 

flipping is necessary because the electric field between the particles can no longer affect 

the CdTe QDs, thereby distinguishing quenching due to energy transfer from quenching 

affected by charge transfer. In core/shell QDs, shell thickness often becomes a 

determining factor for electron transfer rates. Recently, a system of CdSe/CdS QDs of 

variable shell thickness was studied by Dworak et al., in the presence of viologen as the 

electron acceptor. In the absence of viologen, their transient absorption spectra exhibited 

no variation in the bleach recovery rate as a function of shell thickness. However, in the 

case of adding viologen, it proved that the bleach recovery rate significantly decreased 

with the rise in shell thickness.This result thus indicates that the thicker the shell, the more 

the electron transfer to the viologen acceptor is hindered, reducing the efficiency of 

charge transfer. The variation of electron transfer rates with shell thickness underlines the 

structural and materials considerations involved in the design of QD-based systems for 

optoelectronic applications. Such systems can take advantage of interparticle interaction 

engineering, band alignment, and surface charge modification to optimize performance 

in energy harvesting and sensing, among other nanotechnological applications.             

     Nowadays, one of the most important alternative technologies for the energy transition 

to green energy is the solar cell. Solar cells stand today as one of the major contributors 

to green energy globally. Of the many different solar technologies under development, 

QDSCs are emerging as one of the most exciting approaches due to their exceptional 
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optical and electronic properties. Among the first studies on the perspectives of QDSCs 

were Robel et al., in whose work the basics of further development in this area were laid. 

In their work, Robel et al. used bifunctional linker molecules HOOC-R-SH (where R 

could be C1, C2, or C15) and successfully attached ≈3 nm CdSe QDs onto dispersed TiO₂ 

nanoparticles. These linker molecules were important in providing the chemical bridge 

that enabled strong binding of CdSe QDs onto the surface of TiO₂, hence allowing 

efficient electronic coupling of QDs with the semiconductor substrate. This attachment is 

important in enabling effective electron injection from the photoexcited QDs into the 

conduction band of TiO2, a quintessential operation of QDSCs. Their new approach 

emphasized the optimization of the QD interface. The researchers, by using strong and 

stable interconnections with bifunctional linkers, were able to ensure that improved 

charge transfer was ensured, minimizing recombination losses that are critical for the 

enhancement of QDSC efficiency. In addition to advances in CdSe QDs, several advances 

in PbS-based solar cells are also impressive. Recently, surface modification of PbS QDs 

has emerged as an effective way to enhance the photovoltaic properties of PbS QDs. The 

approaches adopted for the optimization of the electronic properties of PbS QDs involve 

ligand exchange and surface passivation that enhance the stability, charge transportability, 

and light absorption properties. Such modifications reduce the amount of surface defects 

often acting as recombination centers and hence enhance the efficiency of PbS-based 

QDSCs.121 The power conversion efficiency of the cells made using solely PbS QDs 

treated with TBAI was 6%. However, the power conversion efficiency increased by about 

35% (8.2%) when PbS-EDT was used in place of the uppermost QD layers. Band offsets 

existing between two layers of differently surface-capped PbS QDs have been used to 

improve the performance of PbS QDSC. These band offsets served a vital function in this 

device architecture: one, they allowed only a very few charge carriers to migrate, and two, 

while electrons were stopped from transportation to the anode, it allowed better extraction 

of holes. This strategic control of the charge carrier dynamics reduced recombination 

losses, thereby improving charge separation and boosting the overall device efficiency. 

Ehrler et al. further investigate the influence of QD surface trap states on QDSC 

performance. The investigated system was PbSe and PbS QD depletion heterojunction 

solar cells. The trap states arise from defects or unpassivated dangling bonds on the QD 

surface and have been known to act as recombination centers for the photogenerated 
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carriers. Such states have a strong adverse impact on the efficiency of QDSCs by lowering 

the lifetime and mobility of charge carriers. Ehrler et al. reported that in their study, 

surface trap states dominated device performance and that different materials had 

different effects on device performance. Experimentally, it was shown that PbSe-based 

devices yielded a threefold higher PCE of about 3% than PbS-based devices. 122 This was 

ascribed to the lower trap state density in PbSe QDs than in PbS QDs and the more 

effective passivation strategy employed for PbSe surfaces. The study analyzed PbSe and 

PbS-based depletion heterojunction solar cells, finding PbSe-based devices had a three-

fold higher power conversion efficiency of around 3%. 

     PET efficiency is influenced by surface ligands, surface traps, energy band alignment, 

and the distance between the QD and quencher. The dispersed, isolated QDs have no 

electronic coupling between individual QDs. Charge carriers are confined within 

individual QDs and limited carrier mobility due to isolation results in less PET. Recent 

studies by G. Rana. et. al. examined the effect of Cu(I) doping on the PET from aqueous 

CdS QDs to methyl viologen (MV²⁺). Due to hole entrapment by the dopant ion, Cu(I) 

doping breaks electron-hole correlation, which results in a much higher effectiveness of 

PL quenching by MV²⁺ in doped QDs than in undoped ones, according to the study.123 

Faster electron transport for the doped QDs was validated by ultrafast transient absorption 

measurements. 

     In assembled QDs, inter-QD electronic coupling enables charge transport across the 

assembly. PET efficiency increases when excitons or free carriers diffuse to the QD-

quencher interface. In large assemblies, collective effects provide improved charge 

separation. In QD-assembled films (such as CdS or PbS on TiO2) electrons transfer 

efficiently from the QD CB to the TiO2 CB, facilitating photocatalytic processes.124  

1.7 Applications  

QDs are finding applications in various advanced technologies, including LEDs, solar 

cells, and PeLEDs, because of their outstanding optoelectronic properties. The excellent 

color purity from the narrow emission bands of QDs makes their colors highly accurate 

and very suitable for displays and lighting applications. Moreover, QDs can exhibit high 

PLQY, which means that QDs can re-emit an exceptionally high proportion of their 
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absorbed light as visible photons, due to which QDs become efficient and highly 

functional for optoelectronic devices. Perovskite-based solar cells, on the other hand, 

have attracted lots of recent interest in power conversion efficiency regarded as 

remarkable, together with scalable methods of fabrication. QDs, while bringing in 

complementary attributes related to the advance of technology on solar cells. With their 

adjustable bandgap, controlled with high fineness by the size and composition of the QDs, 

it enables QDs to have huge potential as light-absorbing materials. This tunability could 

potentially enable QDs to become effective absorbers in specific regions of the solar 

spectrum while providing good overlap with sunlight to maximize captured energy. Their 

wide absorption spectra also allow QDs to absorb light in a wide range of wavelengths. 

This capability, to further improve solar cell efficiency, enables devices to harvest larger 

portions of the sun's energy. To date, incorporating QDs into solar cells has empowered 

researchers to design multi-junction or tandem devices in which QDs are employed for 

high-energy photon absorption and other materials are utilized toward the capture of low-

energy photons. This can achieve a huge improvement in energy conversion efficiency 

synergistically and therefore will pave the way to next-generation solar technologies. In 

PeLEDs, QDs allow for adequate charge carrier injection and well-balanced 

recombination-introducing high brightness and stability. Their ability to integrate well 

with perovskite material has led to the development of novel device architectures that 

combine their strengths. This opens the way toward high-performance devices from 

displays to efficient light sources. 

     The tunable bandgap, high PLQY, and wide absorption spectrum of QD materials 

make them a keystone in the next wave of optoelectronic development. Their 

incorporation in solar cells and PeLEDs represents a promising route to more efficient, 

durable, and cost-effective renewable energy and lighting solutions.  It is generally 

accepted that PSCs fall into one of two types: p-i-n-i or n-i-p-i. The electron transport 

layer (ETL) and perovskites layer (HTL) enhance the transport and charge extraction 

capacities in both configurations. The HTL is in contact with either fluorene-doped tin 

oxide (FTO) or indium tin oxide (ITO), whereas the HTL is in contact with a counter 

electrode like Au, Ag, Cu, etc. An external load is linked to these electrodes. The figure 

shows the structure of a model of a solar cell. The transport layers HTL or ETL collect 

electron and hole carriers produced by the perovskite absorption layer upon irradiation. 
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Therefore, a key factor in determining PSC performance is the deployment of an 

appropriate charge transport layer. HTLs like 2,20,7,70-terakis-(N, N-

dimetoxyphenylamino)-9,90-spirobifluorene (spiro-MeOTAD) and polystyrene 

sulfonate (PEDOT;PSS) are commonly used, as are a variety of ETLs like TiO2, SnO2, 

and ZnO. (Figure 1.16). 

Figure 1.16 (A, B) QD-based LEDs and solar cells, (B, D) Perovkitess-based solar cells 

and LEDs. Reported from (A) Jang and Jang et al.125 (B) Sukharevska et al.126 (C) Cui et 

al.127 (D) Yang et al.128 

    The lower empty molecular orbital of the ETL should be lower than CBM and the 

higher occupied molecular orbital should be higher than VBM for an energetically stable 

PSC. The most basic and important component for high-efficiency PSC, aside from the 

charge transporting layers, is the crystal quality. A reduction in carrier lifetime and 

mobility can result from shallow or deep charge traps caused by imperfections in 

perovskite thin films or single crystals. The stability of perovskite layers and their 

inherent crystal characteristics are also greatly impacted by several variables, including 

heat, light, oxygen, and moisture. The single-junction PSC power conversion efficiency 

is 26.5%, and the perovskite/Si mukti-junction PSC power conversion efficiency is 29.5%, 

despite these limitations.129  
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1.8 Research motivation and objectives 

Luminescent semiconductor nanoparticles, such as chalcogenide QDs and PNCs, have 

shown great promise as materials for optoelectronic applications of the future. Their 

exceptional qualities, which make them appropriate for a variety of cutting-edge 

technologies, include excellent luminescence QYs, adjustable emission wavelengths of 

light, solution processability, and superior photostability. While the behavior and 

properties of individual nanocrystals are by now relatively well understood, their 

controlled assembly into functional structures containing nanoparticles remains a big 

challenge. This challenge, when responded to, may open up new opportunities both in 

device fabrication and performance enhancement. 

This thesis focuses on three key aspects of PNC assemblies and electron transfer to 

provide insight into how to design and optimize PNC-based systems: 

      In Chapter 3, The formation and properties of PNC assemblies both in solution and 

as a film are discussed. Their interactions with a variety of electron acceptors are analyzed 

to understand the basic principles underlying charge transfer kinetics within the 

assemblies. In particular, the influence of the dense packing of the PNCs on the rates and 

efficiencies of electron transfers is studied. The results of this work will give an overview 

of the design for advanced perovskite-based optoelectronic devices. 

      In Chapter 4, Herein, a new approach is developed to achieve well-dispersed 

assemblies of CdSe/CdS QDs by using molecular cross-linkers. The precision in this 

assembly methodology allows for detailed investigation into the photoinduced electron 

transfer processes and gives insights into the crucial relationship between structural 

organization in QDs and electron transfer efficiency. This chapter develops guiding 

principles in designing QD assemblies with properties tailored for specific optoelectronic 

applications by linking assembly structure to charge transport properties.     

      In Chapter 5, a bio-inspired method is presented for assembling water-soluble QDs 

into mesoscopic structures using trypsin, a proteolytic enzyme. This assembly technique 

enhances the proximity between QDs and electron acceptor molecules, leading to a 

notable improvement in electron transfer efficiency. Such collective behavior is absent in 

isolated QDs, highlighting the significance of mesoscopic assembly design in boosting 

functional performance. 
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    These focused studies aim at establishing the basic design principles of the controlled 

formation of nanocrystal assemblies and at elucidating how assembly architectures 

influence electron transfer processes. This work contributes to an improved 

understanding and expanded practical use of nanocrystals in next-generation 

optoelectronic systems by addressing these basic questions. The insights gained will 

enable the development of new technologies, closing the gap between nanoscale materials 

and functional device applications. 
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Chapter 2 

Experimental 

2.1. General 

This chapter describes the synthesis and characterization processes of several QD 

derivatives and PNCs performed by using various experimental techniques aimed at the 

optimization of properties and functionalities of these nanomaterials. Detailed 

characterizations were performed to evaluate their structural, optical, and chemical 

properties. The synthesized organic compounds were characterized by advanced 

spectroscopy, such as proton nuclear magnetic resonance (1H-NMR) and carbon-13 

nuclear magnetic resonance (13C-NMR) spectroscopy. In addition, ESI-MS was used to 

confirm molecular weights and composition, further confirming the integrity of the 

synthesized materials.  

     PNCs were synthesized through two distinct methods. The employed strategies that 

can be used to synthesize nanocrystals include the ligand-assisted reprecipitation (LARP) 

technique and the hot injection strategy. The method of drop casting was employed to 

produce thin films to undertake further inspection of the deposition of the fabricated 

nanocrystals. To analyze the PNC's optical properties and the electron transfer kinetics, 

UV-visible (UV-vis) absorption spectroscopy and fluorescence spectroscopy were used. 

These methods provided additional essential insights into the materials’ emission 

characteristics and absorption behavior. STEM which offered information about the 

dimensions of the surface morphology of the nanocrystals. The DLS measurement offered 

information about the measures of the size of the nanocrystals in solution. In the actual 

state of affairs of the PNCs, their lifetime was determined, utilizing the Quantaurus Tau 

(Q-Tau) apparatus designed for lifetime measurements. For the film state, the ultrafast 

dynamics of the materials were recorded using the picosecond laser or ps-laser technology. 

These experiments provided a clear understanding of the photophysical behavior of both 

the soluble as well as solid PNCs. In addition, the same spectroscopic techniques were 

applied to the study of CdSe/CdS QDs and their structures.       
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      Indeed, I was able to create well-dispersed ms-QD assemblies through the use of 

trypsin. To comprehensively study the native PL characteristics of ms-QDs, I synthesized 

carboxylic acid-functionalized CdSe/CdS QD (QD-COOH) and monodisperse QDs 

(mono-QDs) for comparative analysis. UV visible (UV-vis) spectrophotometry was used 

to investigate the absorption spectra of the materials. The emission properties, as well as 

the electron transfer capabilities to acceptor molecules, were assessed using fluorescence 

spectroscopy to reveal the three distinctive categories of QDs. Additionally, the lifetimes 

of ms-QD, QD-COOH, and mono-QDs were also determined using the Quantaurus Tau 

(Q-Tau) system which is a highly advanced lifetimes measurement instrument meant for 

acquiring reliable PL decay profiles. Such a comparison afforded some insight into the 

excitonic dynamics and relaxation processes in these material systems and provided a 

greater understanding of how the assembly and functionalization affect the optical 

properties of QDs. The findings help the future applicability of ms-QD assemblies in 

higher-end optical and electronics applications. 

2.2. Materials 

The compounds utilized in this investigation are mentioned below, along with the 

suppliers and analytical grades.  

    Methylammonium bromide (MABr, >98%), lead dibromide (PbBr2, >98%), and oleic 

acid (>85%) were provided from the Chemical Industry of Tokyo, Japan. Sigma-Aldrich 

of Japan supplied ethanol (EtOH, anhydrous, >98%), fullerene (C60), TiO2, 4-hydroxy 

benzaldehyde (>98%), and ethyl acetate (EtOAc, anhydrous, >98%), poly(ethylene 

glycol) methyl ether thiol (CH3O(CH2CH2O)nCH2CH2SH), 4-(4,6-Dimethoxy-1,3,5-

triazin-2-yl)-4-methylmorpholinium chloride (DM-TMM). Hexadecyl amine (HAD, 

>95%), trypsin-5.3mmol/L EDTA, L(+)-Lysine monohydrochloride, dehydrated hexane 

(<99%), acetone, dimethyl sulfoxide (DMSO, >98%), dehydrated toluene (spectroscopic 

grade), dehydrated N,N-dimethyl formamide (DMF),  acetonitrile, dodecanedioic acid, 

methanol (MeOH, >98%) were purchased from FUJIFILM Wako Pure Chemical 

Corporation, Japan. Thiol-poly(ethylene glycol)-carboxyl, 3500 Da, (HS-PEG3500-

COOH) was obtained from Nanosoft of Biotechnology LLC, NC, the United States 

(USA).  
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2.3. Methods 

2.3.1 Synthesis of MAPbBr3 perovskite nanocrystals  

The ligand-assisted reprecipitation (LARP) method1 was followed to prepare MAPbBr3 

NCs. To begin the synthesis, dry DMF (1.0 mL) was used to mix methylammonium 

bromide (MABr, 28.0 mg, 0.250 mmol) and lead bromide (PbBr2, 99.1 mg, 0.270 mmol). 

The prepared precursor mixer was utilized for the subsequent crystallization process. 

Similarly, deoxygenated toluene (50.0 mL) was added into a round-bottom container 

containing oleic acid (0.250 mmol) and hexadecylamine (46.0 mg, 0.191 mmol). This 

ligand solution was then deoxygenated by providing vigorous stirring under an inert 

atmosphere of argon for 15 minutes. Before the incorporation of the precursors, the 

individual mixture was warmed to a temperature of 80°C for the reaction. The precursor 

mixture was added to the ligand combination dropwise once the temperature reached 

80°C. Successful preparation of MAPbBr3 PNCs was evidenced by a color change of the 

solution from green to yellowish orange which shows that crystallization has taken place. 

Figure 2.1 The synthesis method scheme of perovskite nanocrystals (PNCs).                

     Further, the formation of MAPbBr3 PNCs was achieved through centrifugation at 

higher rpm. This collected residue was redispersed in toluene so that there was a 

probability of having a stable suspension of the nanocrystals in this solvent for 

characterization and use in other experiments. This method enabled obtaining MAPbBr3 

PNCs counteracted with good dispersiveness for studying their properties and their 
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possible applications in other fields. In the formation of FAPbBr3 NCs, I use the same 

LARP technique. 

2.3.2 Synthesis of FAPbBr3 perovskite nanocrystals and their assemblies 

Perovskite FAPbBr3 NC assemblies were also prepared via a LARP method, which is 

well-known and commonly used for preparing perovskite nanomaterials. The synthesis 

started with the synthesis of a ligand mixture in which octyl ammonium bromide (0.12 

mmol, 25.2 mg), oleic acid (0.6 mmol), and octadecene (4 mL) was introduced into a 

round-bottom flask. This mixture was then maintained under an anhydrous and inert 

argon atmosphere to minimize its contact with oxygen and stirred at 80°C for 30 minutes 

to ensure homogeneity and activation of ligands. At the same time, the predecessors had 

been produced via dissolving PbBr2 (0.200 mmol, 73.4 mg) and FABr (0.200 mmol, 25.0 

mg) to 400 µL of DMF solution to get a homogeneous solution. When the ligand mixture 

attained stable conditions at 80°C, the precursor solution was gradually introduced into 

the ligand mixture while continuously stirring. Adding hexane and acetone in a 2:1 (v/v) 

ratio to the reaction combination resulted in the instantaneous development of yellowish 

crystals, which are attributed to the formation of the FAPbBr3  PNCs.2-3  The mixture was 

then placed in a centrifuge for 5 minutes at a speed of 12,000 rpm to allow the deposition 

of the solid FAPbBr3 NCs across the bottom of the vial while leaving the supernatant on 

the top. Then the residue was washed times with toluene two times at a higher speed, and 

then lower speed and collected the residue in toluene. This method produced highly 

reproducible FAPbBr3 NC assemblies in terms of optical and structural characteristics 

required for optoelectronic and photophysical applications. 

2.3.3 Synthesis of CsPbBr3 perovskite nanocrystals 

The protocol for the synthesis of CsPbBr3 PNCs has been adopted by Protesescu et al. 

using a hot injection technique.4 Accordingly, 1.1 mmol (420 mg) of PbBr2 was added to 

a three-necked flask with 10 mmol (3.2 mL) of oleic acid and 10 mmol (2.4 g) of 

hexadecyl amine, capped with 50 mL of 1-hexadecene, followed by heating it under 

vacuum at 120 °C for an hour until complete dissolution of the precursors. To prepare the 

cesium precursor solution, in a parallel three-necked flask, 0.15 mmol (30 mg) of cesium 

acetate, 1.2 mL of 1-hexadecene, and 0.5 mmol (180 µL) of oleic acid were heated to 



 

55 
 

120 °C under vacuum for one hour. After the complete dissolution of both solutions, the 

lead bromide solution was heated to 170 °C, with flushing of the system by argon gas for 

30 minutes. Then, the hot cesium acetate solution was rapidly injected into the PbBr2 

solution at this temperature within a couple of seconds, which initiated crystallization. To 

quench the reaction and save the product, it was cooled down in ice within one minute of 

the injection. The obtained CsPbBr3 PNC colloid was centrifugated after the addition of 

50 mL of toluene at 14,000 rpm for 30 min, discarding the supernatant to get rid of 

impurities and unreacted precursors. Precipitates containing nanocrystals were further 

suspended in toluene for further use or characterization.  

