PhD Thesis

Chemical Reactions on the Surface of
Quantum Dots

by
Satyapriya Bhandari

Department of Chemistry

Indian Institute of Technology Guwahati

June 2015



Chemical Reactions on the Surface

of Quantum Dots

A thesis submitted by

Satyapriya Bhandari
Roll No. 10612225

to

Indian Institute of Technology Guwahati
for the award of the degree of

Doctor of Philosophy

Department of Chemistry

Indian Institute of Technology Guwahati
Guwahati — 781039
India
June 2015

TH-1435_10612225



TH-1435_10612225



Abstract

Understanding the chemistry of the surface of the zero-dimensional
semiconductor nanocrystals - otherwise known as quantum dots (Qdots) - and their
manipulation are critically important to achieve their desired applications, following
optimization of their remarkable optical properties. However, little attention has been
given to exploiting chemical reactions performed on the surface of the Qdots following
their syntheses. It is expected that altering the structure of the surface or generating new
species on the surface would provide a new way of achieving enhanced
physicochemical properties of Qdots. The present thesis focuses mainly on two types of
chemical reactions; one is ion-exchange reaction and the other one is complexation
reaction involving the Qdots. We sincerely hope this will bring a new paradigm in
terms of achieving the best of the optical properties of Qdots and thus improving their

potential applications.
Specifically, the present thesis addresses the following issues.

(i) What is the role of surface ions in the emission properties of Qdots, which were

synthesized at comparatively low temperatures?

(it) How do the surface labile metal ions of Qdot react to form inorganic complexes
with an external organic ligand and what are the consequent influences on the optical

and thermal properties and solubility of Qdots following complexation reaction?

(iii) How will the Qdots - following complexation on their surface —be made useful for
devices such as light emitting devices and in biological imaging over their independent

constituents’ precursors (Qdots and bare inorganic complexes)?

The present thesis is divided into seven chapters. Brief discussion of each

chapter is given below.

Chapter 1 includes the introduction and the literature review. This will provide a brief
and general idea about the Qdots, the importance of their surface followed by

manipulation using various chemical means/reactions in order to achieve the desired
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optical properties, for making them more advantageous in optoelectronic devices and

biodiagnostic applications.

Chapter 2 describes the role of surface ions in the emission characteristics of the Qdots
(synthesized at comparatively lower temperature) as probed from the results of a simple

cation exchange reaction.

Chapter 3 reports the complexation reaction on the surface of a Qdot with an external
organic ligand leading to formation of a new species - called herein as quantum dot
complex (QDC) — which exhibited high quantum yield (QY), longer emission life time

and extraordinary thermal stability in comparison to bare inorganic complexes.

Chapter 4 demonstrates a new, rapid and facile phase transfer process of hydrophobic
Qdots from nonpolar to polar medium, following formation of light emitting inorganic
complexes on the surface of Qdots out of the biphasic medium.

Chapter 5 reports the formation of a single component, redox active, thermally stable
QDC nanocomposite - which exhibited independent double channel emissions and has

excitation dependent tunability in chromaticity color coordinates.

Chapter 6 describes the fabrication of a new magnetofluorescent nanocomposite —
composed of a super paramagnetic iron oxide nanoparticle (SPION) and QDC —which
exhibited higher QY, photostability, stability in human blood serum and sufficient
magnetism and also their magnet guided cell imaging application.

Chapter 7 contains an overview of the thesis and future prospects.

i
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Introduction

“Everything starts from a dot”- Wassily Kandinsky, the famous early 20"
century Russian artist who believed in the spiritual power of a “dot” in the canvas to
start off great work of art.12 Yes! The belief of Kandinsky is quite relevant today when
the term “dot” - composed of zero-dimensional semiconductor materials with quantum
confinement effect - appeared in the field of nanoscience and nanotechnology. From
the time of their discovery to present era, the zero-dimensional semiconductor
nanocrystals — otherwise known as quantum dots (Qdots) - continuously dominated the
nanoscience research with their remarkable optical properties even though the various
other nanostructured materials have been emerged. The tremendous optical value of
Qdots has made significant impact in a variety of applications such as biological
imaging, sensing and drug delivery, catalysis, solar cells and light emitting devices. Not
only in the nanoscience, but also the usefulness of the Qdots has been extended from
basic science to engineering stream. Till date, the Qdots have played a vital role across
different disciplines of science and engineering and their contribution towards the

progress of multidisciplinary science is really laudable.
1.1 Quantum Dots

1.1.1 The Definition

A Qdot is a colloidal semiconductor nanocrystallite (size of 1-10 nm) that
confines the motion of the bound pairs of the charge carriers (conduction band
electrons and valence band holes) in all three spatial directions.>’ In other words, the
defining features of Qdot are:

(i) Qdot is a zero dimensional semiconductor nanostructure.
(i) Qdots have sizes in the range of 1-10 nm.

(iii) Specifically, the motion of the excitons (i.e. the bound pairs of conduction band

electrons and valence band holes) is confined in Qdot.

1
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These three distinct features of Qdots make them to exhibit unique optical
properties -which are absent in the bulk form of the material. The properties results in
their application potential in the fields ranging from optoelectronic devices to

biological purposes.
1.1.2 The History

In 1981, the Russian physicist Alexey Ekimov discovered semiconductor
nanocrystals in a glass matrix for the first time.> Then, in 1985, Louis E. Brus first
discovered cadmium sulphide (CdS) semiconductor nanocrystals in colloidal
dispersion.b But, the true beginning of the word “quantum dot” happened in 1988

following the observation of discrete electronic states of quantum dots by Mark Reed.’

1.1.3 The Quantum Confinement Effect

=
= E’, E'y
: E, .
23 g
v
B> F/,
Bulk
Semiconductor Quantum Dot

v

Decreasing dimension

*-l-"""-

~ - b
\\ ’I \\
[ A ! AY
I 1 I 1
. I 1 1 1
Bohr-exciton <- - -\ H l !
. ‘\ I \ I
radius % ! AN /
So -~ S -

Figure 1.1. Schematic representation of quantum confinement effect resulting in the
discretization of the energy levels based on the reduced dimension of the bulk semiconductor.
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The quantum confinement effect arises when the size of the bulk semiconductor
materials is reduced into nanometer regime and is comparable with the excitonic Bohr
radius of the materials.* 81! This results in the discretization of the energy levels and
restriction in the motion of the bound pair of electron and hole (otherwise known as
exciton) in all three spatial dimensions of the nanocrystal upon photo-irradiation
(Figure 1.1). The exciton in a Qdot behaves like a particle in 1D box (of H-atom) where
the degree of confinement depends upon the spacing of the energy levels. % 81! In Qdot
the degree of confinement of exciton increases as the size of the Qdot is decreased and
thus increase in their band gap (the energy gap between the valence and conduction
bands; Figure 1.1). Due to the nature of the Qdot, they are often called as “artificial
atoms”. The electronic structure of the Qdot is neither like a band of bulk
semiconductor material nor like a bond of a molecule, and is intermediate between
bands and bonds (Figure 1.1). The quantum confinement effect of Qdot based on the
size makes them to exhibit extraordinary optical properties and opens up a new avenue
to tune the electronic structure by size to get desired optical characteristics needed for
specific purpose of their use.

1.1.4 Types

A n B N
(A) OB (B) B

7 7

2 2

84 54l

2.
VB VB
Wave vector (k) . Wave vector (k) ’

Figure 1.2. Schematic representation of the electronic band structure of (A) direct and (B)
indirect semiconductors at their lowest transitions. Where CB and VB stands for conduction
band and valence band respectively.

There are two types of Qdots — (i) direct and (ii) indirect band gap - depending
upon the nature of the wave vector (k) during the lowest transition of electron from
valence band to conduction upon excitation.® Schematic representation shows (Figure

1.2) how the electronic transition affects the wave vector (k) to categorize the Qdots.
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Wave Vector (k) is defined as k :27” (considering free electron model) and thus in the

h?k?
2

Schrodinger equation; E =
87°m

, Where E and m are the energy and mass of an electron

and h is the Planck’s constant .

If there is no change in the value of wave vector, then Qdots can be called as
direct band gap Qdots, while indirect band gap Qdots have change in their wave vector
parameter during electronic transition.® For example, the combinations of group 111-V
and 11-V1 of the periodic table lead to formation of direct band gap semiconductors;
among them GaN, InP, ZnO, ZnS, CdS, CdSe, HgTe are well known. On the other

hand, Si and Ge are known as indirect band gap Qdots.
1.1.5 The Unique Optical Properties Qdots and Their Tailoring

The most important feature of the Qdots is their unique and tunable optical
properties. The tunability in their optical properties relies on three important parameters
— (i) size; (ii) dopant impurity and (iii) the surface. These three controlling factors not
only tune the optical features especially emission of Qdots but also make them
appropriate to have their desired applications in the field ranging from biodiagnostics to
optoelectronics. How the three parameters affect the emission of Qdot are described as

follows.
1.1.5.1 Size

The “size” of the Qdot plays a vital role to achieve the tunability in their band
gap - arising due to the quantum confinement effect - which results different optical
absorption and emission properties from of a Qdot composed of the same material.> 1>
21 As is clear from “Brus equation” that band gap energy of the Qdot is inversely
proportional to the size of the Qdot, hence the size can effectively tune the band gap
energy and thus their optical characteristics.® 2! In other words, as the size of the Qdot
increases, the energy of the band gap decreases and the emission from the Qdot
becomes redder, while blue emission from Qdot arises when the size of the Qdot
becomes smaller. For example, the different optical properties like emission color and
absorbance of the CdSe Qdots can be observed by varying their size (Figure 1.3 A)'?
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and similarly with the change in the size, different photoluminescence quantum yield
(PLQY) of PbS Qdots can also be achieved (Figure 1.3 B).™®

(B)
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50F L4

Absorbance

PL QY (%

i TR [T Loy
800 1200 1600 2000 4 6
elice Frankel Wavelength (nm) Size (nm)

Figure 1.3. (A) Fluorescence image of Qdots as a function of size (left to right based on
increasing size of Qdots). Reprinted with permission from Reference [12]. Copyright J. Phys.
Chem. B 1997 American Chemical Society) and (B) schematic representation of PLQY and
colloidal stability of the PbS Qdots with the variation of their size (Reprinted with permission
from Reference [15]. Copyright ACS Nano 2011 American Chemical Society).

1.1.5.2 Incorporation of Impurity

(A)

Figure 1.4. Schematic representation of (A) different emission colors of ZnE (where E= S or
Se) Qdots resulted followed by doping of Mn?* or Cu?* ions (Reprinted with permission from
Reference [24]. Copyright J. Phys. Chem. Lett. 2010 American Chemical Society) and (B)
doping of Cu in the alloyed Qdots such as ZnS/ZnyCdixS core/shell leading to different
emission color over a wide range of wavelength (Reprinted with permission from Reference
[25]. Copyright J. Am. Chem. Soc. 2011 American Chemical Society).

The incorporation of atomic impurities (otherwise known as doping) into Qdot
provides a new strategy to control their optical, magnetic and electrical properties and
thus their usefulness for various applications.?>” To dope impurities in the lattice of
Qdot, Mn and Cu metal ions have been extensively used and the resulted doped Qdots
have become advanced materials compared to undoped Qdots for biomedical labeling
and spintronic. For example, doping of transition metal ions like Mn?* and Cu?* into the

crystal lattice of group I1-VI Qdots such as ZnS, ZnSe and ZnS/ZnxCd1xS resulted
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intense photoluminescence emission over a wide range of wavelength (Figure 1.4 A-
B).24_25

1.1.5.3 Surface

The “surface” of the Qdots is critically important in order to have control in
their emission properties, without altering their size and shape.®*° Earlier studies
reported that at small length scale of Qdots, the ratio of surface atoms to core atoms
increases and that resulted in the dominating nature of the surface atoms for the entire
nanocrystal.®® Importantly, the chemical nature of the surface atoms is different from
the core ones because of the termination of the lattice structure and consequently those
(surface atoms) have unsaturated coordination - which are known as “dangling bonds”.
The chemical reactivity of the surface of Qdots is mainly dependent on the nature of the
unbonded orbitals (dangling bonds) present on the surface and their coordinating
behavior with different organic, inorganic or bio molecules to obtain saturation in terms
of coordination — that is called as “surface passivation”. Surface passivation of the
dangling bonds can be achieved through different strategies; among them the formation
of inorganic shell and reaction with organic or bio molecules are well known. Through
the surface passivation strategies, one can have control over the unique optical
properties of Qdots even after their synthesis and can specifically modify the emission
properties like quantum yield, emission maxima etc. for the desired application

potential.

(A) v
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Figure 1.5. Schematic representation of (A) the control of the optical properties of Qdots by
surface coating with calix[n]arene carboxylic acids (Reprinted with permission from Reference
[45]. Copyright J. Am. Chem. Soc. 2006 American Chemical Society) and (B) MPA assisted
surface modification of CdSe Qdots and tuning their emission color based on the concentration
of MPA (Reprinted with permission from Reference [46]. Copyright Langmuir 2010 American
Chemical Society).

QL;(%I) a 1-QD, 2-QD, 3-QD

For example, the emission color of the CdSe/ZnS can be controlled through the

modification of their surface by varying the oligomer size of the Calix[n]arene
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carboxylic acids by replacing the original ligand (Figure 1.5 A).*> On the other hand,
ligand exchange of trioctylphosphineoxide/dodecylamine-capped CdSe Qdots with 3-
mercaptopropionic acid (MPA) resulted in their different emission colors, depending
upon the concentration of MPA (Figure 1.5 B).*

1.1.6 The Applications

The advantageous optical properties especially exceptional resistance to photo
bleaching and high quantum efficiency of colloidal Qdots — in addition to their versatile
surface functionality - make them ideal candidates for replacement of traditional
organic dyes in the field of biomedical imaging, detection, sensing and theranostics.’>"°
On the other hand, the recent advances in the combination of Qdots with photovoltaic
and light emitting devices have created enormous excitement and developed new
devices which can be advantageous in terms of their cost and uses.®-8? Apart from their
biological and optoelectronic uses, the Qdots can also be used in catalysis of chemical

reaction 8384
1.2 Chemical Functionalization of Qdots

While innumerable aspects of Qdots exist for the biomedical and optoelectronic
applications, the chief necessity is the functionalization of their surface to make them
either biologically amenable or suitable for fabrication processes.2>% In other words,
functionalization of the surface of the Qdots is the prime condition to achieve the
diversity in their uses. The term “surface functionalization” is generally described for
the process through which the outer layer of the Qdots is being modified using various
chemical means, either during or following their synthesis, while the core structure
remains unaltered. Importantly, the functionalization of the surface of the Qdots
provides several advantages in terms of their physical and chemical properties through
reduction of surface traps (or defects), prevention of agglomeration, oxidation, leaching
of ions and photochemical degradation, enhanced solubility and stability. These are all
about the functionalization of the surface of Qdots during synthesis. On the other hand,
following synthesis Qdots can also be modified through the surface re-functionalization
to have more advantageous optical characteristics like enhancement of the quantum
yield, changes in emission color and other parameters - in addition to solving the issue
of solubility of Qdots for their use in biological activities and device fabrication
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procedure. In this regard, several strategies are well known to functionalize the surface
of the Qdots following their synthesis and make them appropriate for their specific

utilization. A brief discussion of these strategies is given below.
1.2.1 Ligand Exchange

The replacement of the existing ligand of the Qdots following their synthesis
with an external ligand - that provides Qdots with superior properties such as solubility
and improved optical properties especially quantum efficiency — is termed as the ligand
exchange strategy.®>% Importantly, the surface ligands govern physicochemical
properties of Qdots and thus their desired performances under specific applications. For
instance, the long hydrocarbon chains of the ligand present on the surface of the Qdots
make hydrophobic Qdots suitable for device fabrication, while their biological uses are
restricted due to their insolubility in aqueous medium. But the same hydrophobic Qdots
following ligand exchange with hydrophilic ligands can have their biological activities
without any change in their morphology and other parameters. Moreover, the modified
Qdots through proper ligand exchange have been particularly useful for probing
cellular pH, as markers of diseases and as imaging probe in targeted drug delivery.
Therefore, the ligand exchange has become an important and popular strategy for the

alteration of the properties of the Qdots and thus for their specific applications.
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Figure 1.6. Schematic representation of (A) the energy level modification in lead sulfide Qdot
through ligand exchange. (Reprinted with permission from Reference [89]. Copyright ACS
Nano 2014 American Chemical Society) and (B) ethylenediamine mediated ligand exchange
and phase transfer of hydrophobic Qdots following the preservation of their original
photoluminescence (Reprinted with permission from Reference [90]. Copyright Chem. Mater.
2013 American Chemical Society).

For example, ligand exchange on lead sulphide (PbS) Qdots led to shifts in their band

gap and thus their performance optimization in optoelectronic devices (Figure 1.6 A)®°
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while on the other hand, the transfer of olephilic CdSe/ZnS Qdots into water followed
by preservation of their original photoluminescence can also be possible through

ethylene diamine assisted ligand exchange (Figure 1.6 B).%
1.2.2 Conjugate Formation

Apart from the ligand exchange strategy, there is another way to modify the
surface of the Qdots in which no replacement of existing stabilizer is required. This can
be achieved by conjugating different types of chemical or biological molecules based
on their mutual interactions with the existing stabilizer.l%1% Earlier studies
demonstrated that the specific biomolecules such as DNA, peptides, antibodies and
proteins have the ability to conjugate with the organic surface of the Qdots and make
them water soluble to have the promising applications in cellular imaging, assay,
labelling, sensing heavier metal ions and pH, detection of diseases, and as efficient
fluorescence resonance energy transfer (FRET) donors. Not only that, conjugation of
the Qdots with a molecule based on the FRET mechanism also provides a new aspect

toward the development of their utilities in the solar cells and light emitting devices.
Biomolecule Lymph node

(A) {} QDPL (B)
o i Dopamine - : ]
: Peptide, o mappin
N = OH Reduced/hydroguinone PhOSphthld & ‘p’p_h%
FRE ~L Poor e~ acceptor .
I o -y <
2\ B 0, I / f rex
enchir

oH i Tumor &
Targeting

Quantum Dots

(Not to scale)

Figure 1.7. Schematic representation of (A) Qdot/dopamine bioconjugates act as redox coupled
assemblies for in vitro and intracellular pH sensing (Reprinted with permission from Reference
[104]. Copyright Nat. Mater. 2010 Nature publishing group) and (B) silicon (Si) Qdots
following bioconjugation with PEG and phospholipid for in vivo targeted cancer imaging,
sentinel lymph node mapping and multi-channel imaging (Reprinted with permission from
Reference [105]. Copyright ACS Nano 2011 American Chemical Society).

For example, the Qdot bioconjugates like CdSe-ZnS/dopamine and PEGylated
(polyethylene glycolylated), phospholipid conjugated and micelle encapsulated Si
Qdots can be used as in vitro and intracellular pH sensor (Figure 1.7 A)!* and in in
Vivo targeted cancer imaging (along with sentinel lymph node mapping and multi-

channel imaging; Figure 1.7 B), respectively.!%
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1.2.3 Other strategies

A) PMMA-co-MAA

A

ocra” N HOT 0 1. Adding into water
ﬁ
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Figure 1.8. Schematic representation of (A) polymer encapsulation of CdSeS/ZnS Qdots
making them extremely high bright for two-photon cellular and deep-tissue imaging (Reprinted
with permission from Reference [131]. Copyright Sci. Rep. 2014 Nature publishing group); (B)
CdSe/CdS core/shell Qdot based luminescent solar concentrators with reduced reabsorption and
enhanced efficiency (Reprinted with permission from Reference [132]. Copyright Nano Letter
2014 American Chemical Society) and (C) CdSe/ZnS Qdot - cobaloxime hybrid based on
energy transfer process for efficient hydrogen production (Reprinted with permission from
Reference [133]. Copyright J. Am. Chem. Soc. 2012 American Chemical Society).

Cross linking the outer organic surface of the Qdots by using chemical means
like amphilic polymers not only functionalize the Qdots but also provides extraordinary
chemical stability to them.%®-*12 Encapsulation of the small sized Qdots into larger size
particles like silica, phospholipid micelles and liposomes without exchange of their
outer surface can also lead to the changes in their optical properties and solubility. 131
The process like encapsulation of Qdots in silica matrix or coating the Qdots with
polymer have become advantageous strategies for solving the problem related to their
toxicity issue.!®®> On the other hand, formation of the shell to the core Qdots has
gained popularity in terms of their surface functionalization and their consequent
changes in the optical properties, stability and toxicity. 6% Interestingly, the ability of
the Qdots to participate in various energy transfer processes with light harvesting
proteins, organic dyes, redox active metal complexes brings new interest towards the
development of the bio sensing and light emitting applications of Qdots.?20-125 All the
above described strategies of the chemical functionalization of the surface of Qdots
afforded a versatile dimension for the applications of the Qdots.1%% For example,

10
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encapsulation of CdSeS/ZnS Qdots in the polymer matrix of poly(methyl methacrylate-
co-methacrylic acid) (PMMA-co-MAA) resulted high QY of the Qdots and made them
suitable for two-photon cellular and deep-tissue imaging (Figure 1.8 A)."3! Similarly,
the enhancement of the QY — can also be possible through formation of core/shell
Qdots — with better efficacy of the solar cells (Figure 1.8 B).!*? On the other hand, the
hybrid system, based on the mutual photo driven charge transfer of CdSe/ZnS Qdot and
cobaloxime complex, can function as catalyst for efficient hydrogen production (Figure
1.8 C).1%

1.3 Chemical Reactions

Chemical reactions - the process through which reactants interact to form new
products - happens every moment in the world around us.** From the growing nature
of our body to our daily life in the food that we eat, in the clothes that we wear and the
air that we breathe etc. it’s all about the chemical reactions and literally one cannot
think about his/her day successful without having a single chemical reaction. On the
other hand, the beauty of materials (especially Qdots) at their small length scale has
also emerged as a gift for the development of the human society in terms of their
applications in disease diagnostics, to cure dangerous disease like cancer, in solar cells
and light emitting devices. Therefore, the aspect of chemical reactions on the surface of
small materials like Qdots has become an important issue in order to have much more
advantageous effect out of their combination. The present thesis describes the chemical
reactions mainly based on ion exchange and complexation reactions on the surface of
Qdots and also envisions the advantages of having chemical reactions on the surface of
Qdots. Hope this will bring a newer avenue towards the development of desired
applications of Qdots and may initiate new chemistry for future research activities. The
following reactions have been chosen to describe the consequences of the “Chemical

Reactions on the Surface of Qdots.”
1.3.1 Ion Exchange Reaction

The ion exchange reaction - the process involving replacement of one or more
ionic parts between two chemical substances - plays a vital role in the analytical and
industrial purposes such as purification of water, chemical staining and sensing.'3°14°

Importantly, when the ion exchange reaction especially cation exchange occurs with

11
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particles like Qdots, it not only offers the possibility to tune the optical characteristics
of the Qdots by preserving their anionic lattice but also provides a promising way for
new and high-quality Qdot synthesis, device fabrication, and chemical sensing. The
exchange of cations at the nanoscale leads to the unique attributes like rapid kinetics
involving Qdots (compared to their bulk form) at room temperature and modulation of
reactivity following the control of size, shape and surface of the Qdots. These features
make the cation exchange reaction part of a convenient toolkit for the development of
next generation photonic, optoelectronic and catalytic applications of the Qdots
following modification of their surface composition and morphology. Further, the
stoichiometric control of the ions - which may not be readily accessible during their
synthesis - enables the formation of the Qdots with desired compositions, morphology
and crystal phase. Hence, the better understanding and control of the surface of the
Qdots based on simple cation exchange route will open up a new path for the specific
applications in biological uses and device fabrications. Further study in this area should
continue to synthesize a library of Qdots and mechanistic understanding of the role of
the surface (mostly the surface ions) in the optical properties of the Qdots following
their synthesis. To date, various examples of cation exchange reactions of Qdots are

well known and some of the examples are discussed below.
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Figure 1.9. Schematic representation of (A) cation exchange reaction for the synthesis of
various Qdots. (Reprinted with permission from Reference [136] Copyright J. Phys. Chem. C
2013 American Chemical Society) and (B) chemical transformation of PbS to CdS Qdots based
on the cation exchange of Pb?" of PbS Qdots with external Cd*" ions (Reprinted with
permission from Reference [143]. Copyright ACS Nano 2014 American Chemical Society).

For example, post-synthetic transformation of Qdots through cation exchange
reactions has become a robust way to achieve desired Qdots for the development of the

next generation photonic, optoelectronic, and catalytic applications (Figure 1.9 A).1%®

12
TH-1435_10612225



Chapter 1

On the other hand, the complete transformation of PbS to CdS Qdots can be made
followed by understanding their concentration dependent cation exchange behavior
(Figure 1.9 B).143

1.3.1.1 Cation exchange resin Bead (CB)

500 550 600 650
Wavelength (nm) O=s* @=zn*@=Mmn>

Figure 1.10. Schematic representation of the engineering the surface of Mn**-Doped ZnS
Qdots and thus by their optical properties alteration using ion-exchange resins (Reprinted with
permission from Reference [146]. Copyright Langmuir 2012 American Chemical Society).

The acid activated form of the commercially available Amberlite IR 120 Na
resin bead — which composed of sulfonated polystyrene anionic skeleton and
exchangeable cationic part — is called herein as cation exchange resin bead (CB). Apart
from the use of the industrial water treatment applications, CB also has additional
activities in scientific research due to their different binding affinity of the metal ions of
the periodic table. In other words, CBs have different affinity towards metal ions of
same charge and that make them suitable for their use to tune the optical characteristics
of Qdots following selective engineering of the surface metal ions. Recently, CB was
used to tune the emission characteristics especially the quantum yield of the Mn?*
doped ZnS Qdots following their synthesis (Figure 1.10).}¢ Hence it seems a
challenging task to describe the role of the surface ions of Qdots, synthesized at
comparatively lower temperature in non-aqueous medium, based on their optical

changes following by preferential removal of the surface ions with the help of CB.
1.3.2 Complexation Reaction

The complexation reaction is the process through which ligands react with
metal to form coordination complexes. In the late nineteenth century, the famous
inorganic chemist Alfred Warner first discovered the coordination complex

“hexamminecobalt(111) chloride” using complexation reaction.*’ From the discovery of
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the first metal complex to recent times, the complexation reaction holds the key of the
success of the field of inorganic chemistry and continuously intrigued researcher with
their diversities in applications and simplicities in formation. However, there is few or
no reports on the study of the complexation reaction with particles at relatively small
length scale like Qdots. Earlier studies reported that the inorganic complexes like metal
chalcogenide complexes (MCCs) - can serve as convenient stabilizer for Qdots
followed by replacing the existing ligands of the Qdots.}*¢1! Interestingly, the MCCs
such as AsSs*, Sn,Se*, SnTes* etc. provide colloidal stabilization to Qdots and enable
strong electronic coupling in their solid form — which is important for solid state device
applications of Qdots (Figure 1.11 A-B).'*® 15! Hence, researchers have used as-
synthesized inorganic complexes as stabilizer of the Qdots following exchange

reactions.

(A) - ®

L . 3
Sn,S." , J Sieate PbS
1S @l ass;’
OQQOOQ S
Mos ':7 © As,S, :
substrate

Figure 1.11. Schematic representation of (A) molecular metal chalcogenide (MCC) complexes
acts as capping agents for expanding the chemical versatility of Qdots (Reprinted with
permission from Reference [148]. Copyright J. Am. Chem. Soc. 2010 American Chemical
Society) and (B) inorganically functionalized PbS-CdS Qdots and their integration into
amorphous chalcogenide glass (Reprinted with permission from Reference [151]. Copyright J.
Am. Chem. Soc. 2012 American Chemical Society).

