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Thesis Synopsis 

Light-matter interaction is one of the most fascinating phenomena in nature, which has 

inspired researchers to accomplish significant breakthroughs in the past, as well as the 

present. For instance, a thorough understanding on the process of photosynthesis has led 

researchers to tackle the challenges of energy crisis. The progress made in the area of modern 

energy research is highly commendable, and solar harvesting has emerged as one of the most 

practical alternatives to meet our energy demands. A closer examination of the phenomenon 

of photosynthesis reveals the presence of two fundamental photophysical processes: light 

induced energy, and electron transfer. Mimicking the above mentioned light induced 

processes in artificial materials, in an efficient fashion, continues to be a subject of intense 

research. Among various classes of materials available, semiconductor nanoparticles or 

quantum dots (QDs) have achieved a special feat due to their unique size and shape-tunable 

optoelectronic properties. Additionally, QDs offer a unique opportunity, where the core can 

act as the primary light harvester, and the surface ligands can be engineered for controlling 

the various interparticle forces. Although the effects of QD core (like size, shape, 

composition etc.) have been well documented in literature, the role of surface ligands on 

various optoelectronic properties is still in its infancy. A proper and precise tuning of the 

surface chemistry of QDs has the potential to not only improve, but also impart newer 

properties to QD based nanohybrid systems. Thus, the present thesis is mainly focused on 

studying the effect of surface ligands on the optoelectronic and photophysical properties of 

QD based light harvesting systems. In this direction, Chapter 1 gives a brief summary of 

how ligands on the surface of QDs can control the interactions in a donor-acceptor system 

and summarizes their impact on various photophysical processes. 

 

In Chapter 2, we have developed a place exchange protocol to impart a permanent positive 

charge on the surface of eco-friendly and less toxic indium phosphide/zinc sulfide (InP/ZnS) 

cores/shell QDs. Our ability to craft permanent positive charges on the surface of InP/ZnS 

QDs represents a fundamental and practically important advance in the area of 

environmentally friendly QDs. Next, the two important properties of QDs, namely 

bioimaging and light induced resonance energy transfer, were successfully demonstrated with 

cationic InP/ZnS QD. The low cytotoxicity compared to traditional [+] CdSe QDs and stable 

photoluminescence of [+] InP/ZnS QDs inside the cells make them ideal candidates as optical 

probes for cellular imaging applications. Furthermore, an efficient Förster resonance energy 
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transfer (FRET) process was demonstrated with [+] InP/ZnS QDs as the donor and negatively 

charged merocyanine-540 dye (MC) as the acceptor, both in solution and solid states. A large 

bimolecular quenching constant along with a linear Stern-Volmer plot confirms the formation 

of a strong ground state complex between [+] InP/ZnS QD and [-] MC dye. The key point is 

the decisive role of electrostatics in controlling the light induced energy transfer, which can 

rightfully form the basis for future nanobio studies between [+] InP/ZnS QDs and negatively 

charged biomolecules.  

 

In Chapter 3, the interaction driven FRET process with [+] InP/ZnS QDs was efficiently 

explored in the area of QD photopatterning. We have developed a robust technique for the 

creation of reusable multicolor luminescent photopatterns from a single QD-nanohybrid 

system, as opposed to the common practice of using different colored QDs. Our 

photopatterning approach relies on the photoregulation of FRET process in a InP/ZnS QD – 

MC dye agarose film. The superior photostability of the QDs over organic dyes was smartly 

used to form multicolor luminescent patterns in QD nanohybrid film. The photoirradiation 

causes the controlled degradation of organic dye molecules, and modulates the composition 

of donor-acceptor pair in the QD-dye agarose film. Consequently the efficiency of FRET in 

QD – dye agarose film was regulated between completely ON and OFF states, through a 

moderately efficient state. This led to the generation of high contrast reusable multicolor 

luminescent patterns comprising of at least three distinctly different colors: orange 

(corresponding to FRET ON state, EFRET ~85 %), yellow (corresponding to moderately FRET 

ON state, EFRET ~50 %) and green (corresponding to FRET OFF state, EFRET = 0%). The 

creation of luminescent patterns by the photoregulation of FRET is conceptually unique, and 

cost effective for the manufacturing of luminescent nanocrystal based multicolor display 

devices.  

 

In Chapter 4, we investigated the potency of [+] InP/ZnS QDs as a donor in the 

photoinduced electron transfer (PET) process with oppositely charged Indocyanine green 

(ICG). A strong electrostatic attraction resulted in a highly efficient electron transfer (~95 %) 

from [+] InP/ZnS QD to [-] ICG dye, leading to a completely non-fluorescent QD nanohybrid 

system. Furthermore, we could successfully couple and regulate light induced electron and 

energy transfer processes in a single QD nanohybrid film, which by itself is a significant 

advancement in the area of QD light harvesting. Additionally, the ability to generate non-

emissive (due to efficient electron transfer) and luminescent states (due to energy transfer) 
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from a single QD – dye nanohybrid system was then used to create high contrast multicolor 

luminescent patterns. The dominance of electron transfer over the energy transfer process 

generates a non-luminescent QD nanohybrid film, which provides the black background for 

multicolor patterning. A selective photodegradation of the electron acceptor dye triggered the 

onset of energy transfer process, thereby imparting a luminescent color to the QD nanohybrid 

film. Finally, a controlled photoregulation of energy transfer process paved the way for 

multicolor luminescent patterning. Apart from enhancing the color contrast, our approach 

offers the option of creating luminescent images that have inherent black regions, at a 

multicolor level. 

 

In summary, the present Thesis helped in introducing environmentally friendly InP/ZnS QDs 

to the family of cationic nanoparticles as a practical alternative to toxic metal ion based QDs, 

for future interaction driven light-harvesting and biological studies. 
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1.1 Introduction 

Nature has always been an inspiration, as well as a puzzle for scientists! Out of the many, the 

interaction of light with matter is one of the most fascinating phenomena, which leads to a 

variety of exciting application in the areas of both medical and energy research.
1
 The demand 

and significance of light harvesting research, perhaps, may have reached its top in our present 

day to day life.
2-4

 Relentless efforts from the researchers over the past two decades have 

brought us to a stage, where solar energy harvesting strategies have become the prime 

alternative to meet our future energy demand.
5
 For instance, Bloomberg New Energy Finance  

has predicted solar power to cost less than coal, and even other natural gases, by 2021 

(Figure 1.1).
6
  

 

Figure 1.1: A plot predicting the cost of power production between coal and solar/ wind 

powers. (Reproduced in part with permission from reference 6. Copyright 2016 American 

Association for the Advancement of Science). 

  

Photovoltaics forms an integral part of modern energy research, and has played a crucial role 

in the emergence of light harvesting as an affordable means of energy source.
5,7

 Active 

research in the area of photovoltaics has led to the development of materials that can yield 

efficiencies close to the Shockley-Queisser limit of 33.7 % (Figure 1.2).
8
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Figure 1.2: A plot showing the Shockley-Queisser detailed-balance efficiency limit as a 

function of band gap (black line). The record efficiencies for different materials are plotted 

for the corresponding band gaps. (Reproduced in part with permission from reference 8. 

Copyright 2020 AMOLF Physics of functional complex matter).  

 

The key, for the present success achieved in energy research, is the improved understanding 

of various photophysical processes involved in the phenomenon of light-matter interaction.
1 

The credit for this again goes to nature, for gifting one of the most elegant processes known 

to mankind so far – photosynthesis.
9-15

 The process of photosynthesis involves a combination 

of light and dark reactions, where sunlight is used for the conversion of toxic carbon dioxide 

into value added products like oxygen and glucose.
9
 This is achieved through the design of a 

photosynthetic light harvesting assembly, one of the finest pieces of molecular machinery 

that nature has ever created. Photosynthetic light harvesting assembly primarily utilizes 

photoinduced energy transfer, followed by well-organized sequence of electron transfer 

reactions in the photosynthetic reaction centre (RC).
10,11,13,14

 A Z-scheme is developed by the 

researchers to visualize the molecular architecture and various steps involved in the process 

of photosynthesis (Figure 1.3).
12 

Specifically, the Z-scheme represents various steps involved 

in the light reaction, and mainly shows the pathway of light induced electron transfer from 

water to NADP
+
.
9,11

 The y-axis is the energy scale showing each molecule’s ability to reduce 

the next one from left to right, by transferring the photogenerated electrons.
12

 In short, Z-

scheme represents the pathway used by the plants to transform light energy to electrical 

energy (electron flow through oxidation and reduction steps), and finally to chemical energy 

(stored in the form of reduced NADH and ATP).
9,11
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Figure 1.3: Schematic representation of z-scheme. Abbreviations used from left to the right 

of the diagram: Mn - manganese complex, Tyr - tyrosine; P680 - reaction centre chlorophyll 

(Chl) in photosystem (PS) II (the primary electron donor of PSII); Pheo - pheophytin (the 

primary electron acceptor of PSII); QA, QB –and PQ are plastoquinone molecules; FeS - iron 

sulfur protein; Cyt. - cytochrome; PC - copper protein plastocyanin; P700 - reaction centre 

chlorophyll; Ao - special chlorophyll a molecule; A1 - phylloquinone (Vitamin K) molecule; 

FX , FA , and FB - three separate iron sulfur Centres; FD - ferredoxin; FNR - ferredoxin 

NADP oxido reductase. (Reproduced in part with permission from reference 12. Copyright 

2015 Springer). 

 

A closer examination of the phenomenon of photosynthesis reveals the presence of two 

fundamental photophysical processes: light induced energy and electron transfer processes. 

Mimicking the light induced energy as well as electron transfer processes, efficiently, 

continues to be a major challenge and a subject of intense research.
14,15

 Among different 

mechanisms proposed for light induced energy transfer process, Forster resonance energy 

transfer (FRET) remains to be one of the well-studied one. FRET is a non-radiative transfer 

of energy from an excited state donor to a ground state acceptor, through a long range dipole-

dipole interaction (typically operates in a range of 1-10 nm; Figure 1.4a,b).
16

 Some of the 

important factors influencing the efficiency of FRET process include spectral overlap integral 

between the emission of the donor and the absorption of the acceptor, donor-acceptor 

distance, and orientation factor (dipole-dipole interaction) (Figure 1.4c).
16

 For a given 

system, the process of FRET is highly sensitive to the distance between the donor and 

acceptor, r (Efficiency α 1/r
6
), and for this reason, FRET is often used as a spectroscopic ruler 

in many areas of research ranging from biology to energy science.
16-25
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Figure 1.4: a) Schematic representation of the energy transfer process based on FRET 

formalism. b)  Schematic representation showing the process of FRET in a donor-acceptor 

system. c) Various factors influencing the process of FRET: spectral overlap between the 

emission of the donor and the absorption of the acceptor, distance between donor and 

acceptor, and the orientation factor (dipole-dipole interaction) (Partially reproduced in part 

with permission from reference 25. Copyright 2015 Springer).  

 

On the other hand, the process of photoinduced electron transfer (PET) involves the transfer 

of electron from the donor to the acceptor, upon photoexcitation.
16

 It is worth mentioning that 

the photoexcited species can either be a donor or an acceptor (Figure 1.5a).
16 

The simplest 

form of a model system that shows photoinduced electron transfer is a dyad molecule (Figure 

1.5b), in which a donor group is covalently linked to an acceptor through a rigid or flexible 

bridging unit. Photoexcitation of either donor or acceptor group of the dyad results in an 

electron transfer, leading to the formation of a radical cation of the donor and a radical anion 

of the acceptor.
16,26-29

 The stabilization of the charge separated state, by avoiding the energy 

wasting back electron transfer process is crucial for the successful use of these dyad systems 

for energy conversion studies. Photoinduced electron transfer is one of the most important 

chemical processes in many biological, physical and chemical systems (both natural and 

artificial).
26-31  
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Figure 1.5: a) Schematic representation showing the process of photoinduced electron 

transfer, upon the photoexcitation of either donor or acceptor moieties. b) Schematic 

representation showing the model system for photoinduced electron transfer in a dyad 

system. The photoexcited donor molecules transfer the electron to the acceptor, thereby 

forming a charge separated complex. (Redrawn with permission from reference 26. 

Copyright 2015 Springer). 

 

Quantum dot based donor-acceptor systems: Different classes of materials have been 

designed and developed to mimic the natural photosynthetic reaction center, including 

organic and inorganic molecules, polymers, and metal and semiconductor nanoparticles.
32-36

 

Among them, semiconductor nanoparticles or quantum dots (QDs) have achieved a special 

feat due to their unique size and shape-tunable optoelectronic properties such as broad 

absorption, narrow photoluminescence, large stoke shift, and high photostability.
37-39

 All the 

unique properties of QDs emerge from the quantum confinement effect, when the size of the 

particle is below the Bohr excitonic radius (distance between a spatially separated electron 

and hole).
37-39

 The quantum confinement leads to an increase in the band gap, and introduces 

discreteness in the continuum energy levels, in comparison to a bulk semiconductor (Figure 

1.6).
37-39 
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Figure 1.6: Schematic representation showing the effect of quantum confinement on tuning 

the optical properties in a size dependent manner, from molecule to bulk. (Redrawn from 

reference 37. Copyright 1990 Annual Reviews). 

 

The band gap (Eg) of a QD is usually calculated using the Brus equation.
40

   

𝑬𝒈(𝑸𝑫) = 𝑬𝒈(𝒃𝒖𝒍𝒌) +
𝒉𝟐

𝟖𝑹𝟐
[

𝟏

𝒎𝒆
+

𝟏

𝒎𝒉
] −  

𝟏. 𝟕𝟖𝟔𝒆𝟐

𝟒𝝅𝝐𝟎𝝐𝒓𝑹𝟐
 

Here, h is the Plank`s constant, R is the radius of the QD, me and mh are the effective masses 

of electron and hole in the material, ϵ0 is the permittivity of vacuum, and ϵr is the relative 

permittivity. 

In general, most of the intriguing properties of a nanomaterial originate from its core. For 

instance, metallic cores like Ag, Au and Cu will impart plasmonic properties, semiconductor 

cores like CdSe, CdSe, PbTe etc. will impart photoluminescence properties, metals like Fe, 

Co, Ni, etc. will impart magnetic properties, and so on.
41

 The initial era of research in the area 

of nanoscience was mostly focused on the core properties, and surface ligands were 

considered as a capping agent, which gives stability to the nanomaterials. Later, researchers 

have realized the enormous potential hidden in the surface ligands, which are much beyond a 

mere stabilizing agent. In fact, surface ligands have been found not only to improve the 

existing properties of nanomaterials, but also to impart new properties as well.
42-46 

tuning the 

surface chemistry of nanomaterials, one can get different interactions into action, like H-

bonding, electrostatic, π-π, hydrophobic, and hydrophilic interactions, which can play a 

decisive role in controlling the functions at the nanoscale (Figure 1.7).
42-46

 Consequently, 

tuning the surface chemistry of nanomaterials has emerged as one of the active areas in 

modern nanoscience. Thus, one of the main focuses of the present Thesis is to study the effect 
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of surface ligands on the optical and electronic properties, charge recombination dynamics, 

energy, and electron transfer processes in QDs. Thus, the Chapter 1 gives a brief summary of 

how ligands on the surface of QD can control the interactions in a donor-acceptor system, and 

their impact on various photophysical processes.  

 

Figure 1.7: Schematic representation showing the general structure of nanoparticles and 

properties originating from the core and surface ligand.   

 

1.2 Effect of surface ligand on light induced energy transfer  

Energy transfer is a non-radiative process, where the photoexcited donor transfers its excess 

energy to an acceptor either through dipole-dipole interactions (Förster resonance energy 

transfer or, FRET) or by exchange mechanism (Dexter energy transfer).
16,47

 The rate of FRET 

decays with 1/r
6
, where r is the distance between donor and acceptor; whereas the rate of 

Dexter energy transfer scales with e
-2r

.
16,47

  Thus, one of the main parameters governing the 

efficiency of energy transfer process is the distance between the donor and acceptor.
16,47

 

Ideally, a close proximity of donor and acceptor is desirable, and the ligands on the surface of 

QDs can dictate the outcome of this process.
48-50

 In this direction, a wide range of ligand sets 

have been developed by the researchers based on proteins, peptides, nucleic acids, aliphatic 

and aromatic hydrocarbon chains, etc.
51-57

 Mattoussi and co-workers have used the de novo 

polypeptides with variable lengths as a surface ligand, as well as a spacer in CdSe/ZnS QD - 

Cy-3 dye based donor-acceptor system.
55

 Here, QDs played a dual role by providing its core 

as an energy donor, and its surface ligands as receptors for the adsorption of Cy-3 dyes. As 

theoretically predicted for FRET, a sixth power dependence of energy transfer efficiency on 
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donor-acceptor distance was observed by systematically varying the length of the 

polypeptides (Figure 1.8).
55 

 

Figure 1.8: a) Schematic representation showing the QD-YEHKm-Cy3 conjugate (m is the 

repeat units of peptide core). b) PL emission spectra of QD-YEHK3-Cy3 conjugate with 

different ratios. c) A plot showing the PL quenching efficiency vs. distance, with the best fit 

using the Förster formalism. (Reproduced in part with permission from reference 55. 

Copyright 2006 American Chemical Society). 

 

In another elegant work, Weiss and co-workers have designed a donor-acceptor system based 

on two different sizes of PbS QDs, functionalized with mercaptoalkanoic acid ligands of 

variable lengths (MAA; S
−
-(CH2)(n−1)-COO

−
, n = 3-16).

57
 In the absence of any external 

trigger, negligible FRET was observed in the QD-QD based donor-acceptor system. 

Interestingly, the addition of Zn
2+ 

ions resulted in an efficient FRET from smaller to bigger 

sized QDs (E~86 %). The coordination ability of Zn
2+

 ions with carboxylic groups brings the 

donor-acceptor QDs close to each other, leading to an efficient FRET process (Figure 1.9a). 

Figure 1.9b shows the photoluminescence (PL) spectra of 12-mercaptoalkanoic acid 

functionalized QD mixture, before (solid black spectrum) and after (dashed black spectrum) 

the addition of 700 equivalents of Zn
2+

 ions. The blue and red spectra were generated by 

deconvolution, which corresponds to the individual contributions of the donor and the 

acceptor QDs, respectively. A bathochromic shift in the PL spectra of mixed QD solution was 

observed after the addition of Zn
2+

 ions. This confirms a decrease in the PL intensity of donor 

QDs, along with a simultaneous increase in the PL of acceptor QDs. Interestingly, no 
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appreciable changes were observed in the PL spectra upon crosslinking the donor and 

acceptor QDs independently, with Zn
2+

 ions. Upon decreasing the length of the ligand from 

n=16 to n= 3, the average interparticle distance decreased from 5.8 ± 0.3 nm to 3.7 ± 0.3 nm.  

Consequently, the rate of energy transfer increased from ∼150 ns
−1

 to ∼2 ns
−1

 (Figure 1.9c). 

Similar effect of ligand length on the FRET efficiency has been reported by Wu and co-

workers in CdSe/ZnS QD – gold nanoparticle donor-acceptor system.
58

 

 

Figure 1.9: a) Schematic representation showing the energy transfer between different sizes 

of MAA capped PbS QDs, through COO
-
 - Zn

2+
- COO

- 
bridging interaction. b) PL spectra of 

2:1 ratio of donor and acceptor solution capped with 12-MAA ligands, before and after the 

addition of 700 equivalents of Zn
2+

 ions, at an excitation wavelength of 800 nm. c) A plot 

showing the rate of energy transfer vs. the donor-acceptor distance. (Reproduced in part with 

permission from reference 57. Copyright 2017 American Chemical Society).  

 

Ligands, can, not just increase or decrease the rate of energy transfer, but can influence the 

nature of the quenching process itself. Tang and co-workers have studied the effect of 

anchoring groups of a ligand in controlling the nature of energy transfer between CdS QD 

donors and boron dipyrromethane dye acceptors.
59

 Here, boron dipyrromethane dye was 

functionalized with amine and carboxylic acid groups, to control the interaction with the 

donor QDs. The carboxylic acid-functionalized acceptor dyes could attach itself to the 

multiple identical binding sites on the surface of QDs (Figure 1.10a). Accordingly, the PL of 

the QD donor was quenched by ~45 %, along with an enhancement in the acceptor emission 

by ~55 %, which confirms a moderate FRET from the donor QD to the dye acceptor (inset of 

Figure 1.10b). In contrast, both FRET as well as static quenching processes were observed, 

when amine-functionalized dyes were used as the acceptor. In the presence of amine-

functionalized dyes, the PL of the donor was quenched by ~90 %, with a marginal 

enhancement in the acceptor emission (~10 %; inset of Figure 1.10d). Similarly, the PL 

lifetime of CdS QDs is significantly quenched in the presence of the amine-functionalized 

dye (Figure 1.10e). This contrasting behaviour was explained based on the existence of two 

sites available for the attachment of amine-functionalized dye on QDs. A bright site leading 
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to a normal FRET, and a dark site which will result in a charge transfer from the QDs through 

static interaction. On the other hand, acid-functionalized ligands bind to multiple identical 

sites on QDs, resulting in FRET as a sole quenching process.
59 

 

Figure 1.10: a) Schematic representation showing the energy transfer from CdS QD to dye 

boron dipyrromethane acceptors, linked through acid and amine groups. b,d) Spectral 

changes in the steady state PL, and c,e) corresponding time resolved spectra of CdS QDs, on 

the addition of varying amounts of acid and amine functionalized dye molecules. Insets show 

the corresponding decrease in the PL of CdS QD, and an increase in the emission of 

acid/amine functionalized dye molecules. (Reproduced in part with permission from 

reference 59. Copyright 2015 American Chemical Society).  
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Another report by Nyokong and co-workers revealed the effect of thiolated carboxylic acids 

on the efficiency of energy transfer in CdTe QD - aluminium phthalocyanines dye donor-

acceptor system.
60

 The CdTe QDs were functionalised with thioglycolic acid (TGA), 

mercaptopropionic acid (MPA), and L-cysteine (CYS) ligands.  The trend in the efficiency of 

energy transfer followed the order CYS  MPA  TGA. The exact reason for the observed 

trend was not clearly understood, due to the additional effects of these ligands on the growth 

and crystallinity of QDs.
60

 Another approach to achieve ligand directed energy transfer is to 

functionalize the QDs with photochromic ligands.
57

 Photochromic dyes will undergo 

reversible transformation upon exposure to light, resulting in the switching between two 

photophysically distinct states.
61 

Spiropyran and their derivatives are one of the most 

prominent and well-studied class of photochromic compounds.
61

 Spiropyran exists in two 

forms: a closed spiro form and an open meso form, with their characteristic absorptions 

around 400 and 500-700 nm, respectively.
61,62

 In principle, a photoregulated energy transfer 

process can be achieved by functionalizing a thiolated spiropyran on the surface of QDs. In 

normal light, negligible energy transfer will be observed from QD to spiropyran, due to the 

low spectral overlap between the PL of QD and absorption of the spiro isomer (~ 400 nm). 

Upon irradiation with UV light, the closed spiro form (SP) isomerizes to the open meso 

merrocyanine form (MC), and the absorption shifts in the range of 500-700 nm (Figure 

1.11a). Consequently, a strong spectral overlap is established between the PL of QD and the 

absorption of the meso isomer, resulting in the switching ON of an efficient FRET process. 