2.3.4 Preparation of FAPbBr3 perovskites nanocrystals assemblies in the presence of 

electron acceptors 

Oleic acid (0.6 mmol) mixed with 4 mL of octadecene and octyl ammonium bromide 

(0.120 mmol, 25.2 mg), the combination was held under an argon environment for 15 min 

at 80 °C to form an active gas-free atmosphere. Lead bromide (0.200 mmol, 73.4 mg) 

was dissolved in 400 µL dimethylformamide (DMF) with the appropriate volume of 

formamidinium bromide (0.200 mmol, 25.0 mg) to form a precursor solution. When the 

mixture of ligands attained a steady state at 80 °C, the precursor solution was added to it 

slowly. During this stage, desired product formation was facilitated with the addition of 

a 5.0 µM quencher dissolved in a mixture of acetone and hexane to the reaction system 

with rapid addition. Centrifugation was used to collect the crystal at higher rpm for 15 

min. The residue was then washed with care and kept in toluene for further experimental 

uses. 

2.3.5 Preparation of FAPbBr3 nanocrystal films 

To prepare the FAPbBr3 PNC films, I follow the drop-casting method.5 As shown in 

Figure 2.2, the solution of PNC was subjected to a glass coverslip and air-dried by itself 

at room temperature. To make uniform films, the FAPbBr3 PNCs in toluene must be 

concentrated correctly. Drop-casting a FAPbBr3 PNCs solution onto a glass cover slip 

and letting it dry at room temperature. In Chapter 3, such films were fabricated, and the 

PL lifetime decay profiles were measured. After making the PNC films, the quenchers 

were added separately, and the PL lifetime decays were recorded.6 
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Figure 2.2 A system for producing thin films using a drop-casting process. 

2.3.6 Synthesis of the C60-RCOOH ligand 

The C60-RCOOH ligand was synthesized by the azomethine ylide cyclo-addition 

reaction.7-8 1,3-dibromo propane (49.0 mmol, 10.0 g,), 4-hydroxybenzaldehyde (24.5 

mmol, 2.99 g), and K2CO3 (49.0 mmol, 6.70 g) were mixed, and refluxed in acetonitrile 

(40.0 mL) for 12 h. After the reaction was over, the reaction solution was allowed to cool 

down to room temperature to stabilize it, preventing any thermal degradation of the 

product. The solution was filtered with care to remove all the undissolved solids and 

impurities after cooling. The filtered product would be subjected to reduced pressure, 

usually through the use of a vacuum apparatus, to aid its collection by removing the 

residual solvent. To verify this product's formation and identify any byproducts, thin-

layer chromatography (TLC) was employed. The purification process involved using a 

brine solution and ethyl acetate. Finally, the product was isolated through column 

chromatography using silica (SiO2). The isolated oily products were confirmed by the 1H 

NMR. Yield 56 %. 1H NMR (400 MHz, CDCl3): δ (ppm) 9.90 (s, 1H, -CHO), 7.84-7.87 

(d, 2H, Ar-H), 7.01-7.04 (d, 2H, Ar-H), 4.20-4.23 (t, 3H, -CH2Br), 3.61-3.64, (t, 3H, O-

CH2), 2.34-2.37 (m, 5H, -CH2). 

 

The mixture of K2CO3 (19.3 mmol, 2.67 g) and dodecanedioic acid (9.98 mmol, 2.30 g) 

was heated at 180 ℃ with continuous churning in an argon environment. When it started 

melting by releasing CO2, 4-(3-bromopropoxy)-benzaldehyde (1.50 g, 6.10 mmol) was 

put gradually with continuous stirring. TLC was used to monitor the reaction to confirm 

the production of the product. Acidic water (HCl) and ethyl acetate were used to purify 

the product. Then, column chromatography (SiO2) (5% methanol and 95% toluene 

mixture) was performed to collect the purified product. The obtained brownish solid was 
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confirmed using 1H NMR and 13C NMR. Yield 45%. 1H NMR (400 MHz, CDCl3): δ 

(ppm) 9.90 (s, 1H, -CHO), 7.84-7.85 (d, 2H, Ar-H), 7.0-7.01 (d, 2H, Ar-H), 4.27-4.30 (t, 

3H, -OCH2), 4.13-4.16 (t, 3H, -OCH2), 2.30-2.38 (m, 5H, -COCH2), 2.13-2.19 (m, 5H, -

COCH2), 1.27-1.65 (m, 16H). 13C NMR (CDCl3, 400 MHz): δ 190.9, 179.3, 173.9, 163.9, 

132.1, 130.0, 114.8, 64.8, 60.8, 34.3, 29.4, 28.5, 24.7. ESI-MS: calculated for C22H32O6: 

392.48 m/z, found: 392.22 m/z. 

 

Toluene was used to dissolve 2-(12-(3-(4-formylphenoxy)propoxy-12-oxododecanoic 

acid) (0.500 mmol, 196.0 mg) and N-methyl glycine (2.24 mmol, 200.0 mg). Separately, 

again toluene was employed to dissolve C60 (0.510 mmol, 360.0 mg). The solutions were 

then mixed and bubbled using argon gas. Then, Refluxed was done for 36, and check the 

TLC to confirm. By using column chromatography (SiO2) with 5% methanol and 95% 

toluene, the verified product was obtained. The resulting product was verified using 1H 

and 13C NMR. Yield: 40%. 1H NMR (400 MHz, CDCl3): δ (ppm) 7.71 (s, 2H, Ar-H), 

6.94-6.96 (d, 2H, Ar-H), 4.99-5.02 (d, 2H, -NH2), 4.90 (s, 1H, -NH), 4.22-4.28 (m, 4H, -

OCH2), 4.02-4.05 (m, 4H, -OCH2), 2.80 (s, 1H, -NCH3 2.33-2.38 (t, 3H, -COCH2), 2.26-

2.30 (t, 3H, -COCH2), 1.27-1.65 (m, 16H). 13C NMR (CDCl3, 400 MHz): δ 178.1, 173.9, 

158.9, 156.3, 154.1, 153.7, 153.6, 147.4, 145.6, 142.3, 142.1, 141.6, 140.2, 136.6, 135.8, 

129.0, 114.6, 83.3, 69.9, 69.0, 64.4, 64.1, 40.0, 34.3, 33.9, 29.4, 29.2, 25.0, 24.8. ESI-

MS: calculated for C84H37NO5: 1140.20 m/z, found: 1140.28 m/z. 
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2.3.7 Preparation of CdSe/CdS quantum dots functionalized with carboxylic acids 

The synthesis of CdSe/CdS QDs followed the methodology described in the earlier work. 

9–11 To introduce the carboxylic acid functional group, QDs CdSe/CdS (10.0 mg) were 

added to chloroform (10.0 mL). The QD dispersion was then thoroughly mixed with 

poly(ethylene glycol)-methyl-ether thiol (Mn>2000, 46.1 nmol) and thiol-poly(ethylene 

glycol)-carboxyl (HS-PEG3500COOH, 3500 Da, 11.4 nmol) that had been separately 

dissolved in chloroform. Later, the mixture was sonicated for three minutes before being 

placed in a heat shaker overnight at 25 °C. The process yielded a clear and transparent 

solution, indicating that the components dissolved completely. To initiate the 

precipitation, hexane was added to the solution gradually while stirring until the desired 

product separated from the mixture. The resultant precipitate was collected through 

centrifugation at a high speed of 10,000 g, where the solid material was concentrated at 

the bottom of the centrifuge tube. The supernatant was carefully decanted and discarded, 

containing unwanted soluble impurities. It was washed several times with hexane 

subsequently to remove further traces of impurities and/or unreacted materials, affording 

a higher purity of the final product. After being dried, a yellow-coloured solid was 

obtained, which was identified as QD-COOH. It symbolizes the carboxyl-functionalized 

QDs that might be used in subsequent applications or analyses regarding this study. 

2.3.8 Preparation of assemblies of the mesoscopic quantum dot12 

In the synthesis of ms-QD, 5.0 mg of QD-COOH was dispersed in ethanol (EtOH) and 

subjected to sonication until a uniform consistency was achieved. Carboxylic acid 

activation was initiated by the addition of 0.411 mmol of DMT-MM, followed shortly by 

the inclusion of 0.137 mmol of L-lysine. Further sonication and incubation occurred in a 

heat shaker at 40 °C (1000 rpm) for 12 hours. This is followed by separation by high-

speed centrifugation, which efficiently concentrates the solid material at the bottom of 

the centrifuge tube. The solid was then washed thoroughly with water after centrifugation 

to remove any soluble impurities. The product obtained was then collected and freed from 

residual solvent under reduced pressure, usually with the assistance of a vacuum system, 

to ensure the solid was free of unwanted solvents. The dried solid was dissolved in 10 

mM HEPES aqueous solution, which provides a constant pH value. Then, trypsin (1.0 
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mL, 0.5 wt%) had been added to this solution. Trypsin is an enzyme and thus could have 

been introduced to catalysed some sort of specific reaction. Then, the mixture was shaken 

at 40 °C and 1000 rpm for 12 hours to allow the reaction to take place and the enzyme to 

act on the solution. After the reaction was over, the precipitate was washed once more 

with water to remove residual reagents or byproducts. The washed product was then 

collected and dried again under reduced pressure to remove any remaining water or 

solvents. Finally, the yellow solid, ms-QD, was collected with a yield of 45.6 wt%. The 

as-obtained product was stored in water for further use in subsequent experiments, 

making sure that the product would be in an appropriate form when future analyses or 

applications required it. 

2.3.9 Preparation of monomeric quantum dot  

5.0 mg of QD-COOH was dispersed in EtOH and sonicated. Then, added DMT-MM 

(0.227 μmol) to the sample solution, and sonicated thoroughly. After that, L-lysine (0.103 

μmol) was poured into the mixture solution, and mixed with sonication. The sample 

combination was subsequently kept at a hot shaker set to 1000 rpm and 40 °C for 12 hours. 

Following this period, a precipitate formed and was collected via centrifugation. The 

product was rinsed using water, and any leftover liquid was extracted using decreased 

force. The resulting yellow solid, called mono-QD, was then mixed using water and 

stored for later use. 

2.4 Instrumentations 

2.4.1 UV-vis spectroscopy technique 

This spectroscopy refers to the method of measurement of the amount of electromagnetic 

radiation absorbed by a substance through different wavelengths and frequencies.13 It is 

used in finding the concentration of a substance, its photophysical properties, and 

chemical kinetics, among characteristics of particles. This is a technique based on the 

interaction of light with the material. The relationship between the wavelength of light 

and the energy of the radiation is fundamental to an understanding of the interaction of 

electromagnetic waves with matter. Light, like all other electromagnetic radiation, travels 

in waves with characteristics defined by wavelength distance between successive peaks 

or troughs of the wave. Wavelength is inversely related to the radiation energy. In 
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particular, as the wavelength of light decreases, the energy of the radiation increases, and 

vice versa: as the wavelength increases, the energy decreases. For a substance to absorb 

light, electrons must be excited to some excited energy state, and this requires energy of 

a certain magnitude. Different materials absorb light at different wavelengths because the 

energy required to excite electrons in different bonding sites in the substance varies. The 

electronic transition can be understood by the Frank-Condon principle, assuming that 

during the transition the positions or momenta of the nuclei are not changed. These 

transitions are normally referred to as vertical or Frank-Condon transitions. It follows that 

the Frank-Condon factor will determine the population of the excited state and thus the 

absorption intensity. 

     The normal state of molecules at room temperature is the ground vibrational state 

corresponding to the lowest vibrational energy level (v = 0). Thus, their absorption 

spectrum covers from the ground state (ν = 0) to excited energy levels (ν' = 0, 1, 2, 3, …). 

This originates the fine vibrational structure of an electronic absorption spectrum. The 

transition from ν = 0 to ν' = 0 is called the (0, 0) band, from ν = 0 to ν' = 1 is called the (0, 

1) band, and from ν = 0 to ν' = 2 is the (0, 2) band. This represents the largest overlap of 

vibrational modes because of the vertical transition from the ground state at ν = 0; hence, 

this point will have the maximum absorption value. 

     UV-Vis spectroscopy is based on the Beer-Lambert law, which gives a mathematical 

relationship between the absorption of light by a substance with the properties of the 

medium the light has to travel. According to this law, the amount of light absorbed by a 

substance is directly proportional to two key factors: the concentration of the absorbing 

molecules in the medium and the path length through which the light travels. It also says 

that the absorbance does not depend upon the incident light intensity-that it is determined 

solely by the substance involved in the medium but is independent of the incoming light 

intensity. 

     The Absorbance A of light that passes through a solution may be measured by 

employing a formula given as A = ɛ C 𝑙, in this equation, A represents the absorbance of 

the solution, while ɛ is the molar absorption coefficient, a constant that is specific to the 

substance being analyzed and the wavelength of light used. C refers to the concentration 

of the absorbing species within the solution, and l is the path length, which is the distance 

the light travels through the solution. That means that, according to the Beer-Lambert law, 
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if one of two factors is bigger, the amount of light absorbed by the solution increases, 

making this law quite an important tool in the technique of using UV-Vis spectroscopy 

to ascertain the concentration of an analyte in a solution. In solution, the law assumes 

homogeneity and that the light is interacting with the absorbing species in a 

straightforward, linear manner.     

     The experimental setup for UV-Vis absorption spectroscopy is depicted in Figure 2.3. 

The source, in this kind of spectroscopy, covers a wide range from 190 nm to 1100 nm, 

using both a tungsten lamp and a deuterium lamp to provide the proper light for exciting 

the sample solution. If the sample is exposed to monochromatic light, part of the light is 

absorbed by the light-absorbing particles in the solution. The residual transmitted light 

passes through the sample and is detected by the spectrometer. A spectrometer is any 

device that measures the quantity of light passing through a sample, recorded as 

transmittance. Transmittance is defined as the fraction or percent of light that is 

transmitted through a sample compared to the total light that initially enters the sample. 

    Measurements by spectroscopy were done using either an Evolution 220 model from 

Thermo Fisher Scientific, USA, or a UV-1900i model from Shimadzu, Japan, both being 

quality instruments designed for UV-Vis absorption spectroscopy. These two 

spectrometers were designed to accurately and reliably measure the light absorption of a 

sample in both the UV and visible regions of the spectrum. Based on the transmittance 

data, absorption characteristics could be calculated, which form an important part in 

realizing the properties and behaviors that a material will exhibit under specified 

wavelengths.

Figure 2.3 A diagram showing the optical arrangement and setup of the UV-Vis 

spectrometer.  
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2.4.2 Steady-state fluorescence spectroscopy 

Fluorescence spectroscopy can be defined as a form of electromagnetic spectroscopy that 

is widely used for the characterization and analysis of substances based on fluorescence 

emitted. This technique is commonly adopted in several disciplines, including chemistry, 

biology, medical science, and forensic science since it allows one to gain detailed 

information about the molecular properties of a given substance. In essence, the process 

involves exciting the electrons of a sample by a continuous beam of light, raising them to 

excited or higher energy states. Fluorescence can be said to be the process where a 

substance, upon excitation, releases its energy in returning to its ground state through 

radiative processes. This light which is emitted as a result of this phenomenon is termed 

fluorescence. The transition to the ground state from this excited state may be considered 

several pathways and levels of energy that may further be elaborated with the help of a 

Jablonski diagram.14 A Jablonski diagram is the energy states of a molecule explaining 

different processes such as absorption, excitation, and emission of light. Figure 2.4 

presents the Jablonski diagram for an explanation of these transitions and the 

phenomenon of fluorescence. 

    According to Boltzmann distribution theory, the ground state contains most molecules 

in their lowest vibrational state. A fluorophore is normally stimulated to a higher 

vibrational level, which occurs in 10-15-10-16 s. The excited electron releases its excitation 

energy. Non-radiative decay is the process that involves the loss of energy by a molecule 

without emitting a photon. This can be done through several mechanisms, such as internal 

conversion and vibrational relaxation. In vibrational relaxation, the molecule on 

excitation to higher energy status undergoes a loss of energy by cascading down through 

lower vibrational levels of the same electronic state. During this process, the excess 

energy is either dissipated as heat or distributed to the surrounding molecules, thereby 

leading to thermal energy dissipation within the system. This kind of relaxation happens 

within ̴ 10-14-10-12 s. The electron at the higher vibrational level can relax into the lower 

one with the same spin multiplicity by internal conversion within 10-12 seconds. Internal 

conversion increases when the vibrational levels of two electronic states overlap 

significantly. Intersystem crossing is a quantum mechanical process whereby a molecule 

moves between two different electronic states having different spin multiplicities. This 
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transition occurs from a vibrational level with the same energy in one electronic state to 

a different electronic state. This transition is referred to as spin forbidden due to the lack 

of spin angular momentum conservation, resulting in a substantially slower transition 

time (̴ 10-8 s). 

Figure 2.4 A simplified Jablonski diagram. 

According to Kasha's rule, luminescence begins with the stimulated electronic level's 

most minimal vibrational state, resulting in a Stokes shift. Internal conversions and 

vibrational relaxations cause this energy loss. 

    The scheme of the fluorescence spectrometer is shown in Figure 2.5 An Xe-lamp is 

utilized as an exciting light source, providing continuous light that varies with wavelength 

from UV to NIR. The two slits located at the entry and exit of the monochromator manage 

the light's bandwidth and slit width, respectively. Following the irradiation of the sample, 

fluorescence is directed to the emission monochromator at 90° and eventually reaches the 

detector. In this research, I used a fluorescence spectrometer (RF-6000, Shimadzu, Japan) 

to see the optical properties of the samples. 
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Figure 2.5 illustrates a steady-state fluorescence spectroscopy apparatus. 

2.4.3 Nuclear magnetic resonance spectroscopy 

NMR is one of the major instrumental analysis methods that are broadly used for the 

structural elucidation of organic compounds.15 Certain atomic nuclei possess this property 

known as spin, which makes them behave like small magnets. When these nuclei are 

brought near an external magnetic field, they either align with or against it with an angular 

frequency called Larmor frequency, which is linearly proportional to the provided 

magnetic field's strength. When a sample containing these nuclei is exposed to 

radiofrequency (RF) radiation, the nuclei absorb energy which can promote electrons or 

nuclei to higher energy states from lower ones. This absorption of radiofrequency 

radiation by nuclei is dependent on the magnetic field strength applied and the immediate 

chemical environment, which dictates the energy level of the nuclei. This state is known 

as the resonance energy state. Gradually the nuclei come back to their initial energy state 

after obtaining RF energy and releasing the absorbed energy. The NMR spectrometer 

detects and measures the released energy, resulting in a signal (Figure 2.6).  
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Figure 2.6 An illustration of the NMR spectroscopy process. 

     The nuclei of a sample face different magnetic environments when it is subjected to a 

strong magnetic field. Electrons "shield" nuclei from the external field, resulting in a 

slightly weaker magnetic field around them. These nuclei resonate with larger field 

strengths (downfield). The effective magnetic field is stronger in nuclei that are close to 

electronegative atoms or groups because they are "shielded." Modest field strengths 

(upfield) are resonant for these nuclei. The NMR spectrum shows peaks that represent the 

nuclei's resonance frequencies. Where such peaks are located and details about the 

chemical environment of each nucleus are represented by the chemical shift (measured in 

parts per million). In proton (1H) NMR, a 0-ppm peak belongs to TMS (the reference), 

but a 7-8 ppm peak may relate to aromatic protons. Neighboring nuclei interact with one 

another's magnetic fields, resulting in several peaks in NMR signals. This is referred to 

as spin-spin coupling. A doublet (two peaks) is formed when a nucleus is with one of its 

neighbours. With two neighbors, it forms a triplet (three peaks). But so on for larger 

numbers of nearby nuclei. The coupling constant J is calculated as the distance between 

these split peaks (measured in Hz). It measures the strength of the interaction between the 

linked nuclei.  In my experiments, the NMR spectra were measured using an Agilent 

Unity INOVA 400 MHz. This high-resolution instrument has been employed in data 

gathering to analyze proton and carbon-13 nuclear magnetic resonance signals with very 

small chemical shifts; hence, it is used to deduce minute details about the sample's 
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molecular structure. A schematic diagram showing the setup and instrumentation used in 

this setup is given in Figure 2.7. 

2.4.4 Electrospray ionization mass spectroscopy 

The technique works through the conversion of a sample, normally in solution, into 

charged particles other words, through electrospray ionization. The produced ions are 

then analyzed in a mass spectrometer based on their m/z value: the ratio of the mass of 

an ion to its charge. This gives information concerning the molecular weight and, 

therefore, the structure of compounds in the sample. Large biomolecules like proteins and 

nucleic acids, as well as the minor components in the complex mixture of small molecules, 

can be analyzed with high sensitivity and precision; therefore, wide applications have 

been found in ESI-MS. A sample, usually was liquid form, is taken into the ESI source 

via capillary. A thin spray of charged droplets is formed after applying a high voltage (1-

5 kV) to the liquid. The high voltage causes a Taylor cone at the capillary tip, emitting 

charged droplets holding analyte molecules. These droplets hold the analyte molecules. 

As the charged droplets pass across the ESI location, the solvent evaporates, assisted by 

a nitrogen flow. The droplet experiences a coulombic explosion when the charge density 

is too high. As a result, splitting into smaller droplets and subsequently emitting gas-phase 

ions are formed. The gas-phase ions are then sent to the spectrometer, where they are 

separated using their mass-to-charge ratio (m/z). The molecular weight and structure of 

the analyte are revealed by the mass spectrum. ThermoFisher Scientific Ex-active was 

used for the mass analysis in this work. 

