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Thesis Synopsis 

The diligent utilisation of sunlight by green plants has essentially paved the way for the 

existence of life on Earth. This interplay between light and matter is one of nature's most 

fascinating phenomena, which has motivated researchers to make important discoveries. Thus, 

in a route to mimic famous photosynthetic machinery to harvest solar energy, it is extremely 

necessary to gain insights into the fundamental photophysical processes that complete the 

process of photosynthesis. Additionally, one must acquire the skill to create structures based 

on governable forces such as non-covalent interactions, as preferred in nature. Our 

understanding of natural photosynthesis reveals that the assembly and appropriate interaction 

between several light-harvesting components are of prime importance for carrying out any 

meaningful processes. Hence, the creation of novel light harvesters, and connecting them in a 

precise fashion are key characteristics to mimic photosynthesis in artificial materials. In this 

direction, many artificial light-harvesting materials based on organic dyes, organic–inorganic 

hybrid metal complexes, polymers, organic/inorganic nanomaterials, etc., have been developed 

with the goal of simulating the fundamental mechanisms of natural photosynthetic systems, 

particularly photoinduced electron and energy transfer processes. Among them, colloidal 

semiconductor quantum dots (QDs) have emerged as exciting materials of choice, due to their 

impact in a wide range of fundamental, as well as applied research. This includes sensors, 

photovoltaic diodes, display devices, photodetectors, and so on. Besides the size-dependent 

quantum confinement effect, QD also possesses several other advantages, such as large 

absorption cross-section, narrow emission bandwidth, superior photostability, and high 

quantum yield, which makes them an ideal alternative to existing luminescent materials such 

as organic dyes, inorganic-organic complexes, and so on. Additionally, the surface ligands of 

QDs can also be fine-tuned to impart various non-covalent interactions to regulate their light-

harvesting properties. This drives the development of donor-acceptor assemblies solely based 

on QDs for energy harvesting and solid-state lighting applications, a move towards mimicking 

natural light-harvesting system. To date, the majority of the developed all-QD based 

nanohybrid systems are composed of Cd- and Pb-based toxic metal ions, which restricts their 

use in commercial and industrial applications. In this direction, our main objective was to 

introduce InP-based all-QD assemblies as an environmentally friendly alternative to state-of-

the-art Cd-based QDs. However, this requires addressing one of the core issues that the InP 

family was confronting, which was the lack of complete colour gamut in the visible region. 

Here, the missing piece of the jigsaw was to generate pure-blue emitting InP QDs in an aqueous 
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medium. Thus, the proposed thesis aims to develop strategies for the preparation of pure-blue 

emitting InP QDs, and examine the exciton dynamics in fundamental photophysical processes. 

Light-induced energy and electron transfer processes were chosen as two key photophysical 

processes for this investigation. 

Chapter 1 begins with an overview of solar energy harvesting and an in-depth understanding 

of the principles of photosynthetic machinery. This is followed by the introduction of 

multicomponent donor-acceptor system based on traditional chromophores. Subsequently, the 

emergence of semiconductor QDs as an alternative luminescent material is introduced, in the 

context of rational design of superior multicomponent systems. The progress in the field of all-

QD based multicomponent systems was then succinctly outlined. Finally, we proposed our idea 

to mimic photosynthesis in a more sustainable way with environmentally benign QDs, along 

with addressing a few important challenges that impede research on all-QD based 

multicomponent systems, such as the lack of availability of all primary colors, and a proper 

roadmap for photophysical investigations. 

 

Scheme 1. Schematics of multicomponent donor–acceptor system based on all-QD assembly. 

Chakraborty, I. N.; Roy, P.; Rao, A.; Devatha, G.; Roy, S.; Pillai, P. P. The Unconventional Role of 

Surface Ligands in Dictating the Light Harvesting Properties of Quantum Dots. J. Mater. Chem. A 2021, 

9, 7422–7457. 

Chapter 2 provides a detailed description of the reagents used, instrumentations, experimental 

techniques, synthesis procedures of QDs, ligand exchange process, and concentration 

calculation of QDs. In addition, a brief overview of the formalisms for Förster resonance energy 

transfer and photoinduced electron transfer processes is also summarized to provide a better 

understanding about these processes. 
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In Chapter 3, a synthetic strategy is reported to produce InP/ZnS QDs in water, emitting in the 

pure-blue region. The developed water-dispersed blue-emitting InP/ZnS QDs exhibited 

excellent cell viability and multicolour bio-imaging ability inside the HeLa cells. Moreover, 

the ability of InP based pure-blue emitters to participate in an efficient Förster resonance energy 

transfer (FRET) process was demonstrated in the QD-dye model donor-acceptor system. 

Installing a favorable electrostatic interaction turned out to be crucial in achieving an efficient 

FRET process (E ~75%) from blue-emitting InP/ZnS QDs to rhodamine B dye (Rh B) in water. 

 

Scheme 2. Pure-blue emitting InP/ZnS QDs in water expands the scope of InP QDs for energy 

application and bioimaging research. Roy, P.; Virmani, M.; Pillai, P. P. Blue-Emitting InP Quantum 

Dots Participate in an Efficient Resonance Energy Transfer Process in Water. Chem. Sci. 2023, 14, 

5167–5176. 

Next, in Chapter 4, blue-emitting InP/ZnS QDs participated in an efficient electron transfer 

process in a model QD-dye nanohybrid system composed of blue-emitting InP/ZnS QDs donor 

and methylene blue acceptor dye. Steady-state and time-resolved spectroscopic studies 

confirms an efficient electron transfer from blue QDs to methylene blue dye in water. 

 

Scheme 3. Photoinduced electron transfer study in an electrostatically-assembled blue-emitting 

InP/ZnS QD donor and MB dye acceptor. (Manuscript under preparation). 
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After successful demonstration of energy and electron transfer processes with blue emitting 

InP/ZnS QDs, in the final Chapter 5, a series of all-QD based energy transfer systems were 

developed at the dyad level, based on blue-, green-, & red-emitting InP/ZnS QD and 

CuInS2/ZnS QDs (blue-green, green-red, and blue-red all-QD assemblies). Detailed steady-

state, and time-resolved spectroscopic experiments were performed to conclude the process of 

energy transfer in all-QD systems. The demonstration of resonance energy transfer process in 

all-QD based donor–acceptor systems is fundamentally intriguing and can have far-reaching 

applications in the areas of biophysics as well as other light-harvesting studies including 

photovoltaics and photocatalysis. 

 

Scheme 4. Electrostatically assembled all-QD dyad assembly for FRET study. Roy, P.; Devatha, G.; 

Roy, S.; Rao, A.; Pillai, P. P. Electrostatically Driven Resonance Energy Transfer in an All-Quantum 

Dot Based Donor–Acceptor System. J. Phys. Chem. Lett. 2020, 11, 5354–5360. Roy, P.; Sury, A. S.; 

Pillai, P. P. Resonance Energy Transfer in Electrostatically Assembled Donor–Acceptor System based 

on Blue-Emitting InP Quantum Dots. Chem. Phys. Impact 2023, 7, 100334. Roy, P.; Sury, A. S.; Pillai, 

P. P. Electrostatics Enable Resonance Energy Transfer in InP Based All-Quantum Dot Donor–Acceptor 

Assembly. Appl. Phys. Lett. 2024, 124, 222104. 

In summary, the proposed thesis work introduces environmentally friendly InP/ZnS QDs as 

blue emitter and completes the color gamut. It also showcases the potential of InP QDs as an 

alternative to the existing luminescent materials for future light-harvesting studies. 
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Chapter – 1 

Introduction to Multicomponent Light Harvesting 

Systems 

 

 

 

 

Part of this Chapter has been adapted from the following paper with permission. 

Copyright 2021, Royal Society of Chemistry. 

Chakraborty, I. N.; Roy, P.; Rao, A.; Devatha, G.; Roy, S.; Pillai, P. P. The 

Unconventional Role of Surface Ligands in Dictating the Light Harvesting 

Properties of Quantum Dots. J. Mater. Chem. A 2021, 9, 7422–7457. 
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1.1 Introduction 

Historically, ‘Sun’ has been one of the most important natural resources used by mankind to 

meet their daily needs.1–2 In ancient era, the enormous energy stored in the sunlight was used 

for many intuitive daily applications such as lighting purposes, controlling the temperature 

inside the rooms (both heating and cooling, as required), concentrating sunlight to torch fire, 

and so on.1–4 The ever-increasing energy demand to meet the rapid rise of technology in the 

20th century led to the uncontrolled and careless use of non-renewable sources (like coal, 

natural gas, fossil fuels, oil and petroleum, etc.).5–7 The excess consumption of fossil fuels has 

resulted in their rapid depletion as well as serious environmental hazards.6 These alarming 

situations have led to the increasing interest in alternate power/fuel research such as bio-fuel, 

solar energy, geothermal energy, nuclear energy, and wind energy research (Figure 1.1).7 For 

instance, the annual production of renewable energy worldwide rises at a rate of ~7%, and 

currently supplies 8,000 TWh of electricity. Among these, renewable solar energy is a 

promising alternative, since the supply of energy from Sun to the Earth is surplus: 3 x 1024 

Joules a year or about 10,000 times more than the global population currently consumes.8  

 

Figure 1.1 Plots showing various renewable energy sources, and their production growth over time 

(years). Here, other renewables refer to geothermal, waste, wave, tidal, etc. All forms of renewable 

energy collectively produce 8,000 TWh of electricity all over the world. TWh stands for Terawatt hours. 

Reproduced with permission from reference 7. Energy Institute – Statistical Review of World Energy 

(2023) – with major processing by Our World in Data. 
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In another words, covering 0.1 % of the Earth’s surface with solar cells with an efficiency of 

~10 % would satisfy our needs.8 Thus, in the last few decades the focus has once again shifted 

to Sun, and how to harvest the sunlight in an efficient, large-scale, and affordable way. This 

has led to the emergence of modern energy research that spans from gaining fundamental 

understandings to commercialization of light harvesting devices.8–10 Technically, the energy 

from the Sun can be used to drive three main processes in materials: (i) change in temperature, 

(ii) funnelling of energy, and (iii) movement of electrons.11–12 Even though temperature 

changes in materials are often ungovernable, recent advances have led to the regulation of 

temperatures using plasmonic materials.13–14 On the other hand, the extensive research in the 

last three decades has led to a precise control on the movements of energy and electrons through 

materials.15–16 An understanding of the energy and electron transfer processes within artificial 

materials are the key to any light harvesting technology. 

1.2 Mimicking the Process of Photosynthesis 

As in any other area of science, energy research has been inspired by natural phenomena, like 

photosynthesis, vision, bioluminescence, etc.17–20 For instance, the efficient movement of 

energy and electrons in natural photosynthetic reaction centres still remains the benchmark for 

energy researchers to follow.12,21–23 The mimicking of natural processes, like photoinduced 

energy and electron transfer during photosynthesis, is a logical strategy adopted by researchers 

to achieve efficient light-harvesting using artificial materials.12,15 Dedicated efforts in this 

direction have helped us to gain deeper understanding into the various mechanisms involved 

in photoinduced energy and electron transfer processes (Figure 1.2).12 Among the many 

mechanisms, Förster resonance energy transfer (FRET) is a well-understood example, and it 

has been explored in many artificial materials to funnel photonic energy across long distances 

(10–100 Å).12,29–30 A FRET process involves the non-radiative transfer of energy from an 

excited donor through a dipole–dipole interaction, triggering coupled transitions in an acceptor 

(Figure 1.2a).18,24–25 Some of the important factors that govern the FRET process include the 

spectral overlap integral, donor–acceptor distance, and orientation factor. Generally, FRET 

results in the formation of a fluorescent complex. On the other hand, the photoinduced electron 

transfer (PET) process involves the transfer of an electron from a donor to an acceptor, and this 

is mainly governed by the energetics of the donor–acceptor pair. The transfer of electrons from 

a donor to an acceptor should be thermodynamically feasible for an efficient PET to happen.12,25  
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Figure 1.2 General schemes of (a) Förster resonance energy transfer (FRET) and (b) photoinduced 

electron transfer (PET) processes are shown in terms of potential energy diagram (Note: Only the 

bottom part of the potential energy surface is shown, here). A PET process can occur either through the 

photoexcitation of the donor (photooxidation, labelled as ‘1’) or the acceptor (photoreduction, labelled 

as ‘2’). The photooxidation process involves the transfer of electrons from an excited donor (D*) to a 

ground state acceptor (A). On the other hand, the photoreduction process involves the transfer of 

electrons from a ground state donor (D) to an excited state acceptor (A*). Reproduced in part from 

reference 25. Copyright 2021, Royal Society of Chemistry. 

A PET process can occur either through the photoexcitation of the donor (photooxidation) or 

the acceptor (photoreduction), as shown in Figure 1.2b. In most cases, a PET process results 

in the formation of a non-luminescent charge-separated complex.12 Both these governable 

light-induced energy and electron transfer processes form an integral part of 

photosynthesis.12,17–20 As per the understanding of photosynthetic machinery, there is no single 

champion component that is solely responsible for the efficient transport of energy and 

electrons during the photosynthesis (Figure 1.3).12,17 Rather, nature has assembled a series of 

champion components in a precise fashion, which work in tandem to maximise the efficiency 

of the respective photophysical process.21–22 During photosynthesis, long-range energy transfer 

occurs from light-absorbing pigments to the reaction centre, followed by a long-range electron-

transfer process (Figure 1.3).21–23 Such long-range processes demand effective communication 

between individual light-harvesting components. Nature has built a self-assembled masterpiece 

(the photosynthetic reaction centre) to allow control over long-range energy and electron 

transfer processes through the precise control of various interparticle interactions.17–22 

How to mimic the photosynthesis in achieving a precise assembly of different artificial light 

harvesting components is of prime importance, to carry out any meaningful process. Moreover, 

connecting the individual champion materials (pigment-pigment and pigment-protein 

interactions) can allow us to get a grasp on a broader ground of action to address various 

complex photophysical processes during artificial light-harvesting.26–29 One of the most 
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modular ways to assemble more than one system is via non-covalent interactions, which are 

often used by nature to devise its self-assembled machinery.12,25 The proper tuning of non-

covalent interactions can bring the light-harvesting components close to each other in a precise 

orientation, which in turn regulate various photophysical processes or chemical 

transformations.29–35 Thus, it is essential to select suitable artificial light harvesting materials 

that can exhibit both photophysical properties and provide flexibility for tuning interparticle 

interactions. 

 

Figure 1.3 Schematics of photosynthetic reaction center. Cooperative efforts from the sensitive 

combination of pigment dyes and antenna complexes drives energy and electrons towards the primary 

reaction centre, thus replenishing the ‘energy currency of the cell’ (ATP), and NADPH cofactor in (a) 

Photosystem II, and (b) Photosystem I, respectively. Reproduced with permission from reference 17. 

Copyright 1995, William C. Brown Publishers. 

1.3 Multicomponent Donor – Acceptor systems 

An ideal light-harvesting material should exhibit properties such as a high molar extinction 

coefficient, excellent photo/thermal stability, easily tuneable absorption/emission profiles, high 

electron–hole mobility, and long–lived charge-separated states.29–34 Aimed at this, many 

artificial materials have been developed in the last few decades, including organic, inorganic, 

polymeric, and biomolecular materials, and metallic/semiconductor nanomaterials.29–34 In one 

such example, Rosławska, Schull, and co-workers have developed a light-harvesting triad 

assembly based on the derivatives of phthalocyanine chromophores.33 It has been observed that 

metalation with palladium and zinc ions significantly alters the optical energy-gap of the 

phthalocyanine moiety. Both metal-phthalocyanines displayed enhancements in the optical 

energy gap in comparison with free-base phthalocyanine (H2Pc) (~1.81 eV). Palladium-

phthalocyanine (PdPc) and zinc-phthalocyanine (ZnPc) are characterized by emission lines at 
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~1.92 eV and ~1.90 eV, respectively. Accordingly, an energy relay trimer was developed, where 

the larger energy gap PdPc molecule was separated from the smaller energy gap H2Pc by the 

intermediate energy gap ZnPc molecule (Figure 1.4a). The cascade resonance energy transfer 

(RET) was investigated based on the scanning tunnelling microscopy-induced luminescence 

(STML) spectrum (Figure 1.4b). The obtained emission characteristics for the three 

chromophores confirm a sequential energy transfer process from donor PdPc molecules to 

acceptor H2Pc molecule, via ZnPc ancillary unit. A detailed STML spectral study in this energy 

cascade configuration demonstrates that sequential energy transfer is more advantageous to 

funnel energy between distant centres with high efficiency, a concept at play in photosynthetic 

machinery as well. In another study by Wasielewski and co-workers, light harvesting antenna 

structure was developed via the self-assembly of perylenediimide chromophores that has 

optoelectronic characteristics analogous to chlorophyll a unit (Figure 1.5a).26 The self-

assembling antenna reactor array exhibited sequential energy and electron transfer processes at 

time scales of 21 ps and 7 ps, respectively. This combination of energy and electron transfer 

processes in a single integrated assembly is the closest replica to the photosynthetic reaction 

center (Figure 1.5a). 

 

Figure 1.4 (a) Schematics of sequential energy transfer process from high to moderate to low energy 

gap chromophores. STM-image of model trimer array based on PdPc:::ZnPc:::H2Pc assembly on NaCl 

substrate (right portion). The black dot on STM image describe the STM tip position used to measure 

the STM spectrum as described in (b) (I = 10 pA, V = –2.5 V). The presence of characteristics emission 

from all three chromophores upon photoexcitation of only PdPc chromophore confirm the cascade 

energy transfer process from donor PdPc to ancillary ZnPc to acceptor H2Pc chromophore. Reproduced 

with permission from reference 33. Copyright 2021, Springer Nature. 

Nevertheless, a fully functional artificial light-harvesting system demands combinations of 

light capture, energy funneling, electron transfer, and solar-to-chemical transformation. In that 

direction, Meyer and co-workers have developed an ‘integrated modular assembly’ via 

coupling the light harvesting antenna array and energy gradient long-range electron transfer 

system to create oxidative and reductive equivalents for relevant half-cell reactions (Figure 
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1.5b).31 Here, the integrated assembly is designed based on derivatives of porphyrins, 

metalloporphyrins, and metal-polypyridyl complexes. The light absorption by the antenna 

array, followed by the sensitization of reactive chromophore (C) in the donor-chromophore-

acceptor array drives the photochemical splitting of water into H2 and O2 products (Figure 

1.5b). Perhaps, it is the best analogy with the natural photosynthetic machinery where light 

absorption and excited state electron transfer to distant reaction centres trigger the CO2 

reduction and water oxidation in PS I and PS II, respectively. Continuing in this direction, in a 

recent study by Niu, Yang, and co-workers reports a different form of artificial light harvesting 

system based on tetraphenylethylene derivative (D) as antenna chromophores, and iodide 

BODIPY (A) as a sensitizer for the charge separation process (Figure 1.5c).34 The 

photoexcitation of ‘D’ in supramolecular assembly undergoes an excitonic energy transfer 

process to ‘A’, followed by excited A* capturing an electron from ground state ‘D’ and leading 

to charge separation and chemical reactions. The designed supramolecular artificial light-

harvesting system produces valuable hydrogen peroxides, and is utilized in photodynamic 

therapy by NADH oxidation and production of reactive oxygen species (Figure 1.5c). Thus, it 

is evident that the goal to mimic the photosynthetic machinery is extremely challenging, 

because it requires to integrate multiple functions in a stable chemical environment. As a result, 

developing a fully functional artificial light-harvesting system usually takes longer times than 

alternative approaches to solar energy conversion, like solar cells, photovoltaic cells, and 

organic thin film devices.29 

 

Figure 1.5 Schematics of artificial photosynthetic systems, combining (a) light harvesting antenna and 

charge transfer system, (b, c) energy funneling, electron transfer, and chemical transformation. The 

supramolecular assembly of various light absorbing chromophores, energy transfer and electron transfer 

components, and catalysts drive the essential sequence of events for solar-to-chemical transformation. 

Reproduced in part with from references 26, 31 and 34. Copyright 2004, 2005, and 2024, American 

Chemical Society. 
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1.4 Quantum Dot: An Alternative Light-Harvesting Material 

Along with having the above-mentioned ideal characteristics for artificial light-harvesting 

materials, the easy tunability and flexibility of the surface chemistry of quantum dots (QDs) 

have earned them special importance in the area of light-harvesting studies.15,16,25,35 QDs are 

luminescent semiconductor nanomaterials that have sizes comparable to their Bohr-exciton 

radius, which results in the quantum confinement of energy levels.35 As a result, QDs are well-

known to exhibit unique size-, shape-, and composition-dependent optoelectronic properties 

(Figure 1.6).15,16,35,36 As the size of the QD decreases the band gap increase, following the Brus 

equation (equation 1 in Figure 1.6).35 Alongside, their broad absorbance in the visible region, 

high tuneability, and narrow emission make QDs ideal candidates for many light-harvesting 

studies. Further, the photostability and tuneable surface chemistry of QDs are added advantages 

over traditional chromophores for the design of light-harvesting arrays.25 A photoexcited QD 

can follow different decay pathways, as summarised in Figure 1.7; the efficiencies of these 

pathways will ultimately decide their role in light-harvesting studies. One of the common 

pathways is the radiative recombination of excitons, called photoluminescence (PL; marked ‘1’ 

in Figure 1.7), which finds use in sensing, imaging, and solid-state display applications.25  

 

Figure 1.6 Schematics of size-dependent ‘quantum confinement’ effect in QD, indicating that the 

smaller QD have larger band gap and more discrete energy level. Representative Brus equation defining 

the size-dependent band gap of QDs. Where, R is the QD’s radius, me(h)
* is effective mass of electron 

(hole) in QD, and ε0(r) is the permittivity of vacuum (QD). Reproduced in part with permission from 

reference 36. Copyright 2011, Royal Society of Chemistry. 
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The photoexcited charge pairs can also participate in energy and electron transfer processes in 

the presence of appropriate acceptor moieties (marked ‘2’ and ‘5’ in Figure 1.7, 

respectively).15,16,25 Likewise, the excitons in QDs can also be extracted for the photovoltaic 

applications and to drive various photo-redox transformations (marked ‘3’ and ‘4’ in Figure 

1.7, respectively).25,37 Most of the photophysical processes in QDs emerge from their core, and 

extensive studies have been performed to maximize the light harvesting properties by tuning 

their size, shape, composition, and crystallinity. As mentioned earlier, assembling and 

integration of champion materials is as equally important as developing a new champion 

material. This is where the ligands on the surface QDs can play a crucial role. Traditionally, 

surface ligands have been given only a secondary role, in terms of providing a stable dispersion 

in a particular medium. However, recent studies have proved that the surface ligands can be 

transformed to play a major role in directing the extraction of energy and electrons from a 

photoexcited QD.14,25 The ligands on the surface of QDs can be appropriately decorated to 

bring various covalent and non-covalent interactions into action, which in turn can assist in 

maximizing their light harvesting properties. More importantly, a judicious control over such 

interparticle interactions (emanating from surface ligands) can help in realizing attractive light 

harvesting applications from QDs. Thus, along with the primary objective of stable dispersion 

in respective medium, the surface ligands in QDs can impart various non-covalent interactions 

into action and channelize the photoinduced electron and energy transfer processes.25 

 

Figure 1.7 A summary of the relaxation pathways in a photoexcited QD, which forms the basis of 

various energy-related applications. Reproduced with permission from reference 25. Copyright 2021, 

Royal Society of Chemistry. 
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1.5 Surface Ligands and Interparticle Interactions 

The individual engineering of both components of QDs – the core and the ligands – is essential 

for maximising the light–harvesting efficiencies of QDs. Most of the photophysical properties 

of QDs are dependent on their core parameters (such as size, shape, composition, crystallinity, 

etc.), which have been extensively studied and well-documented in literature.38–39 On the 

contrary, the surface ligands have been primarily viewed from the perspective of being 

stabilising or capping agents. It was believed that surface ligands were important mainly for 

providing stability to a nanoparticle system in a particular medium. However, recent studies 

have revealed that the rational design of surface ligands can turn out to have a critical impact 

on various optoelectronic properties at the nanoscale, including light harvesting.14,25,37,40–42 In 

general, a surface ligand has three sub-units: a binding (or head) group; a spacer; and a terminal 

group (Figure 1.8).41 Dedicated research has been carried out to tune these individual 

components of surface ligands so as to achieve properties of interest in nanomaterials. 

Specifically, the terminal groups of ligands have been transformed to carry out an 

unconventional role via bringing various covalent and non-covalent interactions into play, 

thereby dictating the fate of photophysical processes in QDs and nanoparticles in 

general.15,25,41–42 

 

Figure 1.8 Schematics showing the general structure of a colloidal QD, emphasising various processes 

emanating from the core and from surface ligands. Reproduced with permission from references 25. 

Copyright 2021, Royal Society of Chemistry. 

1.5.1 Anchoring Group 

The primary job of the binding group is to anchor the ligand onto the surface of the QD. Often, 

binding groups coordinate with unpassivated atomic orbitals (or “dangling orbitals”) on the 

surfaces of QDs, which are formed from low coordinating surface atoms.41,43 As a result, the 
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anchoring of the binding group reduces the surface-centred excitonic trap states. Along with 

surface passivation, the nature of the binding group can influence the photophysical properties 

of QDs as well.43–48 For instance, Wuister and co-workers observed that ligand exchange with 

thiol molecules resulted in the PL quenching of CdSe QDs, whereas the PL of CdTe QDs was 

enhanced after place exchange with thiolated ligands.46 This striking discrepancy in PL 

behaviour was explained based on the trapping of photogenerated holes by the thiol groups, as 

the HOMO energy level of thiols lie above the valence band maximum of CdSe QDs (Figure 

1.9a). Likewise, the concentration and nature of surface ligands can also influence the PL 

properties of QDs. Whitten, McLendon, and co-workers observed a PL enhancement in CdS 

QDs in the presence of low concentrations of trimethylamine, which was attributed to the usual 

surface passivation of trap states by the amine groups.44 On the contrary, the excess use of 

amine ligands can suppress radiative emission from CdS QDs via electron transfer from amines 

to QDs.45 Further, Kamat and co-workers explored the anchor-group-dependent excited state 

dynamics and interfacial electron transfer (ET) in QD–TiO2 heterostructures (Figure 1.9b).48 

The use of amines as the binding group to link QDs and TiO2 enhanced the rate of electron 

transfer (ket) due to the confinement of the electron wave function via the passivation of 

intrinsic trap states.47–48 On the other hand, electron trap states were created when thiol was 

used as the binding group of the linker, which suppressed the rate of interfacial electron transfer 

(Figure 1.9c).48–50 Apart from influencing the efficiency, binding groups can control the nature 

of photophysical processes as well. Tang and co-workers studied the effects of binding groups 

in controlling the nature of energy transfer between CdS QD donor and boron dipyrromethane 

dye acceptors (Figure 1.9e).51 The carboxylic-acid-functionalised acceptor dyes could attach 

themselves to multiple identical binding sites on the surfaces of the QDs, resulting in FRET 

being the sole quenching process. In contrast, both FRET and static quenching processes were 

observed when amine-functionalised dyes were used as acceptors. This was explained based 

on the existence of two available sites for the attachment of amine-functionalised dyes on QDs. 

The bright sites participated in a FRET process, whereas the dark sites were involved in charge 

transfer from the QDs through static interactions. 
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Figure 1.9 (a) The band-edge positions of CdSe and CdTe QDs shown against vacuum and standard 

hydrogen electrode. Thiols can quench the PL of CdSe QDs via scavenging holes from the valence band 

of CdSe QDs, but cannot quench the PL of CdTe QDs (solid line). Reproduced with permission from 

reference 46. Copyright 2004, American Chemical Society. (b) A schematic representation of the 

delocalisation and confinement of the electronic wave function in the core of a QD, by thiolated and 

amine ligands, respectively. (c) Variations in the rate of electron transfer as a function of the surface 

ligand used to adsorb CdS onto TiO2. MPA and Ala contain thiol and amine as binding groups, 

respectively. Reproduced with permission from reference 48. Copyright 2013, American Chemical 

Society. (d) A schematic representation of energy transfer from a CdS QD to molecular acceptors that 

were functionalised with acid and amine binding groups. Reproduced with permission from reference 

51. Copyright 2015, American Chemical Society. 

1.5.2 Spacer Moiety 

A spacer acts as a bridge between the binding and terminal groups of a ligand, and it essentially 

controls the distance between the QD core and its surroundings. Commonly, long alkyl chains 

are used as spacers to prevent any undesirable loss of excitons via spatially separating the QDs 

from other interfering species. Both FRET and PET processes are highly dependent on the 

distance between the donor and the acceptor. Thus, varying the spacer length of the ligand is a 

convenient way to regulate these photophysical processes in QDs as required.30,52–56 In one 

example, Sugimura and co-workers studied the dependence of PL on the interparticle distance 

between two sizes of CdSe QDs.54 The QD–QD system showed two types of energy-transfer 

processes as a function of different inter-QD distances. Förster-type coupling was responsible 

for PL quenching at shorter inter-QD distances (below 10 nm), and the efficiency was 
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dependent on the inverse of the sixth power of the distance.12,15,25 However, weak dipole–dipole 

interactions, known as retarded light-field coupling, were observed at longer inter-QD 

distances, with the quenching efficiency dependent on the inverse of the square of the 

distance.52–56 Similar to FRET, the charge transfer efficiency also has an exponential 

dependence on the donor–acceptor distance. A decrease in the spacer length led to strong 

electronic coupling between the donor and acceptor moieties, allowing for the efficient flow of 

electrons with negligible resistance.53 A series of examples in this regard has been reported in 

QD-metal-oxide nanocomposites.52–56 In one effort, Kamat and co-workers demonstrated a 

tunnelling model for the electron transfer process from CdSe QD to TiO2 with bifunctional 

aliphatic ligands (Figure 1.10a).56 Detailed spectroscopic studies revealed that the rate of PET, 

ket, decreased with an increase in the spacer length, which was in good agreement with the 

predicted results (Figure 1.10b). Along with the length, the nature of the spacer plays a crucial 

role in deciding the fate of a photophysical process. Watson and co-workers have compared the 

kinetics and efficiencies of excited-state interfacial electron transfer in CdS QD donor-TiO2 NP 

acceptor systems connected through aromatic and aliphatic bifunctional spacers.52 Injection of 

electrons from the CdS QD to the TiO2 NP occurred on multiple time scales. The fast 

component (<10−8 s) was attributed to the tunnelling of electrons through excitonic states, 

which was more efficient during the use of an aromatic linker due to the presence of better 

electronic coupling in comparison with the aliphatic linker. However, the slow component (10−7 

to 10−6 s) was due to trap-state-mediated electron injection, which had negligible dependence 

on the nature of the linker molecule. The distance dependence of electron-transfer processes 

was observed in the case of aromatic linkers as well.52 Likewise, Cánovas and co-workers used 

molecular bridges to control the electron transfer rates in a covalently connected PbS QD-TiO2 

NP nanocomposite system (Figure 1.10c).55 At a given donor–acceptor distance, stronger 

electronic coupling via the conductive aromatic phenyl bridge facilitates a faster electron 

transfer process than the use of a methylene spacer (Figure 1.10d). 
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Figure 1.10 (a) A schematic representation of PET process from a CdSe QD to a TiO2 through an 

aliphatic mercaptoalkanoic acid spacer. (b) A plot showing the variations of the experimentally 

calculated rates of PET, ket, as a function of the spacer length. Reproduced with permission from 

reference 56. Copyright 2015, American Chemical Society. (c) Schematic of PET process from a QD 

to TiO2 through a rigid aromatic spacer (bridge). (d) The variation in the rates of PET (ket), as a function 

of spacer length for n-methylene-based aliphatic bridges (HS–[CH2]n–COOH, black dots) and n-

phenylene-based aromatic bridges (HS–[C6H4]n–COOH, red squares). Reproduced with permission 

from reference 55. Copyright 2013, American Chemical Society. 

1.5.3 Terminal Group 

Understanding of natural photosynthetic reaction centres has revealed that establishing precise 

control over the interactions between different champion materials is crucial for maximising 

the efficiency of photophysical processes.12,21–22 However, how to achieve such finely tuned 

interactions in QDs still remains an open question. Here, the terminal groups of ligands have 

the potential to control the assembly of QDs with other light-harvesting materials via bringing 

various covalent and non-covalent interactions into play.14–15,25 Specifically, a terminal group 

can be conveniently modified to achieve a particular interparticle interaction in a QD-based 

nanohybrid system, as per the demand. In comparison with covalent interactions, non-covalent 

interactions can offer additional advantages in terms of flexibility and ease of reversibility 

when it comes to fine-tuning the interparticle interactions. Some key non-covalent forces 

include electrostatics, H-bonding, bridging/coordination, and π–π stacking (Figure 1.11).25,42,57 
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Thus, thoughtful design of surface ligands and use of these non-covalent forces in the 

regulation of interparticle interactions will impact the outcome of photophysical processes in 

QD-based nanohybrid systems. Therefore, the photophysical processes can be conveniently 

controlled via bringing various non-covalent interactions into play through the appropriate 

surface functionalisation of QDs. 

 

Figure 1.11 Representation of commonly used non-covalent interactions, which can arise through the 

judicious choice of surface ligands, for assembling QD-based donor–acceptor pairs. Reproduced with 

permission from reference 25. Copyright 2021, Royal Society of Chemistry. 

1.6 All-QD based Light-Harvesting systems 

As discussed, close-proximity and systematic co-ordination between various champion 

components make the process of photosynthesis unique and efficient. The mimicking of such 

machinery in artificial systems will require materials that interact in predefined ways with each 

other. Specifically, the regulation of interactions between donors and acceptors can ultimately 

dictate the outcome of light-induced electron or energy transfer processes. To achieve this 

control, the surfaces of QDs can be functionalised with appropriately charged ligands to impart 

attractive or repulsive interactions between QD-based donor–acceptor systems.14.25 Thus, the 

donor–acceptor distance can be regulated via varying the surface chemistry of QDs. In an early 

report, Nabiev and co-workers investigated an energy-transfer process between oppositely 

charged CdSe/ZnS QDs of different sizes in an aqueous medium (Figure 1.12a).58 Cysteamine 

and a mixture of mercaptosuccinic/mercaptosulphonic acid ligands were functionalised on the 

surfaces of differently sized CdSe/ZnS QDs to prepare positively and negatively charged QDs, 

respectively (Figure 1.12a). Strong electrostatic attraction between the two oppositely charged 

QDs resulted in efficient resonance energy transfer from green to red-emitting QDs (~100%). 

Following this work, a series of other studies was performed using electrostatic interactions as 

a tool to develop solid-state assemblies of various QDs, with fine control over their 

photophysical processes.59–63 Later, Rogach and co-workers extended the idea of electrostatic 

interaction to obtain a compact layer-by-layer (LBL) assembly of oppositely charged CdTe 
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QDs deposited on a polymer-coated glass substrate.60 Thioglycolic acid (TGA) and 2-

mercaptoethylamine (MEA) were used as ligands to impart negative and positive charges, 

respectively, on the surfaces of QDs. Profound electrostatic interactions between the QD layers 

facilitated the energy transfer process, with an efficiency of ~80 % in the LBL system. In 

another study, Weiss and co-workers used bridging interactions to achieve efficient FRET in 

QD aggregates formed between two different sizes of NIR-emitting glutathione (GSH) capped 

PbS QDs (Figure 1.12c,d).62 Binding studies confirmed that QD aggregates were formed due 

to preferential coordination between the Zn2+ ions and the glutamine residue of GSH (rather 

than the carboxylate residue). Upon increasing the concentration of Zn2+ ions, the continuous 

quenching of the PL of the donor QDs was observed, along with growth in the PL of the 

acceptor QDs. A FRET efficiency of as high as ~97 % with a rate of 14 ns-1 was estimated in 

these Zn2+-ion bridged QD assemblies. Also, coordination with Zn2+ ions helped to achieve the 

long-range diffusion of excitons in these NIR QD assemblies (~11.2 nm at a DQD to AQD 

ratio of 3.5: 1, corresponding to 2.3 hopping steps before emission). Continuing in this 

direction, coordination-based bridging was further extended to mercaptoalkanoic acid capped 

PbS QDs to study distance-dependent near-infrared energy transfer rate.63 A gradual decrease 

in QD–QD separation distance from 5.8 ± 0.3 nm to 3.7 ± 0.3 nm resulted in a dramatic increase 

in the energy transfer (EnT) rate was observed from ~150 ± 2 ns-1 to ~2 ± 0.3 ns-1. 

 

Figure 1.12 (a) Schematic representation of a FRET process, and (b) corresponding PL intensity profile 

in an electrostatically assembled QD–QD donor–acceptor pair. The positive and negative charges on 

the green- and red-emitting CdSe QDs arise from surface-bound cysteamine and 

mercaptosuccinic/mercaptosulfonic acid ligands, respectively. Reproduced with permission from 

reference 58. Copyright 2004, American Chemical Society. (c) A schematic diagram of a GSH-capped 

donor and acceptor PbS QD complex coupled through Zn2+ coordination. (b) Spectral changes in the 

PL of the donor–acceptor mixture upon the addition of varying amounts of Zn2+ ions, followed by the 
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recovery of the initial PL in the presence of EDTA molecules. The presence of Zn2+ ions facilitate an 

efficient FRET process from the donor–to–acceptor QD. Reproduced with permission from reference 

62. Copyright 2017, Royal Society of Chemistry. 

Furthermore, the idea of all–QD assembly was expanded in more complex geometry beyond 

the dyad assembly, and funnel–like energy band cascade assembly was developed with various 

band gap QDs.64–68 The arrangement of multicomponent system in appropriately aligned 

manner was always challenging task to do. To achieve so, Knoll and co-workers used 

dendrimer functionalized nanotubes (NTs) to combine customized properties of different QDs 

using electrostatic force of interactions.65 In a typical fabrication process, the NT template’s 

wall was modified with 3-aminopropyl dimethylethoxysilane (3-APS) followed by deposition 

of positively charged dendrimer (G4
+). Then graded bandgap assembly of three ZnxCd(1-x)Se 

alloy QD, such as QD561, QD594, QD614 (subscript refers the emission maxima of QD) were 

deposited over dendrimer coated NTs with positively charged dendrimer (G4
+) as a spacing 

layer (Figure 1.13a). The assembly was started with deposition of negatively charged green 

emitting QDs (QD561) closest to the pore walls, followed by orange (QD594) and red (QD614) 

emitting QDs, overall system abbreviated as NTs2. Those arrangement of different QDs in NTs 

was associated with a decrease of bandgap energy from outer to the inner surface of NTs walls. 