But none of the reports have describe the formation of inorganic complexes on the
surface of Qdots following complexation reaction - between Qdot and external organic
ligand — which is far different and unique with regard to simple chelation of the ligand
to the surface of Qdots. The formation and attachment of the inorganic complexes on
the surface of Qdots completely depends upon the nature of the ligand and for that
purpose 8-hydroxyquinoline, has been selectively chosen to perform complexation on
the surface of Qdots (mainly ZnS and CdS lattice), the details of which are described

below.
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1.3.2.1 8-hydroxyquinoline (HQ)

8-hydroxyquinoline (HQ; otherwise known as oxine) is an extraordinary complexing
agent, a bi-dentate ligand, occupies a unique place in analytical and inorganic chemistry
as the second most important chelating ligand after ethylenediaminetetraacetic acid
(EDTA) and due to its facile formation of stable metal complexes with most of the
metal ions of the periodic table.*®*>® Upon chelation with metal ions like AI**, Zn?*
and Cd?*, HQ forms highly stable electroluminescent metal quinolate complexes (AIQs,
ZnQ. and CdQ2) which have importance in prototypical electron transport and organic
light emitting diodes (OLEDs). For example, AlQz has been extensively used as a
primary emitting material for OLED devices, while in recent times, their drawback like
restricted performance of OLED at comparatively lower operating voltage has also
been solved by using their Zn?* (i.e ZnQ,) analogue instead of Al. On the other hand,
the derivatives of HQ also has diverse pharmacological and biological activities such as
being antiseptic, antimicrobial, antibacterial and anticancer agents. However, the
formation of the metal quinolate complexes — which is very different form simple
chelation®>®° - with the labile metal ions present over the surface of the Qdots is not yet
fully understood. The present thesis will describe the formation of the metal quinolate
complexes on the surface of Qdots and the consequences in terms of the changes in
optical characteristics and solubility of Qdots. Further, the utilization of having the
metal quinolate complexes on the surface of Qdots is also demonstrated following their
use as phase transfer agents, for creating a double channel emitting platform of white
light generation and as an excellent bio imaging probe — in combination with super
paramagnetic iron oxide nanoparticle (SPION) - for targeted cellular applications.
Finally, it is hoped that the concept “complexation on the surface of Qdots” will bring a
new paradigm in the applications of the Qdots and may initiate a new chemistry for
better understanding of the surface of the Qdots.
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Role of Surface Ion in the Emission Characteristics of
Quantum Dots

Oleate capped Zn doped CdS (ZnxCd1xS) colloidal nanocrystal exhibited dual
emission, which was tunable by selective removal of the cations, over its surface and in
its immediate vicinity, using cation exchange resin beads (CB). The near band gap
emission disappeared more rapidly in comparison to deep level emission, the peak
wavelength of which shifted by as much as 25 nm, while both exhibited increasingly
faster decay.

Cation exchange
resin Bead (CB)
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ek / H-bonding

S*...M2"..-00C S%...
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*[Bhandari et al. RSC Adv., 2013, 3, 2885-2888] - Reproduced by permission of The Royal Society of
Chemistry. http://pubs.rsc.org/en/Content/ArticleLanding/2013/RA/c2ra22447j#!divAbstract
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2.1. Experimental Section

2.1.1. Materials. Cadmium acetate dihydrate (Cd(CH3COQ)2.2H20, 99%), zinc
acetate dihydrate (Zn(CH3C0OO)2.2H20, 99%), sodium sulphide (Na.S.9H.>O, 58%),
sodium oleate (Ci1sH3302Na), amberlite IR-120 cation exchange resin beads (CB),
hydrochloric acid, quinine sulphate, sulphuric acid and hexane were of analytical grade
and used without further purification. They were purchased from the Merck Limited,
Mumbai, India. Mili-Q grade water was used for the synthesis.

2.1.2. Synthesis of Zn.Cd,«S Nanocrystals. For a typical preparation of ZnxCd1.xS
nanocrystals (NCs), cadmium acetate (5.0 mM) followed by zinc acetate (2.5 mM)
were added to the 50 mL Mili-Q grade water under constant stirring and heating. After
5 min, 5.0 mM sodium oleate was added to the mixture upon which the solution
became milky white. The milky white solution turned into greenish yellow when
sodium sulphide (5.0 mM) was added to it, 5 minutes after sodium oleate addition.
Since it is already reported that the distribution, growth kinetics and the composition of
Zn and Cd in the resulting ZnxCdi-xS NCs are sensitive to feed Zn-Cd-S ratios®, the
ratio of Zn, Cd and S was fixed at 1:2:2, for better post synthesis fluorescence tuning of
the NCs. The whole mixture was allowed to reflux for 5-6 hours (to avoid
discontinuous growth) 6 at 100 °C with constant stirring. After half an hour, greenish
yellow solid particles were found to be floating over the aqueous solution. After 6
hours of reflux, the resulting greenish yellow mixture was centrifuged at 25000 rpm for
15 min and the pellet was thoroughly washed with Mili-Q water. This was followed by
ultra-sonication of the redispersion to remove unreacted salts. The mixture was
centrifuged again for 15 minutes. The pellet was dried under IR lamp and then kept at
room temperature. To monitor the spectroscopic properties of the NCs, dispersions of

the NCs were prepared in hexane, 62163

2.1.3. Preparation of activated Cation exchange Resin Beads (CB). To
activate the polymeric resin beads, 3.0 g of Amberlite IR-120 cation exchange resin
beads (sulfonated polystyrene divinylbenzene co-polymer) was first washed with Mili-
Q grade water and then added to a 15.0 mL of 3.0 M HCI and was kept for 3 h. After
activation, resin beads were washed with copious amount of Mili Q water to remove
the excess HCI and washing was continued until the pH of the activated resin beads

(CB) medium was 6-7. The beads were then dried under IR lamp for further use.'®*
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2.1.4. Sample preparation for Experimental measurements. Zn,Cd;.x<S NCs
dispersion prepared in hexane (1.0mg/10.0mL) was used for (UV-Vis,
photoluminescence, FTIR, time-resolved photoluminescence and atomic absorption)
spectroscopic as well as TEM measurement. For spectroscopic and TEM
measurements, different amounts of CB were added to 10.0 mL of hexane dispersion of
NCs. Solid NCs were used to measure XRD, FTIR. For quantum yield measurement,
reference quinine sulphate solution was prepared in 0.1 M H2SO4 solution.®> For
preparing atomic absorption spectroscopic (AAS) measurement samples, dispersions of
Qdots and different amount of CB treated Qdots (after removing CB) in hexane, were
evaporated over hot plate (> 80°C) until the mixture was completely dried. After that
30.0 puL of 12 M HCI was added to each of the dried samples followed by sonication
and finally the volume of the each HCI added sample was adjusted to 10.0 mL with
Milli-Q water. Then, AAS measurements were performed for the samples using

standard solutions of cadmium acetate and zinc acetate salts as the references.

2.2. Results and Discussion

2.2.1. Characterization of ZnyCd,xS Qdots.

The powder X-ray diffraction (XRD) pattern of the precipitate exhibited three
prominent peaks at 26.9°, 44.8° and 51.9° (Figure 2.1.A). The three characteristic peaks
are due to (002), (110) and (112) planes of the hexagonal wurtzite CdS NCs.1
Transmission electron microscopy (TEM) images of the sample (Figure 2.1.B and
Figure 2.1.C), exhibited uniform spherical structures of the NCs with average diameter
3.0 + 0.3 nm. High-resolution TEM (HRTEM, Figure 2.1.D and Table A.2.1,
Appendix) image of the NCs consisting of clear lattice fringes further confirmed their
crystalline nature. Also, the observed d-spacing (dsp = 0.32 nm) of (002) plane
supported formation of wurtzite CdS NC structure.'®® Further, selected area electron
diffraction (SAED) pattern showed the crystallinity of the as-synthesized NCs (Figure
2.1.E). The XRD patterns and the inter-planar distances as measured in the HRTEM of
the crystals, proved the formation of CdS, possibly doped with Zn and thus ruling out
the formation of separate nucleation of ZnS and CdS as well as their phase separated
crystals. Figure 2.1.F shows the absorption and emission spectra of a dispersion of the

NCs in hexane. The absorption spectrum consisted of an edge at 400 nm, while the
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emission spectrum (Aex- 369 nm) exhibited dominant, sharp NBE at 420 nm, with

considerably weak and broad DLE at 539 nm.
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Figure 2.1. (A) Powder x-ray diffraction pattern; (B and C) transmission electron microscopic
(TEM) image and corresponding particle size distribution; (D) high resolution TEM image (E)
selected area electron diffraction (SAED) image and (F) absorption and emission spectra (Aex-

369 nm) of Zn,Cd1-«S nanocrystals.
2.2.2. Treatment of CB to ZnxCd,.xS Qdots.

Further, when the hexane-dispersion of ZnxCdixS NCs was treated with different
amounts of cation exchange resin bead (CB) there was a systematic decrease in
intensities of the emission at both the peaks (Figure 2.2.A and Figure 2.2.B); however,
no significant change (in terms of Amax) Was observed in the UV-Vis and excitation
spectra (Figure 2.2.C and Figure 2.2.D). On the other hand, it was further observed that
the intensity of the peak at 420 nm (NBE) decreased more rapidly than that at 539 nm
(DLE). For example, for an addition of 120 mg of CB, the intensity ratio of NBE/DLE
at 420 nm decreased from 1.61 (of as-synthesized crystals) to 0.24. Interestingly, a plot
of emission with intensity of the peaks normalized at the value of DLE peak indicated
significant red-shift, which was by as much as 25 nm (Figure 2.2 B and Figure A.2.1,
Appendix). Figure 2.3.A shows the plots of NBE/DLE peak intensity ratio and shift of
Amax Of DLE peak versus the amount of CB added. Both the plots indicated step-wise
changes with the additions of CB. It may be mentioned here that use of 150 mg beads

per 10 mL of dispersion resulted in the disappearance of the peak at 420 nm (i.e. NBE
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peak). On the other hand, further addition of beads led to precipitation and thus was not

pursued.
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Figure 2.2. (A) Room temperature emission (Aex- 369 nm) spectra of Zn,Cd1.xS NCs dispersion
(in hexane) in the presence of 10-160 mg CB (after 30 min of incubation); (B) corresponding

normalized emission (C) uv-vis and (D) normalized excitation (Aem- 539 nm) spectra .

The quantum vyield (QY) of the as-synthesized NCs, at an excitation wavelength
of 369 nm, was determined to be 12%, using quinine sulphate as a standard (QY-54%).
The results of QY of the NCs upon addition of various amounts of CB are shown in
Figure 2.3.B (and Table A.2.2, Appendix). As is clear from the figure 2.3.B and the
table A.2.2, QY decreased systematically upon addition of increasing amounts of CB.
Further, the diagram indicated a step-wise decrease in QY, which was similar to the
changes in emission intensity ratio and Amax shift of the DLE peak. For example, for
10-50 mg of beads the QY was between 10.4-7.3%, while for 60-100 mg of beads the
value was between 6.3-4.5%. Similarly, the value of QY was between 4.3-1.7% for

110-150 mg of CB.
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Figure 2.3. Dependence of (A) NBE/DLE intensity ratio and shifts of DLE Amax 0N the amount
of CB beads added to NC dispersion (in hexane) and (B) quantum yield (%) of the NCs on CB

amount.

Figure 2.4 shows the results of TRPL for the as-synthesized NCs and those in
the presence of two different amounts of beads, for both NBE and DLE peaks. The
photoluminescence decay profile for both the emissions could be fitted with tri-
exponential decay. Results also indicated a decrease in the average life time (tav) for
both the peaks in the presence of CB, with lowered the value of tay at higher bead
amount. For example, for the NBE peak tav of the as-synthesized NCs was 192 ns,
which became 176 ns and 103 ns after addition of 50 mg and 150 mg of CB
respectively. Similarly, for the DLE peak the tay Of the as-synthesized NCs was 583 ns,
which became 543 ns and 499 ns in the presence of 50 mg and 150 mg of CB
respectively. The results also indicated that the average lifetime of NBE decreased
more rapidly than that of DLE, with the increased amount of CB (Figure A.2.2 and
Table A.2.3, Appendix). Wang et al. have reported that for CdS Qdots the broad red-
shifted emission decays with significantly longer lifetime (244-360 ns) than the band
edge emission (40-61 ns).*®” On the other hand, Kim et al. reported that tri-exponential
behaviour of ZnyCdixS NC emission corresponds to having three distinct lifetimes.6
The three decay times have been assigned to be occurring due to transfer of the electron
from (i) the conduction band to shallow traps, (ii) shallow traps to deep traps and (iii)
deep traps to surface traps. Also, it has been reported that the mean lifetime increases
with the compositional increase of Zn.1® The observed TRPL results indicated the ion
population dependent PL behaviour of the engineered NCs and also revealed that NBE

was more sensitive towards CB in hexane than DLE.
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Figure 2.4. Decay kinetic profiles of ZnyCd;xS NCs and the NCs in the presence of different

amounts of CB for (A) NBE and (B) DLE. Emission was monitored at their respective emission

peak (Amax).
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Figure 2.5. TEM image and corresponding particle size distribution of (A) 50 mg and (B) 150
mg of CB treated NCs.

As mentioned before, TEM analysis of the as-synthesized NCs, revealed
average particle size of 3.0+0.3 nm (Figure 2.1). When the particles were treated with
50 mg of beads then the average particle size was found to be 2.9 + 0.2 nm (Figure 2.5
A). Additionally, treatment of 150 mg CB to the NCs resulted in average particle size
of 2.8 + 0.3 nm (Figure 2.5 B). The results suggested that there was no major change of
particle size upon treatment of the NCs with CB. This possibly indicated that surface
ions were removed from the NCs without much change in their sizes.
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Figure 2.5. Variation of (A) individual metal ion (Zn?" and Cd?*) concentration and (B) their
molar ratio with respect to the amount of CB added to ZnxCd:xS NC dispersion.

Atomic absorption spectroscopy (AAS) measurements indicated the presence of
Zn and Cd in the crystals. Thus crystals consisted of Zn?*-doped CdS. Also, AAS
measurements indicated that with increasing amount of CB, the concentration of the
both metal ions decreased. However, the extent of removal of Zn?* was higher than that
of Cd2+ (Figure 2.6 A). For example, analysis of the 150 mg CB treated NC dispersion
showed that the concentration of Zn?* in the Qdots decreased by 28%; whereas the
decrease in Cd?* concentration was by 10%. In other words, the Zn/Cd molar ratio in
the Qdots decreased as the amount of CB treating the NC dispersion was increased
(Figure 2.6 B). The results clearly evidenced the preferential removal of Zn?* over Cd?*
ions by CB and also supported the observed spectroscopic changes. It may also be
concluded that preferential removal of Zn?*, accompanied by possible H-bonding with

sulphide, led to more sensitive change of NBE than DLE.
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Figure 2.6. FTIR spectra of different amounts (50 mg and 150 mg) of CB added ZnyCd:«S
NCs.

24
TH-1435_10612225



Chapter 2

Fourier transform IR spectra of oleate, oleate capped NCs before and after
incubation with different amounts of CB showed that all of the spectra consisted of
main characteristic peaks of the functional groups —C—H (2930, 2850 and 1440 cm™),—
C0O02 (1560 cm™), -C-0 (1123 cm™) and —O-H (3430 cm™) (Figure 2.6, Figure A.2.3
and Table A.2.4, Appendix).t%® Thus FTIR studies indicated the presence of oleate on
the surface of NCs before and after the treatment of CB. In other words, ion removal

from the outer surface of the NCs did not deplete the stabilizing oleate.

The results presented above indicated that ZnxCd:1 xS NCs interacted with CB
and as a result the PL characteristics changed.

Also, the interactions between the NCs and the CB led to removal of cations —
with preference for Zn?* over Cd?* ions. It is known that Zn?* has higher affinity for
exchange with H* of CB than Cd?*, which is consistent with the results.'®® It is possible
that cation exchange was accompanied by attachment of H* to the S of the crystals.
Also, this might be favoured by the formation of H-bonding with other S ions as the
hydrophobic solvent may not host the H* released from the CB.1° Experiments with
different solvents (such as chloroform, dichloromethane, acetone and propanol)
indicated that in the solvent with higher H-bonding possibility i.e. more polar and
protic solvent, the effect on the PL was higher (Figure 2.7 A-B). In this regard,
propanol had the highest influence with both changes in ratio of fluorescence intensities
of NBE/DLE and red-shift of the DLE peak (Figure 2.7 C-D). However, the red-shift in
emission was much less pronounced than that in the presence of CB. It thus can be
concluded that treatment of the NCs with CB had two consequences. The cations of the
NCs, with preference for Zn?*, could be systematically removed by the CB. This would
be accompanied by exchange of H*, which would preferably bind with the sulphide of
the crystals. It has been demonstrated earlier that NBE is sensitive to the H-bonding
ability of the solvent or any solute present in the medium (especially when NCs are
dispersed in non-aqueous medium).1®3 It is also dependent on the surface composition
of the NC.%%% On the other hand, DLE depends upon ratio of the cations present on the
surface of the NCs. Further, Resch et al. reported that complete suppression of
excitonic emission of CdS NCs in non-aqueous solvent can be achieved by the addition
of any molecule or solvent which is capable of forming H bonds with the sulphide ions
of the NCs.1®® In the present case, the experiments were performed in hydrophobic
solvent hexane in the presence of CB. Thus while ion removal had influence on the
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emission intensities of both the peaks, the H-bonding with the surface sulphide ions of
the NCs resulted in further change in NBE. Hence NBE was observed to be more
sensitive to CB than DLE. The results also imply that surface ions played important
role in the emission characteristics of the NCs. Thus by their systematic removal the
emission characteristics could be changed. That the NBE could be completely
suppressed preferentially implicated the role of surface defects and the ratio of
Zn?*'Cd?" ions present on the surface of the NC. Further, surface cations and their ratio
also decided intensity and peak shift of the DLE peak. Additionally, since the
experiments were performed in hydrophobic hexane (used as solvent), it may be that
pH had no or little influence in the change in the properties of the NCs. That the ions
exchanged and thus removed from the crystals played the sole role in the modification
of the emission was clearly demonstrated by AAS results. This was further supported

by TEM analyses indicating little change in the particle size.
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Figure 2.7. (A) Emission spectra (Aex = 369 nm) of Zn,Cd1S NCs in different organic solvents
and (B) corresponding normalized (to DLE maximum) emission spectra. (C) Emission spectra
(Aex = 369 nm) of Zn,Cd1.xS NCs in hexane at different volume of 2-propanol (V/V) and (D)

corresponding normalized (to DLE maximum) emission spectra.
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2.3. Conclusion

Finally, the results reported herein demonstrated the role of surface ions in
determining the overall emission characteristics of NCs synthesized in aqueous medium
and at comparatively low temperature. The observations made herein also indicated that
engineering the surface of Qdots following synthesis is possible and this may be pivotal

in modifying their properties, which is important for their useful applications.
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Complexation on the Surface of Quantum dot

Reaction between colloidal ZnS nanocrystals (NCs) and 8-hydroxy quinoline (HQ) led
to complexation on the surface of the NCs. The quantum dot complex (QDC), with
ZnQ; attached to the surface of the NC, has a longer emissive lifetime, higher
fluorescence quantum yield and enhanced thermal stability, making it a better LED
material than ZnQo.

UV light

High Q.Y. ¢ ¢ Photostable

Thermally stable
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*[Bhandari et al. RSC Adv., 2014, 4, 24217-24221] - Reproduced by permission of The Royal Society of
Chemistry. http://pubs.rsc.org/en/Content/ArticleLanding/2014/RA/c4ra03341h#!divAbstract.
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3.1. Experimental Section

3.1.1. Materials. 8-Hydroxyquinoline (HQ, Merck), zinc acetate dihydrate (99%,
Merck), sodium sulphide (58%, Merck), sodium hydroxide (Merck), L- cysteine
hydrochloride (Loba Chemie, India), methanol (Merck), methanol (HPLC), potassium
bromide (Sigma Aldrich), quinine sulphate were used as received without further

purification. Mili-Q grade water was used in all experiments.

3.1.2. Synthesis and characterization of ZnS quantum dots. L-cysteine
stabilized ZnS quantum dots (Qdots) were synthesized by an aqueous chemical
precipitation method. To synthesize the Qdots, 5.0 mM of zinc acetate dihydrate, 5.0
mM of sodium sulphide and 5.0 mM of L-cysteine hydrochloride were taken in a round
bottom flask containing 50.0 mL of Mili Q grade water. At first, zinc acetate dihydrate
was dissolved in 30.0 mL of water and to that solution 10.0 mL of 25.0 mM sodium
sulphide and 10.0 mL of 25.0 mM cysteine hydrochloride solution (with pH adjusted to
~11 by adding 0.8 M NaOH) were added simultaneously under constant stirring. The
resulting mixture turned milky white in color and was refluxed for 3 h under constant
stirring at 100 °C. Finally, the milky white colloidal dispersion so obtained was
centrifuged at a speed of 25,000 rpm for 15 min; the pellet was washed with water,
redispersed in 50 mL water and the same cycle was repeated. The pellet obtained (after
centrifugation twice) was dispersed in 100.0 mL water following sonication for 10 min.
The dispersion was used for further experiments. The same procedure was followed to
synthesize uncapped ZnS Qdots instead of using cysteine (except that the mixture was
refluxed for half an hour at 100 °C in order to avoid much agglomeration).The details
of which is described in Figure A.3.1, Appendix. The synthesized Qdots were
characterized using X-ray diffraction (XRD), transmission electron microscopy (TEM),
high resolution TEM (HRTEM), UV-Vis, photoluminescence (PL) and FTIR

spectroscopy.

3.1.3. Preparation of Ligand (HQ) Solutions. 5.0 mM 8-hydroxy quinoline (HQ)

solution in methanol was prepared using sonication.

3.1.4. Synthesis and Characterization of ZnQ..2H.O Complex. The
ZnQ2.2H>0 complex was prepared by using a sonochemical method. 5.0 mM HQ was
dissolved in 10.0 mL of methanol and then it was added drop-wise to 10.0 mM of 10.0

mL zinc acetate solution (in water) which was followed by sonication for an hour.%?
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Finally, the yellowish green precipitate so obtained was filtered out and repeatedly
washed with MiliQ water and hexane to remove unreacted metal salts and ligand
respectively. The final products were dried under room temperature and were used for
further experiments. The synthesized complex was characterized using XRD, UV-Vis,

FTIR and PL spectroscopy, SEM and optical microscopic analysis.

3.1.5. Synthesis and characterization of QDCs. Room temperature synthesis of

QDC was carried out by the following two steps.

A) To 2.0 mL of cysteine capped ZnS (pH-6.6) Qdot water dispersion (with an
absorption value of 0.03 at 361 nm), 2.0 uL methanolic solution of 5.0 mM HQ was
added step-wise. The fluorescence spectrum of the Qdots in the presence of the ligand
was monitored with spectrofluorimeter. The optimum concentration of ligand was
taken as the concentration at which the resultant mixture showed maximum emission
intensity at its peak. (Figure A.3.2, Appendix) Similar fluorometric titration was carried
out using 0.5 mM methanolic solution of ZnQ2.2H.O complex. (Figure A.3.3,
Appendix) The optimum amount of ligand and complex added to 2.0 mL Qdots
dispersion were 30.0 pL and 100.0 pL, respectively.

B) After separate addition of optimum amount of ligand and complex to 2.0 mL of
Qdot dispersions, the resulting solutions were centrifuged with a speed of 25000 rpm
for 15 min. The obtained supernatant and pellet (after being redispersed into same
amount of solvent) were used for PL spectroscopy to check the attachment behavior of
HQ and complex. The cycle of centrifugation and redispersion of the dispersion from
pellet was repeated until supernatant was nonfluorescent at the same excitation
wavelength. The final pellet was collected and was redispersed into the same amount of
solvent (2.0 mL) which was then used for UV-Vis, PL, TRPL spectroscopic
measurements and TEM analysis. The pH of the medium of both the QDC dispersions
(either from HQ added or ZnQ; added Qdots) before and after centrifugation remained
unchanged from the dispersion of as-synthesized Qdots (pH-6.6). The powder XRD,
TGA, DSC, FTIR and optical microscopic analysis of QDCs were carried out using
solid pellet obtained similarly. The PL quantum vyields (QY) was measured using
quinine sulphate solution (in 0.1 M H2S0O4) as reference. The photostabilty of QDC was
measured under continuous irradiation of light, using rhodamine 6G as standard dye

solutions.
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3.1.6. Control experiments.

A) Formation of QDCs with uncapped ZnS. To 2.0 mL of uncapped ZnS Qdot
dispersion in water, 30.0 uL of 5.0 mM HQ (in methanol) and 0.5 mM ZnQ,.2H.0
complex in methanol were separately added and the resulting mixtures were
centrifuged. The pellet obtained after centrifugation was redispersed into the same
amount of solvent to monitor the spectroscopic changes in UV-Vis and PL.

B) Effect of sulphide ions and solvent on the optical properties of
ZnQ..2H.0 complex. To 2.0 mL of 0.5 mM methanolic ZnQ2.2H>O solution, a
pinch of solid Na.S dissolved in methanol was added. Separately, different amount of
0.5 mM methanolic ZnQ2.2H,0 was added to 2.0 mL of water. For both the solutions,
UV-Vis and fluorescence measurements were made in order to observe spectroscopic

changes.

C) Effect of benzoquinone (BQ) on Qdots/ QDC/ ZnQ..2H.0 complex. To 2.0
mL of cysteine capped ZnS Qdot dispersion in water, 30.0 uL of 5.0 mM BQ (in
methanol) was added, followed by addition of 30.0 uL of 5.0 mM HQ (in methanol).
Separately, to 2.0 mL of cysteine capped ZnS Qdot dispersion in water, 30.0 puL of 5.0
mM HQ (in methanol) was added first and then 30.0 uL of 5.0 mM BQ (in methanol)
was added. The resulting mixtures were used to monitor the spectroscopic changes in
fluorescence. Similarly, to 2 mL of 0.5 mM methanolic ZnQ2.2H20 solution, 30.0 uL
and 60.0 uL of 5.0 mM BQ (in methanol) were added to observe the effect of BQ on

the fluorescence of the complex.

3.1.7. Effect of heating on the luminescence properties of ZnQ..H.O
complex and QDCs through microscopic analysis and PL spectroscopy.
Solid ZnQ2.2H20 complex and QDCs were placed on glass slides, heated above 270 °C
over a hot plate for 10 min and then cooled to room temperature. The changes in PL
due to heating were observed using optical microscopy (under white and UV light).
Then the solids were redispersed into water using sonication in order to measure their

PL spectroscopic properties.
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3.2. Results and Discussion

3.2.1. Characterization of ZnS Qdots.

(A) (111) Cubic ZnS

©

—_— ~
= T 200
« k ~
~— =
fery 220 2
5 \L | (m)(m) & 0o
= = 0
£ My M’/ M’MW) WM 3
= | b " Y =
0.0-
10 20 130 40 30 60 | : Waratse 26 28 30 32 34 36 18
26 (degree) Diameter (nm)
e Q01
0.6 (F) o (G) —(ysteine
u =
S04 =
: ZH a G
) = )
20 — UV-vis z
—— [imission E
007350 400 500 1000 2000 3000 400
Wavelength (nm) Wavenumber (cm-1)

Figure 3.1. (A) Powder X-ray diffraction pattern, (B) transmission electron microscopic (TEM)
image (scale bar -20 nm), (C) corresponding particle size distribution, (E) high resolution TEM
image (scale bar - 20 nm), (F) uv-vis and emission (Aex-322 nm; in water) of cysteine capped
ZnS Qdots. (G) Fourier transform infrared (FTIR) spectra of cysteine capped ZnS Qdots and

cysteine.