2.4.5 Fourier-transform infrared spectroscopy  

This instrument represents a very powerful and informative analytical technique, 

basically taking the input on the vibration modes of molecules to contribute to 

understanding the chemical structure of the material.16 The molecule absorbs the infrared 

radiation of a specific wavelength, which causes the excitation of molecules to a higher 

vibrational state. FT-IR provides a broad spectrum of infrared. To create an interferogram, 

light is split into two beams by a Michelson interferometer and then recombined. 

Chemical bonds influence the interferogram in the sample, and a computer converts it 

into an infrared spectrum using a mathematical Fourier transform. Then it provides 
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detailed information about the sample's structure. In this work, a JASCO FT/IR-6800 type 

A, spectrometer-high-performance Fourier-transform infrared spectrometer was used due 

to its excellent performance based on precision and reliability during molecular analysis 

was used. A diamond-enabled attenuated total reflectance sample holder, likewise 

manufactured by JASCO in Japan, was installed on the instrument. The ATR accessory 

is designed to allow direct sample analysis without complex preparation such as making 

a thin film or forming pellets. A diamond crystal, with high hardness and excellent 

infrared transmittance, improves quality and accuracy in the acquired infrared spectra and 

is particularly effective with a wide range of samples like liquids, solids, and powders. 

This setup enabled the observation of the detailed vibrational modes of the molecules and 

provided valuable structural insight into the compounds under study. 

2.4.6 Scanning transmission electron microscopy  

STEM is the higher order imagining process that combines substantial principles of SEM 

and TEM. It finds wide applications in the imaging of nanoparticles among other small-

size particles due to its provision for high resolution with major structural details. In 

STEM, a beam of electrons is first produced by an emission electron gun and then passed 

through several electromagnetic lenses serving to condense the beam into a very fine 

probe - usually below 1 nm in diameter. The probe is subsequently scanned over the 

specimen in a raster scan fashion as schematically illustrated in Figure 2.7. The sample 

has to be thin enough for the electron beam to pass through during effective imaging. 

According to atomic structure and material composition, the electron beam will scatter 

differently while interacting with the sample. A detector containing these scattered 

electrons will therefore generate high-resolution images, with great detail in the 

composition and structural characteristics of the sample. STEM was performed on the 

shape and size studies of QDs and PNCs using an ultra-thin film observation system, 

Hitachi HD-2000 STEM at 200-kV accelerating voltage. Images of highly detailed 

particles can be attained by the electrons transmitted through the sample in the 

observation area. This is suitable for STEM, which does a very good job of detecting 

performance in the size of particles less than 100 nm in diameter.17 In preparing the 

sample, coated with carbon (Cu100P) grids were utilized by dropping a solution of the 

sample onto the grid carefully. These were allowed to dry under a vacuum overnight 
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before imaging. The image analysis will be done through ImageJ software by taking into 

consideration the mean size of the particles from the data observed in the images collected 

analyzing the images and calculating the particle's mean size.  

 

Figure 2.7 A diagram illustrating the schematic of the STEM setup. 

2.4.7. Dynamic light scattering system 

Samples in solution or a chemical in suspension can have their particle size measured 

using DLS. It measures the particles' sizes based on their Brownian motion in the solution. 

When particles are added to a solution, they move randomly due to their collisions with 

the solvent. The laser light source ejects a beam of light that is scattered after passing 

through the particles in the sample. To approximate the particle sizes, this method 

analyzes the light intensity dispersed by the particles. A beam of light will interact with a 

sample and then get scattered in various directions through the action of particles within 

it. The form, composition, and size of these particles are some of the variables that affect 

the amount of scattering and how it happens. By analyzing the intensity of the scattered 

light at different angles, the size of the particles can be inferred. The larger the particles, 
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the stronger the light scattering. Smaller particles scatter light differently and mostly 

produce weaker or differently distributed scattered light. This scattered light is quantified 

with sophisticated detectors and analysis software, delivering precise information about 

the particle size distribution in the sample. The method is one of the general ways to 

characterize nanoparticles and other fine-particulate materials, having wide applications 

in material science, chemistry, and biology. The oscillations in scattered light are studied 

to estimate the particles' diffusion coefficient. The diffusion coefficient may vary with 

particle size. The Stokes-Einstein equation is a simple mathematical relation to calculate 

the size of particles in a fluid by their characteristics of diffusion. In this study, the particle 

sizes of ms-QD, QD-COOH, mono-QD, and PNCs were investigated through this 

technique. The DLS data were analyzed using NanoSAQLA (Otsuka Electronics Co., 

Ltd., Japan) and accompanying software. Figure 2.8 shows the instrumental setup. 

 

Figure 2.8 A scheme of dynamic light scattering (DLS) measurement. 

2.4.8 Quantaurus Tau system 

The Quantaurus Tau Technique is one of the most advanced time-resolved fluorescence 

measurement techniques that have so far been applied for the investigation of the 

fluorescence lifetime of molecules. This is important in studies on the interactions of 
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molecules, and dynamic processes within materials, and has great applications in 

environmental sensing. This process starts by illuminating a sample containing 

fluorescent molecules with a very short light pulse, normally emitted by a laser or an LED. 

The molecules, under the pulse of light, get excited as they shift electrons from the so-

called ground state (𝑆0)  to an upper energy state now defined as the excited singlet state, 

(𝑆1). From this excited state, the molecule has ways to return to the electronic ground 

state, either by emission (which corresponds to fluorescence) or without the emission of 

a photon through vibrational relaxation and internal conversion. Importantly, 

fluorescence does not occur in one transition, but over a length of time, often using an 

exponential decaying curve, where molecules relax back into the initial state. 

Fluorescence decay and the period are those which have commonly been regarded as the 

'lifetime'; yet again, it decays by giving plenty of information concerning the surrounding 

milieu, such as its surroundings in interactions with other fluorescent entities or even 

nonfluorescent ones.  

     The analysis of fluorescence decay data is done by fitting the decay curve to a third-

order equation, which assists in extracting essential parameters, such as lifetime and other 

dynamic features of the sample.  

                                    τavg= A1τ1+A2τ2+A3τ3/(A1+A2+A3) 

In this equation, τavg is the average lifetime, Ai (i = 1-3) amplitude, and τi (i = 1-3) is the 

corresponding lifetime. It enables the study of the molecular environment and the kinetics 

of processes like energy transfer, conformational changes, or binding interactions in 

complex systems. The Quantaurus Tau technique finds broad applications in a wide circle 

of sciences, including biochemistry, physics, and material science, providing very precise 

time-sensitive means of studying the behavior of molecules and their interaction on very 

short timescales. I used this technique to measure the lifetime of QD, QD assemblies, and 

PNC assemblies in the solution phase. 
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2.4.9 A time-correlated single photon counting system 

This is a highly sensitive approach for measuring the temporal behavior of weak optical 

signals with picosecond accuracy. This approach is very effective for fluorescent lifetime 

imaging, single-molecule detection, and quantum optics.18 This system works by 

precisely monitoring the time intervals between a sample's excitation and the detection of 

emitted photons. A pulsed laser source releases light pulses at a high repetition rate 

(usually in the MHz range). Each pulse stimulates the sample and causes it to produce 

photons. The emitted photons are then detected by very sensitive detectors, such as either 

a photomultiplier tube or an avalanche photodiode, where the detection of each photon 

produces an electric pulse. The time intervals between the excitation pulse serving as the 

START signal and the detection of the emitted photon as a STOP signal are measured by 

the TCSPC electronics. Resultant time intervals are then presented as a histogram graph 

in which the x-axis corresponds to time while the y-axis represents the number of detected 

photons. This histogram depicts the decay profile of the sample's fluorescence or other 

light-emitting processes. The histogram data is examined to obtain information such as 

fluorescence lifetimes, which can reveal details about the sample's molecular 

environment and dynamics. 

 

Figure 2.9 The diagram illustrating the optical arrangement and the TCSPC system. 

(CCD: Charge-Coupled Device, APD: Avalanche Photodiode). 
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To investigate fluorescence decays, the third-order equation was fitted, 

                                    τavg= A1τ1+A2τ2+A3τ3/(A1+A2+A3) 

In this equation, τavg is the average lifetime, Ai (i = 1-3) amplitude, and τi (i = 1-3) is the 

corresponding lifetime. 

    In this work, time-correlated single-photon counting was performed with great 

precaution to measure the PL lifetimes of the PNC assemblies. A 405 nm picosecond 

laser system was used as the excitation source, from an advanced laser diode operating at 

1 MHz with a pulse width below 50 ps for precise stimulation of the sample. Figure 2.10 

depicts the complete optical configuration used during experiments. The figure shows the 

whole setup in detail of how it was arranged in the system. In the measurements, the 

sample material was mounted on the stage of an Olympus iX71 confocal microscope. 

This setup allowed accurate alignment and ensured the optimal interaction between the 

excitation light and the sample. The PL decay signals were detected by an avalanche 

photodiode (APD, Perkin Elmer, SPCM-AQRH-15), a very sensitive device with 

excellent timing resolution, capable of detecting single-photon events. The recorded 

photon events passed through a TCSPC module, model Becker & Hickl GmbH, SPC-

M830, which thus calculated the time interval with the excitation pulses and emitted 

photons with very high precision. In this way, one can accurately reconstruct the PL decay 

profiles and investigate important insight into the photophysics and dynamic processes 

that occur inside such PNC assemblies. Advanced instrumentation combined with a well-

conceived experimental design enabled high-quality data on the fluorescence lifetime to 

be obtained that contributed to an understanding of the material behavior. 
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Chapter 3 

Electron transfer from perovskite 

nanocrystal assemblies to quencher 

molecules in solutions and films  

3.1 Abstract 

The mechanism of electron transfer from PNC assemblies to quencher molecules has gar-

nered significant attention due to its critical role in future optical electronics.  Properties 

of high absorption coefficients, tunable bandgaps, and efficient generation of charge car-

riers make PNCs ideal candidates for these applications. However, the behavior of these 

nanocrystals in assemblies introduces some opportunities and challenges that directly af-

fect electron transfer efficiency. Charge carrier tunneling is possible due to their proxim-

ity to individual nanoparticles in highly packed PNC assemblies. Increased mobility of 

carriers due to such a tunneling effect would increase the carrier diffusion length and 

carrier lifetime. Such characteristics are quite desirable for applications requiring efficient 

charge transport and extraction, as in photovoltaic devices or photocatalysis. The dense 

arrangement of nanocrystals furthermore provides a huge surface area interacting with 

quencher molecules and facilitating effective electron transfer at the interface. These in-

teractions are key to enabling processes like energy harvesting and catalytic reactions. 

Despite these advantages, uncontrolled aggregates can affect carrier transport and sup-

press interfacial electron transfer. Therefore, control assembly formation is necessary for 

efficient electron transfer. The path to optimum interfacial electron transfer lies with con-

trolled assembly. That means one should be able to control the spatial arrangement, pack-

ing density, and connectivity of the nanocrystals to balance carrier transport efficiency 

with interface accessibility. 

     This work, therefore, systematically investigates the controlled assembly formation of 

FAPbBr3 PNCs and their interaction mechanisms with electron acceptor molecules in 

both solution and film states. However, classic perovskite nanocrystals (PNCs) have 
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always faced such challenges as undesired aggregations, which hinder efficient electron 

transfer and energy transfer processes. In the present study, I modified well-regulated 

assemblies of FAPbBr3 PNCs using the ligand assistant reprecipitated method (LARP). 

The interaction with three kinds of electron acceptors, including fullerene (P-C60), fuller-

ene functionalized with carboxylic acid (C60-RCOOH), 7,7,8,8-tetracyanoquinodime-

thane (TCNQ) had been studied with the help of detailed spectroscopic investigations. 

This research has also disclosed substantial electron transfer behavior differences in so-

lution-state vs. film-state conditions. Nanocrystal assemblies were quenched by the elec-

tron acceptors through interactions in the solution state, while the co-aggregated assem-

blies formed when attaining a film state that resulted in the complete quenching phenom-

enon.  

     The understanding developed in this work from the structure of nanocrystal assembly 

to its optoelectronic functionality was enlightening. These findings have wide ramifica-

tions in the design of advanced materials and devices, especially next-generation solar 

cells, LED displays, and photocatalysis. This work opens new design principles based on 

controlled assembly formation and interaction mechanisms for innovations in high-per-

formance optoelectronic systems and the development of multifunctional materials. 

 3.2 Introduction 

Lead halide PNCs have been, one of the most intriguing classes of materials because of 

their exceptional photo-physical properties, which include high absorption coefficient, 

tunable and remarkable PL, robust PLQYs, and excellent charge transport.1–14 These 

unique features make PNCs highly suitable for a wide variety of advanced optical and 

electronic applications. Besides that, their flexibility in application also allowed them to 

find their place in vital technologies like solar cells, LEDs, lasers, photodetectors, and 

photocatalytic systems, which reshaped the face of modern optoelectronics.15–20 PNCs 

boast a particular advantage like quantum confinement effects that enhance their remark-

able optical properties. This means that their very efficient light absorption and emission, 

besides their tunable bandgap, make them particularly suitable for some applications. 

Moreover, in PSCs, PCEs have been able to exceed 25%, positioning them among the 

most aggressive competitors for conventional silicon-based photovoltaics.21,22  These few 

accomplishments underline how important it is to understand and optimize the electron 
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transfer mechanisms intrinsic in perovskite-based systems. Despite their fascinat-

ing properties, the practical realization of PNCs still meets serious difficulties, espe-

cially concerning electron transfer processes. In conventional PNCs, surface ligand mol-

ecules used for the stabilization of nanocrystals often act as insulating barriers. These lig-

ands prevent efficient charge transfer, hence limiting energy and electron transfer pro-

cesses. The challenge lies in maintaining the delicate balance between the stabilization 

of nanocrystals and their effective interaction with electron acceptor molecules.23 Recent 

studies have shown that the controlled assembly of PNCs is one of the promis-

ing ways to go beyond these limitations. Controlled assemblies can allow inter-nano-

crystal coupling, thus improving charge transport properties and thereby improving pho-

tonic performance.24 Such assemblies also allow for closer proximity between nanocrys-

tals, allowing charge carrier tunneling and significantly extending carrier diffusion 

lengths and lifetimes.25,26 The case is different when the solid films or microcrystalline 

structures are formed, which adds extra complications. In contrast to PNCs, which show 

radiative recombination, delayed recombination processes may appear in solid 

films. Such a discrepancy can affect the efficiency of electron transfer mechanisms. Ag-

gregation of PNCs within such assemblies aggravates the problem; uncontrolled cluster-

ing introduces defects and traps serving as charge recombination centers. In general,  

electron transfer is essentially the basic principle behind the functionality of the D-A sys-

tem in the operation of dye-sensitized solar cells, among many other optoelectronic de-

vices.27 Their efficiency for PNC-based systems would depend on several parameters, 

such as the distance between the donor-acceptor, the nature of surface ligands, and the 

degree of nanocrystal aggregation. Li et al. reported interfacial electron transfer from per-

ovskites to 1,8-naphthalimide electro-acceptors in colloidal systems.28 They pointed out 

that amino-functionalized naphthalene imide acceptors modulate quenching efficiency, 

the proximity of D-A being imperative. Shah et al. again showed that bulky ligands such 

as oleic acid and oleylamine could act as an insulating layer and inhibit charge transfer.29 

They exchanged these with shorter-chain alternatives through post-synthesis ligand ex-

change and obtained enhanced electron transfer efficiency.  

     This work focuses on the solution and film state electron transfer properties of FAP-

bBr3 PNC assemblies. In this study, three different electron acceptors are used: pristine 

fullerene (P-C60), carboxylic acid-functionalized fullerene (C60-RCOOH), and 7,7,8,8-
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tetracyanoquinodimethane (TCNQ) to elucidate assembly-specific electron transfer 

mechanisms.30–33 Investigations into how controlled assembly formation can affect elec-

tron transfer efficiency were conducted via a combination of spectroscopic techniques 

which indicated large differences between solution-state quenching and film-state co-ag-

gregation phenomena. Valuable guidelines for designing high-performance optoelec-

tronic devices are given by insights from the present work. The work overcomes the chal-

lenges of uncontrolled aggregation and optimization of interactions, thereby opening fur-

ther technological advances in solar energy harvesting, LED displays, and photocatalysis. 

Again, controlled PNC assembly formation forms a vital parameter to achieve efficient 

charge transfer, which will open a new frontier in the design of multifunctional materials 

and next-generation optoelectronic systems. 

3.3 Results and Discussion 

3.3.1 Synthesis and characterization of perovskites nanocrystals  

Lead halide PNCs have developed into a game-changing class of materials in 

optoelectronics, owing to their exceptional photophysical and charge transport properties. 

Lead halide PNCs with different A-site cations (Cs+, MA+, and FA+) were systematically 

investigated to understand their fundamental optoelectronic properties. The selection of 

these three cation systems was based on their complementary characteristics: CsPbBr3 

representing the all-inorganic system with excellent thermal stability, MAPbBr3 offering 

established solution processability, and FAPbBr3 demonstrating enhanced stability and 

superior optical properties. 

    CsPbBr3 PNCs were synthesized using the hot injection method proposed by 

Protesescu et al., a well-established and reproducible technique. 34 By this technique, the 

precursors will be injected rapidly into the hot solvent to permit nanocrystal development 

with uniform particles. The details procedure was discussed in the experimental section. 

STEM imaging of CsPbBr3 (Figure 3.1A) showed that nanocrystals in a cubic crystalline 

structure were prepared with an average edge length of about 10 nm. MAPbBr3 and 

FAPbBr3 were prepared using the LARP method. 35 This preparation method is highly 

preferred because of the simplicity involved, coupled with the possibility of obtaining 

nanocrystals that have consistent size distributions. Figure 3.1B and C represent the 

STEM images of such nanocrystals exhibiting regular cubic phase structures, with an 
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approximate edge length of about 10 nm, comparable in size to those of CsPbBr3. The 

morphological and dimensional homogeneity again underlines the usefulness of the 

LARP technique in providing good-quality PNCs. Nanocrystal solutions were prepared 

at a concentration of 0.050 mg/mL in toluene to facilitate detailed structural 

characterization. The solutions were carefully deposited onto 100 µM copper STEM grids 

where the nanocrystals self-assemble into ordered structures. This was done in careful 

preparation to ensure that imaging was done at high resolution, representing the actual 

morphology of the nanocrystals and, hence in-depth analysis of their structural attributes. 

Figure 3.1 Characterization of various PNC. (A, B, C) STEM images of CsPbBr3, 

MAPbBr3, and FAPbBr3 PNCs showing cubic phase morphology. (D, E, F) The 

absorption and spectrum of PL of PNCs distributed in toluene, (λex= 400 nm). 

   The PL and absorption spectra of PNCs dissolved in toluene solution for Figures 3.1D, 

E, and F give crucial insight into their optoelectronic properties. It will be very important 

in understanding the nature of light absorption and emission in CsPbBr3, MAPbBr3, and 
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FAPbBr3, giving further information on A-site cations responsible for their tuned optical 

properties. UV-vis absorption spectra indicate that all three PNCs have distinct excitonic 

peaks, reflecting their quantum-confined nature and high-quality crystalline structure. For 

CsPbBr3, the excitonic absorption peak is located at 495 nm, reflecting its inherent 

electronic structure and relatively smaller size effect. The MAPbBr3 has its excitonic peak 

at 500 nm, which is a little redshifted from the excitonic peak of CsPbBr3. The position 

is expected, taking into account structural and electronic differences given by the MA⁺ 

cation. In FAPbBr3, the excitonic peak lies at 530 nm; hence, the large red shift compared 

to the other two PNCs exists. This may be due to weaker quantum confinement effects as 

the nanocrystal size and morphology of FAPbBr3 change. Such a red shift in FAPbBr3 is 

remarkable because it is associated with variations in size, shape, and structural packing 

of the nanocrystals as induced by synthesis conditions.36–38 Indeed, the redshift implies 

larger nanocrystals that provide less quantum confinement, in good agreement with 

earlier findings. PL spectra of the three PNCs show their emission peaks, indicating 

excellent optical quality and high luminescence efficiency. In this case, the CsPbBr3 

emission peak appears at 502 nm, which coincides well with its absorption character, 

indicating very minimal Stokes shift and efficient radiative recombination. Regarding 

MAPbBr3, the emission peak is located at 508 nm, slightly red-shifted concerning that of 

CsPbBr3, in agreement with the absorption behavior. The emission peak for FAPbBr3 is 

at 534 nm, further red-shifted compared to MAPbBr3 and CsPbBr3, in agreement with its 

excitonic absorption peak. The FWHM values of the PL spectra for the PNCs give a 

measure of the spectral purity and size distribution. In the case of, CsPbBr3 and MAPbBr3 

PNCs have narrow FWHM values of 22 nm, indicating their highly uniform size 

distribution and high crystallinity. The FWHM for FAPbBr3 is 23 nm, which is slightly 

broader but still in agreement with previous reports.35  This slightly broader FWHM may 

be due to slight variations in size or morphology during the synthesis process. The red 

shift in FAPbBr3, together with its narrow emission linewidth, underlines its possible 

application in near-infrared LEDs and photovoltaics requiring lower bandgap materials. 
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3.3.2 Photoluminescence quenching study in solution 

Figure 3.2 PL quenching study of PNCs in the solution phase. (A) Absorption spectra 

and (B) PL spectra (λex= 400 nm) of CsPbBr3 PNCs with various concentrations of P-C60. 