The possibility of efficient direct FRET was ensured by strong spectral overlap integral in 

QD561:::QD594 and QD594:::QD614 system, resulted in amplified emission peak corresponding 

to 614 nm. The PL intensity of red emitting QD614 in NTs2 assembly was found to 3.6 times 

higher than the PL intensity in comparison with control NTs1 assembly, which do not contain 

intermediate QD594 layer (Figure 1.13b). This discrepancy was attributed to the absence of 

QD594 and poor spectral overlap between QD561 and QD614, which apparently prevented the 

efficient energy transfer through the walls of the NTs. In a different approach, Lesnyak and co-

workers developed novel hybrid QDs aerogels based on the controllable and reversible 

assembly of QDs via metal-tetrazole complexation (Figure 1.13c).67 The tetrazole ligands on 

QD surface can initiate the aggregation/gelation process in presence of Zn2+ ions. The process 

of gelation enables an efficient FRET process between closely-spaced QDs in All-QD 

assembly. Finally, 3D assembling of different band gap QDs such as blue-emitting ZnSe, 

yellow- and red-emitting CdTe QDs resulted in formation of pure white light emitting aerogels 

(Figure 1.13c). This study revealed the potential of metal-ion-based coordination in 

assembling different QDs and their use in the area of light-emitting devices. In contrary to the 

interaction driven assembly of QDs, PL decay dynamics and nonradiative photoexcitation 

energy transfer was also investigated in a system of randomly distributed, and densely packed 
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PbS QDs film (Figure 1.13d).68 The cascade energy transfer was monitored by analysing the 

PL intensity and PL decay dynamics of smaller and larger size QDs. A decrease in the PL 

intensity and lifetime of smallest donor QDs (1020 nm), and drastic increase in PL intensity 

and the lifetime of larger acceptor QDs (1500 nm) was observed in solid state film of mixture 

of three variable sizes of QDs (Figure 1.13d). The intermediate one (1240 nm) played the role 

for ancillary unit, and complete an arc of both energy donor and energy acceptor. The energy 

transfer process was attributed to happen from both the fundamental excitonic state and the 

long-lived gap-state (trap electronic level within the band gap) of the donor QDs to acceptor 

QDs. As a result, this observation was interpretated as FRET-assisted delayed fluorescence in 

densely packed film of three distinct sizes of PbS QDs.68 In another set of studies, all–QD 

based energy transfer structure was prepared by applying the techniques of LBL assembly on 

a solid substate.64,66 In one such example, Klar and co-worker realized cascade energy transfer 

process in a LBL assembly with four different sizes of CdTe QDs.64 The efficient transfer of 

higher energy exciton towards the lower energy gap QD was observed in the funnel-like energy 

cascade structure. This leads to drastically enhanced red fluorescence (28 times) from center 

layer (larger size QDs), and to an almost complete quenching of orange, yellow, and green 

fluorescence streaming from the outer layer (donor and ancillary units). Similarly, Cloutier and 

co-workers have investigated the energy cascade process in LBL assembly with three different 

sizes of PbS QDs (PL maxima of QD1, QD2, and QD3 are 980 nm, 1055 nm, and 1240 nm, 

respectively).66 Here, the aromatic and aliphatic dithiol surfactant was used to cross-link the 

QDs layers, and the energy transfer mechanism was probed through each step of assembly 

process. The formation of multilayer QD1:::QD2:::QD3:::QD2:::QD1 cascade structure resulted 

in 19-fold enhancement in the PL intensity at acceptor emission (1240 nm) compared to single 

layer acceptor QDs (Figure 1.13e). The efficient exciton funneling and recycling of trap state-

bound excitons in cascade geometry was attributed to the main process that contributes to huge 

emission enhancement. 
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Figure 1.13 (a) Schematics of multicomponent of donor–acceptor system based on All–QD assembly 

in a dendrimer functionalized nanotube (NT) template. (b) Corresponding PL spectral responses showed 

an enhanced emission for acceptor QD614 in case of cascade energy transfer process (NTs2). Reproduced 

with permission from reference 65. Copyright 2008, WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. (c) A schematic diagram of zinc-ion-coordination-based gelation between different sizes of 

CdTe QDs, resulting in efficient FRET from smaller to bigger QDs. Inset showed the white emissive 

aerogel composed of blue-green-&-red emitting QDs. Reproduced with permission from reference 67. 

Copyright 2012, American Chemical Society. (d) PL spectra of densely packed film made from the 

mixture of three different sizes of PbS QDs proved to have cascade energy transfer process from 

smallest-to-medium-to-largest PbS QD. Reproduced with permission from reference 68. Copyright 

2015, American Chemical Society. (e) PL spectra of multilayer QD-cascade structure (in LBL fashion) 

showed ~19-fold enhancement in the emission intensity for acceptor QDs (~1240 nm emission). 

Reproduced with permission from reference 66. Copyright 2011, American Chemical Society. 

1.7 Objectives: Need of Environmentally Friendly All–QD Assembly 

Most of the above-mentioned applications have been achieved with QDs that contain toxic 

metal ions like Cd, Pb, Hg, Se, Te, etc., because of their easy tunability in size and outstanding 

optical performances, projecting them toward ideal system to work.58–68 Indeed, the decades of 

research on developing high quality QDs and fabrication methods paved the foundation for Cd- 

and Pb-chalcogenide based QDs.15–16,25 Nevertheless, toxicity of Cd- and Pb-heavy metal 

restricts their use in commercial and industrial applications. According to the order of 

restriction of hazardous substances (RoHS), the content of Cd cannot exceed 100 ppm (0.01 
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%). Despite of having European RoHS Exemptions, we should also be aware of the 

environmental risk and hazards to human health of producing large quantity of Cd- and Pb-

containing materials (Figure 1.15).69 Because of the growing apprehension for environmental 

issues, the development of the heavy-metal-free QDs with optical properties near to state-of-

the-art Cd-based QDs have received considerable attention. 

 

Figure 1.14 Hazards to health posed by lead, cadmium, mercury, and chromium in the human body. 

Reproduced with permission from reference 69. Copyright 2022, Scientific Electronic Library Online. 

In family of environmentally friendly QDs, indium phosphide (InP) is considered as one of the 

most promising alternatives for CdX QD, which exhibits tunable emission spectrum in broad 

region from the visible to near-infrared (NIR).70–72 In contrast to ionic II-VI QDs, the III-V InP 

QD is more covalent in nature, which make them structurally robust and nontoxic by preventing 

leakage of ions. Therefore, in multidisciplinary research from device to biology, 

environmentally benign InP QD have significant advantages over the state-of-the-art Cd-based 

QDs.14,71–74 However, there is a lack of light-harvesting studies on all-QD assemblies based on 

environmentally friendly InP QDs. This could possibly because of the lack of availability of all 

primary colors (blue, green, and red emissions) with InP QDs and their sensitive surface 

chemistry (prone to oxidation).75 In general, the challenges associated with the lack of selective 

excitation of donor QDs (because of broad absorption of QDs) have prevented elaborate FRET 

studies in an all-QD based donor-acceptor system.12,14–16,25 These are the major limitations in 

all–QD based light harvesting studies. This motivated us to develop strategies to design all–
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QD multicomponent assemblies based on InP QDs, and prepare a roadmap for FRET 

investigation in all–QD donor:::acceptor systems. 

This essentially demands the availability of all primary color-emitting InP QDs, such as in the 

blue, green, and red regions for completing the wide color gamut. As discussed in the Section 

1.2, the outcome of a multicomponent system should be a relay of energy, and electron in 

unidirectional fashion. This essentially means to have control over the arrangement of different 

band gap QDs, like the directional assembly. One of the ways to achieve such inter-QD 

interaction is to functionalize the QDs with ligand of choice and regulate the non-covalent 

forces emanating from the ligands. This will ensure that the higher band gap InP QD (preferably 

blue-emitting) will predominantly interact with another moderately-low band gap InP QD 

(preferably green-emitting) and followed by interaction with lower band gap InP QD 

(preferably red-emitting) (Figure 1.15). The mode of interaction was selected as the 

electrostatics to choreograph the all–InP QD based donor:::acceptor assembly for studying 

various photophysical interactions. 

 

Figure 1.15 Schematic representation of interaction driven all–InP/ZnS QD based multicomponent 

system for FRET study. 

In accordance with literature, there were enough studies on the development and use of green 

and red emitting InP QDs. The corresponding reported PL QY for InP QDs with green and red 

emission has been pushed up to near unity even at the device level (theoretical maximum EQE, 

21.4 %).73–74 However, there is a scarcity of blue emitting InP QDs. One of the biggest 

challenges in developing a wide color gamut multicomponent system is the lack of blue 

emitting InP QDs. 

Based on these challenges, the objectives of the proposed thesis are summaries here. Our very 

first objective was to develop InP/ZnS QDs emitting in the pure-blue region and functionalize 

the QDs with appropriate ligands. The successful synthesis of blue emitting InP/ZnS QDs will 
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fill the gap in the required wide color gamut (one of the primary colors). Our next objective 

was to explore the potential of the newly developed pure-blue emitting InP QDs in fundamental 

photophysical processes such as FRET and PET process. Once it has been established, our final 

objective was to develop all–QD based multicomponent system via ligand directed 

electrostatics forces. To achieve this, one need to have to establish protocols to study and 

understand energy and electron transfer processes at dyad levels based on all–QD donor–

acceptor system. In this direction, we have studied inter-QD energy transfer process at dyad 

level in blue-green, green-red, and blue-red emitting all–InP/ZnS QD donor–acceptor 

assemblies, and green-red [-] InP/ZnS:::[+] CIS/ZnS QD nanohybrid assembly. Optimization 

of all dyad systems enables us to design the road-map for FRET study in all–QD based 

donor:::acceptor system, which in future shall facile the formation of multicomponent triad 

assemblies. 

1.8 Brief Overview of the Chapters 

The overall objective of the thesis is to develop InP QDs emitting primary colors and use them 

in donor–acceptor systems to study light-induced energy and electron transfer processes. 

Chapter 1 provides a brief introduction of photoinduced energy and electron transfer 

processes, uniqueness of QDs in light harvesting studies, and literature background on all–QD-

based multicomponent systems. Alongside, objectives of the thesis aimed towards overcoming 

some of the challenges associated with studying photophysical processes in all–QD based 

donor-acceptor system is highlighted. Chapter 2 summarizes the synthetic protocols, 

methodology, instrumentation and formalism of FRET and PET processes. In Chapter 3, the 

focus was on creating stable and highly efficient pure-blue emitters based on environmentally 

friendly InP/ZnS QD, especially in water. A fine control over the growth kinetics of the core 

InP as well as the shell ZnS, and a rational combination of metal-halides, less-reactive 

aminophosphine and sulfur precursors was the key to achieve a strong and stable PL in the 

pure-blue region. Following this, the newly developed blue-emitting InP/ZnS QDs was 

explored in FRET and bioimaging studies. Chapter 4 describes the suitability of newly 

developed blue-emitting InP/ZnS QDs for PET study. In Chapter 5, electrostatically driven 

all–QD dyad assembly was developed based on blue-green, green-red, and blue-red 

environmentally benign QDs. Optimization of dyad assembly established the roadmap for 

FRET investigation in inter-QD system. Now, all the primary colors are available, and 

groundwork is done for the future realization of InP-QD based multicomponent system. 
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2.1 Materials and Reagents 

Indium iodide (InI3), indium chloride (InCl3), indium acetate (In(Ac)3), zinc iodide (ZnI2), zinc 

chloride (ZnCl2), zinc stearate (Zn(St)2), copper acetate (Cu(Ac)2), olylamine (OAm), myristic 

acid (MA), oleic acid (OA), 1-octadecene (ODE), 1-dodecanethiol (DDT), 

tris(dimethylamino)phosphine ((P(DMA)3), 6-mercaptohexanoic acid (MHA), 11-

mercaptoundecanoic acid (MUA), rhodamine B dye, and methylene blue dye were purchased 

from Sigma-Aldrich and were used without further purification. Tris (trimethylsilyl)phosphine, 

P(TMS)3) was purchased from Strem chemicals. N,N,N-trimethyl(11-

mercaptoundecyl)ammonium chloride (TMA) was synthesized using a reported procedure.1 

2.2 Synthesis of Environmentally Friendly Quantum Dots (QDs) 

2.2.1 Synthesis of Green-Emitting InP/ZnS QDs: 

The green-emitting InP/ZnS core/shell QDs were synthesized by following a reported one-pot 

synthetic protocol.2 In a typical reaction, myristic acid (0.7 mmol, 157 mg), In(Ac)3 (0.2 mmol, 

~58 mg), and 1-octadecene (6 mL) were taken in a 100 mL three-neck RB and heated to ~110 

0C under N2 flow with gentle stirring, till a clear solution was formed. The reaction mixture 

was then degassed for ~2 h at ~110 0C followed by cooling to room temperature. Next, a 

mixture of zinc stearate (0.2 mmol, 125 mg), DDT (0.2 mmol, 48 μL) and P(TMS)3 (0.2 mmol, 

580 μL) in 2 mL ODE were prepared under inert atmosphere, and was injected into the reaction 

mixture, followed by heating to ~270 0C for ~1 h. At ~60 0C, the reaction mixture turned yellow 

indicating the decomposition of P(TMS)3. Then the color slowly changed from yellow to dark-

orange with increasing the reaction temperature, indicating the growth of InP QDs. When the 

temperature reached to ~230 0C, DDT started to decompose, leading to the formation of the 

ZnS shell over the InP QD core. After keeping for ~1 h at ~270 0C, the reaction mixture was 

quenched rapidly with a cold-water bath followed by the addition of 5 mL of hexane to arrest 

the growth of QDs. The resultant green-emitting InP/ZnS QDs were purified two times by 

precipitating with excess ethanol and re-dispersing back in chloroform, and used for further 

studies. 
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2.2.2 Synthesis of Red-Emitting InP/ZnS QDs: 

Following the above described one pot synthetic method, red-emitting InP/ZnS QDs were 

synthesized with acid free indium-halide precursor and aminophosphine as the source of 

phosphorus precursor.3 In a typical synthesis, indium (III) chloride (0.45 mmol, 100 mg), zinc 

chloride (2.2 mmol, 300 mg) and olylamine (15 mmol, 5.0 mL) were taken in a 100 mL three-

neck RB and heated to ~120 0C under Ar atmosphere with gentle stirring, till a clear solution 

was formed. The reaction mixture was degassed for ~30 min at 120 0C and the temperature was 

raised further to ~200 0C under inert atmosphere. Upon reaching 200 0C, 350 µL of tris-

(dimethylamino) phosphine (1.93 mmol) in 1.0 mL of olylamine was quickly injected into the 

reaction mixture, and the temperature was maintained at 200 0C for 1 h for the growth of InP 

core QDs. At the end, the reaction mixture was cooled down to room temperature with a cold-

water bath and further proceeded for ZnS shell coating. 

For the growth of ZnS shell, zinc stearate in octadecene (0.05 M, 2 mL) and DDT (0.1 mmol, 

24 µL) was injected into the reaction mixture at room temperature under inert atmosphere, 

followed by increasing the temperature to 300 0C, and kept for 20 min. Finally, the reaction 

mixture was quenched with water bath followed by addition of 5 mL of hexane. The prepared 

red-emitting InP/ZnS core/shell QDs were purified by precipitating in ethanol and redispersed 

back in chloroform and used for further studies. 

The green, and red emitting InP/ZnS QDs are abbreviated as G-QDs, and R-QDs, respectively, 

throughout the thesis. 

2.2.3 Synthesis of Red-Emitting CuInS2/ZnS QDs (CIS/ZnS QDs): 

The synthesis was carried out by following a reported procedure.4 Briefly, In(Ac)3 (1.0 mmol, 

292 mg), Cu(Ac)2 (1.0 mmol, 182 mg) and 5 mL DDT were loaded in a 100 mL three-neck RB 

and heated to ~100 0C under N2 flow with gentle stirring for ~10 minutes until a clear solution 

was obtained. The reaction mixture was degassed for ~30 min at ~100 0C, and the temperature 

was further raised to ~230 0C under continuous N2 flow to allow the growth of CuInS2 core for 

~15 min. Here, DDT acts as a solvent as well as the sulfur precursor. With increase in 

temperature, a series of colour changes from golden-yellow to yellow to orange to dark-red 

were observed which indicates the nucleation and formation of CuInS2 (CIS) QDs. The reaction 

mixture was then quenched rapidly with cold-water bath. 
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The as-synthesised CIS core QDs were further over coated with ZnS shell to improve the 

quantum yield and stability. For an in-situ ZnS overcoating, a solution of ODE and OA (4:1 

ratio, 1.6 mL and 0.4 mL respectively) containing Zn(St)2 (0.2 mmol, ~126 mg) was added 

dropwise to the reaction mixture at ~160 0C under N2 flow over a period of 30 min. Afterward, 

the reaction temperature was raised to ~210 0C for about 15 min to allow for shell growth. The 

reaction mixture was quenched rapidly with water bath followed by the addition of 5 mL 

toluene to arrest the shell growth. The resultant solution was purified two times with acetone 

and finally redispersed back in chloroform for further studies.  

The red-emitting R-CIS/ZnS QDs is abbreviated as RCIS-QDs, throughout the thesis. 

2.3 Preparation of Water Dispersed Environmentally Friendly QDs 

Water dispersed charged QDs were prepared via the ligand exchange with MUA, MHA, and 

TMA ligand,.5–6 Here, the MUA and MHA ligands impart negative charge, and the TMA ligand 

imparts positive charge to the QDs. 

In a typical place exchange protocol, MUA (~100 mg, 0.46 mmol) was dissolved in 1:4 v/v 

ratio of water/methanol mixture (300 µL and 1.2 mL), and the pH of the solution was adjusted 

to ~12 using 3N NaOH solution. To the above solution of negatively charged MUA ligands, 

~150 mmol of QD solution in chloroform was added, and stirred vigorously for ~5 min. Then, 

the solution was stirred for overnight followed by addition of 2 mL of water and 6 mL of 

chloroform, to facilitate the complete transfer of QDs from organic to aqueous phase. The 

success of place exchange reaction can be easily monitored by observing the phase transfer of 

photoluminescence (PL) from chloroform (luminescent to non-luminescent) and water (non-

luminescent to luminescent) layers. Then, the aqueous phase was carefully separated and 

precipitated with acetone, to remove the unreacted MUA ligands via centrifugation. Finally, 

the anionic MUA capped [-] QDs were redispersed in milli-Q water for further studies. 

The MHA capped [-] QD in water was prepared by replacing MUA ligand with MHA ligand 

in the above-mentioned ligand exchange procedure. 

A similar procedure was adopted to prepare [+] charged QDs using an aqueous solution of [+] 

N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride (TMA) ligand, where the thiol 

group aided in surface functionalization, and quaternary ammonium group imparted cationic 

surface charge and dispersion in water. 
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[-] blue-emitting InP/ZnS QDs, [-]/[+] green-emitting InP/ZnS QDs, [-]/[+] red-emitting 

InP/ZnS QDs, and [-]/[+] red-emitting CIS/ZnS QDs are abbreviated as [-] B-QDs, [-]/[+] G-

QDs, [-]/[+] R-QDs, and [-]/[+] RCIS-QDs respectively, throughout the thesis. 

 

Scheme 2.1 Schematic representation of place exchange process with [-] and [+] charged ligands. 

2.4 Biocompatibility and Cellular Bioimaging Studies 

2.4.1 Cell Viability Assay: 

MTT assay was employed to study cellular viability of QDs.7 Briefly, a 96-well glass bottom 

plate was seeded with HeLa cells at a density of ~1000 cells per well. The cells were allowed 

to grow and adjust to the artificially created atmosphere in a humidified environment balanced 

with 5% CO2 and maintained at 37 oC. After 24 h, the wells were aspirated off the media and 

replenished with [-] B-QDs containing fresh media at various concentrations. Twelve 

concentrations were triplicated per QD and, were added for a given 96-well experiment. The 

first row of 6-well plate was kept as a control wherein no QD addition was made. The cells 

incubated with the QDs were left undisturbed under standard culture conditions for a period of 

72 h. Towards the end of 72 h, the media in the plates were aspirated and a 50 µg/mL solution 

of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) in complete media 

was added per well for a period of 4 h. After 4 h, the plates were carefully aspirated off the 

media without disturbing the settled formazan crystals and 100 µL of HPLC grade DMSO was 

then added to each well. The plate was then transferred to a microplate shaker and allowed the 

crystals to dissolve in DMSO for a total of 30 min. Next, the plate was then subjected under a 

Varioscan machine, wherein the absorbance per well was then measured at 570 nm. The 

absorbance readout was then converted into the relative cellular viability with respect to the 

control, and was then plotted against the concentration. 
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2.4.2 Concentration-Dependent Cellular Imaging: 

The six well sterile mammalian culture plate was employed for cellular uptake experiment of 

the [-] B-QDs. A thoroughly cleaned and UV sterile coverslip was placed per well of a 6-well 

plate. Next the plate was left under the conditions of UV for a period of 30 min inside the 

laminar flow hood. A total of 105 cells dispersed in 2 mL of complete media were added per 

well on top of coverslip. The cells were then allowed to grow for a period of 16–24 h. Once the 

cells adhered with a visible and healthy cytoskeleton, the compound addition was attempted. 

For concentration optimization, cells were treated with different concentrations of [-] B-QDs 

(20 µg/mL and 40 µg/mL) for a period of 6 h. At the end of 6 h, the media containing the 

compound was aspirated and washed 3 times with 2 mL warm HBBS buffer (Hank’s balanced 

salt solution) to wash off the uninternalized QDs. Next, the cells were added with 1 mL of 4 % 

paraformaldehyde (PFA) solution and left undisturbed at room temperature for a period of 10 

min. After 10 min, the cells were washed off with 2 mL warm HBBS solution twice to remove 

the PFA. The coverslip containing the fixed cells were then inverted onto a glass slide 

containing a drop (40 µL) of mounting media (70 % glycerol in water). The seals of the glass 

slides to cover slips were carefully sealed using a transparent nail paint. The slides were then 

imaged under a confocal microscope. 

2.4.3 Multicolor Bio-Imaging: 

Multicolor imaging experiments were performed via co-localization study with QD 

concentration of 40 µg/mL. Initially, a 6-well plate with a coverslip was added with 105 cells 

and then allowed to adhere. Next, the media was replenished with fresh media containing 40 

µg/mL of [-] B-QD system. After 6 h, the media was aspirated, and cells were washed thrice 

with 2 mL of HBBS buffer. Next, the cells were incubated with SYTOTM Deep Red at a 

concentration of 0.1 µg/mL in complete media for a total of 30-40 min. The cells were then 

washed twice with warm HBBS solution and fixed using paraformaldehyde fixation as 

described previously. Next, 100 µL of phalloidin (PHD) solution at 0.01 µM concentration was 

then added onto the cover slip and was allowed to incubate under toom temperature conditions 

in dark for 2 h. Next, the cover slips containing cells were then rinsed off with warm HBBS 

solution and inverted onto a glass slide using 70 % glycerol in water as mounting media. The 

prepared glass slides were then imaged under a confocal microscope using 405 nm (Laser 

Power: 2%, Gain: 600) excitation laser for QD and collection from 415–500 nm range. The 
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FITC conjugated phalloidin was excited using a 488 nm laser (Laser Power: 6%, Gain: 700) 

and the emission was collected in 510–560 nm range. The nuclear staining SYTO dye was 

excited using a 633 nm (Laser Power: 4%, Gain: 700). Stacks of dept 0.3 µm were collected 

per channel. The multicolour scanning was done on Zeiss Confocal instrument. The images 

collected were then processed using an ImageJ software for image processing and 

quantification. 

2.5 Instrumentation and Software 

2.5.1 UV-vis Absorption Studies: 

UV-vis absorption studies were carried out on a Shimadzu UV-3600 Plus absorption 

spectrophotometer in an optical quartz cuvette of 1 cm path length over the range of 200–800 

nm. 

2.5.2 Steady-State Photoluminescence Studies: 

The photoluminescence experiments were performed on Fluorolog-3 spectrofluorometer 

(HORIBA Scientific) with Xe-lamp as excitation source. 

2.5.3 Absolute Photoluminescence Quantum Yield Measurements: 

The absolute PL quantum yield (PL QYA) measurement was carried out by using an integrating 

sphere on Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon) with Xe-lamp as excitation 

source. The wavelength of excitation was 350 nm for blue QDs and 370 nm for green and red 

QDs, respectively. The emission monochromator was set in between 340–690 nm for blue QDs 

and 360–720 nm for green and red QDs, for measuring the scattering for solvent, and QY for 

QD sample. 

2.5.4 Excitation Spectra: 

The excitation spectra were recorded using a Fluorolog-3 spectrofluorometer (Horiba 

Scientific) with Xe lamp as excitation source. The excitation monochromator was set over the 

range below the emission maxima for QDs and dyes. The emission monochromator was set at 

the PL maxima of the corresponding QDs and dyes. 

  



Chapter 2 

36 
 

2.5.5 Time-Corelated Single Photon Count (TCSPC) Measurements: 

Time-resolved PL studies were performed in a HORIBA DeltaFlex Time-Correlated Single 

Photon Counting system using 370 nm and 405 nm Delta-diodes as the excitation sources, with 

a time to amplitude converter (TAC) range of 800 nm and 3.2 µs, respectively, for 10,000 

counts. The decay curve was deconvoluted using EZ analysis software and data was fit with 

multi exponential curves. The average lifetime was calculated using the following equation. 

𝝉𝑨𝒗𝒈 =
∑ 𝜶𝒊𝝉𝒊

𝟐𝑖=𝑛
𝑖=1

∑ 𝜶𝒊𝝉𝒊
𝑖=𝑛
𝑖=1

                                                       … (1) 

Where τi is the lifetime and αi is the pre-exponential factor. 

The fractional contribution of each decay time (fi) in the fit was calculated using the following 

equation. 

𝒇
𝒊

=
𝜶𝒊𝝉𝒊

∑ 𝜶𝒊𝝉𝒊

                                                  … (2) 

2.5.6 Zeta Potential Measurements: 

The zeta potential (ζ) measurement of charged QDs was performed in Zetasizer Nano series, 

Nano-2590 (Malvern instruments, U.K.) with a 655 nm laser. The optical density of the solution 

was maintained ~0.03 during all the measurements. The ζ value was estimated from the 

electrophoretic mobility (UE) (the velocity with which the charged particles are attracted to the 

oppositely charged electrodes) and is calculated using Henry’s equation: 

𝑼𝑬 =
𝟐𝜺𝜻𝒇(𝑲𝒂)

𝟑𝜼
                                                          … (3) 

Where, 

ε is the dielectric constant. 

ζ is the zeta potential (mV). 

η is the viscosity coefficient of the medium (Pa.s). 

f(ka) is Henry’s function determined using Smoluchowski approximation. 
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2.5.7 X-Ray Diffraction (XRD) Measurements: 

X-ray diffraction patterns were measured on Bruker D8 Advanced X-Ray diffractometer using 

Cu Kα (λ = 1.54 Å) rays. The samples for XRD analysis were prepared by drop casting the as-

synthesized QDs on a clean glass substrate. 

2.5.8 High Resolution Transmission Electron Microscopy (HRTEM): 

The samples for microscopy measurements were prepared by drop casting QD solution on a 

400-mesh carbon coated copper TEM grid (Ted Pella, Inc.). The samples were allowed to dry 

under ambient conditions, and were further dried under vacuum. The high-resolution images 

were recorded on a JEOL JEM- 2200FS (200 keV) HRTEM instrument. 

2.5.9 Fourier-Transform Infrared Spectroscopy (FTIR) Studies: 

Fourier transform infrared spectroscopy (FTIR) experiments were performed to confirm the 

presence of ligands on the surface of QDs. The measurements were performed on NICOLET 

6700 FTIR instrument, using solid KBr disc. 

2.5.10 X-ray Photoelectron Spectroscopy (XPS) Studies: 

The XPS studies was performed by drop casting the QDs on silicon wafer, dispersed in IPA 

solvent, followed by drying under the vacuum. Then the measurements were performed in 

Thermo Fisher Scientific Instrument, Leicestershire, UK (Model: K-Alpha+) equipment using 

Al-Kα anode (1486.6 eV) in a transmission lens mode and multi-channel plate (MCP) detector. 

The binding energy scale was calibrated using standard C 1s peak (284.6 eV) and the elemental 

peaks were analysed using non-linear Shirley background correction. The peak positions fitting 

was performed by using XPSpeak41 software and optimized by a weight least-square fitting 

method using Gaussian and Lorentzian lineshapes. 

2.5.11 Nuclear Magnetic Resonance Spectroscopy (NMR) Studies: 

The 1H NMR data was recorded on Brucker Ascend TM 400 MHz spectrometer. 
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2.5.12 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS): 

The ICP-MS analysis was performed to determine the concentration of In3+ ion in B-QD. At 

first, the QD sample was digested in 0.3 N HNO3 solution, followed by filtration through 

syringe filter to remove any dust particles present in the solution. The amount of In3+ in the 

digested samples was quantified using ICP-MS analysis, performed on Quadrupole-ICP MS 

(Thermo iCAP-Q) instrument. 

2.5.13 Cyclic Voltammetry (CV) Experiments: 

The CV measurements were performed using Metrohm DropSens µStat400 electrochemical 

workstation and Dropview 8400 software of version 2.215B1204. Glassy carbon was used as 

the working electrode, non-aqueous Ag/AgNO3 as the reference electrode and Pt wire was used 

as the counter electrode. 

The onset oxidation and reduction potential for QDs vs vacuum was determined by following 

below equations.8 

𝑬𝑽𝑩 =  −𝑰𝑷 = −(𝒆𝑬𝑶𝒙 + 𝑬𝑹𝒆𝒇)𝒆𝑽                                   … (4) 

𝑬𝑪𝑩 =  −𝑬𝑨 = −(𝒆𝑬𝑹𝒆𝒅 + 𝑬𝑹𝒆𝒇)𝒆𝑽                                 … (5) 

Where, EOx, and ERed are the onset redox potential relative to the reference electrode, while Eref 

is the potential difference between the selected reference electrode and the vacuum energy 

level. IP, and EA represents the ionization potential and electron affinity, respectively. 

2.5.14 Cytotoxicity and Bio-Imaging Studies: 

The MTT assay was measured using a VarioscanTM plate reader instrument. For bio-imaging 

study, Zeiss LSM 780 confocal microscopy was used. Alongside, for maintaining the cells in 

tissue culture, we routinely use the following instruments: CO2 incubator (galaxy 170, 

Eppendorf), centrifuge machines (5910 Ri, Eppendorf). 

2.5.15 Droplet Experiments: 

In a typical experiment, a glass slide was wrapped with a Teflon tape to increase the 

hydrophobicity of the substrate, so that uniform droplets can be prepared from aqueous 

samples. Following this, ~10 µL of (i) different ratios of donor–acceptor solution, (ii) only 
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donor, and (iii) only acceptor solution was placed over the Teflon coated glass slide and allowed 

them for normal evaporation. The true colour PL images were taken at different time intervals. 

2.5.16 Preparation of Agarose Gel: 

In a typical procedure, ~30 mg of agarose powder was taken in 3 mL water (1.0 % w/v), and 

heated at ~90 oC, till the agarose completely solubilize. The clear solution was then cooled to 

50 oC and mixed with aqueous solutions of (i) different ratios of donor-acceptor, (ii) only donor, 

and (iii) only acceptor. Finally, the agarose mixture was poured into petri dish and kept 

overnight at ~50 0C for film casting. The film was thoroughly characterised using steady-state 

and time-resolved spectroscopic techniques. 

2.5.17 Commission Internationale de l'Elcairage (CIE) Plot: 

The CIE plot was generated from GOCIE-1931 software.9 The complete PL spectrum of pure-

blue emitting InP/ZnS QD was used to generate the coordinate in CIE spectrum and, 

accordingly the colour purity was determined by calculating the deviation of the measured 

coordinate (for sample) from the boundary of chromaticity diagram with respect to pure white 

region (0.33,0.33). Purity of colour, Cs, was determined by following the equation below. 

𝑪𝒐𝒍𝒐𝒓 𝑷𝒖𝒓𝒊𝒕𝒚 = (
𝑪𝒔−𝑪

𝑪𝒃−𝑪
) ∗ 𝟏𝟎𝟎 %                                       … (6) 

Where, Cs, Cb, and C represents the coordinates for sample, boundary, and centre of 

chromaticity diagram, respectively. The coordinates for boundary (Cb) were determined by 

connecting the sample point with the centre followed by extrapolating towards the boundary. 

2.6 Concentration Calculation for QDs 

2.6.1 Calculation of Concentration for Green- and Red-emitting 

InP/ZnS QDs: 

The concentration of green- and red-emitting InP/ZnS QDs were calculated from absorption 

spectra using Beer lambert Law.10 

𝑨 = 𝜺 · 𝒄 · 𝒍                                                        … (7) 

            Where, A= absorbance or optical density 
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                         ε = Absorption coefficient or molar extinction coefficient (M-1cm-1) 

                         c = Concentration of the solution (mol L-1) 

                         𝑙 = Optical path length = 1 cm 

ε was calculated from the following equation.11 

𝜺 = 𝟑𝟎𝟒𝟔. 𝟏(𝑫)𝟑 − 𝟕𝟔𝟓𝟑𝟐(𝑫)𝟐 + (𝟓. 𝟓𝟏𝟑𝟕 𝑿 𝟏𝟎𝟓)(𝑫) − (𝟖. 𝟗𝟖𝟑𝟗 𝑿 𝟏𝟎𝟓)         … (8) 

Here, D is the diameter of InP/ZnS QD, which was estimated to be 2.9 and 4.1 nm for G-QDs 

and R-QDs, respectively, from the following equation. 

𝑫 = (−𝟑. 𝟕𝟕𝟎𝟕 𝑿𝟏𝟎−𝟏𝟐)𝝀𝟓 + (𝟏. 𝟎𝟐𝟔𝟐 𝑿𝟏𝟎−𝟖)𝝀𝟒 − (𝟏. 𝟎𝟕𝟖𝟏 𝑿𝟏𝟎−𝟓)𝝀𝟑 +

                                 (𝟓. 𝟒𝟓𝟓𝟎 𝑿𝟏𝟎−𝟑)𝝀𝟐 − (𝟏. 𝟑𝟏𝟐𝟐)𝝀 + 𝟏𝟏𝟗. 𝟗                                  … (9) 

Here, λ is the wavelength at first excitonic peak in nm (452 nm and 570 nm for green- and red-

emitting QDs, respectively). The ε value was calculated to be 128498 M-1cm-1 and 277528 M-

1cm-1 for G-QDs and R-QDs respectively. 

The concentration of green- and red-emitting InP/ZnS QDs was calculated by substituting ε 

and A value in equation (7). 

2.6.2 Calculation of Concentration of CIS/ZnS QDs: 

The concentration of CIS/ZnS QDs was calculated by using the equation (7). The ε was 

calculated from the following equation.12–13 

𝜺 = 𝟖𝟑𝟎𝒅𝟑.𝟕                                       … (10) 

Here, d is the diameter of QDs, and was calculated by using the equation below. 

𝒅 = 𝟔𝟖. 𝟗𝟓𝟐 − 𝟎. 𝟐𝟏𝟑𝟔 𝑿 𝝀𝑷𝑳 + (𝟏. 𝟕𝟏𝟕 𝑿 𝟏𝟎−𝟒) 𝝀𝑷𝑳
𝟐                   … (11) 

Here, (λ (PL)) is the emission wavelength of QDs (631 nm). 

The ε was calculated to be 25625 M-1cm-1 and the concentration was estimated by substituting 

the ε and A value in equation (7). 
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2.7 Background of Förster Resonance Energy Transfer (FRET) 

Formalism 

The Förster resonance energy transfer (FRET) process is a non-radiative transfer of energy 

from an excited state donor to a ground state acceptor (Scheme 2.2).10,14 It is driven by the 

long-range dipole–dipole interaction, and thus is strongly dependent on the donor–acceptor 

distance. Also, it demands an appreciable spectral overlap between the emission of donor and 

absorption of acceptor fluorophores.  

 

Scheme 2.2 Schematic representation of the Förster resonance energy transfer (FRET) process, where 

non-radiative transfer of energy leads to higher fluorescence from the acceptor. The terms SG, SLE, and 

SHE stand for singlet ground state, singlet lowest excited state, and singlet higher excited state, 

respectively, while D and A refers to donor and acceptor, respectively. 

The rate of energy transfer between donor and acceptor at a distance r can be expressed as:10 

𝒌𝑻(𝒓) =  
𝑩𝚽𝑫𝑱(𝝀)

𝝉𝑫𝒓𝟔
=  

𝟏

𝝉𝑫
 (

𝑹𝟎

𝒓
)

𝟔
                                … (12) 

Where, R0 is the Förster distance at which FRET efficiency is 50%, r is the distance between 

donor and acceptor, and J(λ) is the spectral overlap integral between emission of donor and 

absorption of acceptor. ΦD and τD are the PL quantum yield and lifetime of donor, respectively.  

B is a constant that can be written as a function of refractive index of the medium ηD, 

Avogadro’s number NA and dipole orientation parameter κp:
14 

𝑩 =
[𝟗𝟎𝟎𝟎(𝒍𝒏𝟏𝟎)]𝜿𝒑

𝟐

𝟏𝟐𝟖𝝅𝟓𝜼𝑫
𝟒 𝑵𝑨

                                                 … (13) 
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The orientation factor (κp) varies from 0 (for perpendicular alignment of the D–A dipoles) to 4 

(for parallel orientation). The dynamic average value of kp was assumed to be 2/3.10,14 

Here, the Förster distance R0 is given by10 

𝑹𝟎 = (𝑩𝝓𝑫𝑱(𝝀))
𝟏 𝟔⁄

= 𝟎. 𝟐𝟎𝟏𝟖 (
𝝓𝑫𝜿𝒑

𝟐𝑱(𝝀)

𝜼𝟒
)

𝟏 𝟔⁄

Å                   … (14) 

 

Calculation of spectral overlap integral 

The spectral overlap integral was estimated using the well-accepted equation, which takes 

account of the donor fluorescence and acceptor absorption properties, respectively.10,14 

𝑱(𝝀) =  ∫ 𝑭𝑫(𝝀) 𝝐𝑨(𝝀) 𝝀𝟒 𝒅𝝀    𝑴−𝟏𝒄𝒎−𝟏𝒏𝒎𝟒∞

𝟎
                     … (15) 

Where, FD(λ) is the normalized fluorescence intensity of donor at a particular wavelength (λ), 

ϵA is the molar extinction coefficient of the acceptor at a particular wavelength. Higher the 

value of J(λ), better the probability for a donor–acceptor system to become an efficient FRET 

pair. 

Calculation of efficiency of energy transfer process 

The efficiency of FRET can be calculated from steady-state PL and as well as from PL lifetime 

experiments.10 

From steady-state PL quenching, 

𝑬 = 𝟏 −
𝑰𝑫𝑨

𝑰𝑫
                                                                         … (16) 

 

 From lifetime quenching studies, 

 

  𝑬 = 𝟏 −
𝝉𝑫𝑨

𝝉𝑫
                                                                        … (17) 

The IDA, τDA are the PL intensity and lifetime of the donor in presence of acceptor and ID, τD 

are PL intensity of lifetime of the donor in absence of acceptor.  

Efficiency of energy transfer strongly depends on the distance between donor and acceptor. It 

varies inversely with sixth power to the distance between donor and acceptor (E α 1/r6). 
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However, for unlinked donor–acceptor system, the extent of energy transfer also depends on 

the concentration of acceptor. This can, for example, be realized by arraying multiple acceptors 

around a single donor QD. In this configuration, the QD donor plays a dual role: (i) a nanoscale 

scaffold by assembling multiple acceptors through the electrostatic attraction emanating from 

its surface, and (ii) a central exciton donor of energy to the surrounding acceptors. Such 

configuration produces a proportional increase in the FRET cross-section with increasing the 

number of acceptors. As a result, there will be a substantial enhancement in the overall energy 

transfer efficiency compared to one-to-one donor–acceptor pair. The overall energy transfer 

efficiency can be expressed as:15 

𝑬 =
𝒏𝑹𝟎

𝟔

𝑛𝑹𝟎
𝟔+𝒓𝟔

                                                                         … (18) 

Where, E is the energy transfer efficiency calculated from equations (16) and (17), R0 is the 

Förster distance at which FRET efficiency is 50% (calculated from equation (14), r is the 

distance between donor and acceptor and the term n represents the total number of acceptors 

interacting with the same donor. 

For non-covalently bonded donor–acceptor system, the critical concentration of acceptor (A0) 

can be calculated from the Forster distance (R0) of the system, by using the following 

equations.10,16 

𝑨𝟎 =
𝟑𝟎𝟎𝟎

𝟐𝝅𝟑/𝟐𝑵𝑨𝑹𝟎
𝟑                                                  … (19) 

If R0 is expressed in cm, the value of A0 will be in mole/L, that is molarity (M). 

