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General Introduction

‘There is Plenty of Room at the Bottom’. This was the title of lecture given by Richard Feynman
in 1959, where he encouraged his fellow scientists and students to look down at the level of
atoms and molecules. He was not talking about how it is going to be done, he was talking that
this is possible to look down at the level of several atoms and molecules. This was the concept
idea behind nanotechnology, the term, which first used by Norio Taniguchi over a decade after
the Feynman's lecture. Even if the term began to be widely used among scientists during the
last decades of the XX™ century, the multi-colored stained-glass windows of medieval churches
show that this technology used before the term was invented.

Looking back and studying the three industrial revolutions, each driven by manufacturing,
electricity, and the Internet, one might think that downsizing could be one of the reasons for the
fourth industrial revolution, which many believe we are already experiencing.

Nowadays, nanotechnology, which studies the synthesis methods, properties, characteristics
and applications of nanoscale particles, finds its place in many areas of industry and life, from
electronics and catalysis to agriculture, food processing and medicine.

Semiconductor particles ranging in size from 1 to 10 nm are called quantum dots (QDs). QDs
are considered as intermediate materials between molecules and so-called bulk materials and
their properties sharply differ from the bulk materials. For example, QDs due to their small size
are subject to the so-called quantum confinement effect which results is a discretization of
energy levels (increase in bandgap energy with decreasing size of QDs). Moreover, bulk
materials are basically reflectors, whereas QDs absorb light. Once excited with an energy higher
than the bandgap, they emit light at a wavelength longer than the absorbed light. Moreover,
their physical, optical and magnetic properties are size, shape and composition dependent.
The multicomponent composition of modern fluorescent QDs (such as I-111-VI or I-11-111-VI
QDs) allows changing the stoichiometry, which makes it possible to adjust the position of the
photoluminescence (PL) peak in the visible and in the near-infrared zone. Doping QDs with
additional ions is one of the ways to impart additional properties and/or change the existing
ones. For example, to give magnetic properties to QDs, doping with paramagnetic ions such as
manganese is used. In many cases, doping with Mn?* ions was reflected in the PL emission
spectrum with a peak at around 600 nm originating from the Mn?* 4T, — 8A; transition.

However, in some cases, the doping with Mn?* jons can affect the PL emission peak position.

11



This shows that doping with Mn?* not only imparts magnetic properties to the QDs, but also
affects the fluorescence mechanism.

Due to the detection possibility by a conventional fluorescence microscope, QDs are potential
materials for use in biology and/or medicine for observing processes at the single-molecular
levels. If these particles also have magnetic properties, they can be used in diagnostics, therapy
and separation. Separation is usually carried out using an external magnetic field.

The therapy is based on drug delivery, where magnetic nanomaterials have an advantage over
other nanoparticles due to the possibility of drug movement using an external magnetic field
and not only the targeting ligands.

Diagnosis, especially early diagnosis, is important in the fight against cancer. Fluorescence
imaging (FI) and magnetic resonance imaging (MRI) are among the most effective diagnostic
tools. Fluorescent QDs have already shown advantages over organic dyes as fluorescent probes
due to their size-adjustable properties, modifiable surfaces, optical characterictics and so on.
Magnetic QDs are of great interest in the use of MRI as contrast agents (CAs). Combining these
properties in one probe would serve to improve the efficiency, sensitivity and accuracy of the
diagnosis.

This work examines the synthesis and characterization of QDs for use in biomedicine, and
especially as bimodal probes for fluorescence and magnetic resonance imaging.

The thesis is composed of five chapters.

Chapter 1, a literature review, covers general topics such as QDs structure, their synthesis
methods, and their properties. In addition, widely studied application areas of QDs are also
considered in the literature review.