(C) Concentration-dependent normalized absorbance (blue) at 400 nm and PL intensity 

(orange) at 502 nm. (D-F) Corresponding data was acquired with MAPbBr3 and P-C60. 

     To understand the electron transfer characteristics of the PNC, pristine fullerene (P-

C60) was chosen as the electron acceptor, given its high electron affinity and well-under-

stood performance in the context of donor-acceptor systems.39 In this work, P-C60 serves 

as a benchmark acceptor molecule for charge transfer studies and provides a robust plat-

form in the study of optoelectronic interactions with PNCs. For experiments, 0.050 

mg/mL solution concentrations for both CsPbBr3 and MAPbBr3 PNCs were prepared in 

toluene. Baseline measurements of absorption and PL spectra were performed first, 
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without adding P-C60, to establish reference data. The concentration of P-C60 in toluene 

was increased step by step from 0.16 µM up to 5.0 µM; at each increase, the spectral 

changes were monitored. No significant change in the absorption spectrum, especially at 

400 nm (Figures 3.2A and C), was observed for CsPbBr3 upon adding P-C60. That is, no 

spectral shift nor new absorptions were developed, thus indicating no ground-state donor-

acceptor interactions.40 Such a phenomenon implies minimum electronic coupling be-

tween the ground states of CsPbBr3 and P-C60, thus confirming similar literature reports. 

Similarly, PL intensities of the CsPbBr3 solutions showed a negligible drop with increas-

ing the concentration of P-C60. Generally, in normal donor-acceptor systems, effective 

electron transfer often leads to fluorescence quenching because the excited electron can 

be delocalized over the entity of the acceptor molecule.41,42  Therefore, inefficient quench-

ing indicates poor electron transfer. 

     For MAPbBr3, the absorption spectra did not change in the entire P-C60 concentration 

range (Figures 3.2D and F), indicating the same ground-state behavior as CsPbBr3. The 

PL intensities of the MAPbBr3 solutions also exhibited only a slight quenching (Figure 

3.2E). This minimal quenching reflects the inefficiency of electron transfer in the MAP-

bBr3-P-C60 system, pointing to barriers to effective donor-acceptor interactions. The in-

effective electron or energy transfer in both CsPbBr3 and MAPbBr3 systems could be 

explained. There was a physical barrier that existed due to the free ligands present in the 

solution-for example, oleic acid and oleylamine.43 Free ligands surrounded the PNCs to 

prevent the acceptor molecules from coming closer to the donor molecules at an optimal 

distance required for efficient electron transfer. In other words, the strong binding of cap-

ping ligands on the PNC surface further confines the nanocrystals and restricts accessi-

bility for donor-acceptor interactions. The process of electron transfer, in particular, re-

quires such a proximity between the spatial donor and acceptor molecules and is impeded 

by the ligand shell and the concentration of free ligands in solution.44,45  

     To overcome these limitations and improve electron transfer efficiency, another ap-

proach based on PNC assemblies (FAPbBr3) was developed. This drastically reduces the 

concentration of free ligands and allows donors and acceptors to get closer, while inter-

action sites are more accessible. The assemblies allow for a denser packing of PNCs, 

enabling more efficient charge transfer mechanisms. The alternative approach will not 

only overcome the excess ligand challenges but also provide a route for optimizing 
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electron transfer properties in PNCs. The data obtained so far forms a basis for further 

study in the controlled assembly formation process and its influence on electron transfer 

in advanced optoelectronic systems. 

   3.3.3 Characteristizatin of the FAPbBr3 nanocrystal assemblies 

Figure 3.3 Characterization of the FAPbBr3 PNCs assembly. (A) STEM image showing 

the morphology of the assembly. (B) DLS measurement shows the particle size 

distribution. (C) Absorption and PL spectra of the assembly in toluene.  
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     The LARP method, which has been widely used for high-quality nanocrystal 

production, is the general preparation way for the FAPbBr3 PNC assemblies. The 

modification of a specific purification protocol gave birth to the controlled assembly. As 

an example, crude FAPbBr3 PNCs were centrifugally washed with toluene three times. 

Indeed, such meticulous purifications are capable of eliminating the extra amount of 

unreacted precursors with ligands to obtain only well-dispersed nano-assemblies 

containing uniform morphology and optical properties.  

     STEM was used to analyze the structural characteristics of the FAPbBr3 PNC 

assemblies. From Figure 3.3A, it can be seen that the assemblies are well dispersed and 

the size of a single assembly falls in the range of 100-150 nm. The microscopy data 

suggest that, within the assemblies, the nanocrystals remain well-ordered; this is 

consistent with the hypothesis that controlled assembly formation has been achieved. 

Complementarily, DLS measurements were also performed to complement microscopy 

observations. Figure 3.3B displays DLS data that further support good dispersion of the 

PNC assemblies in toluene, reflected by a relatively low PDI of 0.147. This suggests a 

narrow size distribution for the assemblies. The size of the assemblies (160.0±42.5 nm) 

measured by DLS shows good agreement with the results of STEM and thus confirms the 

homogeneity and stability of the obtained assemblies. Figure 3.3C presents PL and 

absorption spectroscopy of the optical characteristics of PNC assemblies in FAPbBr3. It 

has been seen in the absorption spectrum, with an excitonic peak at 440 nm consistent 

with earlier reports on FAPbBr3 PNCs, a signature for the strong light-absorbing capacity 

of PNCs. The PL spectrum, which evidences the redshift of the emission peak from 535 

nm for individual nanocrystals to 540 nm for assemblies, represents a key observation 

and thus indicates electronic coupling among the nanocrystals in assemblies. This type of 

coupling results from reduced interparticle spacing in assemblies, which allows increased 

interaction between electronic states of neighboring nanocrystals. The capping ligands, 

while ensuring the stabilization of the individual nanocrystals, affect the formation of the 

assemblies. Controlled washing during the synthesis reduces excess free ligands, which 

allows for closer packing of the nanocrystals in the assemblies. This, in turn, causes better 

electronic coupling that reflects in the optical spectra. Structural and optical 

characterizations indicate the successful synthesis of well-organized FAPbBr3 PNC 

assemblies. In consequence, these assemblies display unique optoelectronic properties 
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because of the interplay of nanostructure with electronic interactions and, therefore, are 

promising candidates for advanced optoelectronic applications. 

3.3.4 Photoluminescence quenching study for FAPbBr3 PNCs assemblies in solutions

Figure 3.4 PL quenching study of FAPbBr3 PNCs assembly in solution. (A) Absorption 

spectra and (B) PL spectra (λex = 400 nm) with various concentrations of P-C60. (C) Con-

centration-dependent normalized absorbance (blue) and PL intensity (green) at 540 nm. 

(D-F) and (G-I) Corresponding data acquired with C60-RCOOH and TCNQ, respectively. 

     In this regard, electron transfer properties of the FAPbBr3 PNC assemblies were stud-

ied using three various electron acceptor molecules: pristine fullerene (P-C60), COOH-

functionalized fullerene (C60-RCOOH), and 7,7,8,8-tetracyanoquinodimethane (TCNQ). 

All three acceptors have been selected based on their distinct electronic properties. P-C60 

is a neutral molecule of exceptionally high electron affinity widely used in electron trans-

fer studies. Fullerene was functionalized with carboxylic acid groups, including addi-

tional electronic and steric interactions due to COOH groups. TCNQ is a well-known 

strong electron acceptor, widely investigated for its redox activity due to its high electron 

affinity. The optical behaviors of the assembled FAPbBr3 PNCs in the presence of P-C60 

were recorded by monitoring changes in absorption and photoluminescence spectra, re-

spectively (Figures 3.4A, 3.4B, and 3.4C). The absorption at 400 nm decreases 
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progressively upon stepwise addition of P-C60 in toluene at concentrations from 0.16 to 

5.0 µM to the PNC assembly solution, as shown in Figure 3.4C. Such a progressive re-

duction of absorption suggests ground-state donor-acceptor interactions between the 

PNCs and P-C60 molecules through the interaction. Consistent spectral change supports a 

common interaction mechanism in the whole concentration range. 

     The behavior of the assembly in the presence of C60-RCOOH was distinctly different, 

whereas the absorption spectra of the PNC assembly were hardly affected upon increasing 

the concentrations of C60-RCOOH (Figure 3.4D), indicative of the absence of ground-

state complex formation. Therefore, interaction of C60-RCOOH with the PNC assembly 

is distinctly different from P-C60, the PL intensity gradually decreased upon increasing 

the concentration of C60-RCOOH (Figure 3.4E), indicating effective electron transfer. 

However, at higher concentrations, saturation behavior was observed for the system (Fig-

ure 3.4F). Such a phenomenon indicates the formation of a static donor-acceptor complex 

where most of the available interaction sites on the PNC assembly are occupied by C60-

RCOOH molecules and the electron transfer process has reached its limit. As observed 

for C60-RCOOH, investigations into the interaction of TCNQ with FAPbBr3 PNC assem-

blies revealed a weak ground-state interaction due to the absence of significant absorption 

spectral changes (Figure 3.4G). PL intensity was reduced with increasing concentration 

of TCNQ (Figure 3.4H, I), similar to the observations made in the case of interaction with 

C60-RCOOH, thus indicating successful electron transfer from the PNC assembly to 

TCNQ.  

     These results strongly establish that efficient electron transfer occurred in all these 

experimental trials among FAPbBr3 PNC assemblies with selected acceptor molecules. 

However, the mode of electron transfer was quite different because it is sensitive to the 

electronic properties of the selected acceptors. For instance, with the participation of P-

C60, obvious features of donor-acceptor interaction along with dynamic electron transfer 

have been evident in ground-state interaction. In the case of C60-RCOOH, efficient elec-

tron transfer is observed; however, this gives way to a static donor-acceptor complex upon 

higher acceptor concentrations, due presumably to steric or surface interaction effects of 

the COOH group. TCNQ with its strong electron affinity, the efficient electron transfer 

process is observed; the latter process is only excited-state interactions. 
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     The presented findings emphasize the need for tailoring donor-acceptor systems to 

optimize electron transfer properties in nanocrystal assemblies and provide valuable les-

sons in the design of advanced optoelectronic devices. 

3.3.5 Photoluminescence lifetime measurements of FAPbBr3 assemblies in solutions

Figure 3.5 Time-resolved PL measurements in solution. (A) PL decay profiles of assem-

bly with various concentrations of P-C60. (B) Corresponding Stern-Volmer plot. (C-D) 

and (E-F) Corresponding data for C60-RCOOH and TCNQ, respectively. 

     Lifetime measurements and Stern-Volmer analysis were performed to unfold the in-

teraction mechanisms between the FAPbBr3 PNC assemblies and selected electron ac-

ceptor molecules, P-C60, C60-RCOOH, and TCNQ. These experiments give critical in-

sight into the quenching pathways and efficiency of electron transfer in the system. The 

PL lifetimes of FAPbBr3 PNC assemblies were measured in the presence and absence of 

the acceptor molecules. In the absence of any acceptors, the PNC assembly exhibited a 

pretty long lifetime of 59.0 ns. The extended lifetime represents large assemblies, and this 

corresponds to a low probability of the non-radiative decay processes because of the spa-

tial separation of the charge carriers in assemblies. The PL lifetime was slightly reduced 

by the addition of P-C60 to 57.1 ns (Figure 3.5A). The small lifetime reduction indicates 

that the interaction between the PNC assembly and P-C60 is mainly through a static 

quenching mechanism where the interaction is not dynamic but through the formation of 
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ground-state complexes. The PL decay profiles, upon the addition of C60-RCOOH and 

TCNQ, exhibited negligible changes similar to P-C60 (Figures 3.5C and 3.5E). This ob-

servation further reiterates that the interaction between the acceptor molecules and PNC 

assembly mainly involves static rather than dynamic processes. 

      To quantitatively analyze the quenching behavior, Stern-Volmer (SV) analysis was 

performed using the following equations:  

                                                        I0/I = τ0/τ =1+Ksv[q]                      (eq. 1)   

Where I0 and I are the PL intensities of the NC assembly without or with acceptors, τ0, 

and τ are the average lifetimes of the NC assembly without, and with the acceptors, [q] is 

the concentration of acceptor, and Ksv is the SV constant. The  rate constant of quenching, 

Kq, is linearly related to Ksv, according to the equation (2),  

                                                         Ksv = Kq.τ0.                                       (eq. 2) 

    The Stern-Volmer plots for P-C60, C60-RCOOH, and TCNQ with the NC assembly 

showed linear relationships (Figures 3.5B, D, and F), providing further evidence for static 

quenching mechanisms.28,46 The Stern-Volmer constant was calculated based on the slope 

of the Stern-Volmer plot and the values obtained are 1.32×106 M-1 for P-C60, 2.28×106 

M-1 for C60-RCOOH, and 3.50×106 M-1 for TCNQ. Then, the quenching constant Kq was 

calculated from eq. 2. The corresponding observed quenching constants are 22.3×1012 M-

1s-1 for P-C60, 41.5×1012 M-1s-1 for C60-RCOOH, and 60.1×1012 M-1s-1 for TCNQ, indi-

cating highly efficient quenching by all three acceptor molecules.47 

      Negligible variation of lifetime values and linear Stern-Volmer plots indicate that the 

major interaction of the acceptors with the PNC assembly is through a static pathway, i.e., 

via ground-state complex formation rather than by dynamic collision processes. Quench-

ing constants reveal that among the three acceptor molecules, TCNQ is the most efficient 

quencher followed by C60-RCOOH and P-C60. This trend is in good agreement with the 

known electron affinity of the acceptors, with TCNQ having the highest electron-accept-

ing capability among them. The high quenching efficiency for all three kinds of acceptors 

underlines the potential of the FAPbBr3 PNC assemblies in electron transfer systems, 

while it explores applications like solar cells, light-emitting diodes, and photodetectors. 

The static quenching mechanism indicates that further optimization of the donor-acceptor 

interface can lead to better device performance. The present comprehensive analysis gives 

evidence of the flexibility and efficiency of FAPbBr3 PNC assemblies in facilitating 



 

90 
 

electron transfer processes, thus providing a solid basis for their application in advanced 

optoelectronic systems. 

3.3.6 Photoluminesce lifetime measurement in the film state 

Figure 3.6 Time-resolved PL measurements in film state. (A) Average PL lifetimes and 

(B) PL decay profiles of FAPbBr3 PNCs assembly (black), with P-C60 (red), and co-ag-

gregated with P-C60 (blue). (C-D) and (E-F) Corresponding data for C60-RCOOH and 

TCNQ, respectively. 

     The study of donor-acceptor interactions in the film state will look into the influence 

of aggregation and electron acceptors on the photophysical properties of FAPbBr3 PNC 

assemblies. This experiment gives very valuable information on how electronic interac-

tions present themselves in a solid-state configuration relevant to practical applications, 

such as optoelectronic devices. The PNC assemblies of FAPbBr3 were prepared using a 

drop-casting method by evenly spreading onto the substrate in the form of a thin film. 

The film was dried and then PL lifetime measurements were carried out at different posi-

tions to check the homogeneity and reproducibility. Accordingly, the average PL lifetime 

of FAPbBr3 PNCs in assembled thin-film form was much longer than that in the dispersed 

state, represented by black points in Figure 3.6A and green in Figure 3.6B, respectively. 

The longer lifetime in the assembled state may be associated with changes in excited-

state dynamics in the course of aggregation. These changes can lead to a non-radiative 
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decay pathway that is diminished, hence stabilizing the excited state and enhancing the 

overall lifetime of the material. 

     To investigate the effects of added electron acceptors on the photophysical behavior 

of the assembly in the film state, the following experimental conditions were employed. 

A solution containing 5.0 µM P-C60 was deposited on top of the preformed FAPbBr3 PNC 

assembly film. This post-synthesis application resulted in a measurable decrease in the 

average PL lifetime of the assembly, red points in Figures 3.6A and 3.6B. This reduction 

in lifetime is indicative of successful donor-acceptor interactions where excited-state 

electrons from the PNC assemblies are transferred to the P-C60 molecules, resulting in the 

quenching of the PL signal. 

     For the further investigation of the interaction mechanism, one co-aggregated sample 

was prepared by the LARP method, and during the synthesis process, 5.0 µM of P-C60 

was added. Then, a film of this co-aggregated sample was prepared via the drop-casting 

method on a glass cover slip. Compared with the case after film addition, in this co-ag-

gregated sample, the averaged PL lifetime has been more greatly reduced, as evidenced 

by the blue points in Figures 3.6A and 3.6B. These considerably reduced lifetime values 

and PL decay profiles signify the efficient quenching promoted by intimate donor-accep-

tor interactions during the co-aggregation process. 

     To compare the behavior of different electron acceptors, similar experiments were car-

ried out using C60-RCOOH and TCNQ as electron acceptors. Both C60-RCOOH and 

TCNQ showed trends similar to that of P-C60, where significant reductions in PL lifetimes 

and decay profiles were observed for both post-film addition and co-aggregated samples. 

These results thus not only prove that the quenching mechanism is not unique for P-C60 

but also represent a common feature in the effective donor-acceptor system-involving 

FAPbBr3 PNC assemblies and suitable electron acceptors. 

     These findings underscore the crucial role of aggregation in modulating the excited-

state dynamics, as evidenced by the longer lifetimes recorded for the PNC assembly films 

relative to that of the dispersed PNCs. The co-aggregation method tends to show better 

efficiency in donor-acceptor interactions compared to post-film addition, suggesting an 

optimized quenching process upon pre-synthesis incorporation of acceptors. Consistent 

results among P-C60, C60-RCOOH, and TCNQ attest to the robustness of the FAPbBr3 

PNC assembly in facilitating efficient donor-acceptor interactions in the film state. Most 
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of these findings are highly relevant in application to solar cells, photodetectors, and 

LEDs, where effective charge transfer and quenching mechanisms are highly vital for 

device performance. These findings collectively lead to the conclusion that the film-state 

studies unequivocally establish FAPbBr3 PNC assemblies as versatile platforms of donor-

acceptor interactions whose properties can be tuned by aggregation and choice of acceptor. 

3.3.7 Charge transfer mechanisms in solutions and the films 

Figure 3.7 Schematic representation of the overall dynamics of charge carriers of perov-

skites in the solution phase. (A) FAPbBr3 PNCs with a quencher, (B) FAPbBr3 PNCs 

assembly with quenchers. (VB, valence band; CB, conduction band, HOMO, highest oc-

cupied molecular orbital; LUMO, lowest occupied molecular orbital). 

     Charge carrier dynamics were systematically studied in solution and film states of 

FAPbBr3 PNC systems, with a focus on unraveling structural characteristics of donor-

acceptor systems that would provide an understanding of the dynamics involved. These 

observations have given great insight into how aggregation and ligand interactions influ-

ence charge transfer and quenching mechanisms. Figure 3.7 (A) shows the most salient 

features of the differences in the solution phase properties of individual PNCs versus as-

semblies of PNCs. Individual FAPbBr3 PNCs in solution are surface-passivated with a 

dense layer of free ligands along with surface-capping ligands like oleic acid and 
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oleylamine. These ligands are protective shells of nanocrystals that are colloidal and at 

the same time are preventing quencher molecules from approaching the surface of the 

PNC. This creates a physical barrier that prevents the quencher molecules from coming 

into proximity with the PNCs. The lack of proximity prevents any significant electron 

transfer/quenching, and the interaction between donor and acceptor is negligible in indi-

vidual PNCs at the solution state. The structural arrangement in FAPbBr3 PNC assemblies 

is vastly different. Though stabilized by surface ligands similar to individual PNCs, it is 

much loosely held. The looser ligand packing forms gaps and exposed sites on the aggre-

gated nanocrystals, allowing quencher molecules to approach the surface of the assembly 

more easily. These accessible sites, as illustrated in Figure 3.7 (B), allow for possible 

donor-acceptor interactions via a static quenching pathway. This would involve the for-

mation of a stable complex between the quencher molecules and the assemblies of PNC, 

thus allowing efficient charge transfer to result in observable quenching effects.  

      In contrast to the solution state, different dynamics in a film state should arise due to 

the change in the structural organization of nanocrystals and the role of aggregation. 

When acceptor molecules are not present, compact film formation in which nanocrystals 

agglomerate stabilizes excited states and is followed by increasing PL lifetime, as in FAP-

bBr₃ PNCs. This aggregation decreases the non-radiative pathways due to better confine-

ment of the charge carriers in the film. Upon the addition of quencher molecules such as 

P-C60, C60-RCOOH, or TCNQ, the interactions in the film state are significantly increased 

as compared to the solution state. The aggregated structure of the film allows direct in-

teraction of the acceptor molecules with the surface-exposed nanocrystals without the 

limitations imposed by free ligands in solution. These interactions result in a reduction in 

PL lifetimes, evidencing successful charge transfer between the donor-PNC assemblies 

and the respective acceptors.  