The powder X-ray diffraction (XRD) pattern of the as-synthesized precipitates of both
capped and uncapped Qdots exhibited three prominent peaks at 28.6°, 47.9° and 56.5°
(Figure 3.1A). The three characteristic peaks are due to the (111), (220) and (311)
planes of the cubic ZnS Qdots. *>"° The morphology of ZnS Qdots can be observed on
TEM images in Figure 3.1B and 3.1C with average particle size 3.2 + 0.5 nm (for
capped Qdots) and 4.0 + 0.5 nm (for uncapped Qdots). Further, selected area electron
diffraction (SAED) confirmed the crystalline nature of the Qdots (Figure 3.1 D). The
internal lattice fringes (dsp = 0.3 nm; indicating 111 plane of ZnS) observed for capped
Qdots in HRTEM (Figure 3.1E) also confirmed the formation of cubic ZnS Qdots. 14>
170 Figure 3.1 F-G shows absorption and emission spectra of ZnS Qdot dispersion.
While absorption spectrum showed an edge at 308 nm for the capped one and at 318

nm for uncapped one, the emission spectrum (Aex = 322 nm) exhibited broad emission
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band centered at 440 nm for both Qdots. > 17° Presence of cysteine on the surface of
the Qdots was confirmed by FTIR spectroscopy and absence of —S-H bands in Qdots
confirmed that cysteine binds the Qdots through —S atom of thiol group of cysteine for

capped ZnS Qdots (Figure 3.1 H).

3.2.2. Characterization of ZnQ., 2H.O complexes.
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Figure 3.2. (A) Powder X-ray diffraction pattern, (B) scanning electron microscopic (SEM)
image (scale bar -10 uM), (C) uv-vis and emission (Aex-361 nm; in methanol) (E) thermo-
gravimetric and (F) differential scanning calorimetric analyses of FTIR spectra of ZnQ., 2H:0.
(G) Fourier transform infrared (FTIR) spectra of ZnQ,, 2H.0 and HQ.

The powder XRD pattern of the as-synthesized precipitates exhibited two
strongest peaks at 6.9° and 20.8°, which indicated the formation of ZnQ2.2H>O complex
(Figure 3.2A). Scanning electron microscopic analysis revealed known rod-like shape
of the complex (Figure 3.2B).'%> ! Figure 3.2C shows the optical absorption and
emission spectra of complex in methanol. ZnQ.. 2H.O complex shows broad
absorption maximum at 380 nm which arises from efficient ligand to metal transfer and
its broadness depends upon the transition populating ligand centered excited states. On
the other hand, emission of the complex was observed at 550 nm and is due to a
transition from electron rich phenoxide ring (HOMO; highest occupied molecular

orbital) to the electron deficient pyridyl ring (LUMO; lowest occupied molecular
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orbital). The nature of photoluminescence of complex depends upon the coordination
and angle of the ligand and presence of additional functional group. As for example,
introduction of electron withdrawing groups in phenoxide and pyridyl ring causes blue
shifts and red shifts respectively in the emission of the AlQs complex while electron
donating groups shows the reverse effect. 4% Figure 3.3D-3.3E shows the TGA and
DSC results of the complex. In TGA, two step weight loss was observed; first one
occurred from 120 °C upto 150 °C and second one at 450 °C, while DSC curve shows
endothermic peaks at 160 °C and at 360 °C. The first weight loss is ascribed to loss of
coordinated two water molecules while second one indicates the decomposition of the
complex in the TGA curve (Figure 3.3D). Water loss and decomposition of the
complex were further confirmed by observing two endothermic peaks - one at 160 °C
and another sharp peak at 360 °C respectively in the DSC curve (Figure 3.3E).22 The
presented results clearly indicated the formation of ZnQ..2H>0.The presence of HQ
and water of hydration in the zinc quinolato complex was verified by FTIR
spectroscopy (Figure 3.3F). The C-O stretching frequency observed in the free oxine
molecule at 1095 cm™, shifted to higher frequencies in all the metal complexes giving a
strong absorption band at 1110 cm™ (-C-O-M) (Figure 3.3F). This clearly indicates the
coordination of HQ to Zn?* ion in these complexes.*>® The bands at 1605, 1577, 1391
and 1328 cm™ are assigned to the quinoline group of ZnQ.. The pyridyl and phenyl
groups in ZnQ; are easily identified by presence of 1500 cm™ and 1468 cm™ bands
respectively. Specifically, the presence of C-C/C-N stretching, C-H bending peaks at
1500, 1465, 1322 cm, C-H out plane wagging at 822, 800, 742 cm™ and in-plane ring
deformation at 742, 642 and 605 cm™ in the ZnQ- indicated that HQ was successfully
coordinated to Zn?* ion to form complex.® (Figure 3.3F) Moreover, it is earlier reported
that the intensity ratio of 3333 cm™ (3p) band to 1110 cm™ (9) is commonly used to
identify the number of water molecules in metal quinolates. The intensity ratio (3333
cm™ /1110 cm?) is 0.30 + 0.05 for one and 0.60 + 0.05 for two molecules of water per
molecule of quinolate.'® 72 Here, the intensity ratio was found to be 0.70 which is
slightly higher than the expected value for presence of two molecules of water for ZnQ:
complex, which indicates the possible presence of two water molecules in the complex.

This indicates that the formation of ZnQ2.2H>0 complex.
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3.2.3 Complexation Reaction.
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Figure 3.3. (A) UV-vis and (B) emission spectra of (a) cysteine capped ZnS Qdots (pH-6.6);
(b) HQ; (c) ZnQ2; (d) HQ added ZnS Qdots (pH-6.6) and (e) ZnQ. added ZnS Qdots (pH-6.6).
For the emission spectral measurements, the excitation wavelength was set at 322 nm (Qdots)
and 361 nm (others).

Experimentally, the UV-vis absorption spectrum of cysteine stabilized 3.2 nm
ZnS Qdots consisted of a peak at 308 nm, as is represented in Fig. 3.3A. The absorption
spectrum of HQ consisted of a peak at 316 nm (Fig. 3.3A). Further, the absorption
spectrum of ZnQ- consisted of a peak at 380 nm (Fig. 3.3A). On the other hand, when
an aqueous dispersion of cysteine-stabilized 3.2 nm ZnS Qdots was treated with HQ (in
MeOH), a second peak in the UV-vis absorption spectrum appeared at 361 nm, in
addition to the original peak due to the Qdots at 308 nm (Fig. 3.3A). The absorption
spectrum of ZnQ> added Qdots (Fig. 3.3A) had the same feature as that of HQ added
Qdots. The appearance of a new peak is indicative of interaction between the Qdots and
HQ as well as ZnQ3, leading to the formation of a new species. The identical absorption
spectral peak in both the cases pointed toward formation of the same species. Further,
when the samples were centrifuged and redispersed in water the absorption spectra
remained the same, indicating that indeed there was product formation out of a reaction
between the Qdots and HQ as well as ZnQ2 (Figure A.3.4, Appendix). Fluorescence
spectrum of HQ-treated Qdots consisted of a single peak at 500 nm with QY of 3.2%,
when excited at 361 nm and that of 0.16% following excitation at 322 nm. ZnQ> treated
Qdots had the same spectrum with QY of 3.0% and 0.14%, under excitation at 361 nm
and 308 nm, respectively (Figure 3.3B and Table A.3.1, Appendix). Fluorescence
spectrum of ZnQ2 consisted of a peak at 550 nm (QY-0.9%), while that of HQ had a
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weak peak at 520 nm (QY-0.2%), both of them being excited at 361 nm (Figure 3.3B
and Table A.3.1, Appendix). Further, when the dispersions were centrifuged and the
solids so obtained were redispersed similar fluorescence spectra were obtained for the
samples (Figure A.3.5, Appendix). Fluorescence excitation spectrum of the HQ as well
as ZnQ: treated Qdots consisted of a single peak with maximum at 361 nm (Figure
A.3.6, Appendix).

The above results indicated that interaction between HQ and ZnS Qdot led to
the reaction resulting in possible complexation on the surface of the Qdot. Thus while
the fluorescence due to the Qdot was quenched, the new fluorescence could be
attributed to the formation of a complex on the Qdot (Figure A.3.7, Appendix). That
addition of ZnQ- to Qdot also resulted in similar spectral behaviour further supported
the formation of a complex on the surface, as ZnQ2 upon functionalizing the surface
could have produced similar structure. Control experiment with addition of water to the
methanol medium containing ZnQ> complex resulted in weakening of emission without
change in the peak wavelength, discounting the role of water only in changing the
emission spectrum (Figure A.3.8, Appendix). The significant blue shift observed in the
emission spectrum in the presence of Qdots could be due to the presence of S ions on
the surface of the Qdots. Moreover, there was no change in pH, during formation of
QDCs from Qdots (pH 6.6), which ruled out the possibility of pH effect on the
emission properties of ZnQ2 complex. This was further substantiated by the observation
that when solid Na.S was added to ZnQ> (in MeOH) the peak at 550 nm blue-shifted to
525 nm (Figure A.3.9, Appendix). The absorption spectrum was also blue-shifted from
380 nm to 368 nm in the presence of Na.S (Figure A.3.9, Appendix). It is important to
mention here that when all of the above experiments were carried out with ZnS Qdots,
which were synthesized without the use of any stabilizer; the results were similar,
indicating that interactions between the Qdots and HQ or ZnQ: indeed led to
complexation on the surface (Figure A.3.10, Appendix). Further, addition of
benzoquinone (BQ) — an electron quencher — to ZnS Qdots led to the quenching of
luminescence, which was recovered following addition of HQ.2® On the other hand,
when BQ was added to QDC generated from either of the reaction there was no change
in fluorescence (Figure A.3.11, Appendix). Further, BQ had no influence on the

fluorescence of ZnQ: (Figure A.3.12, Appendix). The results clearly support the
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formation of a stable fluorescent complex on the Qdot, notwithstanding the presence of
a quencher (BQ) of the Qdot.

Time-resolved fluorescence measurements indicated that the average life-time of
fluorescence increased under excitation at 375 nm (with respect to ZnQ> complex) and
decreased under excitation at 308 nm (with respect to Qdots) following complexation
(Figure A.3.13, Appendix). For example, the life-time for ZnQ was found to be 2.5 ns,
whereas HQ treated and ZnQ- treated samples had average life-time of 10.5 and 11.5 ns
respectively with excitation at 375 nm while reverse was observed with excitation at
308 nm (Table A.3.4, Appendix). The increase in average life-time was commensurate
with increase in QY as mentioned above. In addition, enhanced photostabilty of the
QDCs formed from either of the reactions, with a fluorescence decrease rate (I/1,) of
0.003% s versus 0.013% s* for rhodamine 6G dye, indicated superior application
potential of the new material (Figure 3.4A). It may further be mentioned here that
photostabilty of the QDC was as good as that of ZnQ: (0.004% s?), indicating
preservation of photochemical stability of the complex even when present on the
surface of the Qdot (Table A.3.5, Appendix).
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Figure 3.4. (A) Effect of photo irradiation with time on the emission (Aex = 361nm) intensity of
(a) conventional dye (Rhodamine- 6G); (b) HQ-added ZnS Qdots and (c) ZnQ. added ZnS
Qdots and (d) ZnQ, monitored at their respective emission maximum. The same light was used
for irradiation and monitoring of the spectra. (B) FTIR spectra of (a) cysteine capped ZnS
Qdots; (b) ZnQ2; (c) HQ added ZnS Qdots (d) ZnQ; added ZnS Qdots.

The formation of Zn*—quinolato complex on the surface of the Qdots was
further substantiated by FTIR spectroscopic results. The presence of C-C/C-N
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stretching, C—H bending peaks at 1605, 1577, 1500, 1468 and 1322 cm™, C-H out
plane wagging at 822, 800 and 742 cm™ and in-plane ring deformation at 742, 642 and
605 cm™ in the QDCs indicated that HQ was successfully coordinated to the surface
Zn2* jon or ZnQ, was attached to the surface (Figure 3.4B and expanded version in
Figure A.3.14-A.3.16, Appendix). 1> 172 Importantly, the QDC had a strong absorption
band at 1110 cm™!- due to C—O stretching of metal coordinated oxine - which was
absent in the Qdots (Figure A.3.15, Appendix). The intensity ratio of the two prominent
bands at 3333 cm™ and 1110 cm™ was measured to be 0.7, pointing toward the
formation of a complex similar to the dihyrdate complex (Figure 3.4B and Tables
A.3.6, Appendix). However, considering the observed role of surface S? ions a
proposal could be made where a water molecule of the hexa-coordinated complex is
replaced by S? ions, which is simultaneously bound to the surface of the Qdot via
dangling bond.
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Figure 3.5. (A) Thermo-gravimetric and (B) differential scanning calorimetric analyses of (a)

ZnQ.; (b) cysteine capped ZnS Qdots; (¢) HQ added ZnS Qdots and (d) ZnQ. added ZnS
Qdots.

Thermo-gravimetric analysis (TGA) showed weight loss (15— 20%) for Qdots
and QDCs up to 95 °C and there was no further change till 850 °C. These weight losses
could be due to loss of surface adsorbed water. 12 On the other hand, ZnQ: exhibited
two weight losses — one at 120 °C, while the other major one at 450 °C, which could be
due to decomposition of the sample (Figure 3.4A).1%2 Differential scanning calorimetry
(DSC) studies similarly showed that the major endothermic change observed for ZnQ>
at 360 °C was absent for QDC obtained from both the sources, indicating superior
stability of the complex on the surface of the Qdots (Figure 3.4B). It is plausible that
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the peak at 360 °C is due to melting of the ZnQ> crystal which was absent in the QDC,
also supporting superior thermal stability of the complex when incorporated in the
Qdots.

— (a)
—(b)
— (C)

Intensity (a.u)

10 20 30 40 50 6

20 (degree)
Figure 3.5. Powder X-ray diffraction pattern of (a) cysteine capped ZnS Qdots; (b) HQ added
ZnS Qdots and (¢) ZnQ; added ZnS Qdots.
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Figure 3.6. HRTEM (scale bar- 2 nm) and corresponding IFFT (in boxes) and SAED (inset;
scale bar- 5 nm) images of (A) cysteine capped ZnS Qdots, (B) HQ added ZnS Qdots and (C)
ZnQ; added ZnS Qdots.

The powder X-ray diffraction (XRD) pattern and high resolution transmission
electron microscopy (HRTEM) analyses of QDCs generated from both the sources had
the characteristics of as synthesized Qdots, which indicated that there was no
significant structural changes of cubic ZnS Qdots (Figure 3.5-3.6). Further, TEM
analysis results (Figure 3.7) revealed that the average particle size of the spherical

structures remained unaffected following complexation.
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Figure 3.7. TEM images and corresponding particle size distribution of (A) as-synthesized
cysteine capped ZnS Qdots; (B) HQ added ZnS Qdots and (C) ZnQ, added ZnS Qdots.
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Figure 3.8. Schematic representation of quantum dot complex (QDC) formation on the surface

of cysteine capped as well as uncapped ZnS Qdot following its reaction with either HQ (ligand)
or ZnQ; (complex).
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A schematic representation in Figure 3.8 captures the proposed formation of
QDC, based on the reaction of Qdot with either HQ or ZnQz, 2H20. The surface of
Qdot is expected to have sufficient concentrations of Zn?* and S ions bound to the
crystal via dangling bonds. Such Zn?* ions would preferentially react with HQ forming
QDC. In the process of complex formation, the ions may be removed from the surface
and the whole complex would bind on the surface instead, also acting as a stabilizer for
the Qdot. The facile removal of Zn?* ions is commensurate with the literature reports of
surface ion removal and ion-exchange reactions as mentioned above. The S% ions
present on the surface may bind with ZnQ: along with another water molecule in the
opposite axial position forming an octahedral complex on the surface. Similarly, ZnQa,
2H,0 may lose one coordinating water molecule and bind with S? in order to form
similar complex on the surface. The octahedral ZnQ., 2H.O complex with two water
molecules in axial positions is stable at room temperature. Here, in both the QDCs, one
of the axial positions of the complex may be occupied by S — replacing a water
molecule, while the sulphide ion itself would be bound to the Qdot through dangling
bond, providing stability to the complex and the Qdot as well in exchange. On the other
hand, the HOMO-LUMO band-gap energy of 3.26 eV of ZnQ2, 2H20 changed to 3.43
eV in QDC formed from both the reactions. The role of S in tuning of the energy gap
of the complex is established by the observation of increase in the gap to 3.37 eV in the
presence of the anion. The observation of significant change in the energy gap
following the formation of QDC indicates role of Qdot in tuning the energy level of the
complex. Further, the presence of a single excitation spectrum of QDC with the peak at
361 nm indicated that the formation of the complex led to quenching of fluorescence
due to Qdot, while the new fluorescence is entirely due to the complex present on the
surface of the Qdot, even though the absorption peak due to the Qdot was retained in
the QDC.

The octahedral ZnQz, 2H,0 has its two axial positions occupied by H20. On the
other hand, when the complex is attached to the surface of the Qdot, it is proposed that
one of the H.O molecules is exchanged with bonding to a surface dangling sulphide
ion. This provides not only chemical stability to the complex but also change in its
optical property such as blue shift of the emission maximum and increase in QY and
thermal stability. This conclusion is further supported by the observation that when
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Na.S was added to the ZnQ2, 2H.O (in methanol) there was a blue shift in emission

maximum accompanied by an enhancement in QY.

Figure 3.9. Microscopic images of solid samples (A) before and (B) after heating (at 370 °C) in
presence of (1) white and (2) UV light (Aex-350 nm); (a) ZnQ>, (b) HQ added ZnS Qdots and
(c) ZnQ; added ZnS Qdots.
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Finally, ZnQ., 2H20 is popular as an active material for light emitting diodes
(LEDs).153 18159 Thys any potential application of the new QDC would require ease of
processing and stability. We observed that the QDCs generated from both the processes
could be turned into solid powder with the retention of their properties. Figure 3.9 A
shows the optical micrographs of the powders of ZnQ., 2H,O and QDCs, which are
brown under visible light and green under UV light, the characteristic fluorescent
colour of the complex. In contrast, the colour of solid powder of the Qdots appeared
colourless under white light and blue under UV light (Figure A.3.17, Appendix). More
importantly, the green fluorescent colour of the free complex vanished upon heating for
10 min at 370 °C. On the other hand, the crystalline solid form with retention of
fluorescence of QDCs could clearly be observed, indicating their superior thermal
stability (Figure 3.9 B). It may be mentioned here that when the heat-treated solids
were redispersed in methanol, the fluorescence spectra of the QDCs were retained
(Figure 3.10); however, the fluorescence spectrum of the dispersion of the solid,
obtained from heat treated complex, did not exhibit any characteristic fluorescence

indicating loss of the structure.
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Figure 3.10. . Emission spectra (Aex=361 nm) (A) before and (B) after heating at 350°C of (a)
ZnQ-, (b) HQ added ZnS Qdots and (c) ZnQ- added ZnS Qdots.
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3.3. Conclusion

In conclusion, a new material following complexation of Qdots leading to the
formation of ZnQ> species on the surface has been reported. The high fluorescence QY,
longer fluorescence lifetime and enhanced thermal stability of the QDCs are important
indicators of their potential in light emitting and other applications. The role of surface
ions in the formation and stability of the complex brings out a new chemistry which
may usher in a new approach to inorganic complexes. Our observations of formation of
similar complexes from reaction of HQ with Zn«CdixS and Mn?" doped ZnS

nanocrystals indicated generality of the approach and future prospects of a new field.
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Surface Complexation Reaction for Phase Transfer of

Hydrophobic Quantum Dot from Nonpolar to Polar Medium

Chemical reaction between oleate-capped ZnxCd;—«S quantum dots (Qdots) and
8-hydroxyquinoline (HQ) led to formation of a surface complex, which was
accompanied by transfer of hydrophobic Qdots from nonpolar (hexane) to polar (water)
medium with high efficiency. The stability of the complex on the surface was achieved
via involvement of dangling sulfide bonds. Moreover, the transferred hydrophilic Qdots
- herein called as quantum dot complex (QDC) - exhibited new and superior optical
properties in comparison to bare inorganic complexes with retention of the dimension
and core structure of the Qdots. Finally, the new and superior optical properties of
water-soluble QDC make them potentially useful for biological-in addition to light
emitting device (LED) - applications.

Phase Transfer
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* “Reprinted with permission from (Bhandari et al. Langmuir, 2014, 30, 10760-10765). Copyright 2014
American Chemical Society." http://pubs.acs.org/doi/abs/10.1021/1a502764a
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4.1. Experimental Section

4.1.1. Materials. 8-Hydroxyquinoline (HQ, Merck), cadmium acetate dihydrate
(99%, Merck), zinc acetate dihydrate (99%, Merck), sodium sulfide (58%, Merck),
sodium oleate (Loba Chemie), methanol (HPLC, Merck), potassium bromide (Sigma-
Aldrich), quinine sulfate (Sigma-Aldrich), sulfuric acid (Merck), and hexane (Merck)
were of analytical grade and used without further purification. Milli-Q grade (>18 MQ
cm, Millipore) water was used for the synthesis and in all experiments.

4.1.2. Synthesis and Characterization of ZnCd,xS Quantum Dots. Oleate-
capped Zn doped CdS quantum dots (Qdots) were synthesized following an established
procedure from our laboratory (ZnxCdi—S, where x = 0.35 + 0.05, as reported in our
earlier work).1™ In brief, 5.0 mM sodium oleate was added to a solution containing
cadmium acetate (5.0 mM) and zinc acetate (2.5 mM) in 50 mL of Milli-Q grade water
under constant stirring and heating. The colorless solution of metal ions turned to milky
white upon addition of sodium oleate. Further, when sodium sulfide (5.0 mM) was
added, the solution became greenish-yellow, and solid particles could be observed
floating over the water surface, which indicated the formation of hydrophobic Qdots. In
order to avoid discontinuous growth, the solution was refluxed for 6 h at 100 °C, under
constant stirring. After that, the resulting mixture was centrifuged with a speed of 25
000 rpm for 15 min, and the so-obtained pellet was repeatedly washed with Milli-Q
water. The sample was redispersed in water, and the same cycle of experiments was
repeated. Finally, the pellet was dried at room temperature, and in order to perform

experiments the Qdots were dispersed in a hydrophobic solvent (in hexane).

4.1.3. Preparation of Ligand (HQ) Solutions. 5.0 mM 8-hydroxyquinoline (HQ)

solution in methanol was prepared using sonication.

4.1.4. Synthesis and Characterization of MQ.-2H.O Complex (M =Zn or
Cd). Our previously reported sonochemical method was used for the synthesis of the
complex ZnQ2-2H20.1™® A 10.0 mL methanolic solution of 5.0 mM HQ was dropwise
added to a solution containing 10.0 mM of 10.0 mL zinc acetate solution (in water)
under constant sonication for an hour at room temperature. The resulting yellowish
green mixture was filtered out followed by repeatedly washing with Milli-Q water and

hexane, in order to remove unreacted precursors. Finally, the precipitates were dried at
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room temperature and recrystallized in methanol. The resulting crystals were dispersed

into methanol for further experiments.>

Similarly, the CdQ2-2H.O complex was synthesized using the above procedure.
In order to perform photoluminescence (PL) experiments, the obtained CdQ:
complexes were filtered, washed with methanol four to five times, and then dried at 50
°C for 2 h. 0.5 g of the product was dissolved in 100 mL of methanol. The UV—vis and
PL spectra (Figure A.4.1, Appendix) and powder XRD, TGA (thermogravimetric
analysis), and FTIR (Figure A.4.2, Appendix) were used to characterize the
CdQ2-2H,0 complex. 17

4.1.5. Phase Transfer Reaction Procedure. The complexation reaction based
phase transfer of oleate-capped ZnxCdi;—S Qdots from hexane to water was carried out
using HQ as complexation agent and methanol as the mediating agent. In brief, 5 mL of
oleate-capped ZnxCdi—S Qdots (2.0 mg/10 mL) in hexane was mixed with an equal
volume of solution containing 4.0 mL of Milli-Q water and 1 mL of methanol, at
varying concentrations of HQ. The resulting biphasic mixture was ultrasonicated for 10
min at room temperature followed by vigorous shaking until the top hexane solution
showed minimum absorbance at the absorption edge of the Qdot (at 400 nm), in order
to achieve the maximum depletion (%) of Qdots from hexane. After that, the top
greenish-yellow phase in hexane became colorless while the colorless bottom aqueous
part appeared as colloidal pale white, and the water-soluble part was separated from the
biphasic solution. The obtained colloidal dispersion was then centrifuged at 25 000 rpm
for 15 min, and the pellet was thoroughly washed with water and redispersed into the
same amount of water for further experiments. The details of the system are tabulated
in Table A.4.1, Appendix.

Calculation of Depletion (%). The phase transfer efficiency was calculated using
the indirect parameter depletion (%) in the original organic layer (here hexane), and the

following equation was used for that:®’
Depletion percentage (%) = 100 x (A1 — A2)/A1

where A1 is the absorbance of Qdots at 400 nm in hexane before phase transfer and A:
the absorbance of Qdots at 400 nm in hexane after phase transfer (Table A.4.1,

Appendix).
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It was found that the depletion (%) value was different for different
concentration of HQ in the bottom water phase and as the concentration of HQ increase
the depletion in hexane layer increased. All the transferred Qdots in water phase (i.e.,
quantum dot complex or QDC) was used for PL measurements following
centrifugation. The optimum value of HQ concentration was 1.0 mM HQ, which
showed maximum depletion (%), and this was used for QDC formation via biphasic
reaction following centrifugation (with a speed of 25000 rpm for 15 min). The water
dispersion of QDC was used for further experiments like white and UV (365 nm) light
photo capturing, PL, UV—vis, QY, lifetime, photostabilty, TEM, HRTEM, and SAED
analyses, while the solid particles, obtained from optimum amount of HQ, were used
for FTIR and powder XRD analyses.

4.1.6. Control Experiments.

(A) A similar phase transfer reaction was performed with 1.0 mL of methanolic
solution of 0.1 mM ZnQ> complex or 0.1 mM CdQ2 complex separately instead of 1.0
mL of 5.0 mM of HQ (in methanol). In addition, we have performed phase transfer
reaction with the water phase containing both the complexes with equal concentrations
(i.e., 1.0 mL of methanolic solution containing 0.05 mM ZnQ; + 0.05 mM CdQ>).
These solutions were used to measure the PL and depletion (%) following UV—vis

analysis. The details of the phase transfer system are tabulated in Table A. 4.2.

(B) The reaction of HQ with oleate capped ZnxCd;—S Qdots was also performed in
hexane medium via the fluorometric titration method, in order to confirm the
involvement of both the metal ions in complexation reaction and also to rule out the
effect of solvent throughout the biphasic reaction. In brief, sequentially 1.0 and 5.0 mM
HQ (in hexane) was separately added to 2.0 mL of ZnxCd;—«S Qdots (in hexane), and

the PL change was monitored at an excitation wavelength of 369 nm.