This concept of photoregulated energy transfer was realized by Medintz and co-workers.
63

A 

photochromic BIPS (1,3-dihydro-1-(2-carboxyethyl)-3,3-dimethyl- 6-nitrospiro-[2H-1 

benzopyran-2,2-(2H)-indoline]) conjugated with maltose-binding protein (MBP) was 

functionalized on the surface of CdSe QDs. The isomerization of spyro to meso form resulted 

in a high spectral overlap integral value, thereby triggering an efficient FRET process from 

QD to the photochromic dyes (Figure 1.11b,c). Interestingly, the FRET process can be 

switched OFF by converting the meso form back to the closed spyro form, under visible light 

irradiation. This photoregulated switching between FRET ON and OFF states was achieved 

for many cycles, without any noticeable loss of efficiency (Figure 1.11d).
63

 Similar FRET 

ON-OFF systems have been developed with other photochromic dyes like 

perfluorocyclopentene, dithienylethenes, oxazolylfulgides, and bismuth vanadate pigments.
64-

66
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Figure 1.11: a) Structure of sulfo-NHS-BIPS in the SP (left) and MC (right) forms, after 

conjugation to a protein. b) PL spectra of QD-MBP-BIPS conjugate before and after 

illuminating with UV light. c) Schematic representation showing the conversion of SP form 

to MC form in BIPS, upon UV irradiation of QD-MBP-BIPS conjugate. d) Monitoring the 

QD luminescence during the photoconversion cycles. (Reproduced in part with permission 

from reference 63. Copyright 2015 American Chemical Society).  

 

1.3 Effect of surface ligand on photoinduced electron transfer process 

The process of photoinduced electron transfer (PET) involves the transfer of an electron from 

a donor to an acceptor, upon the excitation of either the donor or the acceptor.
16

 The general 

outcome of a PET process is the formation of a non-luminescent complex, comprised of 

radical cation and radical anion species.
16

 A fundamental understanding on the exciton 

dissociation and transfer (extraction of the charge carriers from the QD core) is the key for 

the successful design of QD based photovoltaic and photocatalytic systems.
67,68 

The time 

scale of electron transfer should be much faster than the inherent PL lifetime, in order to 

extract the excitons efficiently out of the QD system.
67,68 

 Now, a surface ligand can either 

assist or block the transfer of excitons from the QDs, making the choice of ligands one of the 

crucial parts in the design of an efficient donor-acceptor system.
67,68 

In a traditional approach, 

the distance between the donor and the acceptor is minimized by using short chain length 

ligands or bifunctional molecules to bridge the donor and the acceptor.
69-71

 Recently, 

researchers have started to incorporate different interactions, emanating from the surface 

ligands, to enhance the rate of PET in donor-acceptor systems.
72-74

 Kamat and co-workers 

were successful in improving the adsorption of CdSe QDs on TiO2 films, by using a 

bifunctional 3-mercapto propionic acid (MPA) ligand as the linker.
72

 The increase in the 
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adsorption constant directly translated into the enhancement of PET process in CdSe QD – 

TiO2 donor- acceptor nanohybrid system. Later, Watson and co-workers studied the effect of 

chain length of mercaptoalkanoic acid (MAAs) based surface ligands, on the rate and 

efficiency of PET in CdS QD – TiO2 donor- acceptor nanohybrid systems.
69

 The thiol and 

carboxylic groups in the bifunctional ligands have a strong affinity towards the surfaces of 

QDs and TiO2, respectively, leading to the formation of a strong donor-acceptor complex. 

The steady state and time resolved photophysical experiments reveal that the rate of electron 

transfer, from QD to TiO2, increased as the length of the MAA ligand was decreased.
69

 Not 

only the length but also the nature and electronic structure of the linker/ligand molecules can 

have an effect on the electron transfer properties.
70

 Cánovas and co-workers have performed 

optical pump-probe terahertz spectroscopy measurements to study the electron transfer 

process in a QD donor-bridge-SnO2 acceptor system, by tuning the electronic coupling 

strength of the linker molecules (Figure 1.12a).
71

 The authors have used n-alkylene 

(SH−[CH2]n−COOH) and n-phenylene (SH−[C6H4]n−COOH) molecular bridges in the 

system, where thiol and carboxylic groups can attach on to the QD and SnO2 surfaces, 

respectively. It was demonstrated that the electron transfer occurred through a non-resonant 

quantum tunnelling with decay rates, β (tunnelling decay rate for a given barrier potential) of 

0.94 for alkylene group, and 1.25 for phenylene group. A faster electron transfer process was 

observed with the aromatic phenylene bridges, when compared to aliphatic alkylene bridges. 

The molecular orbitals of alkylene linkers were localized on either ends of the bridge, with a 

large HOMO−LUMO gap. In contrast, the molecular orbitals of n-phenylene linkers 

delocalized across the entire molecule, which results in a decrease in the energy of LUMO, 

and thereby increasing the effective volume of the electronic wave function. This results in an 

increase in the spatial overlap between the donor (QD) and acceptor (TiO2) moieties, 

resulting in an enhanced electron transfer in the case of phenylene bridges compared to 

alkylene bridges (Figure 1.12b).
71 

Thus both the length and electronic structure of the ligand 

affects the PET process. 
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Figure 1.12: a) Schematic representation of a QD based donor-bridge-acceptor system. b) 

Plot showing the rate of electron transfer vs. length of linker molecules for n-alkylene (black 

dots) and n-phenylene (red dots) bridges. (Reproduced in part with permission from reference 

71. Copyright 2013 American Chemical Society).  

 

The nature of the binding/anchoring groups, constituting the surface ligands, is also known to 

influence the PET process. For instance, Kamat and co-workers have studied the influence of 

two commonly used binding groups on PET: thiol vs amine.
72

 For this, the authors have 

decorated the surface of CdSe QDs with mercapto propionic acid (MPA) and β-alanine (β-

Ala).
72

 The thiol functional group creates carrier trapping sites on the surface of QDs, which 

hinders the electron transfer from QD to TiO2. Whereas, QDs with amine-functionalized 

ligands (β-Ala) generates fewer trap states compared to thiols, which enhances the rate of 

PET in β-Ala functionalized QD-TiO2 system (Figure 1.13a). On a side note, the electron 

transfer rate was always high when QDs were directly deposited on the TiO2. This is due to 

the increase in the spatial overlap between the donor and acceptor states, as well as the 

formation of fewer trap sites (Figure 1.13b).
72

 

 

Figure 1.13: a) Schematic representation showing the effect of anchoring groups on the 

electron trap states in excited QDs. b) A bar diagram showing the effect of thiol and amine 
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functional groups on the rate of electron transfer. (Reproduced in part with permission from 

reference 72. Copyright 2011 American Chemical Society). 

 

Another report from Wise and co-workers investigated the effect of anchoring groups on the 

acceptor moieties (−SiX3, −COOH, −PO3H2, and −SO3Na).
73

 The donor-bridge-acceptor 

system comprised of PbS QD as the donor, TiO2 as the acceptor, and linker molecule with 

different functional groups. As expected, an inverse dependence of the chain length of linker 

molecules was observed on the rate of PET process. Interestingly, the nature of anchoring 

groups had a dramatic influence on the PET process as well. The fastest PET rate was 

observed for the donor-acceptor system, where the linker molecule was anchored on the 

acceptor through sulfonate groups. Even though the exact mechanism was not discussed, the 

authors have attributed it to the ability of anchoring groups in modifying the density of states 

on the TiO2 surface.
73 

Further, Weiss and co-workers have used phenyl bis-(dithiocarbamate) 

(PBTC) as the linker molecule in zinc porphyrin (ZnP) - CdSe QD based donor-acceptor 

nanohybrid system.
74

 In a control experiment, the QD acceptor was directly attached to the 

phorphyrin donor through the carboxylic groups on ZnP. The presence of PBTC linker 

improved the quantum yield of the PET process from ZnP to CdSe QD by a factor of ~4 

(from 8 % to 38 %). The PBTC molecule links the ZnP and CdSe QD through the 

bifunctional dithiocarbamate group, by coordinating with the Cd
2+

 ions in the QD, and Zn 

metal centre in the ZnP (Figure 1.14a,b). The PBTC linker heled in increasing the binding 

affinity between CdSe QDs and ZnP, by an order of magnitude (from 1.0 × 10
5
 M

-1
 to 1.0 × 

10
6
 M

-1
). Figure 1.14c shows the transient absorption spectra of ZnP -PBTC- QD donor-

bridge-acceptor system, by selectively exciting the ZnP at 700 nm. A steady increase in the 

QD ground state bleach was observed as the amount of PBTC linker was increased in the 

system (Figure 1.14c).
74

 

 

Figure 1.14: Schematic representation showing the electron transfer from ZnP to CdSe QD: 

through a) PBTC molecule, and b) carboxylic group of ZnP. c) Transient absorption spectra 

of QD-PBTC-ZnP mixture, where the QDs have been treated with different amounts of 
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PBTC ligands. (Reproduced in part with permission from reference 74. Copyright 2015 

American Chemical Society). 

  

All the above mentioned representative examples confirm a strong dependence of surface 

ligands, linkers, and anchoring groups on the dynamics and rate of energy and electron 

transfer processes in QD based donor-acceptor systems. Along with this, the surface ligands 

have the potency to transform the inherent property of a nanohybrid system. A representative 

example from the area of plasmonic nanoparticles is taken to demonstrate this particular 

unprecedented role of surface ligands in nanoscience. In one of the most revolutionary 

reports, Grzybowski and co-workers showed that the inherent conducting (electrical) property 

of metal nanoparticles can be transformed into a diode behaviour, with the use of appropriate 

surface ligands.
75

 In short, surface ligands can impart a semiconducting behaviour in a 

metallic system!
75

 For this, gold nanoparticles (AuNP) stabilized with positively charged 

N,N,N-trimethyl-(11-mercaptoundecyl) ammonium chloride (TMA) ligands surrounded by 

negative counter ions (Cl
−
), and negatively charged 11-mercaptoundecanoic acid (MUA) 

surrounded by  positive counter ions (N(CH3)4
+
), were prepared (Figure 1.15a). Intermixing 

of mobile counter ions occurred, upon sandwiching the oppositely charged AuNP films:  Cl
− 

ions migrated to MUA AuNP film, and N(CH3)4
+  

ions migrated to TMA AuNP film. Thus, 

the mobile ions form a built-in electric field at the junction of AuNP films, similar to an 

electric double layer (Figure 1.15b). When the negative external potential was applied to the 

positively charged NP film, the mobile counter ions were pushed towards the interface. This 

increases the internal field at the junction, and as a result the conductivity decreases. When 

the bias was reversed, the mobile counter ions were pulled away from the interface, and the 

internal field at the junction was diminished, thereby increasing the conductivity. Thus, the 

metallic AuNP films exhibit a diode behaviour (Figure 1.15c), which is in stark contrast to 

the common ohmic behaviour.
75

 This particular example has created a paradigm shift in the 

area of nanoscience, and revealed the power of surface ligands in not only improving, but 

also imparting newer properties at nanoscale. 
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Figure 1.15: a) Schematic representation showing the formation of metal nanoparticle diode, 

by sandwiching layers of oppositely charged TMA and MUA AuNPs. b) Scheme showing the 

generation of an internal field at the interface by intermixing of counter ions. c) I–V 

characteristics showing the rectification of current in AuNP films. (Reproduced in part with 

permission from reference 75. Copyright 2016 Springer Nature).  

 

1.4 Surface chemistry of metal and semiconductor nanoparticles 

As mentioned in the previous sections, a smart of choice of surface ligands can be decisive in 

dictating the optoelectronic properties in metal and semiconductor nanomaterials.
76,77 

Moreover, appropriate surface ligands can also introduce different interparticle interactions 

and forces into action.
42-46,78-81 

Hence, it is crucial to develop protocols to functionalize the 

ligands of our choice on the surface of nanomaterials. This narrows down the discussion to an 

important topic: surface chemistry – the art of ligand functionalization and engineering.  One 

of the key challenges in the area of surface chemistry is the ability to retain the inherent 

properties of the nanomaterials during the decoration of ligands of our choice. A thorough 

literature review reveals that the surface chemistry of QDs is less explored, in comparison to 

metal nanoparticles. For instance, all kinds of ligands have been functionalized on the surface 

of metal NPs, such as  hydrophobic, hydrophilic, cationic, anionic, neutral, zwitterionic, and 

so on.
42-46,78-83 

This clearly confirms that the surface of a metal NP is robust towards a wide 

range of functionalization. Whereas, the surface of a QD is highly sensitive to ligand 

functionalization, which restricts the choice of ligands that one can work with. The first 

choice of ligands for QDs are hydrophobic molecules such as 

trioctylphosphine/trioctylphosphine oxide (TOP/TOPO), long-chain alkylamines, and alkyl 
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thiols.
84- 89 

Among hydrophilic ligands, most of the reports have used either anionic or neutral 

molecules, with a limited success with cationic molecules (Figure 1.16). It is worth 

mentioning that the attachment of cationic ligands on the QD surface of choice is still 

challenging, and one can easily loose its unique photoluminescent property in attempting to 

do so. Hence, there is a strong demand for the development of protocols for the 

functionalization of cationic ligands on the surface of QDs, so that the ligand directed 

optoelectronic studies can be extended to cationic QDs as well.   

 

Figure 1.16: Schematic representation showing the comparison between the surface 

chemistries of metal and semiconductor nanoparticles.  

 

1.5 Conclusions and Outline 

Chapter 1 provides a brief summary of surface ligand directed energy and electron transfer 

processes in QD based nanohybrid systems. The representative examples presented here 

proves the power of surface ligands in not only improving, but also imparting newer 

properties at the nanoscale. Factors like length, electronic structure, and anchoring groups in 

surface ligands can influence the dynamics and rate of light harvesting in QD based 

nanohybrid systems. A thorough literature survey reveals the need for expanding the scope of 

surface chemistry in QDs, especially with cationic ligands. Thus, the main objective of the 

present Thesis is to expand the surface chemistry of QDs to permanently positively charged 

ligands, and realize the ligand directed photophysical studies in cationic QDs. Specifically, 

we have established the decisive role of electrostatic interactions, emanating from surface 

ligands, in dictating light induced energy and electron transfer processes in environmentally 
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friendly cationic QDs. Later, such ligand directed photophysical processes were explored in 

the area of QD photopatterning, which offers a fundamentally unique and cost-effective 

approach for the manufacturing of QD based display devices (Figure 1.17).  

 

Figure 1.17: Schematic representation showing the main objective of the present Thesis: 

Surface ligand directed energy and electron transfer processes in cationic InP/ZnS QDs, and 

its exploration in QD photopatterning.  
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2.1 Abstract 

Indium Phosphide Quantum Dots (InP QDs) have emerged as an alternative to toxic metal 

ion based QDs in nanobiotechnology. The ability to generate cationic surface charge, without 

compromising stability and biocompatibility, is essential in realizing the full potential of InP 

QDs in biological applications. We have addressed this challenge by developing a place 

exchange protocol for the preparation of cationic InP/ZnS QDs. The quarternary ammonium 

group provides the much required permanent positive charge and stability to InP/ZnS QD in 

biofluids. The cationic InP/ZnS QDs retain ~80 % quantum yield with respect to parent QDs. 

The two important properties of QDs, namely bioimaging and light induced resonance energy 

transfer, are successfully demonstrated in cationic InP/ZnS QDs. The low cytotoxicity and 

stable photoluminescence of cationic InP/ZnS QDs inside cells make them ideal candidates as 

optical probes for cellular imaging. An efficient resonance energy transfer (E ~60 %) is 

observed, under physiological conditions, between the cationic InP/ZnS QD donor and 

anionic dye acceptor. A large bimolecular quenching constant along with a linear Stern-

Volmer plot confirms the formation of a strong ground state complex between cationic 

InP/ZnS QD and anionic dye. Control experiments prove the role of electrostatic attraction in 

driving the light induced interactions, which can rightfully form the basis for future nanobio 

studies between cationic InP/ZnS QDs and anionic biomolecules.  

2.2 Introduction 

Electrostatic forces play a pivotal role in controlling the interactions between biomolecules 

and nanomaterials.
1-6

 In this regard, cationic nanoparticles form an integral part of 

nanobiotechnology as they provide a complementary surface charge for binding with anionic 

biomolecules.
7-11

 The unique size dependent luminescence properties of Quantum Dots 

(QDs) are an added advantage over metal nanoparticles in various biomedical applications 

like imaging, targeting and therapeutics.
12-19

 One of the promising uses of QDs is in Förster 

Resonance Energy Transfer (FRET) based assays in monitoring various biomolecular 

processes including protein folding and sensing.
20-32

 To achieve this goal, extensive research 

has been carried out to understand the energy transfer process in QDs based on Cd, Pb, Se, 

etc.
20-32 

Mattoussi and co-workers used the luminescent CdSe/ZnS core/shell quantum dots as 

energy donors and a cyanine dye (Cy3) labelled maltose binding protein as energy acceptor, 

in FRET assay. The efficiency of FRET was controlled either by tuning the emission of QD 

or by altering the number of dye-labelled proteins immobilized on the QD (Figure 2.1).
20
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Figure 2.1: a) Schematic representation of a QD–protein–dye assembly. b) Evolution of the 

PL spectra obtained from titrating 510-nm emitting QDs with an increasing ratio, in QD–

MBP–Cy3 assemblies (Reproduced in part with permission from reference 20. Copyright 

2004 American Chemical Society). 

 

In another elegant work, Nocera and co-workers have attached the pH sensitive squaraine dye 

on the QD surface via EDC coupling. The efficiency of FRET was modulated by varying the 

solution pH, and this was further used as a tool for chemical and biological sensing (Figure 

2.2).
28

 

 

Figure 2.2: a) Schematic representation of a FRET based pH sensor constructed from CdSe–

ZnS QD coupled to a pH-sensitive squaraine dye. b) Changes in the emission profile of a 

QD-squaraine dye conjugate as a function of pH (red 6.0; orange 7.0; yellow 8.0; green 9.0; 

and blue 10); samples were excited at 380 nm (Reproduced in part with permission from 

reference 28. Copyright 2006 American Chemical Society). 

 

However, the increasing restrictions on the use of toxic metal ions have led to the search for 

environmentally friendly QDs possessing adequate biocompatibility and surface chemistries. 

InP QDs have emerged as an alternative due to their low toxicity and high tunability of 

emission in the near-infrared (NIR) region.
33-50

 Recently, Thomas and co-workers have 
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showed that InP/ZnS QD is a versatile and environmentally friendly material for energy 

transfer applications, in both organic and aqueous solvents, by labelling with appropriate 

chromophoric dyes (Figure 2.3).
50

 

 

Figure 2.3: Schematic representation of resonance energy transfer process in InP/ZnS-dye 

complex, and the corresponding time resolved PL spectrum (Reproduced in part with 

permission from  reference 50. Copyright 2014 American Chemical Society). 

 

Another challenge in the area of QD, in general, is the lack of flexibility in tuning their 

surface chemistries. On top of this, the challenges associated with the synthesis of InP 

QDs
34,35  

have mainly led to limited studies on their surface engineering,
49

 especially those 

with a cationic surface charge. Apart from the fundamental perspective, the lack of ability to 

install a cationic surface charge on QDs can limit their use in various biological applications 

as well. A common strategy adopted in the literature to generate cationic charge is by 

functionalizing the anionic QDs with bifunctional biomolecules to impart a pH dependent 

cationic charge, which then facilitates the bio-nano interactions.
38-40,51-55 

Among other 

problems, this strategy will increase the hydrodynamic diameter of nanohybrid systems 

beyond the limit of renal clearance.
15

 Thus, it is always advantageous to have a permanent 

cationic ([+]) charge on QDs in the first place as it reduces the structural complexities. In 

fact, there are very few reports on cationic QDs that carry a permanent positive surface 

charge,
56-63 

in comparison to metal nanoparticles.
64,65 

Talapin and co-workers were successful 

in attaching an ionizable secondary amine on the surface of CdSe and CdTe QDs. However, 

the functionalization of these secondary amines on the surface of InP QDs was not 

achievable, because of the poor quantum efficiency of InP QDs.
56

 Recently, Rotello and co-

workers used a non-ionizable tertiary amine to prepare cationic CdSe QDs through two-step 

ligand exchange process (Figure 2.4).
57
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Figure 2.4: Design of dithiol cationic ligand: Stability of cationic CdSe/ZnS QDs in a) Tris 

buffer, b) cell culture media, and c) serum. d) PL of cationic CdSe/ZnS QDs QDs in different 

pH phosphate buffers after incubation for 6 h. (Reproduced in part with permission from 

reference 57. Copyright 2011 Royal Society of Chemistry).  

 

Lack of availability of cationic InP QDs motivated us to develop a reproducible and robust 

protocol for achieving the same, and this forms the basis of this Chapter. Along with surface 

engineering, the ability of [+] InP/ZnS QDs to participate in energy transfer studies needs to 

be explored as well, to improve its potential in the area of light harvesting. Here, we address 

both the above mentioned issues and report an efficient light induced resonance energy 

transfer in [+] InP QDs under physiological conditions. A large bimolecular quenching 

constant along with a linear Stern-Volmer plot confirms the formation of a strong ground 

state complex between cationic InP/ZnS QDs and anionic dyes. The highlight of the present 

work was the use of electrostatic forces to control the light induced interactions, which can 

form the basis for future nanobio studies between [+] InP/ZnS QDs and [-] biomolecules. 

Moreover, the stable photoluminescence of [+] InP/ZnS QDs inside the cells, coupled with its 

low cytotoxicity, make them ideal candidates as optical probes for cellular imaging. 
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2.3 Experimental Section 

2.3.1 Materials and Reagents: 

Indium acetate, myristic acid (MA), octylamine, tetramethylammonium hydroxide (TMAOH) 

25 % wt. in water, 11-mercaptoundecanoic acid (MUA), merocyanine-540 (MC) and 1, 1’-

diethyl- 2, 2'-cyanine iodide (CY) were purchased from Sigma-Aldrich. Tris (trimethylsilyl 

phosphine) was purchased from Strem Chemicals. Dodecyl Amine (DDA), acetonitrile 

(ACN),  DMEM media and 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) were purchased from HiMedia. All the reagents were used as received without any 

further purification. N, N, N-trimethyl(11-mercaptoundecyl)ammonium chloride (TMA) was 

synthesized according to reported procedure.
66

  

2.3.2 Synthesis of InP/ZnS quantum dots: 

The synthesis was carried out by following the reported procedures.
50 

Briefly, indium acetate 

(0.4 mmol, 0.112 g), myristic acid (1.54 mmol, 0.35 g), and 5 mL octadecene were loaded in 

a three-necked RB and heated to 120 
o
C under N2 atmosphere. The reaction mixture was 

evacuated for 30 min at 120 
o
C, further raised to 200 

o
C and a solution containing 

tris(trimethylsilyl phosphine; 0.2 mmol, 58 μL) and octylamine (2.4 mmol, 400 μL) in 

octadecene (1 mL) was injected. After desired crystal growth, the reaction was arrested by 

reducing the reaction temperature to 130 
o
C. The InP QDs formed were further overcoated 

with ZnS in the same reaction vessel. An injection mixture containing diethylzinc (684 μL, 1 

M solution in hexane) and hexamethyldisilathiane (128 μL) in 2 mL octadecene was added 

dropwise, under gentle stirring over a period of 30 min. After the addition is complete, the 

reaction mixture was raised to 200 
o
C and stirring was continued for 2 h, resulting in the 

formation of core shell InP/ZnS QDs. The reaction mixture was then cooled to room 

temperature by adding 5 mL of cold toluene to arrest the growth of ZnS shell. The resultant 

InP/ZnS QDs were purified by precipitating with ethanol, and redispersed in chloroform. This 

step was repeated two times, and the purified QDs were dispersed in chloroform for further 

studies. 