In Chapter 2, the synthesis of highly fluorescent green- and orange-emitting Ag-In-Zn-S (AIZS)
QDs and their doping with Mn?* ions in organic media are described. The influence of Mn-
doping on the QDs fluorescent and magnetic properties were discussed. Tuning the PL emission
of Mn-doped AIZS QDs originating from a donor-acceptor (D-A) emission by changing the
Mn-doping amount was demonstrated and the possible mechanism investigated. This chapter
represents the article published in Inorganic Chemistry Frontiers in 2019 : P. Galiyeva, H.
Alem, H. Rinnert, B. Lavinia, S. Blanchard, G. Medjahdi, B. Uralbekov and R. Schneider,
Inorg. Chem. Front., 2019, 6, 1422-1431. doi: 10.1039/C9Q100131J.

Chapter 3 describes the aqueous phase synthesis of Mn-, Gd-, Fe-doped AlZS QDs using L-
Glutathione (GSH) as capping ligand. In this chapter, along with the morphology, elemental

12



analysis, optical and magnetic properties, the colloidal and photostabilities as well as in vitro
cytotoxicities of these particles were investigated. Moreover, these particles were tested as the
fluorescent probes in fluorescent imaging.

Chapter 4 describes the preparation of new quinary Ag-In-Ga-Zn-S (AIGZS) QDs using single
precursors synthesized by varying the Ag/In/Ga/Zn molar ratio. The optical properties,
structural characterizations as well as the aqueous phase transfer will be discussed.

Finally, in Chapter 5, the doping of AIGZS QDs with Mn?* ions was considered. The optical
and magnetic properties of Mn-doped AIGZS QDs along with the morphology and structural
characteristics will be described. In addition, the aqueous phase transfer of these particles using
two ligands was considered and the first trials for the use of these particles as MRI contrast
agents will be presented.

The thesis was completed with a general conclusion, which shows the main results and

prospects of the work done.
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Chapter 1. Literature review on quantum dots and doped

guantum dots

1.1. Introduction

Quantum dots are tiny semiconductor nanomaterials with sizes less than 10 nm. The QDs can
be composed of several hundred to several thousands of atoms and their optical and electrical
properties differ from the bulk materials. QDs were discovered in 1980s! during heat treatment
of supersaturated solid solutions. Inspired by this study further investigations were conducted
on QDs based on the explanations of their structure, properties, and the behaviour of these

particles.

Currently, QDs are used in many industries where variable optical properties are convenient: in
optoelectronics to expand the resolution of gadget screens, in medicine as various multimodal
probes, in biomedicine for labeling, and also to convert solar energy to electrical energy, etc.

All these properties of QDs differ from those of bulk materials with larger sizes.

Generally, the structure of QDs consists of a fluorescent inorganic core covered by an inorganic
shell with similar dimensions as the core — shell may be missing depending on the properties of
core material —and an organic ligand material is used to stabilize the QD and defines its polarity.
Fig. 1.1 shows a schematic illustration of a QD. Every layer of the QDs plays a crucial role and
can give additional properties to them. For example, while the main properties of the QDs are
set by the core, the shell allows to reduce surface defects, which leads to improvement in optical
properties. The surface ligand is usually bound to the shell and defines its polarity, as mentioned
before, subsequently, it influences the stability and the solubility of QDs in various

environments.
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Figure 1.1. Schematic illustration of a QD stabilized with 1-Dodecanethiol (DDT)

The QDs can be fabricated in different way depending on the desired properties, the field of
applications and according to the given structure: bottom-up or top-down approach; in a liquid
phase or in a gas phase; in aqueous media or organic media; chemical synthesis or epitaxial
growth, etc.

As a rule, each method has its own advantages and disadvantages. Usually the synthesis
methods are selected according to the requirements for aimed nanoparticles (NPs). But, in
general, it is desirable that the synthesis method be not expensive, easy to conduct, fast and

reproducible.

Semiconductor nanoparticles have been of great interest in the past few decades. According to
this, their applications are growing continuously. This leads to increasing demands for the
quality and versatility of nanoparticles and, in addition, suitable adaptations of synthesis

methods.