The term A0 represents the concentration at which the intramolecular energy transfer efficiency 

among the acceptors will be 76 %. Thus, when the acceptor concentration exceeds one 

hundredth of its critical concentration, possible intramolecular process will start to contribute. 
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2.8 Background of Photoinduced Electron Transfer (PET) Formalism 

The photoinduced electron transfer (PET) process involves the transfer of an electron from a 

donor to an acceptor, and this is mainly governed by the energetics of the donor–acceptor pair.10 

The transfer of electrons from a donor to an acceptor should be thermodynamically feasible for 

an efficient PET to happen. A PET process can occur either through the photoexcitation of the 

donor (photooxidation) or the acceptor (photoreduction), as shown in Scheme 2.3a.10,17 After 

the photoexcitation process, the electron is getting transfer from donor to acceptor, via 

formation of a charge transfer complex [D+:::A–]*. In most cases, the charge transfer complex 

results in the formation of a non-luminescent charge-separated complex (D+ and A–), but in 

some cases exciplex is observed. Finally, the extra electron on the acceptor is transferred back 

to donor, leaving the system in the initial phase (Scheme 2.3b).10,17 

 

Scheme 2.3 Schematic representation of photoinduced electron transfer (PET) process. (a) A PET 

process can occur either through the photoexcitation of the donor (photooxidation) or the acceptor 

(photoreduction). The photooxidation process involves the transfer of electrons from an excited donor 

(D*) to a ground state acceptor (A). On the other hand, the photoreduction process involves the transfer 

of electrons from a ground state donor (D) to the ground state of the excited acceptor (A*). The terms 

SG, and SE stand for singlet ground state and singlet excited state, while D and A refers to donor and 

acceptor for PET process, respectively. (b) The dynamics of PET process in either case of donor or 

acceptor excitation. The kPET describes the rate of PET process. Upon photoexcitation the electron donor 

transfers an electron to the acceptor with a rate of kPET, forming the charge transfer complex [D+:::A–]*. 

The formed charge transfer complex may emit as an exciplex or be quenched and finally returns to the 

ground state via charge separated state (D+ and A–). 

Thus, the process of PET can be easily monitored by analysing the PL intensity and PL lifetime 

quenching process for both donor and acceptor. The efficiency of PET process can be 

determined from the steady-state and time-resolved studies by using equations (16) and (17). 

For nearly seven decades, Marcus theory has been effective for understanding and predicting 

kinetics of electron transfer reactions.18-20 In this theory, electron transfer systems are well 

represented by harmonic free energy curves for donor (D) and acceptor (A) states. The 
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harmonic free energy curve provides the free energy of donor and acceptor as a function of 

nuclear distortion from equilibrium position, and largely depends on the reorganization energy 

λ, and Gibbs free energy change between donor and acceptor at equilibrium ΔG°. In accordance 

with the Marcus theory, electron transfer occurs by tunnelling from nuclear configurations 

when donor and acceptor have equivalent energy (intersection of two harmonic parabola; 

Scheme 2.4a). 

The expression of rate constant for the PET process can be derived from the Eyring equation, 

such as,10 

𝒌𝑷𝑬𝑻 =  𝑨𝒆
−

∆𝑮∗

𝒌𝑩𝑻                                           … (20) 

Where, ΔG* represent the Gibbs free energy of activation, in turn, is given by, 

𝚫𝑮∗ =  
𝝀

𝟒
[𝟏 +

𝚫𝑮𝒐

𝝀
]

𝟐

                                        … (21) 

and ‘A’ is the pre-exponential factor, which depends on the nature of the electron transfer 

process, electronic coupling, and reorganization factor. 

Therefore, the rate of PET process (kPET) can be expressed as a function of a combination of 

electronic and nuclear factors:18–21 

𝒌𝑷𝑬𝑻 =  
𝟐𝝅𝑯𝑫𝑨

𝟐

𝒉
[

𝝅

𝝀𝒌𝑩𝑻
]

𝟏
𝟐⁄

𝒆
[−

(𝝀+∆𝑮𝒐)
𝟐

𝟒𝝀𝒌𝑩𝑻
]
                             … (22) 

Here, HDA is the electronic coupling between the donor and acceptor, λ is the nuclear 

reorganization parameter, h is Planck's constant, kB is the Boltzmann constant, and ΔG° is the 

standard free-energy change for the electron transfer process at equilibrium. 

The rate of PET process is predicted to increase as −ΔG° approaches λ and reach a maximum 

when −ΔG° = λ. When −ΔG° increases beyond λ, the rate of electron transfer is, 

counterintuitively, predicted to decrease described in the Marcus inverted region (Scheme 

2.4b). 
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Scheme 2.4 Schematic representation of Marcus model for photoinduced electron transfer (PET) 

process. (a) Gibbs free energy parabolas vs nuclear coordinate for PET donor–acceptor system. The free 

energy for donor and acceptor states are equal at intersection point, and the electron tunnels through the 

barrier. (b) The inverted Marcus plot (plot of lnkPET vs −ΔG°): Regions-I & III are normal and inverted 

regions, respectively. The rate will be maximum at region-II, where −ΔG° = λ 

In general, the mechanism of electron transfer process depends on the nature, magnitude, and 

energetics of the electronic interaction of the separated donor–acceptor moieties. In the case of 

QD-based PET systems, in which an aliphatic linker separates the donor and acceptor, the 

electron transfer proceeds by a simple model of tunnelling process, following the Marcus 

model. In tunnelling process, the rate of electron transfer process varies exponentially on the 

separation distance, and the electron or hole never resides on the bridge. The exponential 

dependence of the PET rate constant is commonly expressed as:21–22 

𝒌𝑷𝑬𝑻 =  𝒌𝟎𝒆(−𝜷𝒅𝑫𝑨)                                    … (23) 

Here, k0 is the pre-exponential constant, β is the tunnelling decay constant, and dDA is the 

donor–acceptor separation distance. 

Calculation of photoinduced electron transfer rate 

The rate of PET process can be easily calculated from time-resolved experiments by monitoring 

the average lifetime of donor in absence and presence of acceptor.10,22 

The average lifetime of donor in absence of acceptor: 

𝝉𝑫 =  
𝟏

𝒌𝒓+𝒌𝒏𝒌
                                             … (24) 

The average lifetime of donor in presence of acceptor: 
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𝝉𝑫𝑨 =  
𝟏

𝒌𝒓+𝒌𝒏𝒌+𝒌𝑷𝑬𝑻
                                       … (25) 

Here, Kr, and Knr are the radiative and non-radiative decay rate for donor. 

By combining the equation (24) and (25), the rate of PET process can be calculated, such as: 

𝒌𝑷𝑬𝑻 =  
𝟏

𝝉𝑫
(

𝝉𝑫

𝝉𝑫𝑨
− 𝟏)                                     … (26) 

In contrast, the process of PET can be extensively studied with the help of steady-state and 

time-resolved spectroscopic techniques. The electron transfer starts with the basic principle of 

electrochemistry. It is more predictable because the possibility of PET can be predicted from 

the redox potential of donor and acceptor. The Gibbs free energy change for PET process can 

be calculated as:10 

∆𝑮𝒐 = −𝒏𝑭∆𝑬                                           … (27) 

Where, n is the number of electron involve in the process, ΔE is the difference in redox 

potential, and F is the Faraday constant. 

For a given process, the value of ΔG° can be calculated form electrochemistry. When ΔG° < 0, 

the process is thermodynamically favoured. 
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Chapter – 3 

Blue Emitting InP/ZnS Quantum Dots: Expanding the 

Spectrum of Environmentally Friendly Quantum Dots 

for FRET Studies 
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3.1 Abstract 

Development of stable blue-emitting materials has always been a challenging task because of 

the necessity of high crystal quality and good optical properties. We have developed a highly 

efficient blue-emitter, based on environmentally friendly indium phosphide/zinc sulphide 

quantum dots (InP/ZnS QDs) in water, by controlling the growth kinetics of the core as well as 

the shell. A rational combination of less-reactive metal-halides, phosphorus, and sulphur 

precursors is the key for achieving the uniform growth of InP core and ZnS shell. The InP/ZnS 

QD showed a long-term stable photoluminescence (PL) in the pure-blue region (~462 nm), 

with an absolute PL quantum yield of ~50 % and a colour purity of ~80 % in water. Cytotoxicity 

studies revealed that the cells can withstand up to ~2 micromolar concentration of pure-blue 

emitting InP/ZnS QD (~120 µg/mL). Multicolour imaging studies show that the PL of InP/ZnS 

QDs was well-retained inside the cells as well, without interfering with the fluorescence signal 

of commercially available biomarkers. Moreover, the ability of InP based pure-blue emitters to 

participate in an efficient Förster resonance energy transfer (FRET) process is demonstrated. 

Installing a favorable electrostatic interaction turned out to be crucial in achieving an efficient 

FRET process (E ~75 %) from blue-emitting InP/ZnS QDs to rhodamine B dye (Rh B) in water. 

The quenching dynamics fits well with the Perrin formalism and distance-dependent quenching 

(DDQ) model, which confirms an electrostatically driven multi-layer assembly of Rh B 

acceptor molecules around the InP/ZnS QD donor. Furthermore, the process of FRET was 

successfully translated into solid-state, proving their suitability for device-level studies as well. 

In short, our study expands the spectrum of aqueous QDs based on InP towards the blue-region 

for future biological and light harvesting studies. 

3.2 Introduction 

Luminescent materials find applications in broad areas of science and technology including 

full-color display devices, photovoltaics, bioimaging and targeting, sensing, and so on.1-3 The 

diversity of modern science demand for the need of luminescent materials that emit in all 

regions of the visible and near-infrared spectra.1-5 But, it is challenging to prepare ‘pure’ blue-

emitting luminescent materials as they often fail to meet the stringent requirement of colour 

purity, high and stable quantum yield, and long-term photostability.1,2 This has been an obstacle 

in realizing the full use of luminescent materials in different areas of energy and medical 

research. Quantum dots (QDs) can be one class of materials that could solve this challenge, as 
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they possess unique optoelectronic properties, such as large absorption cross-section, tunable 

and narrow emission bandwidth, high photoluminescence quantum yield (PL QY), and 

enhanced photostability.3-13 In this direction, indium phosphide (InP) based QDs are emerging 

as one of the luminescent materials of choice because of their intrinsically lower toxicity over 

traditional Cd- and Pb-based QDs.14-24 Having a bulk band gap of 1.35 eV and Bohr exciton 

radius of ~9.6 nm, the emission wavelength of InP QDs can be tuned throughout the full-visible 

color gamut and near-infrared region by varying their size.4,14,16 However, the creation of highly 

luminescent blue-emitting InP QDs is not a straight-forward task in QD research because of 

the necessity of ultra-small sized QD core (<2 nm) (Figure 3.1a).6,18 The ultra-small QDs are 

prone to contain more crystal defects that could hamper their luminescent properties, and this 

demands for the improved synthetic strategies. Moreover, the high covalent nature of InP QDs 

makes them more vulnerable towards oxidizing environments.25 Additionally, covalent bond 

formation usually demands higher reaction temperatures, long reaction times, and more 

reactive precursors. As a result, the generation of monodispersed and smaller sized QD is 

significantly challenging in III-V semiconductors.18 Thus, reliable synthesis protocols are 

required for achieving emission at a shorter wavelength with a higher reaction yield and 

improved electronic properties. In that direction, a seminal work by LaMer and Dinegar forms 

the foundation for understanding the desired need at nucleation and growth rates.18,26 In 

general, the solution-process synthesis of QDs is governed by two distinct stages of nucleation 

and growth. Understanding the kinetics of these processes and their underlying chemical 

reactions is primordial for the rational design of synthesis methods. In according to the LaMer 

plot, as depicted in Figure 3.1b, a high precursor to monomer conversion rate and easy 

temporal separation between nucleation and the growth process are essential for obtaining 

smaller size QDs.18,26 A few protocols are available to prepare blue-emitting InP QDs in organic 

medium, wherein the growth kinetics of QDs is slowed-down by controlling the reaction 

temperature, precursor reactivity, surface etching, shell growth, competitive secondary 

nucleation process, etc.27-34 In one of the early report by Ning, Tian and co-workers, a unique 

synthetic methodology was introduced for the preparation of blue-emitting InP/ZnS QDs, with 

the aid of copper ions. Here, the presence of copper ion in reaction mixture assists a competitive 

secondary nucleation event towards the formation of hexagonal Cu3–xP nanocrystals.29 This 

resulted in poor supply of phosphorous precursors, which in turn causes slow growth, and the 

smaller sized InP QDs with blue PL (Figure 3.2a). 
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Figure 3.1 (a) Corelation between band gap vs diameter of InP and CdSe QDs, calculated using the 

effective mass approximation (used parameters: band gap (Eg) = 1.35/1.74 eV; dielectric constant (εr) = 

12.4/9.5; Bohr excitonic radius (rBohr) = 9.6/4.6 nm for InP/CdSe). (b) Schematic representation of 

LaMer plot for the monodispersed colloidal synthesis of nanocrystals (NCs), following three distinct 

stages: (I) precursor conversion raises monomer concentration above the critical concentration 

threshold, C*; (II) nucleation, and (III) growth stages while the monomer concentration is in the regime 

of supersaturation (Cs< C < C*). A decrease in precursor-to-monomer conversion rate leads to adverse 

changes in QDs concentration and size (red to blue curve). Reproduced with permission from references 

18. Copyright 2016 American Chemical Society. 

In another elegant work, Chae and co-workers have regulated the size of InP QDs by 

controlling the reaction kinetics of ZnS shelling by varying the hydrocarbon ligand length 

(alkanethiols).30 The reactive shorter alkanethiol allowed for rapid shelling of ZnS, and inhibits 

the growth of the InP core, thus reducing the emission wavelength (exhibiting PL peak at 485 

nm; Figure 3.2b). In addition to that, the length of fatty acid can also alter the nucleation 

kinetics for the core synthesis. Large steric hindrance from longer fatty acid ligands restricts 

the In-P-Zn complexation, and thus, the nucleation and growth rates for InP core QD increases, 

resulted in red shift in PL wavelength. Likewise, Woo and co-workers added an important 

insight into the mechanism for the formation of smaller sized InP QDs, in presence of acetate 

salt of indium ion (Figure 3.2c).27 Accordingly, holding of reaction temperature at 130 0C is 

crucial to restrict the growth of InP core into the blue region. This is because, in presence of 

acetate salt, ultra-small InP cores remain at constant competition between etching and growth 

processes. The process of etching was dominant at temperatures below 150 °C, whereas the 

growth process outperformed at above 150 °C. Therefore, as expected, lower the reaction 

temperature (130 °C), smaller the size of the synthesized QDs (band edge emission, BEM at 

475 nm), and the emission red shifted to 497 nm when the reaction temperature was increased 

to 170 0C. 



Chapter 3 

54 
 

 

Figure 3.2 Methodologies for production of blue-emitting InP/ZnS QDs. (a) Schematic for preparation 

of blue InP QDs assisted by Cu ions. The competitive secondary nucleation centre restricts the precursor 

concentration for the growth process, leading to creation of smaller sized QDs. PL (upper), and optical 

(lower) photograph for InP QD and InP/ZnS QD are given at the right side of scheme. Reproduced in 

part with permission from reference 29. Copyright 2019 American Chemical Society. (b) Effect of 

ligand length, and (c) the reaction temperature on the size of InP QDs. Lower reaction temperature 

(etching dominated) and smaller ligand length (less steric hindrance for In-P-Zn complexation, thus, 

favors ZnS shelling) are essential components to regulate the growth rate of QDs synthesis. In presence 

of long chain alkanethiols, emission maxima are red shifted (LA<MA<PA<SA). Similarly, the band 

edge emission remains in the blue region at 130 0C, and shits to green region at 170 0C. Parts adapted 

with permission from references 30 and 27. Copyright 2020 Multidisciplinary Digital Publishing 

Institute and Copyright 2012 IOP Publishing Ltd. 

The development of these procedures was very helpful in comprehending the dynamics of the 

nucleation and growth processes. Nonetheless, majority of them are constrained by the colour 

purity, photostability, or emission maxima of the QDs (usually at around sky-blue region). This 

necessitates the development of new techniques for the flawless replication of the LaMer 

model, which are only possible with complete control over the reactivity of each precursor 

which in turn provide controls over breaking and making of bonds. In that direction, Yang and 

coworkers and Hens and co-workers have introduced an innovative and potentially efficient 

alternative methods for preparation of InP QDs.16,35 At the first place, they demonstrate that the 

size of the InP QDs can be regulated with various combinations of InX3 (X = Cl, Br, I) and 

aminophosphine (amino = dimethylamino [DMA]) (Figure 3.3). As the bond strength drops 

on moving from indium chloride (InCl3) to indium bromide (InBr3) to indium iodide (InI3), the 

process of bond breaking and bond making fastens, providing a complete control over the rate 
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of the nucleation process.16 As a result, the chemical reactivity-based size-tuning method 

enabled the production of InP/ZnS and InP/ZnSe QDs with an emission range encompassing a 

significant portion of the visible spectrum (Figure 3.3). However, the blue emission was 

missing, probably a right and rational combination of indium and zinc halide precursors 

requires to be optimized. In one such example, stable blue-emitting InP/ZnS/ZnS QD (λem ~475 

nm) was prepared by fine-tuning the inherent reactivity between phosphorus and indium 

precursors, thereby achieving a control over nucleation and growth processes.31 This has led to 

the development of efficient blue-emitting light emitting diodes (LEDs) based on InP/ZnS/ZnS 

core/shell/shell QDs. The use of a double layer of a very thick ZnS shell was crucial in this 

study for stabilizing the QDs and achieving high PL QY. The presence of a thick ZnS shell in 

this study (~8 monolayers), eventually increasing the overall size of the QD to ~6.8 nm, which 

might have inherent limitations in light-harvesting (poor energy transfer efficiency because of 

the thick shell)36 as well as in biological studies (poor renal clearance because of the large 

size).37 In a very recent study, Douhal and co-workers were successful in preparing a smaller 

sized InP/ZnS/ZnS QDs (~4 nm) with the PL centered in the deep-blue region in organic 

medium, by fine-tuning the growth kinetics and ZnS shell-thickness.34 The other demand in the 

area is to retain the high PL of blue-emitting InP/ZnS QDs in aqueous medium to expand their 

scope in diverse areas of science. Therefore, there is a necessity to optimize the synthetic 

protocol further for preparing stable pure-blue emitting InP/ZnS QDs in the aqueous medium, 

along with demonstrating their versatile applied properties in water. 

 

Figure 3.3 Chemical reactivity-based size-tunning of InP QDs. The size of the InP QDs can be regulated 

with various combinations of InX3 (X = Cl, Br, I) and aminophosphine. (a) PL photograph and (b) 

emission line width of developed InP QDs in relation to different Indium halide precursor salts, 

indicating that a large part of the visible spectra can be addressed by fine-tunning the inherent reactivity 

among the precursors. Here, [c] correspond to 0.45 mmol of indium precursor in 5 mL of olylamine. 

Reproduced with permission from reference 16. Copyright 2015 American Chemical Society. 
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Here, we report the preparation of highly luminescent pure-blue emitting InP/ZnS QDs (~462 

nm) in organic medium and their successful transfer to aqueous phase, with an absolute PL 

quantum yield of ~50 % and a colour purity of ~80 % (CIE 0.16,0.15) in water. These InP QDs 

contain a thin shell of ZnS compared to previous reports (3 vs 8 monolayers), which motivated 

us to test their suitability for both bioimaging as well as light induced Förster resonance energy 

transfer studies (FRET). Majority of the QD based FRET donors used so far emits from the 

green region, which limits the use of acceptor molecules that emit from yellow region and 

above. In other words, the unavailability of pure-blue emitting QD donors restricts the use of 

acceptor molecules (biomolecules, organic and inorganic chromophores) that absorb in blue to 

cyan regions. Thus, there is a high demand for the demonstration of a FRET system based on 

a pure-blue emitting QD donor, and this forms the focus of the present Chapter. As a proof of 

concept, we have demonstrated an efficient FRET from blue-emitting InP/ZnS QD donor to 

red-emitting rhodamine B dye acceptor. This system also serves as an example for long-range 

FRET process (here, long-range is in terms of wide color gamut). 

A fine-control over the core size and shell thickness of InP/ZnS QDs, by optimizing the 

precursor amounts and the growth kinetics, enabled us to achieve a strong and stable PL in the 

pure-blue region. A rational combination of less-reactive metal-halides, phosphorus, and 

sulphur precursors was the key for achieving the uniform growth of InP core and ZnS shell. 

For instance, the dual role of aminophosphine as both precursor and reducing agent 

(disproportionation), coupled with the weak bond strength of iodide salts of indium and zinc 

was crucial in achieving the desired control over the growth kinetics of the core. The as-

synthesized InP/ZnS QDs (3.55 ± 0.41 nm diameter) exhibited a first excitonic peak at ~410 

nm with the peak-to-valley ratio of 1.45, and a sharp PL peak at ~462 nm (full-width half-

maxima of ~58 nm). The uniformity in the ZnS shell led to the proper surface modification 

with 11-mercaptoundecanoic acid ([-], MUA), which imparted the much-required colloidal 

stability to pure-blue emitting InP/ZnS QDs in water as well as in biological media. 

Importantly, there was only a marginal decrease in the absolute PL quantum yield (QY) of blue-

emitting InP/ZnS QDs after the surface functionalization and dispersion in water (~60 % in 

chloroform and ~50 % in water). The blue-emitting InP/ZnS QDs retained their strong PL 

inside the biological cells without interfering with the fluorescence signal of commercial dyes. 

Moreover, the InP/ZnS QDs participated in an efficient FRET process, which expands the 

spectrum of aqueous QDs towards the blue-region for future light harvesting studies. The 

presence of negative surface charges on QDs led to the formation of an electrostatically 
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bounded donor-acceptor system consisting of [-] pure-blue emitting InP/ZnS QDs donor and 

[+] rhodamine B dye (Rh B) acceptor. Installing a favourable electrostatic interaction turned 

out to be crucial in achieving ~75 % efficient FRET process from InP/ZnS QDs to Rh B dye, 

in water. Furthermore, the process of FRET was successfully translated into solid-state as well, 

which proves their suitability for device level studies. Thus, the bioimaging and FRET studies 

showcase the potency of water-stable pure-blue emitting InP/ZnS QDs for future biological as 

well as light harvesting studies. 

3.3 Experimental Section 

3.3.1 Synthesis of Pure-Blue Emitting InP/ZnS QDs: 

The synthesis of pure-blue emitting InP/ZnS QDs was carried out by following a modified one-

pot synthetic procedure.38 In a typical synthesis, indium (III) iodide (0.34 mmol, 169 mg), zinc 

iodide (2.2 mmol, 703 mg) and olylamine (15 mmol, 5.0 mL) were taken in 100 mL three-neck 

RB and heated to ~140 0C under Ar atmosphere with gentle stirring, till a clear solution was 

formed. The reaction mixture was degassed for ~60 min at 140 0C and the temperature was 

raised further to ~200 0C under inert atmosphere. Upon reaching 200 0C, 450 µL of tris-

(dimethylamino) phosphine (2.47 mmol) in 1.0 mL of olylamine was quickly injected into the 

reaction mixture and kept for ~20 min for the growth of InP core QDs. An in-situ ZnS shell 

coating was performed to stabilize the QDs and improve the PL QY. 

After 20 min, a solution of zinc and sulphur precursor was quickly injected into the reaction 

mixture at ~200 0C, which contained 2.7 mmol of DDT (~645 µL) and 1.0 mmol of zinc stearate 

in 4 mL ODE. Then the reaction temperature was raised to ~300 0C and allowed to react for 

~45 min. At the end, the reaction mixture was quenched with water bath followed by addition 

of 5.0 mL hexane to arrest the growth of ZnS Shell. The obtained QD solution was centrifuged 

at 7000 rpm for 10 min to remove excess indium and zinc precursor. The resultant supernatant 

was purified by precipitating with ethanol and redispersed back in chloroform, and used for the 

further studies. The combination of DDT and zinc stearate was crucial in getting fine-control 

over the thickness of ZnS shell. 

#Tips and Tricks to the Underlying Synthesis Protocol: 

In our protocol, a fine control over the shell growth and thickness led to the formation of high-

quality pure-blue emitting InP/ZnS QDs. In general, the InP core is overcoated with a ZnS shell 
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via hot-injection techniques. Important point to be mentioned here is that the high temperature 

crystallization process continues even during the cooling process.39 With this thought in mind, 

instead of cooling the reaction system after the successful formation of InP core, a quick and 

direct injection of Zn- and S-precursors was done at high temperature and inert atmosphere. As 

mentioned in the above typical procedure, after the successful synthesis of InP core at 200 0C, 

Zn-precursor dissolved in octadecene (ODE) and dodecanethiol (DDT, S-precursor) was added 

to the reaction mixture. Then, the reaction temperature was increased to 300 0C and allowed to 

react for 45 min. Here, an optimized Zn- and S-precursor amount provides a fine control over 

the thickness of the ZnS shell. This allowed us to restrict the growth of the ZnS shell to ~3 

monolayers. The consequence of having a small InP core size and a thin ZnS shell is as follows. 

The energy difference between small InP core and ZnS shell is not significant enough to form 

a typical type-I core-shell QDs. Instead, they form a quasi-type-II core-shell QDs.40 As the shell 

thickness is less, the excitons will be mainly confined within the InP core.40-41 As a result, the 

PL QY will be high, and the PL maxima will be centered around the band edge emission of the 

core QDs (~462 nm in the present study). Otherwise, a thicker shell will lead to the 

delocalization of the electron wave function to the shell, which compromises the photophysical 

properties of the QDs. 

For energy transfer studies, the as-synthesized blue emitting InP/ZnS QD was ligand 

exchanged [-] MUA ligand, by following the place exchange protocol as described in Chapter–

2. The negatively charged water dispersed [-] B-InP/ZnS QD is abbreviated as [-] B-QD, 

throughout the thesis. 

3.3.2 Resonance Energy Transfer Studies between Pure-Blue Emitting 

InP/ZnS QD and Rhodamine B Dye: 

The energy transfer experiments were performed with [-] B-QD and Rh B dye in water. In a 

typical energy transfer experiment, a 2.7 mL aqueous solution of donor [-] B-QDs was prepared 

with an absorbance of ~0.1 at the first excitonic peak (~410 nm), corresponding to ~4 μM of 

QD concentration. Next, different aliquots of acceptor Rh B dye (3 µL of ~700 µM) were 

sequentially added to donor [-] B-QD, and the spectral changes were monitored using 

Shimadzu UV-3600 Plus absorption spectrophotometer and Fluorolog-3 spectrofluorometer 

(HORIBA Scientific) under 370 nm excitation. The corresponding lifetime experiments were 

carried out in a HORIBA DeltaFlex Time-Correlated Single Photon Counting system using a 
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370 nm Delta-Diode source. The fluorescence decay was deconvoluted using EZ software, and 

fit with exponential decay, minimizing the ꭓ2 values. 

3.3.3 Instrument and Techniques: 

Details of all other experimental methods, instrumental techniques, and formalism for the 

Förster resonance energy transfer (FRET) process were already discussed in Chapter -2 

3.4 Results and Discussion 

3.4.1 Synthesis and Characterization of Pure-Blue Emitting InP/ZnS 

QDs: 

One of the main challenges in the preparation of stable blue-emitting InP/ZnS QDs was 

controlling the growth kinetics of the core as well as the shell. In literature, the control over the 

growth kinetics of the InP core has been achieved by the appropriate choice of metal-ion 

precursors in combination with aminophosphine.14,31,42 For instance, the emission of InP/ZnS 

QDs shifts from red to green to blue regions, by changing the halide salts of In and Zn 

precursors from chloride to bromide to iodide, respectively.14 Likewise, the moderate 

disproportionation reaction of aminophosphine controls the speed of the reaction, and thus, the 

emission colour of InP QDs.42 By adopting this approach, stable blue-emitting InP/ZnS/ZnS 

QDs (λem ~475 nm) have already been prepared by Sun and co-workers.34 Our first attempt was 

to use these blue-emitting InP/ZnS/ZnS QDs as a model system for energy transfer studies with 

appropriate acceptor molecules. However, the thick double ZnS shell (~8 monolayers) 

prevented any photophysical interaction between the blue-emitting InP core and the acceptor 

molecules. Consequently, our efforts were to fine-tune the kinetics of shell growth to generate 

a thin layer of ZnS around the blue-emitting InP core. Decreasing the reaction temperature and 

time of the shell formation failed to reduce the shell thickness, and the emission was still 

centered around 475 nm (even non-uniform shell growth was observed in some cases). Next, 

the ratio of Zn:S precursors were optimized to obtain a thin shell of ZnS (~3 monolayers), 

which allowed the InP core to participate in an efficient FRET process with rhodamine B 

acceptor (vide infra). Along with reducing the shell thickness, the optimization of Zn:S 

precursors resulted in lowering the emission maxima of the InP/ZnS QDs to the pure-blue 

region (~462 nm). To the best of our knowledge, this is the shortest wavelength reported so far 

for environmentally friendly blue-emitting InP/ZnS QDs in water. 
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The as-synthesized InP/ZnS QDs exhibited a sharp first excitonic peak at ~410 nm with a peak-

to-valley ratio of 1.45, indicating a high degree of size homogeneity (Figure 3.4a).22 The PL 

of InP/ZnS QDs was centered around the pure-blue region (~462 nm) in chloroform, with a 

colour purity of ~80 % (CIE 0.16,0.15) and a full-width half-maxima of ~58 nm (Figures 

3.4a,b). The absolute PL QY of InP/ZnS QDs was estimated to be ~0.6 in chloroform, which 

is significant for this class of blue-emitting QDs (inset of Figure 3.4a). Now, it is essential to 

disperse these blue-emitting QDs in aqueous medium to expand their scope beyond organic 

medium. However, it is often difficult to retain the excellent PL properties of QDs in aqueous 

medium, especially for blue-emitting QDs. In this regard, a place exchange protocol was 

developed to replace olylamine ligands on blue-emitting InP/ZnS QDs with 11-

mercaptoundecanoic acid ([-], MUA) (Scheme 3.1).18,43 The transfer of the blue PL from the 

chloroform to the aqueous phase indicates the successful dispersion of QDs in water (Scheme 

3.1). Zeta potential studies revealed that the surface of the QDs is negatively charged (-45.8 ± 

1.8 mV), which confirms the success of the place exchange reaction (Figure 3.5a). The 

presence of MUA ligands on the surface of blue-emitting InP/ZnS QDs was further confirmed 

using standard analytical techniques (Figure 3.6). The thiol groups in MUA ligands bind on 

the surface of ZnS shell, whereas the terminal carboxylate groups provide the much-needed 

dispersion in aqueous medium. 

 

Scheme 3.1 Schematic representation of the ligand exchange process, along with the optical 

photographs showing the transfer of pure-blue emitting InP/ZnS QDs from the chloroform to the 

aqueous layer. 

All the photophysical properties of pure-blue emitting InP/ZnS QDs were well-retained even 

after the place exchange reaction (Figures 3.4a,c and Table 3.1). The multiexponential PL 

decay of blue-emitting InP/ZnS QDs was preserved in the aqueous medium, with an average 

lifetime of ~212 ns (Figure 3.4c and Table 3.1). Importantly, the absolute PL QY was estimated 

to be 0.47 ± 0.2 in water for blue-emitting [-] B-QDs (~85 % retention) (inset of Figure 3.4a).  
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Figure 3.4 Spectroscopic and microscopic characterization of pure-blue emitting InP/ZnS QDs. (a) The 

normalized UV-vis absorption and PL spectra of InP/ZnS QDs before (black) and after (olive) ligand 

exchange with [-] MUA ligands. The corresponding absolute PL QYA data shown in the inset prove ~85% 

retention of PL in water. (b) The CIE 1931 plot for pure-blue emitting InP/ZnS QD. The corresponding 

fluorescence spectra to CIE axis point was estimated to be (0.16,0.15). The complete PL spectrum of pure-

blue emitting InP/ZnS QD was used to generate the coordinate in CIE spectrum. The measured colour purity 

was ~80 %. (c) The PL decay profiles of InP/ZnS QDs before (black) and after (olive) place exchange with 

[-] MUA ligands. (d) A representative TEM image of [-] B-QDs. The corresponding size distribution 

histogram (from ~500 QDs) is shown in the inset. 

Table 3.1 PL decay analysis of pure-blue emitting InP/ZnS QDs before and after surface 

functionalization with MUA ligands, in a time window of 3.2 µs. 

 

The photostability experiment shows that the PL of [-] B-QD blue-emitter was preserved for at 

least ~10 h under continuous illumination with a 365 nm xenon lamp (the power measured at 

the cuvette wall was ~6.2 mW/cm2) (Figure 3.5b). Thus, the phase transfer, IR, and NMR 
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studies confirm the successful ligand exchange of OAm with MUA ligands on the surface of 

pure-blue emitting InP/ZnS QDs (Figures 3.6). High-resolution transmission electron 

microscopy (HRTEM) studies confirm the formation of uniform sized [-] B-QDs having an 

average diameter of 3.5 ± 0.4 nm (Figures 3.4d and A3.1). Further, the powder X-ray 

diffraction (PXRD) studies confirm the zinc blend phase for the InP core (Figure A3.2).21 A 

large shift in the diffraction peaks toward the ZnS planes was observed for the core/shell [-] 

InP/ZnS QDs. The shell thickness was determined to be ~0.85 nm (~3 monolayers) (See the 

detailed discussion in Appendix Section). The average diameter of the blue-emitting [-] B-

QDs was estimated to be 3.5 ± 0.2 nm from PXRD study, which corroborates well with the 

TEM data. The elemental analyses from X-ray photoelectron spectroscopy (XPS) and energy 

dispersive X-ray spectroscopy (EDAX) confirm the presence of all the major elements in [-] 

B-QDs (Figures A3.3-A3.4). The valence and conduction band positions of [-] B-QDs were 

estimated to be at -6.33 eV and -3.63 eV (vs vacuum), respectively, with the combination of 

cyclic voltammetry and absorption studies (Figure A3.5). These values are in good agreement 

with literature reports on sky-blue emitting InP/ZnS/ZnS QD.31 It is worth mentioning that the 

molar extinction coefficient (ε) for small InP/ZnS QDs are not available in the literature. In the 

present study, the ε of pure-blue emitting [-] InP/ZnS QDs was estimated to be ~2.5 x 104 M-

1cm-1, from the combination of inductively coupled plasma- mass spectroscopy (ICP-MS), 

PXRD, and UV-vis absorption spectroscopy (details are provided in Appendix Section). In 

literature, the ε of InP magic-sized clusters at the first excitonic peak ~390 nm is reported to be 

~2.8 x 104 M-1cm-1.44 Thus, the ε of pure-blue emitting [-] InP/ZnS QDs is within the range of 

small sized InP QDs. 

 

Figure 3.5 (a) Representative zeta potential (ζ) plot of [-] B-QDs. The error in ζ value was estimated 

from three different measurements on three different samples. (b) A plot showing the long-term PL 

stability of [-] B-QDs, under continuous irradiation with ~365 nm UV light for ~10 h (the power 

measured at the cuvette wall was ~6.2 mW/cm2). 
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Figure 3.6 FTIR spectra of (a) OAm ligand (black) and OAm capped InP/ZnS QD (red), (b) [-] MUA 

ligand (magenta) and [-] B-QD (violet). 

The photophysical properties of QD depend on the quality of the crystals formed, which is 

governed by the kinetics of nucleation and crystallization growth processes. In the present 

study, the less reactive aminophosphine and weak In/Zn-I bond strength led to the balance 

between the nucleation and growth rates.31,42 As a result, the size of the core InP QD was 

controlled below 2 nm. Further, a fine control over the shell growth and thickness was achieved, 

which led to the unusually high photophysical performance of blue-emitting InP/ZnS QDs. 

This was achieved by optimizing the amount of Zn- and S-precursors and growing the ZnS 

shell at a high temperature (details are provided in Chapter 2). The consequence of having a 

small InP core size and a thin ZnS shell is as follows. The energy difference between small InP 

core (~1.8 nm) and ZnS shell is not significant enough to form a typical type-I core-shell QDs. 

Instead, they form a quasi-type-II core-shell QDs.34 As the shell thickness is less, the excitons 

will be mainly confined within the InP core.34,44 As a result, the PL QY will be high, and the 

PL maxima will be centered around the band edge emission of the core QDs (~462 nm in the 

present study). A thicker shell will lead to the delocalization of the electron wave function to 

the shell, which compromises the photophysical properties of the QDs.44 Furthermore, the 

uniformity in the ZnS shell and the robust nature of the core-shell QD allowed for the transfer 

of blue-emitting InP/ZnS QDs to aqueous medium (via place exchange reaction), without 

compromise in their photophysical properties. 

Thus, the blue-emitting InP/ZnS QDs exhibit all the fundamental characteristics that a 

QD should possess for studying the applied properties. Accordingly, the InP QD based pure-

blue emitters were used in multicolour bioimaging and resonance energy transfer studies, as 
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representative examples, to prove their potency for future biological and light harvesting 

applications. 

3.4.2. Biocompatibility and Cellular Bioimaging Studies: 

First, the compatibility of blue-emitting [-] B-QDs as bioimaging agents was tested. The 

colloidal stability as well as the PL of [-] B-QDs was well-retained in buffer and biological 

media for a long time (~30 h) (Figure 3.7). Next, the cytotoxicity of [-] B-QDs was tested in 

HeLa cell lines using the MTT assay.18 Up to ~95 % cell viability was exhibited by [-] B-QDs 

till ~120 µg/mL concentration (~2 µM), beyond which a mild toxicity was observed (~75 % 

cell viability at ~300 µg/mL) (Figures 3.7 and 3.8a). It can be concluded that the blue-emitting 

[-] B-QDs are less cytotoxic compared to the traditional Cd based QDs.18 The less toxic metal 

ions and anionic charges displayed on the surface of the QDs prevent their unwarranted 

interactions with a multitude of cytosolic proteins and other biomolecules inside the cells, 

thereby preserving the cellular viability. Inspired by the excellent cell viability data, detailed 

imaging experiments were then carried out. As seen in Figure A3.6, the PL signals emanating 

from the cells intensified as the concentration of [-] B-QD blue-emitter was increased. 

 

Figure 3.7 The plots showing the PL stability of [-] B-QDs in (a) PBS buffer and (b) biological media 

solution (5 % FBS in media solution). (c) MTT assay with [-] B-QDs, showed ~95 % viability of HeLa 

cell with 120 µg/mL QD (~2.1 µM). 

The observed images were then quantified, and the resultant corrected total cell fluorescence 

(CTCF) values were coherent with the physical inspection (Figures 3.8b and A3.6). The 

narrow absorption and emission features of blue-emitting [-] B-QDs motivated us to check 

their compatibility with other commercially available fluorophores. For this, the cells were 

treated with blue-emitting [-] B-QDs for a period of 6 h, followed by the sequential staining of 

the nuclei as well as the actin and filaments with commercially available SYTO-dye and 

phalloidin green (PHD), respectively. The cells were visualized using a Zeiss confocal 
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microscopy under simultaneous excitations with 3 different laser sources (405 nm, 488 nm, 

and 633 nm). The QDs and the commercial markers fluoresce individually at their respective 

excitation wavelengths. The presence of QDs did not interfere with the fluorescence signals of 

the other two dyes (Figure 3.8c). Thus, the blue-emitting [-] B-QDs displayed excellent 

multicolour bioimaging abilities, which is essential for any optical probes in cellular imaging 

studies. 