2.3.3 Preparation of water-soluble [+] InP/ZnS QDs: 

The water-soluble [+] InP/ZnS QDs were prepared through a place exchange reaction. In a 

typical place exchange experiment, 5 mL of QDs solution in chloroform (1.6 M) was mixed 

with 2 mL of TMA solution (25 mg per mL). The mixture was stirred for about 4 h leading to 

a complete phase transfer of QDs from the organic phase to the aqueous phase. The phase 
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transfer can be easily monitored by the color change of chloroform (orange to colorless) and 

water (colorless to orange) phases. The bifunctional TMA ligand helped in both QD surface 

functionalization (via thiol group) as well as in the phase transfer process (via quaternary 

ammonium group). The aqueous phase was carefully separated and precipitated with acetone 

to remove excess TMA ligands. This step was repeated two times. Finally, the cationic QDs 

were redispersed in deionized water for further studies.  A similar procedure was adopted for 

the preparation of anionic [-] InP/ZnS QD by feeding a basic solution of 11-mercapto 

undecanoic acid as the ligand during the place exchange reaction. 

2.3.4 Energy transfer experiments: 

Energy transfer experiments were performed with different charged InP/ZnS QDs donors and 

dye acceptors. In a typical experiment, a 3 mL aqueous solution of charged InP/ZnS QDs was 

prepared such that the absorbance was ~0.1 at the excitation wavelength (400 nm, 

corresponding to a concentration of ~0.8 μM). Different aliquots of oppositely charged dyes 

were added sequentially to the QD solution and spectral changes were monitored by using 

Shimadzu UV-3600 and Fluorolog-3 (HORIBA Scientific) spectrofluorometers. The 

corresponding lifetime measurements were carried out in an IBH picosecond time correlated 

single photon counting (TCSPC) system, upon excitation with a 405 nm laser source. The 

fluorescence decay profiles were de-convoluted using IBH data station software version 2.1, 

and fitted with exponential decay, minimizing the χ
2
 values.  

2.3.5 Time resolved emission spectroscopy (TRES) experiment: 

TRES measurement is an excellent technique to monitor the excited state dynamics of 

molecules and to identify multiple emissive species present in a given system. TRES 

experiment of [+] InP/ZnS::: MC complex was carried out by collecting the transient lifetime 

profiles in the spectral range of 450−690 nm, with an interval of 4 nm. Time resolved 

emission spectra were constructed by slicing the transient profiles obtained at each 

wavelength.  

2.3.6 Fourier-transform infrared spectroscopy (FTIR):  

FTIR studies in solid state using KBr disc were obtained using NICOLET 6700 FTIR 

spectrometer. 
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2.3.7 High resolution transmission electron microscope (HRTEM) studies: 

A drop of [+] InP/ZnS solution was placed on a 400 mesh carbon-coated copper grid (Ted 

Pella, Inc.), at ambient conditions, and allowing the excess solvent to evaporate under air in 

dust free conditions. The samples were further dried under vacuum and imaged on a JEOL 

200 kV high-resolution transmission electron microscope. 

2.3.8 Zeta potential measurements:  

An aqueous solution of  [+] InP/ZnS QD (~0.8 M) was used in zeta-potential (ζ) studies by 

using a Zetasizer Nano series, Nano-ZS90 (Malvern Instruments, U.K.), equipped with 655 

nm laser. The error was calculated from three different measurements on three different 

samples.  

 ζ was determined by measuring the electrophoretic mobility and using Henry’s equation
67

 –  

UE =
2εζf(𝜅𝑎)

3η
 

Where, 

UE   = electrophoretic mobility 

    = zeta potential 

 ε   = dielectric constant 

 η   = viscosity 

f(κa) = Henry’s function 

Smoluchowski’s approximation was used to measure the zeta potential values of NPs.  

2.3.9 MTT assay: 

The cytotoxicity studies were performed on MCF-7 cell line using tetrazolium salt, 3,4,5-

dimethylthiazol-2,5-diphenyltetrazolium bromide (MTT) assay.
68

 MCF-7 cells were seeded 

in 96-well plate (in DMEM with 10% FBS, 1% penicillin and 10 g/mL insulin) and 

incubated overnight in a 5 % CO2 incubator at 37 °C for attachment. After achieving a 

confluence of ~85 %, the cells were incubated with different concentrations of QDs for ~24 

h. Then 20 μL of MTT reagent (5 mg/mL) was added to each well and incubated for 4 h at 37 

°C. The purple formazan crystals formed from the reduction of MTT by mitochondrial 

dehydrogenase enzyme were solubilized in 100 μL of DMSO. The absorbance of formazan 

crystals at 570 nm was measured using a micro plate reader (Varioskan Flash), and was 

representative of the number of viable cells per well. The absorbance from QD was negligible 
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in the concentration range studied. All samples were assayed in triplicate and the percent cell 

viability was calculated considering the untreated cells as 100% viable. 

2.3.10 Confocal microscopy:  

Confocal imaging was performed on a Zeiss LSM 710 microscope. MCF-7 cells were seeded 

(5×10
4
 cells/dish) on a coverslip in a 6 well plate and incubated overnight in a 5 % CO2 

incubator at 37 °C. Next day, old media was removed and cells were washed with cold PBS, 

and ~10 nM [+] InP/ZnS QD solution was added to the cells and incubated for 4 h. 

Thereafter, cells were washed with PBS three times before taking the images. The excitation 

source used was ~400 nm laser. 

2.4 Background of Förster Energy Transfer (FRET) formalism: 

FRET is a non-radiative energy transfer between excited fluorescent donor and a ground state 

acceptor molecule. In FRET, the energy is transferred nonradiatively from donor to 

acceptor.
67

 This process results from the dipole-dipole interactions and is thus strongly 

dependent on the distance between the donor and acceptor. It requires an appreciable spectral 

overlap between donor emission and acceptor absorption. 

The rate of energy transfer for a D-A pair separated by a distance r can be expressed as
69 

                                                          𝒌𝑻(𝒓) =  
𝟏

𝝉𝑫
(

𝑹𝟎

𝒓
)

𝟔

                                                  (1) 

Where, R0 is given by 

                                              𝑹𝟎 = 𝟎. 𝟐𝟎𝟏𝟖 (
∅𝑫 𝜿𝟐 𝑱(𝝀) 

𝜼𝟒 )
𝟏/𝟔

𝑨⁰                                        (2) 

And  

                                   𝑱(𝝀) =  ∫ 𝑭𝑫(𝝀)𝝐𝑨(𝝀)𝝀𝟒 𝒅𝝀   𝑴−𝟏 𝒄𝒎−𝟏 𝒏𝒎𝟒∞

𝟎
                                (3) 

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

donor and acceptor, τD is the lifetime of donor in absence of the acceptor, ∅D is the quantum 

yield of the donor in absence of acceptor, κ2 is the orientation factor for the dipoles, J(λ) is 

the spectral overlap between the emission of donor and absorption of the acceptor, η is the 

refractive index of the medium. FD (λ)  is the normalized fluorescence intensity of the donor 

at a particular wavelength, ϵA is the molar extinction coefficient of the acceptor. 
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The efficiency of FRET can be calculated from steady state emission and lifetime 

experiments.  

From steady state emission quenching,
69

   

                                                                𝑬 = 𝟏 −
𝑭𝑫𝑨

𝑭𝑫
                                                       (4) 

From lifetime quenching studies,
 69

 

                                                                𝑬 =  𝟏 −
𝝉𝑫𝑨

𝝉𝑫
                                                    (5) 

FDA, 𝜏𝐷𝐴 are the fluorescence intensity and lifetime of the donor in the presence of acceptor, 

and FD, τD are the fluorescence intensity and lifetime of the donor in the absence of acceptor. 

The nature of binding between the [+] InP/ZnS QD and [-] MC dyes was examined by 

Stern−Volmer analysis. The Stern−Volmer quenching constant was determined by the 

following equation.
69 

                                                            
𝑰𝟎

𝑰
= 𝟏 +  𝑲𝑺𝑽[𝑸]                                                         (6) 

                                                                𝑲𝑺𝑽 = 𝒌𝒒𝝉𝟎                                                    (7) 

Where 𝐼0 is the emission intensity of the donor [+] InP/ZnS QDs in the absence of the [-] MC 

dye, I is the emission intensity of donor in the presence of acceptor [-] MC,   𝐾𝑆𝑉  is the 

Stern-Volmer constant, [Q] is the concentration of the quencher [-] MC dye, 𝑘𝑞 is the 

bimolecular quenching constant and 𝜏0 is the lifetime of donor [+] InP/ZnS QD in the 

absence of acceptor [-] MC dye. 

The distance between donor and acceptor was calculated from the following equation:
69

 

                                                              𝑬 =
𝑹𝟎

𝟔

𝑹𝟎
𝟔+𝒓𝟔                                                                   (8) 

Here, E is the energy transfer efficiency calculated from the steady state experiments by 

using equation (4), R0 is the Förster distance at which the efficiency is 50 % (calculated from 

equations (2) and (3)) and r is the distance between the donor and the acceptor.  
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2.5 Results and Discussion  

2.5.1 Synthesis and characterization of cationic InP/ZnS QDs: 

The InP/ZnS QD carrying a permanent positive charge was prepared by a place exchange 

method (Figure 2.5). The hydrophobic InP/ZnS QD capped with myristic acid (MA), having 

an average core diameter of 2.8 ± 0.8 nm, were synthesized by following the reported 

procedure.
50

 The deep electronic trap states formed by the dangling bonds on the surface of 

QDs are accounted for the broad emission of InP/ZnS QDs (full width at half-maximum, 

fwhm ~70 nm).
48,50

 This was further inferred by a moderate quantum yield of ~12 % for 

InP/ZnS QD in chloroform, matching the reported values.
50

 The myristic acid on the surface 

of InP/ZnS QD was then replaced with (N,N,N-trimethyl(11-mercaptoundecyl)ammonium 

chloride, TMA, [+]) ligand to impart the water solubility and cationic surface charge. In a 

typical synthesis, 5 mL of InP/ZnS QD solution (1.5 µM) in chloroform was mixed with 2 

mL of TMA solution in water (25 mg per mL). A constant stirring for ~4 h ensured a 

complete phase transfer of InP/ZnS QDs to the aqueous layer.  

 

Figure 2.5: Schematics for the synthesis of [+] InP/ZnS QD. Place exchange reaction 

between myristic acid capped InP/ZnS QD and [+] TMA ligand is represented. The 

photographs of the vials show the successful transfer of [+] InP/ZnS QD into aqueous layer.  

 

The phase transfer process was followed by monitoring the color change of chloroform 

(orange to colorless) and water layers (colorless to orange). The aqueous layer was separated 

and precipitated with acetone to remove excess TMA ligands, and redispersed in deionized 

water for further studies. The bifunctional TMA ligand helped in both QD surface 

functionalization (via thiol group) as well as in the phase transfer process (via quarternary 

ammonium group). The [+] InP/ZnS QDs were well characterized using spectroscopic and 

microscopic techniques. The steady state studies revealed a negligible change in the 
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absorption and photoluminescence (PL) properties of [+] InP/ZnS QDs upon place exchange 

(Figure 2.6a). At the same time, the relative PL intensity and quantum yield calculations 

showed that the [+] InP/ZnS QDs retained ~80 % of its PL after the place exchange (Inset of 

Figure 2.6a). A decrease in PL is often observed in QDs upon water solubilization, which is 

attributed to the surface defects produced by thiol ligands.
70,71

 The tri-exponential PL decay 

of InP/ZnS QDs was retained in the cationic form with an average lifetime of ~48 ns (Figure 

2.6b, and Table 2.1). The high resolution transmission electron microscope (HRTEM) image 

shown in Figure 2.6c proves the size homogeneity and crystalline nature of [+] InP/ZnS 

QDs, with an interplanar distance of 0.287 nm corresponding to the zinc blende phase of bulk 

InP.
72

 A zeta potential ( value of +52 ± 2 mV confirmed the successful functionalization of 

cationic TMA ligands on the surface of InP/ZnS QDs. The narrow charge distribution of  

plot indicates that the [+] InP/ZnS QDs are well dispersed in aqueous medium (Figure 2.6d).  

 

Figure 2.6: Spectroscopic and microscopic characterization of [+] InP/ZnS QDs. a) 

Normalized absorption and PL spectra of InP/ZnS QDs before and after place exchange 

reaction. The non-normalized PL spectra in the inset show that [+] InP/ZnS QD retained 

~80 % of its PL after the place exchange. b) PL decay profiles of InP/ZnS QDs before and 

after the place exchange reaction. c) A representative HRTEM image of 2.8 ± 0.8 nm sized 

[+] InP/ZnS QD. The inset shows the lattice fringes with an interplanar distance of 0.287 nm, 

corresponding to the zinc blende phase of bulk InP.
72

 d) A typical zeta potential plot 

(measured at pH ~7) confirming the cationic charge on the surface of InP/ZnS QDs.  
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Table 2.1: PL decay analysis of InP/ZnS QD in a time window of 1 μs. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Avg. τ 

(ns) 
Chi. Sq 

InP/ZnS_CHCl
3
 1.29 

 
0.66 

 
43.75 

 
0.26 

 
112.6 

 
0.08 

 
71.25 

 
1.15 

 

TMA_InP/ZnS_H
2
O 2.98 0.49 18.2 0.35 70.23 0.16 47.69 1.11 

 

The absence of S-H stretching peak in the FTIR spectrum of [+] InP/ZnS QD further 

confirms that the TMA ligand is attached on the surface of InP/ZnS QDs via the thiol group
73

 

(Figure 2.7).  

 

Figure 2.7: FTIR spectra of TMA ligand (black) and [+] InP/ZnS QD (green), along with the 

assignment of peaks. 

 

2.5.2 Biocompatibility studies with [+] InP/ZnS QD: 

In order to feature in biological applications, the [+] InP/ZnS QDs should satisfy the essential 

prerequisites of low cytotoxicity, and long-time stability in buffers and bio fluids. The 

colloidal stability of [+] InP/ZnS QDs was studied by monitoring their PL intensity for ~24 h, 

under various physiological conditions. Figure 2.8 proves that the PL, and hence stability, of 

[+] InP/ZnS QDs is retained in PBS buffer, cell culture media, and a broad range of pH 

values. Further, the cytotoxicity of [+] InP/ZnS QDs was tested in MCF-7 cell line using the 

MTT assay (Details of cell viability studies are given in the Experimental Section). About 85 

% of the cells were found to be alive after ~24 h of incubation with ~10 nM [+] InP/ZnS QDs 
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(Figure 2.9). The InP/ZnS QDs were found to be less cytotoxic than [+] CdSe/ZnS QDs, 

having a comparable size and surface charge (the Cd
2+

 ions leaked from the QD core are 

more toxic than In
3+

 ions, as reported previously
74,75

). The excellent stability and lower 

cytotoxicity of [+] InP/ZnS QDs paved their way as optical probes in cellular imaging 

studies. Live cell confocal imaging confirms the effective entry of [+] InP/ZnS QDs into 

MCF-7 cells (Figure 2.10). 

 

Figure 2.8: The persistence of PL, and hence stability, of [+] InP/ZnS QD in a) PBS, b) 

DMEM media (with 10 % FBS), and c) different pH values. 

 

 

The subsistence of bright PL inside the cells, coupled with the low cytotoxicity, make [+] 

InP/ZnS QDs a practical alternative to toxic metal ion based QDs as optical probes for 

cellular imaging applications. 
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Figure 2.9: Biocompatibility of [+] InP/ZnS QDs. Viability of MCF-7 cells incubated with 

different concentrations of [+] InP/ZnS and [+] CdSe/ZnS QDs for 24 h.  

 

Figure 2.10: Fluorescent cell imaging by confocal microscopy of [+] InP/ZnS QD (10 nM) 

incubated with MCF-7 cells for 4 h: a) fluorescence,  b) phase contrast (DIC), and c) merged 

images, upon excitation with 400 nm laser source. 

 

2.5.3 Steady state resonance energy transfer studies: 

Having established the protocol for the preparation of biocompatible [+] InP/ZnS QDs, our 

next focus was to utilize the cationic charge to drive the energy transfer to a complementary 

acceptor molecule. The idea here was to demonstrate a FRET based model study to prove the 

ability of [+] InP/ZnS QDs to indulge in electrostatically controlled interactions for future 

biological studies. In this view, merocyanine 540 dye (MC) was selected as the acceptor due 

to its anionic charge and excellent water solubility (Figure 2.11).
76

 A high spectral overlap 

integral of 2.45 x 10
15

 M
-1

cm
-1

nm
4
 assured that the [+] InP/ZnS QD and [-] MC dye forms an 

appropriate donor-acceptor pair for the energy transfer studies (Figure 2.12a).
69,77,78

 An 

appreciable bathochromic shift of ~30 nm was observed in the absorption of MC dyes in the 

presence of [+] InP/ZnS QDs (Figure 2.12b).  
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Figure 2.11: a) Chemical structure of merocyanine-540 (MC) dye. b) Normalized absorption 

(black curve) and PL (red curve) spectra of [-] MC dye in water. c) PL decay profile of [-] 

MC dye in water upon excitation with a 405 nm laser source.  

 

The steady state PL experiments were performed by selectively exciting the [+] InP/ZnS QDs 

at 400 nm, wherein the acceptor absorption was minimal. A gradual decrease in the [+] 

InP/ZnS QD PL was observed upon successive addition of [-] MC dye, with a concomitant 

formation of a new band corresponding to the emission of MC dye (Figure 2.12c). The PL 

quenching of [+] InP/ZnS QD due to the direct excitation of the MC dye was ruled out by 

performing a control experiment, wherein the dye sample (~2 µM) was excited at 400 nm 

(Figure 2.12d). Moreover, the emission of MC dye was red shifted by ~13 nm in [+] 

InP/ZnS:::[-] MC complex (Figure 2.12d). The red shifts in both the absorption and emission 

of the dye in the presence of [+] InP/Zn QDs indicate a strong ground state interaction 

between the QD and dye.
23,50

 This was confirmed by estimating the bimolecular quenching 

constant by combining the slope obtained from Stern-Volmer analysis and PL lifetime of the 

donor (Details are provided in the Experimental Section). The linear behaviour of Stern-

Volmer plot (Slope = 6.52 x 10
5
 M

-1
, inset of Figure 2.12c) and large bimolecular quenching 

constant (1.36 x 10
13

 M
-1

s
-1

) proved that the interaction between the QD and the dye is 

predominantly static in nature.
69,77,78

  The electrostatic attraction between the complementary 

charges on [+] InP/ZnS QD and [-] MC dye is responsible for the strong ground state 

interaction observed in [+] InP/ZnS:::[-] MC complex. The efficiency of energy transfer 

process was estimated to be ~60 %, which got saturated after ~2 µM addition of the acceptor. 
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Figure 2.12: Steady state resonance energy transfer studies. a) Spectral overlap (shaded 

portion) between the PL of [+] InP/ZnS QD and absorption of [-] MC dye. b) A bathochromic 

shift of ~30 nm was observed in the absorption of MC dye upon complexation with [+] 

InP/ZnS QD. c) Spectral changes in the PL of [+] InP/ZnS QD on addition of varying 

concentrations of [-] MC dye. Inset is the Stern-Volmer plot showing the relative changes in 

the PL intensity of [+] InP/ZnS QD as a function of [-] MC dye concentration. d) PL spectra 

of [-] MC in the absence (black spectrum) and presence (red spectrum) of [+] InP/ZnS QD 

respectively. The emission of MC dye is red shifted by ~13 nm in InP/ZnS QD-MC dye 

complex. 

 

2.5.4 Time resolved resonance energy transfer studies: 

The process of resonance (nonradiative) energy transfer was followed by time resolved 

studies as well. The reduction in the average lifetime of [+] InP/ZnS QD from ~48 to ~17 ns, 

in the presence of MC dyes, confirms a resonance energy transfer process in [+] InP/ZnS:::[-] 

MC complex (Figure 2.13a, and Table 2.2).
50,69,77,78

 An efficiency of ~62 % was estimated 

from PL lifetime quenching studies which are in close agreement with steady state 

experiments. Also, the rate of energy transfer from [+] InP/ZnS QD to [-] MC dye was 

estimated to be 3.02 x 10
7
 s

-1
. Various parameters involved in resonance energy transfer 

process between [+] InP/ZnS QD donor and [-] MC dye acceptor are summarized in Table 

2.4. The ultimate proof for energy transfer process was obtained by observing the 

concomitant formation of the acceptor excited state, along with the donor decay. For this, the 
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PL decay was collected at the emission wavelengths of both donor and acceptor in a shorter 

time scale (time window of 50 ns). The [+] InP/ZnS:::[-] MC complex exhibited a rapid 

decay at ~525 nm with a concomitant growth of the acceptor emission (Figure 2.13b, and 

Table 2.3). The presence of a negative pre-exponential factor in the fast component of the 

acceptor emission corresponds to the formation of excited state of the MC dye (the growth 

time of MC emission was found to be ~250 ps).
 50,69,77,78

 Finally, time resolved emission 

spectroscopy (TRES) experiments were carried out to study the time dependent evolution of 

emission in [+] InP/ZnS:::[-] MC complex (Details of TRES studies are provided in 

Experimental Section). The emission spectrum constructed immediately after the laser 

irradiation showed a maximum around the donor InP/ZnS QDs (inset of Figure 2.13b). 

Interestingly, an emission maximum around the acceptor MC dye was observed when the 

TRES spectrum was constructed after a time delay of ~450 ps (inset of Figure 2.13b). The 

TRES studies conclude that the acceptor MC dye molecules get excited via a nonradiative 

energy transfer from the photoexcited [+] InP/ZnS QD donor, a typical of resonance energy 

transfer process.
50,69,77,78

 

 

Figure 2.13: Time resolved energy transfer studies. a) PL decay profiles of [+] InP/ZnS QDs 

in the absence and presence of ~2 µM of [-] MC dye. b) PL decay profiles of [+] InP/ZnS:::[-

] MC complex collected at the emission maxima of donor (525 nm) and acceptor (585 nm), at 

50 ns time scale. Inset shows the TRES of [+] InP/ZnS:::[-] MC complex recorded 

immediately and after a time delay of 450 ps. 