     Basically, in these systems, the structural properties of the donor-acceptor systems 

influence charge transfer efficiency. Ligands have a double role. They stabilize PNCs in 

solution but act also as barriers to donor-acceptor interactions. In assemblies, partial lig-

and removal or loosening provides better access for the quenchers. This stresses again 

that optimization of the ligand concentration and arrangement is crucial for effective 

charge transfer. Aggregation in assemblies inherently provides more available surface 

area for interaction with corresponding adequate stability. This structural configuration 
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bridges the solution-phase and film-state dynamics, hence positioning assemblies as the 

ideal intermediate systems to explore mechanistic issues revolving around donor-accep-

tors. The static pathway of quenching observed in the assemblies suggests that the inter-

actions are stable involving the formation of donor-acceptor complexes. This pathway is 

especially favorable in applications that rely on consistent and effective charge transfer, 

such as in solar cells or photodetectors. 

     The results in Figure 3.7B emphasize the importance of structural features in deter-

mining the charge carrier dynamics in FAPbBr3 PNC systems. It is the interplay of ligand 

arrangement, aggregation, and accessibility that defines the efficiency of donor-acceptor 

interactions in both solution and film states. These insights are opening up new avenues 

for modifying nanocrystal systems to optimize their performance in optoelectronic appli-

cations. 

  

Figure 3.8 Schematic representation of the overall dynamics of charge carriers of perov-

skites in the film state. (A) FAPbBr3 PNCs with a quencher. (B) Co-aggregated sample.  

     Charge transfer dynamics in the film state of FAPbBr3 PNC systems are unique and 

highly efficient as compared to the solution phase. These differences, as depicted in Fig-

ure 3.8, have been due to the molecular arrangement and accessibility of quencher mole-

cules to donor surfaces, outlining the crucial role of structural organization in optimizing 

electron transfer efficiency. While self-assembling into nano-aggregates in a thin film, 

the structural arrangement of FAPbBr3 PNCs is such that it remains compact yet 
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accessible to charge transfer interactions. Quenchers came directly in contact with the 

surface of the nanocrystal when 5.0 µM of P-C60 was added on top of the nanoaggregate 

layer. This interaction promotes efficient electron transfer from the donor nanocrystals to 

the acceptor molecules, as reflected in a measurable reduction of PL lifetimes. However, 

the quenching efficiency, though high, is not complete because the interaction remains 

confined to the surface dynamics level due to the presence of protective ligands and the 

compact nature of the aggregates. In the case of co-aggregated samples, quencher mole-

cules, such as P-C60, are introduced during the synthesis and thus become part of the 

assembly at the molecular level. This co-aggregation allows the quencher molecules to 

interact not only with the surface of the nanocrystals but also with their internal crystalline 

structure, thereby creating a more robust donor-acceptor interface. This increased inter-

action thus results in the complete quenching of PL lifetimes, as experimentally observed, 

showing the strong influence of structural integration on charge transfer efficiency. 

     Complete quenching for co-aggregated samples reflects very efficient donor-acceptor 

interaction, which is important for several applications in optoelectronic devices such as: 

Efficient charge transfer will ensure that maximum photogenerated carriers will be uti-

lized to enhance the device's performance. Dynamic adjustment due to structural modifi-

cation quenching properties allows tailored sensitivity and time response of photodetec-

tors. Understanding the mechanisms of quenching, on the other hand, helps in minimizing 

none radiative path that enhances brilliance and efficiency in LEDs. 

     The charge transfer mechanism, in the case of FAPbBr3 PNC systems in their film 

state, is highly dependent on molecular arrangement and quencher molecule accessibility. 

The incorporation of acceptor molecules in co-aggregated samples yields complete 

quenching by providing access to interaction with both the surface and internal crystal 

structure of nanocrystals. These results again highlight the crucial importance of struc-

tural control in designing and optimizing nanocrystal systems for advanced optoelectronic 

applications. 
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3.5 Conclusions 

The electron transport properties of FAPbBr3 PNCs, when organized into controlled as-

semblies, were thoroughly investigated by using steady-state and time-resolved spectros-

copy. This study will show the superiority of FAPbBr3 in comparison with other perov-

skite systems like CsPbBr3 and MAPbBr3 for advanced optoelectronic applications by 

systematically comparing the efficiency of electron transfer in FAPbBr3. In both CsPbBr3 

and MAPbBr3 PNC systems, the electron transfer efficiency was restricted; the major 

reason for this restriction was the presence of surface capping ligands. These ligands cre-

ate an insulating barrier that prevents effective interaction between the donor nanocrystals 

and acceptor molecules. FAPbBr3 PNCs showed superior optical properties and enhanced 

stability, rendering them an ideal candidate for assembly formation and electron transport 

studies. The reduced ligand density and better crystalline structures are unique advantages 

of FAPbBr3, which accounts for higher electron transfer efficiency compared to other 

perovskites. Despite the challenge from the surface ligands, efficient electron transport in 

FAPbBr3 PNCs was enabled via careful regulation of the assembly formation. Controlled 

purification and an assembly process led to a structure with greater accessibility to the 

sites of donor-acceptor interaction. Surface capping ligands loosely hold the nanocrystals 

in the assemblies, which thus allows the acceptor molecules to penetrate and interact with 

the donor moieties inside more effectively. The presented study was carried out using 

three different electron-acceptor molecules, namely P-C60, C60-RCOOH, and TCNQ. The 

electron-transfer mechanisms are strongly determined by the structural and electronic 

properties of both the donor assemblies and the acceptors. Accordingly, each of the ac-

ceptors presented different interaction dynamics with FAPbBr3 assemblies, and in general, 

co-aggregated samples demonstrated remarkable quenching efficiencies. In the film state, 

the incorporation of the acceptor molecules during the assembling synthesis resulted in a 

co-aggregation phenomenon where the acceptors became part of the assembly of PNCs. 

This structural integration resulted in complete PL quenching, underlining the possibility 

of highly efficient electron transfer in a solid-state configuration. Through a systematic 

comparison between the solution and film states, the electron transfer mechanisms have 

been determined to be very dependent on the molecular arrangement and accessibility of 

the acceptor molecules to the donor surfaces. In the state of film, the compact and orderly 
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assembly structure can provide more robust interactions between donor-acceptor in com-

parison with the dispersed nanocrystals in the solution state. The work herein emphasizes 

the huge possibility of FAPbBr3 PNC assemblies for providing fresh impetus toward the 

advancement of optoelectronic technologies. Regulated assembly and efficient electron 

transport Properties of FAPbBr3 PNCs open avenues for high-performance solar cells 

with improved charge carrier dynamics. Complete PL quenching by co-aggregation sug-

gests the possibility of optimization in light-emission efficiency and color purity in LEDs. 

The higher efficiency of electron transfer in FAPbBr3 assemblies can thus be used to 

improve the photocatalytic system performance for various energy conversions and envi-

ronmental remediation purposes. 

     This comprehensive study underlines the advantages of FAPbBr3 PNC assemblies in 

achieving efficient electron transfer. By using the structural and electronic characteristics 

of FAPbBr3, together with controlled assembly formation in this work, critical insights 

into the design and optimization of high-performance optoelectronic devices are provided. 

The results have opened a new vista toward the development of high-performance solar 

cells, LEDs, and photocatalytic systems, showing how PNC assemblies can dramatically 

change modern technology.  
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Chapter 4 

Electron transfer from CdSe/CdS 

QD assemblies to the acceptor 

molecules  

4.1 Abstract 

Over the last two decades, semiconductor QDs have enjoyed active investigations, with 

striking size-dependent properties that exhibit versatility in processability with relevance 

to the development of optoelectronic applications. Optical and electronic unique features 

present an array of great usability possibilities for nanomaterials of the class for basic 

application research that involves solar cells, LEDs, and photodetectors. One of the most 

striking properties of QDs is their strong fluorescence, which provides excellent response 

and reproducibility, especially in developing high-performance solar cells and QD-based 

LEDs. On the other hand, apart from many pros, some serious disadvantages prevent QDs 

from practical realization. The agglomeration of QDs, nonspecific binding of QDs, and 

the presence of excess ligands might seriously restrict their efficiency. Therefore, the 

research area for overcoming these issues and obtaining stable and well-dispersed QD 

assemblies is very important. This study overcomes the limitations of QDs by focusing 

on the stabilization of QDs against undesired aggregations. In this respect, well-dispersed 

assemblies of CdSe/CdS QDs were successfully prepared by using 1,6-hexanedithiol 

(HDT) as a cross-linking agent. These newly synthesized QD assemblies are called 

QD@HDT and showed enhanced stability and dispersion. STEM images indeed showed 

the cross-linking of QDs into assemblies with sizes comparable to the dimensions of a 

single QD. Further evidence for assembly formation came from DLS measurements, 

where the assemblies showed a narrow distribution in size. 

     In photosystems, electron transport is critical for charge separation as well as light 

harvesting. The electron-transfer properties of QD@HDT assemblies have been 

investigated in detail in this chapter. This work will investigate the interaction of electron 
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transfer among the isolated QDs, QD@HDT assemblies, and three types of quencher 

molecules: pristine fullerene (P-C60), COOH-functionalized fullerene (C60-RCOOH), and 

7,7,8,8-tetracyanoquinodimethane (TCNQ). To one's surprise, QD@HDT assemblies 

exhibited higher interactions of electron transfer with those quencher molecules 

compared with that of the isolated QDs, indicating a better performance induced by their 

cross-linked assembly. 

     PL decay measurements of the TRPL and Stern-Volmer plots were therefore 

performed to gain a deeper understanding of these interactions. Such analysis has 

unveiled detailed quenching mechanisms concerning whether the quenching observed is 

of a static, dynamic, or both types. These S-V plots and PL lifetime data are in good 

agreement and further confirm that there are close interactions between QD@HDT 

assemblies and quencher molecules, hence corroborating how efficient the assemblies are 

in facilitating electron transfer. 

     This research underlines the potential of cross-linked QD assemblies to advance the 

field of optoelectronics. The present study, while improving the understanding of electron 

transfer mechanisms in QD assemblies, thus paves the way for the rational design and 

application of these nanoscale structures in advanced optoelectronic devices. These 

results not only overcome intrinsic problems usually associated with QDs' stability but 

also open new perspectives for their use in next-generation applications. 

4.2 Introduction 

One of the well-known core-shell nanostructures is CdSe/CdS QDs, comprising a 

cadmium selenide core coated with a protective shell of cadmium sulfide.1–5 This unique 

structure makes these QDs exceptionally versatile and hence highly adaptable in an array 

of applications, including photonics, optoelectronics, and bioimaging.6–11 The light 

emission of such nanostructures is thoroughly dominated by the CdSe core, considering 

that it expresses a direct band gap.12 Importantly, the bandgap of CdSe can be well tuned 

with the core size, so that the emitting wavelength covering the visible and near-infrared 

region can be controlled.13,14 While the CdS shell plays an important role in enhancing 

the performances of QDs. The large bandgap of CdS confines the charge carriers within 

CdSe because of the quantum confinement effect due to the wide bandgap of CdS.15,16 
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Thus, the shell of CdS passivates surface imperfections of the core CdSe and increases its 

PLQY along with the overall stability of the structure. This confinement also greatly 

facilitates the accurate tunability of the emission wavelength, attained by fine-tuning the 

shell thickness of CdS and the core size of CdSe. 

     Among other important factors, surface ligands are crucial in defining QDs regarding 

stability and functionality. The ligands influence the size, shape, optical properties, 

stability, and solubility of QDs and hence their performances in intended applications.17  

While long-chain ligands provided excellent colloidal stability, they acted as insulating 

barriers to charge transfer in electrical devices. To overcome this inefficiency, 

methodologies involving ligand exchange techniques have been adopted in which 

insulating ligands are replaced by shorter ones that can conduct better. In most cases, this 

procedure results in a loss of colloidal stability for QDs, promoting aggregation, which 

may limit their applicability. 

     In optoelectronic devices, like LEDs, QDs are very important because of their ability 

to provide pure and saturated colors thanks to their intense and narrow emission 

spectra.11,18,19 In solar cells, QDs can broaden the absorption spectrum and enhance 

efficiency through mechanisms such as multiple exciton generation. Although many 

applications exploit properties of isolated QDs, a large number rely on QD films and self-

assemblies. In isolated QDs, charge carriers are confined within individual QDs, with 

limited electronic coupling and restricted carrier mobility. This isolation hinders efficient 

electron transfer. In contrast, interdot interactions in QD assemblies become a critical 

factor that determines the collective optoelectronic properties of the material. These 

interactions have a great influence on the charge transport and overall performance of the 

assemblies. 

     Accordingly, in this work, I prepared well-dispersed assemblies using 1,6-

hexanedithiol (HDT) as a cross-linking agent with highly controllable assembly stability, 

established in the STEM and DLS studies. The assembled QDs revealed rich dynamic 

effects due to electron transfers occurring within the timescale of nanoseconds. The 

detailed electron transfer dynamic studies were monitored by a selection of spectroscopy 

techniques. In particular, I studied the electron transfer behavior between isolated QDs, 

QD assemblies, and three quencher molecules: pristine fullerene (P-C60), COOH-

functionalized fullerene (C60-RCOOH), and 7,7,8,8-tetracyanoquinodimethane (TCNQ). 
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This work describes how these different interdot interactions modulate the electron 

transfer process by comparing the corresponding electron transfer kinetics. These 

findings further support the higher degree of electron transfer interaction in assemblies 

compared to that of isolated QDs, which therefore points out the important role of interdot 

coupling in enabling higher performance in optoelectronic devices. Further evidence of 

the nature of the operating interactions was gained in time-resolved spectroscopic 

techniques, such as either static or dynamic quenching. 

     This comprehensive investigation advances our understanding of small QD assemblies 

and their optoelectronic properties. The findings reported in this study have pointed the 

way for critical bottlenecks, like uncontrolled aggregation or inefficient charge transfer 

when creating next-generation devices such as light-emitting displays, solar cells, and 

sensors of nanometric dimension. These studies will thus show, under real conditions, the 

great capabilities that could be provided with QD assembly. 

4.3. Results and discussion 

4.3.1 Preparation of quantum dot assemblies  

For the preparation of the functionalized QD solution, 2.0 µL of CdSe/CdS solution was 

added to 1.6 mL of toluene to yield a mixture containing about 0.02 mg (0.03 picomoles) 

of QDs. Subsequently, the preparation of 1,6-hexane dithiol stock in toluene was made 

for further modification. The additions of the HDT solution to the QD solution were 

gradually done starting from 1:1 (v/v) up to higher ratios. After each addition, the solution 

was well mixed to achieve homogenous dispersion and sonicated for 3 minutes to 

facilitate the interaction between QDs and HDT. This procedure was repeated to a final 

ratio of 1:8 (v/v). At each step, the solution was mixed and then sonicated for consistency.

 

Figure 4.1 (A) Absorption spectra of P-QD in the absence and presence of HDT from 1:1 

to 1:8 (v/v) ratio, (B) PL spectra (λex, 405 nm) of P-QD in the absence and presence of 
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HDT from 1:1 to 1:8 (v/v) ratio, (C) Time-dependent PL spectra of P-QD with HDT (1:8) 

ratio. 

     Absorbance and PL spectra were measured after each addition as a means to track 

changes in the optical properties of the QD solution. The absorbance spectrum showed a 

progressive decrease with increased HDT content in the QD solution (Figure 4.1A), 

which might be due to the variation of particle size or the interaction at the surface that 

the HDT molecules caused. Analogously, PL intensity at 645 nm progressively decreased 

upon successive addition of HDT, as shown in Figure 4.1B. 

     To maintain a specific size distribution and avoid over-modification, the reaction was 

purposefully halted after the 1:8 (v/v) ratio of HDT had been reached. Then let this 

solution keep stationary for about 2h to get some idea of QD@HDT assemblies' stabilities. 

No further changes in PL intensity were observed during this time, indicating that the 

assemblies formed at the 1:8 ratio were stable and well-distributed. STEM and DLS 

measurements were done to validate the formation and structural integrity of QD@HDT 

assemblies. These results were compared with data from isolated QDs to confirm 

successful functionalization and ensure uniformity in the assembly process. 

4.3.2 Characterization of the quantum dot assemblies  
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Figure 4.2 Characterization of the QD@HDT assembly. STEM images of (A) P-QD, (B) 

QD@HDT assembly. DLS profiles of (C) P- QD, (D) QD@HDT assembly. 

    The  P-QD and QD assemblies (QD@HDT) were examined using STEM, and the DLS 

for confirmation of particle size and distribution. The STEM images of P-QD and 

QD@HDT assembly are shown in Figures (4.2A and B). The STEM photos show a 

homogeneous size distribution of P-QD and assembly. I used ImageJ software to analyze 

the STEM photos and determine their size distributions. The P-QD had a spherical shape 

and a size distribution of approximately 12±2.3 nm (Figure 4.2A), while the QD@HDT 

assembly with several QDs measured 55.0±15 nm. The STEM sample for  P-QD in 

toluene was taken at a moderate concentration. In the case of QD@HDT assembly STEM 

sample, the synthesized sample was used, as discussed in the 4.3.1 section.  

    For the DLS measurement, 0.20 mg of P-QD sample was dissolved in 1.6 mL toluene 

and measured the sample. For QD@HDT assembly, the synthesized sample was 

measured, as discussed in the 4.3.1 section. The DLS data was prepared by the 

nanoSAQLA. The particle size for P-QD showed 12.5±3.5 nm (Figure 4.2C) which 

supported the STEM. The PDI value (0.217) also confirmed the particles are well 

distributed in toluene. In the case of QD@HDT assembly, the DLS showed the size is 

56.7±15.4 nm (Figure 4.3D), which is a good agreement with STEM. The PDI value 

(0.299) confirmed well dispersion.  This type of nanoaggregate has great potential in the 

field of optoelectronics. 

     To further explore the functional properties of the QD@HDT assemblies, the electron 

transfer dynamics were investigated using three types of quencher molecules: pristine C60, 

carboxyl-functionalized (C60-RCOOH), and 7,7,8,8-tetracyanoquinodimethane (TCNQ). 

The electron transfer kinetics of the pristine P-QDs with these quencher molecules were 

first studied as a reference. These results were then compared to the electron transfer 

behavior of the QD@HDT assemblies to understand the effect of HDT-induced 

functionalization on the charge transfer processes.     

 

 

 

 



 

110 
 

4.3.3 Photoluminescence quenching study of quantum dot with C60 in solutions 

 

Figure 4.3 PL quenching study for P-QD in toluene. (A) Absorption, and (B) PL spectra 

of P-QD (λex= 405 nm) with various concentrations of P-C60, (C) Concentration-

dependent image of normalized absorbance (blue) at 405 nm of Figure 4.3A, PL intensity 

(orange) at 645 nm of Figure 4.3B, (D) PL decay profile of pristine QD  (λex= 405 nm) 

with various concentrations of P-C60. 

     To investigate the dynamics of electron transfer in the P-QD solution, pristine 

fullerene (P-C60) was used as an electron acceptor. The D-A system was systematically 

investigated by using steady-state PL spectroscopy. Figure 4.3 shows the absorption and 

PL spectra of the P-QD solution in the absence and presence of P-C60 with their 

normalized plots and PL decay profiles, respectively. First, the absorption and PL 

quenching of the P-QD solution were studied by titrating it with a P-C60 solution prepared 

in toluene. Thus, absorption at 405 nm increased with an increase in the concentration of 

P-C60 from 0.08 µM to 5.0 µM (Figure 4.3A). This confirms that the present behavior 

follows the Beer-Lambert Law, showing the proportionality of absorbance versus the 

concentration of P-C60.
20 
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     In contrast, the PL intensity of the P-QD solution decreased upon the addition of P-

C60, though the reduction was not significant, indicating that the electron transfer 

efficiency was very limited. As shown in Figure 4.3C, the PL intensity at 645 nm only 

decreased by 20%, which means very few donor-acceptor interactions occurred in this 

system. This incomplete quenching suggests that only a small fraction of the P-C60 

molecules could interact effectively with the P-QD. To further investigate the interaction, 

PL decay profiles of the P-QD solution with different concentrations of P-C60 were 

recorded using a Quantaurus Tau (Q-Tau) a fluorescence lifetime measurement system. 

The PL lifetimes of the P-QD solution were identical, 52.0 ns, regardless of the P-C60 

concentration, as presented in Figure 4.3D. This is further evidence of negligible electron 

transfer between P-QD and P-C60 in the given conditions. Such an absence of significant 

quenching within both the steady-state PL intensity and PL lifetime measurements can be 

attributed to the presence of surface capping ligands and excess free ligands in the 

solution. These would have provided a steric hindrance, preventing the P-C60 molecules 

from closely approaching the surface of the P-QDs to effect efficient electron transfer. 

The data suggest that while P-C60 interacts with P-QDs to some extent, the interaction is 

limited and insufficient for significant electron transfer. This result highlights the 

importance of surface ligand optimization in improving donor-acceptor interactions and 

achieving more efficient charge transfer in such systems. 