 

Figure 3.8 Biocompatibility and bioimaging studies with pure-blue emitting [-] B-QDs. (a) MTT assay 

showing the viability of HeLa cells incubated with different concentrations of [-] B-QDs for ~72 h 

(higher concentration region). (b) Representative confocal images of HeLa cells recorded, after 

internalizing with 0.70 µM [-] B-QDs for ~7 h. (c) Multicolor imaging of pure-blue emitting [-] B-QDs 

with PHD and SYTO-Deep Red commercial dyes. 

3.4.3 Light Induced Resonance Energy Transfer Studies: 

3.4.3.1. Steady-State Experiments 

The stable and high PL quantum yield of the blue-emitting [-] B-QDs motivated us to test their 

suitability for light harvesting studies as well. The light induced Förster resonance energy 

transfer (FRET) process was selected as the case study, because of its wide applicability in 

biology and energy research.46-55 It is worth mentioning that most of the QD based FRET 

studies that have been reported so far in water, are with QDs emitting in the green or higher 
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wavelength regions.13,18-20,56 Thus, the suitability of [-] B-QDs to participate as an efficient 

FRET donor was studied in the present work, in view of expanding the spectrum of 

environmentally friendly QDs towards the blue-region in energy transfer studies. Rhodamine 

B (Rh B) having emission in the red region (575–625 nm) was chosen as the energy acceptor, 

to test the suitability of blue-emitting [-] B-QDs in participating wide-range FRET process 

(Figure 3.9a). A large spectral overlap integral value of ~8 x 1014 M-1cm-1nm4 indicates that 

the pure-blue emitting [-] B-QDs and Rh B dye form a good donor-acceptor pair for FRET 

studies (details are provided in the Appendix Section).46 Moreover, the presence of a 

permanent positive charge on Rh B (because of the quaternary ammonium group) will ensure 

a strong electrostatic attraction with [-] B-QDs, which will be crucial in realizing an efficient 

FRET process. In a typical PL quenching study, different aliquots of Rh B acceptor dye (3 µL 

each from ~700 µM stock solution) were added to ~4 µM of blue-emitting [-] B-QDs (the 

optical density at the first excitonic peak was fixed at ~0.1). The corresponding spectral 

changes were monitored through steady-state and time-resolved spectroscopic techniques 

(Figures 3.9 and A3.7). The [-] B-QD:::Rh B complex was excited at 370 nm, in order to 

achieve the selective excitation of the QD donor (Rh B has negligible absorption at ~370 nm). 

Upon successive additions of the Rh B dye, a gradual decrease in the PL of blue-emitting [-] 

B-QD was observed, along with a concomitant increase in the emission corresponding to the 

Rh B dye (λmax ~575 nm) (Figure 3.9b). The PL quenching efficiency was estimated to be ~92 

% from steady-state studies (E = 1 – I/I0, where I and I0 are the PL intensities of QDs in presence 

and absence of acceptor, respectively).46 The non-linear Stern-Volmer (SV) plot, with upward-

exponential curvature, indicates the involvement of both static and dynamic components in the 

PL quenching mechanism (inset of Figure 3.9b). This upward-exponential variation in PL 

quenching can be treated within the framework of Perrin formalism,46,47 where the logarithm 

of the relative PL of the donor shows a linear variation with acceptor concentration (Figure 

3.10). The quenching volume and radius for [-] B-QD::: Rh B dye donor-acceptor system was 

estimated to be ~6.62 x 10-16 cm3 and ~54.1 nm, respectively (Figure 3.10). This essentially 

means that any acceptor molecule in this quenching volume can diffuse close to the surface of 

the QD donor and participate in an efficient FRET process within the lifetime of the donor. 

This large value for the quenching volume can be attributed to the presence of strong 

electrostatic interaction in the [-] B-QD:::Rh B dye donor-acceptor system (vide infra). The 

relative PL of donor and acceptor, as well as the PL quenching efficiency were saturated after 

the addition of ~6.5 µM of Rh B dye (Figure 3.9c). The emission intensity of the only Rh B 

dye (~7.5 µM) under direct excitation at 370 nm was much lower than that in the [-] B-QD:::Rh 
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B complex (red and orange traces, respectively in Figure 3.9b), confirming the transfer of 

energy from the QD donor to the Rh B acceptor. 

In another set of studies, the reverse addition experiments were performed to rule out 

the interference from the direct excitation of Rh B dye acceptors. Here, the PL of the acceptor 

Rh B dye (~7.5 µM) was monitored upon successive addition of the donor QDs (4 µL each of 

~418 µM QD). A steady increase in the PL of Rh B dye was observed (~4.5 times, I/I0 = 4.5) 

in presence of ~6 µM of [-] B-QDs (Figure 3.9d), which further confirms an efficient energy 

transfer process from QDs to Rh B dye. Likewise, detailed excitation spectroscopy studies 

reaffirm the involvement of an efficient energy transfer process in [-] B-QD:::Rh B dye donor-

acceptor system (Figure 3.11). A high efficiency in the energy transfer process (~92 %) proves 

a strong interaction between the blue-emitting [-] B-QD and Rh B dye. The presence of 

opposite charges on both [-] B-QD and Rh B point towards the involvement of electrostatic 

attraction in achieving an efficient PL quenching in [-] B-QD:::Rh B dye donor-acceptor 

system. 

 

Figure 3.9 Steady-state FRET studies in [-] B-QD:::Rh B donor-acceptor system. (a) Schematic 

representation of electrostatically driven FRET process from pure-blue emitting [-] B-QDs donor to Rh 

B acceptor dye. (b) The PL spectral changes in [-] InP/ZnS QDs upon addition of varying concentrations 

of Rh B dye. The inset shows the corresponding Stern-Volmer plot. (c) A saturation in both the relative 

PL intensity of donor [-] B-QDs and the quenching efficiency was observed after ~6.5 µM addition of 
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acceptor Rh B dye. (d) Reverse addition experiment: A steady enhancement in the PL of ~7.5. µM 

acceptor Rh B dye was observed, upon addition of varying concentrations of [-] B-QDs donor. 

Excitation wavelength was 370 nm in all these studies. 

Accordingly, PL quenching experiments were performed in buffer to weaken the electrostatic 

interactions in [-] B-QD:::Rh B dye donor-acceptor system.57-58 An increase in the ionic 

strength of the medium will weaken the electrostatic interaction due to the screening of charges 

on both the donor and the acceptor.58 As predicted, the PL enhancement for acceptor Rh B dye 

showed a substantial decrease from 5.5 to 3.4 times, as the ionic strength of the medium was 

increased from 0.05 mM (basic water, pH ~10) to 0.85 M (5X PBS) (Figure A3.8 in the 

Appendix Section). This confirms an electrostatically driven energy transfer from the InP/ZnS 

QD donor to the Rh B dye acceptor. 

 

Figure 3.10 Stern-Volmer analysis treated within the framework of Perrin formalism. (a) Relative PL 

intensity (I0/I) of [-] B-QD as a function of Rh B concentration. (b) The plot for log(I0/I) vs concertation 

of acceptor Rh B dye. 

 

Figure 3.11 PLE study for [-] InP/ZnS QD:::Rh B dye complex in water. (a) The excitation spectra of 

donor [-] InP/ZnS QD in presence (orange) and absence (blue) of acceptor Rh B dye, collected at 462 

nm (emission wavelength of donor QD). (b) The excitation spectra of Rh B dye in presence (orange) 

and absence (red) of donor [-] InP/ZnS QD, collected at 575 nm (emission wavelength of acceptor Rh 
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B dye). The PL intensity collected at the donor emission wavelength (~462 nm) in [-] InP/ZnS QD:::Rh 

B dye donor-acceptor system was lower in the region of QD exciton and lower wavelengths, compared 

to only [-] InP/ZnS QD. However, the PL intensity collected at the acceptor emission wavelength (~575 

nm) showed an enhancement at the QD exciton band in [-] InP/ZnS QD:::Rh B complex, compared to 

only Rh B dye. This confirms that the light absorbed by the QD donor is transferring to the Rh B dye 

acceptor, resulting in the enhanced emission from the acceptor. 

3.4.3.2. Time-Resolved Experiments 

Detailed time-resolved PL decay kinetic studies were carried out to confirm the energy transfer 

process in electrostatically bounded [-] B-QD:::Rh B dye donor-acceptor system. A clear 

quenching in the average PL lifetime of the donor QD was observed in the presence of acceptor 

Rh B dyes (from ~212 ns to ~61 ns), with the quenching efficiency estimated to be ~73 % (E 

= 1 – τ/τ0, where τ and τ0 are the average lifetimes of QDs in presence and absence of Rh B 

dye, respectively) (Figure 3.12a and Table 3.2).46 Stern-Volmer plot constructed from the time-

resolved PL data showed a non-linear variation of the relative QD donor lifetime as a function 

of acceptor concentration (Figure 3.12b and Table A3.1). The non-linear nature of the SV plot 

suggests the involvement of factors beyond the normal diffusional or collisional quenching 

process. Accordingly, the relative PL lifetime data was analysed with other models to explain 

the non-linear Stern-Volmer plot. The variation in the relative QD donor lifetime fit well with 

the model of distance-dependent quenching (DDQ) (Figure A3.9).58 The bimolecular 

quenching constant was estimated to be ~1.24 x 1012 M-1s-1 using the DDQ model, which is 

higher than the typical diffusion-only controlled quenching process (~1010 M-1s-1). Detailed 

analysis of the DDQ model prove the involvement of a distance-dependent quenching, and 

formation of multiple layers of Rh B dye acceptors around the [-] B-QD donor. The presence 

of both positive and negative charges on Rh B dye can be the driving force for the formation 

of multi-layer arrangement of the dyes around the QD (Figures A3.9b,c). A negligible change 

in the negative zeta potential of [-] B-QD:::Rh B dye complex at different donor-acceptor ratios 

supports the formation of multiple layers of the acceptor dyes (Figure A3.10 in the Appendix 

Section). 

The ultimate proof for the FRET in [-] B-QD:::Rh B dye donor-acceptor system was 

obtained from the temperature dependent PL lifetime studies. Typically, the PL lifetime 

increases upon decreasing the temperature, since the non-radiative recombination channels will 

be inhibited because of the suppression of phonon vibrations.59 On the other hand, FRET is a 

non-radiative process which will be independent of the temperature, at a given donor-acceptor 

distance.56,59 Thus, performing temperature dependent PL lifetime studies is a common practice 
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to confirm the process of FRET in a donor-acceptor system.59,62 In the present study as well, a 

linear increase was observed in the individual PL lifetime of [-] B-QD donor and [-] B-QD:::Rh 

B complex as the temperature was lowered (Figure A3.11). Whereas, negligible changes were 

observed in the efficiency of PL lifetime quenching as a function of temperature, which 

confirms the prominent involvement of non-radiative resonance energy transfer process in the 

PL quenching of [-] B-QD by Rh B dye (Figure 3.12c and A3.12, and, Table A3.2). 

Accordingly, different energy transfer parameters were calculated for the [-] B-QD:::Rh B dye 

donor-acceptor system using the FRET formalism, as summarized in Figure 3.12d (details of 

each parameter calculation are given in Chapter 2). 

 

Figure 3.12 Time-resolved FRET studies in [-] B-QD:::Rh B dye donor-acceptor system. (a) PL decay 

profiles of [-] B-QDs in presence (orange) and absence (blue) of ~7.5 µM Rh B dye (excitation 

wavelength was 370 nm). (b) The corresponding Stern-Volmer plot based on relative PL lifetime values 

of [-] B-QD. (c) A plot of FRET efficiency (estimated from lifetime quenching) vs temperature. 

Negligible effect of temperature on the FRET efficiency confirms the process of resonance energy 

transfer in [-] B-QD:::Rh B dye donor-acceptor system. (d) Table summarizing various quenching 

parameters estimated based on FRET formalism:  the spectral overlap integral [J(λ)]; Förster radius 

(R0); FRET efficiency (E); rate of energy transfer (kT); quenching volume (V); quenching radius (rq), 

and bimolecular quenching constant (ka). 

Table 3.2 PL decay analysis of pure-blue emitting [-] B-QDs and [-] B-QD:::Rh B dye complex, in a 

time window of 3.2 µs. 
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3.4.3.3. FRET in Solid State 

Demonstration of the FRET process in solid-state is essential to prove the suitability of pure-

blue emitting InP/ZnS QDs for device level applications, such as in full-color display and 

photovoltaic devices. As a result, FRET studies were performed by preparing thin films of 

donor, acceptor, and donor-acceptor complex in agarose. The pure-blue PL of the [-] B-QDs 

was well-retained in the agarose film prepared with the only donor, overruling the inter-QD 

energy transfer in the system (Figure 3.13). On the contrary, the PL of the agarose film 

containing only the Rh B dye was completely quenched because of the inter-molecular 

aggregation (aggregation induced quenching). Interestingly, the PL of the Rh B dye was 

dominating in the agarose film prepared from a mixture of [-] B-QD + Rh B dye (inset of 

Figure 3.14a). Steady-state and time-resolved PL studies confirm an efficient FRET process 

in [-] B-QD:::Rh B dye donor-acceptor system in agarose film as well (Figure 3.14a,b). For 

instance, the PL lifetime of the [-] B-QD decreased from ~217 ns to ~5 ns (~98 %) in the 

presence of Rh B dye in the agarose film (Table 3.3). The electrostatic assembly between [-] 

B-QDs and Rh B dye prevents the dye from undergoing aggregation within themselves, thereby 

preserving the process of FRET in agarose film. 

 

Figure 3.13 Characterization of [-] B-QDs in agarose film. Normalized absorption and PL spectra of 

[-] B-QDs in agarose film (1%, w/v). 

Finally, a temporal evolution of the FRET process was visualized via the droplet-evaporation 

method. In a typical experiment, droplets (~10 µL) of different donor: acceptor (D:A) ratios 

were placed on a Teflon-coated glass slide, and the PL colour of the droplet was monitored in 

UV-chamber as a function of time/evaporation. At the initial stage, the droplet showed a PL 

colour corresponding to the mixing of donor and acceptor colours (such as magenta, pink, and 
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orange corresponding to the D:A of 1:0.3, 1:0.6, and 1:1.3, respectively). As the time proceeds, 

the drying of the droplet occurs, and the colour of the droplet shift towards the red 

(corresponding to the Rh B dye) on complete evaporation of water (Figure 3.14c). This PL 

colour change of the droplets can be explained based on Förster formalism.43 The efficiency of 

the FRET process is extremely sensitive towards the distance between the donor and the 

acceptor (E α 1/r6, where r is the donor-acceptor distance).46 In the present study, the 

evaporation of the droplet decreases the D-A distance, resulting in an increase in the FRET 

efficiency. This will be accompanied with a temporal colour change towards the PL of the Rh 

B acceptor, which once again ascertains the involvement of an efficient FRET process in [-] B-

QD:::Rh B dye donor-acceptor system. 

 

Figure 3.14 FRET studies in solid-state. (a) Steady-state and (b) time-resolved PL of [-] B-QDs in 

absence (blue) and presence (orange) of Rh B dye, in 1% agarose gel. The inset of (a) shows the true 

colour PL image of pure-blue emitting [-] B-QDs and [-] B-QD:::Rh B complex agarose film. (c) 

Temporal evolution of FRET in solid-state: True colour PL images of [-] B-QD (first row), 1:0.3 molar 

ratio of QD:Dye (second row), 1:0.6 molar ratio of QD:Dye (third row), 1:1.3 molar ratio of QD:Dye 

(fourth row), and only Rh B dye (fifth row), as a function of drying. The first and the third columns 

correspond to liquid drop (0 h) and solid film (~12 h), respectively. The donor-acceptor distance 

decreases as drying proceeds, resulting in an increase in the FRET efficiency. Consequently, the colour 

of the droplet shifts towards the red region corresponding to the Rh B dye (rows 2-4). First row: The 

blue PL of the [-] B-QDs shifts towards the cyan colour upon complete drying, indicating inter-QD 

interactions. Last row: The background of the last image was intentionally changed to blue to improve 

the visibility of the dried droplet. 
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Table 3.3 PL decay analysis of pure-blue emitting InP/ZnS QDs and [-] InP/ZnS QD:::Rh B dye 

complex in agarose film, in a time window of 500 ns. 

 

3.5 Conclusions 

Our work introduces environmentally friendly InP/ZnS QDs to the family of pure-blue emitting 

luminescent materials. A fine control over the growth kinetics of the core as well as the shell 

was crucial in achieving a stable PL in blue-emitting InP/ZnS QDs (PL QYA ~60 % at 462 nm). 

The retention of the strong PL of blue-emitting InP/ZnS QDs in the aqueous medium enabled 

their use in diverse areas including cellular bioimaging and light harvesting. Cytotoxicity and 

bioimaging experiments showcase the potency of blue-emitting InP/ZnS QDs as optical probes 

for multicolour cellular imaging studies. As part of light harvesting studies, an efficient FRET 

process from blue-emitting [-] B-QDs to Rh B dye was demonstrated in water. Detailed steady-

state and time-resolved photophysical studies show that the non-linear Stern-Volmer (SV) plots 

fit well with the Perrin formalism and DDQ model, which further confirms a multi-layer 

assembly of Rh B acceptor molecules in the quenching radius. The large values of bimolecular 

quenching constant (~1.24 x 1012 M-1s-1) and quenching radius (~54 nm) reveal the 

involvement of electrostatic attraction between the oppositely charged InP/ZnS QDs and Rh B 

dyes. This turned out to be a crucial factor in achieving an efficient FRET process in blue-

emitting [-] B-QD::: Rh B dye donor-acceptor system. The process of FRET was demonstrated 

in solid state as well, in a temporal fashion, which enhances the prospects of blue-emitting [-] 

B-QDs for device level applications. The successful demonstration of a FRET process based 

on blue-emitting InP/ZnS QDs opens various possibilities in energy transfer studies with a wide 

range of acceptors emitting from the cyan region onwards. A logical extension will be to check 

the suitability of blue-emitting InP/ZnS QDs in photocatalysis and photovoltaics, to establish 

them as an efficient light harvester. Looking forward, the blue-emitting InP/ZnS QD developed 

in this work can potentially be an alternative to the existing luminescent materials for both 

biological as well as energy applications. 
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3.6 Future Direction 

As the Chapter discusses, the optimized synthesis procedure allows us the stabilize the QDs 

with thinnest layer of ZnS shell (possible so far). The consequence of having such thin shell, 

especially for blue InP core resulted in divergence from so called typical type-I architecture of 

core-shell QDs. Instead, a quasi-type-II core-shell structure was formed because of smaller 

energy differences (less than 0.2 eV) between the small InP core (~1.8 nm) and thin ZnS shell. 

This means that the exciton with high energy can effortlessly cross the energy barrier and tunnel 

out to QDs. This provides opportunities to investigate the exciton dynamics with pure-blue 

emitting InP/ZnS QDs in water. Furthermore, the model study with [-] B-QD:::Rh B dye donor-

acceptor system proves the capabilities of pure-blue emitting InP/ZnS QDs as an efficient 

FRET donor. Now, the next feat will be to investigate the energy transfer process with more 

intricate all-QD assembly. Therefore, opportunities to investigate the exciton dynamics, and to 

create multicomponent donor-acceptor system in an all-QD system could be the future, with 

the developed blue-emitting InP/ZnS QDs, and this forms the basis of upcoming Chapters. 
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3.8. Appendix 

HRTEM Measurements: 

 

Figure A3.1 High resolution transmission electron microscopy (HRTEM) analysis of pure-blue 

emitting [-] B-QDs. Representative large area TEM images at resolution of (a) 200 nm, and (b) 100 nm, 

showing the uniformity in size and shape distribution. The inset of (b) shows the lattice fringes in single 

[-] B-QDs 

Powder XRD Analysis: 

The crystallite size of the core InP and core-shell InP/ZnS QDs was determined from PXRD 

peaks using Scherrer equation. 

𝑫 =  
𝒌𝝀

𝜷 𝐜𝐨𝐬 𝜽
                                       … (28) 

Where, D = Crystallite size 

                         k = Scherrer constant, is typically considered to be 0.94 for spherical particles 

                         λ = Wavelength of Cu kα X-ray = 1.5406 Å 

                         β = FWHM of the PXRD peak in radian. 

                         θ = Bragg angle 

The Scherrer equation quantitatively describes the broadening of a peak at a particular angle 

(θ), as it relates the crystalline domain size (D) to the width of the peak (β). By using the above 

equation 28, the crystallite size of the InP-core and InP/ZnS core-shell QDs was determined to 

1.8 ± 0.1 nm and 3.5 ± 0.2 nm, respectively. 
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Figure A3.2 Powder X-ray diffraction (PXRD) patterns of (a) InP-core and (b) InP/ZnS core-shell QDs 

without (black) and with (olive) background subtraction. Comparison of PXRD patterns of QDs with 

bulk InP (wine-solid) and ZnS (red-solid) reference reveals the presence of zinc blend phase in InP-core 

and InP/ZnS core-shell QD. The broadness of the first peak (around 2θ = 25 degrees) in InP-core is due 

to the combination of signal from (111) and (200) planes of zinc blend phase and the underlying 

amorphous glass slide. (c) Table for the calculation of diameter of InP-core and InP/ZnS core-shell QDs 

from Scherrer equation. 

XPS studies for [-] InP/ZnS QDs: 

A detailed elemental analysis of [-] B-QD was performed using of X-ray photoelectron 

spectroscopy (XPS). The In 3d, P 2p, Zn 2p, Zn 3s, and S 2p core peaks as well as the peaks 

for the surface ligands O 1s, C 1s and Na KLL Auger are present in the system. For the analysis, 

the charge correction for the all the spectral peaks was performed according to the carbon-1s 

standard peak (284.6 eV). 

For, [-] B-QD, the In 3d and P 2p spectrum exhibits one doublet corresponding to In-P bond. 

The doublet for In was located at 443.26 eV (3d5/2) and 450.86 eV (3d3/2), respectively (spin-

orbit splitting of 7.6 eV between 3d5/2 and 3d3/2). The doublet for P appears at 133.44 eV (2p3/2) 

and 134.34 eV (2p1/2), respectively (spin-orbit splitting of 0.9 eV between 2p3/2 and 2p1/2). The 

presence of single doublet for In 3d and P 2p indicates the absence of any oxidised InPOx layer 

at the interface of core and shell materials. 
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Figure 3.3 Analysis of X-ray photoelectron spectrum of [-] B-QDs: (a) In 3d spectrum; (b) P 2p 

spectrum, Zn 3s spectrum; (c) Zn 2p spectrum; (d) S 2p spectrum; (e) O 1s spectrum; and (f) C 1s 

spectrum. 

Further, the analysis of O 1s spectrum confirms the absence of oxide layer, instead, there was 

a presence of Na KLL Auger peak at 536.04 eV, justifying the presences of deprotonated MUA 

ligand on the QD surface. The Zn 2p XPS exhibit two peaks located at 1021.14 eV (2p3/2) and 

1044.34 eV (2p1/2) (spin-orbit splitting of 23.2 eV between 2p3/2 and 2p1/2), assigned to the ZnS 

shell. A single Zn 3s peak was also observed at 139.74 eV. The S 2p spectrum showed one 

doublet located at 162.24 eV (2p3/2) and 163.34 eV (2p1/2) (spin-orbit splitting of 1.1 eV 

between 2p3/2 and 2p1/2). This decrease in spin-orbit splitting can be attributed to the combined 
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effect of ionic metal-sulphur and covalent C-S bond present in the system. Finally, the 

characteristic peaks for the surface MUA ligands were analysed with C1s spectrum. The C 1s 

spectrum showed three peak corresponds to C-C (284.64 eV), C-S (285.04 eV) and C=O 

(288.24 eV) bond for the MUA ligand. 

EDAX Analysis: 

 

Figure A3.4 EDAX spectrum of [-] InP/ZnS QDs, taken during the HRTEM measurement. The inset 

shows the atomic percentages of all the major components in [-] InP/ZnS QDs: In, P, Zn and S. 

 

Figure 3.5 Determination of band positions for the pure-blue emitting InP/ZnS QD. Cyclic 

voltammograms for (a) ferrocene/ferrocenium couple, as internal standard and (b) InP/ZnS QD in 
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acetonitrile solvent, at a scan rate of 30 mV/s. The measurements for QDs were performed via dip-

coating of QDs over the glassy carbon, followed by drying under vacuum to remove the solvent. The 

measured relative reference electrode potential, Eref, is 4.71 eV. (c) The Tauc plot for InP/ZnS QD. (d) 

Relative band positions for InP/ZnS QD, with respect to vacuum. 

Determination of Molar-Extinction Coefficient of InP/ZnS QDs: 

The particle concentration of InP/ZnS QDs and the corresponding molar extinction co-efficient 

(0.2519 x 105 M-1cm-1 at 410 nm) were estimated using ICP-MS analysis combined with 

PXRD, TEM and UV-vis absorption spectrum. Details are provided below: 

Size of the particle, d (from PXRD analysis) = 17.8 Å 

Lattice constant of InP, a = 5.83 Å 

Note: InP crystallizes in cubic zinc blende structure with a lattice constant (a) of 5.83 Å with 

8 atoms in unit cell (4 In and 4P) 

Volume of the unit cell, Vunit cell = a3 

Total number of atoms in a nanocrystal, A =
4

3
𝜋 (

𝑑

2
)

3

∗
8

𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
= 119 

Let’s consider that the mass % of In and P is CIn and CP, respectively. 

Concentration of InP/ZnS nanocrystals21, CInP/ZnS =
1

𝐴
(

𝐶𝐼𝑛

𝑀𝐼𝑛
+

𝐶𝑃

𝑀𝑃
)       … (29) 

M is the molar mass.  

N.B. From EDAX analysis, the obtained ratio of In to P was 1:0.56. 

Based on the ICP-MS and absorption study, the molar extinction co-efficient was estimated to 

be 0.2519 x 105 M-1cm-1. 
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Cellular Bioimaging Study: 

 

Figure A3.6 Concentration optimization for bio-imaging study. Luminescent confocal images of HeLa 

cells internalized with (a) 20 µg/mL [-] B-QDs (0.35 µM), and (a) 40 µg/mL [-] B-QDs (0.70 µM) for 

~7 h. The first and second column corresponds to phase contrast (DIC) image and the fluorescence 

image upon excitation with 405 nm laser source, respectively. The third column corresponds to the 

fluorescence image merged with DIC image. 

Light induced resonance energy transfer studies: 

Steady-State Measurements 

 

Figure A3.7 FRET study between oppositely charged pure-blue emitting [-] B-QD and Rh B dye in 

water. (a) The spectral overlap integral between the PL of donor [-] B-QD and the absorption of acceptor 

Rh B dye. (b) Absorption spectral changes in pure-blue emitting [-] B-QD upon addition of increasing 

concentration of Rh B dye. 
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Radius of Quenching Sphere and Perrin Formalism: A detailed Stern-Volmer analyses for [-] 

B-QD:::Rh B complex in aqueous medium reveal a non-linear variation of relative PL intensity 

of [-] B-QDs as a function of varying concertation of Rh B dye. In general, the steady-state 

non-linear Stern-Volmer (I0/I vs [Q]) indicates the presence of both static and dynamic 

components in the PL quenching. The exponential variation observed in relative PL can be 

treated within the framework of Perrin formalism, as shown below. 

𝑰𝟎

𝑰
= 𝒆𝜶[𝑸] = 𝒆𝝀                                              … (30) 

Where, the α represents the quenching constant, [Q] is concentration of acceptor and λ is the 

number of acceptors in the quenching sphere. Therefore, the plot of “ln (I0/I) vs [Q]” will show 

a linear relationship and from the slope the quenching constant (α) can be determined. In the 

Perrin formalism, the quenching constant vary proportionally with the quenching volume (V) 

of the D-A system, as described below. 

𝜶 =
𝑵𝑨𝑽

𝟏𝟎𝟎𝟎
                                                            … (31) 

 Where, 

𝑽 =  
𝟒

𝟑
𝒓𝒒

𝟑                                                            … (32) 

rq is quenching radius for the donor-acceptor system and NA is the Avogadro number (6.023 x 

1023 mol-1). 

The quenching constant (α) for [-] B-QD:::Rh B donor-acceptor system was estimated to be ~4 

x 105 M-1. Thus, from the α value obtained, the calculated quenching volume and radius was 

estimated to be ~6.62 x 10-16 cm3 and ~54.1 nm, respectively. Here, the idea of quenching 

volume suggests an active volume or “sphere of action” surrounding the excited state QDs. 

Instantaneous quenching will occur in a randomly distributed system when a quencher happens 

to be resided within the sphere of action of volume “V”. 
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Proof of electrostatically driven FRET process. 

 

Figure A3.8 Proof of electrostatically driven FRET process. PL spectral changes in [-] B-QDs upon 

successive addition of Rh B dye (up to concentration of 3.2 µM) in (a) milli-Q water, (b) 1X PBS, (c) 

3X PBS and (d) 5X PBS. (e) The PL enhancement in the acceptor dye decreases with increasing the 

concentration of PBS solution. 
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Time-Resolved Analysis 

Table A3.1 PL decay analysis of [-] B-QD:::Rh B dye complex, upon successive addition of acceptor 

Rh B dye, in a time window of 3.2 µs. 

 

Distance-Dependent Quenching (DDQ) Model: To obtain mechanistic insights into the nature 

of collisional quenching, a time-resolved SV plot was generated (relative lifetime vs acceptor 

concertation plot). Interestingly, a non-linear behaviour was recorded for time-resolved Stern-

Volmer plot as well, which is not a common observation in FRET study. In general, a linear 

Stern-Volmer is expected from a time-resolved kinetics, where the dynamic component is 

responsible for the PL quenching process. However, a non-linear Stern-Volmer plot, with a 

positive curvature, can be attributed to the involvement of more than one quenching 

mechanism. 

To understand further about the mechanism of lifetime quenching process, the model of 

distance-dependent quenching (DDQ) was taken into consideration, which indicates the 
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involvement of through-space interaction. The DDQ model assumes that the rate of quenching 

k(r) has an exponential dependence on the distance between donor and acceptor, given by the 

equation. 

𝒌(𝒓) = 𝒌𝒂𝒆
[−

(𝒓−𝒂)

𝒓𝒆
]
                                         … (33) 

Where, ka is the value of k(r) at encounter distance r = a, a is the distance of closest approach, 

and re is the characteristic parameter of the interaction that defines the decrease of k(r) with 

distance. 

Therefore, the rate of collisional quenching will contain a distance component k(r), as shown 

below. 

𝝉𝟎

𝝉
= 𝟏 + 𝒌(𝒓) 𝝉𝟎[𝑸]                                    … (34) 

By substituting the equation (28) in (29), we get 

(
𝝉𝟎

𝝉
− 𝟏)

𝟏

[𝑸]
= 𝒌𝒂 𝝉𝟎𝒆

[−
(𝒓−𝒂)

𝒓𝒆
]

= 𝒌𝒂
′ 𝒆

[−
(𝒓−𝒂)

𝒓𝒆
]
              … (35) 

Now, the plot of “(τ0/τ-1)/[Q] vs r” will be exponential, and will provide the bimolecular 

quenching (ka) constant value and the possible closet distance (a) of quenching for the system 

(Figure A3.9). Accordingly, the bimolecular quenching constant was estimated to be ~1.24 x 

1012 M-1s-1 using the DDQ model. A higher value of bimolecular quenching constant in 

comparison with diffusion control quenching rate (typically in order of 1010 M-1s-1) indicates 

the presence of strong ground state complexation between donor [-] InP/ZnS QD and acceptor 

Rh B dye. 

Furthermore, the best fit of lifetime quenching process with DDQ model suggest the presence 

of more than one acceptor inside the quenching volume, surrounding the donor InP/ZnS QD at 

diffident distances. 

Poisson Statistics: To visualize the probability distribution of Rh B dye surrounding the QD, 

the Poisson distribution probability was calculated using the following equation. 

𝑷(𝑿 = 𝒏) =
∧𝒏𝒆−∧

𝒏!
                                                  … (36) 

Where, Λ represent the concentration ratio of dye to QD, and n is the number of acceptors in 

closest to QD. 
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The estimation of Poisson function at different Λ, and fitting of τ0/τ vs Λ plots provides the 

distribution of acceptor dyes around QDs. The probability of finding average number of 

acceptors in closet approach to QD is n = 1, at Λ= 1 and remain n=1 even at Λ >> 1. This again 

confirms the distance-dependent nature of collisional quenching, and existence of more than 

one layer of Rh B dye around [-] QD (Figure A3.9). The presence of dual charges on Rh B dye 

might helped in formation of multi-layer arrangement through electrostatic interaction. 

Accordingly, the acceptor distribution was drawn using the value of n and different ratio of dye 

to QD (Figure A3.9c). A negligible change in the zeta potential value was observed for [-] B-

QD:::Rh B dye complex upon increasing the concentration of Rh B dye, which further proves 

a multi-layer arrangement of the acceptor molecules (see the Figure A3.10). 

 

Figure 3.9 The DDQ model analysis. (a) The exponential (τ0/τ-1) vs concentration plot proved the best 

fitting of DDQ model to with a = 7.72 nm and re = 1.63 nm, for [-] B-QD:::Rh B donor-acceptor system. 

Perrin’s analysis of quenching sphere through the combination DDQ model and Poisson distribution at 

various number acceptor. (b) The relative lifetime decay of donor [-] B-QD as a function of average 

number of acceptor dye per donor QD. (c) Schematic illustration of interaction between [-] B-QD and 

Rh B dye when Λ = 1 and Λ>>1. 
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Figure A3.10 Zeta potential of [-] B-QD:::Rh B dye complex as a function of increasing concentration 

of Rh B dye. 

 

Temperature Dependent Lifetime Analysis 

 

Figure A3.11 Temperature dependent lifetime analysis. Variation in the PL lifetime of [-] B-QDs in 

presence (orange) and absence (blue) of Rh B dye in water, as a function of temperature. 
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Figure A3.12 Temperature dependent lifetime analysis. PL decay profiles of [-] B-QD (blue) and [-] B-

QD:::Rh B dye complex (olive) at different temperatures in water: (a) 318 K, (b) 308 K, (c) 298 K, (d) 

288 K, (e) 283 K, (f) 278 K, (g) 273 K (h) 268 K and (i) 263 K.  
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Table A3.2 PL decay analysis of [-] B-QD (blue) and [-] B-QD:::Rh B dye complex (orange) at different 

temperatures, in a time window of 3.2 µs. 
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Chapter – 4 

Electrostatics Enable Photoinduced Electron Transfer 

Process in QD–Dye Model System based on Blue-

Emitting InP QDs 
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4.1 Abstract 

Generation and subsequent extraction of photoexcited delocalised electrons by appropriate 

acceptors is an active area of research in the context of improving the performance of electronic 

devices. We accomplish here an efficient electron transfer process between wide-band gap, 

pure-blue emitting InP/ZnS quantum dot (QD) and methylene blue (MB) dye. The quasi-type-

II band structure of B-QD satisfy the thermodynamic criteria of negative Gibbs free energy 

(ΔG = –80 kJ/mol) as well as the necessity of delocalized photoexcited electron. The dynamics 

of photoinduced electron transfer (PET) process was monitored with detailed steady-state and 

time-resolved spectroscopic techniques. The efficiency and rate of the PET process were 

estimated to be ~60 % and 6.50 µs-1, respectively. Following, the underlying mechanism of the 

electron transfer process was investigated with polarity- and temperature-dependent PL 

quenching study. Here, the surface of QD was appropriately functionalized with charged ligand 

to ensure close-proximity between donor and acceptor for strong electronic interactions. The 

prominent role of electrostatics in achieving an efficient charge transfer process in [-] B-

QD:::MB dye donor:::acceptor system was verified via regulating the ionic strength of the 

medium. Finally, the charge transfer process in [-] B-QD:::MB dye donor:::acceptor system 

was confirmed with the transient absorption (TA) spectroscopic studies. Microsecond TA 

spectral evolution revealed the emergence of characteristic excited state absorbance (ESA) 

features of MB+• semiquinone. The charge separated state is long-lived, with an average 

lifetime of 1.8 µs. In short, the pure-blue emitting InP QDs participates in an efficient light-

induced electron transfer process in the electrostatically assembled [-] B-QD:::MB dye 

donor:::acceptor system in water.  

4.2 Introduction 

The covalency of colloidal semiconductor quantum dot (QD) has a striking influence on the 

Bohr exciton radius and quantum confinement effect, which further can modulate the 

optoelectronic properties beyond the finite size effect.1-4 For instance, flat energy band and 

localized electron wavefunctions are the characteristics of strong ionic solids, while covalent 

solids manifest broad, highly curved energy bands and delocalized electron wavefunctions.2,5 

A measure of Phillips ionicity (f) determines the degree of covalency in chemical bond between 

the constituent elements in binary QD.4,6 Among various binary QDs, the III-V category of 

semiconductors have smaller Phillips ionicity (f = 0.3–0.4) in comparisons with II-VI and IV-
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VI QDs (f > 0.6), and thus have larger lattice covalency.6 These finding was accentuated with 

lighter charge carriers and larger dielectric constant for III-V QDs, suggesting a more 

delocalized electron wavefunction across the lattice (Figure 4.1).2 This essentially means that 

the degree of covalency governs both the onset (curvature of energy band) and magnitude of 

quantum confinement effect, which is more prominent in III-V QDs. Further, the robust 

structural integrity of covalent III-V semiconductor lattice under electrical and environmental 

stress offers additional advantages for widespread optoelectronic applications.7-13 

 

Figure 4.1 Radial probability of electron and hole wave functions in the ground state in (a) 

InP/ZnSe/ZnS QD and (b) CdSe/ZnSe/ZnS QD. The wavefunction of electron and heavy hole (HH) 

states is more localised in the CdSe core, in comparison to the InP core. The degree of overlap between 

two wavefunctions determines the extent of confinement of the charge carrier in the interior of QD. 

Thus, a large overlap integral between electron and HH wavefunctions will lead to a strong confinement 

and less scattering of carriers in the II-VI crystal. Reproduced with permission from reference 5. 

Copyright 2019 Optica Publishing group. 

Within the family of III-V semiconductors, indium phosphide (InP) QDs have emerged as a 

promising candidate for optoelectronic studies due to its (i) tunable band gap spanning from 

blue to near-infrared (NIR) region, (ii) intrinsically non-toxic nature owing to its constituent 

elements (In and P atom), (iii) prolonged exciton lifetime, and (iv) multiexciton generation 

(MEG) possibility.12-22 Likewise, InP QD has Philips ionicity (f) of 0.421 and Bohr excitonic 

radius of 9.6 nm.4,6 Therefore, the size effect will be more prominent in the case of InP QD. 

Alongside, the superior covalency of environmentally friendly InP QDs is reported to produce 

deep surface traps beneath the conduction band (CB).23-25 Notably, in a comparison study with 

similarly sized QD (~3 nm), InP revealed a surface trap at 6.3 kJ/mol below the CB, which is 

25 times deeper than the shallow trap in CdSe QD (0.25 kJ/mol).2,19 The discrepancy in surface 

traps can be attributed to the weak coupling of bulk and surface state electronic wavefunctions 

for III-V InP QDs. Consequently, the depth of the traps continues to increase below the CB 

energy level as the size of InP QD decreases (Figure 4.2).2,4,14 Thus, studying the dynamics of 
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excited-state charge carriers in InP QDs is fundamentally intriguing and will provide deeper 

insights into the exciton relaxation processes and the electronic framework. In an early report 

by Mićić, Nozik and co-workers, the first ever photosensitization of the band gap of TiO2 

nanocrystalline film by 4.5 nm sized InP QDs was demonstrated (Figure 4.3a).26 Visible light-

mediated charge transfer process from InP QD to TiO2 film resulted in an increase in the 

photocurrent density of the InP/TiO2 electrodes. Later, the groups of Lian and Thomas, in 

separate studies,  have performed detailed transient absorption study to investigate the exciton 

relaxation and dissociation dynamics of 2.6 nm and 3.6 nm sized InP QDs with the viologen 

(V2+) family of electron acceptors (Figure 4.3b,c).19,27 The delocalized 1S electron 

wavefunction outside the surface showed ultrafast charge separation (~7–14 ps) and a slow 

charge recombination process (ns–µs) in the InP QD:::dye donor:::acceptor system. The 

amplitude-average lifetime of the charge-separated state increases from ~45 ns to ~760 µs, with 

the InP QD size increasing from 2.6 nm to 3.6 nm. These studies showed that the prolonged 

trapping of charge carriers is characteristic of the environmentally benign InP QD-based 

electron transfer system. 