Table 2.2:  PL decay analysis of [+] InP/ZnS QD in the absence and presence of [-] MC dye 

measured in a time window of 1 μs. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Avg. τ 

(ns) 
Efficiency 

(%) 

[+] InP/ZnS_H
2
O 2.98 0.49 18.2 0.35 70.23 0.16 47.69 

63.7 [+] InP/ZnS:::[-] 

MC (2 µM) 
0.98 0.79 11.45 0.20 60.43 0.01 17.30 
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Table 2.3: PL decay analysis of [+] InP/ZnS QD in the presence of [-] MC dye measured in a 

time window of 50 ns. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Chi. Sq 

[+] InP/ZnS:::[-[ MC 

@525 nm 
2.58 

 

0.15 

 

0.53 

 

0.79 

 

24.2 

 

0.05 

 

1.16 

 

[+] InP/ZnS:::[-] MC 

@585 nm 
2.69 0.61 0.25 -0.36 12.8 0.03 1.14 

 

 

2.5.5 Proof of electrostatically driven resonance energy transfer: 

The role of electrostatics in resonance energy transfer in [+] InP/ZnS:::[-] MC complex was 

confirmed by performing independent control experiments.  

Control experiment # 1 

Electrostatic interactions are weakened in the presence of high salt concentration due to the 

screening of charges by the salts.
79

 Accordingly, energy transfer studies were carried out in 

high salt concentration like phosphate buffered saline (PBS). An efficiency of ~32 % was 

obtained in PBS for the same concentration of MC dye (~2 µM) used in water. The screening 

of charges by salts weakens the electrostatic attraction between [+] InP/ZnS QDs and [-] MC 

dye, thereby lowering the efficiency. Interestingly, efficiency similar to that observed in 

water was obtained when the concentration of the acceptor dye in PBS was doubled (Figure 

2.14).  

 

Figure 2.14: Proof of electrostatically driven resonance energy transfer. Changes in a) steady 

state and b) time resolved PL of [+] InP/ZnS QD on addition of [-] MC dye in PBS. Inset of 

a) is the Stern-Volmer plot of [+] InP/ZnS:::[-] MC complex in PBS.  
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Table 2.4: Energy transfer parameters for [+] InP/ZnS:::[-] MC system in water and PBS 

       Sample 

 

J(λ) 

 (M
-1

 cm
-1

 nm
4

) 

R
0
 

 (A
0

) 
E

a 

 (%)  
  E

b

  

(%)  

 r 

 (A
0

) 

k
T
(r)   

 (s
-1

) 

[+] InP/ZnS:::[-] MC 
@ H

2
O 

2.45x10
15 

 
37.23 

 
60.0 

 
62.0 

 
35.03 

 
2.92 x 10

7 

 

[+] InP/ZnS:::[-] MC 
_2.0 μM @ PBS 

2.32x10
15 

 
36.92 

 
36.1 

 
30.0 

 
40.6 

 
1.86 x 10

7 

 

[+] InP/ZnS:::[-] MC 
_4.2 μM @ PBS 

2.32x10
15 

 
36.92 

 
58.2 

 
62.3 

 
34.95 

 
2.16 x 10

7 

 

J(λ) = Spectral overlap integral, R0 = Förster distance, E
a
 = efficiency calculated from steady 

state data, E
b
 = efficiency calculated from lifetime analysis, r = distance between the Donor 

and acceptor, kT(r) = rate of energy transfer. 

 

Control experiment # 2 

Quenching experiments were performed between [+] InP/ZnS QD and a [+] cyanine acetate 

(CY) dye. A high spectral overlap integral of 1.56 x 10
15

 M
-1

cm
-1

nm
4
 suggests that [+] 

InP/ZnS QDs and [+] CY dye can form a donor-acceptor pair (Figure 2.15a). However, the 

same charges on the surface of donor and acceptor prevented the formation of a complex, 

(Figure 2.15b) and no appreciable changes in both steady state and time resolved quenching 

experiments were observed (Figure 2.15c,d). This rules out the possibility of energy transfer 

between [+] InP/ZnS QDs and [+] CY. 

 

Figure 2.15:  Proof of electrostatically driven resonance energy transfer a) Spectral overlap 

(shaded portion) between the PL of [+] InP/ZnS (green curve) and absorption of [+] CY 

(black curve). A large spectral overlap integral value of 1.56 x 10
15

 M
-1

cm
-1

nm
4
  suggests that 
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[+] InP/ZnS QD and [+] CY dye form a good donor-acceptor pair. b) Absorption spectral 

changes of [+] InP/ZnS QD with increasing concentration of [+] CY dye.  The absorption 

spectrum of [+] CY alone is shown as the black curve. The absence of red shift in the 

absorption of dye in the presence of QD rules out the formation of a strong ground state 

complex between [+] InP/ZnS QD and [+] CY dye. c) Steady state PL spectra of [+] InP/ZnS 

upon addition of varying concentrations of [+] CY dye. The inset shows the Stern-Volmer 

plot showing the negligible changes in the PL intensity of [+] InP/ZnS QD as a function of 

CY dye concentration. d) PL decay profiles of [+] InP/ZnS QDs in the absence (green decay) 

and presence (red decay) of ~2.0 μM [+] CY dye, upon excitation with a 405 nm laser.  

 

A similar quenching experiment was performed with [-] InP/ZnS QD and [-] MC dye, which 

again proved the inability of similarly charged QD and dye to form a stable complex (Figure 

2.16).  

 

Figure 2.16: a) Steady state PL spectra of [-] InP/ZnS QD upon the addition of varying 

concentrations of [-] MC dye. Inset shows the corresponding Stern-Volmer plot. b) PL decay 

profiles of [-] InP/ZnS QD in the absence (green decay) and presence (red decay) of [-] MC 

(~2.0 μM), upon excitation with a 405 nm laser. All the steady state and time resolved 

experiments rules out the possibility of resonance energy transfer between [-] InP/ZnS QD 

and [-] MC dyes. 

 

Finally, the stability studies of [+] InP/ZnS:::[-] MC complex in biofluids revealed the 

breaking of electrostatic attraction in the complex by the ions present in the medium (Figure 

2.17). The dissociation of [+] InP/ZnS:::[-] MC complex was accompanied by a reduction in 

the energy transfer process, and the PL of donor InP/ZnS QD recovered with time. All these 

control experiments reiterate the role of electrostatic attraction in the formation of a strong 

ground state complex between [+] InP/ZnS QD and [-] MC dyes, leading to an efficient 

energy transfer process. 
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Figure 2.17: The variation of PL intensity of [+] InP/ZnS::: [-] MC complex in a) PBS and b) 

DMEM media (with 10 % FBS), monitored at the donor (green dots) and the acceptor 

emission (red dots) maxima.  

 

Thus, the long ranged electrostatic field
64

 helps in attracting more acceptor MC dyes towards 

the [+] InP/ZnS QD surface, thereby increasing the probability of resonance energy transfer.
80 

The schematic representation of electrostatically driven resonance energy transfer studies in 

[+] InP/ZnS QD- [-] MC dye donor-accepotr system,  under various conditions are shown in 

Figure 2.18.   

 

Figure 2.18:  Electrostatically driven resonance energy transfer in [+] InP/ZnS QDs. a) 

efficient resonance energy transfer was observed between [+] InP/ZnS QDs and the [-] MC 
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dye in water. b) The presence of high concentration of salt in PBS screened the charges on 

the QDs and the dye, thereby decreasing the FRET efficiency. c) No appreciable energy 

transfer was observed when the charges on the donor and the acceptor were the same, 

confirming the role of electrostatics in FRET. The steady state PL plots and optical images of 

the samples corresponding to each of the three conditions are shown on the right. The 

concentration of [+] InP/ZnS QD and dyes was maintained at ~0.8 µM and ~2 M 

respectively, in all of the three conditions. 

 

2.5.6 Energy transfer in solid state: 

Translating solution state studies into solid state is a crusial step towards designng artificial 

systems with configurable optoelectronic properties.
81 

We have chosen glass cover slip as a 

substrate for the preparation of QD films. The cationic InP/ZnS QD films were prepared by 

drop casting ~200 L of ~5 [+] InP/ZnS QD solution on a cover slip, and these films 

were characterized by standard spectroscopic techniques (Figure 2.19a). The steady state 

experiments showed negligible changes in the absorption, and a red shift of 15 nm in the 

emission maxima of [+] InP/ZnS QD films with respect to the solution state. This is because 

of the aggregation of QDs during the drying. The tri-exponential behaviour of [+] InP/ZnS 

QD was well retained in the films as well (Figure 2.19b and Table 2.5). The photographs of 

the [+] InP/ZnS QDs films under normal and UV light are shown in Figures 2.19 c and d. 

 

Figure 2.19: a) The normalized absorption and PL spectra of [+] InP/ZnS QDs in solution 

and solid film. b) Comparison of the PL decay profiles of [+] InP/ZnS QD in solution and 

solid film. c) Photographs of [+] InP/ZnS QD films under c) normal and d) UV light. 
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Table 2.5: PL decay analysis of InP/ZnS QD in solution and solid state in a time window of 

500 ns. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Avg. τ 

(ns) 
Chi. Sq 

[+] InP/ZnS in 

solution 
2.98 0.49 18.2 0.35 70.23 0.16 47.69 1.11 

[+] InP/ZnS in  

solid film 
4.69 0.52 21.54 0.21 72.56 0.27 57.63 1.13 

 

In a typical energy transfer experiment in solid state, [+] InP/ZnS QD films were dipped in 

~10 µM acetonitrile solution of [-] MC dye for ~3 h resulting in the diffusion and 

complexation of [-] MC dye with [+] InP/ZnS QD (Figure 2.20a). Finally the films were 

washed to remove the unbound or excess [-] MC dye. This entire processe was monitored 

using various spectroscopic techniques. 

 

Figure 2.20: Energy transfer in solid film. a) Schematic representation of the preparation of 

[+] InP/ZnS:::[-] MC solid films. b) Spectral overlap (shaded portion) between the PL of [+] 
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InP/ZnS QD and the absorption of [-] MC dye. c) Absorption spectra of [+] InP/ZnS QD 

films before and after dipping in [-] MC dye solution. d) Changes in the steady state PL, and 

d) corresponding quenching in the PL decay profiles of the [+] InP/ZnS QD in the presence 

of [−] MC dye. Inset shows the PL decay profiles of [+] InP/ZnS:::[-] MC complex collected 

at the emission maxima of the donor (535 nm) and the acceptor (588 nm), in a 50 ns time 

scale. 

 

Figure 2.20c shows the absorption spectra of [+] InP/ZnS QD films before and after dipping 

in [-] MC solution. The presence of the dye peak confrims the complexation of [-] MC dye 

with [+] InP/ZnS QD. A drastic decrease in the PL of [+] InP/ZnS QD was observed along 

with a simultaneous formation of a new band corresponding to the emission of [-] MC dye at 

588 nm (Figure 2.20d). This indictes the process of energy transfer from [+] InP/ZnS QD to 

[-] MC dye in solid films. The efficiency of energy transfer process was estimated to be ~85 

%. The reduction in the average PL lifetime of [+] InP/ZnS QD from ~57 to ~12 ns, confirms 

the resonance energy transfer process in [+] InP/ZnS:::[-] MC films (Figure 2.20e and Table 

2.6). An efficiency of ~80 % was estimated from PL lifetime quenching studies which is in 

close agreement with steady state quenching results. Also, the rate of energy transfer was 

estimated to be ~7.59 x 10
7
 s

-1
. Intrestingly, we observed the negative pre-exponential factor 

corresponding to the formation of [-] MC excited state, in solid state as well (inset of figure 

2.20e and Table 2.7). This is an ultimate proof for the energy transfer between [+] InP/ZnS 

and [-] MC dye in solid films.
 50,69,77,78

 The parameters involved in the energy transfer in [+] 

InP/ZnS:::[-] MC solid film are summarised in Table 2.8. 

Table 2.6: PL decay analysis of [+] InP/ZnS QD solid films in the absence and presence of [-

] MC dye, measured in a time window of 500 ns. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Avg. τ 

(ns) 
Efficiency 

(%) 

[+] InP/ZnS solid film 4.69 0.52 21.54 0.21 72.56 0.27 57.63 

78.3 
[+] InP/ZnS:::[-] MC 

solid film 
1.52 0.78 9.66 0.13 21.14 0.09 12.46 
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Table 2.7: PL decay analysis of [+] InP/ZnS QD solid films in the absence and presence of [-

] MC dyes, measured in a time window of 50 ns.   

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Chi. Sq 

[+] InP/ZnS:::[-[ MC 

@535 nm 
2.15 

 

0.19 

 

0.49 

 

0.75 

 

28.5 

 

0.06 

 

1.13 

 

[+] InP/ZnS:::[-] MC 

@588 nm 
2.48 0.65 0.31 -0.27 17.3 0.08 1.11 

 

Table 2.8: Energy transfer parameters for [+] InP/ZnS:::[-] MC solid film.  

Sample 

 

J(λ) 

 (M
-1

 cm
-1

 nm
4

) 

R
0
 

 (A
0

) 
E

a

 

(%)  
  E

b

 

(%)  

 r 

 (A
0

) 

k
T
(r)   

 (s
-1

) 

[+] InP/ZnS:::[-] MC  
solid film 2.82 x10

15

 55.16 85.5 78.3 43.78   7.59 x 10
7

 

 

Thus, we have successfully translated the solution state energy transfer process into the solid 

state as well. The efiiciency of energy transfer was controlled by varying the concentration of 

[-] MC dye (Fiure 2.21), which can pave the way for future device level studies. The 

different luminescent colors of the thin films in Figure 2.21 correspond to different FRET 

efficiencies between QD donor and dye acceptor. As the efficiency of FRET process 

increases, the luminescent color of the thin films will shift more towards the MC acceptor 

emission. 

 

Figure 2.21: The photographs of [+] InP/ZnS QD films dipped in differnt concentrations of 

[-] MC dye for ~3 h. 

 

Further, the effect of electrostatics in the solid films was monitored by performing control 

experiments with similarly charged donor-acceptor moieties (Figure 2.22). No noticeable 

presence of dye was observed in the absorption spectrum of QD films, after dipping in the 

dye solution. This confirms the lack of complexation between QD and dye, due to the 
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electrostatic repulsions between similarly charged donor and acceptor (Figure 2.22b,e). Also, 

no appreciable changes were observed in both steady state and lifetime experiments (Figure 

2.22c,f). This clearly confirms the decisive role of electrostatics in driving an efficient 

resonance energy transfer in solid films as well.  

 

Figure 2.22: Proof for elctrostatically driven energy transfer in solid films. a) Schematic 

representation of negligble energy transfer from [+] InP/ZnS QD to [+] CY dye. b) 

Absorption and PL of [+] InP/ZnS QD films before and after dipping in [+] CY solution for 

~3 h. Inset shows the photographs of the [+] InP/ZnS QD film before and after dipping in the 

[+] CY solution. c) The corresponding PL decay profiles of [+] InP/ZnS QD films. d) 

Schematic representation of negligble energy transfer from [-] InP/ZnS QD to [-] MC dye. e) 

Absorption and PL of [-] InP/ZnS QD films before and after dipping in [-] MC solution for 

~3 h, and f) the corresponding PL decay profiles. 

 

2.6 Conclusions 

In conclusion, our work introduces InP QD to the family of cationic nanoparticles as a 

practical alternative to toxic metal ion based QDs for future light harvesting and 

biological applications. The two important properties of QDs, namely bioimaging and 

resonance energy transfer, were successfully demonstrated in [+] InP/ZnS QDs. The 

low cytotoxicity and stable photoluminescence of [+] InP/ZnS QDs inside cells make 

them ideal candidates as optical probes for cellular imaging applications. An 

electrostatically driven efficient resonance energy transfer was observed between [+] 

InP/ZnS QD and [-] MC dye. A large bimolecular quenching constant along with a 

linear Stern-Volmer plot confirms the formation of a strong ground state complex 

between [+] InP/ZnS QD and [-] dye. Control experiments prove the role of 
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electrostatic attraction in driving the light induced processes, which can rightfully 

form the basis for future nanobio studies between cationic InP/ZnS QDs and anionic 

biomolecules. The process of electrostatically driven resonance energy transfer was 

successfully translated into solid state as well, which can pave the way for future device 

level applications. The dissociation of [+] InP/ZnS:::[-] MC complex under 

physiological conditions (Figure 2.17) has the potential to be thoughtfully translated 

into FRET based signaling and targeting of biomolecular processes. 

 

2.7 Future Direction 

In principle, the efficiency of FRET can be controlled by varying the distance or ratio 

between the donor and the acceptor. In this Chapter, we were able to control the efficiency of 

FRET using both the above mentioned strategies. In the solution state, the efficiency was 

controlled by varying the distance between the donor and the acceptor. This was achieved by 

increasing the ionic strength of the medium, which will screen the charges on the surface of 

QD and weaken the electrostatic interactions, thereby decreasing the FRET efficiency. On the 

other hand, the efficiency of FRET was controlled by varying the donor-acceptor ratio in the 

solid state. Here, different films corresponding to different donor-acceptor ratios were used to 

get different FRET efficient states. This can be a limitation for some solid state display 

studies, where the ideal way should be to vary the FRET efficiency in a single QD 

nanohybrid film. Obviously, this cannot be achieved by varying the distance between the 

donor and the acceptor, because of the restricted movement of components in the solid state. 

Hence, the only option is to develop strategies to control the donor-acceptor ratio in a single 

QD nanohybrid film, and this forms the basis of Chapter 3.   
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2.9 Appendix 

2.9.1 EDX analysis of [+] InP/ZnS QDs 

 
Figure 2.23: EDX spectrum of [+] InP/ZnS QD studied during HRTEM analysis confirms 

the presence of In, P, Zn and S in the QDs. 

 

 

Figure 2.24: Absorption spectral changes of [+] InP/ZnS QD with increasing concentration 

of [-] MC dye. The absorption spectrum of [-] MC alone is shown as the black curve. 

  

 

Figure 2.25: A plot showing the saturation of relative QD PL decay and FRET efficiency vs 

concentration of MC dye. 
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Figure 2.26: Variation in a) absorption (monitored at 565 nm) and b) PL (monitored at 585 

nm) intensities of [+] InP/ZnS QD:::[-] MC complex with increasing concentration of [-] MC 

dyes are shown. The absorption intensity keeps on increasing with the addition of [-] MC dye 

to [+] InP/ZnS QD. Interestingly, the PL intensity got saturated after ~2 M addition of [-] 

MC dyes, indicating that the MC dye is getting excited through a nonradiative energy transfer 

from InP/ZnS QDs.   

 

 

Figure 2.27: a) Chemical structure of 1, 1’-diethyl- 2, 2'-cyanine iodide dye (CY). b) 

Normalized absorption (black curve) and PL (red curve) spectra of [+] CY dye in water. c) 

PL decay profile of [+] CY dye in water upon excitation with a 405 nm laser source. 

 

2.9.2 Synthesis of TOPO capped CdSe QDs 

The synthesis was carried out by following the reported procedure.
82

 Briefly, CdO (0.35 g, 

0.26 mmol), dodecyl amine (3 mL), tetradecylphosphonic acid (0.21 g, 0.72 mmol), trioctyl 

phosphine oxide (1.35 g, 3.45 mmol) were loaded in a 50 mL of three-necked RB and heated 

to 100 
0
C under N2 atmosphere. The temperature of the reaction mixture was further 
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increased to 300 
0
C to form a clear solution. The solution containing Se (0.032 g, 0.26 mmol) 

in 1 mL TOP was injected to the hot solution. After desired crystal growth, the reaction was 

arrested by reducing the reaction temperature to ambient conditions. The resultant QDs were 

purified two times by precipitation using excess ethanol and redispersing back in chloroform 

for further studies. 

2.9.3 Synthesis of TOPO capped CdSe/ZnS QDs 

A reaction mixture containing HDA, octadecene, and TOPO capped CdSe nanoparticles were 

heated to 100 
0
 C in an inert atmosphere for 30 min. The mixture was further heated up to 150 

0
C, and an injection mixture containing calculated amount of (Et)2Zn and HMDST in 2 mL of 

TOP was added dropwise, under gentle stirring. The temperature was further raised to 180 
0
C 

for 30 min. Then the reaction mixture was cooled to room temperature, and the resultant QDs 

were purified by precipitating with methanol, followed by centrifugation (3 times) and 

redispersed in chloroform.  

2.9.4 Steady state absorption and PL of CdSe/ZnS QDs 

 

Figure 2.28: a) Normalized absorption (black spectrum) and PL (green spectrum) of 

CdSe/ZnS QD before (dotted spectrum) and after (solid spectrum) place exchange. b) PL 

decay profiles of CdSe/ZnS QD before (blue spectrum) and after (green spectrum) place 

exchange, upon 405 nm excitation. b) Zeta potential plot confirming the cationic charge on 

the surface of CdSe/ZnS QDs. A  of + 59.1 ± 2.7 was observed, and the error was 

calculated from three different measurements on three different samples.  
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The concentrations of the QDs were determined from the size and first excitonic peak using 

the following equations:  

 

2.9.5 Calculation of concentration of [+] InP/ZnS QD: 

The concentration was estimated from the optical absorption spectra of [+] InP/ZnS QD by 

using Beer  Lambert’s law 

                                                                     𝑨 = 𝜺𝑪𝒍                                                                    (9) 

Here, A is the absorbance at first excitonic peak, ε is the molar extinction coefficient in L 

mol
-1

cm
-1

, C is the concentration, and l is the path length of the cuvette (1cm). 

ε is calculated from following equation
83

  

                  𝜺 = 𝟑𝟎𝟒𝟔. 𝟏(𝑫)𝟑 − 𝟕𝟔𝟓𝟑𝟐(𝑫)𝟐 + (𝟓. 𝟓𝟏𝟑𝟕 𝑿 𝟏𝟎𝟓)(𝑫) − (𝟖. 𝟗𝟖𝟑𝟗 𝑿 𝟏𝟎𝟓)            (10) 

Here, D, the diameter of the [+] InP/ZnS QD was estimated to be 2.7 nm from the following 

equation
83 

                  𝑫 = (−𝟑. 𝟕𝟕𝟎𝟕 𝑿 𝟏𝟎−𝟏𝟐)𝝀𝟓 +  (𝟏. 𝟎𝟐𝟔𝟐 𝑿 𝟏𝟎−𝟖)𝝀𝟒 −  (𝟏. 𝟎𝟕𝟖𝟏 𝑿 𝟏𝟎−𝟓)𝝀𝟑 +

                            (𝟓. 𝟒𝟓𝟓𝟎 𝑿 𝟏𝟎−𝟑)𝝀𝟐 − (𝟏. 𝟑𝟏𝟐𝟐)𝝀 + 𝟏𝟏𝟗. 𝟗                                                          (11)        
 

Here, λ is the wavelength at first excitonic peak in nm (440 nm). The ε was calculated to be 

92347.1 L mol
-1

cm
-1

. Concentration of ~0.8 M was obtained upon substituting the value of 

ε in equation (9) with OD of 0.074 at 440 nm.   