4.3.4 Photoluminescence quenching study of quantum dot assemblies with C60  

 

Figure 4.4 Quenching study for QD@HDT assembly. (A) Absorption, and (B) PL 

spectra of QD@HDT (λex= 405 nm) with various concentrations of P-C60, (C) 

Concentration-dependent image of normalized absorbance (blue) at 405 nm of Figure 

4.4A, PL intensity (orange) at 645 nm of Figure 4.4B. 
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     To study the interaction and electron transfer kinetics between the QD@HDT 

assembly and P-C60, a series of absorbance and PL measurements was conducted. The 

QD@HDT assembly solution was measured for its absorbance and PL in the absence of 

P-C60. Then the gradual addition of P-C60 in the range of 0.08-5.0 µM to the assembly 

solution was done. The absorbance of the QD@HDT assembly showed a peculiar 

behavior, it first decreased at low concentrations of P-C60 and then increased at higher 

concentrations of the latter (Figure 4.4A). Such an initial decrease could be explained by 

the aggregation effects associated with unwanted interactions between the QD@HDT 

assembly and P-C60. The aggregates might partially obscure the optical path or result in 

modulation of the spectral properties of the assembly. With increased concentrations of 

P-C60, this increase in absorbance could signal the presence of free P-C60 molecules in 

solution contributing to the overall signal of absorbance. In contrast, Figure 4.4B depicts 

that the PL intensity of QD@HDT assembly monotonously decreased with increasing 

concentration of P-C60. This decrease in PL intensity means the quenching occurred via 

D-A interactions between the QD@HDT assembly and P-C60. A decrease in the rate of 

such a quenching process was observed at higher concentrations of P-C60 due to either 

the saturation of available donor sites or limitations within the D-A complex formation. 

Figure 4.4C shows the variation of normalized absorbance and PL intensity with P-C60 

concentration. From the concentration-dependent quenching profile, one can observe that 

PL intensity decreases more drastically than absorbance, thus providing strong evidence 

for the hypothesis of effective donor-acceptor interactions. These interactions might take 

place both in the ground state and excited state, which initiate the electron transfer process, 

resulting in PL quenching. 

     Therefore, the structural and functional role of the cross-linker HDT could explain the 

enhanced efficiency in quenching for QD@HDT compared to that of pristine QDs. In 

this assembly, QD@HDT, HDT acts as a bridging molecule that places the QDs closer 

to each other and most importantly a more conducive environment to their interactions 

with acceptor molecules such as P-C60. This specific structural arrangement would allow 

P-C60 to effectively trap and form donor-acceptor complexes with QD@HDT and lead 

to electron transfer. These findings underline the crucial role played by controlled 

assembly in enhancing donor-acceptor interactions. The assembly mediated by HDT 

brings QDs closer but more importantly, provides a structurally organized platform 
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wherein electron transfer processes can occur with better efficiency. Present work 

provides fresh insights into the dynamics of electron transfer in QD assemblies and 

underlines the need to adopt strategic assembly designs while engineering the properties 

of nanomaterials for optoelectronic applications and beyond. 

4.3.5 Time-resolved photoluminescent decay measurements of quantum dot 

assemblies with C60  

Figure 4.5 PL decay of (A) QD@HDT assembly without (blue) and with (green) of P-

C60 (λex= 405 nm), (B) The Stern-Volmer (S-V) plot, (I0 and I denoted the PL intensity of 

QD@HDT without and with P-C60). 

     Time-resolved PL measurements of the QD@HDT assembly were made using a 

Quantaurus Tau (Q-Tau) system to gain deeper insight into the quenching mechanism. 

The first recording of the QD@HDT assembly was made without the addition of P-C60, 

followed by that after the addition of 5.0 µM P-C60. PL decay curves are presented in 

Figure 4.5A, in which the blue curve represents the QD@HDT assembly without P-C60, 

and the green curve corresponds to the assembly with P-C60 present. From these decay 

curves, it was obtained that the PL lifetime of QD@HDT assembly in the absence of P-

C60 was 53.2 ns, which decreased modestly to 48.5 ns upon the addition of P-C60. This 

slight lifetime reduction further indicates that the quenching interaction between the 

QD@HDT assembly and P-C60 involves a combination of mechanisms rather than 

dynamics. In the case of dynamic quenching, the lifetime usually shows a significant 

decrease upon increasing the concentration of the quencher. 
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     To further investigate the nature of the quenching mechanism, a Stern-Volmer plot 

was constructed (Figure 4.5B) by plotting the PL quenching efficiency as a function of 

the P-C60 concentration. The S-V plot was linear, indicating that the quenching 

mechanism was either static, dynamic, or a combination of the two. Linearity of the S-V 

plot and a moderate decrease in lifetime indicate the coexistence of both static and 

dynamic quenching mechanisms in the QD@HDT-P-C60 system. 

     Static quenching corresponds to the formation of ground-state complexes between the 

fluorophore, QD@HDT, and the quencher, P-C60. Static quenching decreases PL 

intensity without affecting the lifetime of uncompleted fluorophores.21,22  The other mode 

of quenching, called dynamic quenching, is related to collisional interaction in the excited 

state, which reduces the lifetime of PL. It follows that static quenching acts in the 

QD@HDT assembly since no changes in the PL lifetime of the isolated QDs were 

observed with the addition of P-C60. The coexistence of the two modes of quenching is 

indicative of some unique structural properties of the QD@HDT assembly. The HDT 

cross-linker organizes QDs into assemblies while introducing diversity in binding sites 

and pathways due to the interaction of P-C60. Dual-mode interaction probably occurs for 

the following reasons, ground-state donor-acceptor complexes form due to specific 

interactions promoted by the cross-linked structure. Dynamic Quenching corresponds to 

collisional interactions between P-C60 and excited state QDs enabled by the accessibility 

of QD surfaces in the assembly. These findings are in good agreement with previously 

reported studies in the literature, which have documented the coexistence of static and 

dynamic quenching in QD systems. The dual-mode quenching behavior here points to a 

complicated interaction mechanism where the structural design of QD@HDT assembly 

plays a key role in the mediation of P-C60 interactions. 

     Time-resolved PL measurements and analyses of the Stern-Volmer plot indicate that 

the quenching mechanism in the QD@HDT assembly-P-C60 system involves both static 

and dynamic components. The interplay of the involved mechanisms underlines the 

importance of controlled structural assembly as a means to tailor QD systems toward 

enhanced donor-acceptor interactions with valuable insight into applications in the field 

of optoelectronics and nanomaterials design. 
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4.3.6 Photoluminescence quenching study of quantum dot with C60-RCOOH 

 

Figure 4.6 Absorption and PL spectra in toluene. (A) Absorption, and (B) PL spectra of 

pristine QD (λex= 405 nm) with various concentrations of C60-RCOOH, (C) 

Concentration-dependent image of normalized absorbance (blue) at 405 nm of Figure 

4.6A, PL intensity (orange) at 645 nm of Figure 4.6B. 

     In previous studies, it has been shown that P-C60 is unable to quench efficiently the PL 

emission of P-QDs, presumably because of the surface capping ligands and excess free 

ligands, which prevent effective interactions with P-C60. Considering this limit and the 

interest in how surface functionalization could affect the efficiency of the quenching 

process, a carboxyl-functionalized fullerene derivative was synthesized, namely C60-

RCOOH. A synthesis of this derivative has been elaborated in Chapter 2 (Experimental 

Section). Several studies have demonstrated that functionalized fullerenes can serve as 

more effective electron acceptors in the donor-acceptor system compared to pristine 

C60.
23,24 Because the addition of electron-withdrawing functional groups (e.g., carboxyl, 

halogen, or cyano groups) to C60 increases its electrophilicity. This modification lowers 

the LUMO energy level, making it easier to accept electrons from the donor in a donor-

acceptor system. B. M. Illescas et. al. demonstrated that the pyrrolidino[3‘,4‘:1,2][60] 

fullerenes that are produced show cathodically altered reduction potentials of the C60 

framework when compared to the parent C60. On the other hand, isoxazole fullerenes 

exhibit anodically shifted reduction waves for the fullerene core when compared to the 

parent C60, suggesting that they are noticeably more potent acceptors than C60.
23 

Compared to pristine C60, functionalized C60 like PCBM (phenyl-C61-butyric acid methyl 

ester), is more soluble in organic solvents.25 In thin-film applications, this increases 

device performance and the creation of a uniform donor-acceptor blend. It is well-known 
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that functionalized fullerene is a good electron transport layer for optoelectronic 

devices.26  

    A similar experiment was performed in the P-QD: P-C60 D-A system. Figures 4.6A and 

4.6B show the absorption and PL spectra of P-QD without and with C60-RCOOH in 

toluene. The absorbance decreases at first and then increases as C60-RCOOH is gradually 

added. PL intensity is reduced with the addition of C60-RCOOH. Figure 4.6C illustrates 

the normalized concentration-dependent profiles of absorbance at 405 nm and PL 

intensity at 645 nm. The significant decrease in the PL intensity from Figure 4.6B 

suggests efficient electron transfer from photoactivated P-QD to C60-RCOOH. These 

observations indicate that electron transfer is likely occurring in this system. The 

functionalized C60-RCOOH appears to act as a stronger electron acceptor compared to 

pristine C60, which is consistent with previous reports in the literature.23,24 For example, 

K. Virki et al. reported efficient electron transfer from CdSe/ZnS QDs to a COOH-

functionalized fullerene hybrid, further supporting the observed results.27 The improved 

quenching effect of C60-RCOOH might be attributed to the specific surface interactions 

provided by the carboxyl groups. It is thought that these groups allow the binding or 

approach of C60-RCOOH to the surface of QD in a much more effective manner, 

increasing its efficiency of electron transfer. This can be due to hydrogen bonding or other 

favorable interactions of the carboxyl group with the surface ligands of the QDs that 

create a more favorable environment for the charge transfer.  

4.3.7 Time-resolved photoluminescence decay measurements of quantum dot with 

C60-RCOOH  
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Figure 4.7 PL decay of (A) P-QD in the absence (red) and presence (black) of C60-

RCOOH QD (λex= 405 nm), (B) The Stern-Volmer (S-V) plot, (I0 and I denoted the PL 

intensity of P-QD without and with C60-RCOOH). 

     I performed time-resolved PL measurements to obtain a better understanding of the 

quenching mechanism between P-QD and the functionalized fullerene C60-RCOOH. 

These observations reveal critical information regarding excited state dynamics and the 

nature of the quenching process. Figure 4.7A presents the time-resolved PL decay curves 

for P-QD in the absence and presence of C60-RCOOH. The data reveal significant changes 

in the PL lifetime. In the absence of C60-RCOOH, P-QD exhibits a lifetime of 59.1 ns. 

Upon the addition of C60-RCOOH (8.0 µM), the lifetime decreases to 23.2 ns. This 

substantial reduction in lifetime (by approximately 61%) strongly indicates a dynamic 

quenching process. In dynamic quenching, the quencher molecule (C60-RCOOH) 

interacts with the fluorophore (P-QD) during its excited state lifetime, providing an 

additional non-radiative pathway for de-excitation. This interaction effectively shortens 

the time the fluorophore spends in the excited state, resulting in a decreased lifetime. To 

further elucidate the quenching mechanism, I constructed a Stern-Volmer (S-V) plot, 

shown in Figure 4.7B. The initial fluorescence intensity to quenched fluorescence 

intensity ratio (I0/I) as a function of quencher concentration is shown in the S-V curve. 

Here, I find that the concentration of C60-RCOOH and I0/I have a linear relationship. The 

linearity of the S-V plot is consistent with both dynamic and static quenching processes. 

However, when considered in conjunction with the significant decrease in lifetime, it 

strongly supports a predominantly dynamic quenching mechanism. The enhanced 

quenching efficiency of C60-RCOOH compared to pristine C60 (as observed in section 

4.3.3) can be attributed to several factors, including surface interactions, which lead to 

more efficient electron transfer. 

    These results demonstrate that the functionalization of C60 with a carboxyl group 

significantly enhances its ability to quench P-QD fluorescence through a dynamic 

mechanism. This finding has important implications for the design of QD-based systems 

for applications such as light-harvesting, sensing, and optoelectronic devices, where 

efficient electron transfer is crucial. 
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4.3.8 Photoluminescence quenching study of quantum dot assemblies with C60-

RCOOH  

 

Figure 4.8 Quenching study for QD@HDT assembly with C60-RCOOH. (A) Absorption 

and (B) PL spectra of QD@HDT (λex= 405 nm) assembly with various concentrations of 

C60-RCOOH, (C) Concentration-dependent image of normalized absorbance (orange) at 

405 nm of Figure 4.8A, PL intensity (green) at 645 nm of Figure 4.8B. 

    The functionalized C60-RCOOH ligand was also used as a quencher in the QD@HDT 

assembly to investigate how it affected the quenching process. The absorption spectra of 

the QD@HDT assembly at increasing C60-RCOOH concentrations are shown in Figure 

4.8A. As the concentration of the C60-RCOOH ligand increases, I observe a 

corresponding increase in absorbance. This trend suggests that the C60-RCOOH ligand is 

effectively interacting with the QD@HDT assembly. Concurrently, Figure 4.8B presents 

the PL spectra of the QD@HDT assembly under the same conditions. In contrast to the 

absorption spectra, the PL intensity exhibits a significant decrease with increasing C60-

RCOOH concentration. This dramatic quenching effect indicates an interaction between 

the QD@HDT assembly and the functionalized fullerene, which is anticipated to facilitate 

efficient electron transport. Figure 4.8C provides a quantitative analysis of the 

concentration-dependent quenching process. The graph depicts the normalized 

absorbance at 405 nm (orange) and PL intensity at 645 nm (green) as a function of C60-

RCOOH concentration. The PL intensity shows a dramatic decrease, reaching a 

quenching efficiency of approximately 80% at the highest C60-RCOOH concentration. 

This substantial reduction in PL intensity, coupled with the relatively minor changes in 

absorbance, strongly suggests that electron transfer is occurring efficiently between the 

QD@HDT assembly and the C60-RCOOH quencher. The enhanced quenching effect 

observed with C60-RCOOH compared to pristine C60 can be attributed to that the 
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functional group could facilitate stronger binding or closer proximity to the QD surface, 

thereby enhancing the efficiency of electron transfer. These findings show that, in 

comparison to the pristine C60, the functionalized C60-RCOOH functions as a more 

efficient quencher for the QD@HDT assembly. The notable PL quenching observed 

suggests that the C60-RCOOH ligand creates efficient pathways for electron transfer, 

which could be advantageous for various optoelectronic applications.  

4.3.9 Time-resolved photoluminescence decay measurements of quantum dot 

assemblies with C60-RCOOH  

 

Figure 4.9 PL decay of (A) QD@HDT assembly in the absence (violet) and presence 

(blue) of C60-RCOOH (λex= 405 nm), (B The Stern-Volmer (S-V) plot, (I0 and I denoted 

the PL intensity of QD@HDT without and with C60-RCOOH). 

    I used time-resolved PL measurements to further comprehend the quenching 

mechanism of the QD@HDT assembly with C60-RCOOH. Figure 4.9A presents the time-

resolved PL decay curves for the QD@HDT assembly in the absence (violet) and 

presence (blue) of C60-RCOOH. The results reveal significant changes in the fluorescence 

lifetime of the assembly upon interaction with the quencher molecule. In the absence of 

C60-RCOOH, the QD@HDT assembly exhibits a lifetime of 52.8 ns. This relatively long 

lifetime is indicative of the stable excited state of the assembly, which is a desirable 

characteristic for potential applications in optoelectronic devices. However, upon the 

addition of C60-RCOOH, I observe a dramatic decrease in the lifetime to 15.2 ns. This 

substantial reduction in lifetime, by approximately 71%, strongly suggests a dynamic 

quenching process is taking place. Dynamic quenching occurs when the quencher 
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molecule (in this case, C60-RCOOH) interacts with the fluorophore (QD@HDT 

assembly) during its excited state lifetime. This interaction provides an additional non-

radiative pathway for deexcitation, effectively shortening the time the assembly spends 

in the excited state. The significant decrease in lifetime observed here indicates that C60-

RCOOH is efficiently interacting with the excited QD@HDT assembly, likely through 

an electron transfer mechanism. To further elucidate the quenching mechanism, I 

constructed a S-V plot, shown in Figure 4.9B. Here, I find that the concentration of C60-

RCOOH and I0/I have a linear relationship. This linearity, combined with the significant 

decrease in lifetime, provides strong evidence for a predominantly dynamic quenching 

mechanism.  

    The enhanced quenching efficiency of C60-RCOOH in the QD@HDT assembly 

compared to the pristine QDs (as observed in previous sections) can be attributed to 

several factors. First, the cross-linked structure of the QD@HDT assembly may facilitate 

more efficient interactions with the quencher molecules. Second, the carboxyl 

functionalization of C60 likely improves its solubility and compatibility with the assembly, 

leading to more effective quenching. These results demonstrate that the C60-RCOOH 

ligand is dynamically coupled to the surface of the QD@HDT assembly, leading to 

efficient electron transfer.  

4.3.10 Photoluminescence quenching study of quantum dot with 7,7,8,8-

tetracyanoquinodimethane 

 

Figure 4.10 Quenching study for P-QD with TCNQ in toluene. (A) Absorption, and (B) 

PL spectra of pristine QD (λex= 405 nm) with various concentrations of P-C60, (C) 

Concentration-dependent image of normalized absorbance (blue) at 450 nm of Figure 

4.10A, PL intensity (orange) at 645 nm of Figure 4.10B. 



 

121 
 

    To confirm electron transfer, I used a standard acceptor TCNQ (7,7,8,8-

tetracyanoquinodimethane) which is renowned for its strong electron-accepting 

properties, primarily due to its electron-withdrawing cyano groups (-CN) attached to the 

quinodimethane core. This structural feature significantly enhances the molecule's ability 

to accept electrons, making it an ideal candidate for studying electron transfer processes 

in QD systems.28 The addition of TCNQ to pristine P-QDs resulted in interesting 

spectroscopic changes.  

     Initially, the absorbance of P-QDs decreased with TCNQ from 0.08 to 0.48 µM in 

toluene but increased from 1.0 to 8.0 µM at higher concentrations. This dual behavior 

suggests a complex interaction between TCNQ and the QDs, possibly involving surface 

interactions and aggregation effects. PL studies revealed significant quenching of P-QD 

emission upon TCNQ addition. The concentration-dependent quenching effect, as shown 

in Figure 4.10C, indicates an efficient interaction between TCNQ and the excited state of 

the QDs. This observation is consistent with the expected electron-accepting nature of 

TCNQ, suggesting the generation of a charge-transfer complex or rapid charge transfer 

from the photoexcited QDs to TCNQ. 

4.3.11 Time-resolved photoluminescence measurements of quantum dot with 

7,7,8,8-tetracyanoquinodimethane 

 

Figure 4.11 PL decay of (A) P-QD in the absence (violet) and presence (blue) of TCNQ 

(λex= 405 nm), (B) The Stern-Volmer (S-V) plot, (I0 and I denoted the PL intensity of P-

QD without and with TCNQ). 
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     Time-resolved PL measurements were measured to investigate further the quenching 

mechanism of the P-QDs in the presence of an electron acceptor TCNQ. With the addition 

of TCNQ, the PL lifetime decreased from 58.5 ns to 53.7 ns for P-QDs. Although this is 

not spectacular, the lifetime reduction is well pronounced to show both static and dynamic 

quenching mechanisms. Static quenching corresponds to the formation of a non-emissive 

ground-state complex between P-QDs and TCNQ. Dynamic quenching is related to 

diffusion-controlled interactions which quench excited-state P-QDs via electron transfer. 

Decreasing PL lifetime evidences the presence of both mechanisms in the quenching 

process, with higher relevance of dynamic interactions. For quantification of these 

interactions, a Stern-Volmer analysis was performed. Figure 4.11B presents a linear 

Stern-Volmer plot, confirming the linear dependency of the quenching efficiency from 

the concentration of TCNQ toward a combined process in ground-state complex 

formation and a diffusion-limited quenching process, as already determined for this type 

of interaction. In such a well-defined interaction model, the TCNQ molecules could 

interact effectively with the P-QDs via static and dynamic pathways. The modest lifetime 

reduction together with the linearity of the Stern-Volmer plot underlines the complex 

interplay of these quenching mechanisms. The ground-state complex formation 

underlines specific affinity between the P-QD surface and TCNQ molecules, possibly 

mediated by the surface ligands or electronic properties of the QDs. On the other hand, 

the diffusion-controlled quenching underlines the role of collisional encounters driving 

electron transfer during the excited state. 

    These results view the general landscape of quenching dynamics and inform about 

interaction mechanisms in QD-based donor-acceptor systems. Such knowledge will be 

important in the optimization of these systems regarding their application in 

optoelectronics, sensing, and energy conversion, all of which require controlled 

quenching and effective electron transfer. 
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4.3.12 Photoluminescence quenching study of quantum dot assemblies with 7,7,8,8-

tetracyanoquinodimethane 

 

Figure 4.12 Quenching study for QD@HDT assembly with TCNQ. (A) Absorption, and 

(B) PL spectra of QD@HDT (λex= 405 nm) assembly with various concentrations of 

TCNQ, (C) Concentration-dependent figure of normalized absorbance (blue) at 405 nm 

of Figure 4.12A, PL intensity (orange) at 645 nm of Figure 4.12B. 

    To see electron transfer in the case of QD@HDT assembly to TCNQ, first absorption, 

and PL spectra were measured without using TCNQ in toluene. Then, TCNQ was 

gradually added to the assembly solution from 0.08 to 8.0 µM and measured. Like P-QD 

with TCNQ, absorption at 450 nm from 0.08 to 0.48 µM decreased and from 1.0 to 8.0 

µM increased Figure (4.12A, C), suggesting complex interaction. On the other hand, the 

PL intensity of QD@HDT assembly was sharply decreased with increasing concentration 

of TCNQ in toluene. It indicates efficient electron transfer from photoexcited QD@HDT 

assembly to TCNQ. Figure 4.12C illustrates the concentration-dependent quenching 

effect, which suggests an effective interaction between TCNQ and the QD@HDT’s 

excited state.  