In the following parts of this work, more detailed information on the structure, properties,
methods of preparation and applications with a focus on I-111-VI group elements-based
nanoparticles, especially Ag-In-Zn-S QDs, since they are the subject of this research study.

15



1.2. Structure

The structure of QDs can be considered in two ways: first, the crystal structure of the unit cell;
second, the structure of a dot. The crystal structure corresponds to the smallest structured part
of QDs and follows the same pattern in all directions. The structure depends on several factors
such as the composition of QDs, the synthesis methods, the starting materials, the synthesis

conditions and the synthesis media. The following sections cover these topics in more detail.

1.2.1. Crystal structure of quantum dots

As it is well known, the core of QDs usually consists of an inorganic crystalline material (for
carbon dots, the core is composed of carbon). While the binary QDs are 11-VI, 11I-V compounds,
Ti, In oxides and Pb, Hg iodides?, while in ternary and quaternary QDs, the cationic part consists
of metals of the first and third groups, and the anionic part — as in the binary ones — consists of
chalcogenes. In many cases, ternary and quaternary QDs are considered as derivatives of binary
QDs, since Group-1I and Group-I11 metals replace the Group-I1 metal in binary QDs, increasing
their range of properties and decreasing their toxicity, which is usually the highest weakness of
Cd-based binary QDs. Further valence equivalent substitution of Group-111 atoms with Group-
Il and Group-IV or Group-Il and Group-lll atoms leads to I.-1I-IV-VIs and I-II-11I-VI
quaternary quantum dots (Table 1.1).

Table 1.1. Evolution of QDs classes with examples

Class Element groups Examples
Binary -VI CdS, CdSe, CdTe
Ternary I-111-VI Ag-In-S, Cu-In-S
Quaternary I-11-1V-VI or I-11-111-VI Ag-In-Zn-S or AgInS;-ZnS

16



The crystal structure of solid substances is characterized by the Bravais lattices. Bravais lattices
are spatial lattices that describe the arrangement of atoms in crystalline substances. Auguste
Bravais, a french physicist, suggested that crystal lattices are constructed from points regularly
placed in space — nodes (which are the locations of atoms), that can be obtained as the result of
repeated parallel movements of that given point. If we consider a single crystal, where each
repeated small part of this crystal is considered as a cell, atoms in these cells are arranged
regularly and the positions of these atoms follow the certain pattern. There are 14 types of
Bravais lattices, which, depending on the location of the elements in the unit cell, are divided
into four groups called lattice types and, depending on the symmetry of the cells, are divided
into seven groups called syngonies. There are four lattice types. In the primitive lattices, the
nodes are located only in the corners of the cell. In the body-centered lattices, the nodes are
located in the corners of the cell and a node in the cell center. In face-centered lattices, the nodes
are located in the corners of the cell and the nodes in the center of every faces of the cell. In
base-centered lattices, the nodes are located in the corners of the cell and the nodes in the centers
of two opposite faces of a cell. Seven syngonies — cubic, tetragonal, orthorhombic, monoclinic,
hexagonal, trigonal, and triclinic — differ from each other in the lengths of the cell sides and the

angles between them.

1.2.2. Crystal structure of semiconductor QDs of the I-111-VI2 group

Most of the binary QDs show zinc blende and wurtzite crystal structures, while ternary and
quaternary QDs show zinc blende, wurtzite and chalcopyrite structures. Zinc blende structure
refers to face-centered syngony of cubic crystal system. The name comes from the name of the
zinc sulfide substance, which has two polymorphs: cubic zinc blende and hexagonal wurtzite.
In both zinc blende and wurtzite crystal structures, every zinc atom coordinate to four sulfur
atoms and every sulfur atom coordinates to four zinc atoms, but they differ in cell density. The
hexagonal wurtzite QDs structure forms at higher temperature as the result of thermal
rearrangement of the zinc blende structure. Chalcopyrite structure refers to a tetragonal
symmetry system, its name comes from the name of copper iron sulfide (or chalcopyrite)
mineral. In this tetragonal structure, every metal atom is surrounded by four sulfur atoms, so