 

2.9.6 Calculation of concentration of [+] CdSe/ZnS QD: 

The diameter, D, of [+] CdSe/ZnS QD was estimated to be 2.5 nm from the following 

equation
83 

        𝑫 =  (𝟏. 𝟔𝟏𝟐𝟐 𝑿 𝟏𝟎−𝟗)𝝀𝟒 − (𝟐. 𝟔𝟓𝟕𝟓 𝑿 𝟏𝟎−𝟔)𝝀𝟑 + (𝟏. 𝟔𝟐𝟒𝟐 𝑿 𝟏𝟎−𝟑)𝝀𝟐 − (𝟎. 𝟒𝟐𝟕𝟕)𝝀 +

                        𝟒𝟏. 𝟓𝟕                                                                                                                  (12)                                                                                                   
 

Here, λ is the wavelength at first excitonic peak in nm (510 nm). The ε is calculated from 

following equation
83

  

                                                                  𝜺 = 𝟓𝟖𝟓𝟕 (𝑫)𝟐.𝟔𝟓                                                             (13) 

The ε was calculated to be 66407.4 L mol
-1

cm
-1

. The concentration of [+] CdSe/ZnS QD was 

estimated by substituting the ε value in (9).   
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Figure 2.29: Changes in the steady state PL (a, c) and corresponding quenching in the PL 

decay profiles (b, d) of the [+] InP/ZnS QD in the presence of different concentrations of [−] 

MC dye in the solid film.  
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3.1 Abstract 

Precise patterning and localization of functional nanomaterials is the key step for 

miniaturization and building of optoelectronic devices. Present study utilises a robust 

methodology for the multicolor patterning of luminescent Indium Phosphide/Zinc Sulfide 

Quantum Dot (InP/ZnS QD) film, by taking the advantage of QD’s superior photostability 

over organic dyes. The photoirradiation causes the controlled degradation of organic dye 

molecules and thereby, modulates the composition of donor-acceptor pair in the QD-dye 

nanohybrid film. Consequently the efficiency of Förster Resonance Energy Transfer (FRET) 

in QD – dye nanohybrid film is regulated between completely ON and OFF states, through a 

moderately efficient state. This led to the generation of multicolor luminescent patterns 

comprising of at least three distinct colors: orange (corresponding to FRET ON state, EFRET 

~85 %), yellow (corresponding to moderately FRET ON state, EFRET ~50 %) and green 

(corresponding to FRET OFF state, EFRET = 0 %). The photopatterns generated are recyclable 

over multiple cycles without any compromise of the color clarity, owing to the reversible 

switching between FRET ON and OFF states. The highlight of the present work is the use of 

a single QD nanohybrid system to create multicolor luminescent patterns; as opposed to the 

common practice of using different colored QDs. FRET assisted photopatterning of 

luminescent InP/ZnS QD films provides a fundamentally unique and cost effective approach 

for the manufacturing of luminescent optoelectronic devices. 

 

3.2 Introduction 

The creation of highly ordered multicolor luminescent patterns is an important step in the 

production of Quantum Dot (QD) based display devices.
1-8

 Many patterning methodologies 

including direct deposition of QDs,
9,10

  selective photon and e-beam irradiation of 

homogeneous QD film,
11,12

 stamping,
13-16

 ink-jet printing,
17,18

 contact printing,
19-21

 

photolithographic lift-off,
22-24

 and layer-by-layer assembly
25,26 

have been developed in pursuit 

of achieving this goal. Kotov and Liz-Marzan’s groups have used the photoactivation of 

citrate stabilized QDs to generate micron sized multicolor patterns. Upon irradiation, an 

increase in the luminescence and quantum yield of citrate capped CdSe/CdS QDs was 

observed. This was because of the smoothening of the surface of QDs in the presence of O2, 

which decreases the surface trap states and defects (Figure 3.1).
27

 Likewise, luminescent 

patterns of QDs with diffraction limited resolution were produced by Batteas and Coworkers 

through the photooxidation of surface bound ligands.
28
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Figure 3.1: a-c) Fluorescence microscopy images of QD patterns generated through the 

photoactivation of different sizes of CdSe/CdS QDs, with a 200-mesh TEM grid as the 

photomask. Inset shows the corresponding confocal images. d) Topography image of the QD 

patterned film. Scale bar corresponds to 200 µm. (Reproduced in part with permission from 

reference 27. Copyright 2003 American Chemical Society).  

 

Weiss and Coworkers were successful in generating micron sized single colored high contrast 

photopatterns, while preserving the original QD emission, through photodegradation of 

charge transfer quencher.
29

 Tsukruk and Coworkers fabricated both positive and negative 

luminescent photopatterns by the intrinsic modification of QD emission upon exposure to 

light.
30

 Rogers’ group has generated the micron sized QD patterns using the protocol 

comprised of electrodynamic jet (E-jet) printing. This technique uses the electric field to eject 

the QD ink with a narrow width, and the resulting QD pattern shows uniform line thickness. 

The high resolution red and green QD patterns generated using this technique were used as an 

active layer in QD LEDs (Figure 3.2).
18

  

 

Figure 3.2: a) An optical microscope image captured during the E-jet printing process. b) 

Fluorescence images of E-jet printed luminescent patterns, where different sizes of QDs were 

used as the ink. (Reproduced in part with permission from reference 18. Copyright 2015 

American Chemical Society). 
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Kim and Coworkers used an intaglio transfer-printing technique to generate high resolution 

QD arrays. This process employs an intaglio trench (stamping technique) to generate QD 

patterns with controlled and uniform pixel size. The difference in the surface energies 

between PDMS stamp and target substrate facilitated a ~100 % transfer yield, irrespective of 

the size and shape of the patterns (Figure 3.3).
31  

 

Figure 3.3: a) Schematic representation of intaglio transfer printing. b) The PL image of the 

multicolor QD patterns (RGB) via multiple aligned transfer printing. c) SEM and PL images 

(inset) of selected regions shown in panel ‘b’. (Reproduced in part with permission from 

reference 31 Copyright 2015 Nature Publishing Group). 

 

In another elegant work, Talapin and Coworkers have reported a direct optical lithography 

technique to create multicolor patterns of various nanomaterials stabilized with light 

responsive thiatriazole ligands. Here, the QDs were capped with photoactive ammonium 

1,2,3,4-thiatriazole-5-thiolate (NH4CS2N3), which were highly soluble in a mixture of 

dimethyl sulphoxide (DMSO) and dimethylformamide (DMF). An exposure of light, 

transforms the 1,2,3,4-thiatriazole-5-thiolate (CS2N3
-
) to thiocyanate (SCN

-
), making the QDs 

insoluble in DMF. Using this direct deposition methodology, the luminescent patterns were 

generated on rigid and flexible substrates by illuminating QDs films through a mask and then 

washing off the unexposed QDs with DMF (Figure 3.4).
10 
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Figure 3.4: a) Schematic representation of nanoparticles functionalized with ion pair ligands. 

b) Two complementary approaches to achieve photosensitive inorganic ligands. Either cation 

(PAG
+
) or anion (CS2N3

−
) part of the ion-pair ligand can react with UV light. c) Photographs 

of red-emitting CdSe/ZnS, green-emitting InP/ZnS, and blue-emitting ZnSe/ZnS QDs capped 

with NH4CS2N3 ligands dispersed in DMF, under UV light. d) Red, green and blue-emitting 

QDs patterns using photoactive NH4CS2N3 ligands. e) A true color image containing ~8 × 

105 RGB subpixels. Scale bar corresponds to 5 mm (Reproduced in part with permission 

from reference 10. Copyright 2017 American Association for the Advancement of Science). 

 

In most of the previous examples of QD photopatterning, different sizes (colors) of QD 

samples were required to generate the multicolor patterns.
10,14-27,30-33

 The advantage of our 

technique is the use of a single QD nanohybrid system, to create micron sized multicolor 

luminescent patterns. Our approach relies on the photoregulation of Förster Resonance 

Energy Transfer (FRET) efficiency in QD - dye donor-acceptor film. The phenomenon of 

FRET describes the mechanism of excitation energy transfer from a donor to an acceptor 

chromophore, through a nonradiative dipole–dipole coupling.
34-36 

QDs have emerged as one 

of the integral part of modern FRET studies due to its direct impact in wide range of 

applications including optoelectronics, sensors, bio-imaging, DNA hybridization, protein 

folding and bio-assays.
37-44

 In the present work, the superior photostability of the QDs over 
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organic dyes
45

 was smartly used to form multicolor luminescent patterns in QD nanohybrid 

film. The photoirradiation causes the controlled degradation of acceptor organic dye 

molecules, and modulates the composition of donor-acceptor pair in the QD-dye nanohybrid 

film. Consequently the efficiency of FRET in QD – dye nanohybrid film was regulated 

between completely ON and OFF states, through a moderately efficient state (Figure 3.5). 

This led to the generation of multicolor luminescent patterns comprising of at least three 

distinctly different colors: orange (corresponding to an efficient FRET ON state, EFRET ~85 

%), yellow (corresponding to a moderately efficient FRET ON state, EFRET ~50 %) and green 

(corresponding to a FRET OFF state, EFRET = 0 %). Also, these luminescent photopattern 

films were reusable over multiple cycles without any compromise of the color clarity. 

Creation of well-organized patterns through the photoregulation of FRET is conceptually 

unique, and provides an alternate methodology for the manufacturing of luminescent 

nanocrystal based multicolor display devices. 

 

Figure 3.5: Schematic representation of photoassisted FRET ON-OFF process in [+] 

InP/ZnS QD:::[-] MC dye agarose film. The irradiation of QD:::dye agarose wet film resulted 

in the degradation of MC dyes, thereby switching OFF the FRET process. As a result the 

luminescence of agarose film changed from orange to green color (FRET ON to OFF states, 

respectively). Addition of fresh MC dyes to QD:::dye agarose film revives the donor-acceptor 

complexation, thereby switching back to FRET ON state. 
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3.3 Experimental Section 

3.3.1 Materials and Reagents: 

Indium acetate, myristic acid (MA), 1-octadecene (ODE), zinc stearate, dodecanethiol 

(DDT), merocyanine-540 (MC), agarose, isopropyl alcohol (IPA), polydimethylsiloxane 

(PDMS) were purchased from Sigma-Aldrich. Tris(trimethylsilyl)phosphine (P(TMS)3) was 

purchased from Strem chemicals. All the reagents were used as received without any further 

purification. N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride (TMA) was 

synthesized according to a reported procedure.
46

 

3.3.2 Synthesis of InP/ZnS quantum dots: 

The protocol for the synthesis of InP/ZnS QDs was different from the one described in 

Chapter 2, in order to get QDs with higher quantum yield. We adopted a one-pot synthesis of 

InP/ZnS QDs with minor modifications.
47

 Briefly, 0.2 mmol of indium acetate, 0.7 mmol of 

myristic acid and 6 mL of 1-octadecene were loaded in a three-necked flask and heated to 

120 
o
C under N2 atmosphere for 10 min, and evacuated for 1 h to obtain an optically clear 

solution. The reaction mixture was backfilled with N2 and cool down to room temperature. 

Now a mixture of 0.2 mmol zinc stearate, 0.2 mmol DDT, 0.2 mmol P(TMS)3, 3 mL of  1-

octadecene were prepared under inert atmosphere and injected to the above solution, and the 

temperature was raised to 270 
o
C for 1 h. At around 60 

o
C, the reaction mixture starts 

becoming yellow which indicates the decomposition of P(TMS)3 and start of reaction with 

Indium acetate to form InP core. The colour slowly changes from light yellow to dark orange 

with an increase in temperature, indicating the growth of QDs. When the temperature reaches 

~230 
o
C, DDT starts decomposing leading to the formation of ZnS shell. Maintaining the 

reaction at 270 
o
C for 1 h ensures the formation of InP/ZnS QD. The reaction mixture was 

then cooled to room temperature by adding 5 mL of cold toluene to arrest the growth. The 

QDs were purified by precipitating with ethanol three times, and finally redispersing in 

chloroform for further studies. The quantum yield of InP/ZnS QD was estimated to be ~45 % 

with reference to Coumarin 153. 

3.3.3 Preparation of water-stable [+] InP/ZnS QDs: 

The water-stable [+] InP/ZnS QDs were prepared through a place exchange reaction, as 

mentioned in the Chapter 2.
48
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3.3.4 Preparation of wet and dry agarose films: 

3.3.4.1 [+] InP/ZnS QD and [+] InP/ZnS:::[-] MC agarose wet film: 

In a typical procedure, 30 mg of agarose 1.0 % (w/v) was mixed with ~3 mL [+] InP/ZnS QD 

solution (~5 µM). The mixture was then heated at 60 
o
C till the complete dissolution of 

agarose. The clear solution was then poured into a petri dish for film casting and cured for 1 h 

at room temperature. The [+] InP/ZnS QD agarose film was dipped in ~5 mL merocyanine-

540 (MC) dye solution (~15 µM) for 3 h to get the [+] InP/ZnS QD:::[-] MC agarose wet film 

(QD:::dye agarose wet film). 

3.3.4.2 [+] InP/ZnS QD:::[-] MC dry agarose film: 

[+] InP/ZnS QD:::[-] MC dry agarose films were prepared by mixing the [+] InP/ZnS QD::: [-

] MC complex with hot agarose solution (1.0 % w/v) and heating overnight at 50 
o
C. The 

films were thoroughly characterized using spectroscopic techniques to investigate the 

changes in the properties [+] InP/ZnS QD before and after the formation of films. 

3.3.5 Energy transfer experiments in agarose film:  

In a typical experiment, [+] InP/ZnS QD agarose film was dipped in a 15 µM of MC dye 

solution for ~3 h. Spectral changes were monitored by using Shimadzu UV-3600 and 

Fluorolog-3 (HORIBA Scientific) spectrofluoremeter. The corresponding PL lifetime 

measurements were carried out using Horiba DeltaFlex Time Correlated Single Photon 

Counting (TCSPC) system using a 405 nm Delta-diode as the excitation source.  

3.3.6 Microscopy details:  

QD:::dye agarose wet films were imaged on a Leica TCS SP8 two-photon microscope (Leica 

Microsystems Inc., Exton, PA) using water objective lens (40 X) and 800 nm laser excitation 

(Coherent Inc., Santa Clara, CA). The emission was collected simultaneously from two 

channels using 450-550 nm and 550-750 nm band-pass filters with non-descanned (NDD) 

PMT detector. Similarly, QD agarose wet film was imaged using 800 nm laser excitation, and 

emission was collected in the whole visible range of 450-750 nm. Lambda scanning was 

performed by scanning the films in the range of 450- 750 nm with 10 nm intervals. The PL 

spectrum was generated from the λ-stack of a particular area using Leica software. The 100 

µm thick Z-stacks were acquired by scanning from the base to the top of the wet films with a 

spacing of 0.8 µm.  
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3.3.7 Photopatterning of QD:::dye agarose dry films: 

All the photopatterning experiments were performed using QD:::dye agarose dry film with 

different masks. In a typical experiment, the mask was placed on top of the QD:::dye agarose 

film and exposed to ~5 h photoirradiation with 10 W green LED, at a distance of 2 cm from 

the film (incident power on the film was estimated to be ~6.5 mW/cm
2
 using an optical 

power meter from Newport Model 842.PE). At the exposed regions, the dye molecules will 

be completely degraded displaying a green color under UV light, corresponding to emission 

of [+] InP/ZnS QD (EFRET ~0 %). Whereas at the unexposed regions the QD:::dye complex 

will be preserved, displaying an orange color under UV light (EFRET ~85 %). It is worth 

mentioning that the irradiation time was lowered to ~5 min using a 1 W green laser as the 

irradiation source (incident power on the film was estimated to be ~435 mW/cm
2
).  

3.3.8 Multicolor photopatterning: 

Multicolor photopatterning was performed by controlling the extent of dye degradation by 

varying the time of irradiation. A prolonged ~5 h irradiation (as mentioned earlier) will cause 

a complete degradation of dye, thereby imparting a green color to the agarose film 

(corresponding to EFRET ~0 %). Whereas, when the irradiation time was reduced to ~2 h, a 

distinct yellow color (corresponding to EFRET ~50 %) was observed because of the partial 

degradation of the dye. The unexposed regions will always display an orange color 

corresponding to EFRET ~85 %.  

 

3.4 Results and Discussion  

3.4.1 Photoregulation of FRET in QD:::dye agarose film:  

We worked with a FRET donor-acceptor system comprising of environmentally friendly 

cationic Indium Phosphide/Zinc Sulfide core/shell ([+] InP/ZnS) QD and anionic 

merocyanine-540 ([-] MC) organic dye. An efficient FRET process in [+] InP/ZnS QD:::[-] 

MC dye nanohybrid system was previously demonstrated in the Chapter 2 in solution state.
48

 

The first and foremost step in the current photopatterning work was to translate the FRET 

process from solution state to thin films. Myristic acid capped green emitting InP/ZnS QD 

was prepared using modified literature reports.
47

 The QD surface was then place exchanged 

with N,N,N-trimethyl (11-mercaptoundecyl)ammonium chloride (TMA) as per the place 

exchange protocol reported in Chapter 2, to impart the water stability and cationic surface 

charge.
48

 The readily available and commonly used agarose was selected as the substrate for 

the thin film preparation. Wet agarose films of green emitting QD were prepared by 



Chapter 3 

 

77 
 

polymerizing them in the presence of [+] InP/ZnS QDs. The steady state and time resolved 

spectroscopic studies revealed that the photophysical properties of [+] InP/ZnS QD were well 

preserved in the wet agarose films (Figure 3.6). [+] InP/ZnS QD agarose wet film was then 

immersed in ~15 µM [-] MC dye solution for ~3 h, resulting in the diffusion and 

complexation of dye with QDs in the agarose film (Figure 3.7). 

 

Figure 3.6: a) The normalized absorption and PL spectra of [+] InP/ZnS QD in solution and 

wet agarose film. b) The PL decay profiles of [+] InP/ZnS QD in both solution and wet 

agarose film. c) Two-photon PL image of [+] InP/ZnS QD agarose wet film, under 800 nm 

excitation collected in the entire visible range of 450-750 nm.   

 

 

Figure 3.7: Preparation of [+] InP/ZnS:::[-] MC agarose wet films, by dipping the QD 

agarose film in the solution of ~15 µM MC dye for ~3 h. Scale bar corresponds to 1 cm. 

 

These films will be referred to as QD:::dye agarose wet film throughout this Chapter. The 

process of FRET in QD:::dye agarose wet film was monitored using detailed spectroscopic 

(Figure 3.8) and optical microscopic techniques (Figure 3.9). The [+] InP/ZnS QD in the 

agarose film was selectively excited at 400 nm for steady state emission studies, wherein the 

MC dye absorption was minimal. A drastic quenching in the photoluminescence (PL) of [+] 

InP/ZnS QD was observed along with the concomitant formation of a new peak at ~590 nm 

(corresponding to the emission of [-] MC dye), through an isosbestic point (Figure 3.8a). 

This clearly indicates the process of resonance energy transfer from [+] InP/ZnS QD to [-] 

MC dye in the wet agarose film.
35,48-51

 Time resolved PL studies showed a quenching in the 
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lifetime of [+] InP/ZnS QD from ~60 to ~15 ns, confirming the process of energy transfer in 

QD:::dye agarose wet film (Figures 3.8b and Table 3.1).
35,48-51 

The efficiency and rate of 

energy transfer in QD:::dye agarose wet film were estimated to be ~75 % and ~4.7 x 10
7
 s

-1
, 

respectively (Table 3.2).  

 

Figure 3.8: Photoregulation of FRET in QD:::dye agarose wet film. a) Variation in the steady 

state PL of [+] InP/ZnS QD in the presence of [-] MC dye, in QD-dye agarose wet film. b) PL 

decay profiles of [+] InP/ZnS QD agarose wet film in the absence (green decay) and presence 

(red decay) of [-] MC dye monitored at 525 nm, upon excitation with 405 nm laser source.  

Table 3.1: PL decay analysis of [+] InP/ZnS QD agarose wet film in the presence of [-] MC 

dye measured in a time window of 500 ns. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Avg. τ 

(ns) 
Efficiency 

 (%) 

[+] InP/ZnS agarose 

wet film     
4.71 0.47 36.43 0.43 110.5 0.10 60.37 

74.76 
[+] InP/ZnS:::[-] MC 

agarose wet film  
1.01 0.56 12.71 0.32 22.6 0.12 15.23 

   

Table 3.2: Energy transfer parameters for [+] InP/ZnS:::[-] MC agarose wet film. 

Sample 

 

J(λ) 

 (M
-1

 cm
-1

 nm
4

) 

R
0
 

 (A
0

) 
E

a

 
 (%)  

   E
b 

 

 (%)  

 r 

 (A
0

) 

k
T
(r)   

 (s
-1

) 

[+] InP/ZnS:::[-] MC 

agarose wet film 

2.52 x 10
15 

 
54.14 

 
84.3 

 
74.7 

 
45.47 

 
4.71 x 10

7 

 

J(λ) = Spectral overlap integral, R0 = Förster distance, E
a
 = efficiency calculated from steady 

state, E
b
 = efficiency calculated from lifetime analysis, r = distance between the donor and 

acceptor, kT(r) = rate of energy transfer. 

 

The two-photon confocal images were collected by selectively exciting QD at 800 nm. It is 

worth mentioning that [-] MC dye is two-photon inactive. 2D two-photon confocal images 

showed a weak emission from the [+] InP/ZnS QDs in the green channel (collected at 450-
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550 nm), whereas a strong emission was observed in the red channel (collected at 550-750 

nm), corresponding to the [-] MC dye emission. This once again confirms the process of 

resonance energy transfer from QD to MC dye (Figures 3.9a,b). Further, emission profiles 

constructed from the 2D two-photon confocal images were in agreement with the steady state 

data (Figures 3.9d). Figures 3.9e,f showed a uniform distribution of both [+] InP/ZnS QD 

and [-] MC dye throughout the agarose film.  

 

Figure 3.9: Two-photon PL images of [+] InP/ZnS agarose wet film dipped in a ~15 µM of 

[-] MC for ~3 h, collected at a) 450-550 nm wavelength range (QD donor emission range), b) 

550-750 nm wavelength range ([-] MC acceptor emission range), and c) merged image. d) PL 

spectra (generated from lambda scanning) of [+] InP/ZnS QD (green solid line) and [+] 

InP/ZnS QD:::[-] MC (red solid line) agarose wet films. Z-stack 3D images of e) [+] InP/ZnS 

QD and f) [+] InP/ZnS:::[-] MC agarose wet films confirms the uniform distribution of both 

QD and dye in the film.   

 

The process of energy transfer was observed uniformly throughout the agarose film due to the 

strong electrostatic attraction between oppositely charged InP/ZnS QD and MC dye. Control 

experiments performed between similarly charged [-] InP/ZnS QD and [-] MC dye show a 

lack of complexation, resulting in negligible FRET. This clearly confirms that a strong 

electrostatic attraction between the donor and acceptor components is essential for the 

creation of stable agarose film, and hence an efficient FRET (Figures 3.10).  
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Figure 3.10: Z-stack 3D images of agarose wet films prepared by mixing a) oppositely 

charged [+] InP/ZnS and [-] MC, and b) similarly charged [-] InP/ZnS and [-] MC donor and 

acceptor complexes. The lack of uniform complexation in [-] InP/ZnS:::[-] MC agarose film 

confirms the role of electrostatic interactions in achieving an efficient FRET.  