    At the maximum TCNQ concentration, the PL intensity dramatically drops and reaches 

a quenching efficiency of about 80%. In contrast, the PL intensity was reduced by almost 

55% in the case of P-C60. It demonstrates that QD@HDT with TCNQ has a higher 

quenching efficiency than P-QD. In other words, the impacts of TCNQ's interaction with 

QD@HDT assemblies were more noticeable than those of P-QDs. This enhanced 

quenching efficiency could be attributed to the altered surface chemistry and electronic 

structure of the QDs in the assembly, potentially providing more favorable pathways for 

electron transfer to TCNQ.  
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4.3.13 Time-resolved photoluminescence measurement quantum dot assemblies 

with 7,7,8,8-tetracyanoquinodimethane 

 

Figure 4.13 PL decay of (A) QD@HDT assembly without (blue) and with (indigo) of 

TCNQ (λex= 405 nm), (B) The Stern-Volmer (S-V) plot, (I0 and I denoted the PL intensity 

of QD@HDT without and with TCNQ). 

    To check the lifetime and interaction between QD@HDT and TCNQ, a time-resolved 

PL measurement was also performed (Figure 4.13A). The PL lifetime of the assembly 

without using TCNQ was 53.7 ns. After the addition of TCNQ (8.0 µM), the lifetime did 

not change significantly, 48.6 ns. While this change is modest, it is more significant than 

observed with pristine QDs. The linear S-V plot (Figure 4.13B) again suggests a 

combination of static and dynamic quenching mechanisms. The enhanced quenching in 

assemblies could be due to the increased accessibility of TCNQ to the QD surface. The 

interaction of TCNQ with both pristine QDs and QD@HDT assemblies demonstrates the 

complex nature of electron transfer in these systems. The observed quenching effects are 

more pronounced in assemblies, suggesting that the structural organization of QDs plays 

a crucial role in facilitating electron transfer processes. 

    The combination of static and dynamic quenching mechanisms indicates that TCNQ 

interacts with QDs both through ground-state complex formation and diffusion-controlled 

processes. This dual mechanism could be advantageous for applications requiring 

efficient and versatile electron transfer, such as in photocatalysis or optoelectronic 

devices. The enhanced quenching efficiency in QD@HDT assemblies compared to 

pristine QDs highlights the potential of engineered QD structures in improving electron 
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transfer processes. This finding opens up possibilities for designing more efficient light-

harvesting and charge-separation systems by tailoring the assembly architecture and 

surface chemistry of QDs. 

    In conclusion, the study of TCNQ interactions with QDs and their assemblies provides 

valuable insights into the factors governing electron transfer in these systems. The 

observed differences between pristine QDs and assemblies underscore the importance of 

nanostructure engineering in optimizing electron transfer processes. 

4.4 Conclusions 

Herein, I have successfully fabricated a QD assembly, named QD@HDT, by using 1,6-

hexane dithiol (HDT) as a molecular linker for controlled assembly. STEM and DLS 

analyses were used in this work to confirm the structural integrity and the formation of 

QD@HDT assembly. STEM imaging revealed well-defined assemblies, while DLS 

measurements underlined the uniform particle size and effective dispersion in solution, 

proving the reproducibility and robustness of the assembly process. The charge transfer 

dynamics of the QD@HDT assembly were further investigated with various electron 

acceptors, including (P-C60), C60-RCOOH, and TCNQ. The results indicated various 

contact types based on the properties of the quenchers. When interacting with P-C60 and 

TCNQ, the QD@HDT assembly used both static and dynamic quenching. Static 

quenching arose from ground-state complex formation, while dynamic quenching 

involved diffusion-controlled interactions leading to the transfer of electrons in the state 

of excitation. In contrast, the interaction of C60-RCOOH was mostly dynamic, probably 

due to the functionalized carboxyl groups, which favored efficient diffusion and 

interaction with QDs in the excited state. The higher quenching efficiency for QD@HDT 

assemblies compared to pristine QDs testifies to the important role of HDT as a linker. 

HDT contributed not only to the structural organization of QDs but also provided the 

environment that favored donor-acceptor interactions, thus promoting electron transfer. 

In such a way, the double functionality of HDT acting both as a structural and electronic 

mediator point to its potential in the design of QD-based systems with preselected 

properties. 
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     The work presented gives enough insight into the design and functionalization of QD 

assemblies. The dynamics of charge transfer described, along with the function of linker 

molecules, open new pathways for the advancement of QD-based materials in such 

applications as optoelectronics, photovoltaics, and sensors. The results show that the 

strategic design of assemblies can greatly influence the dynamics and efficiency of 

interactions in QD-based donor-acceptor systems and thus point to a very promising 

direction for future studies in QD assembly and related areas. 
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Chapter 5 

Electron transfer from mesoscopic 

assemblies of semiconductor 

quantum dots  

5.1. Abstract 

With unique semiconductor photonic and electronic properties, quantum dots have 

emerged as one of the most important materials in modern technology. Because of their 

outstanding tunability, size-dependent optical behavior, and quantum confinement effects, 

QDs are a necessary ingredient for applications that include light-emitting diodes, all the 

way to photovoltaics and bioimaging. While single, isolated QDs have been the subject 

of intense studies, the development of efficient synthesis and dispersion methods for 

mesoscopic QD assemblies has remained a bottleneck toward the full realization of their 

potential. Moving from single QDs to structured assemblies introduces collective 

properties and interdot interactions that further significantly enhance the electron transfer 

efficiency and optoelectronic performance of QDs. This chapter introduces a new, simple 

way to prepare shaped nanoparticles by using a biocatalyst-based process; I term it the 

biocatalytic nanoparticle shaping method (BNS). This novel process enables the synthesis 

of well-dispersed mesoscopic QD assemblies with good control of size and morphology 

and allows a wide range of advanced studies and applications to take advantage of their 

electron transfer capabilities. In the BNS method, QDs first aggregate into large clusters 

(>1 μm) with the help of oligo-L-lysine as a linker. The initial aggregation phase lays a 

framework for the eventual assembly at the mesoscopic scale. The action of trypsin, a 

highly specific and efficient proteolytic enzyme, cleaves the amide bonds within the 

oligo-L-lysine linkers. This represents an enzymatic breakup of the large aggregates into 

controlled, well-dispersed mesoscopic particles with a limited size distribution, averaging 

about 84 nm in hydrodynamic diameter. The resulting mesoscopic QD assemblies, ms-

QDs, retain excellent colloidal stability and exhibit uniform structural properties. The 
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transformation from micron-scale aggregates to nanoscale assemblies is precisely 

controlled, with great reproducibility and scalability of the process. 

     Accordingly, the photophysical properties of the ms-QDs were carefully investigated 

and showed that, while retaining the intrinsic quantum mechanical features of the single 

QDs, new attributes emerged as a consequence of their collective organization. 

Spectroscopic analyses confirmed the preservation of photoluminescence and 

enhancement of charge mobility due to reduced interparticle distance in the assemblies. 

Critically, the ms-QDs showed robust electron transfer capabilities, a highly sought-after 

feature in applications related to solar energy harvesting, photocatalysis, and 

optoelectronics. The assembly structure favored closer contact between QDs and electron 

acceptor molecules, significantly improving electron transfer efficiency. This is a kind of 

collective behavior that does not exist in isolated QDs, further emphasizing the 

importance of mesoscopic assembly design in enhancing functional performance. 

     The electron transfer properties of the ms-QDs were explored by a variety of 

spectroscopic methods, including steady-state and time-resolved PL measurements. 

Electron transfer to suitable electron acceptors, such as TCNQ, was found to occur rapidly 

and efficiently from the QD assemblies. This efficiency is due to the unique mesoscopic 

structure that decreases insulating barriers typical for surface ligands while retaining 

stability and dispersion. 

    Electron transfer enabled by ms-QDs is highly efficient and opens great perspectives 

for their application in next-generation solar energy-converting devices. The effective 

charge separation and transport will contribute significantly to the enhancing performance 

of photovoltaic systems and other energy conversion devices based on such assemblies. 

Moreover, due to their structural versatility and scalable syntheses, they represent ideal 

candidates in the investigation of molecular-based mesoscopic particles for various 

optoelectronic applications. While these are important findings, the BNS method 

represents a paradigm-shifting approach toward fabricating well-dispersed mesoscopic 

QD assemblies with tailored properties. This integration of enzymatic precision into 

nanoscale engineering allows the generation of particles with optimized photophysical 

properties and superior electron transfer capabilities. Developments in this chapter 

support the potential of ms-QDs as superior platforms for solar energy harvesting to 

advance the design of molecular-based systems offering superior optoelectronic 
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performance. This study lays the groundwork for future research into transfer of electrons 

techniques in structured QD assemblies, as well as new insights on their significance in 

next-generation materials for energy and electronics. 

5.2. Introduction 

Recent advances in QDs have transformed their use in bioimaging, sensors, solar energy 

harvesting, and even quantum computing.1–7 These nanomaterials, lauded for their size-

dependent optical absorption, possess exceptional properties when reduced to dimensions 

comparable to the exciton Bohr radius.8–10 It is this quantum confinement effect that has 

opened Pandora's box of unique electrical and photonic behaviors at the heart of modern 

applications. The colloidal QDs, being solution-processable and thus easily integrated 

into various systems, have driven wide research.11,12 Their ease of synthesis, added to 

tunable size dispersion, makes them so valuable in optoelectronics and bioimaging. 

Therefore, from that perspective, with the transformative potentials of QDs, the invention 

received the 2023 Nobel Prize for its amazing effect on the technology and perspective 

that science will develop for future industries.13,14  However, to realize the whole 

possibility of QDs, researchers have put increasing emphasis on the intermolecular 

interaction of QD assemblies since electronic and optical property tailoring enabled by 

these kinds of interactions largely enable advanced applications.  

    While single QDs have extraordinary properties, the controlled assemblies introduce 

collective phenomena and interdot coupling. In this way, such assemblies allow tunable 

optical and electronic properties using interdot spacing and geometry.15,16 These features 

have catalyzed breakthroughs in designing high-efficiency solar cells17, photocatalysts18, 

molecular computing blocks19, and high-density data storage devices20. 

     Recent work by Tahara et al. has pointed out the great possibilities that QD assemblies 

can offer after showing impressive up-conversion properties in substrate-supported QD 

structures.21 This indeed marks a potent avenue toward making state-of-the-art 

optoelectronic materials. Yet, preparation methodology for stable and well-dispersed QD 

assemblies is scarce, and the current methodologies lack scalability or control over 

reaction conditions in most cases.22–25 

     In particular, the attempts toward the preparation of QD assemblies include ion-

mediated techniques and cross-linker methods. For example, Koole et al. used organic 
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linkers like 1,6-hexanedithiol (HDT) to fabricate molecular-like assemblies of CdTe QDs, 

showing that linker concentration affected the aggregate size.24 Liu et al. recently 

developed a quick ion-mediated strategy to prepare hydrophilic and aggregate-free QD 

assemblies.26 However, the synthesis of soluble, well-dispersed mesoscopic QD 

assemblies comprising a significant amount of QDs is still rarely reported.27–29 

     The attempt to hybridize different approaches has also been developed, such as the 

work of Grzyb et al. who developed self-assembled antennas based on CdTe QDs 

combined with phycocyanin or phycobilisomes. These indeed evidenced energy transfer 

over distances larger than the Förster radius, which underlines the potential of QD 

assemblies for energy applications.15 However, most of them require either perfect 

control of the reaction or scaffolds to avoid undesirable large-scale aggregations, and thus 

call for versatile universal fabrication strategies. 

     In this thesis, I presented an enzyme-based methodology for the generation of 

functional mesoscopic QD particles, denoted as biocatalytic nanoparticle shaping, with 

controlled size and dispersibility. Enzymatic reactions usually enjoy popularity in their 

diversity, specificity, and even selectivity for a variety of chemical transformations. In 

particular, this new method utilizes an enzyme called trypsin-protease-that cleaves an 

amide bond near an L-arginine or L-lysine residue to disassemble large-scale QD 

aggregations into homogeneous mesoscopic size and dispersed distributions.30–32, 33 

The process starts with QDs functionalized with carboxylic acid groups, which are 

interconnected via oligo-L-lysine chains to form aggregates larger than 1 μm.34 Then, 

trypsin is added to cleave the oligo-L-lysine linkers, producing ms-QDs with a 

hydrodynamic size of about 84 nm. This enzymatic method is straightforward and 

scalable, thus providing a controlled pathway for the preparation of well-dispersed 

mesoscopic QD assemblies suitable for various applications. 

     The ms-QDs synthesized by the BNS method possess remarkable electron transfer 

properties that are very important for applications in solar energy conversion and 

optoelectronics. These assemblies combine the advantages of collective behavior with the 

intrinsic properties of individual QDs, thus creating a platform for efficient charge 

separation and transport. In addition, spectroscopic studies indicated that the strong 

luminescence of ms-QDs emanated from the constituent QDs in supporting efficient 

electron transfer due to their optimally developed architecture, which has minimized 
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insulating barriers and ensured increased donor-acceptor contacts. This mesoscopic 

structure can serve for long-range electron transport and hence has the potential to act in 

energy conversion devices, like solar cells and photocatalysts. The unique properties of 

ms-QDs go beyond energy applications.35–37 High specific surface area, combined with 

exceptional optical and electronic characteristics, makes them valuable in catalysis, drug 

delivery, and molecular computation.38-41 A biocatalytic approach can create well-

dispersed functional mesoscopic particles, which opens new dimensions in designing 

materials with tailored properties. 

     The BNS method represents a great leap in QD assembly fabrication. Enzymatic 

processes used in this approach allow the production of mesoscopic QD assemblies in a 

versatile, scalable, and efficient way while significantly improving electron transfer. 

These results provide important insight into the basic principles of QD assembly and open 

exciting perspectives for further applications in next-generation optoelectronic devices, 

solar energy harvesting, and beyond. The presented work points to the possibility that QD 

assemblies will change the face of technologies relying on efficient charge transport and 

energy conversion, therefore it gives a background for further development in this field. 

5.3. Results and discussion 

5.3.1 Mesoscopic quantum dots assembly formation using a bioinspired method 

In this work, a novel method was developed to prepare ms-QDs by taking advantage of 

the enzymatic cleavage action of trypsin on oligo-L-lysine chains bridging QDs. It 

successfully decomposes large QD aggregates into smaller, well-dispersed particles in 

water and hence opens up a facile route for the preparation of mesoscopic assemblies that 

can potentially be applied to optoelectronic and energy devices. 

     The functionalization of colloidal CdSe/CdS QDs with thiol-PEG introduced the 

carboxylic acid functional groups, yielding a structure of QD-COOH. To further link 

QD-COOH particles into large aggregates, they were treated with an amide-condensation 

reaction. The reaction involved DMT-MM (4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholinium chloride) as a coupling agent and an excess of L-lysine (400 wt%) 

to ensure extensive cross-linking between QD particles (Figure 5.1A). Thus, this resulted 

in microscale aggregates wherein the particle size was well above 1000 nm. 
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Figure 5.1 (A) A synthetic scheme to make ms-QD by the BNS method and mono-QD, 

as a reference compound. (i) 400 w% (to QD-COOH) L-lysine, DMT-MM, 40 °C, 12 h, 

in water; (ii) 0.30 w% (to QD-COOH) L-lysine, DMT-MM, 40 °C, 12 h, in water. The 

corresponding dispersions are shown in the inset photos. The DLS profiles of (B) ms-QD 

aggregates before adding trypsin, and (C) ms-QD dispersed in 10 mM HEPES aq. 

     The large aggregates were accordingly formed, evidenced quantitatively through the 

DLS measurements of such microscale precipitates, Figure 5.1B shows this. These would 

constitute an interim stage in these syntheses when they become precursors in forming 

mesoscopic assemblies. This will be done to reduce these large aggregates to well-

dispersed mesoscopic particles by using trypsin. Finally, an acid-washed trypsin-type 

protease enzyme, which cuts in the vicinity of lysine and arginine at amide bond, was 

introduced to the precipitate at a temperature of 40 °C and incubated overnight for 12 

hours. Accordingly, this digestion reaction cleaves the oligo-L-lysine linkers, leading to 

well-micro-sized QD products with considerable diminution in size compared to their 

initial aggregates. As shown in Figure 5.1C, ms-QDs have excellent dispersion in water 

which demonstrates that this enzymatic cleavage approach has been completed. 
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     For direct comparison and to provide further insight, a reference compound known as 

mono-QD was prepared. Synthesis of mono-QD was proceeded by a procedure similar 

to ms-QD. In this work, QD-COOH was reacted with L-lysine and DMT-MM at 40 °C 

for 12 h to form a single QD-lysine assembly without enzymatic cleavage. After the 

reaction, unreacted L-lysine was washed off thoroughly with water, and mono-QD 

assemblies were collected. 

     This work illustrated the flexibility of the enzymatic cleavage approach and thus 

compared ms-QDs with mono-QDs to provide important insight into the structural and 

functional differences brought about by their distinct assembly processes. Characteristics 

of the resulting ms-QDs were quite promising for applications that need well-dispersed 

functionalized mesoscopic particles, including superior electron transfer capabilities. This 

enzymatic assembly and cleaving method represents a scalable and efficient pathway 

toward the synthesis of mesoscopic QD structures and opens new avenues to their 

integration into advanced optoelectronic systems and energy devices. 
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5.3.2 Size distribution of the assembled particles 

Figure 5.2 The DLS profiles of (A) QD-COOH, (B) mono-QD, and (C) ms-QD in 10 

mM HEPES aq., and the STEM images of (D) QD-COOH, (E) mono-QD, and (F) ms-

QD. 

    The hydrodynamic dimension, size distribution, and morphological properties of the 

QDs and their assemblies were investigated in detail by employing DLS and STEM 

analytical techniques, respectively. Such analytical techniques offer a deep insight into 

the hydrodynamic dimensions, size distribution, and morphological properties of the QD 

samples in question. Figure 5.2A illustrates that the DLS result of QD-COOH particles 

gave a mean hydrodynamic diameter of 8.6 ± 4.8 nm, while for ms-QD particles, a large 

mean hydrodynamic diameter is shown at 84.4 ± 22.1 nm in Figure 5.2C. The increased 

size certainly indicated the transformation of mono-QDs to ms-QDs assemblies through 
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the enzymatic cleavage and self-assembly process. Importantly, both QD-COOH and 

ms-QD samples showed small PDI (<0.2), indicating that the particles were well-

dispersed in aqueous solutions with a restricted and uniform size distribution. Indeed, 

such well-dispersed and water-soluble nanoparticles with controlled size and shape have 

been a big challenge in the synthesis of nanomaterials. On the other hand, the successful 

preparation of ms-QDs in the current work underlines the efficacy of the enzymatic 

cleavage and assembly approach. 

     For comparison and a better understanding of the formation and necessity of 

mesoscopic assemblies, mono-QD particles were also prepared. DLS analysis of mono-

QDs (Figure 5.2B) gave a mean hydrodynamic diameter of 22.6 ± 4.0 nm, representing 

an intermediate size between the smaller QD-COOH and the larger ms-QD particles. 

This confirmed that ms-QDs uniquely represent mesoscopic assemblies rather than 

simple aggregates or monomeric particles. Further confirmation of structural differences 

among the QD-COOH, mono-QD, and ms-QD particles was obtained from STEM 

analysis. QD-COOH and mono-QD samples showed discrete, monomeric QDs, Figures 

5.2D-5.2F, while ms-QD samples demonstrated a characteristic structure of cross-linked 

aggregates organized in several layers. The newly formed unique multilayer arrangement 

is self-assembled into spherical ms-QDs in aqueous solutions, resulting in stable 

mesoparticles with well-defined morphologies. 

     It was considered that partial enzymatic cleavage of the amide bonds within the oligo-

lysine chains was responsible for the formation of ms-QDs. The partial enzymatic 

reaction occurred, allowing cross-linking that, in turn, enabled the formation of spherical 

mesoscopic particles. This represents a feasible and effective route to obtain mesoscopic 

assemblies with controlled size and morphology, expanding the possibilities for 

synthesizing advanced nanomaterials. On the contrary, other studies, like one conducted 

by Chen et al., tried to form carbon-dot-based aggregates by regulating the addition of 

concentrated fatty acids.41 While that was a good attempt, the uniformity and dispersion 

achieved in the study point out the excellence of the enzymatic route toward QD assembly. 

Due to the multilayer and highly dispersed spherical structure, ms-QDs hold a privileged 

position in optoelectronics, catalysis, and energy harvesting. This overview of the size, 

distribution, and structural organization of QDs underscores the transformative power of 
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enzymatic cleavage in nanomaterial synthesis and points toward mesoscopic assemblies 

as a key to unlock further advances in quantum dot applications. 

5.3.3 Optical properties of the assembled particles 

Figure 5.3 Absorption spectra of (A) QD-COOH, (B) mono-QD, and (C) ms-QD, and 

PL spectra (λex: 405 nm) of (D) QD-COOH, (E) mono-QD, and (F) ms-QD in 10 mM 

HEPES aq. The absorbance at the excitation wavelengths was set to be identical (0.20) 

for all samples. 