4.2. Results and Discussion

The hydrophobic 3.0 nm sized Zn-doped CdS (ZnxCd;—«S: 0 <x <1) Qdots were
synthesized following an established protocol with oleate as the capping agent.}’* The
colors of the Qdots in hexane under white and UV light (365 nm) were greenish-yellow
and bright yellow, respectively (Figure 4.1 A, B). On the other hand, shaking the Qdot
dispersion in hexane in the presence of a 4:1 mixture of water and MeOH containing

HQ for 10 min, under sonication at room temperature, led to loss of color in the hexane
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medium, while the colors of the water medium were yellowish-white and bright green
in the presence of white and UV light, respectively (Figure 4.1 A, B). The details of
phase transfer experiments are given in Tables A.4.1 and A.4.2, Appendix. The
absorption spectrum of the Qdots in hexane consisted of an edge at 400 nm (Figure 4.1
C a), while they exhibited dual emission consisting of a sharp and dominant peak at 420
nm, due to near band edge emission (NBE), and relatively weak and broad peak at 539
nm, due to deep level edge emission (DLE) (Figure 4.1 D a). The starting water phase
containing HQ exhibited a strong absorbance at 316 nm (Figure 4.1 C b) and negligible
fluorescence (Figure 4.1 D b). When the Qdots were transferred from hexane to water
following reaction with HQ, the absorption edge broadened from 400 to 350 nm
(Figure 4.1 C c) while the dual emission turned into a single peak at 505 nm (Figure 4.1
D c). In addition, the remainder in hexane showed a dominant absorbance at 316 nm
(Figure 4.1 C d), while the solution exhibited negligible fluorescence (Figure 4.1 D d).
The loss of absorbance at 400 nm and fluorescence in the hexane medium and
appearance of absorbance and fluorescence in water medium indicated that the Qdots
were transferred to aqueous medium efficiently. In addition, the excitation spectrum of
transferred Qdots showed two prominent peaks at 338 and 364 nm which were absent
in as synthesized Qdots (Figure A.4.3, Appendix). Interestingly, when ZnQ.-2H.0,
CdQ2:2H20, or a mixture of the two complexes were added to the hexane medium,
similar results were obtained in terms of absorption and emission characteristics
(Figure A.4.4, Appendix), thus indicating similar nature of product formation. Further,
when Qdots (in hexane) were titrated against different concentrations of HQ (in
hexane), a similar change was observed in their emission property, which indirectly
supports the formation of same product as obtained via phase transfer and clearly ruled
out the effect of solvent and pH on the luminescent properties of the product (Figure
A.4.5, Appendix). Further, the surface complexation reaction for Qdots either with HQ
or with MQ2 (M = Zn or Cd) led to quenching of the emission of Qdots. This was
accompanied by broadening of absorption band of the Qdots and the appearance of a
new emission, following their transfer from hexane to water, indicating the formation

of a new luminescent species on the surface of the Qdots.
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Figure 4.1. Photographs in presence of (A) white and (B) UV (365 nm) light of oleate capped
ZnyCd14xS Qdots (a) before and (b) after phase transfer of from hexane to water following
complexation reaction with HQ, (C) uv-vis and (D) emission spectra of (a) oleate capped
ZnxCd1xS Qdots (in hexane at Aex =369 nm) (b) water phase containing HQ (in methanol) (c)
centrifuged phase transferred Qdots(in water; pH 5.7 at Aex =365 nm) following complexation

with HQ and (d) dispersion left after phase transfer in hexane(at Aex =369 nm).

HQ (in methanol) exhibited absorption peak at 316 nm, while ZnQ: and CdQ>
complexes (in methanol) showed peaks at comparatively longer wavelengths of 380
and 383 nm, respectively (Figure A.4.1, Appendix). The emission spectrum of HQ (in
methanol) showed a weak peak at 520 nm, while ZnQ> and CdQz complexes (in
methanol) exhibited strong fluorescence peaks at 550 and 545 nm, respectively (Figure
A.4.1, Appendix). The excitation spectra (Figure A.4.1, Appendix) of the complexes
consisted of two peaks at 340 and 365 nm (relatively broad), while HQ showed a single

peak at 375 nm.

Further evidence for the transfer of the Qdots came from transmission electron
microscopy (TEM) and X-ray diffraction measurements. The average size (value) of
the Qdot was also retained (Figure 4.2 A, B).1™ High resolution TEM (HRTEM) and
inverse fast Fourier transform (IFFT) images of the sample prepared from the water
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medium exhibited the presence of nanocrystals with d-spacing value of 0.32 nm,
corresponding to the wurtzite crystal lattice of CdS (Figure 4.2 C), which is the same as
the sample in hexane medium.!’™® Selected area diffraction (SAED) analysis also
evidenced the phase transfer of the Qdots (Figure 4.2 D). Additionally, powder X-ray
diffraction (XRD) patterns of the samples in hexane and water media had three main
peaks at 26.1°, 43.9°, and 51.0°, which are the characteristics peaks due to (002), (110),
and (112) planes of hexagonal wurtzite CdS lattice (Figure 4.3).1"* The results clearly
proved that Qdots were transferred from the hexane medium to water medium without
change in their dimension or core structure and also supported that the so obtained new
optical properties out of the biphasic reaction was due to MQ. complexes attached to

the surface of the Qdots.

<d>=3.0+03nm
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Figure 4.2. (A) TEM (scale bar-20 nm) image, (B) corresponding particle size distribution, (C)
high resolution TEM (HRTEM) and (D) selected area electron diffraction (SAED) pattern

(scale bar: 5 nm) of the transferred Qdots (in water) following complexation.
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Figure 4.3. Powder X-ray diffraction pattern of solid transferred Qdots following

complexation.
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Figure 4.4. FTIR spectra of (a) oleate capped Zn.Cdi«S Qdots and (b) transferred Qdots

following complexation with HQ.

Fourier transform infrared (FTIR) spectroscopy results indicated the appearance
of a new peak at 1110 cm™!, following reaction of HQ with Qdot (the sample being
collected from the aqueous medium). The intensity of the peak (Figure 4.4)— which is
due to C—O-M stretching - was 0.8 of that at 3300 cm™!, indicating formation of
octahedral complex (MQ2-2Hz0), for which the ratio is generally 0.65 or higher.1%2 17
Further, the presence of in-plane ring deformation (at 604 and 742 cm™!), C—H out-of-
plane wagging (at 742, 803, and 820 cm™!), C—H bending peaks (at 1326 cm™*), pyridyl
and phenyl peaks (at 1500 and 1468 cm™!), and C—C/ C—N stretching peak (at 1580 and
1604 cm™!) supported the incorporation of MQ> on the surface of Qdot (Figure 4.4).1°%
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1The absence of the main characteristic peak of —COO— functional group (at 1540
cm™!) in transferred Qdots further supported the removal and replacement of oleate

following attachment of MQ2 complexes.
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Figure 4.5. (A) UV-Vis spectra of (a) oleate capped ZnxCdi-xS Qdots (in hexane) and the rest
part in hexane after phase transfer of Qdots into water following complexation with (b) 0.25
mM, (c) 0.5 mM, (d) 0.75 mM, and (e) 1.0 mM of HQ in water phase (with which the reaction
was started), (B) variation of depletion (%) of Qdots in hexane with concentration of HQ used
during the biphasic reaction.

The transfer efficiency of Qdots from the hexane phase depended upon the
concentration of HQ. As is clear from Figure 4.5, the depletion (%) of Qdots increased
with HQ amount with an optimum concentration of 1 mM, in order to achieve the
maximum depletion (>90%) of Qdots (with absorption 0.54) from hexane. The
depletion was calculated using the UV—vis technique by monitoring the absorbance at
400 nm (Figure 4.5 and Table A.4.3, Appendix).>’ On the other hand, when the
biphasic reactions were carried out with bare ZnQ2 or CdQ> complexes separately and
also with their mixture instead of HQ, the variations in depletion (%) were noticed
(Figure A.4.6 and Table A.4.4, Appendix). For example, biphasic reaction with ZnQ>
and CdQ: showed maximum of 72% and 83% depletion, respectively, while their
mixture showed 78% depletion. Additionally, the transfer of Qdots by HQ or by MQ:>
complex (Figure 4.1 and Figure A.4.7, Appendix) resulted in emission maximum at 505
nm in water medium, and the emission intensity was found to depend upon the amount
of HQ or the complex which was used during phase transfer. This indirectly suggested
the formation of similar complexes starting with either HQ or the MQ2 complex for the
phase transfer.
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The change in QY and average excited state lifetime also supported the transfer
of Qdots from hexane to water following replacement of oleate via attachment of MQ>
complexes. For example, Qdots (in hexane) and phase transferred MQ> attached Qdots
(in water) had QY 10.8% and 4.9%, respectively, while the QY of MQ: attached Qdots
was 3—4 times more than that of the bare MQ2 complexes (Table A.4.5, Appendix). On
the other hand, tri-exponentially fitted decay pattern of MQ: attached Qdots had 14.8 ns
average lifetime, which is much lower than the reported average lifetime of Qdots
(based on NBE and DLE);'™* however, significantly higher than bare MQ> complexes
(Figure A.4.8 and Table A.4.6, Appendix). In addition, the photostabilty of MQ:
attached Qdots under continuous irradiation of light was 10 times more than that of an
organic dye, while the photostabilty of Qdots and individual complexes were preserved
in QDC (Figure A.4.9 and Table A.4.7, Appendix).

The experimental observations reported herein indicated that Qdots were
transferred from hexane medium to water medium. This was accompanied by change in
their optical properties, which were closer to those of complexes than to original Qdots.
It is plausible that reaction of HQ with oleate-stabilized Qdots led to formation of ZnQ>
and CdQ; complexes, which were bound to the surface labile S*~ ions.!” The source of
Zn?* and Cd?* could be surface labile ions which may react with the ligand leading to
formation of the complex. One of the axial coordinations of the complex may be with
the formation of metal—S?~ bond, through which the complex would remain attached to
the Qdot. The sixth coordination position could be occupied by H20O. Our previous
results indicated distinct possibility of such complex formation, which provide stability
in aqueous medium and enhanced optical properties.}” Similar complexes could be
formed on the surface from reaction with ZnQ2 or CdQz. It may be mentioned here that
since the optical properties of the two complexes even on the surface would be close to
each other, it would not possible to clearly decipher whether both the complexes were
formed simultaneously. However, since similar results were obtained from all the
reactions it is likely that both the complexes were formed. Overall, the reaction of the
Qdots with HQ led to the formation of surface complexes which quenched the emission
of the Qdots. This was further substantiated by the observation that addition of ZnQx,
CdQ2, or a mixture of the two also quenched the fluorescence of the Qdots. On the
other hand, the peak originating from the emission due to ZnQ. or CdQ. complexes

was shifted to lower wavelength (505 nm) with enhanced QY, upon incorporation on
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the surface of the Qdots. The change has been attributed to the bonding of the complex
with dangling sulfide ion present on the surface of the Qdots.!”> We call this new
species as quantum dot complex (QDC), where an inorganic complex is formed on the
surface of a quantum dot resulting in distinct optical properties. A schematic of the

reaction leading to QDC formation is shown in Figure 4.6.
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Figure 4.6. Schematic representation of quantum dot complex (QDC) formation on the surface
of hydrophobic oleate capped Zn«Cdi«S Qdots involving surface Cd?* and Zn?*" ions and
organic ligand (HQ) following phase transfer reaction from hexane to water.

4.3. Conclusion

In summary, a new and simple complexation reaction based approach for
transferring oleate-capped ZnxCd;—«xS Qdots from nonpolar to polar medium is reported.
This was achieved through formation of MQ2 (M = Zn or Cd) complexes which were
attached to the Qdot surface through dangling sulfide ions, rendering them water-
soluble. The phase transfer process had high transfer efficiency without any
precipitation at the phase boundary. In addition, the morphology and dimension of
Qdots were preserved. The MQ: attached Qdots - called as quantum dot complex
(QDC) - had high QY and longer emission lifetime compared to MQ2 complexes. The
reported complexation based phase transfer process can be considered as a new strategy
to make hydrophobic Qdot water-soluble and also to provide a new material (QDC)
with superior optical properties, which may be useful in LED as well as in biomedical
applications.
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Double Channel Emission from a Redox Active Single

Component Quantum Dot Complex

Herein we report the generation and control of double channel emission from a single
component system following a facile complexation reaction between a Mn?* doped ZnS
colloidal quantum dot (Qdot) and an organic ligand (8-hydroxy quinoline; HQ). The
double channel emission of the complexed quantum dot- called the quantum dot
complex (QDC) - originates from two independent pathways: one from the complex
(ZnQ>) formed on the surface of the Qdot and the other from the dopant Mn?* ions of
the Qdot. Importantly, reaction of ZnQ.-2H>0 with the Qdot resulted in the same QDC
formation. The emission at 500 nm with an excitation maximum at 364 nm is assigned
to the surface complex involving ZnQ> and a dangling sulfide bond. On the other hand,
the emission at 588 nm - with an excitation maximum at 330 nm - which is redox
tunable, is ascribed to Mn?* dopant. The ZnQ. complex while present in QDC has
superior thermal stability in comparison to the bare complex. Interestingly, while the
emission of Mn?* was quenched by an electron quencher (benzoquinone), that due to
the surface complex remained unaffected. Further, excitation wavelength dependent
tunability in chromaticity color coordinates makes the QDC a potential candidate for
fabricating a light emitting device of desired color output.

* "Reprinted with permission from (Bhandari et al. Langmuir, 2015, 31, 551-561). Copyright 2015
American Chemical Society.” http://pubs.acs.org/doi/abs/10.1021/1a504139m
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5.1. Experimental Section

5.1.1. Materials. 8-Hydroxyquinoline (HQ, Merck), zinc acetate dihydrate (99%,
Merck), manganese acetate tetrahydrate (99%, Merck), sodium sulphide flakes (58%,
Merck), sodium hydroxide (Merck), acetyl acetone (AcAc, Merck), tri-sodium citrate
(99%, Merck), chitosan (medium mol. wt., Sigma Aldrich), benzoquinone (99%, Sigma
Aldrich), potassium peroxodisulphate (KPS; 99% Merck), Sodium borohydride
(NaBH4, 98% Acros), methanol (HPLC), potassium bromide (Sigma Aldrich), quinine
sulphate, rhodamine 6G (98%, Sigma), sodium hydroxide (Merck, NaOH),
hydrochloric acid (Merck), sulphuric acid (Merck) were used as received without

further purification. Mili-Q grade water was used in all experiments.

5.1.2. Synthesis and characterization of Mn2* doped ZnS quantum dots. A
simple and aqueous based chemical precipitation method has been employed to
synthesize the acetyl acetone (AcAc) capped 5.6% Mn?* doped ZnS Qdots. In brief,
400.0 puL of acetyl acetone was added following the simultaneous addition of 5.0 mM
zinc acetate dihydrate and 2.5 mM manganese acetate tetrahydrate in 50 mL of water
under constant stirring and heating at 70-80 °C.1# To that solution after 5 min, 5.0 mM
solid sodium sulphide was added and the resulting mixture was refluxed for 3 h with
constant stirring and heating at 100°C. The resulting colloidal dispersion so obtained
was centrifuged at a speed of 25,000 rpm for 10 min; the pellet was washed repeatedly
with water, redispersed in 50.0 mL water and the same cycle was repeated. After
centrifugation twice, the pellet was further redispersed into 200.0 mL of Mili Q grade
water under sonication for half an hour and the redispersion was used for further
experiments.'“¢ The same procedure was followed to synthesize AcAc capped 3.4%
and 2.7% Mn?" doped ZnS Qdots using 0.5 mM and 0.1 mM of manganese acetate
during the synthesis.

Similar procedure was used to synthesize uncapped 5-6% Mn?* doped ZnS
Qdots except that no capping agent was used during the synthesis. For the synthesis of
citrate capped and chitosan capped 5-6% Mn?* doped ZnS Qdots, 5.0 mM tri-sodium
citrate and 5.0 mM chitosan (in presence of 50.0 uL acetic acid) were used separately
instead of AcAc during the syntheses and the rest of the procedure was as same as
above. The synthesized Qdots were characterized using X-ray diffraction (XRD),
transmission electron microscopy (TEM), high resolution TEM (HRTEM), UV-Vis,
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photoluminescence (PL) and FTIR spectroscopy. The dopant mol% of the samples was

calculated by using atomic absorption spectroscopic analysis.

5.1.3. Preparation of Ligand (HQ) Solutions. 5.0 mM 8-hydroxy quinoline (HQ)

was dissolved in methanol under sonication for further experiments.

5.1.4. Synthesis and Characterization of MQ.-2H.O Complex (M =Zn or
Mn).

(1) ZnQ., 2H.O Complex. A simple sonochemical method was used to synthesize
ZnQ2.2H>0 complex. At first, 10.0 mL of 5.0 mM HQ (in methanol) was added
dropwise to a solution containing 5.0 mM of 10.0 mL zinc acetate solution (in water)
under sonication for an hour.® The resulting yellowish green precipitate so obtained
was filtered out and repeatedly washed with MiliQ water and hexane to remove
unreacted zinc salts and ligand, respectively, from the mixture. The final precipitates
were dried under room temperature and were redispersed into methanol for further

experiments.*>?

(I) MnQ.,2H.O Complex. Similar method was used to synthesize MnQ..2H.O
complex using manganese tetrahydrate as precursor salt instead of zinc acetate. The as

synthesized MnQ: (in methanol) was used for UV-Vis and PL analysis.

5.1.5. Synthesis and Characterization of QDCs Using Mn2* Doped ZnS

Qdots with Different Surface Environments.

I. Synthesis and Characterization of QDCs from AcAc Capped 5.6% Mn2+*
Doped ZnS Qdots. The synthesis of Mn?* doped ZnS Qdots was carried out using an
established procedure from our laboratory. 146 During the synthesis of QDC, the
emission spectrum of the Qdot in the presence of ligand was monitored using 330 and
364 nm excitation wavelengths. In brief, to a 2.0 mL water dispersion of as synthesized
AcAc capped 5.6% Mn?* doped ZnS Qdots (with absorption values of 0.15 and 0.06 at
330 and 364 nm, respectively), 5.0 uL of 5.0 mM HQ was added sequentially, until the
resultant mixture reached the maximum emission intensity at 500 nm. The optimum
amount of ligand added to 2.0 mL of Qdot was found to be 30.0 pL. Further, an excess
of ligand (100.0 uL) was added in order to check the saturation in complexation. The
resulting mixtures of optimum and excess ligand added Qdot dispersions were

centrifuged at a speed of 25000 rpm for 20 min. The supernatant was found to be
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nonfluorescent (or very weakly fluorescent) at both of the excitation wavelengths (for
both of the samples). The centrifuged pellets were washed with water, which were
further redispersed into the same amount of solvent, and it was observed that adding
excess ligand had no effect after the maximum in emission intensity at 500 nm was
achieved. However, to avoid the incomplete complexation due to a lesser amount of
ligand, we have used excess ligand for preparation of QDCs. The final redispersion (pH
5.8; similar to as synthesized Qdots) of the pellet was used for UV—vis, PL, time-
resolved PL (TRPL), quantum vyield (using quinine sulfate in 0.1 M H2SO4 as the
standard), photostabilty (using rhodamine 6G as the standard dye solution),
spectroscopic measurements, transmission electron microscopy (TEM), and zeta
potential analysis. The solid form of QDC was used for X-ray diffraction (XRD),
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), FTIR,

optical microscopy, and electron paramagnetic resonance (EPR) measurements.

II. Synthesis of QDCs from AcAc Capped Mn2+ Doped ZnS Qdots with
Different Dopant Concentrations. The method for synthesis of QDCs was the
same as above except that we have used different amounts of Mn?* as the precursor
during the synthesis of Qdots, keeping AcAc as the stabilizer. In brief, to 2.0 mL of
AcAc capped 3.4 and 2.7% Mn?" doped ZnS Qdot dispersions in water, an excess
(100.0 pL) of 5.0 mM HQ (in methanol) was added separately and the resulting
mixtures were centrifuged and washed. Then, the pellets were redispersed into the same
amount of solvents and the changes in PL, TEM based size distribution, and zeta

potential values were monitored.

III. Synthesis of QDCs from 5.0-6.0% Mn2* Doped ZnS Qdots with
Different Capping Environments. Similarly, QDCs were synthesized using the
above procedure except that, in one case, we have used no stabilizer and in other
samples different stabilizers (e.g., citrate and chitosan) were used during the synthesis
of Qdots, keeping the same Mn?* dopant concentration (5.0—6.0%). In brief, to 2.0 mL
of differently capped 5.0—-6.0% Mn?" doped ZnS Qdot dispersions in water, an excess
(100.0 pL) of 5.0 mM HQ (in methanol) was added separately and the resulting
mixtures were centrifuged. Then, the centrifuged pellets (following washing with
water) were redispersed into the same amount of solvents and the changes in PL, TEM
based size distribution, and zeta potential values were monitored. The powder form of
the pellet was used for FTIR analysis.

62
TH-1435_10612225



Chapter 5

5.1.6. Control experiments: Formation of QDC between ZnQ..2H.O
complex and AcAc capped 5.6% Mn2* doped ZnS Qdot. To check the
attachment of parent inorganic complex ZnQ2, we have used the same procedure for
QDCs formation, except that instead of ligand we have added 200.0 uL of previously
synthesized 0.5 mM ZnQ: complex (in methanol) to 2.0 mL of AcAc capped 5.6%
Mn?* doped ZnS Qdot dispersion following the step-wise titration. The resulting pellet
obtained after the centrifugation and washing was further redispersed to observe the

attachment of complex with fluorescence and UV-Vis.

5.1.7. Effect of Oxidizing Agent (Potassium Peroxodisulphate; KPS) and
Then Reducing Agent (NaBH,) on the Luminescence Properties of QDCs.
To check the dopant (Mn?*) oxidation state dependent emission behavior of Qdots in
QDCs, at first 60.0 pL of 2.0 mM KPS (in water) was added into a 3.0 mL water
dispersion of the QDC under heating at 70—80°C for 5—7 min and the resulting mixture
was then brought to room temperature and was centrifuged. The obtained pellet was
redispersed into the same amount of solvent and was used to observe the changes in
fluorescence. In the next step, to 3.0 mL water dispersion of KPS added QDC, 60.0 uL
of 13.2 mM NaBHg4 (in water) was added and centrifuged. The pellet was redispersed
into the same amount of solvent and was used to monitor the spectroscopic changes in
fluorescence. To avoid the pH effect on the luminescence of QDC during oxidation and
reduction, the pH’s of the medium of KPS treated QDC and NaBHs treated QDC
(followed by KPS treatment) were adjusted appropriately. Further, the same cycle was
performed more than once. Similarly, in order to observe the effect of pH on the
luminescence of QDCs during KPS and NaBHs treatment, the pH’s of the QDC
solutions were adjusted to the pH’s of KPS added QDC and NaBHs added QDC
(followed by KPS treatment).

5.18. Formation of QDC following addition of electron quencher e.g.
following benzoquinone (BQ) and Cuz+ addition to Qdots. At first water
dispersion of 2.0 mL of AcAc capped 5.6% Mn?* doped ZnS Qdot was treated with
30.0 uL of 5.0 mM BQ (in methanol)- which resulted in the quenching of dopant
emission and which persisted following centrifugation and redispersion into same
amount of solvent. Then the resulting mixture (redispersion) was further treated with
30.0 uL of 5.0 mM HQ (in methanol) and was again centrifuged. The pellet was
redispersed into same amount of solvent and the redispersion was used to monitor the
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spectroscopic changes in UV absorption and fluorescence. Similar experiment was

performed using 5.0 mM Cu?" instead of BQ.

5.1.9. Stability of QDCs in liquid medium and in presence of chemical
means (Hg2* ions). The stability of QDCs was followed by observing their UV-vis
and emission spectra in water medium at different time interval. On the other hand, the
chemical stability of QDCs was checked in the presence of different concentration of
Hg?* ions, which has higher affinity towards ligand over Zn?*, according to Irving-

Williams series.

5.1.10. Effect of Heating on the Luminescence Properties of QDCs as
Observed through Microscopic Analysis and PL Spectroscopy. Solid QDCs
were used to monitor the loss of fluorescence - if any - due to heating at high
temperature, using optical microscopy. In brief, solid QDCs (placed on glass slides)
were heated above 370 °C over a hot plate for 10 min and then were cooled to room
temperature. The resulting solids were used to monitor PL changes (if any) using
optical microscopy (under white and UV light). Further, the solids were redispersed
into methanol using sonication to record the PL spectrum.

5.1.11. CIE Chromaticity Coordinates Calculation. The determination of the
color point in the CIE (1931) diagram was performed with the use of “go cie” software

following instructions.

5.2. Results and Discussion

Experimentally, acetyl acetonate (AcAc) stabilized 5.6% Mn?* doped ZnS NCs
were synthesized in an aqueous medium, based on an established procedure, and the
details are described in the Supporting Information. 146 The absorption spectrum of
the Qdots consisted of a peak at 330 nm (Figure 5.1A). When HQ (in MeOH) was
added to the dispersion, the main peak (at 330 nm) did not significantly change;
however, there was a clear increase in absorption at higher wavelengths (at 364 nm in
Figure 5.1A). The solid Qdots appeared pale yellowish green in visible light, and they
appeared orange in the presence of UV light (inset of Figure 5.1A). On the other hand,
HQ-treated Qdots appeared light brown and yellowish green in the presence of visible
and UV light, respectively. The as synthesized Qdots had an emission at 588 nm when
excited by 330 nm light (Figure 5.1B). Now, the sequential addition of HQ (in MeOH)
to the water dispersion of Qdots led to the gradual decrease in intensity due to Mn?*
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emission to a value of 40% of that of the as-synthesized Qdots. There was no decrease
upon further addition of HQ. On the other hand, an additional peak in the emission
spectrum appeared at 500 nm, the intensity of which increased with HQ concentration
to a maximum value commensurate with the decrease at 588 nm (Figure 5.1B). Further,
the excitation spectrum corresponding to emission at 588 nm (of as-synthesized Qdots)
consisted of a single peak at 330 nm (Figure 5.1C). On the other hand, the same for the
HQ-added Qdots consisted of two peaks - one at 330 nm and another one appearing at
364 nm. Interestingly, when probed at 500 nm (emission), the excitation spectrum
consisted of a single peak at 364 nm. The emission peak at 500 nm with an excitation
maximum at 364 nm is blue-shifted compared to that of ZnQ2.1"® The presence of an
isosbestic point at 540 nm indicated a reaction between HQ and the Qdots. It could be

that HQ addition led to ZnQ: formation which was attached to the surface of the Qdots.
The source of Zn?* could primarily be the surface ions which are more labile than those
at the core. The attached ZnQ. had luminescence with the emission maximum at 500
nm having an excitation peak at 364 nm, whereas the emission due to Mn was
quenched by the same species (ZnQ2). The extent of quenching was limited to the
concentration of ZnQ: present on the surface of the Qdot. Addition of excess HQ led to
quenching of PL at 500 nm. Thus, the optimum amount of HQ was calculated by
monitoring the emission at 500 nm with an excitation wavelength of 364 nm (Figure
A.5.1, Appendix). Further, when the dispersions of optimum and excess HQ treated
Qdots were centrifuged and the solids obtained were redispersed, similar PL spectra
were obtained for both of the cases (Figure A.5.2, Appendix), which clearly indicated
that the unbound HQ has no effect other than self-absorption. Similarly, UV—vis
spectra of excess HQ treated Qdots showed that excess HQ was removed as supernatant
during centrifugation (Figure A.5.3, Appendix). However, for further experiments - in
order to avoid incomplete formation of the new species - we have used an excess
amount of HQ followed by centrifugation of the product. The HQ treated Qdots
exhibited dual emission, i.e., a new emission due to formation of a new luminescent
species on the surface of the Qdots - akin to that of ZnQ2 -in addition to partially
guenched identical emission of Qdots. In the emission spectrum, the dopant emission
became stronger over new luminescent species at 330 nm excitation, while the reverse

was observed for 364 nm excitation (Figure 5.1D).
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Figure 5.1. (A) UV—vis spectra and (inset) images in the presence of (I) white and (IT) UV (365
nm) light of (a) the AcAc capped 5.6% Mn?" doped ZnS Qdot and (b) the HQ added AcAc
capped 5.6% Mn?* doped ZnS Qdot (QDC). (B) Emission spectra with excitation at Aex = 330
nm of different amounts; (a) 0.0 pL, (b) 5.0 uL, (¢) 10.0 pL, (d) 15.0 uL, (e) 20.0 uL, (f) 25.0
pL, (g) 30.0 puL, and (h) 35.0 pL of 5.0 mM HQ (in methanol) added to a 2.0 mL aqueous
dispersion of Qdots (with absorbance at 330 nm being 0.15). (C) Excitation spectra of (a) the
Qdot (Aem = 588 nm) and that of the QDC at (b) Aem = 588 nm and (c¢) Aem = 500 nm. The QDC
was redispersed following centrifugation of the as-synthesized sample. (D) Emission spectra of
(a) the Qdot (hex = 330 nm) and that of the QDC at (b) Aex = 330 nm and (c) Aex = 365 nm.