 

Next, systematic photoirradiation experiments were performed to selectively degrading the [-

] MC dye for controlling the FRET, and thereby the emission color of QD:::dye agarose wet 

film. The PL of InP/ZnS QD gradually recovered back to its initial position (~525 nm), 

during the 5 h irradiation of the QD:::dye agarose wet film with a 10 W 530 nm light emitting 

diode (LED; Figure 3.11). The efficiency of FRET dropped down as a function of 

irradiation, and the emission color changed from orange to green (corresponding to FRET 

ON and OFF states, respectively). Addition of fresh [-] MC dyes to the photodegraded 

QD:::dye agarose wet film revives the donor-acceptor complexation, thereby switching back 

to the FRET ON state. This reversible switching between the FRET ON and OFF states was 

repeatable for multiple cycles. 

 

Figure 3.11: PL spectral changes of QD:::dye agarose wet film upon continuous irradiation 

for ~5 h using a 10 W green LED. The emission of MC dye decreased and the PL of InP/ZnS 

QD recovered to its initial position (~525 nm). 
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3.4.2 FRET assisted luminescent photopatterning of QD:::dye agarose film:  

Having photoregulated the process of FRET in QD:::dye agarose film, we then performed 

photopatterning experiments to generate luminescent patterns using masks of different 

dimensions and shapes. All the photopatterning experiments were performed using QD:::dye 

agarose dry film to get luminescent patterns (Details are provided in the Experimental 

Section). The underlying idea is that the MC dyes in the exposed regions in QD:::dye agarose 

film will photodegrade, leading to the recovery of green PL color corresponding to the FRET 

OFF state. On the other hand, the unexposed regions on the QD:::dye agarose film will 

exhibit the orange PL color corresponding to the FRET ON state (Figure 3.12). The 

continuous irradiation for 5 h using a commercially available 10 W green LED resulted in the 

complete degradation of MC dyes in QD:::dye agarose film (Figure 3.11b; incident power on 

the film was estimated to be ~6.5 mW/cm
2
).  

 

Figure 3.12: FRET assisted luminescent photopatterning of QD:::dye agarose film. a, b) PL 

images of QD:::dye agarose dry films before and after photoirradiation (using ‘concentric 

ring’ mask), with 10 W a green LED for ~5 h. Inset shows the corresponding images under 

normal light. Scale bar corresponds to 1 cm for all the images. All the PL images were 

recorded with an excitation wavelength of ~364 nm. 

 

Representative examples for some of the PL images of photpatterned QD:::dye agarose film, 

using different masks, are shown in Figure 3.13. The effect of irradiation wavelength was 

observed to be marginal, as similar quality of photopatterns were obtained under green, blue 

and white LED irradiation, proving the flexibility of our methodology (Figure 3.13e).  
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Figure 3.13: FRET assisted luminescent photopatterning of QD:::dye agarose film. a-e) PL 

images of QD:::dye agarose dry film photopatterned using masks of different shapes. f) PL 

image of QD:::dye agarose dry film showing marginal effect of irradiation wavelength on the 

color clarity of the photopatterns. The partitioned regions were separately and selectively 

irradiated for ~5 h with 10 W white, green and blue LEDs. Scale bar corresponds to 1 cm for 

all the images. All the PL images were recorded with an excitation wavelength of ~364 nm. 

 

In our attempts to miniaturize the size of the photopatterns, we worked with masks of lower 

dimensions. For instance, we used an array of 1 mm holes to generate mm sized (Figure 

3.14a), and 400 mesh commercial TEM grid to generate μm sized (~25 μm) luminescent 

patterns (Figure 3.14b). Figure 3.14c shows the intensity difference of orange color between 

the exposed and unexposed regions of the two-photon PL image generated with TEM mask. 

The emission profiles recorded using lambda scanning, during two-photon imaging from the 

orange and green patterned regions of Figure 3.14b, once again confirmed the FRET ON and 

OFF states, respectively (Figure 3.14d).  
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Figure 3.14: a) PL image of an array of ~1 mm holes, and b) two-photon PL image of ~25 

µm s 

quares created by the continuous irradiation of QD:::dye agarose film with a 10 W green 

LED for ~5 h. c) Intensity difference of orange color between the exposed and unexposed 

regions in the two-photon PL image ‘b’. d) The emission profiles recorded using two-photon 

microscopy from the orange and green patterned regions in image ‘b’ confirms the FRET ON 

and OFF states, respectively. All the PL images were recorded with an excitation wavelength 

of ~364 nm.  

 

Our FRET assisted photopatterning technique, in principle, can generate luminescent patterns 

with diffraction limited resolution using appropriate masks. For generality of our approach 

with respect to substrates, luminescent patterns of similar quality were created on other 

commonly used substrates like polydimethylsiloxane (PDMS) and glass slide (Figure 3.15). 
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Figure 3.15: PL images of patterned QD:::dye films under UV light on a) agarose, b) glass 

slide, and c) PDMS substrates. Scale bar corresponds to 1 cm for all the images. 

 

3.4.3 Multicolor luminescent photopatterns from a single QD nanohybrid system:  

Next, we discuss about the most striking advantage and flexibility of our technique: creation 

of multicolor luminescent patterns from a single QD nanohybrid system. For this, the process 

of FRET in QD:::dye agarose film was fine-tuned to create a distinctly different third color. 

This was achieved by photodegrading the [-] MC dye acceptors, in a controlled way, in the 

QD:::dye agarose film. A continuous irradiation of QD:::dye agarose film for ~2 h imparted a 

yellow color to the exposed region, corresponding to a moderate FRET efficiency of ~50 % 

(Figure 3.16a); whereas ~5 h of continuous irradiation produced the green color as 

mentioned before. In order to demonstrate the multicolor patterning, the combination of green 

and yellow colors was chosen due to their clear visual contrast difference. Based on the time 

of photoirradiation, the process of FRET was fine-tuned between completely ON (orange 

colored region) and OFF (green colored region) states, along with a moderately efficient ON 

state (yellow colored region). Solid state PL studies were carried out at different patterned 

regions, and the coordinates calculated from CIE plot confirms the color purity of multicolor 

patterns generated (Figures 3.16 b-d and Table 3.3). 
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Figure 3.16: Creation of multicolor luminescent photopatterns from a single QD nanohybrid 

system. a) Generation of orange (left image) and yellow (right image) faced smiley images, 

by controlling the irradiation time. The yellow colored regions correspond to moderately 

efficient FRET state (~50 %), where the photodegradation of the MC dye was partial. Scale 

bar corresponds to 1 cm for all the images. b) Steady state PL spectra, and c) PL lifetime 

decay profiles from three different colored (green, yellow, orange) regions of QD:::dye films. 

d) The CIE plot showing the corresponding color coordinates. All the PL images were 

recorded with an excitation wavelength of ~364 nm.  

 

Table 3.3: PL decay analysis at three different colored regions of QD:::dye film measured in 

a time window of 800 ns. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Avg. τ 

(ns) 
Efficiency 

 (%) 

Green region 3.66 0.48 37.14 0.43 108.4 0.09 60.29 0.0 

Yellow region 1.25 0.75 25.12 0.19 51.36 0.06 31.77 47.3 

Red region 0.23 0.84 6.05 0.15 19.36 0.01 7.14 88.1 

 

Figure 3.17 shows the representative examples of multicolor luminescent patterns created by 

the photoregulation of FRET using a single QD nanohybrid system. The procedure followed 

for the creation of multicolor smiley is described as follows (shown in Figure 3.18). First, the 

outer boundary of the smiley was masked and the rest of the QD:::dye agarose film was 
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exposed to ~2 h of irradiation. This imparted a uniform yellow color (corresponding to EFRET 

~50 %) throughout the QD:::dye agarose film, excluding the boundary (Figure 3.18 b,f). 

Second, the face and boundary of the smiley were masked, leaving the eyes and mouth 

exposed to continuous irradiation of ~5 h. This gave the green color (corresponding to EFRET 

~0 %) to eyes and mouth of the smiley, whereas the face of the smiley remained yellow 

colored (Figure 3.18 c,g).  

 

Figure 3.17: Creation of multicolor luminescent photopatterns from a single QD nanohybrid 

system. a-d) PL images of multicolor luminescent patterns on QD:::dye agarose dry film 

created by controlling the irradiation time. All these multicolor luminescent patterns were 

generated by the continuous irradiation with a 10 W green LED. All the PL images were 

recorded with an excitation wavelength of ~364 nm. Scale bar corresponds to 1 cm for all the 

images. 

 

Similar sequential photoirradiation procedures were adopted for the creation of other 

multicolor patterns on QD:::dye agarose film. The FRET assisted photopatterning 

methodology demonstrated in this Chapter requires no major instrumentation or fabrication 

tools, and can be conveniently used universally for any luminescent nanocrystals, with high 

reproducibility.  

 

Figure 3.18: PL images of QD:::dye agarose film under normal and UV light a,e) before, b,f) 

after ~2 h irradiation (with mask) with 10 W green LED, and c,g) after ~5 h irradiation (using 

a mask of smiley) with 10 W green LED. d,h) Final photographs after the removal of mask. 

Scale bar corresponds to 1 cm for all the images. All the PL images were recorded with an 

excitation wavelength of ~364 nm. 
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Finally, the effect of incident power on irradiation time and reusability of QD:::dye agarose 

film are discussed. The time required for generating luminescent patterns was lowered to ~5 

min using a 1 W green laser, which once again confirms the adaptability of our strategy for 

practical applications (incident power on the film was estimated to be ~435 mW/cm
2
). 

Multiple exposures were required to generate larger sized patterns due to the smaller beam 

diameter of the laser (~0.5 cm; Figure 3.19). The irradiation time used in the present work 

was similar to other photopatterning techniques reported in the literature (Table 3.4).  

 

Figure 3.19: PL images of QD:::dye agarose films before and after photoirradiation with 1 W 

green laser for 5 min, with multiple irradiation, under a) normal and b) UV light. Scale bar 

corresponds to 1 cm for all the images. All the PL images were recorded with an excitation 

wavelength of ~364 nm. 

 

The luminescent patterns generated were found to be reusable for many cycles. The 

luminescent orange color was completely recovered by replenishing the photodegraded [-] 

MC dye with fresh dye solution. The same QD:::dye agarose film was further irradiated to 

rewrite the features without any compromise of the color clarity. We have reused the 

QD:::dye agarose film for 5 cycles, and in one example a negative pattern was generated to 

prove that the reused film can be used for patterning different features as well (Figure 3.20). 

In this particular example, background of the reused QD:::dye agarose film was selectively 

irradiated to switch OFF the FRET (green color), while the masked regions retained the 

FRET ON state (orange color). 
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Figure 3.20: Reusable FRET assisted luminescent photopatterning of QD:::dye agarose film. 

a) A PL image of QD:::dye agarose film using the mask of InP QD. b) The photopatterned 

QD:::dye agarose film was immersed in fresh MC dye solution to regenerate the donor-

acceptor complexation, thereby switching back to FRET ON state. The reused QD:::dye 

agarose film was further irradiated to pattern the features without any compromise of color 

clarity or film stability. c) PL image of a negative pattern on the reused QD:::dye agarose 

film (after 5 cycles). All the patterns were generated by irradiating the films with 1 W green 

laser for 5 min, and the PL images were recorded with an excitation wavelength of ~364 nm. 

Scale bar corresponds to 1 cm for all the images. 

 

Table 3.4: Comparison of time of irradiation with literature reports for QD photopatterning. 

Sl. 

No 

System Source of  light 

irradiation 

Time of 

irradiation 

Reference 

1 CdSe/CdS core/shell 

nanocrystal 

60 W table lamp 

(Intensity 4.7 mW) 

 

  ~72 h 

J. Am. Chem. Soc. 

2003, 125, 2830-

2831 

2 CdSe@CdS@ZnS 

QD and 

Polyviologen 

UV illumination  

(367 nm, Power 

0.014 mW/cm
2
) 

 

~24 h 

Adv. Mater. 2012, 

24, 3617–3621 

3 CdSe/ZnS, and 

CdSe/Cd1−x Znx 

Se1−y Sy QD 

20 W Hg vapor short 

arc lamp 

 

~45 min 

Adv. Optical 

Mater. 2016, 4, 

608–619 

4 CdSe/CdS/ZnS 

(Core/Shell/Shell) 

QD 

Blue light  (470 nm, 

Power 11mW/cm
2
) 

 

    ~5 h 

J. Am. Chem. Soc. 

2017, 139, 

7603−7615 

5 CdSe/ZnS, InP/ZnS 

and ZnSe/ZnS QD 

UV light (254 nm, 

Power 6.3 mW/cm
2
) 

   ~20 s Science 2017, 

357, 385–388 

6 InP/ZnS QD and 

Merocyanine-540 

(MC) 

10 W Green light 

(530 nm, Power 6.5 

mW/cm
2
 

 

~5 h 

ACS Energy Lett. 

2019, 4, 

1710−1716 

(Present work) 1 W green laser (532 

nm, 435 mW/Cm
2
) 

~5 min 
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3.5 Conclusions  

In summary, a simple yet robust technique for the fabrication of reusable multicolor 

luminescent photopatterns of QD films was demonstrated. Our methodology requires only a 

single QD nanohybrid system for the creation of multicolor luminescent patterns (at least 

three distinctly different colors). This is in stark contrast to the existing techniques where 

different sized QDs were required to achieve different luminescent colors. The composition 

of donor-acceptor pair in the QD-dye nanohybrid film was controllably varied by the 

selective photodegradation of the dye molecules. Consequently, the FRET process in QD – 

dye nanohybrid film was regulated between completely ON (orange colored luminescence) 

and OFF (green colored luminescence) states, through a moderately efficient state (yellow 

colored luminescence). The FRET controlled photopatterning presented here provides a 

fundamentally unique and cost effective strategy for the fabrication of high contrast 

multicolor luminescence display devices from a single QD nanohybrid system. A close 

examination of luminescent patterns reveals that the surface of QDs are differently exposed at 

different parts of the photopatterned QD:::dye agarose film. Specifically, the green and 

orange colored regions on QD:::dye agarose film corresponds to [+] InP/ZnS QD and [+] 

InP/ZnS QD:::[-] MC dye complex, respectively. One could, in principle, address these 

patterned QD surfaces differently and use them for spatially selective QD functions like 

metal ion reduction/deposition, LED and micro/nanoelectrode fabrication, sensing etc. 

 

3.6 Future Direction 

In this Chapter, we have successfully generated multicolor (at least three distinct colors) 

luminescent patterns from a single QD nanohybrid film, by the photoregulation of FRET 

process. One of the limitations of the present methodology is the lack of generation of a black 

non-luminescent region, which forms the integral part of many images. As demonstrated by 

Weiss and co-workers, the photoregulation of electron transfer process in a QD-dye donor-

acceptor system can generate black non-luminescent regions, corresponding to electron 

transfer OFF state.
30

 Thus, the incorporation and photoregulation of both electron and energy 

transfer processes in a single QD nanohybrid system should, in principle, generate a 

combination of black and high-contrast multicolor luminescent patterns. However, 

establishing a fine interplay between photoinduced electron and energy transfer processes in a 

single QD nanohybrid system is fundamentally challenging, and this forms the basis of 

Chapter 4.  
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3.8 Appendix 

 

Figure 3.21: Spectral overlap (shaded portion) between the PL of [+] InP/ZnS agarose wet 

film and the absorption of [-] MC dye. 

 

3.81 Real time monitoring of FRET in [+] InP/ZnS:::[-] MC agarose film: 

Real time FRET was monitored using two-photon fluorescence microscopy. In a typical 

experiment, [+] InP/ZnS QD agarose wet film was dipped in ~3 mL of ~15 µM [-] MC 

solution. The fluorescence images were collected from two different channels using 450-550 

nm and 550-750 nm band-pass filters, with non-descanned (NDD) PMT detector, for upto 3 

h with 10 min of interval. 

 

Figure 3.22: Two-photon PL images of [+] InP/ZnS QD agarose wet film at 0 h and 3 h after 

dipping in [-] MC solution. The PL images collected through a,d) green channel (QD 
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emission) b,e) red channel (MC emission), and c,f) merged images from green and red 

channels. 

 

3.8.2 Role of electrostatics: 

We have performed control experiments to check the effect of electrostatics in FRET assisted 

photopatterning. For this, FRET studies between similarly charged [-] InP/ZnS QD and [-] 

MC dye were performed. As reported previously, no noticeable FRET was observed upon 

addition of ~2 µM [-] MC dye to ~0.89 µM [-] InP/ZnS QD in solution state.
48

 Whereas, at a 

very high concentration of ~20 µM [-] MC dye, a signature of FRET was observed from both 

steady state and time resolved PL studies. However, the [-] InP/ZnS:::[-] MC complex was 

breaking within ~5 min, and no signature of FRET was observed after ~5 min. Moreover, no 

red-shift in the absorption of [-] MC dye was observed in the presence of [-] InP/ZnS QD, as 

shown in the Figure 3.23. All these studies confirm that [-] InP/ZnS QD and [-] MC dye fail 

to form a stable complex.  

 

Figure 3.23: a) Spectral changes in the PL of [-] InP/ZnS QD on addition of varying 

concentrations of [-] MC dye, in solution state. b) Breaking of [-] InP/ZnS QD:::[-] MC 

complex with time. c) Absorption spectra of [-] MC in the absence (black spectrum) and 

presence (red spectrum) of [-] InP/ZnS QD respectively. 

 

Alternately, we tried to perform the complexation by immersing the agarose film of [-] 

InP/ZnS QD in ~20 µM of [-] MC dye solution. The rationale is that appreciable 

complexation may take place in solid films by the diffusion of MC dyes though the pores of 

the agarose film. However, as shown in the Figure 3.10, we still failed to observe any 

noticeable complexation between [-] InP/ZnS QD and [-] MC dye in solid agarose film. 

These studies clearly confirm that a strong electrostatic attraction between the donor and 

acceptor is essential for an efficient FRET, and thereby the creation of stable photopatterns, . 



Chapter 3 

 

97 
 

 
Figure 3.24: PL images of InP/ZnS QD agarose film before and after immersion in ~20 µM 

of [-] MC dye solution. Scale bar corresponds to 1 cm. 

 

3.8.3 Degradation of dye upon irradiation: 

The [-] MC agarose wet film was prepared by mixing 0.2 mL of ~15 µM [-] MC dye with hot 

agarose solution (1 % w/v) followed by curing for 1h. This [-] MC wet agarose film was 

further irradiated with 10 W green LED, and the absorption and emission changes were 

monitored up to ~5 h at different time intervals. A complete quenching in both absorption and 

emission clearly proves the degradation of dye molecules upon irradiation. 

 
Figure 3.25: a) Absorption and b) PL spectral changes in [-] MC dye agarose film upon 

irradiation with a 10 W green LED for ~5 h. 

 

 

 

 

 

 



Chapter 3 

 

98 
 

3.8.4 Photopatterning on [+] InP/ZnS:::[-] MC agarose films:  

 
Figure 3.23: Optical images of QD:::dye agarose films after photoirradiation using different 

masks with a 10 W green LED for ~5 h, under normal light. The corresponding PL images 

are already mentioned in the Results and Discussion section of Chapter 3. The scale bar 

corresponds to 1 cm for all the images. 
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4.1 Abstract 

Ability to create high-contrast multicolor luminescent patterns is essential to realize the full 

potential of quantum dots (QDs) in display technologies. The idea of using a non-emissive 

state (black background) is adopted in the present work to enhance the color contrast of QD 

based photopatterns. This is achieved at a multicolor level by the photoregulation of electron 

and energy transfer processes in a donor-acceptor-acceptor triad film, comprising of one QD 

donor and two dye acceptors. The dominance of photoinduced electron transfer over energy 

transfer process generates a non-luminescent QD nanohybrid film, which provides the black 

background for multicolor patterning. The superior photostability of QDs over organic dyes 

is used for the photoregulation of electron and energy transfer processes in the nanohybrid 

film. A selective photodegradation of electron acceptor dye triggered the onset of energy 

transfer process, thereby imparting a luminescent color to the QD nanohybrid film. Further, a 

controlled photoregulation of energy transfer process paved the way for multicolor 

luminescent patterning. The idea of selective and sequential photoregulation of electron and 

energy transfer processes generated three distinct luminescent colors (orange, yellow, and 

green) on a non-emissive black background. Apart from enhancing the color contrast, our 

approach offers the option of creating luminescent images that have inherent black regions, at 

a multicolor level. 

 

4.2 Introduction 

Unique size dependent optical properties of Quantum Dots (QDs) have rendered their use 

in various light harvesting studies.
1-17

 Among them, one of the emerging applications is in the 

area of display technologies,
18-23

 which rely on strategies to precisely localize and pattern 

these luminescent QDs. Some of the promising approaches include selective 

photoactivation,
24-30

 layer-by-layer assembly,
31,32

 ink-jet, contact printing,
33-38

 stamping, and 

photolithographic lift-off,
39-42 

and so on. In general, the photopatterning based techniques 

have evolved as an attractive option due to its ease and robustness in creating luminescent 

QD patterns at micro and macroscopic levels.
24-30

 For instance, a spatially controlled 

photoetching of surface ligands created highly luminescent QD patterns, with a high signal-

to-noise ratio.
24

 A conceptually unique approach based on the photo-triggering of surface 

ligands has been reported to directly deposit QDs, for creating luminescent patterns.
28

 

Likewise, Chi and Coworkers were able to generate hierarchical luminescent patterns based 
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on self-assembly of CdSe QDs. First, the green emitting stripes were prepared by self-

assembling the 2-(4,4-difluoro- 5-methyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl)-1-

hexadecanoyl-sn-glycero-3 phosphocholine (BODIPY) through Langmuir-Blodgett 

technique. Next, a drop of red-emitting CdSe QDs solution was added on the green emitting 

stripes. Finally, the mask was placed and irradiated with light, leading to the selective photo 

bleaching of the BODIPY dyes over CdSe QDs (Figure 4.1).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

 

Figure 4.1: Schematic representation for the generation of hierarchical luminescent patterns 

prepared by the photobleaching of CdSe-BODIPY QD-dye aggregates. (Reproduced in part 

with permission from reference 19 Copyright 2006 American Chemical Society).  

 

Kim’s group has generated a large-area, full-color QD display patterns using a transfer 

printing process, where the QDs were spin coated on a substrate (PDMS), and quickly 

transferred to a target substrate using structured stamp. Noticeably, the amount of vacancies 

and cracks drastically reduced in the QD patterns using this technique (Figure 4.2).                                                                                                                                                                                                                                                                 

                                                                                 

Figure 4.2: a) Schematic representation of pick-and-release transfer printing using a 

structured stamp. b) SEM image of QD patterns before (left) and after (right) transfer 

printing. c) Electroluminescence image of a four-inch full-color QD display. (Reproduced in 

part with permission from reference 21 Copyright 2011 Nature Publishing Group). 
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Tsukruk and Coworkers employed a collective and selective luminescence recovery strategies 

to generate high-resolution multicolor photopatterns using mixtures of different QDs.
26 

In this 

strategy, both decay and recovery of QD emission were used to create high contrast 

multicolor luminescent photopatterns. A film comprised of QDs and polymer was first 

exposed to light to minimize the emission of QD. A photomask was placed on the film to 

protect the specific areas from the direct exposure of light. Next, the film was irradiated with 

light, which allowed recovery of QD PL in the exposed areas of the film (Figure 4.3). 