 

Figure 4.2 (a) Probability density of valence band maxima (VBM), conduction band minima (CBM) 

and surface states (indium dangling bond) for 2.6 nm sized InP QD along (110) direction. The VB and 

CB is more delocalized in the interior of QD, whereas the surface site is strongly localized. (b) Size-

dependent variation in VB, CB, and surface trap state energies (related to In dangling bond). In contrast 

to the interior VB and CB energy level, the trap state energy level changes very little with decrease in 

size, causing an increase in the depth of traps from CB level. Reproduced with permission from 

references 15. Copyright 1997 American Physical Society.  

Moreover, the size-dependent wave function engineering provides the concept of controlling 

the charge separation dynamics in QDs. Thus, it would be beneficial to explore the exciton 

dissociation dynamics with various sizes of InP nanocrystals (NCs) for optimizing the light-

harvesting process for solar-energy conversion applications. Nevertheless, the photoinduced 
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electron transfer (PET) studies based on InP QDs are only limited to larger size region (~2.6–

8.0 nm), as smaller InP QDs are difficult to synthesize.19,23-28 Hence, investigating the charge 

transfer dynamics with smaller InP QD is becoming essential for both fundamental and applied 

perspective. Our recent development of stable and highly luminescent smaller InP QDs (<2 

nm) paved the way for exploring the electron transfer dynamics with smaller InP QDs.13,29 

Furthermore, to the best of our knowledge, the use of electrostatic interactions to regulate the 

PET process with smaller InP QDs is not reported so far. 

 

Figure 4.3 (a) Schematic band diagram of InP/TiO2 heterostructure for charge transfer study. The band 

gap of InP QD was 1.65 eV and the electron affinity of TiO2 particle was -4.05 eV. Photoconductivity 

action spectra of 8 µm thick 4.5 nm InP/TiO2 film, at +1.0 V bias. Inset shows current ON-OFF cycle 

under 500 nm irradiation wavelength. Reproduced with permission from references 26. Copyright 1997 

American Chemical Society. Charge transfer dynamics from (b) 2.6 nm and (c) 3.6 nm sized InP QD to 

viologen derivative. Reproduced with permission from references 27 and 19. Copyright 2013 and 2018 

American Chemical Society. 

Herein, we report the photoinduced electron transfer process from a wide band gap InP/ZnS 

QDs, emitting in pure-blue region, to methylene blue (MB) dye. A fine control over the 

nucleation and growth process achieved via the rational choice of zinc and sulphur precursor 

ratio, which enabled us to stabilize the InP QD below 2 nm size region with a strong band edge 

emission in the blue region. In general, the core/shell structure of InP/ZnS QD has the type-I 
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band alignment architecture. However, in our case, the blue InP core and the ZnS shell are 

believed to follow a quasi-type II band structure.30 For instance, the photoexcited charge 

carriers will be delocalized throughout the QDs in the case of core only InP QDs. On the 

contrary, the presence of ZnS shell will confine the valence band (VB) hole within the InP-

core, however, the low conduction band (CB) offset (<0.2 eV) will create the possibility of 

delocalization of the electron wavefunction into the ZnS shell. This gives rise to partial quasi 

type-II band alignment architecture.30 Owing to the quasi type-II band structure of blue-InP 

core and ZnS shell materials, the current Chapter focuses on investigating the excited state 

charge transfer dynamics in blue-emitting InP/ZnS QDs. Here, an electrostatically assembled 

donor:::acceptor system between blue-emitting InP/ZnS QD and MB dye was chosen as a 

model system to study the excited state electron transfer dynamics. The negative surface of 

blue InP/ZnS QD ensures a strong electrostatic interaction with permanent positively charged 

MB dye. The surface-driven electrostatic aggregation was monitored through the UV-vis 

absorption spectroscopy. The band position calculation supports the thermodynamic feasibility 

of negative Gibbs free energy for the PET process (ΔG = –80 kJ mol-1). Systematic steady-state 

and time-resolved photoluminescence (PL) studies revealed the presence of PET process from 

QD to MB dye in [-] B-QD:::MB donor:::acceptor system. Further, solvent- and temperature-

dependent PL investigations support the PET mechanism, that follows the Arrhenius equation 

of temperature variation. Control experiments prove the decisive role of electrostatic attraction 

in achieving an efficient PET in [-] B-QD:::MB donor:::acceptor system. Finally, the transient 

absorption (TA) studies were performed by examining the excited state absorption decay 

kinetics of [-] B-QDs and exciton depletion dynamics of MB+• semiquinone and MB dye. In 

short, the developed [-] B-QD:::MB dye donor:::acceptor system participated in an efficient 

electron transfer process in water. The study is fundamentally intriguing with respect to the 

quasi type-II [-] B-QD, and, in principle, can find potential application in other light-harvesting 

applications including photocatalysis and photovoltaics.  

4.3 Experimental Section 

Details of synthesis procedures for B-QDs, their ligand exchange process, additional 

experimental methods, instrumental techniques, and formalism for the photoinduced electron 

transfer (PET) process were already discussed in Chapter -2. Water dispersed [-] B-InP/ZnS 

QDs is abbreviated as [-] B-QDs throughout this Chapter. 
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4.3.1 Photoinduced Electron Transfer Studies between Pure-Blue 

Emitting InP/ZnS QD and MB Dye: 

The photoinduced electron transfer (PET) experiments were performed with negatively 

charged blue emitting [-] B-QD and MB dye in water. In a typical electron transfer experiment, 

a 2.6 mL aqueous solution of donor [-] B-QDs was prepared with an absorbance of ~0.05 at 

the first excitonic peak (~410 nm), corresponding to ~2 μM of QD concentration. Next, 

different aliquots of acceptor MB dye (1.5 µL of ~1 mM) were sequentially added to the 

solution of [-] B-QD, and the subsequent spectral changes were monitored using Shimadzu 

UV-3600 Plus absorption spectrophotometer and Fluorolog-3 spectrofluorometer (HORIBA 

Scientific) under 370 nm excitation. The corresponding PL lifetime experiments were carried 

out in a HORIBA DeltaFlex Time-Correlated Single Photon Counting system using a 370 nm 

Delta-Diode source. The fluorescence decay was deconvoluted using EZ software, and fit with 

exponential decay, minimizing the ꭓ2 values. Later, detailed transient absorption experiments 

were carried out in femtosecond to nanosecond (fs-ns) and nanosecond to microsecond (ns-µs) 

time windows to investigate the radical cation characteristics from electron acceptor MB dye. 

4.3.2 Ultrafast Transient Absorption Spectroscopy: 

Femtosecond laser pulses with a bandwidth of ~100 nm at an 80 MHz repetition rate were 

generated in the oscillator (Coherent Micra-5 Mode-locked Ti: sapphire Laser system) for the 

fs-ns transient absorption studies. The laser pulses were further amplified in the Coherent 

Legend Elite Ultrafast Amplifier Laser system to get ~30 fs/4 mJ with a repetition rate of 1 

kHz and bandwidth of ~65 nm. The amplifier output was then directed to a BBO doubling 

crystal to generate 400 nm pump pulse. The white-light probe continuum (420–750 nm) was 

generated by focusing amplified output on a 2-mm-thick sapphire, which was then directed to 

a multichannel detector procured from Ultrafast Systems. The pump and probe pulses were 

temporally and spatially overlapped within the sample. This transient absorption setup has 

temporal resolution of close to 90 fs. 

The transient absorption data in ns-µs time windows were collected using a commercial pump-

probe system (Ultrafast system, EOS) using a 400 nm femtosecond pump pulse. The white 

light supercontinuum probe (360–1600 nm) was generated by focusing a Nd:YAG laser pulse 

into a photonic crystal fiber. The probe pulses were electronically synchronized with the 

femtosecond regenerative amplifier, and the pump-probe delay time was controlled by a digital 
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delay generator. The temporal resolution obtained in this transient set-up was 800 ps. All the 

TA measurements were performed in a 1 mm flow cuvette to minimise the chances of 

photodegradation of samples during measurements. Kinetics traces have been fitted using 

IGOR pro 5 software with programs for deconvoluting the time constant from IRF.  

4.4 Results and Discussion 

4.4.1 Synthesis and Characterization of B-InP/ZnS QD: 

The current Chapter focuses on investigating the excited state electron transfer dynamics in 

blue-emitting InP/ZnS QDs. Owing to the quasi type-II band structure of core/shell InP/ZnS 

QDs, the photoexcited electrons are delocalized throughout the QD lattice.30Thus, the objective 

of the present work was to accomplish an efficient photoinduced electron transfer process in 

an electrostatically assembled donor:::acceptor system in water. To achieve the desired goal, a 

model QD-dye nanohybrid system was chosen as the case study. This demands a successful 

generation of water dispersed blue-emitting InP/ZnS QD, while maintaining their outstanding 

optoelectronic characteristics. Accordingly, the blue-emitting InP/ZnS QDs was synthesized, 

and ligand exchanged with 11-mercaptoundecanoic acid (MUA) ligands to yield water 

dispersed blue QDs ([-] B-QD). Details on the synthesis, place exchange process, 

characterization of QD are given in Chapter – 3. The [-] B-QDs showed negligible change in 

their photophysical properties after dispersing them in water. The developed highly 

luminescent, pure-blue emitting [-] B-QDs were used for further photoinduced electron transfer 

(PET) studies. 

4.4.2 Light-Induced Electron Transfer Studies: 

The successful generation of water-dispersed [-] B-QDs thrives on examining their ability in 

light harvesting studies as an efficient electron donor. As is widely accepted, the presence of 

strong interactions is essential to realize efficient light harvesting properties in donor–acceptor 

systems. Additionally, the photoinduced charge transfer process is governed by the energetics 

of donor and acceptor and must satisfy the thermodynamic criteria of negative Gibbs free 

energy (–ΔG).31-36 Thus, a rightful selection of a PET acceptor requires careful consideration 

of both surface-specific strong electrostatic interactions, and thermodynamically feasible 

energy level alignment. In the present study, methylene blue (MB) dye was chosen as the PET 

acceptor based on the thermodynamic feasibility criteria. Energy level calculations showed that 
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the electron transfer process was thermodynamically feasible from the CB of [-] B-QDs to the 

MB dye (ΔG = –80 kJ mol-1) (Figure 4.4 and A4.1). Furthermore, electrostatic forces were 

chosen as the tool to regulate the interaction between the donor and acceptor components in 

the QD-dye based PET system. The cationic MB dye exhibits two major absorption bands at 

288 nm (π→π*) and 660 nm (n→π*) in dilute aqueous solution, along with a shoulder peak at 

610 nm, corresponding to 0→1 vibronic transition (Figure 4.4a).37,38 The absorption band 

position of MB dye at 660 nm is well within the “therapeutic window” of the skin (600–900 

nm).38-40 Following the photoexcitation process, the MB dye can effectively produce triplet 

species through intersystem crossing (ISC) (ΦISC = 0.52), which can further sensitize singlet 

oxygen species (1O2).
41 This spectroscopic aspect of MB dye is very advantageous for a range 

of biomedical applications notable in photodynamic therapy (PDT), which include treatment 

of tumors and cancerous tissue, as well as viruses, fungi, and bacteria.38-41 One of the PDT 

mechanisms involves the reduced form of MB dye (MB radical), which directly oxidizes 

biological targets (DNA, proteins, lipids, and mitochondria).39-41 Thus, studying the dynamics 

of the charge transfer process with the MB dye acceptor is fundamentally intriguing and 

believed to have direct implications from an applied perspective (PDT application). This 

justifies the model study's use of the [-] B-QD::::MB dye donor:::acceptor system. Accordingly, 

detailed photophysical studies based on both steady-state and time-resolved spectroscopic 

techniques were performed on the carrier dynamics of the [-] B-QD::::MB dye donor:::acceptor 

system. 

 

Figure 4.4 (a) UV-vis absorption spectra of MB dye in water. (b) Energy level alignment of [-] B-QDs 

and MB dye obtained from the cyclic voltammetry and absorption study, showing thermodynamically 

feasibility of the electron transfer process from QD to the dye (ΔG = –80 kJ mol-1). 
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4.4.2.1. Steady-State and Time-Resolved Measurements 

Analogous to the experimental discussion, systematic photophysical studies were conducted 

by titrating a 2.6 mL aqueous solution of ~2 μM [-] B-QDs with small aliquots of MB dye (1.5 

µL of ~1 mM) (Scheme 4.1). The UV-vis absorption study showed the development of a 

scattering component at 800 nm with increasing the concentration of the MB dye, suggesting 

a strong complexation between oppositely charged [-] B-QD and MB dye (Figure 4.5a). 

Besides, a clear change in absorption structural features was observed for MB dye in the 

presence of QDs, with the lower-wavelength shoulder peak being more prominent (~610 nm) 

(Figure 4.5a and A4.2a). This indicates the aggregation of MB dyes on the surface of QDs. 

The electrostatic attraction emanating from the negative surface of QDs likely served as the 

driving force for this aggregation. Additionally, a hypsochromic shift of ~6 nm in the first 

excitonic peak of QD was observed (~410→404 nm), implying the localization of holes in QDs 

(vide infra). 

 

Scheme 4.1 Schematic representation of photoinduced electron transfer process from [-] B-QDs to 

electrostatically assembled MB organic dye.  

The steady-state PL studies were performed by exciting the [+] B-QD:::MB dye 

donor:::acceptor system at 370 nm to acquire the wide-spectral range for analysis. PL kinetic 

studies revealed a steady and gradual decrease in the PL intensity for [-] B-QD with increasing 

the concentration of MB dye (Figure 4.5b). Interestingly, no noticeable fluorescence was 

acquired from MB dye in the [+] B-QD:::MB dye donor:::acceptor system. The relative PL of 

[-] B-QD, as well as the PL quenching efficiency, were saturated after the addition of ~5 µM 

of MB dye (Figure A4.2b). The PL quenching efficiency was estimated to be ~96 % (E = 1–

I/I0, where I0 and I are the PL intensities of donor [-] B-QD in the absence and presence of MB 

dye).34 A mechanistic investigation of the PL quenching revealed a non-linear variation in the 

Stern-Vomer (SV) plot as a function of increasing concentration of MB dye (Figure 4.5c). This 
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suggests that the process of PL quenching involves both static and dynamic components. To 

get further insights into the quenching mechanism, the relative PL of [-] B-QD as a function of 

the concentration of MB dye was fitted with the standard quadratic Stern-Volmer equation and 

Perrin’s formalism.34 The result shows a strong deviation from conventional quenching 

formalism (Figure A4.3). This phenomenon is often encountered with micellar systems, which 

involve a complex combination of static and dynamic components, leading to a strong 

deviation from conventional SV analysis.34,42-43 In particular, if either static or dynamic 

quenching efficiency is sufficiently low (i.e., KS[Q]<<1 or KD[Q]<<1), the modified SV 

equation exhibits an excellent fit with the relative PL of [-] B-QD in the [-] B-QD:::MB dye 

donor:::acceptor system (I0/{I0-I} vs 1/[Q]). According to the findings, the dynamic quenching 

constant was found to be ~8.6 times higher than the static quenching constant (Figure A4.4), 

(vide infra). 

 

Figure. 4.5 Photoinduced electron transfer (PET) studies in [-] B-QD:::MB dye donor:::acceptor 

system. (a) UV-vis absorption and (b) PL spectral changes of donor [-] B-QDs upon successive addition 

of MB dye. The PL quenching efficiency was calculated to be ~96 %. (c) Corresponding Stern-Volmer 

plot showing the variation in relative PL of [-] B-QD as a function of increasing concentration of MB 

dye. PL studies were carried out with the excitation wavelength of 370 nm. (d) In an opposite addition 

experiment, a steady decrease in the PL intensity of ~6 µM of MB dye was observed upon addition of 

[-] B-QD (0.3 µM), suggesting the involvement of electron transfer process. Excitation wavelength was 

400 nm. 
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Next, in a reverse addition experiment, PL spectra of acceptor MB dye (~6 µM) was monitored 

upon successive addition of [-] B-QDs (0.5 µL each of ~320 µM QD). A clear quenching in the 

PL intensity of MB dye was examined in the presence of [-] B-QDs (Figure 4.5d). This 

provided additional evidence of a possible excited state electron transfer process. In brief, the 

decrease in PL intensity of both [-] B-QD and MB dye, and the hypsochromic shift in the QD 

absorption peak indicate the presence of an electron transfer process from [-] B-QD to MB dye. 

Photoconductivity study under ON-OFF irradiation cycle also support the steady-state 

observation of charge separation process (Figure 4.6). 

 

Figure 4.6 Photocurrent measurement of [-] B-QD, [-] B-QD:::MB dye donor:::acceptor system, and 

MB dye under light ON-OFF condition, with ~365 nm irradiation. The enhanced photocurrent in 

donor:::acceptor assembly shows a clear indication of the charge separation. 

The dynamics of the PET process in the [-] B-QD:::MB dye donor:::acceptor system was 

further monitored with detailed photoluminescence excitation (PLE) studies and time-resolved 

PL measurements. Interestingly, the PLE spectra collected at the emission position of MB dye 

(~780 nm) exhibit two important features (Figure 4.7a). A gradual decrease in PLE intensity 

corresponding to the QD absorption band, indicate the dissociation of excitons after 

photoexcitation of [-] B-QD. Alongside, a concomitant growth in the electronic absorption 

band position for MB dye was observed with each addition of MB dye to the solution of [-] B-

QD. Hence, the photoexcitation of MB dye does not drive any charge separation process, 

proving that the photoexcited [-] B-QD is the electron donor and MB is the electron acceptor. 

This was further supported by the time-resolved PL decay kinetics, where a clear quenching in 

the PL lifetime of donor [-] B-QD was observed in the presence of acceptor MB dye (Figure 

4.7b). The average lifetime of [-] B-QD quenched from 216 ns to 90 ns, with a corresponding 

PET efficiency of ~60 % (Table 4.1). Likewise, PLE spectra collected at the emission maxima 
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of [-] B-QD (~462 nm) showed a close agreement with steady-state and time-resolved 

measurements (Figure A4.5a). One point to be emphasized here is that, in contrast to the [-] 

B-QD:::MB dye donor:::acceptor system, only MB dye exhibited higher PLE intensity. This 

can be attributed to the strong aggregation effect of MB dye, as evidenced in absorption studies 

as well (orange and red trace in Figure 4.7a). As the aggregation of MB causes a decrease in 

the PL intensity, the counterintuitive changes in PLE and absorption studies clearly suggest the 

existence of two separate forms of MB dye in [-] B-QD:::MB dye complex assembly. The 

overall observation can be visualized with a basic model of partitioning of quenchers at the 

surface of QDs following the Poisson statistics (Figure A4.5c). To illustrate further, the 

acceptor MB dye will get distributed between the fixed layer (at surface) and diffuse layer (in 

bulk), thus contributing to the static and dynamic quenching events, respectively.43 This was 

supported by the Stern-Volmer (SV) plot constructed from the PL lifetime quenching 

experiment, where a negligible change in relative PL lifetime of [-] B-QD was observed at low 

concentration of MB dye (up to 1:1 ratio of donor: acceptor). 

 

Figure. 4.7 Steady-state and time-resolved PET studies in [-] B-QD:::MB dye donor:::acceptor system. 

(a) Photoluminescence excitation (PLE) spectra of [-] B-QD:::MB dye donor:::acceptor system, with 

increasing concentration of MB dye, collected at the emission maxima of MB dye (~780 nm). The red 

trace is corresponding to PLE spectrum for only MB dye. (b) PL decay kinetics of [-] B-QD in absence 

(blue) and presence (olive) of MB dye. The PET efficiency was calculated to be ~60 %. (c) Stern-

Volmer plot constructed from PL lifetime indicate the layered arrangement of acceptor-MB dye 

molecules in fixed and diffuse layer surrounding the [-] B-QDs. (d-f) Proof of electrostatically driven 

PET process in [-] B-QD:::MB dye donor:::acceptor system. (d) The revival of PL intensity of [-] B-

QD:::MB dye donor:::acceptor system upon successive addition of TBAB molecules. (e) The 
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corresponding Stern-Volmer plot at different ionic strengths. (f) PL lifetime decay of [-] B-QD:::MB 

dye donor:::acceptor system as function of ionic strengths. 

Conversely, at higher concentration of MB dye (from 1:1 to 1:3 of donor: acceptor), a linear 

decrease in the PL lifetime of [-] B-QD was observed with a quenching efficiency of ~60 % 

(Figure 4.7c and Table A4.1). Zeta potential study with varying concentrations of MB dye 

further supports the formation of bilayers of acceptor MB dyes over [-] B-QDs (Figure A4.6b). 

The negative zeta potential of [-] B-QDs gradually decreases up to 1:1 ratio of QD:MB dye, 

beyond which there were no noticeable changes. Thus, a fixed layer is formed with initial 

addition of MB dye (up to 1:1 ratio) and subsequent additions remain in the diffuse layer. The 

prominent role of electrostatics in achieving such strong complexation and multilayer assembly 

in [-] B-QD:::MB dye donor:::acceptor system was verified with varying electrostatic potential 

at the interface of QD and water.44 Here, the tetrabutylammonium bromide (TBAB) molecule 

was added to regulate the surface potential of QDs. The ionic strength of the medium rises as 

the concentration of TBA+ and Br- ions increase. Additionally, the aliphatic functional ground 

of the TBA+ ion screens the negative surface charges of [-] B-QD and reduces the access of 

MB dyes towards the QD surface. Thus, increasing the concertation of TBAB molecules is 

expected to weaken the electrostatics and reduce the electron transfer process. Accordingly, PL 

quenching experiments were performed with increasing concertation of TBA ions in the [-] B-

QD:::MB dye donor:::acceptor system. As predicted, the PL intensity and PL lifetime revived 

with the addition of the TBA ion in the [-] B-QD:::MB dye donor:::acceptor assembly (ionic 

strength increased from 0.05 mM to 1.23 M) (Figure 4.7d-f). Here, the dissociation of the [-] 

B-QD:::MB dye donor:::acceptor complex was accompanied by the reduction in PET process, 

and spectral changes were recovered. The PL lifetime increased to 175 ns (Table A4.2). The 

corresponding SV plot became more linear as the ionic strength increased from 0.05 mM to 

1.23 M (Figure 4.6e). Thus, all the steady-state and time-resolved measurements confirm the 

photoinduced electron transfer process from [-] B-QD to MB dye in the electrostatically 

bounded [-] B-QD:::MB dye donor:::acceptor system. 

Table 4.1 PL decay analysis of [-] B-QD and [-] B-QD:::MB dye donor:::acceptor assembly, in a time 

window of 3.2 µs, collected at 462 nm. 
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4.4.2.2. Polarity- and Temperature-Dependent Studies 

In accordance with the Eyring formalism, the PET process involves the transfer of electron 

from the donor to the acceptor moiety via the formation of a transient charge transfer complex 

[D+:::A-]* in a photoexcited donor:::acceptor assembly (see the details in Chapter–2).31-34 This 

essentially means that the process of PET will be influenced by the dielectric constant and 

temperature of the medium. The formed charge transfer complex [D+:::A-]* will be more 

stabilized in a higher dielectric medium, whereas, a higher temperature will aid in crossing the 

activation barrier of the transition-state. Specifically, the PET process will be more efficient in 

the polar medium and at higher temperatures. Accordingly, PL kinetic studies were carried out 

with varying solvent polarity and temperature to study the underlying mechanism of the PET 

process in the [-] B-QD:::MB dye donor:::acceptor system.  

A varying ratio (v/v) of water and N,N-dimethylformamide (DMF) mixture was used to tune 

the dielectric constant of the medium (εm) for the polarity-dependent study (ε of water and 

DMF = 78 and 40 at 298 K, respectively).45 The PET efficiency was higher in higher dielectric 

medium (water), which gradually decreased with lowering of the solvent polarity. PL 

quenching efficiency drops from ~95% to 20 % on lowering the dielectric from ~80 (water) to 

~42 (0.5:0.95 v/v water: DMF). Accordingly, the slope of SV plot was higher for the PET 

process in water compared to that in 0.5:0.95 v/v water:DMF mixture (Figure 4.8a). A similar 

trend was observed in PL lifetime studies as well. For instance, both the efficiency and rate of 

electron transfer were higher in water (E ~60 % and kPET ~ 6.50 µs-1 in water) compared to 

water: DMF mixture (E ~1 % and kPET ~0.02 µs-1 in 0.5:0.95 v/v water: DMF) (Figures 4.8b 

and A4.6 and Table A4.3). 

An increase in the temperature of the medium resulted in an enhancement in the PET efficiency 

in the [-] B-QD:::MB dye donor:::acceptor system. For instance, the dynamic quenching 

constant KD obtained from the intercept-to-slope ratio in the modified SV plot decreases from 

1.29 µM-1 to 1.06 µM-1, as the reaction temperature was lowered from 318 K to 278 K (Figure 

4.8c). Further, the temperature-dependent modified SV analysis helped to deconvolute the 

static (KS) and dynamic (KD) components in the PL quenching: KD and KS ~1.26 x 106 M-1 and 

~1.47 x 105 M-1, respectively. Alongside, the rate of the PET process (kPET) increased from 6.35 

µs-1 to 6.68 µs-1, as the temperature was increased from 278 K to 318 K. The logarithm of the 

PET rate constant obtained from lifetime PL quenching studies shows a linear variation with 

the temperature, validating the Arrhenius dependence of kPET on temperature for the electron 
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transfer process (Figure 4.8d).31-34 The activation energy for the PET process in the [-] B-

QD:::MB dye donor:::acceptor system was estimated to be ~3 kJ/mol. Thus, both the solvent 

polarity and temperature-dependent PL quenching studies confirm the involvement of PET 

process in the [-] B-QD:::MB dye donor:::acceptor system. Various photoinduced electron 

transfer parameters associated with the [-] B-QD:::MB dye donor:::acceptor system are 

summarised in Table 4.2. 

 

Figure. 4.8 Polarity- and temperature-dependent PL quenching studies in [-] B-QD:::MB dye 

donor:::acceptor system. (a) PL spectral changes and (b) PL decay profiles of [-] B-QD:::MB dye 

donor:::acceptor system with increasing the concentration of DMF in water. The dielectric constant of 

the medium decreases with increase in the DMF percentage in water. The inset of (a) shows the SV plot 

at different DMF: water mixture. A larger slope in the SV plot and higher PL quenching at higher 

dielectric constant indicate the role of PET process in the quenching process. (c) Modified SV plot of 

the [-] B-QD:::MB dye donor:::acceptor system at various temperatures ranging from 318 K to 278 K. 

The slope of the SV plot (1/(KD+KS)) increases as the temperature decreases. (d) The plot of ln(kPET) vs 

1/T validates the Arrhenius dependence of kPET on temperature. The activation energy for the PET 

process was calculated to be ~3 kJ/mol. 
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Table 4.2 Photoinduced electron transfer parameter for [-] B-QD:::MB dye donor:::acceptor system. 

 

4.4.2.3. Transient-Absorption Studies 

The ultimate proof for light-induced electron transfer in electrostatically assembled [-] B-

QD:::MB dye donor:::acceptor system was obtained from ultrafast absorption studies (TA 

studies were done in collaboration with Mr. Kishan K. Yadav and Prof. Jyotishman Dasgupta 

at TIFR Mumbai). The dynamics of the PET process was monitored in two-time windows, ps-

ns and ns-µs, using the pump-probe transient absorption (TA) spectroscopy, with a 400 nm 

pump excitation. The TA spectrum for only [-] B-QD is dominated by the stimulated emission 

(~400–480 nm) and excited state absorption (~480–800 nm) features at all time delays (fs-µs) 

(Figure 4.9a and A4.7). In contrast, in the presence of MB dye, the stimulated emission (SM) 

of [-] B-QD was decreased, along with a concomitant formation of a new excited state 

absorption (ESA) feature in the range of 420–550 nm (Figure 4.9a,c). It is to be noted that this 

ESA in the range of 420–550 nm was absent for only [-] B-QD as well as only MB dye. Further, 

a long-lived ground state blech (GSB) of MB dye was observed in the presence of [-] B-QD. 

On contrary, the GSB in only MB depleted within a time delay of 2 ns (Figure 4.9b,c). This 

implies the presence of long-lived electrons in the excited state of MB dye in the [-] B-QD:::MB 

dye donor:::acceptor system. At lower time delay (200 fs – 30 ps), the GSB of MB dye was 

less prominent in the [-] B-QD:::MB dye donor:::acceptor system because they overlapped with 

the much stronger excited state absorption of the [-] B-QD. Later, at longer time delay (1 ns – 

5 µs) time delay, the GSB of MB was distinguishable and had minimal interference from the 

ESA of [-] B-QDs. 

In short, two important features were observed in the TA spectroscopy of the [-] B-QD:::MB 

dye donor:::acceptor system: (i) a growth in the range of 420–550 nm within a time scale of ~5 

s and (ii) a long-lived GSB signal corresponding to MB dye in 550-720 nm region. In 

accordance with the literature, the ESA features observed in the range of 420–550 nm can be 

attributed to the reduced form of MB dye (MB+• semiquinone, 430-490 nm).46-48 Figure 

4.10a,b compares the single point TA decay kinetics in fs-ns time window at two different 

wavelengths: (i) at the ESA of QD (525 nm) in only [-] B-QDs and [-] B-QD:::MB dye 
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donor:::acceptor system and (ii) at the GSB of MB dye (595 nm) in only MB dye and [-] B-

QD:::MB dye donor:::acceptor system. 

 

Figure. 4.9 Pump-probe transient absorption spectroscopy studies. Spectral evolution for (a) only [-] 

B-QDs (ns-µs time scale), (b and c) [-] B-QD:::MB dye donor:::acceptor system in (b) fs-ns and (c) ns-

µs time scale), and (d) only MB dye (fs-ns time scale). Appearance of a new EAS feature in the range 

of 420–550 nm region in [-] B-QD:::MB dye assembly confirms the formation of MB+. semiquinone. 

A fast decay in ESA was observed in the [-] B-QD:::MB dye donor:::acceptor system compared 

to only [-] B-QD (Figure 4.10a). On the other hand, GSB of MB dye sustained for a longer 

time in the presence of [-] B-QD (Figure 4.10b). As mentioned before, both [-] B-QD and 

MB+• semiquinone contributes to the ESA signal observed in the range of 420–550 nm. Hence, 

it will be difficult to find the lifetime component MB+• semiquinone from Figure 4.10a. 

Consequently, the single point TA decay kinetic analysis was done on the ESA observed in the 

longer time window (ns-µs) to evaluate the time constant for the PET process. The logic being 

that the contribution from the only the [-] B-QD in the ESA band observed between 420–550 

nm will be negligible in the longer time window (the ESA signal from only the [-] B-QD will 

decay completely within ~100 ns. Figure 4.9a). The best fit for the ESA decay kinetics for [-] 

B-QD and [-] B-QD:::MB dye donor:::acceptor systems is shown in Figure 4.10c,d; from 

where the average lifetime for MB+• semiquinone was estimated to be ~1.8 µs. Thus, the 

spectral signatures of MB+• semiquinone re-confirm the presence of a photoinduced electron 



Chapter 4 

112 
 

transfer process from [-] B-QD to MB dye in the electrostatically bound [-] B-QD:::MB dye 

donor:::acceptor system. 

 

Figure. 4.10 Single point TA decay kinetic study. (a) The excited state absorption (ESA) of [-] B-QD 

in absence (blue) and presence (red) MB dye, collected at 525 nm. (b) Ground state blech (GSB) of MB 

dye in absence (black) and presence (red) of [-] B-QD, collected at 595 nm. A clear decrease in the ESA 

signal of [-] B-QD and delay in the GSB of MB dye was observed in [-] B-QD:::MB dye 

donor:::acceptor system. Single point decay kinetics of (c) [-] B-QDs and (d) [-] B-QD:::MB dye 

donor:::acceptor system at 450 nm (ESA position for MB+. semiquinone), generated from the 

microsecond TA kinetics spectra. The average lifetime of the charge separated state was calculated to 

be ~1.8 µs. 

4.5. Conclusions 

The current study prove the ability of the pure-blue emitting InP/ZnS QDs to participate in an 

efficient PET process, and that too in water. The surface of QD was appropriately 

functionalized with charge ligands to ensure aqueous dispersion to form an electrostatically 

assembled [-] B-QD:::MB dye donor:::acceptor system.  Using both steady-state and time-

resolved spectroscopic measurements, the exciton dynamics in [-] B-QD:::MB dye 

donor:::acceptor system was monitored, revealing the involvement of an electron transfer 

process from [-] B-QD to [+] MB dye. Solvent polarity and temperature-dependent PL 

quenching studies further indicated the process of PET mechanism. The logarithm of the PET 
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rate constant varies inversely with temperature, thus following the Arrhenius dependence of 

rate constant on temperature for the electron transfer process. The efficiency of the PET process 

was estimated to be ~60 %. The mode of interaction responsible for the efficient electron 

transfer process was confirmed to be electrostatic attraction by performing adequate control 

experiments in the presence of surfactants. Here, the screening of the negative surface charge 

on QDs and a rise in the ionic strength of the medium weaken the donor:::acceptor 

complexation and turn off the PET process. Finally, TA studies confirm the formation of MB+• 

semiquinone in the photoexcited [-] B-QD:::MB dye donor:::acceptor system. Further, the 

single point TA decay kinetic analysis revealed (i) a fast decay kinetics for the ESA of [-] B-

QDs, and (ii) a long-lived GSB of MB dye in the donor:::acceptor system. Despite being a 

core-shell geometry, the quasi type-II band structure of B-InP/ZnS QDs paved the way for an 

efficient PET process in the present study.  

In conclusion, Chapters 3 and 4 conclusively prove the ability of newly synthesised pure-blue 

emitting InP/ZnS QDs to participate in efficient energy and electron transfer processes, which 

could find applications in other light harvesting studies such as sensing, photocatalysis, 

photovoltaics, etc.  
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(28) Blackburn, J. L.; Ellingson, R. J.; Mićić, O. I.; Nozik, A. J. Electron Relaxation in 

Colloidal InP Quantum Dots with Photogenerated Excitons or Chemically Injected 

Electrons. J. Phys. Chem. B 2003, 107, 102–109. 

(29) Zhang, W.; Ding, S.; Zhuang, W.; Wu, D.; Liu, P.; Qu, X.; Liu, H.; Yang, H.; Wu, Z.; 

Wang, K.; Sun, X. W. InP/ZnS/ZnS Core/Shell Blue Quantum Dots for Efficient Light-

Emitting Diodes. Adv. Funct. Mater. 2020, 30, 2005303. 

(30) Rakshit, S.; Cohen, B.; Gutiérrez, M.; El-Ballouli, A. O. Douhal, A. Deep Blue and 

Highly Emissive ZnS-Passivated InP QDs: Facile Synthesis, Characterization, and 

Deciphering of Their Ultrafast-to-Slow Photodynamics. ACS Appl. Mater. Interfaces 



Chapter 4 

116 
 

2023, 15, 3099–3111. 

(31) Marcus, R. A. On the Theory of Oxidation‐Reduction Reactions Involving Electron 

Transfer. I. J. Chem. Phys. 1956, 24, 966–978. 

(32) Huber. R. A Structural Basis of Light Energy and Electron Transfer in Biology (Nobel 

Lecture). Angew. Chem. Int. Ed. Engl. 1989, 28, 848–869. 

(33) Marcus, R. A. Electron Transfer Reactions in Chemistry: Theory and Experiment (Nobel 

Lecture). Angew. Chem. Int. Ed. Engl. 1993, 32, 1111–1121. 

(34) Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3rd ed.; Springer: New York, 

1999. 

(35) Huang, J.; Huang, Z.; Yang, Y.; Zhu, H.; Lian, T. Multiple Exciton Dissociation in CdSe 

Quantum Dots by Ultrafast Electron Transfer to Adsorbed Methylene Blue. J. Am. Chem. 

Soc. 2010, 132,  4858–4864. 

(36) Sekhar M. C.; Samanta, A. Ultrafast Transient Absorption Study of the Nature of 

Interaction between Oppositely Charged Photoexcited CdTe Quantum Dots and Cresyl 

Violet. J. Phys. Chem. C 2015, 119, 15661–15668. 

(37) Heger, D.; Jirkovský, J.; Klán, P. Aggregation of Methylene Blue in Frozen Aqueous 

Solutions Studied by Absorption Spectroscopy. J. Phys. Chem. A 2005, 109, 6702–6709. 

(38) Dean, J. C.; Oblinsky, D. G.; Rather, S. R.; Scholes, G. D. Methylene Blue Exciton States 

Steer Nonradiative Relaxation: Ultrafast Spectroscopy of Methylene Blue Dimer. J. 

Phys. Chem. B 2016, 120, 440–454. 

(39) Tardivo, J. P.; Giglio, A. D.; de Oliveira, C. S.; Gabrielli, D. S.; Junqueira, H. C.; Tada, 

D. B.; Severino, D.; Turchiello, R. D. F.; Baptista, M. S. Methylene Blue in 

Photodynamic Therapy: From Basic Mechanisms to Clinical Applications. Photodiagn. 

Photodyn. Ther. 2005, 2, 175–191. 

(40) Chen, J.; Cesario, T. C.; Rentzepis, P. M. Effect of pH on Methylene Blue Transient 

States and Kinetics and Bacteria Photoinactivation. J. Phys. Chem. A 2011, 115, 2702–

2707. 

(41) Redmond, R. W.; Gamlin, J. N. A Compilation of Singlet Oxygen Yields from 

Biologically Relevant Molecules. Photochem. Photobiol. 1999, 70, 391– 475. 

(42) Itoh, Y.; Abe, K.; Senoh, S.; Polyelectrolytes Containing Dihydronicotinamide. III. 

Fluorescence Quenching by Nicotinamide-Containing Polymers in Aqueous Solution. J. 

Polym. Sci. A Polym. Chem. 1987, 25, 2871–2880. 

(43) Waka, Y.; Hamamoto, K.; Mataga, N. Fluorescence Quenching Mechanisms of Aromatic 

Hydrocarbon-Dicyanobenzene and-N,N-dimethylaniline Systems in Aqueous Micellar 



Chapter 4 

117 
 

Solutions. Chem. Phys. Lett. 1979, 62, 364–367. 

(44) He, C.; Nguyen, T. D.; Edme, K.; de la Cruz, M. O.; Weiss, E. A. Noncovalent Control 

of the Electrostatic Potential of Quantum Dots through the Formation of Interfacial Ion 

Pairs. J. Am. Chem. Soc. 2017, 139, 10126–10132. 

(45) Kumbharkhane, A. C.; Puranik, S. M.; Mehrotra, S. C. Dielectric Relaxation Studies of 

Aqueous N,N-dimethylformamide using a Picosecond Time Domain Technique. J. 

Solution Chem. 1993, 22, 219–229. 

(46) Huang, J.; Huang, Z.; Yang, Y.; Zhu, H.; Lian, T. Multiple Exciton Dissociation in CdSe 

Quantum Dots by Ultrafast Electron Transfer to Adsorbed Methylene Blue. J. Am. Chem. 