Importantly, the absorption as well as emission spectrum of ZnQ: added Qdots
had the same characteristics as the HQ treated Qdots, indicating the formation of the
same species either way (Figure A.5.4, Appendix). On the other hand, the absorption
spectrum of HQ exhibited a peak at 316 nm, which further shifted to 380 and 384 nm
following formation of ZnQ, and MnQ, respectively (Figure A.5.5 A, Appendix).17’-178
The PL spectrum of HQ showed a weak peak at 520 nm, while ZnQ> consisted of a
strong PL peak at 550 nm and MnQ2 was found to be negligibly fluorescent (Figure
A.5.5 B, Appendix). -1’8 The observed blue shifts in absorption and emission for HQ
or ZnQ: treated Qdots compared to ZnQ: indicated the formation of a new species
structurally - QDC - exhibiting a dual emission over the entire visible window. It is

66
TH-1435_10612225



Chapter 5

plausible that in the QDC, ZnQ: is attached to the Qdot through the surface dangling
sulfide bond. Further, the extent of quenching of the Qdot PL depended on the extent of
dopant present in the crystal. For example, at the highest concentration of HQ addition,
when the concentration of the dopant was 5.6% the QY reduced from 6.2 to 3.0%, with
retention of the peak of Mn (although with diminished intensity) (Table A.5.1,
Appendix). On the other hand, when the concentration was 2—3%, the peak was solely
due to the product from the reaction and the peak due to Mn was no longer prominent.
It may be that when the concentration of Mn in the Qdot was low then ZnQ> formed on
the surface completely quenched its PL and the emission was purely due to the surface
complex. At higher concentration of the dopant - which means more Mn?* present on
the surface and thus a lower concentration of ZnQ: - the extent of quenching was not
sufficient to diminish the PL of the doped Qdot completely. The results are shown in
Figure A.5.6 (Appendix). The results indicated that formation of ZnQ on the surface of
the Qdots not only quenches the PL of Mn?* emission of Qdots but also leads to
appearance of a new PL at 500 nm, the intensity of which was commensurate with the
free Zn?* available on the surface. It may also be possible that MnQ: was formed on the
surface which too contributed to the overall changes in PL due to the complex. This is
suggested by the observation that MnQ: has an absorption spectrum with a peak at 384
nm and its emission spectrum has the same characteristic as that due to ZnQ- - although
with much lowered QY (Figure A.5.5, Appendix). A literature report suggests that HQ
forms more stable metal complexes over acetyl acetone (AcAc), for any given metal
ion.28 Hence, the greater stability of metal complexes of HQ over AcAc may lead to
formation of MnQ; -in addition to ZnQ: formation - on the surface of Mn?* doped ZnS
Qdots, notwithstanding the presence of AcAc as the stabilizer on the surface of the
Qdots.

Results also indicated that the extent of quenching of PL of the dopant was
dependent on the nature of stabilizers used in the synthesis of the Qdot (Figure A.5.7,
Appendix). For example, for Qdots with no organic stabilizers when reacted with HQ,
the QY diminished from 9.2 to 3.3% (Aex at 330 nm); for Qdots with citrate stabilizer,
the extent was from 25.4 to 4.8% (Aex at 330 nm); and for chitosan stabilized Qdots, the
QY reduced from 16.6 to 10.2% (Lex at 330 nm; Table A.5.1, Appendix). It may be that
for the first two cases (in addition to the previous AcAc stabilized case) the formation

of ZnQ:> led to the complete coverage of the surface with the complex (accompanied by
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complete replacement of the ligand in the second instance). On the other hand, in the
case of biopolymer chitosan, incomplete coverage of the surface by ZnQ: (due to the
surface area occupied by the polymer) led to quenching to a lesser extent. Further time-
resolved PL of HQ treated Qdots showed tri-exponential decay irrespective of dopant
concentration (Figure A.5.8, Appendix) and also of the stabilizer used during the
synthesis of Qdots (Figure A.5.8, Appendix). The results (Table A.5.2, Appendix)
further indicated that the PL of HQ treated Qdots had an average lifetime (tav) in the
range 7.2—13.2 ns, irrespective of the dopant amount and the stabilizer used. The
similar QY (with excitation at 364 nm) value (Table A.5.1, Appendix) for different
amounts of dopants with the same stabilizer and similar ratios of QY of HQ treated
Qdots (at 364 nm) and Qdots (at 330 nm) (Table A.5.1, Appendix) and average lifetime
(Table A.5.2, Appendix) of HQ treated Qdots (without stabilizer) and Qdots for
different stabilizers with the same dopant concentration indicated that similar or the
same luminescent species might have been formed in all cases. In other words, in all
cases, ZnQ2 might have been formed on the surface of the Qdot, which is the emitting
species, and an identical structure of the complex might be existent in all cases.
Moreover, the newly formed species following addition of HQ to Qdots exhibited a
high quantum vyield (with excitation at 364 nm) and a longer lifetime than that of parent
ZnQy, indicating its superior luminescent behaviour. As is clear from Table A.5.3
(Appendix), there is no significant change in pH between HQ treated Qdots and as
prepared Qdots irrespective of the stabilizer used during the synthesis of Qdots, which
ruled out the effect of pH on the luminescence of the product formed out of the reaction
between HQ and Qdots.

Interestingly, zeta potential measurements of HQ treated Qdots prepared with
different extents of dopants and stabilizers exhibited similar values of the product,
which were in the range 23.8-27.4 mV (Figure A5.9 - A5.10, Appendix). For
example, the zeta potential of AcAc capped doped ZnS Qdots with different Mn?*
concentrations changed from 17.2 to 26.8 mV for 5.6% Mn?*, 19.9 to 26.2 mV for
3.4% Mn?*, and 18.8 to 25.8 mV for 2.7% Mn?* following HQ addition (Figure A.5.9,
Appendix and Table A.5.4, Appendix). On the other hand, the zeta potential of
5.0-6.0% Mn?* doped ZnS Qdots with different stabilizers varied from 17.1 to 27.4
mV for uncapped, 8.1 to 23.8 mV for citrate capped, and 38.3 to 24.8 mV for chitosan
stabilized, following a reaction with HQ (Figure A.5.10 and Table A.5.4, Appendix). In
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addition, the mobility of Qdots was modified in a similar way, which further supports
that similar kinds of species were formed out of a reaction between HQ and Qdots,
even in different surface environments (Table A.5.4, Appendix). Moreover, all the
QDCs formed from Qdots with different surface environments exhibited similar zeta
potential values close to 25 mV, indicating excellent stability of the colloidal dispersion
over respective Qdots.}”® The results clearly indicated that the surface of Qdots was
modified in the same way for all cases. In brief, the zeta potential measurements further
supported the results that reaction of ZnS Qdots with HQ or ZnQ: results in the
formation of the same species (QDC) and the final products are stable in the dispersion

media.

Atomic absorption spectroscopy (AAS) measurements indicated that following
reaction with HQ there was no significant change in the ratio of metal ion
concentrations (in mol%) in any of the Qdots (with different ratios of Mn?*/Zn?*) tested
(Table A.5.5, Appendix). In other words, the individual metal ion concentrations (Mn?*
and Zn?") and their ratio in the Qdots remained unaltered before and after
complexation. Also, as earlier'”™ 8 and current experimental results suggest, even if
there was etching of the metal ions, the complex so formed upon reaction with HQ
(even in the liquid medium) would be bonded to the surface sulfide ions. Thus, the

concentration of metal ions on the Qdots would remain the same.

Further, transmission electron microscopy (TEM) studies revealed that
following reactions with HQ the average sizes remained unchanged for uncapped and
differently capped Qdots (Figures A.5.11-A.5.12 and Tables A.5.6-A.5.7, Appendix).
On the other hand, the characteristic peaks in powder X-ray diffraction (XRD) patterns
corresponding to (111), (220), and (311) planes and the lattice spacing (0.3 nm) of the
(111) plane in high resolution TEM (HRTEM) of cubic ZnS remained the same before
and after HQ treatment to Qdot (Figure A.5.13 and A.5.14, Appendix). 5 146:17 Similar
observations were made with respect to selected area electron diffraction (SAED)
studies (Figure A.5.15). 5% 146.175 These clearly indicate that there was no morphological

change in the cubic ZnS lattice of Qdots following complexation with HQ.

Fourier transform IR (FTIR) spectroscopy studies indicated the peaks
characteristic of ZnQ, especially the functional groups (of the aromatic quinoline ring)

corresponding to C— C/C—N stretching (at 1605 and 1577 cm™!), pyridyl and phenyl (at
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1500 and 1468 cm™!), C—H bending peaks (at 1328 cm™ '), C—H out-of-plane wagging
(at 822, 800, and 742 cm™), and in-plane ring deformation (at 742, 642, and 605 cm™),
were present in the spectra of the product of reaction of HQ and AcAc capped 5.6%
Mn?* doped ZnS Qdots (Figure A.5.16 and Table A.5.8-A.5.9, Appendix). ¥ 17
Importantly, the QDC had a strong absorption band at 1110 cm™'- due to C—O
stretching of metal coordinated oxine - which was absent in the Qdots. This clearly
indicates the formation of a metal - oxinate complex on the surface of the Qdots. 2 17
Similar results were obtained for other samples capped with different reagents (Figure
A.5.17 and Table A.5.8-A.5.9, Appendix). Further, the formation of an octahedral ZnQ-
complex was confirmed by monitoring the intensity ratio of the two characteristic
bands at 3333 and 1110 cm™'. 1*217° The intensity ratios were found to be equal or more
than 0.7 for all the QDCs obtained from Qdots with different stabilizers, which clearly
indicated the formation of a complex like dihydrate ZnQ. (Table A.5.10, Appendix).

The results presented above suggest the formation of a new species (QDC)
having dual emissive behavior - following a complexation reaction between HQ and
surface Zn?" ions of Mn?* doped ZnS Qdots. In addition, the formation of MnQ. on the
surface cannot be ruled out; however, its weak PL may not contribute significantly to
the optical property of the QDC. We were further interested in probing the optical
properties of the QDC in the presence of a redox environment. Recent work from our
laboratory demonstrated that the emission characteristics of AcAc capped Mn?* doped
ZnS Qdots can be controlled via partial oxidation and reduction of the population of
emitting dopant Mn?* ions of Qdots.®® Interestingly, in the present case, the emission at
588 nm due to Mn?* dopant in QDC could also be controlled reversibly through partial
oxidation and reduction. In brief, addition of an oxidizing agent (here KPS: potassium
peroxodisulfate) to QDCs partially quenched the emission intensity at 588 nm (when
excited at 330 nm), with little decrease in the emission intensity at 500 nm (Figure 5.2).
On the other hand, addition of a strong reducing agent (NaBH.) to the KPS treated
QDCs fully recovered the dopant emission intensity. In addition, the emission due to
the dopant (Mn?*) in the QDC could be reversibly switched by redox reaction and this
was possible for more than one cycle (Figure 5.2).
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Figure 5.2. Emission spectra with Ae at (A) 330 and (B) 364 nm of (a) the HQ added AcAc
capped 5.6% Mn?* doped ZnS Qdot (QDC), (b) the QDC in the presence of KPS and heat, and
(c) the KPS treated QDC in the presence of NaBH.. All samples were centrifuged following
addition of a reagent and then redispersed before recording of the spectra. (C) Emission spectra
with Aex = 330 nm of (a) QDC; (b) QDC in presence of KPS and heat and (c) KPS treated QDC
in presence of NaBH4 (d) QDC followed by one cycle redox reaction in presence of KPS
second time and (e) QDC followed by one cycle redox reaction and second time KPS treatment
in presence of NaBH, again.
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Figure 5.3. Emission spectra (A) with Ae = 330 nm and (B) with Aex = 364 nm of centrifuged
excess HQ added AcAc capped 5.6% Mn2?*doped ZnS Qdots at pH (a) 5.8, (b) 5.3 and (c) 5.7
respectively. It is important to mention here that pH 5.3 and 5.7 were pH of the medium
obtained following addition of KPS to QDC and then NaBHj, to that medium, respectively. The
results show weak dependence on pH of the medium in comparison to reaction with oxidizing

or reducing agent.

The minor difference from the original spectrum is due to an increase in the pH
of the medium following addition of NaBH4. Further, by adjusting the pH of the QDCs
to the observed pH of KPS treated QDCs and NaBH4 added KPS treated QDCs,
changes in emission intensity at 500 nm due to changes in the pH of the medium were
noticed while the emission intensity at 588 nm does not show any significant changes at

both of the excitation wavelengths, which clearly ruled out the effect of pH on the
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observed changes in emission intensity of QDCs during KPS and NaBHs treatment
(Figure 5.3).

Further, it was deemed important to identify the excitation source related to
emission at 500 nm due to the ZnQ> complex on the surface of the Qdot. For this, the
complexation reaction on the surface of Qdots was pursued in the presence of electron
quenchers, i.e., benzoquinone (BQ) and Cu?* ions, separately.'”® Thus, when BQ was
added to the Qdots, there was no apparent change in the absorption spectrum, while the
emission at 588 nm (with excitation at 330 nm) was significantly reduced (Figure 5.4).
Also, the excitation spectrum corresponding to the emission at 588 nm changed, with a
less prominent peak due to the Qdot. The results indicate quenching of PL of the Qdots
by BQ. Now, upon addition of HQ to the medium, a new absorption peak at 364 nm
appeared (in addition to that at 330 nm due to the Qdots), which was accompanied by
the occurrence of a new emission peak at 500 nm. The new excitation peak at 364 nm
did not have any signature of the original peak at 330 nm. Also, the emission peak at
588 nm did not reappear even with excitation at 330 nm. The results are shown in
Figure 5.4. Similar results were obtained following treatment of QDC with BQ (Figure
5.4). That the loss of PL at 588 nm was due to the presence of quencher and not due to
any other phenomenon (such as loss of light due to absorption by BQ having a peak at
291 nm - which is highly unlikely as per Figure 5.4) was further tested by using Cu?*
ions in the medium as the quencher. The results, as presented in Figure 5.5, were
similar to those in the presence of BQ. For example, the loss of emission intensity at
588 nm was significant in comparison to that at 500 nm (when excited by 330 nm
light). Similar observations were made when Cu?* ions were added to the medium
following formation of QDC (i.e., HQ was added to Qdots before addition of Cu?*;
Figure 5.5). It may be mentioned here that addition of Cu?* ions to the medium led to
brown coloration and subsequent precipitation with time, making it difficult to have
observation over a longer period of time.}*® ¥ The above results thus indicated
independence of emission (and possibly absorption) of ZnQ:z in the QDC from that of
the Qdot. In other words, it is plausible that emission at 500 nm due to ZnQ: is from the
excited state of the complex attached to the surface of the Qdot. However, the emission
at 588 nm is still due to Mn?* present in the Qdots and results from the excitation of
Qdot at 330 nm. The emission of ZnQ- in a liquid medium did not get significantly

affected by an electron quencher, such as BQ or Cu?* in the QDC. This also supports
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the independent nature of emission of two channels in QDC - one from the complex

and the other from the Qdot.
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Figure 5.4. (A) UV-Vis spectra of (a) Qdots, (b) BQ treated Qdots following centrifugation and
(c) BQ-treated Qdots to which HQ was added (following centrifugation), (inset- absorption
spectrum of BQ); (B) emission spectra of (a) Qdots (Aex= 330 nm) (b) BQ treated Qdots (with
Aex = 330 nm) following centrifugation; BQ-treated Qdots (as in (b)) to which HQ was added
following centrifugation; monitored with (c) Aex =330 nm and (d) Aex =364 nm; (C) excitation
spectra of (a) Qdots (Aem = 588 nm) (b) BQ treated Qdots (with Aem = 588 nm) following
centrifugation; BQ-treated Qdots (as in (b)) to which HQ was added following centrifugation;
monitored with (C) Aem =588 nm and (d) Aem =500 nm; (D) UV-Vis spectra of (a) QDC, (b) BQ
treated QDC following centrifugation; (E) emission spectra of QDC monitored with (a) Aex =
330 nm and (b) Aex= 364 nm; BQ treated QDC following centrifugation monitored with (C) Aex
=330 nm and (d) Lex= 364 nm; (F) excitation spectra of QDC monitored with (a) Aem= 588 nm
and (b) Aem = 500 nm; BQ treated QDC following centrifugation monitored with (¢) Aem = 588
nm and (d) Aem= 500 nm.
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Figure 5.5. (A) UV-Vis spectra of (a) Qdots, (b) Cu?*- treated Qdots following centrifugation
and (c) Cu?'- treated Qdots to which HQ was added (following centrifugation); (B) emission
spectra of (a) Qdots (Aex = 330 nm) (b) Cu?*- treated Qdots (with Aex = 330 nm) following
centrifugation; Cu?*- treated Qdots (as in (b)) to which HQ was added following centrifugation;
monitored with (c) Aex =330 nm and (d) A« =364 nm; (C) excitation spectra of (a) Qdots (Aem=
588 nm) (b) Cu?*- treated Qdots (with Aem = 588 nm) following centrifugation; Cu?*- treated
Qdots (as in (b)) to which HQ was added following centrifugation; monitored with () Aem =588
nm and (d) Aem =500 nm; (D) UV-Vis spectra of (a) QDC, (b) Cu?*- treated QDC following
centrifugation; (E) emission spectra of QDC monitored with (a) Aex= 330 nm and (b) Lex= 364
nm; then Cu?* was added to QDC following centrifugation and monitored with (c) Aex= 330 nm
and (d) Aex = 364 nm; (F) excitation spectra of QDC monitored with (a) Aem = 588 nm and (b)

Xem= 500 nm; Cu®* treated QDC following centrifugation and monitored with (c) Aem= 588 nm

and (d) Aem= 500 nm.

The electron paramagnetic resonance (EPR) spectrum, as shown in Figure 5.6,
of the solid as-synthesized AcAc stabilized 5.6% Mn?* doped ZnS Qdots consists of six
sharp major peaks arising due to allowed Ms = —1/2 to Ms = +1/2 transition, with
splitting via hyperfine interactions with the Mn?* nucleus (Ml = +5/2).%% 146 The
coordination of Mn in the lattice follows two types of geometry, one is tetrahedral in
the core and the other is octahedral near the surface of the crystal, which can easily be
identified through EPR studies.?® %% 1% |nterestingly, the weak peaks at the edges of the
sextuplet EPR spectrum of Qdot became more prominent when Qdot reacted with HQ.

This clearly indicates that treatment with HQ reduced the dipolar Mn?*—Mn?*
74
TH-1435 10612225



Chapter 5

interaction due to clustering of ions and the presence of a Mn?* occupying octahedral
geometry on the surface of Qdots. 2% 5 146 Hence, it may also be possible that the

observed changes in EPR occurred due to formation of MnQ2 which was attached to the
Qdot like ZnQx.
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Figure 5.6. Electron paramagnetic resonance (EPR) spectra of (a) Qdots and (b) QDC.

The photostabilty of the ZnQ. complex as well as that of the AcAc capped 5.6
% Mn?* doped ZnS Qdot was retained in the QDC, for both excitation at 330 nm
(excitation maximum of the Qdot) and at 364 nm (excitation maximum of the
complex). It was also observed that the photostabilty of the complex was 3.7 times that
of an organic dye (Figure 5.7 and Table A.5.11). For example, the change in

luminescence of the QDC was found to be 0.03%/s, whereas that of rhodamine 6G was
0.11%/s.

g ;é‘so— —(2)
E E (B) —(b)
= = 60- —(c)

0 1 E)O 22)0 B(I)O 4;)0 500 0 100 2(|)O 3(I)0 4(I)O I
Time (sec) Time (sec)

Figure 5.7. Photochemical stability under continuous irradiation of light of (A) Ae - 330 and

(B) Xex - 364 nm of (a) organic dye (rhodamine 6G), (b) QDC, and (c) Qdots.

Thermogravimetric analysis (TGA) of Qdots and QDCs showed similar kinds of
weight loss (15-20%) up to 90 °C due to removal of the surface adsorbed water. 152
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There was no significant weight loss up to 550 °C (Figure 5.8). The absence of weight
loss at 440 °C in QDCs revealed the enhancement of the thermal stability of the ZnQ>
complex on the surface of Qdots. The parent ZnQ> complex showed major weight loss
at around 440 °C due to loss of its structure.’™ Similarly, the major endothermic peak
at 360 °C for melting of the ZnQ> complex in the differential scanning calorimetric
(DSC) curve was absent in QDCs obtained from Qdots, which further supported the
extraordinary thermal stability of the ZnQ> complex on the surface of the Qdots (Figure
A.5.18, Appendix). 1°2
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Figure 5.8. Thermogravimetric analysis of (a) Qdots and (b) QDC.

The results described above point to chemical reaction between the Qdots and
HQ leading to the formation of a new and luminescent species. The QDC emits in the
visible region with two independent sources of excitation and emission. A schematic
representation in Figure 5.9A depicts the double channel emission in QDCs, following
a complexation reaction between HQ and Mn?* doped ZnS Qdots. PL emission of Mn?*
doped ZnS Qdots at 588 nm is due to the transition “T:—°A; of dopant Mn?* 6% 146. 182
Recently, we have observed that the surface Mn?* ions of Mn?* doped ZnS Qdots
synthesized in aqueous medium at comparatively low temperature are also responsible
for the emission. % 14 On the other hand, emission form the surface ZnQ. complex
originates from the optical transition from the electron rich phenoxide ring (HOMO;
highest occupied molecular orbital) to the electron deficient pyridyl ring (LUMO;
lowest occupied molecular orbital) and the nature of the emission depends upon the
coordination of the ligand and the presence of an additional functional group in the
ligand.1>*1%>1% The above observations are in concordance with the literature, where
introduction of electron withdrawing groups in phenoxide and the pyridyl ring of AlQ3
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complexes cause blue shifts and red shifts, respectively, in their emission maximum,
while the reverse case was observed in the case of electron donating groups.®>* It is
well-known that the surface metal ions (here Zn?* and Mn?*) and anions (S?) -bonded
to the Qdot via dangling bonds - are prone to binding to an external ligand. Among the
two metal ions on the surface of Qdots, Zn?* may bind to HQ preferentially over Mn?*
to form QDCs according to Irving-Williams series.33 In addition, Mn?* may also be
involved in forming MnQ: in QDCs but in competitive complexation Zn?* forms a
complex preferentially. During the formation of QDCs, the metal ions may be removed
from the surface, followed by formation of a complex with HQ (ZnQz) and then the
complex is attached to the surface. The complex (ZnQ2) may be bound to the Qdot
through a dangling sulfide bond of the Qdot and by replacing one of the water
molecules of the ZnQ2-2H.O complex. The so formed complex replaces the stabilizer
of Qdots and acts as a stabilizer in QDCs. This may be the reason for the chemical
stability of the complex and also the observed changes in optical parameters like
absorption and emission maxima, QY, average lifetime, and enhancement of the
thermal stability on the surface of Qdots in comparison to the bare ZnQz-2H,O
complex.t”™ For example, the absorption and emission maxima of surface ZnQ: are
blue-shifted compared to bare ZnQ.. There may be several such complexes formed on
the surface of the same Qdot. The QDC contains an attached ZnQz complex and Mn?*
ions as emissive species, thereby generating two independent channels of emissions

(and absorption) from a single species.

Results of our previous experiments and current observations suggest that an octahedral
complex is formed on the surface of a Qdot. For example, our observations following
addition of HQ as well as a ZnQ2 complex to ZnS, ZnCd; S, and Mn?* doped CdS
(both with and without a stabilizer for all the Qdots) indicated that the complexes
formed on the surface of all of them (Qdots) are the same as their optical properties and
the signatures from FTIR spectroscopy are the same.™ 8 Similar results were
obtained following addition of CdQ: to ZnxCd; S Qdots. 18 Additionally, when NazS
was added to ZnQ, the PL results were similar to those of the QDC. *"® Further, our
observations based on exchange of ligand (HQ) with hydrophobic ZnxCd;—«S Qdots,
leading to their phase transfer, indicated similarly structured complex formation on the
surface.!8 What we have proposed is that ZnQ, and CdQ, complexes are octahedral in

nature with two axial positions occupied by water. However, in the presence of sulfide
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ions, one of the positions or both of the positions may be occupied by S%. In the case of
a complex formed on the surface of the Qdots, one of the positions will probably be
occupied by S an ion, which itself is connected to the Qdot via a dangling bond. Thus,
the evidence is convincing enough to propose the current model. Figure 5.9B depicts
the dependence of the emission intensity of QDC on the excitation wavelength in the
range 330—365 nm. The three-dimensional plot clearly shows that for excitation at 330
nm the dopant emission (at 588 nm) becomes stronger over surface complex emission
(at 500 nm). As the excitation wavelength is increased toward 364 nm, the stronger
dopant emission becomes weaker while the surface complex emission becomes
stronger. Similarly, the contour plot of the excitation—emission matrix (EEM) (Figure
5.9C) indicates the independent nature of dopant and surface complex emissions in
QDCs. For example, the intensity zone becomes higher in value (red in color) at 588
nm with excitation at 330 nm and at 500 nm with excitation at 364 nm. Hence, the
nature of two independent emissions in double channel emission of a single emitting
species depends upon the wavelength of excitation. In Figure 5.9D, the individual band
gaps of the constituent species (Qdots and surface ZnQ. complex) in QDC exhibit two
different pathways for the double channel emission. Thus, at the band gap excitation of
Qdots, the dopant emission becomes stronger and the surface complex emission
becomes weaker while the case is reversed at the band gap of the surface ZnQ:
complex. Thus, it may be concluded that two different species (Mn?* dopant and

surface ZnQy) follow different paths to generate emission in QDCs.

Optical microscopic results (Figure 5.10 A-B) indicated that following
formation of the QDC the color of the Qdot changed from pale yellowish green to dark
brown, which is the characteristic color of ZnQ.-2H>O. The same samples when
observed under UV light were orange and green (characteristics of doped Qdot and
complex, respectively), which further supported the formation of the QDC.
Interestingly, when the solid QDC was heated over 370 °C for 10 min (and then cooled
to room temperature), the color in white and UV lights was the same as before heating
(Figure 5.10 C), which supported the retention of PL behavior following heating at a
higher temperature. This is in contrast to ZnQ2-2H20, which loses its PL upon heating
at 370 °C due to loss of its structure. Further, dispersion of QDC (in methanol; Figure
5.19, Appendix) - following heating - exhibited the PL of the sample before heating,

pointing to enhanced stability of the complex upon incorporation in the Qdot.
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Figure 5.9. (A) Schematic representation of quantum dot complex (QDC) formation on the
surface of Mn?* doped ZnS Qdots involving surface Zn?* ions and organic ligand (HQ). (B)
Three-dimensional (3D) representation of excitation dependent emission spectra and (C) the
corresponding excitation—emission matrix (EEM) contour plot of the QDC. (D) Energy level
diagram illustrating the energy gaps corresponding to two different emission channels at two

different excitations in the quantum dot complex (QDC).
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Figure 5.10. Microscopic images of solid samples of (A) AcAc capped 5.6% Mn?* doped ZnS
Qdot, (B) HQ added AcAc capped Mn?* doped ZnS Qdot (QDC) and (C) QDC after heating at
370 °C. The images were recorded in presence of (1) white and (2) UV light (Aex = 350 nm).
The samples were prepared by centrifugation of the QDC. The samples were then placed on

glass microscope slides for imaging as well as heating.