 

 

Figure 4.3: Schematic representation to generate high-resolution multicolor QD 

photopatterns using collective and selective recovery method. (Reproduced in part with 

permission from reference 26 Copyright 2016 John Wiley and Sons). 

 

Another notable method relies on the spatial regulation of photophysical processes in QD-dye 

nanohybrid systems,
27,30

 which exploits the superior photostability of QDs over organic 

dyes.
19

 For example, the photoinduced electron transfer process in CdSe/ZnS QD and 

polyviologen (PV) donor-acceptor system was switched-OFF by the selective 

photodegradation of the PV dye, resulting in the revival of QD luminescence.
27

 It is worth 

mentioning that the presence of a non-luminescent black background (corresponding to the 

photoinduced electron transfer-ON state) enhanced the contrast of the singly colored QD 

based luminescent patterns (Figure 4.4). However, this approach, like most of the others, is 

limited with the need for different sizes of QDs to generate multicolor luminescent 

patterns.
24-29,31-42 

In Chapter 3 we have overcome this challenge by spatially degrading the 

acceptor molecules to photoregulate another key photophysical process, namely energy 

transfer, in a QD-dye donor-acceptor system.
30
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Figure 4.4: a and b) Confocal microscope image of a photopattern generated by the 

irradiation of UV light on a CdSe/ZnS QD-PV dye donor-acceptor system, with TEM-grid as 

a photomask, at two different magnifications. (Reproduced in part with permission from 

reference 27 Copyright 2012 John Wiley and Sons). 
 

The photoregulation of Förster resonance energy transfer (FRET) efficiencies led to the 

creation of multicolor luminescent patterns from a single QD nanohybrid film (at least 3 

distinct colors were created).
30

 However, the interference from the background luminescence 

can affect the contrast of the multicolor patterns formed. Despite achieving enormous 

progress, the field of QD photopatterning will benefit from a reliable strategy that can 

enhance the contrast of multicolor luminescent patterns at a single film level. In principle, the 

incorporation of a non-luminescent black region can help in enhancing the contrast of 

multicolor patterns. To accomplish this, the key challenge will be to realize as well as 

regulate both photoinduced electron and energy transfer processes in a single QD nanohybrid 

system, and this forms the basis of the present work. 

 

High-contrast multicolor luminescent patterns were created by incorporating, and selectively 

photoregulating electron and energy transfer processes in a single QD nanohybrid system 

(Figure 4.5). For this, agarose thin films of one donor - two acceptors based triad system was 

developed, which comprised of indium phosphide/zinc sulfide core/shell (InP/ZnS) QD as the 

donor, indocyanine green (ICG) as the electron acceptor and merocyanine-540 (MC) as the 

energy acceptor. The strong electrostatic attractions between positively charged donor QD 

and negatively charged acceptor dyes was the driving force for the formation of a stable [-] 

ICG dye:::[+] InP/ZnS QD:::[-] MC dye complex. Likewise, the repulsion between similarly 

charged [-] MC and [-] ICG dyes led to negligible photophysical interactions between the two 

acceptor moieties. The process of photoinduced electron transfer (PET) from QD to ICG dye 

was found to be dominant in [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye complex, which 

generated a non-luminescent black agarose film. A selective and spatial photodegradation of 
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ICG dyes triggered the switching-OFF of the photoinduced electron transfer process in the 

QD nanohybrid film, resulting in the onset of FRET between InP/ZnS QD and MC dye. 

Consequently, orange colored luminescent patterns were formed on the QD nanohybrid 

agarose film, along with non-luminescent black regions. Further, multicolor patterns 

containing yellow and green luminescent regions were created by the partial and complete 

photodegradation of energy acceptor dyes, respectively. Thus, the coupling of photoinduced 

electron and energy transfer processes, in a single QD nanohybrid agarose film, led to the 

creation of multicolor luminescent patterns on a non-luminescent background. Along with 

enhancing the color contrast, our approach expands the scope of QD photopatterning towards 

creating luminescent images that have inherent black regions, at a multicolor level. 

 

Figure 4.5: Schematic representation for the photoregulation of energy and electron transfer 

processes in a single QD nanohybrid film, for creating high-contrast multicolor luminescent 

patterns. The color contrast was improved by incorporating a non-luminescent black region 

(due to photoinduced electron transfer) in multicolor luminescent patterns (due to energy 

transfer). 
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4.3 Experimental Section 

4.3.1 Materials and Methods: 

Indium acetate (In(Ac)3), myristic acid (MA), 1-octadecene (ODE), zinc stearate (Zn(St)2), 1-

dodecanethiol (DDT), merocyanine-540 ([-] MC), indocyanine green ([-] ICG), agarose, 11-

mercaptoundecanoic acid ([-]), tetramethylammonium hydroxide (TMAOH) 25 % wt. in 

water isopropyl alcohol (IPA) were purchased from Sigma-Aldrich. Tris (trimethylsilyl) 

phosphine (P(TMS)3) was purchased from Strem Chemicals. All the reagents were used as 

received without any further purification. N,N,N-Trimethyl(11-mercaptoundecyl)ammonium 

chloride ([+]) was synthesized according to a reported procedure.
43 

4.3.2 Synthesis of InP/ZnS quantum dots: 

The InP/ZnS QDs were prepared through a one-pot synthesis, as mentioned in Chapter 3.
30

  

4.3.3 Preparation of water-stable InP/ZnS QDs: 

The water-stable [+] InP/ZnS and [-] InP/ZnS QDs were prepared through a place exchange 

reaction, as mentioned in the Chapter 2.
44 

 

4.3.4 Photoinduced electron transfer experiments:  

In a typical experiment, ~3 mL solution of [+] InP/ZnS QD with an optical density of ~0.1 (at 

the excitation wavelength of 400 nm; ~0.6 µM
44

) was taken in a 4-sided quartz cuvette. With 

the QDs acting as donors, aliquots of acceptor dye molecules (ICG) were sequentially added 

to the QD solution, followed by 15 min purging with Ar after each addition. Spectral changes 

were monitored using Shimadzu UV-3600 and Fluorolog-3 (HORIBA Scientific) 

spectrofluorimeter. The corresponding lifetime measurements were carried out in a HORIBA 

Delta Flex Time-Correlated Single Photon Counting system using a 405 nm laser source. The 

fluorescence decay profiles were fitted with tri-exponential functions with minimum χ
2
 value. 

A similar procedure was adopted for the temperature dependent studies where the samples 

were equilibrated for ~5 min at the set temperature before the measurement, with a tolerance 

range of 0.5 
0
C. The time resolved studies in agarose films were performed in the solid-state 

mode (front phase collection mode).   

4.3.5 Preparation of agarose films: 

[-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye dry agarose films were prepared by mixing [-] 

ICG dye:::[+] InP/ZnS QD::: [-] MC dye complex with hot agarose solution (1.0 % w/v), and 

heating overnight at 50 
0
C. The films were thoroughly characterized using spectroscopic 
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techniques to monitor the changes in the properties of [+] InP/ZnS QD before and after the 

formation of films. Similar procedures were followed for the preparation of agarose films of 

[+] InP/ZnS QD:::[-] MC dye, [+] InP/ZnS QD, [-] MC dye, [-] ICG dye and [-] ICG dye:::[-] 

MC dye. The concentrations of QD, MC and ICG in agarose films were ~5, ~15, ~25 µM, 

respectively.  

4.3.6 Photopatterning of [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye agarose films:  

The QD nanohybrid agarose films were irradiated with a 10 W 730 nm light emitting diode 

(LED) for ~6 h, placed at a distance of ~2 cm from the film, to selectively degrade the ICG 

dye (incident power on the film was estimated to be ∼98 mW/cm
2
 using an optical power 

meter from Newport Model 842.PE). Similarly, a 10 W 530 nm LED was used to degrade the 

MC dye in QD nano hybrid film (incident power on the film was estimated to be ∼54 

mW/cm
2
). MC dyes were completely and partially degraded upon irradiation for ~5 h and ~2 

h, respectively. All the photoluminescence images were recorded with an excitation 

wavelength of ~364 nm.  

4.3.7 Calculation of rate and efficiency of photoinduced electron transfer process: 

The rate (kPET) and efficiency (E) of the photoinduced electron transfer from [+] InP/ZnS QD 

(donor) to ICG dye (acceptor) was calculated using the following expressions.
45

 

                               𝑘𝑃𝐸𝑇 =
1

𝜏
−

1

𝜏0
       and    𝐸 = 1 − 

𝜏

𝜏0
 

Where 𝜏, 𝜏0 are the average lifetime of InP/ZnS QDs in the presence and absence of ICG dye, 

respectively. 

4.3.8 Optimization of concentrations of [+] InP/ZnS QD, MC and ICG dyes in the triad 

nanohybrid system: 

The present work aims at realizing high-contrast multicolor luminescent patterns through the 

photoregulation of both electron and energy transfer processes, in a single QD-dye 

nanohybrid film. Here, attaining maximum efficiencies for both photoinduced electron and 

energy transfer processes was crucial in developing highly luminescent and high-contrast 

patterns, respectively. With this in mind, we optimized the relative ratio of the three 

components InP/ZnS QD, ICG and MC dyes in the triad system. The relative ratio was first 

optimized in solution state, and then extended to thin agarose film. The concentration of 

InP/ZnS QD was fixed at ~0.6 μM (3 mL), and small aliquots of MC dye (5 L of ~0.4 mM) 

were added, until a maximum energy transfer was achieved (this was reflected by the 
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saturation of MC dye absorption peak at 588 nm). Energy transfer efficiency got saturated 

upon the addition of ~2 M of MC dye, which was similar to our previous study.
44

 To this 

QD:::MC dyad solution, we added small aliquots of ICG dye (~5 L of ~1.5 mM) until a 

complete quenching of the steady state photoluminescence was obtained (corresponding to 

maximum electron transfer state). The final concentrations of the InP/ZnS QD, MC, and ICG 

dye in solution state studies were ~0.6 μM, ~2 μM, and ~18 μM respectively. 

 

It was crucial to use excess amounts of QD and MC dye in agarose films, so that the 

generated luminescent photopatterns can be clearly visible under the excitation of 3W 364 

nm lamp. For this, we used 8 times excess of InP/ZnS QD (~5 μM) and MC dye (~15 μM), 

as compared to the solution state studies. Similar concentrations of InP/ZnS QD and MC dye 

were used in our previous study as well, to create highly luminescent photopatterns.
30

 To this 

QD:::MC dyad agarose film, we added various concentrations of ICG dye until a completely 

non-luminescent agarose film was obtained. This state was achieved after the addition of 25 

M of ICG dye. Thus, the final concentrations of InP/ZnS QD, MC, and ICG dyes in the triad 

agarose film were ~5 μM, ~15 μM, and ~25 μM, respectively. 

 

4.4 Results and Discussion  

4.4.1 Design of QD based one donor – two acceptors triad system: 

Green emitting InP/ZnS QD was chosen as the donor component, based on the previous 

reports on their use as efficient donors in both photoinduced electron and energy transfer 

processes.
44,46-48

 One of the major challenges in the present work was the selection of electron 

and energy acceptor components. The organic fluorophores have to meet the following four 

conditions to qualify as acceptors for the triad system.  

(i)    The two acceptors should selectively and independently participate in photoinduced 

electron and energy transfer processes with InP/ZnS QD.  

(ii) The process of photoinduced electron transfer should dominate the energy transfer to 

generate a non-luminescent complex, which can act as the black background for further 

photopatterning.  

(iii) There should be minimal overlap between the absorption spectra of the two acceptors, 

so that the electron acceptor can be selectively photodegraded.  
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(iv) There should be negligible photophysical interactions between the electron and 

energy acceptors.  

Based on our previous experience on light harvesting with QD-dye nanohybrids, 

merocyanine-540 (MC) and indocyanine green (ICG) dyes were found to satisfy all the above 

conditions to qualify as efficient energy and electron acceptors, respectively (Figure 4.5).
44,49

 

A similar net surface charge and minimal overlap between the absorptions of MC and ICG 

dyes resulted in negligible photophysical interactions between the two acceptor dyes (Figure 

4.6). 

 

Figure 4.6: a,c) Chemical structures of indocyanine green (ICG) and merocyanine-540 (MC) 

dyes, respectively. b,d) Normalized absorption and PL spectra of [-] ICG and [-] MC dyes in 

solution and agarose films, respectively. 

 

4.4.2 Electron transfer in [+] InP/ZnS QD:::[-] ICG dye donor-acceptor system: 

The ability of [+] InP/ZnS QD and [-] MC dye to participate in an efficient FRET process has 

already been reported in both solution and solid states in the Chapters 2 and 3.
30,44

 Next, the 

potency of [-] ICG dye to act as an efficient electron acceptor was tested in solution state. A 

previously reported place exchange protocol was followed to prepare green emitting [+] 

InP/ZnS QD.
44

 Myristic acid ligands were replaced with N,N,N-trimethyl(11-

mercaptoundecyl)ammonium chloride ([+]) ligands to impart water solubility and permanent 
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cationic charge on the surface of InP/ZnS QD. The energy level positions of [+] InP/ZnS QD 

and [-] ICG dye
50

 revealed that the photoinduced electron transfer from QD to dye is 

thermodynamically favorable (ΔG = -20 kJ mol
-1

; Figure 4.7).  

 

Figure 4.7: Energy levels of [+] InP/ZnS QD and [-] ICG dye against vacuum, estimated 

from a combination of absorption and cyclic voltammetry studies. 

 

Systematic photophysical studies were performed by titrating an aqueous solution of [+] 

InP/ZnS QD (3 mL of ~0.6 µM) with small aliquots of [-] ICG dye (5 µL of ~1.5 mM), under 

inert conditions. A bathochromic shift of ~26 nm was observed in the absorption of ICG dye 

in the presence of QD, indicating a strong ground state interaction in [+] InP/ZnS QD:::[-] 

ICG dye complex (Figure 4.8a).
45,51-56 

The steady state photoluminescence (PL) studies were 

performed by selectively exciting the InP/ZnS QD at 400 nm, where the absorption of ICG 

dye was minimal. A steady and continuous decrease in the PL of InP/ZnS QD was observed 

upon the addition of ICG dye, without the emergence of any new emission peak (Figure 

4.8b). The non-linear nature of the Stern–Volmer plot indicates the presence of both static 

and dynamic components in the PL quenching of QD in [+] InP/ZnS QD:::[-] ICG dye 

complex (inset of Figure 4.8b).
45,51 

The PL quenching efficiency was estimated to be ~97 %, 

which got saturated after the addition of ~18 µM of ICG dye (Figure 4.8c; E = 1-I/I0;
45

 where 

I and I0 are PL intensities of donor in the presence and absence of acceptor). The quenching 

of QD in [+] InP/ZnS QD:::[-] ICG dye complex was further confirmed using time resolved 

PL studies, where the average lifetime of [+] InP/ZnS QD decreased from ~64.5 to ~1.4 ns 

(Figures 4.8d, and Table 4.1). The PL quenching efficiency was estimated to be ~98 %, 

which is in close agreement with steady state results (E = 1-/0;
45

 where  and 0 are average 

lifetimes of donor in the presence and absence of acceptor). Consistent PL quenching and 

formation of a non-luminescent complex, observed in both steady state and time resolved 
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studies, strongly indicates the possibility of photoinduced electron transfer from QD to dye in 

[+] InP/ZnS QD:::[-] ICG dye complex. 

 

Figure 4.8: PL quenching studies in [+] InP/ZnS QD:::[-] ICG dye nanohybrid in solution 

state. a) The absorption spectra of [-] ICG dye in the absence and presence of [+] InP/ZnS 

QD. b) Spectral changes in the PL of [+] InP/ZnS QDs upon sequential addition of [-] ICG 

dye. The inset shows the corresponding Stern–Volmer plot. c) A plot showing the saturation 

in relative QD PL and quenching efficiency vs the concentration of the ICG dye. d) The PL 

lifetime decay profiles of [+] InP/ZnS QD in the absence and presence of [-] ICG dye, 

collected at the QD emission of 520 nm.   

 

Table 4.1: PL decay analysis of [+] InP/ZnS QD in the presence of [-] ICG dye measured in 

a time window of 800 ns. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Avg. τ 

(ns) 
Efficiency 

 (%) 

[+] InP/ZnS_H
2
O 4.02 0.45 36.19 0.41 101.7 0.14 64.51 

97.8 [+] InP/ZnS ::: [-] 

ICG_H
2
O 0.12 0.98 3.53 0.02   1.41 

 

The process of photoinduced electron transfer involves the transfer of an electron from 

photoexcited donor to a ground state acceptor, resulting in the formation of a charged transfer 

complex.
45

 The stability and formation of the charge transfer complex will depend on the 
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solvent polarity and temperature of the medium.
57-63

 Thus, systematic studies by varying 

these two parameters are commonly performed to prove the photoinduced electron transfer 

(PET) process in a donor-acceptor system.
49,57-63

 The concentration of acceptor ICG dye was 

maintained at ~11 µM (instead of ~18 µM) to see an appreciable effect of solvent polarity 

and temperature on the PL quenching. In the present work, the effect of solvent polarity on 

the PL quenching of QD was studied by decreasing the dielectric constant of the medium 

from ~78 to ~41 (for H2O and 0.7:0.3 v/v CH3CN:H2O at 293 K, respectively
58

). The steady 

state experiments revealed that the efficiency of QD PL quenching by ICG dye was lowered 

to ~67 % in CH3CN:H2O mixture (Figures 4.9a,b). A similar trend was also observed in the 

PL lifetime quenching studies as well (Figures 4.9c,d and Table 4.2; EH2O ~80 % vs 

ECH3CN:H2O ~40 %). 

 

Figure 4.9: Proof for photoinduced electron transfer process in [+] InP/ZnS QD:::[-] ICG dye 

complex. Steady state PL spectral changes of [+] InP/ZnS QD upon addition of ~11 µM [-] 
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ICG dye in a) 0.7:0.3 v/v CH3CN:H2O and (b) H2O. PL decay profiles of [+] InP/ZnS QD in 

the absence and presence of ~11 µM [-] ICG in c) 0.7:0.3 v/v CH3CN:H2O, and d) H2O. e) 

Stern-Volmer plot showing the relative changes in the PL intensity of [+] InP/ZnS QD as a 

function of [-] ICG dye concentration in both 0.7:0.3 v/v CH3CN:H2O (brown curve) and 

H2O (blue curve). The concentration of acceptor ICG dye was maintained at ~11 µM (instead 

of ~18 µM) to see an appreciable effect of solvent polarity on the PL quenching. 

 

As a result, the rate of quenching (kPET = 1/- 1/0) was observed to be lower in CH3CN:H2O 

mixture compared to H2O (kPET = ~1.03 x 10
7
 s

-1
 and ~6.42 x 10

7
 s

-1
 in CH3CN:H2O mixture 

and H2O, respectively). The rationale being that the charge transfer complex formed is more 

stabilized in a polar solvent compared to a non-polar medium, thereby enhancing the 

efficiency of photoinduced electron transfer.
57-60

    

 

Table 4.2: PL decay analysis of [+] InP/ZnS QD in the presence of [-] ICG dye in different 

solvents measured in a time window of 800 ns. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Avg. τ 

(ns) 

Efficiency 
 (%) 

[+] InP/ZnS_H
2
O 4.02 0.45 36.19 0.41 101.7 0.14  64.51  

[+] InP/ZnS ::: [-] 

ICG_H
2
O 0.39 0.88 4.72 0.11 35.64 0.01 12.54 80.5 

[+] InP/ZnS ::: [-] 

ICG_0.3:0.7 H
2
O:ACN 0.94 0.72 13.4 0.21 61.24 0.07 38.6 40.1 

 

Next, systematic PL quenching studies were performed by increasing the temperature from 

288 K to 328 K. Both steady state and time resolved experiments showed an enhancement in 

the efficiency and rate of PL quenching in [+] InP/ZnS QD:::[-] ICG dye complex, with an 

increase in temperature (Figure 4.10 and Table 4.3). For instance, kPET increased from ~1.32 

x 10
7
 s

-1
 to ~369 x 10

7
 s

-1
, as the temperature was raised from 288 K to 328 K, respectively. 

A rise in temperature helps in overcoming the activation barrier, thereby increasing the rate 

of photoinduced electron transfer process.
61-63

 The non-linear nature of the Stern–Volmer plot 

was maintained at all the temperatures (Figure 4.11a). Thus, both solvent polarity and 

temperature dependent studies confirm that the PL quenching observed in [+] InP/ZnS 

QD:::[-] ICG dye complex was due to an efficient photoinduced electron transfer from 

InP/ZnS QD to ICG dye. Further, a linear form of lnkPET vs. 1/T plot indicates that the 

photoinduced electron transfer in [+] InP/ZnS QD:::[-] ICG dye follows an Arrhenius 

behavior, and is in accordance with the Marcus theory (Figure 4.11b).
64,65

 Accordingly, the 

photoinduced electron transfer process was modeled using the expression kET = kelexp(-
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ΔG
‡
/kBT), where ΔG

‡
 is the Gibbs free energy of activation, kel is the electronic transmission 

coefficient,  is the frequency of nuclear motion over the barrier, T is the temperature in 

kelvin, and kB is the Boltzmann constant.
64,65

 A linear regression of the plot gives G
‡
  

=108.55 kJ mol
-1

 for the photoinduced electron transfer process in [+] InP/ZnS QD:::[-] ICG 

dye complex.  

 

Figure 4.10: Steady state PL quenching of [+] InP/ZnS QD by ~11  [-] ICG dye at a) 288 

K, b) 298 K, c) 308 K, d) 318 K, and e) 328 K in H2O. Inset shows the corresponding PL 

lifetime decay profiles.  
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Table 4.3:  PL decay analysis of [+] InP/ZnS QD in the presence of [-] ICG dye at different 

temperatures measured in a time window of 800 ns. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Avg. τ 

(ns) 

Efficiency 
 (%) 

[+] InP/ZnS_H
2
O 4.02 0.45 36.19 0.41 101.7 0.14  64.51  

[+] InP/ZnS ::: [-] 

ICG_288 K 
1.22 0.73 9.57 0.21 57.92 0.06 34.75 46.1 

[+] InP/ZnS ::: [-] 

ICG_298 K 
0.39 0.88 4.72 0.11 35.64 0.01 12.54 80.5 

[+] InP/ZnS ::: [-] 

ICG_308 K 
0.23 0.88 2.24 0.11 20.36 0.01 7.19 88.8 

[+] InP/ZnS ::: [-] 

ICG_318 K 
0.18 0.9 1.64 0.09 16.53 0.01 6.32 90.2 

[+] InP/ZnS ::: [-] 

ICG_328 K 
0.13 0.98 1.08 0.02 - - 0.26 99.3 

 

 
Figure 4.11: a) The Stern–Volmer plots constructed from steady state PL quenching studies 

of [+] InP/ZnS QD:::[-] ICG dye complex at different temperatures. b) Variation in the 

photoinduced electron transfer rate, kPET, as a function of temperature in [+] InP/ZnS QD:::[-] 

ICG dye complex. 