Soc. 2010, 132, 4858–4864. 

(47) Yang, Y.; Rodríguez-Córdoba, W.; Lian, T. Ultrafast Charge Separation and 

Recombination Dynamics in Lead Sulfide Quantum Dot–Methylene Blue Complexes 

Probed by Electron and Hole Intraband Transitions. J. Am. Chem. Soc. 2011, 133, 9246–

9249. 

(48) Dworak, L.; Roth, S.; Scheffer, M. P.; Frangakis, A. S.; Wachtveitl, J. A thin CdSe shell 

boosts the electron transfer from CdTe quantum dots to methylene blue. Nanoscale 2018, 

10, 2162–2169.  



Chapter 4 

118 
 

4.7 Appendix 

 

Figure A4.1 Determination of HOMO and LUMO energy level for the MB dye. (a) The Tauc plot for 

MB dye shows an estimated HOMO-LUMO energy gap of 1.8 eV. (b) Cyclic voltammograms of MB 

dye at a scan rate of 30 mV/s. The measurement was carried out by dissolving the MB dye in phosphate 

buffer electrolyte. Electrode system: Glassy carbon as working, Ag/AgCl/Cl- as reference electrode, and 

Pt wire as counter electrode. The calculated LUMO energy level was 4.45 eV with respect to vacuum 

energy level. 

 

 

Figure A4.2 (a) Normalised UV-Vis absorption spectra of [-] B-QD, MB dye, and [-] B-QD:::MB dye 

donor:::acceptor system. There was a hypsochromic shift in QD excitonic band and a hyperchromic 

shift in MB electronic absorption band, indicating the electronic interactions between QD and MB dye. 

(b) Plot showing saturation in relative PL of [-] B-QD and PL quenching efficiency after the addition 

of 5 µM of MB dye. 
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Figure A4.3 Analysis of PL quenching process in [-] B-QD:::MB dye donor:::acceptor system, based 

on (a) quadratic Stern-Volmer equation, and (b) Perrin’s formalism. The deviation of best fit from 

standard formalism indicates the necessity of further modification in quenching mechanism. 

Modification in Stern-Volmer equation: 

In general, the non-linear nature of Stern-Volmer plot (I0/I vs [Q]) indicates the presence of 

both static and dynamic component in quenching event. Thus, I0/I can be expressed in 

combination of both static and dynamic quenching constant (KD and KS, respectively). 

For example, the given quadratic Stern-Volmer equation will be: 

𝑰𝟎

𝑰
= (𝟏 + 𝑲𝑺[𝑸])(𝟏 + 𝑲𝑫[𝑸])                                 … (37) 

Interestingly, the relative PL of [-] B-QD::::MB dye donor:::acceptor system showed strong 

deviation from the standard form of quadratic equation (equation 37), as well as Perrin’s 

formalism (Figure A4.3). This indicates a complex combination of static and dynamic 

components in PL quenching mechanism.  

Thus, to analyze further, we assume that either static or dynamic quenching constant is 

sufficiently low, such as: KS[Q] <<1 or KD[Q] <<1; equation 37 can be approximated by 

𝑰𝟎

𝑰𝟎−𝑰
=

𝟏

𝑲𝑺+𝑲𝑫

𝟏

[𝑸]
+

𝑲𝑫

𝑲𝑺+𝑲𝑫
                                 … (38) 

𝑰𝟎

𝑰𝟎−𝑰
=

𝟏

𝑲𝑺+𝑲𝑫

𝟏

[𝑸]
+

𝑲𝑺

𝑲𝑺+𝑲𝑫
                                 … (39) 
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Hence, the slope and intercept of (I0/(I0-I) vs (1/[Q]) plot can be used to find the static and 

dynamic quenching constants. However, it is impossible to assign KS and KD without any 

support from independent experiment. 

The relative PL of [-] B-QD::::MB dye donor:::acceptor system shows a good fit with modified 

(equation 38 or 39) with slope of 0.708 and intercept of 0.896 (Figure A4.4). Further 

interpretation revealed that one of the components is ~8.6 times higher than the other one, with 

their estimated values of ~1.26 x 106 M-1 and ~1.47 x 105 M-1, respectively. Interestingly, in 

temperature dependent SV analysis, the intercept-to-slope ratio decreases with decreasing the 

temperature of the medium. For temperatures of 318 K, 298 K, and 278 K, the two quenching 

constants are (1.29 µM-1, 0.135 µM-1); (1.26 µM-1, 0.147 µM-1); and (1.06 µM-1, 0.154 µM-1) 

(Figure 4.8c). Lowering the temperature will reduce the diffusional or collisional quenching, 

and will favour weak complexation process. Therefore, dynamic quenching constant will 

decrease, and static quenching constant will increase, as the temperature drops. Thus, the static 

and dynamic quenching constant for the PL quenching of [-] B-QD::::MB dye donor:::acceptor 

system can be found to be  ~1.47 x 105 M-1 and, ~1.26 x 106 M-1 respectively. 

 

Figure A4.4 Modified Stern-Volmer plot for [-] B-QD:::MB dye donor:::acceptor system. From the 

slope and intercept of the plot, it was found that the dynamic quenching constants is ~9 times higher 

than that of static quenching constant. 
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Figure A4.5 (a) PLE spectra and (b) zeta potential study of [-] B-QDs upon successive addition of MB 

dye. PLE was collected at the emission maxima of [-] B-QDs (~462 nm). The PLE intensity of [-] B-

QDs, collected at ~462 nm showed a gradual decrease in the QD excitonic band positions (~410 nm 

and higher energy bands), indicating the possibility of excited state charge transfer process. Negligible 

change in the zeta potential value after 1:1 molar ratio of MB:QD, indicate a layered arrangement of 

acceptor-MB dye molecules around [-] B-QDs.  (c) Schematics for the layered arrangement of acceptor-

MB dye molecules around [-] B-QDs. MB dye surrounds the [-] B-QDs in fixed and diffused layers, 

thereby contributing to static and dynamic quenching process, respectively. 
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Table A4.1 PL decay analysis of [-] B-QD:::MB dye donor:::acceptor system upon successive addition 

of acceptor MB dye, collected at 462 nm, in time window of 3.2 µs. 

 

Table A4.2 PL decay analysis of [-] B-QD:::MB dye assembly at lower and higher ionic strengths (0.015 

M and 1.23 M), collected at 462 nm, in a time window of 3.2 µs. 

 

  



Chapter 4 

123 
 

Polarity-Dependent PL Quenching Study 

 

Figure A4.6 Polarity-dependent PL analysis. Steady-state and time-resolved PL quenching study at 

different dielectric strengths () in water: DMF mixture.  = (a) 80, (b) 65, (c) 58, (d) 50, and (e) 42. (f) 

Table summarises efficiency and rate of the PET process obtained from the PL lifetime quenching 

studies (E = 1–τ/τ0, and kPET = 1/τ–1/τ0, where τ0 and τ are the PL lifetime of [-] B-QD in absence and 

presence of MB dye, respectively). 
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Table A4.3 PL decay analysis of [-] B-QDs and [-] B-QD:::MB dye donor:::acceptor assembly at 

different dielectric strength of the medium ranging from 80 to 42, collected at 462 nm, in a time window 

of 3.2 µs. 
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Transient Absorption (TA) Study 

 

Figure A4.7 Picosecond TA spectral evolution for [-] B-QDs. The pump wavelength was 400 nm. 
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5.1 Abstract 

Demonstration of fundamental photophysical properties in all-quantum dot (QD) based donor-

acceptor systems containing environmentally friendly materials are essential to realise the full 

potential of QDs in energy and medical research. We accomplish here an efficient light induced 

resonance energy transfer process in all-QD based donor-acceptor system in water, at a dyad 

level, deprived of any commonly used organic dye component. Our nanohybrid system 

comprises of surface engineered (i) indium phosphide/zinc sulfide (InP/ZnS) QD as the donor 

and acceptor, and (ii) InP/ZnS QD as the donor and copper indium sulfide/zinc sulfide 

(CIS/ZnS) QD as the acceptor. The fine-control over the reaction kinetics and appropriate 

surface functionalisation with oppositely charged ligands enabled the formation of 

electrostatically bound all-QD donor-acceptor dyad assemblies composed of blue, green, and 

red emitting InP/ZnS QDs and red emitting CIS/ZnS QDs. These dyad assemblies are referred 

as: such as blue-green, green-red, and blue-red all-InP QD donor-acceptor dyad assemblies and 

green-red [-] InP/ZnS:::[+] CIS/ZnS QD nanohybrid dyad assembly. The electrostatic 

attraction between oppositely charged QDs is vital in achieving such a strong ground state 

complexation in all-QD nanohybrid assemblies. Detailed steady-state and time-resolved 

spectroscopic studies were conducted to establish the process of the Förster resonance energy 

transfer (FRET) in all-QD based dyad systems. Accordingly, a road-map for investigating the 

FRET process in all-QD based dyad systems is developed. Further, a temporal evolution of 

resonance energy transfer is realized in the solid state as well, which can improve the potential 

of such ‘all-green QD’ based nanohybrid systems for device level studies. Control experiments 

conclusively prove the necessity of appropriately functionalised QDs and electrostatic 

attraction for achieving an efficient FRET process. In short, our work proves the ability of 

environmentally friendly InP and CIS QDs to participate in an efficient FRET process at the 

dyad level, which can accelerate the development of all-QD based multicomponent light 

harvesting systems for various optoelectronic applications, including photovoltaics and 

photocatalysis. 
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5.2 Introduction 

Understanding and mimicking of natural light driven processes are crucial to develop efficient 

energy harvesting systems based on artificial materials.1-2 Light induced energy and electron 

transfer are the two key photophysical processes that predominantly govern the efficiency of 

both natural and artificial light harvesting systems.3-5 Förster resonance energy transfer (FRET) 

is one such light driven process which has been extensively used as an optical ruler to monitor 

various physical processes in science, ranging from biomolecule dynamics to energy harvesting 

devices.6-9 The process of FRET involves a nonradiative transfer of excitonic energy from an 

excited state donor to an energetically coupled ground state acceptor, via long range dipole-

dipole interaction.6-7 Traditionally, diverse sets of fluorophores such as organic dyes, organic-

inorganic hybrid metal complexes, polymers, organic/inorganic nanomaterials, etc. have been 

used to develop model donor-acceptor based energy transfer systems.8-13 Among them, 

semiconductor nanoparticles or quantum dots (QDs) have gained a special place in light-

harvesting studies because of their unique size- and shape-dependent optoelectronic properties, 

arising from the quantum confinement effect.13-15 Along with this, the large absorption cross-

section, high color purity, and enhanced photostability of QDs are added advantages over 

conventional fluorophores.11-18 Moreover, the unique size tunable absorption and emission of 

QDs allows a fine control over the spectral overlap integral:8,13 an important prerequisite for 

achieving efficient energy transfer process. In that direction, Mattoussi and co-workers, in their 

pioneering work, first ever investigated an efficient energy transfer process between 

functionalized CdSe/ZnS QDs and cyanine dye (Cy3) immobilized on the QD surface via 

maltose binding protein (MBP) (Figure 5.1a).19 Detailed spectroscopic and microscopic 

measurements evidenced the process of FRET. Under epifluorescence microscopic study 

(coupled to a spectrometer), QD-MBP-dye nanohybrid assembly (top row of Figure 5.1b) 

showed an enhancement in PL intensity and lifetime of the dye molecule in comparison with 

only Cy3 dye molecule (bottom row of Figure 5.1b), along with a substantial quenching in the 

QD emission (bottom row of Figure 5.1b). Here, the efficiency of the FRET process was 

monitored both as a function of the spectral overlap integral (by varying the QD size) and the 

number of dye molecules per donor QD. This finding demonstrated a strong dependence of 

FRET efficiency on the spectral overlap integral between the emission of QDs and the 

absorption of dye. Along this path, substantial progress has been achieved in developing a 

number of efficient QD based energy transfer systems.8,19-26 Majority of these studies rely on 

designing QD-dye nanohybrid systems, where QDs were essentially used as FRET donors, and  
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Figure 5.1 (a) Schematic representation of a FRET based donor-acceptor system comprised of 

CdSe/ZnS QD-MBP-Cy3 dye. Here, the Cy3 dye serving as the FRET acceptor, is covalently linked 

with MBP, which further immobilizes on the QD surface. (b) the resonance energy transfer process 

substantially alters the exciton lifetime properties of QDs (at 510 nm) and Cy3 dye (at 570 nm) in QD-

MBP-dye nanohybrid assembly. Luminescence images showing the intensity and lifetime of only QDs 

(middle row), only Cy3 dye (bottom row), and QD-MBP-dye nanohybrid assembly (top row), as 

recorded by the time-gated intensified charge-coupled device (CCD) camera at 2 ns intervals. 

Reproduced with permission from references 19. Copyright 2004 American Chemical Society. 

dye molecules as acceptors.19-26 However, the poor photostability of dye molecules often limits 

the use of such nanohybrid systems in applications requiring long exposure of light like display 

devices and bioimaging.16,26 These appealing properties of QDs have inspired the development 

of all-QD based donor-acceptor systems, where efficient FRET has been demonstrated between 

QDs.27-43 In an early report, Klimov and co-workers investigated the dynamics of resonance 

energy transfer process in close packed film of monodispersed (~7 % size distribution) 

CdSe/ZnS QDs (Figure 5.2a,b).28 Time resolved photoluminescence (PL) and lifetime studies 

revealed energy, size, and time-dependent dynamics of interdot energy transfer process. Where, 

the high energy side of PL spectrum (smaller QD) showed a rapid decay (1.9 ns), followed by 

a steady increase in the PL lifetime for lower energy side (22 ns) (Figure 5.2a). Alongside, the 

PL spectrum showed 35 meV red shift after 10-20 ns of excitation (Figure 5.2b). In another 

study, Bawendi and co-workers evidenced a dipole-dipole interaction driven interdot energy 

transfer in close-packed QD solid, causing a red shift in PL spectrum.28 Later, Kolle and co-

workers further examined the homonuclear interdot interaction by covalently cross linking 

CdTe QDs with dithiol ligand (Figure 5.2c).29 The degree of electronic coupling depends on 

the extension of wave function outside of QDs, which is larger for smaller QDs. 
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Figure 5.2 Homonuclear interdot electronic interaction in all-QD assemblies. (a) Photoluminescence 

decay profile of a close-packed film of monodispersed CdSe/ZnS QDs (mean radii 12.4 Å). Inset shows 

collection energy for lifetime study. (b) Time-dependent PL peak position of close-packed QD film. The 

inset shows the corresponding time-resolved emission spectra. A clear red shift in the PL peak position 

and a complementary change in lifetime for high and low energy positions confirm the presence of a 

resonance energy transfer process. Reproduced with permission from references 28. Copyright 2002 

American Physical Society. (c) Couling energy vs. diameter of QD (bottom x-axis) and confinement 

energy (top x-axis) plot. The inset shows a schematic representation of a contour-plot for the interdot 

coupling process, described as the amplitude of electron wave functions in two covalently coupled QDs 

(interdot separation of 0.4 nm) with diameter of QD. (d) Exciton diffusivity as a function of time and 

with variance of center-to-center distance (d1<d2<d3). Reproduced in parts with permission from 

references 29 and 30. Copyright 2006 and 2014 American Chemical Society. 

Hence, the interdot coupling energy is dominated for smaller sized QDs (Figure 5.2c). This 

further supports the energetically downhill diffusion nature of excitons. Likewise, Tisdale and 

co-workers have shown a direct visualization of exciton transport in space, time, and energy.30 

Here, a smaller interdot spacing was shown to cause a faster and more noticeable broadening 

of the exciton distribution (Figure 5.2d).30 Following the accomplishment of investigating the 

dynamics of homonuclear interdot resonance within the inhomogeneous size distribution of 

QDs. The next effort ought to involve assembling multisized QDs to broaden the energy 

landscape. In that direction, Achermann and co-workers investigated the Förster resonance 

energy transfer dynamics in two-dimensional (2D) bilayer assembly of multisized CdSe/ZnS 

QDs using Langmuir−Blodgett (LB) techniques (upper panel of Figure 5.3a).33 The LB 

assembly of two different sizes of CdSe/ZnS QDs (2.6 nm and 4.1 nm), provided strong 

coupling because of resonance between the emission transition of smaller QDs and the 
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absorption transition of larger QDs (good spectral overlap; Figure 5.3a). This resulted in faster 

interlayer transfer of exciton (vertical energy relay) from smaller QDs to larger QDs (energy 

transfer time constant 120 ps) (lower panel of Figure 5.3a). Afterward, Pullerits and co-

workers investigated the energy transfer dynamics in an ordered multilayer QD film composed 

of different sizes of CdSe QDs (2.3 nm and 3.7 nm, respectively) (Figure 5.3b).40 The finding 

suggests that the densely packed layered architecture can funnel up to 80 % of exciton energy. 

It was accomplished because of ordered QD film with notably different sizes of CdSe QDs. 

The lifetime of energy transfer was estimated to be ~1.5 ns (lower panel of Figure 5.3b). Now, 

in comparison with the vast literature of FRET, the number of examples available for all-QD 

based FRET systems are scarce.27-43 Moreover, majority of these studies have been reported 

with QDs containing toxic metals likes Cd, Pb, Se, Te, etc.33-43 The growing restriction on the 

use of devices containing toxic metal-ions demands the need for all-QD based donor-acceptor 

systems containing environmentally friendly QDs.44-50 Thus, both from fundamental and 

applied perspectives, it is essential to realize efficient FRET in wider sets of all-QD based 

donor-acceptor systems, especially with more environmentally friendly QDs. Furthermore, to 

the best of our knowledge, the use of electrostatic interactions to regulate FRET process 

between environmentally friendly QDs is not yet reported. 

 

Figure 5.3 Interdot energy transfer studies with multisized QDs. (a) Schematics of a bilayer structure 

fabricated with two different sizes of CdSe/ZnS QD, allowing interlayer (vertical) transfer of resonance 

energy in a strong coupling regime (good spectral overlap integral). Time-resolved emission spectra 

show the energy relay in the energy gradient architecture. The high energy emission for donor QD (2.30 

eV) shows rapid decay with increasing delay time, whereas, the low energy emission for acceptor QD 

(2.17 eV) exhibits growth, with a time constant of 120 ps. Thus, confirming the interlayer energy 

migration process. (b) Schematic representation of the energy transfer process between two differently 

sized CdSe QDs (A: 2.3 nm; B: 3.7 nm) in solution state and in thin film. Lower panel: single point 

decay kinetics from transient absorption (TA) study show a fast decay (donor A QD) and growth factor 

(acceptor B QD) in Δ abs. value with a time constant of 1.5 ns in thin film of (A+B) QD. Reproduced 
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in parts with permission from references 33 and 40. Copyright 2003 and 2014 American Chemical 

Society. 

In this Chapter, we report light-induced resonance energy transfer studies in all-QD systems 

(at the dyad level) comprising of environmentally friendly blue, green, and red emitting 

InP/ZnS QDs, and red emitting CIS/ZnS QDs, and that too in water. Stable dispersion of QDs 

in water was achieved by the appropriate surface functionalisation with oppositely charged 

ligands, which also ensured a strong electrostatic attraction between donor and acceptor QDs. 

There are four electrostatically bound all-QD based dyad systems developed in this Chapter 

for light-harvesting studies: (i) blue-green all-InP QD donor-acceptor assembly, (ii) green-red 

all-InP QD donor-acceptor assembly, (iii) blue-red all-InP QD donor-acceptor assembly, and 

(iii) green-red [-] InP/ZnS:::[+] CIS/ZnS QD donor-acceptor assembly (Scheme 5.1). 

Systematic steady-state and time-resolved spectroscopic studies confirmed an efficient Förster 

resonance energy transfer (FRET) process in these electrostatically bound all-QD based dyad 

assemblies. Detailed Stern-Volmer analysis elucidate the involvement of various components 

(static and dynamic components) associated with the PL quenching process of donor QDs. 

Finally, the solid-state studies enabled the distance-dependent temporal visualisation of the 

FRET process at a fixed donor-acceptor ratio, which ascertains the suitability of all-QD based 

assemblies for device level light-harvesting studies as well. In short, our work demonstrated 

that the greener InP and CIS based QDs could practically be alternative to traditional state-of-

the-art Cd and Pb based QDs, for energy transfer investigation in all-QD based donor-acceptor 

assemblies. The finding could pave the way forward to the creation of all-QD based 

multicomponent light harvesting systems for various optoelectronic applications, including 

photovoltaics and photocatalysis. 

 

Scheme 5.1 Schematics of electrostatically driven FRET process in dyad assemblies comprising of 

environmentally friendly blue, green, and red emitting InP/ZnS QDs and, red emitting CIS/ZnS QDs in 

water. (a) Dyad-I: [+] G-QD:::[+] R-QD; (b) dyad-II: [-] G-QD:::[+] RCIS-QD; (c) dyad-III: [-] B-

QD:::[+] G-QD; and (d) dyad-IV: [-] B-QD::: [+] R-QD donor:::acceptor systems. 
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5.3 Experimental Section 

Details of all synthesis procedures for blue, green, and red-emitting InP/ZnS QDs and red-

emitting CIS/ZnS QDs, the ligand exchange process of QDs, additional experimental methods, 

instrumental techniques, and formalism for the Förster resonance energy transfer (FRET) 

process were already discussed in Chapter 2. Water dispersed [-] B-InP/ZnS QDs, [-]/[+] G-

InP/ZnS QDs, [-]/[+] R-InP/ZnS QDs, and [-]/[+] R-CIS/ZnS QDs are termed as [-] B-QDs, [-

]/[+] G-QDs, [-]/[+] R-QDs, and [-]/[+] RCIS-QDs respectively, throughout the Chapter. 

5.3.1 Green-Red All-InP/ZnS QD based Donor-Acceptor Assembly: 

The energy transfer experiments were performed with positively charged green-emitting donor 

[+] G-InP/ZnS QD ([+] G-QD) and negatively charged red-emitting acceptor [-] R-InP/ZnS 

QD ([-] R-QD). In a typical energy transfer experiment, a 2.5 mL aqueous solution of donor 

[+] G-QDs was prepared such that the absorbance was ~0.025 at 452 nm (first excitonic peak), 

corresponding to a QD concentration of ~0.2 μM. Next, different aliquots of acceptor [-] R-

QDs were sequentially added (4 L of ~25 M) to the donor QD solution, and the spectral 

changes were monitored using Shimadzu UV-3600 Plus absorption spectrophotometer and 

Fluorolog-3 spectrofluorometer (HORIBA Scientific). The spectral information were collected 

by exciting the [+] G-QDs, [-] R-QDs, and [+] G-QD:::[-] R-QD donor:::acceptor assembly at 

400 nm. The corresponding lifetime experiments were carried out in a HORIBA Delta Flex 

Time-Correlated Single Photon Counting system using a 405 nm laser source. The 

photoluminescence decay was deconvoluted by using EZ software, and fitted with exponential 

decay, minimizing the ꭓ2 values. 

5.3.2 Green-Red All-QDs Assembly based on G-QD Donor and RCIS-

QD Acceptor: 

Here, the donor-acceptor energy transfer system was comprised of negatively charged green 

emitting donor [-] G-InP/ZnS QD ([-] G-QD) and positively charged red emitting acceptor [+] 

R-CIS/ZnS QD ([+] RCIS-QD). In a typical energy transfer experiment, different aliquots of 

acceptor [+] RCIS-QD were sequentially added (50 L of ~ 80 M) to donor [-] G-QD solution, 

and the spectral changes were monitored using Shimadzu UV-3600 Plus absorption 

spectrophotometer and Fluorolog-3 spectrofluorometer (HORIBA Scientific). The spectral 

information were collected by exciting the [-] G-QDs, [+] RCIS-QDs, and [-] G-QD:::[+] RCIS-
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QD donor:::acceptor assembly at 400 nm. The corresponding lifetime experiments were carried 

out in a HORIBA Delta Flex Time-Correlated Single Photon Counting system using a 405 nm 

laser source. The fluorescence decay was deconvoluted by using EZ software, and fitted with 

exponential decay, minimizing the ꭓ2 values. 

5.3.3 Blue-Green All-InP/ZnS QD based Donor-Acceptor Assembly: 

Light-induced energy transfer experiments were performed with [-] B-InP/ZnS QD ([-] B-QD) 

donors and [+] G-InP/ZnS QD ([+] G-QD) acceptors. In a typical energy transfer experiment, 

a 2.5 mL aqueous solution of [-] B-QDs was prepared such that the absorbance was ~0.05 at 

410 nm (first excitonic peak), which corresponds to a QD concentration of ~2 μM. Next, 

aliquots of acceptor [+] G-QD (15 L of ~10 M) were sequentially added to donor QD 

solution. The spectral changes were monitored using Shimadzu UV-3600 Plus absorption 

spectrophotometer and Fluorolog-3 spectrofluorometer (HORIBA Scientific). The 

photophysical studies were performed by exciting the [-] B-QDs, [+] G-QDs and [-] B-QD:::[+] 

G-QD nanohybrid assembly at 370 nm. The corresponding photoluminescence (PL) lifetime 

experiments were carried out in a HORIBA Delta Flex Time-Correlated Single Photon 

Counting system using a 370 nm laser source. The PL decay was analysed using EZ software, 

and fit with multiexponential kinetics, minimizing the ꭓ2 values. 

5.3.4 Blue-Red All-InP/ZnS QD based Donor-Acceptor Assembly: 

A similar procedure was adapted for blue-red all-InP/ZnS QD based donor-acceptor assembly, 

to investigate the energy transfer process. All the photophysical changes were monitored using 

Shimadzu UV-3600 Plus absorption spectrophotometer and Fluorolog-3 spectrofluorometer 

(HORIBA Scientific), and HORIBA Delta Flex Time-Correlated Single Photon Counting 

system with 370 nm excitation source. 

5.4 Results and Discussion 

5.4.1 Synthesis and Characterization of InP/ZnS QD: 

Our main objective was to demonstrate an efficient light-induced energy transfer process in all-

QD assembly at dyad level, comprising of environmentally friendly QDs. This requires the 

synthesis of different sizes of InP/ZnS QDs with desired band gaps and energy-level alignment, 
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along with the suitable surface functionalisation.24,26,48-52 Appropriate choice of indium (In) and 

phosphorous (P) precursors, along with optimised reaction conditions, allowed us to control 

the kinetics of nucleation and growth processes in InP/ZnS QDs synthesis.48-50 This led to the 

formation of stable and luminescent QDs with the desired size and color: the higher band gap 

blue emitting, moderate band gap green-emitting, and the lower band gap red-emitting InP/ZnS 

QDs, respectively (B-QDs, G-QDs, and R-QDs). Details on the synthesis were given in 

Chapter 2 and characterizations for blue emitting InP/ZnS QDs were already discussed in 

Chapter 3. Thus, in current Chapter, focus was given to the characterization of G-InP/ZnS 

QDs and R-InP/ZnS QDs. The green- and red-emitting InP/ZnS QDs exhibited first excitonic 

peaks at ~452 nm and ~570 nm, with their corresponding PL maxima at ~505 nm and ~600 

nm, respectively (Figure 5.4a,b). The emission linewidth (FWHM) was calculated to be 50 

nm and 49 nm for G-QD and R-QD, respectively. A detailed steady-state excitation energy, 

excitation power and temperature-dependent emission measurements were carried out to 

elucidate the underlying mechanism responsible for the evolution of the emission peak 

(Figures A5.2-A5.3). The absolute quantum yield (PL QYA) was estimated to be ~55 % and 

~12 % in CHCl3 for G-QDs and R-QDs, respectively (Figure A5.1a,b). Time-resolved 

emission studies showed multi-exponential PL lifetime decay kinetics for both the G-QDs and 

R-QDs, with an average lifetime of ~55 ns and ~40 ns, respectively (Figure A5.1c,d and Table 

A5.1). The band gaps and energy-level positions were estimated from a combination of cyclic 

voltammetry and absorption studies, which proves that the green- and red-emitting InP/ZnS 

QDs satisfy the required energy-level alignment for an efficient energy transfer process 

(Figures 5.5a and A5.4). The surfaces of G-QDs and R-QDs were functionalised with 

oppositely charged thiolated-ligands, to make electrostatically bound donor-acceptor 

assemblies in water (Figure 5.5c,d and Scheme A5.1). For this, the hydrophobic ligand shell 

of as-synthesized QDs was replaced with charged thiolated-ligands. Specifically, myristic acid 

ligands on G-QDs were place exchanged with cationic N,N,N-trimethyl(11-

mercaptoundecyl)ammonium chloride (TMA, [+]) ligands, while olylamine ligands on R-QDs 

were functionalised with anionic 6-mercaptohexanoic acid (MHA, [−]) ligands (Figure 

5.5c,d). The transfer of PL from the organic phase (chloroform) to the aqueous phase was the 

visual proof of the successful ligand exchange process and dispersion of QDs in water (Figure 

5.4e). Zeta potential (ζ) values of +37.7 ± 2.0 mV and −38.0 ± 1.6 mV for [+] G-QDs and [-] 

R-QDs, respectively, ascertains the successful functionalization of the respective charged 

ligands on the surface of QDs (Figure 5.4f).  



Chapter 5 

136 
 

 

Figure 5.4 Normalized UV-vis absorption and PL spectra of (a) G-QDs and (b) R-QDs, before and after 

the functionalization with [+] TMA and [-] MHA ligands. Inset shows the corresponding PL decay 

profiles of [+] G-QDs and [-] R-QDs, collected at 512 nm and 610 nm, respectively. Representative 

HRTEM images of (c) 3.3 ± 0.5 nm sized [+] G-QDs and (d) 4.2 ± 0.5 nm sized [-] R-QDs. (e) Optical 

photographs showing the transfer of QD’s PL from organic to aqueous phase, confirming the success 

of ligand-exchange reactions. (f) Representative zeta potential plots of [+] G-QDs and [-] R-QDs. 

All the photophysical properties of water-dispersed InP/ZnS QDs were well-preserved after 

ligand exchange with the charged ligands (Figure 5.4 and Table 5.1 and Tables A5.2). Notably, 

the [+] G-QDs and [-] R-QDs retained ~70 % and ~85 % of their PL QY, respectively, after the 

dispersion in water (Figure A5.1e,f). High-resolution transmission electron microscopy 

(HRTEM) studies confirmed the size and shape uniformity of [+] G-QDs (3.3 ± 0.5) and [-] R-

QDs (4.2 ± 0.5 nm) (Figure 5.4c,d and Figure A5.5 in Appendix Section). Further, both [+] 

G-QDs and [-] R-QDs preserved their zinc blend phase in water, as evident from the powder 

X-ray diffraction (PXRD) studies (Figure 5.5b). The diffraction peaks in PXRD shifted 

towards the ZnS planes, confirming the core-shell structure of [+] G-QDs and [-] R-QDs. Also, 

the extend of this shift in the diffraction peaks can be directly correlated with the ZnS shell 

thickness; wherein a comparatively thicker ZnS shell was formed around [+] G-QDs, which is 

essential for stabilizing small-sized QD nanocrystals. 
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Figure 5.5 Characterization of InP/ZnS QDs. (a) Relative band positions for G-QDs and R-QDs with 

respect to vacuum energy level, measured from a combination of cyclic voltammetry and absorption 

studies. (b) Powder X-ray diffraction (PXRD) patterns of [+] G-QDs and [-] R-QDs, respectively. 

Comparison of PXRD patterns of QDs with bulk InP (black) and bulk ZnS (orange) reference reveals 

the presence of zinc blend phase in both the QDs. A large shift in diffraction pattern for [+] G-QDs, 

towards the reference ZnS, indicates the presence of a thicker shell. FTIR spectra of (c) [+] G-QDs, and 

(d) [-] R-QDs. The presence of characteristics peaks from respective TMA and MHA ligands, 

confirming the success of ligand-exchange reactions. 

Table 5.1 PL decay analysis of [+] G-QDs and [-] R-QDs, in a time window of 800 ns. 

 

5.4.2 Synthesis and Characterization of CIS/ZnS QD: 

In effort to develop the dyad assembly based on different core material, environmentally 

friendly InP/ZnS QD and CIS/ZnS QD were selected as the donor and acceptor components, 

respectively. It is well known that the presence of strong interactions is essential to realize 

efficient light harvesting properties in donor-acceptor systems.13,24,50,52 Thus, electrostatic 
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forces were chosen as the tool to control the interaction between the donor-acceptor 

components in all-QD based FRET system. Accordingly, the organic ligands on the surfaces of 

QDs were replaced with anionic 11-mercaptoundecanoic acid ([-]) and cationic N,N,N-

trimethyl(11-mercaptoundecyl) ammonium chloride ([+]) ligands to yield water stable [-] G-

InP/ZnS QD and [+] RCIS-CIS/ZnS QD, respectively (Scheme A5.1). Details on the synthesis 

of QDs were given in the Chapter-2. Characterization of green emitting G-InP/ZnS QDs 

before and after the ligand exchange process have already been discussed Section-5.4.1 and in 

Appendix Section (Figures A5.1-A5.6 and Tables A5.1-A5.2). 

In case of CIS/ZnS QD, the success of place exchange reaction, along with the presence of [+] 

TMA ligands on CIS/ZnS QDs, were confirmed with standard analytical studies (Figure 5.6). 

The thiol groups of the bifunctional [+] ligands coordinated with the Zn2+ ions of the QD shell, 

and the ionic head groups provided the stability in aqueous medium. The as-synthesized QDs 

were thoroughly characterized using various spectroscopic and microscopic techniques 

(Figure 5.6 and Table A5.3). The steady-state and time-resolved spectroscopic experiments 

revealed negligible changes in the absorption (first excitonic peak) and photoluminescence 

(PL) properties of QDs upon place exchange reaction (Figures 5.6a,b). Remarkably, ~85 % of 

PL was retained for water stable [+] RCIS-QDs, after the place exchange reaction (inset of 

Figure 5.6a). Likewise, the powder X-ray diffraction studies confirm the retention of 

chalcopyrite crystal structures for [+] RCIS-QDs (Figure 5.6d).53 Transmission electron 

microscopy (TEM) studies confirmed the formation of uniform QDs, with an average diameter 

of 3.7 ± 0.3 nm for [+] RCIS-QD (Figure 5.6c). Furthermore, zeta potential studies validated 

the presence of cationic groups on the surface of [+] RCIS-QDs (+61.8 ± 1.9 mV) (Figure 5.6f). 
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Figure 5.6 Spectroscopic and microscopic characterization of CIS/ZnS QDs. (a) Normalized UV-vis 

absorption, PL spectra, and (b) PL decay profile of CIS/ZnS QDs, before and after the functionalization 

with [+] TMA ligands. Inset of (a) shows the corresponding unnormalized PL spectra. Approximately 

∼85% of the PL QY is retained in [+] CIS/ZnS QDs after place exchange process. (c) Representative 

HRTEM image and (d) power x-ray diffraction spectrum of 3.7 ± 0.3 nm sized [+] CIS/ZnS QD. (e) 

FTIR spectra of [+] TMA ligand (black) and [+] TMA capped CIS/ZnS QD (red). The absence of 

characteristics S-H stretching frequency confirm that sulphur is the binding site to QD. (f) 

Representative zeta potential plots of [+] RCIS-QDs. 

5.4.3 Light Induced Resonance Energy Transfer Studies: 

5.4.3.1 Dyad – 1: [+] G-QD:::[-] R-QD Donor:::Acceptor Assembly 

Light-induced energy transfer process between [+] G-QDs and [-] R-QDs was investigated 

using steady-state and time-resolved PL quenching experiments. A large spectral overlap 

integral (J(λ)) = (~1.72 × 1015 M–1 cm–1 nm4) between the PL of [+] G-QDs and the absorption 

of [-] R-QDs suggests that the two QDs can form an appropriate donor–acceptor pair for 

resonance energy transfer studies (Figure 5.7a).6-7 Proximity and strong electronic coupling 

between donor and acceptor moieties are essential to realise an efficient resonance energy 

transfer process.7,13 The favourable electrostatic interaction between the oppositely charged 

QDs will ensure a strong complexation in [+] G-QD:::[-] R-QD donor:::acceptor system 

(Scheme 5.2).  



Chapter 5 

140 
 

  

Scheme 5.2 Schematics of electrostatically regulated FRET in all-QD based light-harvesting system 

containing [+] G-QD and [-] R-QD as donor and acceptor, respectively. 

In a typical PL quenching experiment, different aliquots (4 μL of ~25 μM stock solution) of 

acceptor [-] R-QDs were sequentially added to a solution of [+] G-QDs (~0.2 μM) (Figure 

5.7). The absorption study shows an increase in the scattering component at higher wavelength 

region (600-800 nm), with increase in the acceptor QD concentration, indicating a strong 

aggregation process between the oppositely charged QDs (Figures 5.7b and A5.7). The 

electrostatically bonded FRET assemblies (1:2 molar ratio of [+] G-QD:::[-] R-QD 

donor:::acceptor system) retained their colloidal stability for at least 6 h, without settling down 

(Figure A5.7 in Appendix Section). This time window was enough to complete all the 

photophysical experiments. A gradual decrease in the PL corresponding to the donor [+] G-QD 

was observed, along with a concomitant enhancement in the PL at ~610 nm corresponding to 

the acceptor [-] R-QD (Figure 5.7c). This indicates the involvement of an energy transfer 

process from [+] G-QD to [-] R-QD. The PL quenching efficiency was estimated to be ~92 % 

(E = 1 − I/I0, where I0 and I are the PL intensities of donor QDs in absence and presence of 

acceptor QDs, respectively).7 Figure 5.7d shows that the relative PL of donor [+] G-QD, and 

the PL quenching efficiency saturated after the addition of ~0.4 μM of [-] R-QDs. Further, a 

non-linear Stern-Volmer plot (I0/I vs acceptor QD concentration) confirms the involvement of 

both static as well as dynamic components in the PL quenching of [+] G-QDs by [-] R-QDs 

(Figures 5.7e and A5.8). 

One of the biggest challenges in studying the light-induced processes in all QD-based donor-

acceptor systems is to achieve a selective excitation of the donor QD in the presence of the 

acceptor QD. Owing to the broad absorption of QDs, it is inevitable to overcome the direct 

excitation of acceptor QDs during the energy transfer studies in an all-QD based donor-acceptor 

system. As a result, there will be interference of the residual PL from the direct excitation of 
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the acceptor QD in the PL quenching studies. Having said that, there are certain experiments 

that can be performed to confirm that the PL enhancement seen in the acceptor QD in an all-

QD based donor-acceptor system is due to the energy transfer process. One of them is to 

compare the PL intensities of the acceptor QDs in all-QD based donor-acceptor system vs only-

acceptor QD solution, under the same excitation wavelength and acceptor concentration. In the 

present study, the PL intensity of the acceptor QDs in [+] G-QD:::[−] R-QD donor:::acceptor 

complex was higher than that obtained from the direct excitation of only [-] R-QDs (~0.4 μM) 

(blue spectrum in Figure 5.7c). Another approach is to perform a reverse addition experiment 

by adding donor QDs to a fixed concentration of acceptor QDs (Figure 5.7f). In a typical 

experiment, the PL of acceptor [-] R-QDs (~0.4 µM) was monitored upon the successive 

addition of donor [+] G-QDs (0.5 µL of ~20 µM stock solution). A steady increase in the PL 

intensity of [-] R-QDs was observed in the presence of donor [+] G-QDs, which saturated after 

~0.03 μM of donor QDs (~2 times PL enhancement was observed) (Figure 5.7f). Along with 

the above two control experiments, the photoluminescence excitation (PLE) studies also 

confirm the involvement of a light-induced energy transfer process from [+] G-QDs to [-] R-

QDs (Figure 5.8). 