On the other hand, no significant change was observed in the absorption and
emission behavior of QDCs in liquid medium (in water) up to 24 h (Figure A.5.20,
Appendix), which clearly indicated the stability of QDCs in the liquid medium. Further,
in order to test the chemical stability of the QDC, its water dispersion was treated with
Hg?* ions of different concentrations, which led to the quenching of emission at two
different excitation wavelengths (330 and 365 nm, Figure A.5.21A-B, Appendix),
followed by yellow colored precipitation (inset, Figure 5.21A, Appendix). Similar
observations were made when the Qdots were treated with Hg®* (Figure A.5.21C,
Appendix). Our earlier observation indicated reaction between ZnS Qdots and Hg?*,
leading to formation of HgS (yellow in color).}*® Thus, it would not be possible to
clearly demonstrate chemical stability of the surface complexes in the presence of metal
ions like Hg?*- which has a higher affinity toward the ligand HQ over Zn?*, according

to Irving—Williams series.

Further, the differences in CIE (Commission Internationale del’Eclairage 1931)
chromaticity color coordinates were observed when the bare ZnQ. complex (or HQ)
reacted with Qdots to form a single component system QDC, which was purified by
centrifugation. As is clear from Figure 5.11A-B and Table 5.1, at an excitation
wavelength of 330 nm, the chromaticity coordinates of Qdots changed from (0.55,
0.45) to (0.42, 0.43) and similarly, at an excitation wavelength of 365 nm, the
chromaticity coordinates of bare ZnQ: changed from (0.41, 0.54) to (0.24, 0.40)

following the complexation reaction. The shifts in chromaticity coordinates also
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supported the formation of a new single component luminescent species, following
complexation between Qdots and ZnQ> (or HQ). In addition to the excitation dependent
emissive behaviour of QDCs (Figure 5.12C), the tunability in their chromaticity
coordinates in the CIE diagram was observed (Figure 5.11D, Table 5.1) and some of
the chromaticity coordinates were falling into the near white light region.?® 1818 For
example, points ¢, d, and e (Figure 5.11D, Table 5.1) exhibited (0.37, 0.42), (0.34,
0.41), and (0.30, 0.41) chromaticity coordinates, respectively, which are close to perfect
white light chromaticity coordinates (0.333, 0.333).40—42 Hence, the precise control
over the chromaticity coordinates of single component QDCs in CIE color output - in
addition to their excitation dependent double channel emissions - not only brings a new
paradigm for solid state lighting but also makes a successful step toward fabricating

devices of desired color output.
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Figure 5.11. (A) Emission spectra of (a) acac capped 5.6% Mn?* doped ZnS Qdots (Aex -330
nm), (b) bare ZnQ, complexes (Aex-365 Nm) (c) QDC (Aex-330 nm) and (d) QDC (Aex-365 nm)
following complexation between Qdots and HQ and (B) their corresponding CIE coordinates.
(C) Emission spectra and (D) corresponding CIE chromaticity diagram of QDCs at the
excitation wavelengths of (a) 330 nm, (b) 335 nm, (c) 340 nm, (d) 345 nm, (e) 350 nm, (f) 355
nm, (g) 360 nm and (h) 365 nm.
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Sample | CIE Coordinates |
(nm) -_

(@) Qdots 330 0.55 0.45

(b) ZnQ. 365 0.41 0.54

330 0.42 0.43

335 0.40 0.42

340 0.37 0.42

345 0.34 0.42

(© QPC 55y 030 041

355 0.28 0.41

360 0.26 0.41

365 0.24 0.40
Table 5.1. CIE chromaticity coordinates value of (a) acac capped 5.6% Mn?* doped ZnS Qdots
(Aex -330 nm), (b) bare ZnQ, complexes (Aex -365 nm) (c) QDC at different excitation

wavelengths.

Recent literature reports suggest that the drawbacks of a multicomponent
system such as color aging, complicated processing technique, self-absorption,
scattering, nonradiative energy transfer, and undesirable changes in chromaticity
coordinates for fabricating light emitting devices can easily be overcome by using a
single component system composed of different emitters over the entire visible
window.18 18 AJthough Mn?* doped ZnS Qdots and bare ZnQ, complexes were used
in fabricating devices, they also suffered from problems due to processing, thermal and
optical stability, blinking, and chemical degradation.” # In this regard, QDC may be
able to overcome some of these issues and may have importance over their individual
components in solid state lighting. Finally, tuning the chromaticity color coordinates in
the CIE diagram of light harvesting material is important for fabricating devices of
desired color output - in addition to generating white light emission.*®® Thus, it is
important to achieve a change in the chromaticity coordinates of Qdots following their
synthesis, which is otherwise achieved during synthesis such as in Mn doped ZnSe.40
This will not only avoid the uncertainties of exact chromaticity coordinate variations

but may also be important for solid state lighting.
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5.3. Conclusion

In brief, we have reported new surface reactions of HQ with Mn?* doped ZnS
Qdots to create a QDC that displays independent dual-channel emissions. Further, the
retention of redox behavior of the emitting Mn?* species and without affecting the
emission of the ZnQ> surface complex provides a new regime in the optical properties
involving Qdots and metal complexes. That the emission could be quenched selectively
is important for sensing chemical species in liquid medium. Finally, the thermally
stable complex on the Qdot provides a new LED material with enhanced emissivity
both in terms of wavelength and intensity. This is expected to open new avenues in
optical materials with superior roles of principles of chemistry. Further, the excitation
dependent tunability in chromaticity color coordinates of QDCs not only makes them
advantageous over their components toward the development of LED material of
desired color output but also provides control over chromaticity of the material

following their synthesis.

83
TH-1435_10612225



Chapter 5

84

TH-1435_10612225



Chapter 6

Surface Complexation Based Biocompatible
Magnetofluorescent Nanoprobe for Targeted Cellular

Imaging

We report the synthesis of a magnetofluorescent biocompatible nanoprobe —
following room temperature complexation reaction between Fez0s-ZnS nanocomposite
and 8-hydroxyquinoline (HQ). The composite nanoprobe exhibited high luminescence
quantum vyield, low rate of photobleaching, reasonable excited-state life time,
luminescence stability especially in human blood serum, superparamgnetism and no
apparent cytotoxicity. Moreover, the nanoprobe could be used for spatio-controlled cell
labeling in the presence of an external magnetic field. The ease of synthesis and cell
labeling in vitro make it a suitable candidate for targeted bioimaging applications.

Targeted Cellular
Imaging

Strong
Fluorescence

20 o a Without
& SPION-QDC Ll

* *'Reprinted with permission from (Bhandari et al. ACS Appl. Mater. Interfaces, 2015, 7, 17552-17557).
Copyright 2015 American Chemical Society." http://pubs.acs.org/doi/abs/10.1021/acsami.5b04022.
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6.1. Experimental Section

6.1.1. Materials. 8-Hydroxyquinoline (HQ, Merck), iron chloride hexahydrate (Sigma
Aldrich), sodium oleate (Merck), oleylamine (CDH), oleic acid (Merck),
tetramethylammonium hydroxide (Spectrochem), zinc acetate dihydrate (Merck),
sodium sulphide (58%, Merck), L- cysteine hydrochloride (Loba Chemie, India),
sodium hydroxide (Merck), quinine sulphate (Sigma Aldrich), rhodamine 6G (Sigma
Aldrich), hexane (Merck) and ethanol (Merck) were purchased and used without further
purification. Mili-Q grade water was used for the synthesis and in all other

experiments.

6.1.2. Synthesis and characterization of SPION-QDC (HQ treated Fe;O,-
ZnS composite)

6.1.2.1. Synthesis of Fe;0, nanoparticles. The water dispersible Fez04
nanoparticles were synthesized in three steps: (1) firstly, Fe-oleate complex was
synthesized; (2) which was then used to synthesize water insoluble FesO4 nanoparticles
and (3) finally, the water insoluble Fe3sO4 nanoparticles were transferred to water using
phase transfer agent, based on reported protocols.!®-18" To synthesize Fe-oleate
complexes, 3.24 g of iron chloride hexahydrate and 18.25 g sodium oleate were mixed
in a solvent mixture of hexane (18.0 mL), water (15.0 mL) and ethanol (8.0 mL) and
the resulting solution was heated at 70 ‘C under constant stirring and refluxing. After 4
h, a dark brown crystalline precipitate separated out into the upper hexane layer, which
was collected by filtration, followed by washing with water-ethanol mixture (4-5
times). Following this, 300.0 mg of the as-synthesized crystalline Fe-oleate complex
was added into a mixture of oleylamine and oleic acid (3:1) and was refluxed for 1 h at
120 “C until the solution became black.!8-18" Then the temperature was raised from 120
°C to 200 °C and immediately nitrogen gas was blown through the reaction mixture.
Then the temperature was further raised to 300 °C and the solution was allowed to heat
for another 2 h under constant stirring. After the completion of the reaction, ethanol
was added to precipitate out the product from the solution and then the precipitate was
further washed with hexane-ethanol mixture to remove excess oleic acid and oleyl
amine.'8-187 Finally, the precipitate was transferred into water medium by dissolving in
1 M tetramethylammonium hydroxide (TMAOH) under constant sonication.'8-18" The

transferred product was collected using a magnet, which was followed by washing with
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Milli-Q water for 3 times to remove excess ligand. Finally, the precipitate was

dispersed in 500 mL Milli-Q water for further characterization and other experiments.

6.1.2.2. Synthesis and characterization of Fe;0,-ZnS composite. Fe304-ZnS
composite was synthesized using the as prepared the FesO4 nanoparticles as seeds and
then following our earlier (reported) method of synthesis of cysteine capped ZnS
Qdots.™® At first, 5.0 mM zinc acetate dihydrate was added to a solution containing
10.0 mL of as synthesized FesO4 in Mili-Q water (dark brown in color) in a round
bottom flask and then the volume of the solution was made up to 30.0 mL with water
under constant stirring. To that mixture, 10.0 mL of 25.0 mM cysteine hydrochloride
solution (pH-11.0) and 10.0 mL of 25.0 mM sodium sulphide (in water) were added
under constant stirring and kept that for another 3 h at 100 °C under reflux condition.
After half an hour, the dark brown color of the solution became light brown. After 3 h,
the resulting light brown color solution was centrifuged with a speed of 20000 r.c.f. for
10 min, in order to remove the unreacted salts; the so obtained pellet was repeatedly
washed with water. Then the pellet was redispersed into the same amount of water and
kept in presence of an external magnet. With the help of the magnetic field, the
unbound ZnS Qdots were removed and the particles accumulated towards the magnet
were collected. The particles were further dispersed and then centrifuged and the same
cycle was repeated. Finally, the particles were dispersed in water for further

characterization and experiments.

6.1.2.3. Preparation of ligand (HQ) solution. The solid powder of 5.0 mM 8-
hydroxy quinoline (HQ) was dissolved in ethanol using sonication.

6.1.2.4. Synthesis and characterization of the SPION-QDC composite. The
emission spectrum (Aex-365 nm) of as synthesized Fez0s-ZnS in the presence of HQ
was used to monitor and to confirm the completeness of the complexation reaction. In
brief, sequentially 2.0 uL portions of 5.0 mM HQ was added to 2.0 mL aqueous
dispersion of as-synthesized Fe3Os-ZnS (with an absorption value of 0.2-0.25 at 320
nm) until the resulting mixture showed the maximum emission intensity at 500 nm.
Then the resulting mixture was centrifuged at a speed of 20000 rcf for 20 min. It was
found that the supernatant had negligible emission intensity at 500 nm. Finally, the so
obtained pellet was washed with water and further redispersed into the same amount of

water for further characterization and experiments.
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The resulted aqueous dispersion of the pellet in water was used for recording visual
images in absence and presence of an external magnet under white and UV light (365
nm), UV-vis and photoluminescence (PL) spectra, quantum yield (using quinine sulfate
in 0.1 M H,SO4 as the standard), time-resolved PL (TRPL) spectra, photostability
(using rhodamine 6G as the reference dye solution), transmission electron microscopy
(TEM), high resolution TEM (HRTEM), selected area electron diffraction (SAED) and
atomic absorption spectroscopic (AAS) measurements. The solid form of the pellet was
used for optical microscopy, Fourier transform infrared (FTIR) and X-ray diffraction
(XRD).

6.1.3. Control experiments. Similar complexation reaction was carried out
between 2.0 mL aqueous dispersion of as prepared FesO4 nanoparticles and 30.0 uL of
5.0 mM HQ (in ethanol). The resulting mixture was subjected through centrifugation

and redispersion, which was used to measure the PL.

6.1.4. Study of Stability (using luminescence) of the SPION-QDC in human
blood serum. Blood sample was collected from a healthy volunteer, as per the
guidelines of Indian Institute of Technology Guwahati (India) and the serum was
separated from the coagulated blood by centrifugation. Then 0.05 mg mL™ amount of
the SPION-QDC was incubated with 2.0 mL serum sample and the change in emission

intensity at 500 nm was monitored with regular time interval (until 24 h).

6.1.5. Cell viability assay. HelLa cells, procured from National Center for Cell
Sciences (NCCS), Pune, India, were cultured in Dulbecco’s modified Eagle’s medium,
supplemented with L-glutamine (4 mM), penicillin (50 units mL™), streptomycin (50
mg mL?) and 10 % (v/v) fetal bovine serum. Cells were maintained in 5 % CO>
humidified incubator at 37 °C. 10* HeLa cells/well were seeded in a 96 well microplate
and grown overnight. Then, the medium was removed and fresh medium containing
different concentrations of SPION-QDC (0.07 mg mL™! — 0.36 mg mL™!) was added to
the cells and incubated for 24 h, in a humidified atmosphere containing 5% CO> at 37
°C. Following this, the cells were washed with PBS for several times and finally MTT
(3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) based cell viability

assay was carried out in triplicates, according to the established protocol.
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6.1.6. Recording of luminescence of HeLa cells incubated with SPION-
QDC, in the presence and absence of an external magnetic field. 2 x 10°
HeLa cells were seeded onto two coverslips placed inside 35 mm cell culture petri plate
and the cells were allowed to grow overnight. Then the medium was removed and a
fresh medium containing SPION-QDC (0.05 mg mL™") was added to the cells. A rare
earth magnet was placed below the petri plate such that one coverslip was just above
the magnet and the other one was away from magnet (Figure S14). After 4 h of
incubation, the cells were washed with PBS for several times and then were fixed with
freshly prepared 4% formaldehyde solution for 15 min at room temperature. The cells
were washed again and finally mounted on a glass microscopic slide with a drop of
mounting agent. The coverslips were sealed and then the samples were visualized under
epi-fluorescence microscope (Nikon Eclipse TS100, Tokyo, using Qdot 525 nm filter).
The cells were similarly incubated with SPION-QDC in the absence of the magnet and
were processed as above for other analyses. Following similar incubation process, the
cells (with SPION-QDC) were also imaged under Leica TCS SP8 STED (using 405 nm
diode laser) microscope.

6.2. Results and Discussion

Experimentally, cysteine-capped Fez04-ZnS composite was synthesized using
7.7 £ 3.2 nm Fe304 NP as seed and onto which cysteine capped ZnS Qdots were grown,
based on an earlier method, (Figure 6.1).17 18818 The powder x-ray diffraction (XRD)
pattern of the solid Fes04-ZnS composite (obtained following magnetic separation)
showed diffraction patterns due to the cubic inverse spinel Fe3O4 and cubic ZnS, thus
confirming the formation of composite material (Figure 6.2). 17> 1818 Also, as is clear
from the high resolution TEM image, 3.2 + 0.6 nm ZnS Qdots were formed
surrounding the FesO4 NPs. The formation of moiré pattern (Figure 6.3) also indicated
the presence of overlapping crystals of similar lattice parameters i.e. cubic inverse
spinel FesO4 (0.28 nm) and cubic ZnS (0.3 nm). 17> 1818 |n 3 similar vein, the selected
area electron diffraction (SAED) analysis of the composite also supported the presence
of both the crystals (SI, Figure S3B).The growth of ZnS nanocrystals on the surface of
the FesO4 NPs was accompanied by the change in zeta potential from —52.0 + 0.5 mV
(for FesO4 NPs) to —31.1 + 0.1 mV (for the composite, Table A.6.1, Appendix).
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Figure 6.1. (A) Representative TEM (scale bar-10 nm) image, (B) corresponding particle size

distribution and (C) high resolution TEM image (scale bar- 5 nm) of the aqueous dispersion of

as synthesized FesO4 nanoparticles. The 0.28 nm lattice fringes correspond to (311) plane of

inverse spinel FesO4 nanoparticles. 7> 186189
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Figure 6.2. Powder x-ray diffraction (XRD) pattern of the solid particles of Fe304-ZnS.The

o
<

powder x-ray diffraction pattern showed the presence of the characteristic peaks of cubic
inverse spinel Fes04 with diffractions at 35.6°, 45.2°, 53.5°, 60.4° and 66.2°, corresponding to
(311), (400), (422), (511) and (440) planes (marked as red star) and cubic ZnS with diffractions
at 28.8° 48.2° and 57.0°, corresponding to (111), (220) and (311) planes (marked as black

square boxes). 186-10
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Figure 6.3. (A) High resolution TEM (HRTEM; scale bar-5 nm), (1, 2) corresponding inverse
fast Fourier transform (IFFT) images and (B) selected area electron diffraction (SAED) pattern
(scale bar: 5 nm?) of the aqueous dispersion of FesOs-ZnS composite obtained following
focusing on the FesO4 nanoparticle which has size greater than 10 nm, so that 3.2 nm ZnS
Qdots could easily be observed simultaneously; (C) high resolution TEM (HRTEM; scale bar-5
nm) and (D) corresponding inverse fast Fourier transform (IFFT) images of the Fes0s-ZnS
composite obtained following focusing on another zone, where FesO4 nanoparticles and ZnS
Qdots have similar sizes. The high resolution TEM images and the IFFT patterns in Figure S3A
clearly showed the presence of ZnS Qdots surrounding the FeszO4 nanoparticles (>10 nm), while
it is very hard to clearly distinguish the ZnS Qdots and FesO4 nanoparticles when they are of
similar sizes (Figure S3B). 17> 18192 nterestingly, the presence of moiré pattern — which
occurred due to the overlap of similar lattice fringes of (311) plane of inverse spinel FesOa4
nanoparticles and (111) plane of cubic ZnS Qdots (0.3 nm) - irrespective of the size of the
Fes0. nanoparticles and ZnS Qdots in the composite, clearly indicated the presence of both the

crystals in the Fes04-ZnS composite.

91
TH-1435_10612225



Chapter 6

(A)

o
\9]
1
~
o]
~'

Absorbance
1
Intensity [ a.u

0.0 — . . , | ; .
300 400 500 600 400 500 600 700

Wavelength / nm Wavelength / nm

Figure 6.4. (A) Photographs of the aqueous dispersion of SPION-QDC in (a) absence and (b)
presence of an external magnetic field under (1) white and (2) UV light (365 nm). (B) UV-vis
and (C) emission spectra of the aqueous dispersion of (a) FesOs (pH-9.5; Aex-320 nm); (b)
Fe304-ZnS (pH-6.8; Aex-320 nm); and (¢) SPION-QDC (pH-6.8; Xex-365 nm). (D) Schematic

representation of the formation of SPION-QDC composite.

The aqueous dispersion of Fes04-ZnS composite upon complexation reaction
with HQ exhibited a strong green luminescent color (Figure 6.4A), following
irraditaion with UV (365 nm) light. This was in contrast to the as-synthesized Fe3Os-
ZnS composite and FesOs4 NPs, which showed no such emission (Figure A.6.1,

Appendix). On the other hand, dispersions of FesOs NPs and Fe30s4-ZnS composite
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(following HQ treatment too) were dark and light brown color respectively in daylight
(Figure 6.4A and Figure A.6.1, Appendix). Importantly, the product of the reaction
could be separated using a magnet (Figure 6.4A) and could again be redispersed in

water with retention of luminescence (not shown).

The UV-vis spectrum of the composite following complexation consisted of an
excitonic peak at 320 nm (due to the Qdot) and a peak at 365 nm, assigned to ZnQ:
complex formed on the surface of the Qdot (Figure 6.4B).17> 180, 193-194 The Jyminescent
spectrum of the Fe3s04-ZnS composite composite consisted of a single peak at 440 nm
(upon excitation at 320 nm). On the other hand, following complexation the peak at 440
nm disappeared and a new and intense peak appeared at 500 nm (Figure 6.4.C). The
excitation maximum for the peak at 500 nm appeared at 365 nm (Figure A.6.2,
Appendix). However, Fe3O4 nanocrystals did not have any clear emision peak even in
the presence of HQ, thus discounting the possibility of the peak at 500 nm due to any
product (associated with Fe) from the reaction (Figure A.6.3, Appendix). The results
are consistent with previous observations of formation of ZnQ. complex on the surface
of ZnS Qdot.17> 180 193194 Qyerall, the results suggest that several ZnS nanocrystals
grew on each Fe30s; the complexation reaction led to the formation of ZnQ. on the
surface of the ZnS Qdots. Earlier results suggested the bonding of the complex with the
dangling sulphide ions present on the surface, while the sixth coordinate my be
occupied by H>O. We define the new composite as SPION-QDC (SPION — Qdot —
Complex), the formation of which is schematically shown in Figure 1D. It is to be
mentioned here that the optimum amount of HQ required for the reaction was
calculated by monitoring the saturation in emission intensity at 500 nm (Figure A.6.4,
Appendix). It was found to require 0.03 mM HQ for a 2.0 mL of Fe304-ZnS composite
dispersion (with an absorbance value of 0.20-0.25 at 320 nm). That the luminescence at
500 nm was due to the formaton of a complex was further supported by the retention of
emission following centrifugation of the product and redispersion into the same
medium (Figure A.6.4, Appendix). Furthermore, there was no significant change in pH
of the reaction medium after complexation, which ruled out the effect of pH on the

changes in the luminescence.
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Figure 6.5. Fourier transform infrared (FTIR) spectra of the solid particles of (a) Fes04-ZnS
and (b) HQ treated FesOs-ZnS. The intensity of the peak at 1110 cm? (due to C-O-Zn
coordination) was 0.7 times that of the peak at 3300 cm™, clearly indicating the formation of
octahedral ZnQ; complexes on the surface of the FesO,-ZnS composite.152 175 180, 193-194
Similarly, the presence of the peaks at 604 and 742 cm™! (in-plane ring deformation), at 742,
803, and 820 cm™! (C—H out-of-plane wagging), at 1326 cm™! (C—H bending), at 1500 and
1468 cm™! (pyridyl and phenyl rings) and at 1580 and 1604 cm™' (C—C/ C—N stretching)

demonstrated the facile incorporation of ZnQ, complexes on the surface of Fes04-ZnS. 152 17>
180, 193-194
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Figure 6.6. Powder x-ray diffraction (XRD) pattern of solid HQ treated Fes0.-ZnS.
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Figure 6.7. (A) High resolution TEM (HRTEM; scale bar- 5 nm) and (B) corresponding
inverse fast Fourier transform (IFFT) images and (C) selected area electron diffraction (SAED)
pattern (scale bar: 5 nm™) of the aqueous dispersion of HQ treated Fes04-ZnS.
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Fourier transform infrared (FTIR) spectroscopy results showed that SPION-
QDC contained the functional groups corresponding to the octahedral ZnQ2 complexes,
which were absent in Fes04-ZnS (SPION-Qdot) composite. 12 175180, 193-194 The details
are described in the Figure 6.5. Additionally, the elemental analysis, from atomic
absorption spectroscopy (AAS), showed constancy of Fe:Zn content, thus indicating
that there was no discernible depletion of metal ions from the composite due to
complexation reaction (Table A.6.2, Appendix). However, the changes in the zeta
potential indicated modification of the SPION-Qdot surface following complexation
(Table A.6.1, Appendix). Also, the preservation of morphological characteristics of the
Fe304-ZnS composite following complexation with HQ was confirmed by XRD, TEM
and SAED analyses (Figure 6.6-6.7). 17> 188-190

The as-synthesized Fes04-ZnS  (SPION-Qdot) composite had a
photoluminescence QY of 0.6 % (at 320 nm excitation). On the other hand, the SPION-
QDC resulted in a QY of 5.9 % (with excitation at 365 nm) and 0.8 % (with excitation
at 320 nm, Table A.6.3, Appendix). The significant enhancement of QY and the red-
shift of the excitation maximum, due to the formation of complex on the surface of
Qdot is expected to make the SPION-QDC more attractive for bioimagning, especially
against the background of strong cellular autofluorescence.’®>1% Additionally, the
average excited-state lifetime of the SPION-QDC was measured to be 12.54 ns, also
enhancing their potential for bioimaging (Figure A.6.5 and Table A.6.4, Appendix). 1%
1% Furthermore, the HQ treated FesOs-ZnS composite was found 5 times more
photostable than an organic dye (here rhodamine 6G). For example, the decrease in
luminescence intensity for HQ treated Fe3Os-ZnS and rhodamine 6G were observed to
be 0.003 and 0.016% per sec (Figure 6.8A and Table A.6.5, Appendix), supporting the
superiority of the composite. Moreover, the stability of the luminescence (at Aex-365
nm and Aem-500 nm) of the SPION-QDC in human blood serum (as measured for 24 h)
indicated its clinical application potential (Figure 6.8B). Additionally, the zeta potential
of the aqueous dispersion of the SPION-QDC was measured to be —25.5 £ 0.6 mV,
indicating its colloidal stability in water, which is required for biological applications
(Table A.6.1, Appendix).1**1% Furthermore, the stability and long-term storage in solid
forms were confirmed by preservation of the bright green fluorescence, even after 15

days, as observed under fluorescence microscope (Figure A.6.6, Appendix).
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Figure 6.8. (A) Photostability (Ai-365 nm) - under continuous irradiation of light - of (a)
SPION-QDC (in water; Aem-500 nm) and (b) rhodamine 6G organic dye (in ethanol; Aem-570
nm). (B) Luminescence (Aex-365 nm) stability of SPION-QDC composite in human blood
serum as measured at different time intervals; Inset- emission spectrum (Aex-365 nm) of only
human blood serum. (C) M—H hysteresis curves of the solid particles of (a) Fe3O4, (b) Fe;O4-
ZnS (SPION-Qdot), and (c¢) SPION-QDC. (D) MTT based cell viability assay of HeLa cells
after 24 h treatment with varying concentrations of SPION-QDC composite.

The vibrating sample magnetometric (VSM) analysis of Fez0a, Fes04-ZnS and
SPION-QDC showed magnetization saturation values of 26.4, 3.88 and 3.81 emu/g,
respectively and the measurements supported their super paramagnetic nature at room
temperature (Figure 6.8C and Table A.6.6, Appendix).}88-18% 197 The decrease in
magnetic saturation of Fe30s-ZnS from (only) FesO4 (per unit weight) may be due to
the contribution of diamagnetic ZnS nanocrystals formed on the FezOs NPs.
Additionally, the treatment of HQ to Fe304-ZnS composite did not significantly change
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its magnetic saturation. Furthermore, the SPION-QDC showed magnetic saturation,

which is sufficient for magnet guided imaging applications, 188-189 197

The MTT based cell viability assay, performed using different concentrations
(with a maximum 0.36 mg/mL) of the SPION-QDC, showed that more than 90% of the
cervical cancer HelLa cells were viable after 24 h of incubation (Figure 6.8D). This
clearly indicated that the composite was nontoxic to the mammalian cells and thus

makes it suitable for biological applications.

Fluoroscence Merge

(Bl)-- j .rl
(Bz)--

Figure 6.9. (A) Confocal laser scanning microscopic images (scale bar - 25 um) of HeLa cells

following 4 h incubation with SPION-QDC. (B) Fluorescence microscopic images (scale bar -
100 um) of HeLa cells — which were cultured on two cover slips placed inside a petri plate and
incubated with SPION-QDC for 4 h. A magnet was placed below one cover slip during
incubation. The images are for cells on the cover slip (1) closer to external magnet and (2) the

other one away from the magnet.