 

4.4.3 Coupling of photoinduced electron and energy transfer processes in single QD 

nanohybrid system: 

Our next objective was to couple both photoinduced electron and energy transfer processes in 

[-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye triad complex. The compatibility of ICG and MC 

dye to participate in selective photoinduced electron and energy transfer processes with 

InP/ZnS QD was first optimized in solution state. Systematic photophysical studies were 

performed by titrating an aqueous solution of [+] InP/ZnS QD with small aliquots of [-] MC 

and [-] ICG dye, under inert conditions (Details are provided in the Experimental Section). 

Bathochromic shifts of ~35 nm and ~26 nm were observed in the absorption spectra MC and 
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ICG dyes, respectively, in the presence of [+] InP/ZnS QDs (Figure 4.12a). This indicates 

that both the dyes have a strong ground state interaction and complexation with [+] InP/ZnS 

QDs. On addition of ~2 µM of MC dye to the 3 mL solution of ~0.6 M  [+] InP/ZnS QDs, 

we observed a quenching in the QD PL along with the formation of new peak at 588 nm 

corresponding to emission of [-] MC dye (due to FRET; Figure 4.12b). A complete 

quenching in the PL of both [+] InP/ZnS QD and [-] MC dye was observed in the presence of 

~18 M [-] ICG dye, with formation of no new PL peak (Figure 4.12b). This indicates that 

the elecron transfer is dominating over the energy transfer process in [-] ICG dye:::[+] 

InP/ZnS QD:::[-] MC dye triad complex. Similar PL quenching results were observed in time 

resolved studies as well. Thus, the quenching in the PL decay of QD in [-] ICG dye:::[+] 

InP/ZnS QD:::[-] MC dye triad complex indicates the dominance of photoinduced electron 

transfer process (Figure 4.12c and Table 4.4).  

 
Figure 4.12: Coupling of photoinduced electron and energy transfer processes in [-] ICG:::[+] 

InP/ZnS QD:::[-] MC complex in solution. a) The absorption spectra of solutions of [+] 

InP/ZnS:::[-] MC dyad, [-] ICG:::[+] InP/ZnS:::[-] MC triad, [-] MC and [-] ICG. The 

concentrations of InP/ZnS QD, MC and ICG were ~0.6, ~2, ~18 M, respectively. b) Steady 

state PL spectra of various complex solutions. The PL of [+] InP/ZnS:::[-] MC dyad solution 

(due to FRET) gradually decreased upon the addition of ICG dye, and finally became non-

luminescent after the addition of ~18 M ICG dye. c) The PL decay profiles of [+] InP/ZnS 
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QD in the absence (green decay), presence of MC dye (red decay) and  presence of ICG dye ( 

blue decay), collected at 520 nm. d) The PL decay profiles collected at 588 nm in [+] 

InP/ZnS:::[-] MC (blue decay) and [-] ICG:::[+] InP/ZnS:::[-] MC (brown decay) solutions. 

 

It is worth mentioning that an efficient FRET was observed in [+] InP/ZnS:::[-] MC dyad 

solution, as previously reported by our group.
44

 This was further proved by the observation 

that the PL lifetime of MC dye is increased in [+] InP/ZnS:::[-] MC (blue decay in Figure 

4.12d and Table 4.5). However, the incorporation of ICG dye into the [+] InP/ZnS:::[-] MC 

solution interrupts the interaction between QD and MC dye, and selectively triggers the 

photoinduced electron transfer process between QD and ICG dye (brown decay in Figure 

4.12d and Table 4.5). This clearly confirms that the process of photoinduced electron 

transfer from QD to ICG dye is dominating in [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye 

complex.  

 

Table 4.4: Solution state PL decay analysis of [-] InP/ZnS QD in [-] ICG:::[+] InP/ZnS 

QD:::[-] MC and [+] InP/ZnS QD:::[-] MC complexes, in a time window of 800 ns. The 

decay was collected at 520 nm. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Avg. τ 

(ns) 

Efficiency 
 (%) 

[+] InP/ZnS_H
2
O 4.02 0.45 36.19 0.41 101.7 0.14   64.51  

[+] InP/ZnS :::[-] MC 1.01 0.76 19.8 0.18 41.91 0.06 25.80 60.1 

[-] ICG::: 

[+] InP/ZnS :::[-] MC 
0.10 0.98 2.05 0.01   0.43 98.6 

 

Table 4.5: Solution state PL decay analysis of MC dye in [-] ICG:::[+] InP/ZnS QD:::[-] MC 

and [+] InP/ZnS QD:::[-] MC complexes, in a time window of 100 ns. The decay was 

collected at 588 nm. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 

[+] InP/ZnS :::[-] MC@ 588 

nm 
3.05 0.69 0.5 -0.28 11.5 0.03 

[-] ICG:::[+] InP/ZnS :::[-] 

MC@ 588 nm 
0.05 0.86 0.74 0.13 6.5 0.01 

 

Next, to create high contrast luminescent patterns, the solution state photoinduced electron 

and energy transfer studies have to be successfully translated to solid state. For this, agarose 

was selected as a solid substrate to prepare thin films of [-] ICG dye:::[+] InP/ZnS QD:::[-] 

MC dye triad complex, by mixing the individual components with hot agarose solution. 
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Likewise, the thin films of [+] InP/ZnS QD:::[-] MC dye, [+] InP/ZnS QD, [-] MC dye,  [-] 

ICG dye and [-] ICG dye:::[-] MC dye were also prepared (Details are provided in 

Experimental Section). Bathochromic shifts of ~28 nm and ~23 nm were observed in the 

absorption spectra of [-] MC and [-] ICG dyes, in the [-] ICG dye:::[+] InP/ZnS QD:::[-] MC 

dye agarose film respectively (Figure 4.13a). This indicates a strong ground state interaction 

and complexation between [+] InP/ZnS QD and the two dyes, in the agarose film.
45, 51-56

 All 

the PL studies on agarose films were performed by selectively exciting the InP/ZnS QD at 

400 nm, where both MC and ICG dyes have negligible absorption. The steady state PL 

experiments showed negligible luminescence from [-] ICG dye:::[+] InP/ZnS QD:::[-] MC 

dye agarose film, indicating the dominance of photoinduced electron transfer process from 

InP/ZnS QD to ICG dye (Figure 4.13b). Similarly, the time resolved PL studies revealed a 

drastic quenching of the QD PL lifetime from ~63 to ~0.36 ns in [-] ICG dye:::[+] InP/ZnS 

QD:::[-] MC dye agarose film (Figure 4.13c and Tables 4.6).  

 
Figure 4.13: Coupling of photoinduced electron and energy transfer processes in [-] ICG 

dye:::[+] InP/ZnS QD:::[-] MC dye triad in agarose film. a) The absorption spectra of [+] 

InP/ZnS:::[-] MC dyad, [-] ICG:::[+] InP/ZnS:::[-] MC triad, [-] MC and [-] ICG agarose 

films. b) Steady state PL spectra of different agarose films. Negligible PL was observed in [-] 

ICG dye:::[+] InP/ZnS QD:::[-] MC dye agarose film (blue curve). c) The PL decay profiles 

of InP/ZnS QD collected at 520 nm in the absence (green decay), presence of MC dye (red 
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decay), and presence of both MC and ICG dyes (blue decay). d) The PL decay profiles of MC 

collected at 588 nm in [+] InP/ZnS QD:::[-] MC dye (blue decay) and [-] ICG dye:::[+] 

InP/ZnS QD:::[-] MC dye agarose films (brown decay). The concentrations of InP/ZnS QD, 

MC and ICG dyes in agarose films were ~5, ~15, ~25 µM, respectively. 

 

It is worth mentioning that an efficient FRET was observed in the [+] InP/ZnS :::[-] MC dyad 

agarose film, as shown in Chapter 3. As a result, the PL lifetime of the MC dyes was higher 

in the [+] InP/ZnS QD:::[-] MC agarose film (Figure 4.13d and Table 4.7). However, the 

incorporation of ICG dye into the [+] InP/ZnS QD:::[-] MC dyad interrupts the interaction 

between QD and MC dye, in both solution and agarose film, and thereby selectively 

triggering the photoinduced electron transfer process between QD and ICG dye. The rate of 

photoinduced electron transfer was estimated to be ~25 times greater than the rate of energy 

transfer process in [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye agarose film (kPET = 2.7 x 10
9
 

s
-1 

and
 
kFRET = 1.05 x 10

8
 s

-1
). All these studies confirm that the process of photoinduced 

electron transfer from QD to ICG dye is dominating over the FRET between QD and MC 

dye, in [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye agarose film as well. Thus, a non-

luminescent black agarose film was generated by complexing [+] InP/ZnS QD with [-] MC 

and [-] ICG dyes. All the key parameters for photoinduced electron transfer process in [+] 

InP/ZnS QD:::[-] ICG dye dyad and [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye triad systems 

are summarized in Table 4.8. 

Table 4.6: PL decay analysis of [-] InP/ZnS QD in [-] ICG:::[+] InP/ZnS QD:::[-] MC triad 

and [+] InP/ZnS QD:::[-] MC dyad agarose films, in a time window of 800 ns. The decay was 

collected at 520 nm. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Avg. τ 

(ns) 

Efficiency 
 (%) 

[+] InP/ZnS_H
2
O 3.25 0.48 31.57 0.38 98.51 0.14  63.71  

[+] InP/ZnS :::[-] MC 0.34 0.86 4.85 0.11 16.36 0.03 8.13 87.2 

[-] ICG::: 

[+] InP/ZnS :::[-] MC 
0.12 0.99 1.90 0.01   0.36 99.4 
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Table 4.7: PL decay analysis of MC dye in [-] ICG:::[+] InP/ZnS QD:::[-] MC triad and [+] 

InP/ZnS QD:::[-] MC dyad agarose films, in a time window of 100 ns. The decay was 

collected at 588 nm. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 

[+] InP/ZnS :::[-] MC@ 588 nm 2.38 0.71 0.28 -0.27 9.5 0.05 

[-] ICG:::[+] InP/ZnS :::[-] 

MC@ 588 nm 
0.03 0.97 0.57 0.02 1.26 0.01 

 

Table 4.8: Table summarizing various photoinduced electron transfer parameters in [+] 

InP/ZnS QD:::[-] ICG dye dyad and [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye triad 

complexes, under different experimental conditions. 

[+] InP/ZnS 

QD:::[-] 

ICG dye 

complex 

(dyad) 

Solvent Polarity
a
 Temperature (K)

a
 

[-] ICG dye:::[+] 

InP/ZnS QD:::[-] 

MC dye complex 

(triad) 

H2O 

(ε ~78) 

0.7:0.3 

v/v 

CH3CN: 

H2O 

(ε ~41) 

288 298 308 318 328 

Solutio

n 

(H2O) 

Agarose 

film 

PL 

quenching 

efficiency 

(Steady 

state)
b
 

81 % 67 % 43 % 81 % 86 % 94 % 97 % 99 % 99 % 

PL 

quenching 

efficiency 

(Lifetime)
c
 

80 % 40 % 46 % 80 % 88 % 90 % 99 % 98 % 99 % 

Rate of 

photoinduced 

electron 

transfer 

(kPET)
d 

(x 10
7
 s

-1
) 

6.42 1.03 1.32 6.42 12.3 14.2 369 230 270 

a
The concentration of acceptor ICG dye was maintained at ~11 M (instead of ~18M) to 

see an appreciable effect of solvent polarity and temperature on the PL quenching of InP/ZnS 
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QD. 
b
E = 1-I/I0; where I and I0 are PL intensities of donor in the presence and absence of 

acceptor. 
c
E = 1-0; where  and 0 are average lifetimes of donor in the presence and 

absence of acceptor. 
d
kPET =1/- 1/0. 

 

Interestingly, no notable signs of interactions were observed between MC and ICG in agarose 

films (Figure 4.14; most probably due to the electrostatic repulsions), thereby justifying the 

selection of these two dyes in the QD based triad system.  

 

Figure 4.14: a,d) Absorption of mixture of [-] MC and [-] ICG dyes in solution and agarose 

film, respectively. b,e) Relative changes in the steady state PL spectra of [-] MC dye upon 

addition of ~18 M of [-] ICG dye in solution and agarose film, respectively. c,f) Time 

resolved PL decay profiles collected at the PL wavelength of [-] MC dye in the absence 

(green decay) and presence (blue decay) of [-] ICG dye in solution and agarose film, 

respectively.  

 

4.4.4 Creation of high-contrast multicolor luminescent patterns: 

An efficient photoinduced electron transfer process from QD to ICG dyes resulted in a non-

luminescent black [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye agarose film, under ~364 nm 

excitation. Next, photopatterning experiments were performed on the triad agarose film to 

create high-contrast multicolor luminescent patterns (Figure 4.15a). As mentioned earlier, 

the presence of ICG dye was suppressing the FRET between InP/ZnS QD and MC dye. Thus, 

in principle, a selective photodegradation of ICG dye will restore the efficient FRET in [-] 

ICG dye:::[+] InP/ZnS QD:::[-] MC dye agarose film. Accordingly, the agarose film was 

irradiated with a 10 W 730 nm light emitting diode (LED) for ~6 h. This resulted in the 

complete and selective degradation of ICG dye (Figure 4.15b), thereby switching-OFF the 

photoinduced electron transfer process in [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye agarose 
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film. This triggered the onset of FRET process, and an orange luminescent color was 

developed on the agarose film, corresponding to the PL of MC dye (EFRET ~87 %, Table 4.6). 

Further, multicolor luminescent patterns were created by photodegrading the FRET acceptor 

(MC dye) using a 10 W 530 nm LED for ~5 h (Figure 4.15c). Consequently, a green 

luminescent color was developed on the complex agarose film, corresponding to FRET-OFF 

state (EFRET = 0 %). The PL photographs of complex agarose films under UV light, at 

different stages of irradiation are showed in Figure 4.15d.  

 

Figure 4.15: Selective photoregulation of energy and electron transfer processes in [-] ICG 

dye:::[+] InP/ZnS QD:::[-] MC dye agarose film. a) Schematic representation showing the 

sequential photodegradation of ICG and MC dyes, leading to the switching-OFF of the 

photoinduced electron and energy transfer processes, respectively. Absorption spectral 

changes in [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye agarose film upon sequential 

irradiation with b)10 W 730 nm and c) 530 nm LEDs, for photodegrading ICG and MC dyes, 

respectively. d) Corresponding PL photographs of [-] ICG dye:::[+] InP/ZnS QD:::[-] MC 
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dye agarose films, under UV light, at different stages of irradiation. The scale bar 

corresponds to 1 cm for all images. 

 

The ability to selectively degrade the acceptor dyes was further explored in a spatially 

controlled fashion to create high-contrast multicolor luminescent patterns, on a single QD 

nanohybrid agarose film. In one example, the center of the agarose film was masked against 

irradiation to retain the black region corresponding to the photoinduced electron transfer-ON 

state. The rest of the agarose film was irradiated with a 730 nm LED for ~6 h to selectively 

photodegrade the ICG dyes, thereby switching-ON the FRET between InP/ZnS QD and MC 

dyes. This imparted an orange colored luminescence to rest of the agarose film (Figure 

4.16a). Finally, selected portion of the orange region was irradiated with a 530 nm LED for 

~5 h to degrade the MC dyes, and create a green colored luminescent pattern on the agarose 

film (corresponding to FRET-OFF state). Thus, concentric rings comprising of two different 

colors, and one black region was developed using the selective photoregulation of electron 

and energy transfer processes in a single QD nanohybrid agarose film (Figure 4.16a). Thus, 

the incorporation of a non-luminescent black region improved the contrast of the multicolor 

luminescent patterns. Likewise, a variety of high-contrast multicolor luminescent patterns 

were created using different photomasks (Figures 4.16b-e). A controlled photodegradation of 

MC dyes, for ~2 h, resulted in a moderately efficient FRET state (EFRET ~50 %),
30

 which 

created yellow colored patterns on the complex agarose film (Figures 4.16c,d).  

 

Figure 4.16: High-contrast luminescent patterns from a single QD nanohybrid film. a) 

Photopatterning of [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye agarose film, by the sequential 

irradiation with 730 nm and 530 nm LEDs, to create high-contrast multicolor luminescent 

patterns. b-e) A few examples of PL images of high-contrast multicolor luminescent patterns 
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created by our approach of selective photoregulation of electron and energy transfer 

processes, using different photomasks. The yellow luminescent regions in panel ’c’ and ‘d’ 

were created by the partial degradation of MC dye (moderately FRET-ON state
30

). The scale 

bar corresponds to 1 cm for all images. 

 

Thus, the idea of selective and sequential photoregulation of electron and energy transfer 

processes helped in enhancing the contrast of multicolor luminescent patterns on a single QD 

nanohybrid agarose film: black (corresponding to photoinduced electron transfer-ON state), 

orange and yellow (corresponding to FRET-ON states with maximum and moderate 

efficiencies, respectively), and green (corresponding to photoinduced electron transfer-OFF 

and FRET-OFF states). 

 

4.5 Conclusions 

In conclusion, efficient photoinduced electron and energy transfer processes were coupled in 

a single QD nanohybrid system in solution and agarose thin film states. This was realized 

through a single donor – two acceptors based triad system comprising of InP/ZnS QD as 

donor, ICG dye as the electron acceptor and MC dye as the FRET acceptor. The strong 

electrostatic attraction between oppositely charged QD donor and dye acceptors resulted in 

the formation of a stable [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye triad complex. The 

domination of photoinduced electron transfer process from InP/ZnS QD to ICG dye produced 

a non-luminescent black complex agarose film. The superior photostability of QDs over 

organic dyes was explored to create high-contrast multicolor luminescent patterns. The 

selective photodegradation of ICG dye triggered the switching ON of FRET process from 

InP/ZnS QD to MC dye, resulting in the creation of orange colored luminescent patterns. 

Further, partial and complete photodegradation of MC dye created yellow and green 

luminescent patterns, corresponding to moderately FRET ON and OFF states, respectively. 

Thus, a selective and sequential photoregulation of electron and energy transfer processes in a 

single QD nanohybrid agarose film led to the creation of multicolor luminescent patterns on a 

non-luminescent black background. The ability to achieve a fine interplay between 

photoinduced electron and energy transfer processes in a single QD based nanohybrid system 

is fundamentally intriguing, and can have potential impact on other light harvesting 

applications as well. 
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4.6 Future Direction 

The main focus of the present Thesis was to regulate photophysical processes in a single QD 

nanohybrid system to create high-contrast multicolor luminescent patterns. An obvious next 

step would be to expand this concept for the generation of entire VIBGYOR colored patterns, 

using appropriate single donor-multiple acceptor systems (long range FRET pairs). 

Moreover, a closer examination of luminescent patterns reveals that the surface of QDs are 

differently exposed at different parts of the photopatterned QD:::dye agarose film. 

Specifically, the green and orange colored regions on QD:::dye agarose film corresponds to 

[+] InP/ZnS QD and [+] InP/ZnS QD:::[-] MC dye complex, respectively. One could, in 

principle, address these patterned QD surfaces differently and use them for spatially selective 

QD functions like metal ion reduction/deposition, LED and micro/nanoelectrode fabrication, 

sensing etc. 
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4.8 Appendix 

4.8.1 Proof for electrostatically driven photoinduced electron transfer:  

Control experiment # 1  

Photoinduced electron transfer studies between [+] InP/ZnS QD and [-] ICG dye in 

PBS: 

Control experiments were carried out with [+] InP/ZnS QD as a donor and [-] ICG dye as an 

acceptor in a high salt concentration (1X PBS). Electrostatic interactions are weakened in the 

presence of high salt concentration due to the screening of charges by the salts.
66

 This 

increases the distance between donor and acceptor, thereby decreasing the quenching 

efficiency. 

 

Figure 4.17: a) Spectral changes in the PL of [+] InP/ZnS QD on the addition of [-] ICG dye. 

b) PL decay profiles of [+] InP/ZnS in the absence (green decay) and presence of ~11 μM 

(brown decay) of [-] ICG, upon excitation with a 405 nm laser source. 

 

Table 4.9:  PL decay analysis of [+] InP/ZnS QD in the presence of [-] ICG dye in PBS in a 

time window of 800 ns. 
 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Avg. τ 

(ns) 

Efficiency 
 (%) 

[+] InP/ZnS_PBS 3.07 0.59 28.79 0.30 92.51 0.11   57.97 

63.3 
[+] InP/ZnS :::[-] 

ICG_PBS 
0.28 0.91 5.38 0.07 46.93 0.01 21.26 
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Control experiment # 2 

Control experiments were carried out with similarly charged [-] InP/ZnS QD as a donor and 

[-] ICG dye as an acceptor. The electrostatic repulsion between the donor-acceptor is 

expected to prevent the complex formation, thereby decreasing the probability of 

photoinduced electron transfer process.  

 

Figure 4.18: a) Steady state PL spectra of [-] InP/ZnS upon addition of varying concentrations 

of [-] ICG dye. b) PL decay profiles of [-] InP/ZnS in the absence (green decay) and presence 

(blue decay) of ~11 μM [-] ICG dye, upon excitation with a 405 nm laser. One positive 

charge on [-] ICG dye can still participate in a weak electrostatic attraction with [-] InP/ZnS 

QD, which can lead to low PL quenching. 

Table 4.10:  PL decay analysis of [-] InP/ZnS QD in the presence of [-] ICG dye in a time 

window of 800 ns. 

Sample 
τ

1 
 

(ns) 
a

1
 

τ
2
 

(ns) 
a

2
 

τ
3
 

(ns) 
a

3
 Avg. τ 

(ns) 

Efficiency 
 (%) 

[-] InP/ZnS_H2O 3.80 0.42 36.85 0.43 104.22 0.15  67.09 

26.4 
[-] InP/ZnS ::: [-] 

ICG_H2O 
1.54 0.72 17.40 0.21 79.78 0.07  49.36 

 

Table 4.11: Table summarizing the PL quenching and photoinduced electron transfer 

parameters in [+] InP/ZnS QD donor:::[-] ICG dye acceptor nanohybrid (in water and PBS) 

and [-] InP/ZnS QD donor:::[-] ICG dye acceptor nanohybrid in water. 

 

System 

[+] InP/ZnS:::[-] ICG [-] InP/ZnS:::[-] ICG 

H
2
O PBS H

2
O 

PL quenching Efficiency  

(Steady State) 

81% 65% 87% 

PL quenching Efficiency  

(Lifetime) 

80% 63% 26% 

Rate of photoinduced 

electron transfer (k
PET

) 
6.42 x 10

7

 

s
-1

 

2.97 x 10
7 

 s
-1

 

5.35 x 10
6 

 s
-1
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4.8.2 Photopatterning on [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye agarose film:  

 

Figure 4.18: Optical images of [-] ICG dye:::[+] InP/ZnS QD:::[-] MC dye agarose films 

after photoirradiation using appropriate masks with 10 W 730 for ~6h and 10 W green LED 

for ~5 h, under normal light. The corresponding PL images are provided in the Results and 

Discussion Section of Chapter 4. The scale bar corresponds to 1 cm for all the images. 
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