As in steady-state experiments, the time-resolved studies too revealed a clear quenching in the 

PL decay kinetics of the donor [+] G-QDs in the presence of acceptor [-] R-QDs (Figure 5.9a). 

The average PL lifetime of donor [+] G-QDs decreased from ~75 ns to ~30 ns (collected at 512 

nm) in the presence of ~0.4 μM acceptor [-] R-QDs, corresponding to a quenching efficiency 

of ~60 % (E = 1 − τ/τ0, where τ0 and τ are the lifetime of donor QDs in absence and presence 

of acceptor QDs, respectively) (Table 5.2). Along with this, a ~50 % enhancement in the PL 

lifetime of acceptor [-] R-QDs was observed (~40 ns to ~60 ns) (Figure 5.9b), which 

unambiguously confirms the energy transfer process from [+] G-QDs to [-] R-QDs. As per the 

exciton-exciton interaction model, the energy transfer-mediated exciton generation rate in 

acceptor QDs will exceed the carrier recombination rate, resulting in an increase in the PL 

lifetime of acceptor QDs.52 Further, a linear Stern-Volmer plot was obtained from the time-

resolved PL studies  proving the involvement of dynamic quenching process in [+] G-QD:::[-] 

R-QD donor:::acceptor system (Figures 5.9c and A5.9, and Table A5.4).7 Static and dynamic 

quenching constants were estimated to be ~1.8 x 107 M-1 and ~2.8 x 106 M-1, respectively. 

Further, a high bimolecular quenching constant (~3.8 x 1013 M-1 s-1) confirms a strong ground 

state interaction between the oppositely charged donor [+] G-QDs and acceptor [-] R-QDs.7,13 
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Figure 5.7 Steady-state energy-transfer studies in [+] G-QD:::[-] R-QD donor:::acceptor system. (a) 

The spectral overlap integral between the PL of [+] G-QDs and absorbance of [-] R-QDs. (b) The steady-

state UV-vis absorption and (c) PL spectral changes upon successive addition of acceptor [-] R-QDs to 

~0.2 μM of donor [+] G-QDs. The blue trace shows the residual PL from the direct excitation of [-] R-

QDs (~0.4 μM). (d) A plot showing the saturation in the relative PL of donor [+] G-QDs and PL 

quenching efficiency (1-I/I0), after the addition of ~0.4 μM of acceptor [-] R-QDs. (e) A non-linear 

Stern-Volmer plot was constructed from the relative PL of donor [+] G-QDs vs concentration of 

acceptor [-] R-QDs. (f) Reverse addition experiment: A gradual enhancement in the PL of acceptor [-] 

R-QDs was observed, upon increasing the concentration of the donor [+] G-QDs. Inset shows the 

corresponding enhancement in the PL color of acceptor [-] R-QDs. The excitation wavelength was 400 

nm in all these studies. 
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Figure 5.8 Photoluminescence excitation (PLE) study in [+] G-QD:::[-] R-QD donor:::acceptor 

complex. (a) The PLE spectra of donor [+] G-QDs in absence (olive-green) and presence (orange) of 

acceptor [-] R-QDs, collected at 512 nm. (b) The PLE spectra of acceptor [-] R-QDs in absence (red) 

and presence (orange) of [+] G-QDs, collected at 650 nm. 

Next, temperature-dependent PL lifetime studies were performed to prove the energy transfer 

process in [+] G-QD:::[-] R-QD donor:::acceptor assembly. In general, the PL lifetime of 

fluorophores increases as the temperature is lowered, because of the suppression of the phonon 

vibrations.51-52 In contrast, an energy transfer process via the FRET mechanism can be 

independent of the temperature at a specific donor-acceptor distance, as it is a dipole-dipole 

mediated non-radiative resonance energy transfer process.51-52 In our system too, a continuous 

increase in the PL lifetime of donor [+] G-QDs was observed in absence and presence of 

acceptor [-] R-QDs, as the temperature was dropped from 318 K to 268 K (Figure A5.10 and 

Table A5.5). However, there was a negligible change in the efficiency of the PL lifetime 

quenching as a function of temperature (Figure 5.9d and Table A5.5), which definitely 

overrules the involvement of an electron transfer process. Thus, the PL lifetime studies prove 

that an efficient FRET process is occurring from the donor [+] G-QDs to the acceptor [-] R-

QDs. Accordingly, all the energy transfer parameters were estimated using the FRET formalism 

as summarised in Figure 5.9e. The rate of the energy transfer in [+] G-QD:::[-] R-QD 

donor:::acceptor system was calculated to be ~1.02 x 107 s-1, which is comparable to some of 

the best FRET pairs developed based on QDs (Table A5.6).22 Further, control experiments with 

similarly charged InP/ZnS QDs ([-] G-QDs and [-] R-QDs) proved the necessity of electrostatic 

attractions in achieving an efficient FRET in [+] G-QD:::[-] R-QD donor:::acceptor system 

(Figures A5.11-A5.12 and Table A5.7). Even though the PL quenching could happen because 

of an electron transfer process, all the steady-state and time-resolved experiments conclusively 

prove that energy transfer via the FRET mechanism is the main process operating in [+] G-

QD:::[-] R-QD donor:::acceptor assembly. 
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Figure 5.9 Time-resolved FRET studies in [+] G-QD:::[-] R-QD donor:::acceptor system. (a) PL decay 

profiles of [+] G-QDs in absence and presence of ~0.4 μM of acceptor [-] R-QDs. The excitation 

wavelength was 405 nm, and the PL was collected at 512 nm corresponding to the emission of donor 

QDs. (b) Corresponding PL decay profiles of acceptor [-] R-QDs in absence and presence of donor [+] 

G-QDs. The excitation wavelength was 405 nm, and the PL was collected at 650 nm corresponding to 

the emission of acceptor QDs. (c) A Stern–Volmer plot constructed from the relative PL lifetime of 

donor [+] G-QDs vs concentration of acceptor [-] R-QDs. (d) Temperature change had a negligible 

influence on the PL quenching efficiency, confirming that the energy transfer process follows the FRET 

mechanism. (e) Summary of various energy transfer parameters calculated based on the FRET 

formalism: the spectral overlap integral [J(λ)]; Förster radius (R0); FRET efficiency (E); rate of energy 

transfer (kT), dynamic quenching constant (KD), and bimolecular quenching constant (kq). 

Table 5.2 PL decay analysis of donor [+] G-QDs, acceptor [-] R-QDs and [+] G-QD:::[-] R-QD 

donor:::acceptor complex, in a time window of 800 ns. The PL decay was collected at 512 nm and 650 

nm for donor and acceptor QDs, respectively. 

 

It is important to demonstrate the FRET in solid-state as well, to prove the suitability of [+] G-

QD:::[-] R-QD donor:::acceptor assembly for device level studies. In one example, FRET 

studies were performed in thin agarose film of InP/ZnS QD based donor-acceptor complex. 

Agarose films of only-donor, only-acceptor, and donor-acceptor complex were prepared 

according to the previously reported procedures.26,45 PL maxima of [+] G-QDs and [-] R-QDs 
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were retained in only-donor and only-acceptor agarose films, proving negligible intra-QD 

interactions. On the other hand, a drastic quenching in the PL of donor [+] G-QDs was observed 

in the agarose film containing [+] G-QD:::[-] R-QD donor:::acceptor complex (Figure 5.10a). 

The PL lifetime of [+] G-QDs decreased from 53 ns to 14 ns in [+] G-QD:::[-] R-QD 

donor:::acceptor complex agarose film, confirming an efficient energy transfer process (~75 

%) (Figure 5.10b and Table 5.3). The higher energy transfer efficiency in the agarose film, 

compared to the aqueous medium, can be attributed to the better dipole-dipole interaction 

between the closely spaced donor-acceptor pairs in the agarose film. 

Finally, the process of FRET in [+] G-QD:::[-] R-QD donor:::acceptor complex was visualized 

in a temporal fashion at a constant donor-acceptor ratio, using the droplet evaporation method.  

Droplets of only-donor, only-acceptor, and donor-acceptor complex were placed on Teflon-

coated glass slides, and their respective PL colours were monitored as a function of droplet 

evaporation. The drying had a negligible effect on the PL colour of only-donor and only-

acceptor samples, which once again confirms minimal intra-QD interactions in the solid-state 

(first and last rows in Figure 5.10c). On the contrary, the PL colour of the donor-acceptor 

droplet gradually shifted towards the acceptor PL colour as a function of drying, and the same 

trend was observed in droplets made with different donor-acceptor ratios (middle rows in 

Figure 5.10c). This observation can be explained based on the FRET formalism as follows. 

Initially, the droplet showed a mixed PL color corresponding to the physical mixture of donor 

and acceptor QDs. As the droplet evaporation proceeds, the distance between donor and 

acceptor QDs decreases. This will enable a better dipole-dipole interaction between QDs in the 

dried-state, leading to a significant enhancement in the FRET efficiency (E α 1/r6, where r is 

the donor-acceptor distance).40 Similarly, in a separate study, donor-acceptor droplet showed 

drying assisted enhancement in FRET process, when monitored under confocal microscope 

(Figure 5.11). Thus, along with proving the suitability of InP/ZnS QD based donor-acceptor 

complex for solid-state applications, the droplet evaporation studies helped in visualising the 

distance-dependent nature of the FRET process in [+] G-QD:::[-] R-QD nanohybrid system as 

well. 
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Figure 5.10 FRET process in solid-state. (a) Steady-state and (b) time-resolved PL spectra of donor [+] 

G-QDs, in agarose film, in absence and presence of [-] R-QDs. (c) Optical photographs showing the 

temporal variation in the PL as a function of drying: PL images of only-donor [+] G-QDs (bottom row) 

and only-acceptor [-] R-QDs (top row). Middle rows show the temporal changes in the PL of [+] G-

QD:::[-] R-QD mixture, containing different donor: acceptor ratios. First and third columns correspond 

to QD samples in liquid-state (droplet, at 0 h) and dried-state (film, after ~12 h), respectively. 

Table 5.3 PL decay analysis of donor [+] G-QDs and [+] G-QD:::[-] R-QD donor:::acceptor complex 

in agarose film, collected at 512 nm, in a time window of 800 ns. 
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Figure 5.11 Real-time monitoring of the FRET process under a confocal microscope. (a) The confocal 

luminescence image at different time-frames summarises the influence of the drying event on the energy 

transfer in [+] G-QD:::[-] R-QD donor::: acceptor complex. The droplet began to solidify after 150 s 

and dried off within 700 s. Here, the process of drying began at the periphery and moved towards the 

centre of the droplet, which could be attributed to the coffee-ring effect. The appearance of red emission 

as a function of evaporation signifies the enhancement in the efficiency of the FRET process in the [+] 

G-QD:::[-] R-QD donor:::acceptor mixture. (b) The contour plot summarises the real-time PL 

information as a function of drying event. There was a decrease in the PL intensity of donor [+] G-QD 

as a function of drying, along with an enhancement in the PL intensity in [-] R-QD. 

Thus, a light-induced resonance energy transfer process was demonstrated in an all-InP QD 

based donor-acceptor assembly ([+] G-QD:::[-] R-QD) in water. The strong electrostatic 

attraction between the oppositely charged donor [+] G-QDs and acceptor [-] R-QDs turned out 

to be decisive in achieving an efficient FRET process. Steady-state and time-resolved 

spectroscopic studies revealed the involvement of both static and dynamic components in the 

PL quenching of donor [+] G-QD by acceptor [-] R-QDs. The rate of energy transfer in 

electrostatically bound [+] G-QD:::[-] R-QD donor:::acceptor system was calculated to be 

~1.02 x 107 s-1, which is comparable to some of the best FRET pairs developed based on QDs. 

Further, the solid-state studies helped in visualising the distance-dependent nature of the FRET 

process in the electrostatically bound [+] G-QD:::[-] R-QD donor:::acceptor system. Our study 

probably would be the first demonstration of an electrostatically-driven light-induced energy 

transfer process in an all-QD assembly containing environmentally friendly InP QDs, as the 

donor as well as the acceptor. A future target could be the design of a library of donor-acceptor 

systems based on environmentally friendly QDs and also expanding the concept among QDs 

with different core materials. 
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5.4.3.2 Dyad – 2: [-] G-QD:::[+] RCIS-QD Donor:::Acceptor Assembly 

For FRET studies in all-QD nanohybrid system based on different core materials, ~515 nm 

emitting negatively charged [-] G-QD was chosen as the energy donor and ~630 nm emitting 

positively charged [+] RCIS-QD was selected as the acceptor (Scheme 5.3).  

 

Scheme 5.3 Schematic representation of electrostatically driven FRET from donor [-] G-QD to acceptor 

[+] RCIS-QD. 

A strong spectral overlap between the PL of [-] G-QD and absorption of [+] RCIS-QD suggested 

that these QDs can form a good donor-acceptor pair for resonance energy transfer process 

(Figure A5.13a). Spectral overlap integral value was estimated to be ~1.46 × 1015 M-1cm-

1nm4.7 Systematic energy transfer studies were performed by monitoring the PL of [-] G-

QD:::[+] RCIS-QD donor-acceptor complex in water, at the excitation wavelength of 400 nm 

(Figure 5.12). Small aliquots of [+] RCIS-QD (50 µL of ~80 µM) were added to a 3 mL solution 

of 0.6 µM [-] G-QD, under argon atmosphere. Figure A5.13b shows the variation in the 

absorption spectrum of [-] G-QD in the presence of varying concentrations of acceptor [+] 

RCIS-QD. A steady decrease in the PL of [-] G-QD was observed in the presence of acceptor 

[+] RCIS-QD, along with a concomitant appearance of a new band at ~630 nm corresponding 

to the PL of [+] RCIS-QD (Figure 5.12a). A non-linear Stern-Volmer plot confirmed the 

involvement of both static and dynamic components in the PL quenching of [-] G-QD:::[+] 

RCIS-QD donor-acceptor complex (inset of Figure 5.12a and Figure A5.13c,d).7-8,13 Likewise, 

a large bimolecular quenching constant of ~1.38  1012 M-1s-1 confirmed a strong ground state 

interaction between the oppositely charged donor and acceptor QDs.7-8,13 The PL quenching 

efficiency from steady-state experiments was estimated to be ~75 % (E = 1- I/I0; where I and 

I0 are the donor PL intensity in presence and absence of acceptor QDs). The relative PL of [-] 

G-QD and quenching efficiency got saturated upon the addition of ~14 µM of [+] RCIS-QD 

(Figure 5.12b). Owing to the broad absorption of QDs, a selective excitation of donor [-] G-
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QD is not possible in an all-QD nanohybrid, and this can strongly interfere with the estimation 

of the PL quenching process. However, a direct excitation of ~14 µM of [+] RCIS-QDs, at 400 

nm, exhibited lower PL intensity compared to that in the [-] InP/ZnS:::[+] RCIS-QD complex 

(black spectra in Figure 5.12a). This indicates that the PL quenching in all-QD complex was 

predominantly due to an efficient resonance energy transfer from [-] G-QD to [+] RCIS-QDs. A 

close agreement of excitation spectra with the steady-state PL of [-] G-QD:::[+] RCIS-QD 

complex further directs towards an efficient energy transfer process (Figure A5.14). 

Detailed time-resolved spectroscopic studies were performed to ascertain the mechanism of PL 

quenching in [-] G-QD:::[+] RCIS-QD complex. Time-correlated single photon counting 

(TCSPC) studies revealed a clear quenching in the PL decay of [-] G-QD (collected at 515 nm) 

in the presence of [+] RCIS-QDs. The average lifetime of [-] G-QD decreased from ~54 ns to 

~23 ns in the presence of ~14 μM of [+] RCIS-QDs (Figure 5.12c and Table 5.4). The efficiency 

of PL quenching from lifetime studies was estimated to be ~60 % (E = 1- τ/τ0; where τ and τ0 

are the average lifetimes of the donor in presence and absence of acceptor). Consequently, the 

rate of PL quenching due to FRET was calculated to be 3.45  107 s-1. Interestingly, the average 

PL lifetime of acceptor [+] RCIS-QD (collected at 631 nm) increased from ~92 ns to ~118 ns in 

the all-QD donor-acceptor complex (Figure 5.12d and Table 5.4). The increase in acceptor 

lifetime is usually considered as a conclusive proof for the resonance energy transfer process, 

and can be explained based on the exciton-exciton interaction model in QD-QD FRET pair.51 

As per this model, the rate of exciton generation due to nonradiative energy transfer will 

essentially exceed the carrier recombination rate in acceptor QDs, thereby leading to an 

increase in its PL lifetime.51 Thus, the time-resolved spectroscopic studies confirmed an 

efficient resonance energy transfer process from donor [-] G-QD to acceptor [+] RCIS-QD in 

the all-QD complex. The various parameters related to the resonance energy transfer process 

in [-] G-QD:::[+] RCIS-QD donor-acceptor complex are summarized in Table 5.5. 

Another prominent way to prove the energy transfer process is to perform temperature 

dependent time-resolved PL studies.51 As per the literature, a steady decrease in temperature 

will essentially inhibit the nonradiative recombination channels, because of the suppression of 

phonon vibrations.52 Consequently, the lifetime of donor QD will steadily increase with a 

decrease in the temperature. Whereas, FRET is a nonradiative process and independent of 

temperature, at a given donor-acceptor distance.50,51 Accordingly, the PL lifetime of donor [-] 

G-QD was monitored in the absence and presence of [+] RCIS-QD by systematically varying 

the temperature from 298 K to 268 K (Figure 5.12e and Table A5.8). A steady and uniform 
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increase in the lifetime of [-] G-QD was observed as a function of decrease in temperature (both 

in the absence and presence of [+] RCIS-QD). However, negligible changes were observed in 

the PL quenching efficiency in [-] G-QD:::[+] RCIS-QD complex throughout the different 

temperatures studied (Figure 5.12f and Table A5.8). Thus, the temperature dependent lifetime 

experiments conclusively prove the prominent role of a non-radiative energy transfer process 

in [-] G-QD:::[+] RCIS-QD complex. 

 

Figure 5.12 Steady-state and time-resolved PL quenching studies in [-] G-QD:::[+] RCIS-QD complex. 

(a) Spectral changes in the PL of the [-] G-QD upon the addition of varying concentrations of [+] RCIS-

QD. The inset shows the corresponding Stern-Volmer plot. (b) A plot showing the saturation in the 

relative PL of donor [-] G-QD and PL quenching efficiency, as a function of acceptor [+] RCIS-QD 

concentration. (c) PL decay profiles of donor [-] G-QD in the absence and presence of acceptor [+] RCIS-

QD, collected at 515 nm. (d) PL decay profiles of acceptor [+] RCIS-QD in the absence and presence of 

donor [-] G-QD, collected at 631 nm. (e,f) Temperature dependent PL quenching experiments. (e) 

Variation in the PL lifetime of [-] G-QD in the absence (black) and presence (red) of [+] RCIS-QD, as a 
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function of temperature. (f) A plot showing negligible variation in the FRET efficiency in [-] G-QD:::[+] 

RCIS-QD complex, as a function of temperature. 

Next, we investigated the mode of interaction between the donor and the acceptor QDs, which 

led to an efficient FRET in [-] G-QD:::[+] RCIS-QD complex. Presence of opposite surface 

charges on donor and acceptor QDs points towards a strong electrostatic interaction between 

the two QDs. Control experiments were performed with similarly charged QDs to prove the 

potency of electrostatics in driving an efficient FRET in all-QD based donor-acceptor system 

(Figure 5.13). For instance, systematic energy transfer experiments were performed with [+] 

G-QD as the donor and [+] RCIS-QD as the acceptor (Figure 5.13b). Furthermore, negligible 

changes in the PL decay of donor and acceptor QDs confirmed weak interaction between [+] 

G-QD and [+] RCIS-QDs [(Inset of Figure 5.13b) and Figure A5.15c and Table A5.9). A similar 

result was obtained with [-] G-QD and [-] RCIS-QDs as the donor-acceptor pair (Figures 5.13a,c 

and A5.15b,d and Table A5.10), thereby proving the necessity of opposite surface charges in 

achieving an efficient energy transfer in all-QD based donor-acceptor system. 

Table 5.4 PL decay analysis of donor [-] G-QDs, acceptor [+] RCIS-QDs and [-] G-QD:::[+] RCIS-QD 

donor:::acceptor complex, in a time window of 800 ns. The PL decay was collected at 515 nm and 630 

nm for donor and acceptor QDs, respectively. 

 

Table 5.5 Resonance energy transfer parameters for [-] G-QD:::[+] RCIS-QD complex in water. 
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Figure 5.13 Proof of electrostatically driven FRET. (a) Schematic representation of negligible 

resonance energy transfer between similarly charged [+] G-QD:::[+] RCIS-QD and [-] G-QD:::[-] RCIS-

QD assembly. (b) Steady-state PL spectra of [+] G-QD in varying concentrations of [+] RCIS-QD. Inset 

show the PL decay profiles of [+] G-QDs in absence (olive) and presence (red) of [+] RCIS-QDs, 

collected at 512 nm. (c) Steady-state PL spectra of [-] G-QD in varying concentrations of [-] RCIS-QD. 

Inset show the PL decay profiles of [-] G-QDs in absence (olive) and presence (red) of [-] RCIS-QDs, 

collected at 515 nm.  

Finally, the process of FRET in [-] G-QD:::[+] RCIS-QD complex was demonstrated in a 

temporal fashion in the solid state. For this, a solution of [-] G-QD:::[+] RCIS-QD complex was 

dropped on a glass slide, followed by monitoring the PL as a function of drying (Figure 5.14a). 

In the initial stages, the PL of the drop was yellow colored due to the mixing of green and red 

emitting QDs, indicating negligible photophysical interaction between the donor and acceptor 

QDs ((ii) and (iii) in Figure 5.14a). As the drying proceeded, the PL color of the drop changed 

from yellow (at t = 0 h) to orange (at t~2 h), and finally to deep-red (at t~7 h). The temporal 

changes in the PL color of the drop as a function of drying can be explained as follows. The 

process of FRET is extremely sensitive to the variation in the distance between the donor and 

acceptor components (EFRET α 1/r6; r is the donor-acceptor distance).6,7 With a steady 

evaporation of the solvent, the distance between the donor and acceptor QDs will gradually 

decrease leading to an increase in the FRET efficiency.7 Thus, the temporal shifts in the PL 

color observed from donor PL (yellow) towards acceptor PL (deep red) once again confirm the 

involvement of efficient FRET in [-] G-QD:::[+] RCIS-QD complex. Furthermore, the efficiency 

of energy transfer in the solid state was appreciably higher than that in the solution state. For 

instance, the ratio of acceptor to donor emission intensity (I[+] R{CIS}-QD / I[-] G-QD) was ~ 5.5 

times higher in the solid state, compared to that in the solution state (Figure 5.14b). The effect 

of drying (and hence aggregation) on the PL color change was overruled by performing control 

experiments with donor G-QD and acceptor RCIS-QDs, separately [(i) and (iv) in Figure 5.14a). 

After complete drying, the individual thin films of donor and acceptor QDs retained their 

inherent green and red PL colors, respectively [(i) and (iv) in Figure 5.14a). Thus, we were 

successful in realizing a temporal evolution of an efficient FRET process in [-] G-QD:::[+] 
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RCIS-QD complex in the solid state as well, which can be a useful information for future device 

level applications. 

 

Figure 5.14 a) Temporal FRET studies in the solid state. True-color PL images of (i) [-] G-QD, (ii & 

iii) [-] G-QD:::[+] RCIS-QD donor-acceptor complex, and (iv) [+] RCIS-QD, as a function of solvent 

drying. First (at ~0 h) and third columns (at ~7 h) in all panels correspond to liquid drop and thin films, 

respectively. Kindly note that the solvent completely evaporated to form a stable solid film at the end 

of ~7 h of drying. The donor-acceptor distance decreases with respect to time, because of solvent 

evaporation (from left to right). All the PL images were collected under ~364 nm irradiation. (b) The 

corresponding PL spectra of [-] G-QD:::[+] RCIS-QD complex in solution (black) and solid state (red) 

normalized with respect to the isobestic point of donor-acceptor transition. 

As a conclusion of this section, we have demonstrated an electrostatically regulated resonance 

energy transfer in an all-QD based donor-acceptor complex in water, comprising of 

environmentally friendly QDs of different core materials. Appropriate surface 

functionalization resulted in the formation of water-stable G-QD and RCIS-QD, with opposite 

surface charges. Detailed steady-state and time-resolved PL quenching experiments revealed 

an efficient nonradiative resonance energy transfer from [-] G-QD to [+] RCIS-QD, in the all-

QD based donor-acceptor complex. A non-linear Stern-Volmer plot confirms the involvement 

of both static and dynamic components in the PL quenching of donor [-] G-QD. The 

electrostatic attraction between the oppositely charged QDs resulted in a high bimolecular 

quenching constant (~1.38 x 1012 M-1s-1), which further confirms a strong ground state 

interaction between the donor and acceptor QDs. Negligible variations in the PL quenching 

efficiency in [-] G-QD:::[+] RCIS-QD complex, as a function of temperature, confirmed the 

process of FRET in the all-QD based donor-acceptor system. Finally, the process of FRET in 

[-] G-QD:::[+] RCIS-QD complex was successfully translated into solid state, in a temporal 

fashion. Thus, the demonstration of interaction driven resonance energy transfer between two 

environmentally friendly QDs is fundamentally intriguing, and such QD-QD based donor-
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acceptor systems can have far reaching applications in the areas of biophysics as well as light 

harvesting devices. 

 

5.4.3.3 Dyad – 3: [-] B-QD:::[+] G-QD Donor:::Acceptor Assembly 

The concept of quantum confinement effect can be explored to prepare QDs that can emit in 

the entire blue-to-red regions of the visible-spectrum, thereby enabling a large color gamut in 

the energy transfer process.48-50 However, the lack of availability of stable and luminescent 

blue-emitting QDs has been a roadblock to expand the energy transfer studies in the blue region 

with all-QD based donor-acceptor systems. The successful generation of stable and highly 

luminescent pure-blue emitting InP/ZnS QDs, and further, demonstration an efficient Förster 

resonance energy transfer (FRET) process in model QD-dye system (in Chapter – 3), paved 

the way for possibility of developing all-QD based donor-acceptor systems containing this new 

class of pure-blue emitting InP QDs as donor.50 These pure-blue emitting InP QDs have been 

used in the present work to develop an all-environmentally friendly QD based donor-acceptor 

system comprising blue-emitting QDs for efficient energy transfer studies. Thus, the all-

environmentally friendly QD based light harvesting system consists of electrostatically 

assembled [-] B-InP/ZnS:::[+] G-InP/ZnS QD donor:::acceptor system (Scheme 5.4). 

 

Scheme 5.4 Schematic representation of a FRET process in an electrostatically assembled all-QD based 

donor-acceptor system containing blue- and green-emitting InP QDs. 

A large spectral overlap integral (J(λ) = (∼3.16 × 1015 M–1 cm–1 nm4) between the PL of [-] B-

QDs and absorption of [+] G-QDs indicates that [-] B-QD:::[+] G-QD can form a good 

donor:::acceptor pair for resonance energy transfer studies (Figure 5.15a).6-13 Moreover, the 

presence of opposite charges on the surface of [-] B-QDs and [+] G-QDs will ensure a strong 

electrostatic attraction between the two QDs in water, leading to the formation of all-InP/ZnS 
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QD based nanohybrid assembly (Scheme 5.4). As a result, the [-] B-QDs donors and [+] G-

QDs acceptors will be closely spaced, which is essential for achieving an efficient resonance 

energy transfer process. In a typical energy transfer experiment, different aliquots of acceptor 

[+] G-QDs (15 L of ~10 M) were added to a solution of [-] B-QDs (~2 μM) and the 

subsequent spectral changes were monitored (Figures 5.15 and A5.16-A5.17). UV-vis 

absorption studies show the development of a scattering component ~800 nm with increase in 

the addition of acceptor [+] G-QDs, which indicates a strong electrostatic aggregation between 

the oppositely charged InP/ZnS QDs (Figure 5.15b). Also, a visual signature of aggregation 

was observed in the form of slight turbidity. The size of the electrostatic assembly increased as 

the concentration of the acceptor [+] G-QD was increased, and thus, the scattering component 

and the turbidity increased as well (Figure A5.16b). The absorption changes were 

accompanied by a gradual decrease in the PL of [-] B-QDs, with a concomitant increase in the 

PL signal at ~512 nm corresponding to the acceptor [+] G-QDs (Figure 5.15c). The PL 

intensity obtained by the direct excitation of a solution containing only ~0.52 M of acceptor 

[+] G-QDs was lower than its emission in the [-] B-QD:::[+] G-QD donor:::acceptor assembly 

(~40 % PL enhancement), indicating the energy transfer process (Figures 5.15c and A5.17). 

The PL quenching efficiency was estimated to be ~75 % (E = 1 − I/I0, where I0 and I are the 

PL intensities of donor [-] B-QDs in the absence and presence of the acceptor [+] G-QDs, 

respectively). This signifies that ~75 % of the exciton energy of donor QDs was transferred to 

acceptor QDs. 

There is a strong overlap between the emission cross-sections of [-] B-QDs and [+] G-QDs, 

which can influence the PL quenching efficiency of donor [-] B-QDs and as well as the PL 

enhancement of acceptor [+] G-QDs calculated from Figure 5.15c. Hence, the PL of [-] B-QDs 

was deconvoluted using Fityk software as shown in Figures 5.15d and A5.17, which gave a 

PL quenching efficiency of ~75 %. More insights in the PL quenching process in [-] B-QD:::[+] 

G-QD donor:::acceptor assembly was obtained by constructing the Stern-Volmer plot (Figure 

5.15e). The non-linear nature of the Stern-Volmer plot (I0/I vs acceptor concentration) confirms 

the involvement of both static and dynamic components in the PL quenching of donor [-] B-

QDs by acceptor [+] G-QDs (Figure 5.15e). This was further confirmed by the linear fit 

obtained in the quadratic Stern-Volmer plot (Kapp vs acceptor concentration. Kapp = (KS + KD) 

+ KSKD[Q]) (Figure 5.15f). The contribution of static and dynamic components were 

quantified by combing the Stern-Volmer plots obtained from steady-state and time-resolved PL 

quenching studies (vide infra). Owing to the broad absorption of QDs, it is inevitable to 
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overcome the direct excitation of acceptor QDs during the FRET studies in an all-QD based 

donor-acceptor system. To nullify the contribution from the direct excitation of acceptor QDs, 

a reverse addition experiment was performed by adding the donor [-] B-QDs to a solution of 

acceptor [+] G-QDs (Figure A5.18). In a typical experiment, the PL of acceptor [+] G-QDs 

(~0.5 ) was monitored upon the successive addition of donor [-] B-QDs (aliquots of 1.0 L 

of ~0.7 mM was added) (Figure A5.18a). A steady increase in the PL intensity of acceptor [+] 

G-QDs was observed in the presence of ∼3.1 μM of donor [-] B-QDs (~1.2 times PL 

enhancement was obtained after the deconvolution of the PL of acceptor [+] G-QDs) (Figure 

A5.18b,c). Furthermore, the photoluminescence excitation studies (PLE) revealed the strong 

contribution of the donor QD absorption in the PL enhancement of the acceptor QD (Figure 

A5.19). Both these reverse addition and PLE studies confirm the involvement of an efficient 

energy transfer process in [-] B-QD:::[+] G-QD donor:::acceptor assembly. 

 

Figure 5.15 Steady-state energy-transfer studies in the [-] B-QD:::[+] G-QD donor:::acceptor assembly. 

(a) The spectral overlap integral between the PL of [-] B-QDs and absorbance of [+] G-QDs. (b) UV-

vis absorption and (c) PL spectral changes of [-] B-QDs upon the successive addition of [+] G QDs in 

water. (d) Spectral changes in the all-QD assembly obtained after the deconvolution of the PL of [-] B-

QD from the total spectral changes shown in Figure 5.15c. (e) The corresponding Stern-Volmer (SV) 

plot constructed from the relative PL intensity of donor [-] B-QDs in the presence of increasing 

concentrations of acceptor [+] G-QDs, after the deconvolution process. The non-linear nature of SV 

plot indicates the presence of both static and dynamic components in the PL quenching process. (f) A 

linear plot was obtained when a quadratic form of the SV plot was constructed, which confirms the 

involvement of both static and dynamic components in the PL quenching process.  

Further, a clear quenching in the PL decay kinetics of donor [-] B-QDs was observed in the 

presence of acceptor [+] G-QDs (Figure 5.16a). Specifically, the average PL lifetime of donor 
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[-] B-QDs decreased from ~212 ns to ~77 ns, with the quenching efficiency calculated to be 

~65 % (E = 1 − τ/τ0, where τ0 and τ are the lifetime of donor QDs in the absence and presence 

of the acceptor QDs, respectively) (Table A5.11).7 A linear variation was obtained in the Stern-

Volmer plot constructed from the lifetime studies (τ0/τ vs [acceptor QD]), which confirms the 

involvement of the dynamic component in the PL quenching of donor [-] B-QDs by acceptor 

[+] G-QDs (Figure 5.16b and Table A5.12). The dynamic (KD) and static (KS) quenching 

constants were estimated to be ~3.52 x 106 M-1 and ~2.19 x 106 M-1, respectively. A large value 

of the bimolecular quenching constant (~1.66 x 1013 M-1s-1) confirms a strong ground-state 

interaction between the oppositely charged donor and acceptor QDs. The quenching observed 

in both steady-state and time-resolved PL studies confirm the process of resonance energy 

transfer operating in [-] B-QD:::[+] G-QD donor:::acceptor assembly. Accordingly, the FRET 

formalism was used to determine all the energy transfer parameters as summarised in Figure 

5.16e.6-7 The rate of the PL quenching process was calculated to be ~8.76 x 106 s-1 from lifetime 

studies, which confirms an efficient FRET process in [-] B-QD:::[+] G-QD donor:::acceptor 

assembly. As in previous dyad systems, a temperature dependent PL lifetime studies were 

performed to unambiguously confirm the FRET process in [-] B-QD:::[+] G-QD 

donor:::acceptor assembly. As expected, the PL lifetime of donor [-] B-QDs increased in the 

absence and presence of acceptor [+] G-QDs as the temperature of the solution was lowered 

from 318 to 268 K: τD = 189 ns and 246 ns, and τDA = 68 ns and 89 ns at 318 and 268 K, 

respectively (Figure 5.16c and Table A5.13). As envisaged, there was a negligible change in 

the PL lifetime quenching efficiency, as a function of temperature, which proved that a non-

radiative dipolar process of FRET was occurring from donor [-] B-QDs to acceptor [+] G-QDs 

(Figure 5.16d).  
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Figure 5.16 Time-resolved energy transfer studies in [-] B-QD:::[+] G-QD donor:::acceptor assembly. 

(a) PL decay profiles of [-] B-QDs in the absence (blue) and presence (orange) of ~0.52 μM [+] G-QDs 

(the excitation wavelength was 370 nm). (b) The corresponding Stern–Volmer plot showing a linear 

variation in the relative lifetime of donor [-] B-QDs as a function of increasing concentrations of 

acceptor [+] G-QDs. Temperature-dependent lifetime quenching experiments: (c) Variation in the PL 

lifetime of donor [-] B-QDs in absence (blue) and presence (orange) of [+] G-QDs, as a function of 

varying temperatures from 318 K to 268 K. (d) A negligible change in the FRET efficiency was observed 

in [-] B-QD:::[+] G-QD donor:::acceptor assembly as a function of temperature, which conclusively 

prove the non-radiative energy transfer process operating in [-] B-QD:::[+] G-QD donor:::acceptor 

assembly. (e) Table summarizing various quenching parameters estimated based on FRET Formalism: 

the spectral overlap integral (J(λ)); Förster radius (R0); FRET efficiency (E); static and dynamic 

quenching constants (KS and KD, respectively); bimolecular quenching constant (kq) and rate of energy 

transfer (kT). 

The presence of oppositely charged ligands on the surface of QDs indicate the involvement of 

electrostatic interaction in the assembling of [-] B-QD:::[+] G-QD donor:::acceptor system. As 

a result, donor [-] B-QDs and acceptor [+] G-QDs will be in a close proximity to yield an 

efficient FRET process. The active role of electrostatic interactions in the FRET process was 

confirmed by performing the PL quenching studies in similarly charged [-] B-QD:::[-] G-QD 

donor:::acceptor system (surfaces of both the QDs were functionalised with [-] MUA ligands). 
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Addition of [-] G-QDs to a solution of [-] B-QDs had no noticeable influence on the absorption 

and PL properties of [-] B-QDs, confirming a negligible photophysical interaction between the 

two similarly charged QDs (Figure 5.17). An additive absorption and PL spectra were obtained 

for a mixture of similarly charged [-] B-QDs and [-] G-QDs (Figure 5.17a,b). Similarly, 

negligible changes were observed in the PL decay profile of [-] B-QDs in the presence of [-] 

G-QDs (Figure 5.17c and Table A5.14). It is worth mentioning that no signature of aggregation 

was observed in the absorption studies, which confirms that the strong electrostatic repulsion 

prevented the similarly charged QDs to participate in any photophysical interaction. Thus, these 

control experiments conclusively prove the necessity of appropriately functionalised QDs and 

electrostatic attraction for achieving an efficient FRET process in [-] B-QD:::[+] G-QD 

donor:::acceptor system. 

 

Figure 5.17 Proof of electrostatically driven FRET. (a) UV-vis absorption and (b) steady-state PL 

spectra of only [-] B-QDs (blue), only [-] G-QDs (olive-green), and [-] B-QD:::[-] G-QD 

donor:::acceptor assembly (orange). No signature of scattering was observed in the absorption studies, 

indicating the absence of complexation between similarly charged InP QDs. (c) Negligible changes 

were observed in the PL decay profile of [-] B-QDs in the presence of [-] G-QDs. 

Therefore, an efficient FRET process was achieved in an all-environmentally friendly QD 

assembly based on blue and green emitting InP/ZnS QDs in water. The surfaces of donor B-

QDs and acceptor G-QDs were functionalised with oppositely charged ligands to form 

electrostatically bounded QD assemblies. Detailed steady-state and time-resolved studies 

confirmed the involvement of both static as well as dynamic components in the PL quenching 

of [-] B-QDs by [+] G-QDs. A large value of bimolecular quenching constant (~1.66 x 1013 M-

1s-1) reveals a strong ground-state interaction in electrostatically bounded [-] B-QD:::[+] G-QD 

donor:::acceptor assemblies. Temperature dependent lifetime studies unambiguously proved 

that an efficient (~65 %) FRET was operating from donor [-] B-QDs to acceptor [+] G-QDs. 

The strong electrostatic attraction between the oppositely charged QDs will bring the donor 

and acceptor QDs close to each other, leading to an efficient FRET process in [-] B-QD:::[+] 

G-QD donor:::acceptor assemblies. In a broader perspective, our work showcases the potency 
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of blue-emitting InP QDs in participating in an efficient FRET process in an all-QD based light 

harvesting system. In future, the colour-gamut of the FRET process can be expanded from the 

blue to the NIR region by preparing QD assemblies containing appropriate emitters. 

 

5.4.3.4 Dyad – 4: [-] B-QD:::[+] R-QD Donor:::Acceptor Assembly 

 

Scheme 5.5 Schematics of electrostatically regulated FRET in all-QD based light-harvesting system 

containing [-] B-QD and [+] R-QD as donor and acceptor, respectively. 