every sulfur atom is surrounded by four metal (two copper, two iron) atoms (Fig. 1.2).
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Figure 1.2. Schematic illustrations of a) binary zinc blende?; b) ternary chalcopyrite®

and c) binary wurtzite* structures

It is possible to tune the crystal structure of QDs depending on the composition of these
materials® and/or depending on the synthesis temperature®.

The smaller the particle, the larger the surface-to-volume ratio. Surface-to-volume ratio is
defined as the number of atoms (or what fraction of atoms in a particle) present on the surface
of the particle. This is an important parameter of solids, which affects the reactivity and melting
point of these particles, since the atoms on the surface are the ones to enter to the reaction first.
Here is the visualisation of surface-to-volume ratio and graph shows how melting point of gold

particles reduces with decreasing the particle diameter (Fig. 1.3)".
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Figure 1.3. Schematic illustrations of: a) smaller the diameter the particle the more
portion of atoms on the surface of particle; b) decreasing diameter decreases melting

temperature of gold particles’

Very often researchers try to achieve as large surface-to-volume ratio as possible, since this
reduces product consumption. For example, in catalytic reactions, a process takes place on the
surface of a catalyst and thus the catalytic activity increases with the decrease of the
nanoparticles size. Thus, there are two positive points: the rate of the catalytic reaction increases
and the consumption of the catalyst decreases. In biological applications, surface-to-volume
ratio of particles plays also an important role. According to their use, QDs can be of different
sizes and structures. For biological studies, QDs are always covered with an organic ligand, the

amount of which determines the QD size, and hence the surface-to-volume ratio.

Binary QDs have been a hot topic for the last decades thanks to their high fluorescence, size-
dependent optical and electronic properties and facile synthesis methods. Following the
development of binary QDs in terms of higher quantum yield, ternary and quaternary QDs have
emerged due to their reduced toxicity. Among other advantages of multicomponent (ternary
and quaternary) QDs, we can mention (i) the possibility of doping these nanocrystals with metal
ions and (ii) their stability in both stoichiometric and in non-stoichiometric ratios®. Doping helps

to give these particles additional properties such as magnetic properties when doping with
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paramagnetic ions, which expands the horizon of their application. Stability at different ratios
helps to adjust their properties, especially optical and electronic, to adapt them for the desired

applications and enhance the interest in these particles.

1.2.3. Core/shell structure of quantum dots

The core/shell structure of nanoparticles appears when there is at least one substance in the core
and another substance in the shell (or on the surface). The core/shell structure is used to improve
the properties and characteristics of nanoparticles for specific purposes. The core and the shell
are composed of different materials possessing similar properties, therefore core/shell materials
own the properties of both core and shell materials. The core of nanoparticles is covered with a
shell either to improve the core properties or to protect it. Namely, to increase its stability
(thermal, reactive), its dispersibility, to impart additional properties (such as magnetic or
photoluminescence), to modify the surface of QDs as passivating layer or to reduce the toxicity.

Core/shell nanoparticles are classified depending on core, shell and core/shell complex
structures®. According to this classification, the core of these nanoparticles can be dense, porous
or rattle, the shell can have continuous, dense, continuous and porous or particulate shell
(patchy) nature. Another classification® divides core/shell nanoparticles into four groups
depending on their compositions: inorganic/inorganic, inorganic/organic, organic/inorganic

and organic/organic. Their synthesis approaches and applications areas are also different.