     To study the optical properties of the QD samples, some analyses were performed 

using UV-vis absorption spectroscopy and steady-state fluorescence spectrometry. ms-

QD, mono-QD, and QD-COOH each were dissolved in a 10 mM aqueous HEPES buffer 

for uniformity and consistency in measurement. The absorption and PL spectra were 

recorded to assess their optical behavior and to gain insights into the unique properties of 
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the mesoscopic QD assemblies (ms-QDs) compared to their monomeric counterparts. 

Absorption spectra of QD-COOH, mono-QD, and ms-QD revealed that these samples 

efficiently absorbed light in the ultraviolet to approximately 600 nm range of wavelength 

(Figures 5.3A, 5.3B, and 5.3C). Such a broad absorption may be indicative of 

semiconductor characteristics and may show promise in light-harvesting applications of 

CdSe/CdS QDs. However, this was a distinguishing point for ms-QD. The ms-QD 

sample exhibited distinct light-scattering signals beyond 600 nm due to its relatively 

larger particle size, which was absent in the spectra of QD-COOH and mono-QD. This 

scattering, as a result of the mesoscopic nature of ms-QDs, is because of their larger 

dimensions, which effectively alter the interactions with light using serious forward and 

backward scattering.43 Such optical properties can be utilized in applications requiring 

strong light-matter interactions, like photovoltaics or photocatalysis. PL spectra were 

recorded upon photoexcitation at 405 nm to investigate the emission characteristics of the 

samples. Indeed, all three samples revealed distinct emission peaks located. QD-COOH 

showed a sharp emission peak at 645 nm, mono-QD also exhibited an emission peak at 

645 nm, and ms-QD displayed a slightly redshifted emission peak at 650 nm (Figures 

5.3D, 5.3E, and 5.3F). Specifically, this red shift in the ms-QD emission peak is attributed 

to some unique features of the mesoscopic arrangement in these assemblies. More 

precisely, internal emission reabsorption within the assembly can account for the red-

shifted and slightly reduced emission intensity of ms-QD.44 Such a phenomenon arises 

from interactions between closely packed QDs and the resulting energy exchange within 

the mesoscopic structure. 

     The red-shifted emission and reduced intensity in ms-QD point toward an enhanced 

energy transfer process within this assembly, promising the advancement of optical 

materials. The structural arrangement in ms-QD assemblies has allowed efficient 

electron/ hole transfer or energy transfer processes, which is particularly attractive in 

applications such as solar energy harvesting and light-emitting devices. For instance, Liu 

and co-workers, by using similar optical properties, prepared highly efficient luminescent 

solar concentrators by using red-emissive carbon dots.45 The capability of ms-QD to 

show reabsorption and energy redistribution processes further improves the potential of 

this material as a candidate for luminescent solar concentrators, photovoltaic systems, or 

light-harvesting devices. 
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     UV-vis and PL spectroscopic investigations point out the peculiar optical properties 

of ms-QD concerning both mono-QD and QD-COOH. The broad UV-visible light 

absorption, the light-scattering effect due to mesoscopic structure, and the red-shifted 

emission all point out the advanced optical behavior of ms-QDs. Such features open up 

new avenues in designing novel optical materials with improved light manipulation and 

energy transfer capabilities, which can be tailored for next-generation optoelectronic 

applications in solar cells, light concentrators, and photodetectors. 

5.3.4 Photoluminescence quenching study for mesoscopic quantum dots with 7,7,8,8-

tetracyanoquinodimethane 

 

Figure 5.4 Quenching study for ms-QD with TCNQ in toluene. (A) Absorption, and (B) 

PL spectra of pristine QD (λex= 450 nm) with various concentrations of TCNQ, (C) 

Concentration-dependent image of normalized absorbance (blue) at 450 nm of Figure 

5.4A, PL intensity (orange) at 650 nm of Figure 5.4B, (D) PL decay profile without (blue) 

or with (red) mono-QD (λex= 405 nm).  
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     The ms-QD showed distinct differences in absorption, emission properties, and 

particle size compared to its monomeric counterpart, mono-QD.46 To further explore 

these unique characteristics, a detailed study of electron transfer was conducted using 

7,7,8,8-tetracyanoquinodimethane as the electron acceptor. Absorption and PL spectra of 

ms-QDs have been measured both in the absence and in the presence of TCNQ in toluene. 

For monitoring optical property variations of ms-QDs, a stepwise addition of TCNQ in 

the range of 0.08 µM to 4.0 µM has been employed. The initial absorption peak of ms-

QD at 450 nm did not change much upon the addition of TCNQ. However, upon 

increasing the concentration of TCNQ, a huge enhancement of absorption at 450 nm in 

Figure 5.4A indicated the interaction of TCNQ molecules with the assemblies of ms-QD 

that changed their electronic environment. The significant quenching of the PL intensity 

of ms-QD, with increasing concentration of TCNQ, can be seen in Figure 5.4B. The PL 

intensity decay indicated that an electron transfer process, driven by proximity and 

electronic compatibility, was occurring between ms-QDs and TCNQ. From the 

normalized plot of absorption and PL changes in Figure 5.4C, it can be seen that the extent 

of PL quenching was far beyond the reduction of absorption, which constitutes a strong 

indication of electronic interaction for PL quenching rather than any light absorption or 

scattering effects. TRPL data was used further to determine the dynamics of electron 

transfer. The fluorescence lifetime for ms-QD in the absence of TCNQ measured 44.2 ns, 

showing the relatively long-lived excited state of the big assembly Figure 5.4D. In the 

presence of 4.0 µM TCNQ, its lifetime drastically dropped to 9.53 ns, providing 

compelling evidence for dynamic quenching. This enormous decrease in lifetime 

confirms electron transfer where excited-state electrons from ms-QD were transferred to 

TCNQ. Based on this result, it is suggested that strong dynamic interaction between ms-

QD and TCNQ should be caused by a unique structure and electronic property of the 

mesoscopic assembly. For comparison, mono-QD containing TCNQ was studied 

concerning its PET performance.  
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5.3.5 Photoluminescence quenching study for mono-QD with 7,7,8,8-

tetracyanoquinodimethane 

Figure 5.5 Quenching study for mono-QD with TCNQ in toluene. (A) Absorption, and 

(B) PL spectra of pristine QD (λex= 450 nm) with various concentrations of TCNQ, (C) 

Concentration-dependent image of normalized absorbance (blue) at 450 nm of Figure 

5.5A, PL intensity (orange) at 645 nm of Figure 5.5B, (D) PL decay profile without 

(black) or with (red) mono-QD (λex= 405 nm).  

     The electron dynamics of electron transfer in QD systems were further realized by 

mono-QD with the electron acceptor, TCNQ. The present comparative study is carried 

out to indicate different behaviors of ms-QDs and mono-QDs within electron transfer 

processes, allowing more insight into how structural differences in one may affect its 

electronic behavior. The optical properties of mono-QD were studied by absorption and 

PL spectroscopy upon a stepwise addition of TCNQ in toluene. Figure 5.5A presents the 

absorption spectra of mono-QD in the absence and presence of TCNQ. Unlike ms-QD, 

the addition of TCNQ hardly changed the absorption spectra of mono-QD, indicative of 
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weaker interaction and less significant perturbation of the mono-QD electronic states. 

Figure 5.5B displays that the PL spectra decrease gradually in intensity with increasing 

TCNQ concentration owing to a quenching effect, indicating PET between mono-QD 

and TCNQ. However, in comparison with ms-QD, the extent of quenching in mono-QD 

is considerably less pronounced. Figures 5.4C and 5.5C  represent the normalized 

comparison, which shows that mono-QD exhibits lower quenching efficiency than ms-

QD. Such findings emphasize the important role of multilayered assembly architecture in 

ms-QD to provide increased donor-acceptor interactions and promote more efficient 

electron transfer pathways. To gain further insight into the nature of PL quenching, TRPL 

measurements were carried out. The fluorescence lifetime of mono-QD in the absence of 

TCNQ is 41.6 ns shown in Figure 5.5D. The addition of TCNQ did not show much 

variation in the lifetime of mono-QD (35.6 ns), proving a static type of quenching 

mechanism. Unlike the dynamic quenching observed in ms-QDs, the interaction in 

mono-QDs involves mainly the ground-state complex formation and hence TCNQ 

interacts dynamically with the excited states of QDs. Accordingly, static quenching in 

mono-QD implies negligible electronic interaction between mono-QD and TCNQ. This 

behavior contrasts sharply with the dynamic quenching mechanism in ms-QD, whereby 

efficient electron transfer is evidenced through the significant lifetime reduction. The 

distinct mode of PET operation between mono-QD and ms-QD is reflected in their 

structural and assembly features. 

     Therefore, the multilayered and mesoscopic assembly in ms-QD provides the 

conditions needed for a high number of sites of donor-acceptor contacts with optimized 

interface environments for electron transfer not present in its monomeric structure, mono-

QD. While a highly effective process of electron transfer is reflected through the 

pronounced PL quenching for ms-QD, the lowest level of quenching reflects limited 

interactions in mono-QD. The ms-QD dynamic quenching mechanism, in which the 

lifetime reduction is significant, underlines a very effective electron transfer capability. 

In contrast, static quenching in mono-QD involves little lifetime change, and thus the 

interaction between electron transfers is weak or less effective. This poor static quenching 

is an indicator that mono-QDs are poorly suitable for various applications requiring 

highly effective charge transfer, such as photovoltaics or advanced sensing systems. As 



146 
 

opposed to that, strongly enhanced dynamics of PET underline the position of ms-QDs 

for performance high-performance optoelectronic devices. 

     The huge influence of the architecture in the assembly on electron transfer efficiency 

is enlightened by comparing the PET behavior between mono-QD and ms-QD. While 

mono-QD exhibits static quenching and weaker interactions with TCNQ, dynamic 

quenching of ms-QD with efficient electron transfer affirms it for the next-generation 

optoelectronic and energy-harvesting applications. This will shed light on how design 

considerations toward structured assemblies can aim at the optimization of electron 

transfer processes in the QD systems. 

5.3.6 S-V plot for mesoscopic quantum dots and monomeric quantum dots 

Figure 5.6 Stern-Volmer Plot of, (A) ms-QD,  (B) mono-QD with TCNQ. 

     The Stern-Volmer plots for TCNQ with ms-QD and mono-QD showed linear 

relationships (Figures 5.6A & 5.6B), providing evidence of the mechanism of quenching. 

The Stern-Volmer plot gives a powerful means to analyze the efficiency of the PET 

processes between QDs and electron acceptors. I will be able to make a quantitative 

evaluation of the extent of quenching and the kinetics of the electron transfer process by 

estimating the Stern-Volmer constant. In this work, the KSV value was extracted from the 

slope of the S-V plot, which is a plot of the ratio of the PL intensity (I0/I) as a function of 

the concentration of the electron acceptor (Q), where I0 is the PL intensity in the absence 

of the quencher and I is the intensity after the addition of the quencher. The Stern-Volmer 

constant for P-C60 was estimated to be 0.863 × 10⁶ M⁻¹. This relatively high value reflects 

the efficient electron transfer interaction between the QDs and the P-C60 acceptor 
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molecule. The Stern-Volmer constant for ms-QD was 0.678 × 10⁶ M⁻¹, showing strong 

quenching efficiency, though a little lower than that of P-C60. That is to say, ms-QD also 

has a high propensity to interact with the electron acceptor; however, it exhibits somewhat 

reduced quenching efficiency compared with the pristine fullerene, P-C60, probably due 

to its larger size or structural complexity relative to single QDs. 

     Kq also yields insight into the efficiency of quenching. It is representative of the speed 

at which the process between QDs and the electron acceptor occurs, or how fast PET 

occurs in short. The values were derived from Stern-Volmer constants and the lifetime of 

the QDs, indicating an in-depth process of electron transfer. The quenching rate constant 

of ms-QD was observed to be 19.5 × 10¹² M⁻¹s⁻¹. This high value reflects the fact that 

electron transfer in ms-QD occurs extremely efficiently. In the mesoscopic assembly, the 

presence of several donor-acceptor contact sites likely facilitates rapid electron transfer, 

leading to faster quenching of the PL. This efficient quenching is a signature of the well-

structured, layered assembly architecture in ms-QD, wherein the electron transfer would 

be more effective due to enhanced interparticle interactions. The quenching rate constant 

for mono-QD was 16.2 × 10¹² M⁻¹s⁻¹, which, though high, is lower than that of ms-QD. 

This indicates that the electron transfer in mono-QDs is less efficient, probably due to the 

absence of structured assembly and reduced availability of donor-acceptor interactions. 

The monomeric nature of mono-QD results in less effective electron transfer, as reflected 

by the lower value of the quenching rate constant compared with ms-QD. 

     The large discrepancy between the Stern-Volmer constants and quenching rate 

constants between ms-QD and mono-QD points out the great enhancement of assembly 

architecture on the electron transfer processes. The extremely efficient quenching in the 

ms-QDs could be indicative of their application in systems requiring fast and efficient 

electron transfer, such as in solar energy harvesting, photocatalysis, and other 

optoelectronic devices. The higher quenching efficiency of ms-QDs would thus suggest 

that the mesoscopic structure confers a distinct advantage compared to single monomeric 

QDs, probably due to enhanced interparticle interactions and more pathways for electron 

transfer. This further brings into focus the importance of the assembly and organization 

of nanoparticles in optimizing electron transfer dynamics, probably a key consideration 

in the design of new materials for energy conversion and sensor applications. 
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5.4. Conclusions   

While especially nanoparticle assembly and shaping in mesoscopic QD structures have 

great potential for several technological applications, the fascinating field remains barely 

explored. Even though some methods have already been suggested in the literature for 

preparing mesoscopic QD assemblies, the search is still open for an appropriate general 

versatile method by which well-dispersed and uniform particles can be fabricated of 

controlled size. In this work, I developed and successfully demonstrated a novel 

biocatalytic methodology, the so-called Biocatalyst Nanoparticle Shaping approach, 

using oligo-L-lysine and QDs to produce mesoscopic-sized particles with well-defined 

properties. Uniqueness in this method indeed lies in the simplicity of this approach and 

that mesoscopic assemblies of QDs are formed with very narrow size distribution and 

excellent dispersion in aqueous solutions. 

     The BNS approach produced mesoscopic QD assemblies with an average size of about 

84 nm, which is favorable for achieving superior optical and electric properties. These 

showed excellent PL and electron transfer properties, which gives indications that ms-

QDs serve as very effective materials for future optical devices. With improved features, 

particularly efficient electron transfer processes, ms-QDs are now recognized as 

promising candidates for use in solar power harvesting, and in the photodetectors. 

    One of the main advantages of the BNS approach involves control of the size and 

dispersion of mesoscopic particles-a very critical factor in the performance of 

optoelectronic materials. The method's versatility enables exact tweaking of particle size 

and, as a result, optical and electrical properties of QD assemblies. Moreover, being a 

biocatalytic process, the BNS approach enables nanoparticle processing in a green and 

selective way, a green alternative to the more traditional approaches involving toxic 

reagents or drastic conditions. 

     Looking ahead, the BNS method holds immense promise for furthering the synthesis 

of mesoscopically unique materials with unprecedented blends of optical, chemical, and 

mechanical properties together with electronic ones. Abilities to fabricate colloidal QD 

assemblies that are monodisperse in size, have tuned interparticle coupling, and possess 

improved optoelectronic attributes will broaden the scope of new applications in several 

key technology sectors. The BNS method can be further refined into mass production for 
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the assemblies in applications at an industrial scale. Similarly, this approach may also be 

extended to other kinds of nanoparticles or other materials from QD. 

     This will likely be achieved by the integration of the BNS technique with the solution 

processing methods to fabricate highly functional mesoscale materials that could easily 

be adapted into different device architectures. The investigation of the interactions of 

these materials with their environment, such as the behavior of such materials in thin films 

and/or layered structures, will contribute to a better understanding of how to exploit 

unique properties of the mesoscopic QDs for use in advanced optoelectronic applications. 

Next-generation materials for photovoltaic devices, advanced sensors, and several other 

emerging technologies could therefore be developed. 

     The approach of the BNS thus offers, in this respect, not only a new route toward the 

preparation of the mesoscopic assemblies of QD but also a bright perspective on the 

further development of nanoparticle-based materials. It will provide ways to manipulate 

properties and structures on the mesoscale with great potential in the high-performance 

functionality of optoelectronics and energy conversion applications. 
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General Conclusions 

In this thesis, the interfacial electron transport processes in CdSe/CdS quantum dots and 

perovskite nanocrystal assemblies were thoroughly examined. Several electron acceptor 

molecules, including pristine fullerene (P-C60), COOH-functionalized fullerene (C60-

RCOOH), and 7,7,8,8-tetracyanoquinodimethane (TCNQ), have been used to investigate 

electron transfer processes. I used a combination of steady-state and time-resolved 

fluorescence spectroscopic techniques to thoroughly examine the electron transfer.  

     For comparison, two popular perovskite systems were selected: MAPbBr3 and 

CsPbBr3. Both systems showed poor electron transfer efficiency in the solution phase 

owing to the presence of surface ligands such as oleic acid and oleyamine. These ligands, 

while protecting the nanocrystals in solution, act as insulating barriers to charge-carrier 

movement. As a result, the overall charge transfer efficiency was drastically reduced. 

FAPbBr3 nanocrystals showing superior stability, phenomenal optical properties, and 

high photoluminescence quantum yield stood out as an ideal candidate for the study of 

electron transport and controlled assembly formation. Resistance to environmental 

degradation was observed in FAPbBr3, thus allowing more reliable and consistent 

performance in electron transfer studies. A controlled assembly strategy for FAPbBr3 

nanocrystals was adopted to overcome the challenges arising from insulating surface 

ligands. This approach afforded some peculiar assembly architectures for efficient 

electron transport, as the donor-acceptor contact sites became more accessible. The 

interactions of three different acceptor molecules, P-C60, C60-RCOOH, and TCNQ were 

explored in different pathways. Compared to isolated nanocrystals, the assemblies 

showed a higher efficiency of electron transfer. These findings emphasize how structural 

organization has a strong impact on the dynamics of electron transfer and identify the 

advantages offered by well-structured assemblies concerning efficient charge transport. 

     I further observed an impressive feature, which was co-aggregation in the film state 

between the FAPbBr3 PNCs and acceptor molecules. Co-aggregation resulted in the total 

quenching of the photoluminescence. For confirmation, the results were verified using 

TCSPC system. Systematic investigations of the donor and acceptor in the solution and 

film states indicated distinct electron transport pathways within these two different 
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milieus. In the solution state, electron transfer is dictated mainly by interactions within 

the diffusion limit. The film state and the co-aggregation state introduce additional 

mechanisms, such as enhanced electronic coupling and aggregation-induced quenching. 

The design and optimization of solid-state optoelectronic devices, in which film 

morphologies frequently play a crucial role in device performance, can benefit greatly 

from these findings. 

     In parallel, efforts have been directed toward the preparation of well-dispersed 

CdSe/CdS QD assemblies using a molecular crosslinker, 1,6-hexanedithiol (HDT). The 

formation of the assembly (QDs@HDT) was verified by STEM imaging and DLS 

measurements. These techniques showed that a uniform dispersion of QD assemblies, 

which is quite stable and appropriate for studies on photoinduced electron transfer 

processes, could be successfully realized. Three quencher molecules-P-C60, C60-RCOOH, 

and TCNQ, were used to study the electron transfer properties of QD assemblies using 

spectroscopic techniques. Indeed, a very high electron transfer efficiency has been 

determined with these QD assemblies, mainly because of their unique architecture, which 

allows closer proximity and stronger interactions of the QDs with the acceptor molecule. 

     The major innovation in this work was the development of a biocatalyst-based method 

for preparing mesoscopic-sized QD assemblies using a biocatalytic nanoparticle-shaping 

approach. It was developed using oligo-lysine to create well-dispersed assemblies with a 

hydrodynamic size of ~84 nm. These mesoscopic assemblies exhibited excellent optical 

and electrical properties, which make them highly attractive for advanced optoelectronic 

applications. Such interactions of mesoscopic QD ensembles with TCNQ represent very 

effective electron transfer and further confirm the great prospects of their application as 

novel-generation materials in optoelectronics. All the above substantially advance the 

design, synthesis, and nanoscale structuring with pre-engineered functionality for new 

applications in light-harvesting systems, sensors, and other optoelectronic devices. 

     This thesis systematically investigated the interfacial electron transfer processes of 

perovskite and QD assemblies to provide basic insights into the factors that control their 

performance. This work contributes to a deeper understanding of the underlying 

mechanism of interfacial electron transfer, including the role of surface ligands, 

architecture of the assembly, and acceptor molecules. 
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     The results of this work provide strong driving forces for the development of light-

emitting devices, photovoltaics, and sensors. Controlled assembly strategies allow 

innovative ways to realize well-dispersed nanoscale and mesoscopic structures with 

superior optoelectronic properties. The work done is a groundwork for further exploration 

and optimization of materials for the next generation of optoelectronic devices. It views 

the electron transfer dynamics of nanoscale assemblies as among the most valuable 

contributions this dissertation offers because it offers an explanation with which practical 

application is expected in advanced optoelectronic technology. 
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