In another attempt to demonstrate the energy transfer process in a wider color gamut (in energy 

scale), blue- and red-emitting InP/ZnS QDs were chosen as donor and acceptor, respectively 

(Scheme 5.5). An electrostatically regulated efficient long range energy transfer process at an 

energy scale of 610 meV was demonstrated in the [-] B-QD:::[+] R-QD donor:::acceptor 

assembly. Details of the FRET studies are given in the Appendix Section (Figures A5.20-

A5.21 and Tables A5.15-A5.16). Steady-state and time-resolved measurements conclude that 

electrostatically assembled [-] B-QD:::[+] R-QD donor:::acceptor system participates in the 

energy transfer process. However, unlike the previously described three dyad assemblies, the 

blue-red all-InP QD based donor:::acceptor system showed lower efficiency for the energy 

transfer process. The efficiency and rate of the energy transfer process were estimated to be 

~35 % and 1.31 x 106 s-1, respectively. Thus, for the creation of multicomponent assemblies 

with all eco-friendly QDs, the rightful choice of dyad assemblies would be: blue-green all-InP 

QD, green-red all-InP QD, and green-red InP-CIS QD based dyad assemblies. 
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5.5 Conclusions 

In summary, our work demonstrated the Förster resonance energy transfer (FRET) process in 

all-QD based donor-acceptor systems based on environmentally friendly materials. Four dyad 

assemblies were introduced based on InP/ZnS QD and CIS/ZnS QD. A precise control over the 

synthesis of different sizes of QDs and their surface modifications allows us to develop a library 

of QDs emitting throughout the visible spectrum of the color gamut with the desired surface 

chemistry. Appropriate functionalization with charged ligands allows us to install favourable 

electrostatic interactions between oppositely charged donor and acceptor QDs, which is vital 

in achieving such a strong ground state complexation in all-QD nanohybrid assemblies. The 

four dyad studied were: [-] B-QD:::[+] G-QD, [+] G-QD:::[-] R-QD, [-] B-QD:::[+] R-QD, and 

[-] G-QD:::[+] RCIS-QD donor:::acceptor systems. A good spectral overlap integral (~1015-1016 

M-1cm-1nm4) for all the dyad systems, and close proximity in electrostatic assembly ensure 

strong dipolar interaction between donor and acceptor QDs. Detailed steady-state and time-

resolved PL quenching experiments revealed an efficient non-radiative energy transfer process 

in all-QD based dyad systems. The dynamics of the FRET process were assessed with the aid 

of Stern-Volmer analysis, yielding a large value of the bimolecular quenching constant (~1012-

1013 M-1s-1) in all-QD systems. The calculated rate of the energy transfer process (~106-107 s-

1) was comparable to some of the best FRET pairs developed so far based on QDs. Moreover, 

temperature-dependent lifetime quenching studies unambiguously proved the non-radiative 

mechanism of the FRET process, and overruled the charge transfer process. Finally, the solid-

state translation of the energy transfer process improves the potential of such ‘all-green QD’ 

based nanohybrid systems for device level studies. Further, the prominent role of electrostatics 

in an efficient energy transfer process was verified with like-charged QD-assembly, where 

repulsive interactions increase the donor-acceptor separation and hence decrease the 

probability of the FRET process.  

One of the biggest challenges in studying the light-induced processes in all QD-based donor-

acceptor systems was to achieve a selective excitation of the donor QD in the presence of the 

acceptor QD. Owing to the broad absorption of QDs, it is inevitable to overcome the direct 

excitation of acceptor QDs during the energy transfer studies in an all-QD based donor-acceptor 

system. As a result, there will be interference of the residual PL from the direct excitation of 

the acceptor QD in the PL quenching studies. However, our study provides a road-map for 

investigating the FRET process in all-QD systems. These studies can accelerate the potential 
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development of a library of all-QD systems based on environmentally benign QDs, which will 

find application in areas of biophysics as well as energy devices. 

Table 5.6 Summary of important FRET parameters for four electrostatically bound all-QD based dyad 

systems. 

 

5.6 Future Direction 

The focus of the present thesis was to develop donor-acceptor assemblies based on 

environmentally benign QDs. Accordingly, a roadmap for the FRET investigation was 

presented for all-QD based dyad assemblies. Additionally, we have introduced a pure-blue 

emitting InP/ZnS QD in an aqueous medium, which was a missing puzzle in completing the 

color gamut. Now, a logical extension of the current thesis would be to expand the light 

harvesting components in donor-acceptor assembly. Thus, the creation of a multicomponent 

system solely based on QDs will be the closed replication of photosynthesis machinery in terms 

of long-range processes (both with respect to energy and distance). Thus, a rightful choice of 

donors and acceptors QD and their control assemblies could be the future for multicomponent 

donor-acceptor assembly. Looking forward, there are many opportunities ahead for the design 

of multicomponent systems for the cascade flow of energy to the desired domain of an 

architecture. 
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J.; Willard, A. P.; Bulović, V.; Tisdale, W. A. Subdiffusive Exciton Transport in 

Quantum Dot Solids. Nano Lett. 2014, 14, 3556–3562. 

(31) Thuy, U. T. D.; Thuy, P. T.; Liem, N. Q.; Li, L.; Reiss, P. Comparative 

Photoluminescence Study of Close-Packed and Colloidal InP/ZnS Quantum Dots. Appl. 

Phys. Lett. 2010, 96, 073102. 

(32) Jalali, H. B.; Melikov, R.; Sadeghi, S.; Nizamoglu, S. Excitonic Energy Transfer within 

InP/ZnS Quantum Dot Langmuir-Blodgett Assemblies. J. Phys. Chem. C 2018, 122, 

11616-11622. 

(33) Achermann, M.; Petruska, M. A.; Crooker, S. A.; Klimov, V. I. Picosecond Energy 

Transfer in Quantum Dot Langmuir−Blodgett Nanoassemblies. J. Phys. Chem. B 2003, 

107, 13782–13787. 

(34) Franzl, T.; Klar, T. A.; Schietinger, S.; Rogach, A. L.; Feldmann, J. Exciton Recycling in 

Graded Gap Nanocrystal Structures. Nano Lett. 2004, 4, 1599-1603. 

(35) Wargnier, R.; Baranov, A. V.; Maslov, V. G.; Stsiapura, V.; Artemyev, M.; Pluot, M.; 

Sukhanova, A.; Nabiev, I. Energy Transfer in Aqueous Solutions of Oppositely Charged 

CdSe/ZnS Core/Shell Quantum Dots and in Quantum Dot−Nanogold Assemblies. Nano 

Lett. 2004, 4, 451–457. 

(36) Xu, L.; Xu, J.; Ma, Z.; Li, W.; Huang, X.; Chen, K. Direct Observation of Resonant 



Chapter 5 

166 
 

Energy Transfer between Quantum Dots of two Different Sizes in a Single Water 

Droplet. Appl. Phys. Lett. 2006, 89, 033121. 

(37) Wang, C.-H.; Chen, C.-W.; Wei, C.-M.; Chen, Y.-F.; Lai, C.-W.; Ho, M.-L.; Chou, P-T. 

Resonant Energy Transfer between CdSe/ZnS Type I and CdSe/ZnTe Type II Quantum 

Dots. J. Phys. Chem. C 2009, 113, 15548-15552. 

(38) Wolf, A.; Lesnyak, V.; Gaponik, N.; Eychmüller, A. Quantum-Dot-Based (Aero)gels: 

Control of the Optical Properties. J. Phys. Chem. Lett. 2012, 3, 2188–2193. 

(39) Sarker, S.; Maity, A. R.; Karan, N. S.; Pradhan, N. Fluorescence Energy Transfer from 

Doped to Undoped Quantum Dots. J. Phys. Chem. C 2013, 117, 21988–21994. 

(40) Zheng, K.; Zidek, K.; Abdellah, M.; Zhu, N.; Chábera, P.; Lenngren, N.; Chi, Q.; 

Pullerits, T. Direct Energy Transfer in Films of CdSe Quantum Dots: Beyond the Point 

Dipole Approximation. J. Am. Chem. Soc. 2014, 136, 6259–6268. 

(41) Chou, K. F.; Dennis, A. M. Forster Resnance Energy Tarnsfer between Quantum Donors 

and Quantum Dot Accepotrs. Sensors 2015, 15, 13288–13325. 

(42) Hoffman, J. B.; Alam, R.; Kamat, P. V. Why Surface Chemistry Matters for QD–QD 

Resonance Energy Transfer. ACS Energy Lett. 2017, 2, 391–396. 

(43) Kodaimati, M. S.; Lian, S.; Schatz, G. C.; Weiss, E. A. Energy Transfer-Enhanced 

Photocatalytic Reduction of Proton within Quantum Dot Light-Harvesting-Catalyst 

Assemblies. Proc. Natl. Acad. Sci. U.S.A. 2018, 115, 8290–8295. 

(44) Thomas, A.; Sandeep, K.; Somasundaran, S. M.; Thomas, K. G. How Trap States Affect 

Charge Carrier Dynamics of CdSe and InP Quantum Dots: Visualization through 

Complexation with Viologen. ACS Energy Lett. 2018, 3, 2368–2375. 

(45) Devatha, D.; Roy, P.; Rao, A.; Roy, A.; Pillai, P. P. Multicolor Luminescent Patterning 

via Photoregulation of Electron and Energy Transfer Processes in Quantum Dots. J. Phys. 

Chem. Lett. 2020, 11, 4099–4106. 

(46) Sobhanan, J.; Rival, J. V.; Anas, A.; Shibu, E. S.; Takano, Y.; Biju, V. Luminescent 

Quantum Dots: Synthesis, Optical Properties, Bioimaging and Toxicity. Adv. Drug Deliv. 

Rev. 2023, 197, 114830. 

(47) Manoj, B.; Rajan, D.; Thomas, K. G. InP Quantum Dots: Stoichiometry Regulates Carrier 

Dynamics. J. Chem. Phys. 2023, 158, 174706. 

(48) Li, L.; Reiss, P. One-Pot Synthesis of Highly Luminescent InP/ZnS Nanocrystals without 

Precursor Injection. J. Am. Chem. Soc. 2008, 130, 11588–11589. 

(49) Tessier, M. D.; Dupont, D.; De Nolf, K.; De Roo, J.; Hens, Z. Economic and Size-Tunable 

Synthesis of InP/ZnE (E = S, Se) Colloidal Quantum Dots. Chem. Mater. 2015, 27, 4893–



Chapter 5 

167 
 

4898. 

(50) Roy, P.; Virmania, M.; Pillai, P. P. Blue-emitting InP quantum dots participate in an 

efficient resonance energy transfer process in water. Chem. Sci. 2023, 14, 5167–5176. 

(51) Mutlugun, E.; Hernandez-Martinez, P. L.; Eroglu, C.; Coskun, Y.; Erdem, T.; Sharma, 

V. K.; Unal, E.; Panda, S. K.; Hickey, S. G.; Gaponik, N.; Eychmüller, A.; Demir, H. V. 

Large-Area (over 50 cm × 50 cm) Freestanding Films of Colloidal InP/ZnS Quantum 

Dots. Nano Lett. 2012, 12, 3986–3993. 

(52) Jain, V.; Roy, S.; Roy P.; Pillai, P. P. When Design Meets Function: The Prodigious Role 

of Surface Ligands in Regulating Nanoparticle Chemistry. Chem. Mater. 2022, 34, 7579–

7597. 

(53) Zhong, H.; Zhou, Y.; Ye, M.; He, Y.; Ye, J.; He, C.; Yang, C.; Li, Y. Controlled Synthesis 

and Optical Properties of Colloidal Ternary Chalcogenide CuInS2 Nanocrystals. Chem. 

Mater. 2008, 20, 6434–6443.  



Chapter 5 

168 
 

5.8 Appendix 

Characterization of green and red emitting InP/ZnS QDs: 

 

Figure A5.1 Absolute PL quantum yield (QYA) measurements and time-resolved PL decay profiles of 

(a,c) MA capped green-emitting (G-QDs) and (b,d) oleylamine capped red-emitting (R-QDs) InP/ZnS 

QDs, respectively in CHCl3. Steady-state PL of (e) green- and, (f) red-emitting InP/ZnS QD before 

(solid line) and after (dotted line) place exchange with [+] TMA and [-] MHA ligands, respectively. 

Approximately 70 % and 85 % of the PL were retained in [+] G-QDs and [-] R-QDs, respectively, after 

the place exchange process. 

Excitation energy and power-dependent PL Analysis: The green- and red-emitting InP/ZnS 

QDs have their first excitonic peaks at ~452 nm and ~570 nm, along with their PL maxima 



Chapter 5 

169 
 

centred around ~505 nm and ~600 nm, respectively. The strong absorption band can be 

assigned to the transitions from the low-lying valence band to the conduction band in QDs, 

which is caused by the quantum size effect. Excitation emission matrix (EEM) 2D contour 

plots provided additional information regarding the nature of electronic transitions and origin 

of emission. On varying the excitation wavelength from the band edge transition to higher 

energy, we did not observe any change in the PL peak energy (Figure A5.2a,b). This evidenced 

the presence of stable electronic states that contribute to strong band edge emission and 

independent to excitation wavelength. Hence, the emission in G-QDs and R-QDs are 

originating from a stable low-lying excited state electron and ground state hole recombination 

process. 

 

Figure A5.2 2D contour plots of excitation emission matrix (EEM) of (a) G-QDs, and (b) R-QDs, 

respectively. The band edge emission is 505 nm and 600 nm for G-QDs and R-QDs, respectively. 

Excitation power dependence emission spectra for (c) G-QDs, and (d) R-QDs, respectively. The inset 

shows the corresponding fitted data with power law (I α P1.0). All the measurements were carried out 

with 450 nm cw laser irradiation. The PL emission was detected with portable Ocean FX-UV-VIS 

spectrometer, with wavelength range of 200-850 nm and CMOS detector with entrance slit of 25 µm. 

High PL QY was observed at shorter excitation wavelength, which can be attributed to the 

broad absorption features of QDs. To further elucidate the underlying mechanism responsible 

for the evolution of the emission peak, excitation-power dependence PL spectra was recorded 

for G-QDs and R-QDs, respectively, using 450 nm continuous wave (cw) laser irradiation. The 
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PL intensity increases linearly with the excitation power, as expected for excitonic emission 

(Figure A5.2c,d). The measurements were fitted with I α Px power function, where I is the PL 

intensity, P is the excitation laser power, and x is the power parameter defining the 

characteristics of emission. When operating in low power regime, the PL peak intensity 

increases with excitation power by approximately I α P1.0, and began to saturate at around 400 

mW power for both G-QD and R-QD, respectively, typical features of excitonic emission. On 

contrary, in the high-power regime, the rise component shows a slight decrease because of the 

state-filling effect. The discrete energy levels of atomic-like structure in QDs are the reason to 

state filling effect owing to the Pauli Exclusion Principle. It originates from strong electron–

electron interaction in confined geometries, a typical characteristics of QD emission (J. Phys.: 

Condens. Matter 2007, 19, 386213). 

Temperature-Dependent PL Analysis: Afterwards, the dynamics of photoexcited charge 

carriers in G-QDs and R-QDs were then investigated using temperature-dependent PL analysis. 

Figure A5.3 summaries the PL peak energy, linewidth, and integrated intensity as a function 

of temperature. The integrated PL intensity gradually increases as the temperature decreases. 

This could be attributed to the loss of non-radiative recombination channel because of the 

suppression of phonon vibration (Physica 1967, 34, 149–154; Appl. Phys. Lett. 2000, 77, 2837–

2839). 

 

Figure A5.3 Temperature-dependent PL spectra for (a) G-QDs, and (b) R-QDs, respectively. The PL 

intensity increases with decrease in temperature, while negligible change in FWHM and a 

hypsochromic shift in PL peak energy was recorded for both G-QD and R-QD, respectively. 

Importantly, the PL linewidth (FWHM) shows negligible changes with varying temperatures, 

indicating that phonon scattering contributes very little to the emission. On contrary, the PL 

peak energy is found to be blue shifted with decrease in temperature. The hypsochromic shift 

was calculated to be 5 nm and 6 nm for G-QD and R-QD, respectively. The observed changes 
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in PL peak energy can be attributed primarily to electron–phonon interaction and partially to 

thermal expansion, as expected by Varshni's empirical formula describing the temperature 

dependence of a semiconductor bandgap (Physica 1967, 34, 149–154). Thus, all the 

photoluminescence study conclude that the high-quality emission is originating from the band 

edge recombination of electron-hole pair in InP/ZnS QDs. 

 

Figure A5.4 Determination of band positions for green- and red-emitting InP/ZnS QDs. (a,b) The Tauc 

plots, and (c,d) cyclic voltammograms of G-QDs and R-QDs, respectively. Optical band gap was 

measured to be 2.48 eV and 2.05 eV for G-QDs and R-QDs, respectively. All the cyclic voltammogram 

experiments for QDs were performed via dip-coating of QDs over the glassy carbon, followed by drying 

under vacuum to remove the solvent. The scan rate for measurements was 30 mV/s. The optical (2.05 

eV) and electrochemical band gap (2.08 eV) for R-QDs are in good agreement with each other. 
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Scheme A5.1 Schematic representation of place exchange reaction of hydrophobic ligand capped QDs 

(myristic acid, oleylamine, oleic acid, etc.) with charged thiolated ligands (TMA, MUA, and MHA 

ligands). 

 

Figure A5.5 The size distribution histograms (from ∼300 QDs) for (a) [+] G-QDs and, (b) [-] R-QDs. 

Table A5.1 PL decay analysis of G-QDs and R-QDs in CHCl3, in a time window of 800 ns. 
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Characterization of MUA capped [-] G-InP/ZnS QDs: 

 

Figure A5.6 Spectroscopic characterization of [-] G-QDs. (a) Normalized UV-vis absorption, PL 

spectra, and (b) PL decay profile of G-QDs, before and after the functionalization with [-] MUA ligands. 

(c) FTIR spectra, and (d) representative zeta potential plots of [-] G-QDs. 

Table A5.2 PL decay analysis of G-QDs and [-] G-QDs, collected at 505 nm and 515 nm, respectively, 

in a time window of 800 ns. 
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Characterization of red-emitting CIS/ZnS QDs: 

Table A5.3 PL decay analysis of RCIS-QDs before and after the ligand exchange process, in a time 

window of 800 ns. 

 

 

Light induced resonance energy transfer studies: 

Dyad – 1: [+] G-QD:::[-] R-QD Donor:::Acceptor Assembly 

 

Figure. A5.7 Colloidal stability studies. (a) Optical photographs showing the increase in the QD 

aggregation, with increase in the concentration of acceptor QDs. (b) Optical photographs showing the 

colloidal stability of 1:2 molar ratio of [+] G-QD:::[-] R-QD donor:::acceptor FRET system for at least 

6 h. (c) Corresponding absorption spectra of 1:2 molar ratio of [+] G-QD:::[-] R-QD donor:::acceptor 

FRET system at t = 0 and 6 h are shown. 

 

Figure A5.8 (a) Stern-Volmer and (b) modified Stern-Volmer plots, derived from steady-state PL 

studies, showing the relative changes in PL intensity of [+] G-QDs as function of increasing 

concentration of [-] R-QDs. 
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Figure. A5.9 (a) PL decay kinetics of donor [+] G-QDs with increasing concentration of acceptor [-] 

R-QDs, collected at the PL maxima of [+] G-QDs. (b) Variation in the FRET efficiency (1-τ/τ0) with 

increasing concentration of acceptor [-] R-QDs. The energy transfer efficiency was higher at a donor: 

acceptor ratio of 1:2 compared to 1:1. 

Table A5.4 PL decay analysis of [+] G-QD:::[-] R-QD donor:::acceptor complex, upon successive 

addition of acceptor [+] R-QDs, in a time window of 800 ns, collected at 512 nm. 
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Figure. A5.10 Temperature-dependent PL lifetime study. Variation in the PL lifetime of donor [+] G-

QDs in absence and presence of ~0.4 μM of acceptor [-] R-QDs, at different temperatures. 

Table A5.5 PL decay analysis of [+] G-QDs and [+] G-QD:::[-] R-QD donor:::acceptor complex at 

different temperatures ranging from 318 k to 268 K, collected at 512 nm, in a time window of 800 ns.  
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Table A5.6 FRET parameter calculation with respect to different donor: acceptor ratios using PL 

lifetime. 

Donor: 

acceptor ratio 

FRET efficiency 

(%) 

Average lifetime of 

donor QD (D, ns) 
(

𝑅0
6

𝑟6
) 

Rate of FRET 

(s-1) 

1:1 43 
73.62 

0.754 ~1.02 x 107 

1:2 60 0.750 ~1.02 x 107 

 

 

Proof for Electrostatically Driven FRET 

 

Figure. A5.11 Proof of electrostatically driven FRET process in mention the dyad system all-InP QD 

based nanohybrid system. (a) A schematic representation of negligible photophysical interaction 

between similarly charged [-] G-QDs and [-] R-QDs. The steady-state (b) UV-vis absorption and (c) PL 

changes of [-] G-QDs with increasing concentration of [-] R-QDs. Here, no signature of scattering 

component was observed at longer wavelengths, indicating that the similarly charged QDs do not 

participate in a strong aggregation event, which ascertains the need of electrostatic attraction in 

achieving an efficient FRET process. 

 

Figure A5.12 Time-resolved measurements in [-] G-QD:::[-] R-QD nanohybrid system. PL decay 

profiles of (a) [-] G-QDs and, (b) [-] R-QDs in absence (olive-green and red) and presence (royal blue) 

of [-] R-QDs and, [-] G-QDs, respectively. A negligible change in the PL lifetime of donor [+] G-QDs 

and acceptor [-] R-QDs was observed in the presence of each other. This conclusively proves that no 

sign of PL quenching and energy transfer takes place between similarly charged [-] G-QDs and [-] R-

QDs.  
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This above control experiment ascertains the need of electrostatic attraction in achieving an 

efficient FRET process. 

Table A5.7 PL decay analysis of [-] G-QD and [-] G-QD:::[-] R-QD complex, in a time window of 800 

ns. The PL decay was collected at 512 nm and 650 nm for donor and acceptor QDs, respectively. 
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Dyad – 2: [-] G-QD:::[+] RCIS-QD Donor:::Acceptor Assembly 

 

Figure A5.13 (a) The spectral overlap integral between the PL of donor [-] G-QD and the absorption of 

acceptor [+] RCIS-QD. (b) Variation in the UV-Vis absorption spectra of [-] G-QD with increasing 

concentration of [+] RCIS-QDs. (c) Modified Stern-Volmer plots derived from steady-state studies, and 

(d) Stern-Volmer plot derived from PL lifetime studies for [-] G-QD:::[+] RCIS-QD donor:::acceptor 

assembly. The measured value of bimolecular quenching constant is ~1.38 x 1012 M-1s-1. 

 

 

Figure A5.14 Photoluminescence excitation study. (a) The PLE spectra of donor [-] G-QD, and (b) 

acceptor [+] RCIS-QD in presence (red) and absence (olive and blue) of acceptor and donor QDs, 

respectively. Collected at 515 nm (a), and 630 nm (b), respectively. 
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Table A5.8 PL decay analysis of [-] G-QD and [-] G-QD:::[+] RCIS-QD complex at different 

temperatures ranging from 298 k to 268 K, collected at 515 nm, in a time window of 800 ns. 

 

Proof for Electrostatically Driven FRET 

 

Figure A5.15 Photoluminescence excitation study. (a) The PLE spectra of donor [-] G-QD, and (b) 

acceptor [+] RCIS-QD in presence (red) and absence (olive and blue) of acceptor and donor QDs, 

respectively. Collected at 515 nm (a), and 630 nm (b), respectively. 

Table A5.9 PL decay analysis of [+] G-QD in absence and presence of [+] RCIS-QD and vice-versa, in 

a time window of 800 ns. 
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Table A5.10 PL decay analysis of [-] G-QD in absence and presence of [-] RCIS-QD and vice-versa, in 

a time window of 800 ns. 
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Dyad – 3: [-] B-QD:::[+] G-QD Donor:::Acceptor Assembly 

 

Figure A5.16 Variation in the scattering component (Δ absorbance at 800 nm) of [-] B-QD:::[+] G-QD 

donor:::acceptor assembly, with increase in the concentration of acceptor [+] G-QDs. (b) Corresponding 

optical photographs showing the increase in the turbidity. (c) Plot showing variations in the relative PL 

of donor [-] B-QDs and PL quenching efficiency (1 − I/I0) as a function of increasing concentration of 

acceptor [+] G-QDs. 

Steady-State PL Measurements 

There is a strong overlap between the emission cross-sections of [-] B-QDs and [+] G-QDs, 

which can influence the PL quenching efficiency of donor [-] B-QDs and as well as the PL 

enhancement of [+] G-QDs calculated from Figure 5.15c. Hence, the PL of both [-] B-QDs 

and [+] G-QDs were deconvoluted using Fityk software, as shown below.  
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Figure A5.17 Deconvolution of PL spectral changes during the FRET studies in [-] B-QD:::[+] G-QD 

donor:::acceptor assembly. PL spectra of both QDs in the assembly were deconvoluted at different 

concentrations of acceptor [+] G-QDs: (a) 0.05 µM, (b) 0.11 µM, (c) 0.16 µM, (d) 0.22 µM, (e) 0.27 

µM, (f) 0.32 µM, (g) 0.37 µM, (h) 0.43 µM, and (i) 0.52 µM. The excitation wavelength was 370 nm. 

 

Color coding of spectra 

Blue for only ~2 µM donor [-] B-QDs. 

Olive-green for only acceptor [+] G-QDs at different concentrations as mentioned inside the 

figure. Orange for [-] B-QD:::[+] G-QD donor:::acceptor assemblies at different concentrations 

of acceptor [+] G-QDs as mentioned inside the figure.  

Black for deconvoluted spectra of donor [-] B-QD and acceptor [+] G-QD in the assembly at 

different concentrations of acceptor [+] G-QDs as mentioned inside the figure. 
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Figure A5.18 Reverse addition experiment. (a) Schematic representation of reverse addition 

experiments, showing the successive addition of donor [-] B-QDs to a solution of acceptor [+] G-QDs. 

The corresponding PL spectral changes was monitored under excitation at 370 nm. (b) A steady 

enhancement in the PL of ~0.5 μM acceptor [+] G-QDs was observed, upon addition of varying 

concentrations of the [-] B-QDs donor (upto ~3.1 μM). (c) A plot showing the deconvoluted part of the 

green region, revealing ~1.2 times enhancement in PL of acceptor [+] G-QDs in presence of [-] B-QDs. 

 

Figure A5.19 PLE studies in [-] B-QD:::[+] G-QD donor:::acceptor assembly. (a) PLE spectra collected 

at the emission maxima of donor [-] B-QDs in absence (blue) and presence (black followed by orange) 

of acceptor [+] G-QDs. (b) PLE spectra collected at the emission of acceptor [+] G-QDs in absence 

(olive-green) and presence (orange) of [-] B-QDs. 

There was a decrease in the PL intensity of donor [-] B-QDs, and an increase in the PL intensity 

of acceptor [+] G-QDs in [-] B-QD:::[+] G-QD donor:::acceptor assembly, when compared to 

the individual QD solutions. Additionally, the PLE of acceptor [+] G-QDs shows absorbance 

from higher excitonic peak of [-] B-QDs. This proved that the ground state absorption of donor 

QD contributes to the acceptor PL in the complex mixture. Hence, there was a transfer of 

excitation energy from donor to acceptor QD, leading to the higher PL from acceptor QDs. 
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Table A5.11 PL decay analysis of donor [-] B-QDs in absence and presence of acceptor [+] G-QDs, in 

a time window of 3.2 µs. The PL decay was collected at 462 nm. 

 

Table A5.12 PL decay analysis of [-] B-QD:::[+] G-QD donor:::acceptor assembly, upon successive 

addition of acceptor [+] G-QDs, in a time window of 3.2 µs, collected at 462 nm. 
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Table A5.13 PL decay analysis of [-] B-QDs and [-] B-QD:::[+] G-QD donor:::acceptor assembly at 

different temperatures ranging from 318 k to 268 K, collected at 462 nm, in a time window of 3.2 µs. 

 

Proof for Electrostatically Driven FRET 

Table A5.14 PL decay analysis of [-] B-QDs and [-] B-QD:::[-] G-QD assembly, in a time window of 

3.2 µs. The PL decay was collected at 462 nm. 
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Dyad – 4: [-] B-QD:::[+] R-QD Donor:::Acceptor Assembly 

 

Figure A5.20 Steady-state energy transfer studies in [-] B-QD:::[+] R-QD donor:::acceptor assembly. 

(a) Spectral overlap integral between absorption of [+] R-QD and emission of [-] B-QD. (b) UV-vis 

absorption and (c) PL spectral changes of [-] B-QDs upon the successive addition of [+] R-QDs in 

water. (c) A plot showing saturation in relative PL of [-] B-QDs and PL quenching efficiency, as a 

function of increasing concentration of [+] R-QDs. (e) A non-liner Stern-Volmer (SV) plot, and (f) liner 

quadratic SV plot was constructed from the relative PL of [-] B-QD vs concentration of [+] R-QDs. 

The nanohybrid system composed of negatively charged [-] B-QDs (MUA capped) and 

positively charged [+] R-QDs (TMA capped) was chosen for long range energy transfer 

investigation (long range in terms of energy scale). As seen with previous dyad assemblies, a 

strong spectral overlap integral (~1.79 x 1016 M-1cm-1nm4) was observed between the 

absorption of [+] R-QDs and emission [-] B-QDs, indicating the possibility of making good 

donor-acceptor FRET pair (Figure A5.20a). In a typical FRET study, small aliquots of [+] R-

QD solution (1.5 µL of 66 µM) were sequentially added to a solution of [-] B-QD (2.5 mL of 

(~2 µM) and subsequent spectral changes were recorded. Steady-state absorption and PL study 

shows that complexation leading to an energy transfer process in [-] B-QD:::[+] R-QD 

donor:::acceptor assembly (Figure A5.20b,c). A steady decrease in the PL intensity of donor 

[-] B-QD was observed, followed by enhancement in PL intensity of [+] R-QDs. The direct 

excitation-based PL intensity of only [+] R-QD was lower than the PL intensity from [-] B-

QD:::[+] R-QD donor:::acceptor system (red and orange spectrum in Figure A5.20c, 

respectively). The quenching efficiency was estimated to be ~77 %, which saturated after the 

addition of ~0.4 μM of [+] R-QDs (Figure A5.20c,d). A non-linear Stern-Volmer plot confirm 
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the presence of both static and dynamic components in PL quenching process (Figure A5.20e). 

A quadratic SV plot was constructed to further analyse the PL quenching event in [-] B-

QD:::[+] R-QD donor:::acceptor system (Figure A5.20f). Next, in an opposite addition 

experiment, a steady growth of acceptor [+] R-QD PL was observed in presence of 0.2 µM of 

[-] B-QD, nullify the inevitable direct excitation issue associated with all-QD system (Figure 

A5.21a). Furthermore, the photoluminescence excitation studies (PLE) revealed the strong 

contribution of the donor QD absorption in the PL enhancement of the acceptor QD (Figure 

A5.21b,c). Thus, both steady-state PL and PLE studies confirm the involvement of an efficient 

energy transfer process in [-] B-QD:::[+] R-QD donor:::acceptor assembly. 

 

Figure A5.21 (a) Reverse addition experiment shows a gradual enhancement in the PL of acceptor [+] 

R-QDs upon successive additions of donor [-] B-QDs. (b) PLE spectra collected at the emission maxima 

of donor [-] B-QDs in absence (blue) and presence (black followed by orange) of acceptor [+] R-QDs. 

(c) PLE spectra collected at the emission of acceptor [+] R-QDs in absence (red) and presence (orange) 

of [-] B-QDs. (d) PL decay kinetics of [-] B-QDs in absence and presence of [+] R-QD. Inset shows the 

corresponding lifetime SV plot. 

As in steady-state experiments, the time-resolved PL decay kinetics too revealed a clear 

quenching in average PL lifetime of [-] B-QD in presence of [+] R-QDs. The average lifetime 

decreases from ~205 ns to ~133 ns, corresponding to ~35 % FRET efficiency (E = 1 − τ/τ0, 

where τ0 and τ are the lifetime of donor QDs in absence and presence of acceptor QDs, 
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respectively) (Figure A5.19d and Table A5.19). The rate of energy transfer process was 

estimated to be ~1.31 x 107 s-1. The measured values of the static and dynamic quenching 

constants were ~8.90 x 106 M-1 and ~1.35 x 106 M-1, respectively. Further, a large bimolecular 

quenching constant (~6.60 x 1012 M-1 s-1) from lifetime SV plot confirm a strong ground state 

interaction in [-] B-QD:::[+] R-QD donor:::acceptor assembly (Table A5.20). Table A5.20 

summaries all the energy transfer parameters associated with [-] B-QD:::[+] R-QD 

donor:::acceptor assembly. In conclusion, the present study demonstrated an long range energy 

transfer process at energy scale of 610 meV in [-] B-QD:::[+] R-QD donor:::acceptor assembly. 

Details steady-state and time-resolved analysis were performed to conclusively prove the 

existence of FRET process in electrostatically assembled donor-acceptor QDs. In future, the 

long-range FRET studies in all-QD systems could further be expanded to NIR region as well. 

Table A5.15 PL decay analysis of [-] B-QDs and [-] B-QD:::[+] R-QD assembly, in a time window of 

3.2 µs. The PL decay was collected at 462 nm. 

 

Table A5.16 Resonance energy transfer parameters for [-] B-QD:::[+] R-QD complex. 
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Chapter – 6 

Thesis Summary and Future Direction
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6.1 Thesis Summary 

In conclusion, different Chapters of the present Thesis summarise the journey of developing 

design strategy to mimic nature’s favourite photosynthetic machinery solely based on 

environmentally friendly semiconductor QDs, notably with InP/ZnS QDs and CIS/ZnS QDs, 

respectively. To recall, nature’s masterpiece, the photosynthetic machinery functions on the 

principles of multicomponent assembly, where various light harvesting components are tied 

together through non-covalent interaction. In this direction, a library of light harvesting 

components were produced by tuning the phenomena of quantum confinement effect (Figure 

6.1a). Furthermore, a careful choregraphing of surface chemistry of InP and CIS QDs allow us 

to regulate interparticle interactions at nanoscale to create precise assemblies with QD based 

light-harvesters. In our first attempt, we have completed the color gamut in the visible region 

of environmentally friendly InP QD family by introducing a water stable pure-blue emitter.1 

Here, a fine control over the nucleation and growth process, followed by rational choice of 

reactive precursors allow us to stabilize band edge blue emission from smaller InP core (<2 

nm). Following this, the capabilities of blue-emitting InP/ZnS QDs was explored in energy 

transfer and bioimaging studies (Figure 6.1b). Next, a comprehensive investigation of the 

exciton dynamics of newly-developed QDs was conducted, following the framework of the 

excited state electron transfer process (Figure 6.1b). Once, the optoelectronic characteristics 

of InP-based blue emitter was discovered, a significant effort was made to develop 

electrostatically driven all-QD based donor-acceptor system for FRET study. The combinations 

of all-primary colors such as blue-green-and red-emitting InP/ZnS QDs, and red-emitting 

CIS/ZnS QDs, produces four dyad assemblies, as illustrated in Figure 6c.2-4 The four dyad 

assembles are blue-green, green-red, and blue-red al-InP/ZnS QD donor-acceptor assemblies, 

and green-red [-] InP/ZnS:::[+] CIS/ZnS QD nanohybrid assembly. Optimization of all dyad 

assemblies significantly improves our FRET database, and established a roadmap for FRET 

investigation between inter-QD donor-acceptor system. 
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Figure 6.1 (a) Tuning the optical band gap of core/shell InP/ZnS QDs leads to the creation of blue, 

green, and red-emissions. (b) Schematics showing the suitability of pure-blue emitting InP/ZnS QDs  in 

participating in efficient light induced energy and electron transfer processes with appropriate organic 

dyes. (c) Four FRET dyads developed in the Thesis: All-QD dyad assemblies based on blue, green, and 

red-emitting InP/ZnS QDs, and red-emitting CIS/ZnS QDs. 

6.2 Future Directions 

All the primary colors for the environmentally benign InP QD family is readily accessible, and 

a roadmap for FRET investigation has been established in this Thesis. Therefore, a logical 

extension of the present Thesis would be the development of multicomponent donor-acceptor 

systems based on three or more different sizes of QDs. Subsequently, multicomponent all-QD 

based light harvesting antenna systems could further be coupled with electron transfer 

complexes and catalytic centers to accomplish artificial photosynthesis (Figure 6.2a). 

Furthermore, QD-QD FRET construct can be employed to enhance the performances of solar 

cells and solid-state lighting devices. As reported by Grimes and co-workers, incident photon 

to current conversion efficiency (IPCE) of a dye sensitized solar cells (DSSCs) can be improved 

to ~25 %, by the assistance of FRET process (Figure 6.2b).5 Additionally, the multicomponent 

assembly of environmentally benign QDs can be utilized to study various other fundamental 

photophysical processes as well, such as photoinduced electron transfer (PET) and dexter 

energy transfer (DET) processes. Thus, we believe that all-QD based multicomponent donor-

acceptor systems will have a far-reaching contribution to a wide-variety of fields, including 

solar-light-harvesting, electronic, solid-state devices and so on. 
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Figure 6.2 (a) Integrating energy transfer, electron transfer, and catalytic center to mimic photosynthesis 

in all-QD based donor-acceptor assembly. (b) Diagram showing the relative energy levels of the 

components in a FRET-assisted dye-sensitized solar cell (DSSC). Reproduced with permission from 

reference 5. Copyright 2010, American Chemical Society. 
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Title of the article: Toxicology of Heavy Metals Used in Cosmetics
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Pradyut
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Dear Pradyut Roy,

Thank you for contacting Optica Publishing Group.

For the use of figure 5 from Deokho Jang, Younho Han, Seungin Baek, and Jungho Kim, "Theoretical comparison of
the energies and wave functions of the electron and hole states between CdSe- and InP-based core/shell/shell
quantum dots: effect of the bandgap energy of the core material on the emission spectrum," Opt. Mater. Express 9,
1257-1270 (2019):

Optica Publishing Group considers your requested use of its copyrighted material to be Fair Use under
United States Copyright Law.  We request that a complete citation of the original material be included in
any publication.

As this article is published under the terms of the Optica Publishing Group Open Access Publishing
Agreement (OAPA), when adapting or otherwise creating a derivative version of the article, users must
maintain attribution to the author(s) and the published article's title, journal citation, and DOI. Users
should also indicate if changes were made and avoid any implication that the author or Optica
Publishing Group endorses the use.

While your publisher should be able to provide additional guidance, we prefer the below citation formats:

For citations in figure captions:

[Reprinted/Adapted] with permission from [ref #] © Optical Society of America [or Optica Publishing
Group, as applicable]. (Please include the full citation in your reference list)

For images without captions:

Journal Vol. #, first page (year published) An example: Opt. Express 27, 1164 (2019)

Please let me know if you have any questions. 

Kind Regards,

Cassie Travers

Cassie Travers
17 July 2024
Authorized Agent, Optica Publishing Group
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(DOI: 10.1364/OME.9.001257) to reuse in my PhD thesis. Could you please provide the permission for this?

Title of the article: Theoretical comparison of the energies and wave functions of the electron and hole states between
CdSe- and InP-based core/shell/shell quantum dots: effect of the bandgap energy of the core material on the
emission spectrum
DOI: 10.1364/OME.9.001257
Figure Details: Figure 5
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already. The author's name and affiliation can be found on the first  page of the published Article.

2. For electronic format permissions, Requestor agrees to provide a hyperlink from the reprinted APS material using the
source material’s DOI on the web page where the work appears. The hyperlink should use the standard DOI resolution URL,
http://dx.doi.org/{DOI}. The hyperlink may be embedded in the copyright credit  line.
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Author's Names, APS Journal T itle, Volume Number, Page Number and Year of Publication.] Copyright (YEAR) by the
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