Additionally, the SPION-QDC composite exhibited bright green luminescence
under confocal microscope, using 405 nm diode laser (Figure 6.9A), while no such
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green fluorescence was observed in control HelLa cells (Figure A.6.7, Appendix).
Importantly, the magnetic property of the composite offered the opportunity for
labelling of cells with spatial control, by using external magnetic field. In order to
achieve this, HelLa cells were cultured onto two cover slips - placed inside a cell culture
petri plate and then were incubated with the SPION-QDC composite for 4 h. A small
magnet was placed below the petri plate and closer to one of the cover slips (Figure
6.10). When viewed using a microscope, strong green luminescence was observed for
the cells on the cover slip which was near to magnet, while the cells on the other one
(away from the magnet) showed negligible luminescence (Figure 6.9B). On the other
hand, in the absence of any magnet strong green luminescence from the cells attached
to both the cover slips could be observed (Figure A.6.8, Appendix). This means that the
magnetic property of the composite could be used to direct the same for cell labelling
with spatial control. This may auger well for targeted cellular imaging and drug

delivery.

Slide No. II
near to,magnet

——

Slide No. [
away from magnet

Figure 6.10. Digital image of the set up used for magnet driven cellular imaging of HeLa cells
using HQ treated Fez04-ZnS composite. The petridis contains two glass slides; Slide No. I is

away from the magnet placed below the petridis and slide no. 11 is near and above the magnet.
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6.3. Conclusion

In conclusion, a new composite has been developed based on the complexation reaction
of Fe3s04-ZnS composite nanocrystals with HQ, leading to the formation of luminescent
ZnQ> on the surface of the Qdot. The high photoluminescence QY, photo-stability and
superparamgnetism of the SPION-QDC composite was used to demonstrate cellular
labelling with spatial control using an external magnetic field. Furthermore, the
luminescence stability in human blood serum, non-toxicity and magnet guided specific
cell imaging properties of the biocompatible SPION-QDC would make it a suitable
candidate for targeted bioimaging. Moreover, the complexation based QY enhancement
of multifunctional materials can be expected to bring new excitement in biodiagnostics

in near future.
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Summary and Future Prospects

7.1 Summary

The present thesis has been able to address partly the role of the surface ions in the
emission characteristics of Qdots, synthesized at comparatively low temperatures. This
has been achieved by using a simple cation exchange route; while on the other hand,
based on their chemical reactivity, the surface metal ions formed inorganic complexes
with an external organic ligand and the complexed Qdot - which was called herein as
quantum dot complex (QDC) -exhibited superior optical properties such high QY and
longer emissive life time and extra-ordinary thermal stability in comparison to bare
inorganic complexes. In addition, the complexation reaction on the surface of Qdots has
also demonstrated their uses to make the hydrophobic Qdots biologically amenable
following their transfer into water, to create a single component redox active double
channel emitting platform — in which the properties of Qdots and surface complexes are
retained, and to fabricate an excellent bio imaging probe — in combination with super-
paramagnetic iron oxide nanoparticle (SPION) — for the purpose of magnet guided
imaging of the cervical cancer HelLa cells and thus their potential clinical applications.
Finally, the chemical reactions such ion exchange and complexation on the surface of
Qdots provide platforms for understanding the surface chemistry of the Qdots and pave
way for the formation of newer composite with superior properties in order to have

better applications of Qdots.
7.2 Future Prospects

The presented chemical reactions on the surface of Qdots will bring a newer paradigm
towards understanding their surface chemistry — which is important for achieving their
desired applications in biodiagnostics and optoelectronics. This is also expected to open
new avenues in optical materials with superior roles of principles of chemistry.
Moreover, the formation of inorganic complexes on the surface of Qdots will provide a
new regime to have their applications in white light generation, sensing of different
chemical and biological entities, catalyze chemical reactions. Further, the
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understanding and establishing chemistry of complexes on the surface is important in
opening new vistas utilizing the full repertoire of traditional metal-organic complexes.
The present thesis can be expected to have a significant impact on technology involving
optical and optoelectronic devices, energy harvesting, chemical and biological sensing,

and bioimaging and targeted drug delivery.
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Figure A.2.1. Dependence of wavelength shifts and NBE/DLE intensity ratio on the
amount of CB added (recorded at 3 h after addition).
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Figure A.2.2. Photoluminescence decay curves of (A) ZnxCdixS NCs; (B) 50 mg CB
added NCs and (C) 150 mg of CB added NCs.
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Figure A.2.3. FTIR spectra of (A) sodium oleate and oleate capped ZnxCd«S.
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Table A.2.1. Interplanar distances of as prepared ZnxCdxS NCs measures from HRTEM
image (reported) and observed.

Amount of CB Quantum Yield

added (mg) (%)
0 12.0
10 10.4
20 10.2
30 9.2
40 7.5
50 7.3
60 6.3
70 6.1
80 5.6
90 4.7
100 4.5
110 4.3
120 3.1
130 2.5
140 2.4
150 1.7
160 1.5

Table A.2.2. Variation of quantum yield of ZnxCd;xS NCs with the amount of CB.

Amount of CB | Ay 1 As Tay $2
added (mg) (%) (ns) (%) (ns) (ns)  (ns)
0 20.7 | 14.7 | 41.4 | 58.0 | 37.9 | 235.0 | 192.6 | 0.993
50 196 | 135 | 39.5 | 55.3 | 40.9 | 211.8 | 176.3 | 0.998
150 11.7 | 5.0 | 31.8 | 23.9 | 56.5 | 113.8 | 103.5 | 0.999

Table A.2.3. (A) Decay parameters of ZnxCdixS NCs and CB added NCs: Near Band
Edge Emission (monitored at 420 nm).
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Amount of CB A1 Tav 12
added (mg) (%) (ns)  (ns)
0 8.7 | 53.1 | 46,5 | 248.4| 448 | 711.8 | 583.0 | 1.044
50 7.7 | 46.8 | 40.5 | 209.4 | 51.8 | 635.2 | 543.6 | 1.065
150 12.6 | 40.8 | 39.4 | 188.2 | 48.0 A 589.8 | 499.8 | 0.999

Table A.2.3. (B) Decay parameters of ZnxCdi.xS NCs and CB added NCs: Deep Level
Emission (monitored at 539 nm (as synthesized), 555 nm (50 mg CB added) and 564

nm (150 mg CB added).
Peak position (cm™) - S Eunctional groups

3430 O-H Stretching
2930 -C-H Asymmetric Stretching
2845 -C-H Symmetric Stretching
1560 -COO” Asymmetric Stretching
1440 -C-H Bending
1123 -C-0O Stretching

Table A.2.4. FTIR Peak positions of various functional groups observed with samples
as in Figure 2.6.
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Figure A.3.1. (A) Powder X-ray diffraction pattern, (B) uv-vis and emission (Aex-322
nm; in water), (C) transmission electron microscopic (TEM) image (scale bar-20 nm),
and (D) corresponding particle size distributionof uncapped ZnS Qdots.
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Figure A.3.2. Emission spectra (Aex= 361nm) of (a) Qdots (Aex= 322 nm) in water, (b)
5.0 mM of 8-HQ in methanol and (c) 5.0 uL, (d) 10.0 uL, (e) 15.0 uL, (f) 20.0 uL, (9)
25.0 pL, (h) 30.0 pL, (i) 35.0 uL and (j) 40.0 pL of 5.0 mM 8-HQ (in methanol) added
ZnS Qdots (2 mL) dispersion . The absorbance of the Qdots was 0.03 at 361 nm.
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Figure A.3.3. Emission spectra (Aex= 361nm) of (a) Qdots (Aex= 322 nm) in water, (b)
0.5 mM of ZnQ2 in methanol and different amount (c) 10.0 uL, (d) 20.0 uL, (e) 30.0
ulL, (f) 40.0 uL, (g) 60.0 uL, (h) 80.0 uL, (i) 100.0 uL, (j) 120.0 uL and (k) 140.0 uL of

0.5 mM of ZnQ2 (in methanol) added ZnS Qdots (2 mL) dispersion. The absorbance of
the Qdots was 0.03 at 361 nm.

106

TH-1435_10612225



Appendix

1.6 n 1.2 B)
—(a) — (a)
a\A) —(b) 1.0- (b)
81.2- e (C) 8 —(c)
i (d) 0.8 @
510 — | 3 —()
208 o6
§0'6‘ _‘204-
<0.4- <
0. 0.2-
0.0 T T T OO_
300 350 400 450 500 300 350 400 450 500
Wavelength (nm) Wavelength (nm)

Figure A.3.4. UV-Vis spectra of (A) HQ added ZnS Qdots (B) ZnQ- added ZnS Qdots
(a) before centrifugation; (b) pellet (re-dispersed into same amount of solvent) and (c)
supernatant after first centrifugation; (d) pellet (re-dispersed into same amount of
solvent) and (e) supernatant after second centrifugation.
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Figure A.3.5. Emission spectra (Aex = 361nm) of (A) HQ added ZnS Qdots (B) ZnQ>
added ZnS Qdots (a) before centrifugation; (b) pellet (re-dispersed into same amount of
solvent) and (c) supernatant after first centrifugation; (d) pellet (re-dispersed into same
amount of solvent) and (e) supernatant after second centrifugation.
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Figure A.3.6. Excitation spectra of (a) cysteine capped ZnS Qdots (Aem = 440 nm); (b)
HQ (Aem =520 nm); (c) ZnQ2 (Aem = 550 nm); (d) HQ added ZnS Qdots (Aem = 500 nm)
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and (e) ZnQz added ZnS Qdots and (Aem = 500 nm).
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Figure A.3.7. Emission spectra (A) at Aex = 322 nm and (B) at Aex = 361 nm of 2.0 mL
Qdot dispersion in water in the presence of different amounts: (a) 0.0 uL ; (b) 2.0 pL,

(c) 4.0 uL, (d) 8.0 pL, (e) 12.0 uL, (f) 16.0 uL, (g) 20.0 uL, (h) 25.0 uL and (i) 30.0 puL
respectively, of 1.0 mM HQ (methanol).
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Figure A.3.8. Emission spectra (Aex = 361 nm) of (a) 0.5 mM of ZnQ> complex in

methanol; (b) 0.5 mL, (c) 0.2 mL, and (d) 0.1 mL ZnQ2 complex (in methanol) added
to 2 mL of Mili Q water.
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Figure A.3.9. (A) Emission and (B) UV-Vis (Aex = 361 nm) spectra of (a) 0.5 mM of

ZnQ2 complex solution in methanol (pH- 7.4) and (b) that after addition of Na>S (pH-
7.8).
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Figure A.3.10. (A) UV-Vis and (B) emission spectra of (a) uncapped ZnS Qdots, and
of those following addition of (b) 30.0 uL 5.0 mM HQ (in methanol) and (c) 100.0 puL

of 0.5 mM of ZnQ2 complex (in methanol) to a 2.0 mL dispersion in water (emission
was monitored at 361nm ).

A _[a) B —{a}
_ *) () ®) — (b)
H — ’-:"
=1 (c) = (c)
< o
~ —
z 2
@ L7
13 5 ,
= E /
400 450  s00 550 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure A.3.11. (A) Emission spectra (Aex = 322 nm) of (a) cysteine stabilized ZnS
Qdots (in water), (b) 2.0 mL of ZnS Qdots following addition of 30.0 uL of 5.0 mM
BQ and (c) BQ-containing ZnS Qdots to which 30.0 uL of 5.0 mM HQ was then added.
(B) Emission spectra of (a) cysteine stabilized ZnS Qdots, (b) 2.0 mL of ZnS Qdots
following addition of 30.0 uL of 5.0 mM HQ and (c) HQ-containing ZnS Qdots to
which 30.0 uL of 5.0 mM BQ was then added.
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Figure A.3.12. Emission spectra (Aex = 361 nm) of (a) 2 mL of 0.5 mM ZnQ2 complex
(in methanol) and following addition of (b) 30.0 uL and (c) 60.0 uL 5.0 mM BQ.

) 2 —®)
—
o c — ()
= 5
o )
< Q
oy ey
R =
= =
L ]
N —
= =
H p—
20 40 60 80 100 20 40 60 30 100
Time (ns) Time (ns)

Figure A.3.13. (A) Time-resolved photoluminescence spectra of (a) cysteine capped
ZnS Qdots; (b) HQ-added ZnS Qdots and (c) ZnQ2 added ZnS Qdots. The spectra were
recorded using LED (308 nm). (B) Time-resolved photoluminescence spectra of (a)

ZnQ2; (b) HQ-added ZnS Qdots and (c) ZnQ2 added ZnS Qdots. The spectra were
recorded using LASER (375 nm).
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Figure A.3.14. FTIR spectra in the (A) range: 580-850 cm™ and (B) range: 1300-1620
cm* of (a) ZnS Qdots (b) HQ added ZnS Qdots and (c) ZnQ; added ZnS Qdots.
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Figure A.3.15. FTIR (range: 1050-1150 cm™) spectra of (A) ZnS Qdots, (B) HQ
added ZnS Qdots and (C) ZnQ2 added ZnS Qdots.
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Figure A.3.16. FTIR (range: 2600-3600 cm™) spectra of (a) ZnS Qdots, (b) HQ added
ZnS Qdots and (c) ZnQ2 added ZnS Qdots.
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200pM

Figure A.3.17. Microscopic images of cysteine capped ZnS Qdots in presence of (A)
white and (B) UV light (Aex = 350 nm).

Samples Q.Y (%) with excitation at

(@) ZnS Qdots 0.3 -

(b) HQ - 0.2
(c) ZnQ: - 0.9
(c) HQ added ZnS Qdots 0.16 3.2
(d) ZnQ2 added ZnS Qdots 0.14 3.0

Table A.3.1. Quantum yield (%) of (a) cysteine capped ZnS Qdots, (b) HQ, (c) ZnQ2,
(d) (c) HQ added ZnS Qdots and (d) ZnQ2 added ZnS Qdots.

BRI
(%) | (ns) | )  (ns) (%) | (ns) | (ns)

ZnS Qdots 16.25 3.35 83.75 33.63 = 33.1 1.03
HQ added ZnS Qdots | 3.88 2.178 4359 6.05 52.54 13.49 114 | 1.02
ZnQ added ZnS Qdots = 3.93 1 0.789 40.56 5.88 5552 1418 122 1.04

Table A.3.2.A. Decay parameters of the product following complexation between
cysteine capped ZnS Qdots and 8-HQ or ZnQ2, monitored at 308 nm (using LED).

TN
(%) (ns) | %) | (ns) = (%) | (ns) (ns)

ZnQ; 100 2 47 - 247 | 1.03
HQ added ZnSQdots = 5.72 1.31 4239 505  51.89 1236 105 1.06
ZnQ added ZnS Qdots = 6.87 155 4051 6.06 5262 1411 119 1.02

Table A.3.2.B. Decay parameters of complexation between cysteine capped ZnS Qdots
and 8-HQ or ZnQ2 monitored at 375 nm (using LASER).
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Fluorescence decrease rate (1/1o) (% per
Sec)

Rhodamine 6G 0.013

HQ treated ZnS Qdots 0.003
ZnQ; treated ZnS Qdots 0.004
ZnQ2 0.004

Table A.3.3. Fluorescence decrease rate (% per sec) of (a) Conventional organic dye
(Rhodamine 6G) (b) HQ added ZnS Qdots (¢) ZnQ2 added ZnS Qdots and (d) ZnQ:>

complex.

Functional (b) (c) HQ (d) ZnQ:
groups VAN added added

Qdots ZnS ZnS Qdots
Qdots

1605 C-C/C-N stretching P A P P
1577 C-C/C-N stretching P A P P
1500 Pyridyl group of HQ P A P P
1468 Phenyl group of HQ P A P P
1328 C-H bending P A P P
1110 -C-O-Zn Stretching P A P P
822 C-H out plane wagging P A P P
802 C-H out plane wagging P A P P
742 C-H out plane wagging, P A P P
in plane ring
deformation
642 in-plane ring P A P P
deformation
605 in-plane ring P A P P
deformation

Table A.3.4. Tabulated FTIR wave number vs functional groups of (a) ZnQ2, (b)

cysteine capped ZnS Qdots, (¢) HQ added ZnS Qdots and (d) ZnQ2 added ZnS Qdots.

In table A.3.4, P and A indicates the presence and absence of the functional groups.

cysteine capped ZnS Qdots No significant peak at 1110 cm *
ZnQ: 0.70
HQ added ZnS Qdots 0.88
ZnQ- added ZnS Qdots 0.92

Table A.3.5. Tabulated intensity ratio of 3333 cm™ band to 1110 cm™ band of (a)
cysteine capped ZnS Qdots, (b) ZnQ2, (c) HQ added ZnS Qdots and (d) ZnQ: added

ZnS Qdots.
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A4: Chapter 4
(A —@| |(B) —(@)| |(C)
==(b)| ~ —(b)| ~
§ ) —(c) ;; = (c) g
. 2 2 —(@)
; —0
< g £ —©
Y70 30 a0 a0 0 50 400 40 S0 a0 @0 o0 W 300 350 400
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure A.4.1. (A) UV-Vis spectra, (B) emission spectra (Aex=365 nm) and (C)
excitation spectra (at their individual emission maxima) of methanolic solution of (a)
HQ (Aem=520 nm), (b) ZnQ2 (Aem= 550 nm) and (c¢) CdQ2 (Aem= 545 nm).
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Figure A.4.2. (A) Powder X-ray diffraction pattern, (B) thermo gravimetric analysis

(TGA) and (C) FTIR spectrum of solid CdQ2.2H-0.
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Figure A.4.3. Excitation spectra of (a) oleate capped ZnxCdi1xS Qdots (in hexane; at
Aem- 539 nm), (b) Qdots transferred into water following complexation with HQ (at

Aem- 505 nm).
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Figure A.4.4. (A) UV-Vis and (B) emission spectra (Aex =365 nm) of phase transferred
Qdots (in water) following complexation with (a) 0.1 mM ZnQ> (pH-5.58), (c) 0.1 mM
CdQ:z (pH-5.62) and (d) mixture of 0.1 mM ZnQz and 0.1 mM CdQ:z (pH-5.6) in water
phase (with which the reaction was started).
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Figure A.4.5. Emission spectra (Aex= 369 nm) of (a) oleate capped ZnxCd1xS Qdots (in
hexane), (b) (b) 5.0 uL, (c) 10.0 uL, (d) 15.0 uL, (e) 20.0 uL, (f) 25.0 uL, (g) 30.0 uL,
(h) 35.0 uL, (i) 40.0 uL and (j) 45.0 uL of 1.0 mM 8-HQ (in hexane) added Qdots (2.0
ml) dispersion . The absorbance of the Qdots was 0.54 at 369 nm.
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Figure A.4.6. (A) UV-Vis spectra of (a) oleate capped ZnxCdixS Qdots (in hexane)
and the rest part in hexane after phase transfer of Qdots into water following
complexation with (b) 0.1 mM ZnQz, (c) 0.1 mM CdQz and (d) mixture of (0.05 mM
ZnQz + 0.05 mM CdQ.) in water phase (with which the reaction was started), (B)
corresponding of their depletion (%) of Qdots in hexane.
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Figure A.4.7. Emission spectra (Aex= 365 nm) of the transferred Qdots into water
following complexation with (A) HQ having (a) 0.25 mM (pH-5.66), (b) 0.5 mM (pH-

5.62), (c) 0.75 mM (pH-5.73), and (d) 1.0 mM (pH-5.65) concentration in water phase
(with which the reaction was started).
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Figure A.4.8. Time-resolved photoluminescence spectra (using 375 nm LASER) of (A)
Qdots transferred into water following complexation with HQ (at Aem= 505 nm), (B)
ZnQ: (in methanol; at Aem = 550 nm) and (C) CdQ2 (in methanol; at Aem = 545 nm).
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Figure A.4.9. Effect of photo irradiation with time on the emission (Aex = 365 nm)
intensity of (a) conventional dye (Rhodamine- 6G in ethanol at Aem = 570 nm); (b)
oleate capped ZnxCdi1xS Qdots (in hexane; at Aem = 539 nm) and (c) Transferred Qdots
(in water; at Aem = 505 nm) and (d) ZnQ2 (in methanol; at Aem = 550 nm) and (e) CdQ>
(in methanol; at Aem = 545 nm).
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Hexane Phase Water Phase Composition
Phase Composition

Transfer | Conc. of Total Water = MeOH Total Conc. of
System Qdots volume | (mL) (mL) volume HQ (mM)
(mL) (mL)
4.0 1.0
4.0 1.0

() | 02mg/mL 5.0 5.0 0.25
()  02mg/mL 5.0 . . 5.0 0.50
(I 02mg/mL 5.0 4.0 1.0 5.0 0.75
(IV) | 02mg/mL 50 4.0 1.0 5.0 1.00

Table A.4.1. The details of phase transfer systems for transferring oleate capped
ZnyCd1xS Qdots form hexane phase to water phase following complexation with
different amount of HQ.

Hexane Phase
Phase Composition

Water Phase Composition

Total MQ:  Conc.
(mL) | volume | complex = (mM)
(mL)
1.0 5.0 0.1
1.0

Transfer Total Water
System Qdots volume (mL)
(mL)
4.0
4.0

()] 0.2mg/mL 5.0 ZnQ:
) 0.2mg/mL 5.0 : : ' CdQ2 :
(nn 0.2mg/mL 5.0 4.0 1.0 5.0 ZnQ; 0.05

+ CdQ, +0.05

Table A.4.2. The details of phase transfer systems for transferring oleate capped
ZnxCd xS Qdots form hexane phase to water phase following complexation with MQ:

complexes.
Conc. of HQ (mM) Depletion (%)
0.25 68.5+5.5
0.50 75.3+2.8
0.75 85.4+3.3
1.00 91.4+3.9

Table A.4.3. The dependence of % of depletion (or transfer efficiency) on the amount
of HQ used for surface complexation reaction during transfer of oleate capped ZnxCd;-
xS Qdots from hexane phase to water phase.
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Complex used Conc.(mM) Depletion (%)

ZnQ, 0.1 70.8+2.4
ZnQ, + CdQz (1:1) 0.1 78.2+2.6
CdQ. 0.1 82.8+2.7

Table A.4.4. The dependence of % of depletion (or transfer efficiency) on different
complexes which were used for surface complexation reaction during transfer of oleate
capped ZnxCdi«S Qdots from hexane phase to water phase.

(@) ZnxCd1xS Qdots (in hexane) 369 10.8%
(b) Transferred Qdots (in water) 365 4.9%
(c) ZnQ2 (in methanol) 365 1.1%
(d) CdQ: (in methanol) 365 1.3%

Table A.4.5. Quantum yield (%) w.r.t. quinine sulphate (in 0.1 M H>SO4) of (a)
ZnxCd1xS Qdots (in hexane), (b) transferred Qdots (in water), (c) ZnQz (in MeOH), (d)
CdQz (in MeOH).

Samples Al Az Az
(%) ns (%) ns (%)  (ns) (ns)

(A) Transferred Qdots 345 59.9 16 9 149  1.03
(B) ZnQ: (in MeOH) 100 25 - - - - 25 103
(C) CdQ2 (in MeOH) | 100 3.3 - - - - 33 105

Table A.4.6. Decay parameters (using 375 nm LASER) of (A) transferred Qdots in
water (Aem= 505 nm), (B) ZnQ: (in MeOH; Aem= 550 nm), (C) CdQz (in MeOH; Aem=

545 nm).

Samples "~ Monitoredat | Fluorescence decease
rate (1/10) (% per sec)

(a) Rhodamine 6 G 365 560 0.11

(b) ZnxCd1xS Qdots 369 539 0.02

(c) Transferred Qdots 365 505 0.01

(d) ZnQ> 365 550 0.03

(e) CdQ: 365 545 0.02

Table A.4.7. Fluorescence decrease rate (% per sec) of (a) Conventional organic dye
(Rhodamine 6G); (b) ZnxCd1-xS Qdots (in hexane), (c) transferred Qdots (in Water), (d)
ZnQ> (in methanol), (e) CdQ:z (in methanol).
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As: Chapter 5
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Figure A.5.1. Emission spectra (with Aex= 364 nm) with different amount - (a) 0.0 uL,
(b) 5.0 uL, (c) 10.0 pL, (d) 15.0 pL, (e) 20.0 uL, (f) 25.0 uL, (g) 30.0 uL and (h) 35.0

uL - of 5.0 mM HQ (in methanol) added to 2.0 mL aqueous dispersion of AcAc capped
5.6% Mn?* doped ZnS Qdots.
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Figure A.5.2. Emission spectra (A) with Lex= 330 nm and (B) with Lex = 364 nm of (a)
AcAc capped 5.6% Mn?* doped ZnS Qdot; (b) optimum (30.0 pL) and (c) excess
(100.0 pL) of 5.0 mM HQ added AcAc capped 5.6% Mn?* doped ZnS Qdot before
centrifugation; (d) pellet (following redispersion) and (e) supernatant of optimum HQ
added AcAc capped 5.6% Mn?" doped ZnS Qdot after centrifugation; (f) pellet

(following redispersion) and (g) supernatant of excess HQ added AcAc capped 5.6%
Mn?* doped ZnS Qdot after centrifugation .

121

TH-1435_10612225



Appendix

0.3 _(a)
(b)
0.2 =)

Absorbance
=

0.0- -
250 300 350 400 450 500 550 600

Wavelength (nm)
Figure A.5.3. UV-vis spectra of (a) AcAc capped 5.6% Mn?* doped ZnS Qdot; (b)
pellet (following redispersion) and (c) supernatant of excess (100.0 uL) 5.0 mM HQ
added AcAc capped 5.6% Mn?* doped ZnS Qdot (2.0 mL) after centrifugation.
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Figure A.5.4. Emission spectra at (A) Aex =330 nm and (B) Aex =364 nm with different
amount - (a) 0.0 uL, (b) 20.0 uL, (c) 40.0 uL, (d) 60.0 uL, (e) 80.0 uL, (f) 100.0 pL,
(9) 120.0 pL and (h) 140.0 pL - of 0.5 mM ZnQ: (in methanol) added to 2.0 mL
aqueous dispersion of AcAc capped 5.6% Mn?* doped ZnS Qdots; (C) emission spectra
of (a) Qdots (Aex =330 nm) and (b, c) excess (200.0 uL) of 0.5 mM ZnQ: added Qdots
(2.0 mL) (recorded following centrifugation and redispersion) monitored with Aex =330
and 364 nm light respectively and (D) UV-vis spectra of (a) Qdots and (b) excess
(200.0 puL) of 0.5 mM ZnQ: added Qdots (recorded following centrifugation and
redispersion).
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Figure A.5.5. (A) UV-Vis and (B) emission spectra (Aex =364 nm) of (a) HQ, (b) ZnQz,
and (c) MnQz in methanol.
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Figure A.5.6. (A) UV-vis spectra of (a) AcAc capped Qdots with different amount of
Mn?* concentrations: (1) medium (3.4%) content and (11) low content (2.7%) and (b)
excess (100.0 uL of 5.0 mM) HQ added Qdots (2.0 mL) (recorded following
centrifugation and redispersion) and (B) emission spectra of (a) AcAc capped Qdots
(hex =330 nm) with different amount of Mn?* concentrations: (1) medium (3.4%)
content and (I1) low content (2.7%) and (b, c) excess (100 uL of 5.0 mM) HQ added
Qdots (2.0 mL) (recorded following centrifugation and redispersion) with Aex =330 and
364 nm, respectively; (inset; shows the two emission peaks due to Mn?* and host ZnS
of 2.7% Mn?* doped ZnS).
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Figure A5.7. (A) UV-Vis spectra of (1) uncapped, (I1) citrate capped and (I1I)
chitosan capped (a) 5.0-6.0% Mn?* doped ZnS Qdot and (b) the centrifuged product
obtained from excess (100 uL of 5.0 mM) HQ added to 2.0 mL of 5.0-6.0% Mn?*
doped ZnS Qdot (B) emission spectra of (1) uncapped, (I1) citrate capped and (I11)
chitosan capped (a) 5.0-6.0% Mn?* doped ZnS Qdot with (a) Aex = 330 nm; and the
centrifuged product obtained from excess (100 pL of 5.0 mM) HQ added to 2.0 mL of
5.0-6.0% Mn?* doped ZnS Qdot with (b) Aex = 330 nm and (C) Aex = 364 nm.
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Figure A.5.8. Time-resolved photoluminescence spectra of (A) the product following
complexation between HQ and AcAc capped Mn?* doped ZnS Qdots with different
dopant concentration (a) 5.6%, (b) 3.4% and (c) 2.7%; (B) the product following
complexation between HQ and 5.0-6.0% Mn?* doped ZnS Qdots with different capping
environment using (a) no capping agents (uncapped), (b) citrate and (c) chitosan as
capping agents.
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Figure A.5.9. Zeta potential curves of (A) 5.6%, (B) 3.4% and (C) 2.7% Mn?* doped

AcAc capped ZnS Qdots (1) and (2) their products following complexation with HQ.

(A1) (A2)
400000 274 mV
& 300000 17.7 mV Z
= £ 300000
S Fl
2 200000 E]
o O 200000 +
g 10000 £ 100000 |
= 0 =
-100 0 100 200 -100 0 100 200
Zeta Potential (mV) Zeta Potential (mV)
(B1) (B2)
@ 300000 8.1mV & 600000 238 mV
& 2
g £
S 200000 2 400000
C o]
g 100000 g 200000
a 0 100 [ 100 200 = 0
) . -100 0 100 200
Zeta Potential (mV) Zeta Potential (mV)
(cy 383 mV ()
2 , 1200000 248 mV
2
£ 400000 5
H Z 800000
&) o
= 200000 =
E E 400000
S S
= 0 = 0
-100 0 100 200 ~100 200

Figure A.5.10. Zeta potential curves of (A) bare (without capping agent), (B) citrate
and (C) chitosan stabilized (1) 5.0-6.0% Mn?* doped ZnS Qdots and (2) their products
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following complexation with HQ.
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Figure A.5.11.TEM images (1) and corresponding particle size (2) distributions of AcAc
capped (A) 5.6 %, (B) 3.4% and (C) 2.7% Mn?* doped ZnS Qdots and (D, E and F) of their

respective product following complexation with HQ.
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Figure A5. 12 TEM |mages (1) and correspondlng particle size (2) distribution of 5.0-6.0%
Mn?* doped ZnS Qdots with different capping environment: (A) no capping agents, (B) citrate

capped and (C) chitosan capped and (D, E and F) of their respective product following
complexation with HQ.
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Figure A.5.13. Powder X-ray diffraction pattern of (a)AcAc capped 5.6% Mn?* doped
ZnS Qdot; (b) of the sample obtained following centrifugation of excess HQ added
AcAc capped 5.6% Mn?* doped ZnS Qdots.

Figure A.5.14. HRTEM (scale bar- 2 nm) and corresponding IFFT (inset square boxes)
of (A) AcAc capped 5.6% Mn?* doped ZnS Qdot; (B) of the sample obtained following
centrifugation of excess HQ added AcAc capped 5.6% Mn?* doped ZnS Qdots.

Figure A.5.15. Selected Area Electron Diffraction (SAED) (inset; scale bar: 2 nm™)
images of (A) AcAc capped 5.6% Mn?*doped ZnS Qdot; (B) of the sample obtained
following centrifugation of excess HQ added AcAc capped 5.6% doped Mn?*doped
ZnS Qdots.
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Figure A.5.16. (A) FTIR spectra of (a) AcAc capped Mn?* ZnS Qdot; (b) of the
sample obtained following centrifugation of excessHQ added AcAc capped 5.6%
Mn?*doped ZnS Qdots, and (B) their expanded forms in the (1) range 2600 -3600 cm™,
(11) range 1300 -1700 cm?, (111) range 1050 -1150 cm?, and (1V) range 580 -850 cm™.
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Figure A.5.17. FTIR spectra of (a) 5.0-6.0% Mn?*doped ZnS Qdot (Aex = 330 nm); (b)
pellet from excess (100.0 ul) 5.0 mM HQ added Mn?* doped ZnS Qdot (2.0 mL)

obtained after centrifugation: with (A) no capping agents; (B) citrate; and (C) chitosan
as capping agents.
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Figure A.5.18. Differential scanning calorimetric analysis of (a) Qdot and (b) QDC.
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Figure A.5.19. Emission spectra (Aex=364 nm) of QDC (redispersed in methanol) (a)
before and (b) after heating at 370 °C.
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Figure A.5.20. (A) UV-Vis and emission spectra (B) at Lex-330 nm and (C) at Aex-365
nm of QDC in liquid phase at different time intervals.
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Figure A.5.21. Emission spectra (A) at Lex-330 nm (B) at Lex-365 nm of (a) 0.0 pL (b)
10.0 pL (c) 20.0 pL (d) 30.0 uL and (e) 40.0 pL of 5.0 mM Hg?* treated 2.0 mL QDC
(inset: (1) QDC and 40.0 uL of 5.0 mM Hg?* treated QDC) and (C) emission spectra at
Aex-330 nm of (a) 0.0 uL (b) 10.0 pL (c) 20.0 pL (d) 30.0 puL and (e) 40.0 uL of 5.0
mM Hg?* treated 2.0 ml Qdots (inset: (1) Qdots and 40.0 uL of 5.0 mM Hg?" treated
Qdots) .

SI. No. | Stabilizer | Mn QY (%) (d)
(%) Qdots QYcl QY.

ACcAC 0.68

ACcAC 0.6 - -

11 AcAC 2.7 0.04 - 45 -
B | Bare 5.8 9.2 3.3 7.0 0.76
| Citrate 6.0 25.4 4.8 20.0 0.79
11 Chitosan 5.3 16.6 10.2 12.8 0.77

Table A.5.1. QY (using quinine sulphate as a standard) of (a) Qdots (Lex = 330 nm) (A)
with different dopant concentration [(1) 5.6%, (I1) 3.4% and (111) 2.7%], keeping AcAc
as the capping agent and (B) with different capping agents [(I) no capping agents, (1)
chitosan and (I11) citrate as capping agents], keeping same dopant concentration (5.0-
6.0%) and their corresponding product obtained following complexation with HQ, with
(b) Aex = 330 nm and (c) 364 nm, respectively; (d) the QY ratio of the formed surface
complex (at Aex= 364 nm) and their parent 5.0-6.0% Mn?* doped ZnS Qdots (at dex=
330 nm) having different stabilizers.
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Tri exponentlally fitted data

Sl No. Stablllzer Mn A T A, Az
(%) (%) | (ns) (%) (ns) (%) (ns) (ns)

I AcAc 6.06 094 | 4225 427 5169 | 1041 8.81 0.99
Il AcAc 779 090 | 4409 371 4812 | 894 742 1.03
i AcAc 2.7 853 093 | 4563 361 4584 | 884 724 101
B | Bare 58 108 | 119 48.18 453 4107 1058 8.42 | 1.00

I Citrate 6.0 6.60 106 32.06 4.60 6134 1471 132 1.01
Il Chitosan = 5.3 | 6.67 113 4325 453 50.08  11.15 9.35 1.04

Table A.5.2. Decay parameters (monitored using 375 nm laser) of the product
following complexation between HQ and Mn?* doped ZnS Qdots where the as-
prepared Qdot has different synthetic environment. (A) with different dopant
concentration [(I) 5.6%, (1) 3.4% and (I11) 2.7%], keeping AcCAc as capping agents
and (B) with different capping agents [(I) bare (no capping agents), (I1) chitosan and
(111) citrate as capping agents], keeping same dopant concentration (5.0-6.0%).

SI No. Stabilizer Mn (%) pH at 23 °C

Qdots QDC

A | AcAcC 5.6 5.85 5.78
I AcAcC 3.4 5.76 5.69

Il AcAcC 2.7 5.78 5.73

B | Bare 5.8 5.69 5.67
I Citrate 6.0 6.12 6.08

1l Chitosan 5.3 5.62 5.60

Table A.5.3. pH measurement of the product following complexation between HQ and
Mn?* doped ZnS Qdots where the as-prepared Qdot has different synthetic
environment: (A) with different dopant concentration [(I) 5.6%, (Il) 3.4% and (l11)
2.7%], keeping AcAc as capping agents and (B) with different capping agents [(I) no
capping agents, (11) chitosan and (I11) citrate as capping agents], keeping same dopant
concentration (5.0-6.0%).
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Capping % of Zeta Potential (mV) Mobility (umcm/Vs)
molecules  dopants

A D AcAc 5.6 17.2 26.8 1.4 2.1
() AcAc 3.4 19.9 26.2 1.6 2.0
(nry AcAc 2.7 18.8 25.8 15 2.0
B ()] Uncapped 5.8 17.7 27.4 1.4 2.1
(D) Citrate 6.0 8.1 23.8 0.6 1.9
(D) Chitosan 5.3 38.3 24.8 3.0 1.9

Table A.5.4. Measurement of zeta potential and mobility of Mn?* doped ZnS Qdots
with different synthetic environment: (A) with different dopant concentration [(I) 5.6%,
(1) 3.4% and (I111) 2.7%], keeping AcAc as capping agents and (B) with different
capping agents [(1) no capping agents, (I1) chitosan and (I11) citrate as capping agents],
keeping same dopant concentration (5.0-6.0%) and their products following
complexation with HQ.

SINo.  Capping % of Mn?*doped ZnS Qdot HQ added Mn?* doped
molecules  dopants ZnS Qdot

[zn?]  [Mn*] [Mn*]  [Zn*] [Mn*]  [Mn*]
(ppm) (ppm) :[Zn*] (ppm)  (ppm)  :[Zn*]

A () AcAc 56% 747 45 006 743 4.5 0.06
()  AcAc 34% 741 27 004 737 2.6 0.04
(M) AcAc 27% 713 21 003 711 2.0 0.03

B () Uncapped 58% 753 47 006 750 45 0.06
()  Citrate  60% 755 48 006 753 46 0.06
() Chitosan  5.3% 725 40 006  71.9 3.9 0.06

Table A.5.5. Tabulated Mn/Zn ratio of the product following complexation between
HQ and Mn?* doped ZnS Qdots where the as-prepared Qdot has different synthetic
environment: (A) with different dopant concentration [(I) 5.6%, (11) 3.4% and (I11)
2.7%], keeping AcAc as capping agent and (B) with different capping agents [(I) no
capping agents, (11) chitosan and (I11) citrate as capping agents], keeping same dopant
concentration(5.0-6.0%).
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SI  Capping % of Mn?*doped ZnS Qdot HQ added Mn2* doped |
molecules  dopants ZnS Qdots
Total No. of Diameter  Total No. Diameter
particles (nm) of particles (nm)
(@) AcAc 5.6% 245 3.1+0.4 210 3.1+0.4
(b) AcAc 3.4% 198 3.1+0.4 180 3.1+0.5
(©) AcAc 2.7% 175 3.1+04 155 3.1+0.4

Table A.5.6. Change in average diameter (nm)of the AcAc capped Mn?* doped ZnS
Qdots, having different dopant concentrations [(a) 5.6%, (b) 3.4% and (c) 2.7%d],
following complexation with HQ .

Capping % of Mn?*doped ZnS Qdot ~ HQ added Mn?* doped
molecules dopants ZnS Qdots
Total No. Diameter  Total No. Diameter
of particles (nm) of particles (nm)
@) uncapped 5.8% 124 4.8 +0.3 140 4.8 +0.3
(b) citrate 6.0% 200 2.6 +0.3 224 2.6 +0.3
(c) chitosan 5.3% 155 3.9+0.4 160 3.9+0.4

Table A.5.7. Change in average diameter (nm) of the 5.0-6.0% Mn?* doped ZnS Qdots,
for different capping environment of the Qdots [(a) no capping agents, (b) citrate and
(c) chitosan as capping agents], following complexation with HQ.

Wavenumber (cm™?)

T Ty
A A A A A A A A A A A

Qdots
AcAc QDC P P P P P P P P P P P
Qdots A A A A A A A A A A A
Bare QDC P P P P P P P P P P | P
Qdots A A A A A A A A A A A
Citrate QDC P P P P P P P P P P P
Qdots A A A A A A A A A A A
Chitosan |  QDC P P P P P P P P P P P

Table A.5.8. Presence (P) and absence (A) of the above functional groups in the
product following complexation between HQ and 5.0-6.0% Mn?* doped ZnS Qdots
with different capping agents.
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Wave number Functional Wave number Functional
(Cm?) groups (Cm?) groups

1605 C-C/C-N stretching 1110 -C-0O-Zn Stretching
1577 C-CI/C-N stretching 822 C-H out plane wagging
1500 Pyridyl group of HQ 802 C-H out plane wagging
1468 Phenyl group of HQ 742 C-H out plane wagging,

in plane ring deformation
1328 C-H bending 642 in-plane ring deformation
605 in-plane ring deformation - -

Table A5.9. Tabulated FTIR wavenumber vs functional groups of the product
following complexation between HQ and 5.0-6.0% Mn?* doped ZnS Qdots with
different capping agents.

Stabilizer 13300 cm-1: l11100m-1
AcAc 5.6 No significant peak at 1110 cm'? 0.73
Uncapped 5.8 No significant peak at 1110 cm? 0.68
Citrate 6.0 No significant peak at 1110 cm? 0.81
Chitosan 53 No significant peak at 1110 cm™ 0.84

Table A.5.10. Tabulated intensity ratio of 3333 cm™ band to 1110 cm™ band of the
product following complexation between HQ and 5.0-6.0% Mn?* doped ZnS Qdots
with different capping environment.

Samples PL decrease rate (% per sec) excited at

(a) Rhodamine 6G 0.10 0.11
(b) Qdot 0.02 -
(c) QDC 0.02 0.03

(d) ZnQ2 complex - 0.02

Table A. 5.11. Photoluminescence decrease rate (% per sec) of (a) organic dye
(Rhodamine 6G at Aem- 570 nm; in ethanol) (b) AcAc capped 5.6% Mn?* doped ZnS
Qdots (at Lem- 588 nm; in water) (c) HQ added AcAc capped 5.6% Mn?* doped ZnS
Qdots (QDC at Aem- 588 and 500 nm; in water) and (d) ZnQ2 complex (at Aem- 500 nm;
in methanol) being monitored at two different excitation wavelengths (330 nm and 364
nm).
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A6: Chapter 6

(A)

(B)

Figure A.6.1. Optical images of the aqueous dispersion of (A) FesOs and (B) Fe3Os-
ZnS recorded under (a) white and (b) UV light (365 nm), in the (1) absence and (2)
presence of external magnetic field. Due to lack of absorbance ZnS Qdots did not show
any fluorescence at the excitation wavelength of 365 nm.
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Figure A.6.2. Excitation spectra of the aqueous dispersion of (a) FezOas (Aem= 440 nm),
(b) Fe304-ZnS (Aem= 440 nm) and (c) HQ treated Fe304-ZnS (Aem=500 nm).
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Figure A.6.3. Emission spectra (Aex=365 nm) of the aqueous dispersion of (a) FesO4
and (b) HQ treated FezOa.
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Figure A.6.4. (A) Emission spectra (Aex= 365 nm) of the medium resulting from
addition of (a) 0.0 uL, (b) 2.0 uL, (c) 4.0 uL, (d) 6.0 pL, (e) 8.0 uL, (f) 10.0 uL, (g)
12.0 uL of 5.0 mM of HQ (in ethanol) to the aqueous dispersion of 2.0 mL of Fe3Os-
ZnS (pH-6.8; with absorbance 0.2 at 320 nm); (B) emission spectra(lex= 365 nm) of the

medium when (a) 12.0 puL (optimum) of 5.0 mM of HQ was added to the aqueous
dispersion of 2.0 mL of Fe304-ZnS before centrifugation, (b) supernatant and (c) pellets
obtained following centrifugation and redispersion into same amount of solvent.
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Figure A6.5. Decay profiles (using 340 nm LED as excitation source) of the aqueous
dispersion of HQ treated Fe30s-ZnS (Aem =500 nm), which were fitted by tri
exponential function. Where IRF stands for instrument response function.

Figure A.6.6. Microscopic images of solid samples of HQ treated Fes04-ZnS in
presence of (A) white and (B) UV light (Aex = 350 nm).The solids of the particles were
placed on a glass slide and then imaged under fluorescence microscope.

DIC Fluorescence Merged

Figure A.6.7. Fluorescence image of only HelLa cells under confocal laser scanning
microscope (scale bar — 25 um).
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Fluoroscence Merge

DIC
(A) -
(B) -
) -

Figure A.6.8. Fluorescence images (scale bar — 100 um) of HelLa cells — which were
grown in a petridis containing on two glass slide (A and B) - following 4 h incubation
with HQ treated Fes04/ZnS. Each glass slide was monitored under fluorescence
microscope. (C) Fluorescence image (scale bar-100 um) of only HeLa cells.

" Samples = ea Potental (1)

FesO4 -52.0+0.5
Fe304/ZNnS -31.0+0.1
HQ treated Fez04/ZnS -25.5+0.6

Table A.6.1. Zeta potential values of the aqueous dispersion of (a) FezOa, (b) FesOs-
ZnS and (b) HQ treated Fe304-ZnS.
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ions (ppm) ions (ppm)
Fe304-ZnS 2.32 12.1 0.192
SPION-QDC 2.20 11.7 0.188

Table A.6.2. Tabulated Fe/Zn ratio of the aqueous dispersion of (a) Fes04-ZnS and (b)
HQ treated Fez04-ZnS.

Samples Monitored Aex at

Fe304/ZnS 0.7% -
HQ treated Fez04/ZnS 0.8% 5.9%

Table A.6.3. Quantum yield (%) w.r.t. quinine sulphate (in 0.1 M H2SO4) of the
aqueous dispersion of (a) Fes0s-ZnS (Aex =365 nm; Aem =440 nm) and (b) HQ treated
Fe304-ZnS (Lex =320 and 365 nm; Aem =500 nm).

HQ treated 33.54 4.68
Fes04/ZnS 8.75 0.84 1254 1.10

57.71  14.16

Table A.6.4. Decay parameters (using 340 nm LED as excitation source) obtained
following tri-exponential fitting of TRPL of the aqueous dispersion of HQ treated
Fe304-ZnS (Lem =500 nm).

Samples Lex (NM) | Xem (hnm)  Fluorescence decrease
rate (% per sec)

HQ treated Fez04-ZnS 365 500 0.015
Rhodamine-6G 365 570 0.003

Table A.6.5. Fluorescence decrease rate (% per sec) of (a) HQ treated Fes04-ZnS (in
water) and (b) rhodamine 6 G (in ethanol).

Samples Magnetic saturation
value (emu. g

Fe304 26.34
Fes04/ZnS 3.88
HQ treated Fez04/ZnS 3.81

Table A.6.6. Magnetic saturation value of the solid particles of (a) FesOa, (b) FesOs-
ZnS and (b) HQ treated Fe30s-ZnS.
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Instruments.

Chapter 2. UV-Vis and PL spectra (using Aex = 369 nm) were recorded on a Perkin
Elmer Lambda 45 UV-Vis spectrophotometer and Horiba Fluoromax-4
spectrofluorimeter respectively. Time-resolved photoluminescence (TRPL) intensity
decays of the Qdots both in absence and presence of CB were recorded using a Life
Spec 1l spectrofluorimeter (Edinburgh Instrument). The sample was excited by Pico
Quant 375 nm LED source. The decay curves were analyzed by FAST software,
provided by Edinburgh Instrument along with the fluorescence instrument. The XRD
patterns for the powder NCs were recorded by a Brucker D2 Phaser X-ray
diffractometer (having CuKa radiation 1.5418A0). A JEOL JEM 2100 transmission
electron microscope (operated at a maximum accelerating voltage of 200 kV) was used
to analyze size and structure of alloyed NCs deposited on Formvar carbon-coated
copper grids. FTIR spectra of NC samples were recorded in a Perkin-Elmer (Model:
Spectrum One) spectrophotometer. Elemental analysis was carried out using a fast

sequential absorption spectrophotometer (Varian AA240FS model).

Chapter 3. The XRD patterns for the samples were recorded in a Brucker D2 Phaser
X-ray diffractometer (having CuKo radiation at 1.5418A). UV-Vis and PL spectra
recordings were carried out with Hitachi U-2900 spectrophotometer and HORIBA-
Fluorolg3 spectrofluorimeter respectively. A JEOL JEM-2100 transmission electron
microscope (operated at a maximum accelerating voltage of 200 kV) was used to
analyze size, structure (from high resolution TEM images) and nature of samples
deposited on formvar-carbon-coated copper grids. Inverse fast Fourier transform (IFFT)
images were obtained by using Gatan Digital Micrograph software. FT-IR spectra of
solid samples were recorded in a Perkin-Elmer (Model: Spectrum One)
spectrophotometer. Time-resolved photoluminescence (TRPL) analyses were
performed using Life-Spec-11 spectrofluorimeter (Edinburgh Instrument, using Pico
Quant 375 nm LASER and 308 LED source). The decay curves were analyzed by
FAST software, provided by Edinburgh Instrument along with the fluorescence
instrument. Quantum yields of samples were measured using quinine sulphate (in 0.1 M
H>S04) as a standard. Photostability experiments were carried out in a Perkin Elmer LS
55 instrument for %2 h, using Rhodamine 6G as standard. TGA and DSC were recorded
by using Perkin Elmer 4000 and Perkin Elmer 6000 instruments respectively. Optical
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microscopy images under white and UV light (at an excitation wavelength of 350 nm)
were recorded by OLYMPUS BX 51 microscope fitted with a digital camera. The pH
of the dispersions of QDCs and Qdots was measured using a JENWAY 3510- pH

meter.

Chapter 4. A Hitachi U-2900 spectrophotometer and a HORIBA-Fluorolog 3
spectrofluorometer were used to record the UV—vis and PL spectra. Quantum yield and
photostabilty of samples were measured using standard solutions of quinine sulfate (in
0.1 M H»SO4) and rhodamine 6G, respectively. Time-resolved photoluminescence
(TRPL) analyses were carried out using Life-Spec-II spectrofluorometer (Edinburgh
Instrument, using Pico Quant 375 nm LASER source), and the decay curves were
analyzed by FAST software. The pH of the dispersions of the sample was measured
using a JENWAY 3510 pH meter. A PerkinElmer (Model: Spectrum One)
spectrophotometer was used for recording the FT-IR spectra of solid samples. The
transmission electron microscopic (TEM), high resolution TEM (HRTEM), and
selected area electron diffraction (SAED) pattern of the samples deposited on formvar-
carbon-coated copper grids were recorded in a JEOL JEM-2100 transmission electron
microscope (operated at a maximum accelerating voltage of 200 kV). The particle size
distribution and inverse fast Fourier transform (IFFT) images were obtained by using
Gatan Digital Micrograph software. A Bruker D2 Phaser X-ray diffractometer (having
Cu Ko radiation at 1.5418 A) was used to measure the XRD patterns of the powder
samples. Thermal gravimetric analysis (TGA) was recorded by using a Mettler Toledo
TGA/SDTAS851e thermal analyzer in a nitrogen atmosphere, with a heating rate of 7
°C/min.

Chapter 5. Photoluminescence spectra were recorded using HORIBA-Fluorolg3
spectrofluorimeter. UV-Vis spectra were recorded with Hitachi U-2900
spectrophotometer. The pH of the dispersions of QDCs and Qdots was measured using a
JENWAY 3510- pH meter. Quantum yield (Q.Y.) of sample was calculated by using
quinine sulphate (Q.Y.=54% in 0.1 M H>SOg) as a reference sample. Time resolved PL
studies were performed by using Life-Spec-11 spectrofluorimeter (Edinburgh
Instrument, using Pico Quant 375 nm LASER and 308 LED source) and the decay
patterns of the samples were analyzed by FAST software with the same instruments.

Rhodamine 6G was used as a standard for time dependent (up to 500 sec) photo
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irradiation experiments.4 ESR (Electron Spin Resonance) spectra of the powder
samples were recorded using JEOL FA 200 ESR spectrophotometer. FT-IR
spectrophotometer (model: Spectrum Two) was used to analyze the solid samples. Zeta
potential measurements of the colloidal dispersion were done using Malvern Zetasizer
Nano ZS instruments. The XRD patterns of solid samples were measured using
Brucker D2 Phaser X-ray diffractometer (having CuKo radiation at 1.5418A). TEM,
high resolution TEM and SAED (selected area electron diffraction) analyses were done
with JEOL JEM-2100 transmission electron microscope (operated at a maximum
accelerating voltage of 200 kV).Using Gatan Digital Micrograph software inverse fast
Fourier transform (IFFT) images were obtained from the same sample used for TEM
analysis. TGA and DSC were recorded by using Perkin Elmer 4000 and Perkin Elmer
6000 instruments, respectively. OLYMPUS BX 51 microscope fitted with a digital
camera was used to capture the images of solid samples under white and UV (with 350

nm excitation wavelength) light.

Chapter 6. The digital photographs of the samples were taken under UV light (365
nm) using a UV-lamp (Spectroline). The UV-Vis and PL spectra were recorded using
Perkin Elmer Lambda-750 spectrometer and HORIBA-Fluoromax4 spectrofluorimeter,
respectively. The JENWAY 3510- pH meter was used to measure the pH of the
samples. The XRD patterns of the powder samples were measured using Brucker
D8Advance X-ray diffractometer. The TEM, HRTEM and SAED pattern of the
samples were recorded in a JEOL JEM-2100 transmission electron microscope
(operated at a maximum accelerating voltage of 200 kV) following deposition of the
aqueous dispersion on formvar-carbon-coated copper grids. The inverse fast Fourier
transform (IFFT) images and particle size distribution were obtained by using Gatan
Digital Micrograph software. The photostability of the samples were measured in
Perkin-Elmer spectrofluorimeter with continuous irradiation of light and 0.1 sec data
intervals. Time-resolved photoluminescence (TRPL) analyses were performed using
HORIBA-JOBIN YVON FLUOROLOG spectrofluorimeter and using 340 nm LED
excitation source with pulse width <1ns. To capture the images of the solid samples
under white and UV (with 350 nm excitation wavelength) light, OLYMPUS BX 51
microscope fitted with a digital camera was used. The atomic absorption spectrometer

(Varian AA240FS model) was used for elemental analysis of the aqueous dispersion of

142

TH-1435_10612225



Appendix

the samples following their acid digestion. The FTIR spectra of the solid samples were
recorded using Perkin-Elmer (Model: Spectrum One) spectrophotometer. Magnetic
measurement of the samples was performed using a vibrating sample magnetometer
(VSM; Model No. 7410 series). HeLa cells incubated with samples were imaged under
an epi-fluorescence microscope (Nikon Eclipse TS100, Tokyo) using a Qdot 525 nm
filter. Using Leica TCS SP8 STED (405 nm diode laser; magnification-60x oil
immersion objective) microscope the confocal images of the samples were recorded.

Quantum Yield Determination. The quantum yield (QY) of the samples were

calculated using quinine sulphate (in 0.1 M H2SQOg) as standard and following equation:

2

Q, =Qx x:—sx%xn—z
R U (1)

Where, Qs = sample’s QY; Qr = standard’s QY (0.54 in 0.1 M H2SOz); Is = area under
the emission curve of sample; Ir = area the emission curve of standard; Ar = standard’s
absorbance; As = sample’s absorbance; ns = refractive index of solvent which is used
for dispersion of sample; nr = refractive index of solvent which is used for dispersion
of standard. The concentration of all samples and the standard were fixed followed by
adjusting their absorbance to 0.1 + 0.01 at 369 nm.
Life time calculation. The decay profile was fitted to a multi-exponential model

using following equation
|(t):ZO‘i exp () ?)

Where, single, bi and tri exponential functions were used to fit respective emission with
obtaining 2 close to 1.0. The averaged life times (tav) in Table S2, determined from the

results of three exponential model using
ZaiTiZ
_
av Z%Ti

T (3

Where, ai and ti are the pre-exponential factors and excited-state luminescence decay

time associated with the i-th component, respectively.
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