Inorganic/inorganic core/shell nanoparticles include semiconductor nanoparticles also known
as QDs. In the semiconductor nanoparticles either the core or the shell or both of them are made
of semiconductor materials. Among these nanoparticles, a great interest falls on
semiconductor/semiconductor core/shell particles. First, since both the core and the shell are
semiconductors, the shell improves the optical properties of the core and increases its
photostability. In other words, semiconductor nanocrystals have defects on their surface, which
are traps for photogenerated electrons. This decreases the optical characteristics of QDs,
especially the photoluminescence quantum yield (PL QY). To solve this problem, cores are
covered with a shell material, which is also a semiconductor with a different band gap energy.
Depending on the band gap energy differences and the position of the boundaries of the
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conduction and valence bands, there are three different groups of core/shell nanoparticles'® (Fig.
1.4): 1. Type-I (higher band gap shell); 2. Quasi-type 1l reverse (lower band gap shell); 3. Type-
Il

(A) (B) (©)
Type-I Quasi-type II Type-11

Figure 1.4. Type | and Type Il band-edge alignments at the interface of core and shell

semiconductors!!

In Type-I group semiconductors, the band gap of the shell material is wider than the band gap
of the core material. Electrons and holes are trapped within the core region because both the
conduction and the valence band edges of the core are located within the energy gap of the

shell®.

In the Quasi-type Il case, the shell material exhibits a narrower bandgap than the core material.

Therefore, electrons and holes are partially localized/delocalized in the shell/core material.

In the case of Type-II core/shell semiconductors, there are two possible configurations, either
the conduction and valence bands of the shell are higher than that of the core, or vice versa.
Therefore, the energy gradient existing at the interfaces tends to spatially separate the electrons

and the holes on the core and the shell materials®?.
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1.2.4. Quantum confinement

When considering nanoscale particles, there is one concept that cannot be avoided. It is the
guantum confinement effect. This effect is important because the size and the shape-dependent
properties of QDs are the results of this effect. When the size of the bulk semiconductor
materials is limited in three spatial directions, at a certain time the radius becomes equal to or
less than the Bohr radius and, as a result, QDs are generated. In these QDs, the motion of
electrons and holes randomly moving in different directions is limited and directed to certain
energy levels, leading to a transition from continuous to discrete energy levels, which increases
the band gap. Fig. 1.5 shows a schematic illustration of the relationship between particle sizes

and bandgap energies.
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Figure 1.5. Figure of the bandgap energy dependence on particle size
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1.2.5. Doping of quantum dots

Multinary QDs are the evolutionary derivatives of primary binary QDs. In the past decades,
binary 1I-VI, 11I-V and IV-VI semiconductors (such as CdS, CdSe, CdTe, PbS and PbSe) and
their alloys have been intensively studied because of their promising optical properties. But
further development of such size and shape-dependent semiconductors have led to the
preparation of ternary I-111-VI QDs (where | = Cu, Ag; Il = In, Ga and VI =S, Se, Te etc.),

which are less toxic due to the absence of Cd?*, Hg?*, Pb?" ions in their compositions.

Compared to 1I-VI nanocrystals, I-111-VI nanocrystals have wider full-width at half-maximum
(fwhm) of PL emission spectra, longer PL lifetime and larger Stokes shift, which diminish the
self-absorption in optoelectronic and biotechnology applications®®. Based on the quantum
confinement effect, I-111-VI semiconductor particles exhibit a tunable bandgap and their PL
spectra can be tuned by controlling the size of QDs, the synthesis temperature, and the chemical
composition of the nanocrystals'#. The main drawback of these QDs is that they exhibit a weak
quantum efficiency (or quantum yield), but this defect can be removed by shelling or alloying
with a higher bandgap material such as ZnS (noteworthy is that ZnS exhibits similar lattice
parameters and crystal structure)!>*7. After that, more advanced quaternary I-1I-11I-VI QD
materials appeared with the expanded opportunities for changing the composition and
accordingly the properties and characterizations. One advantage of multinary semiconductor
QDs is the possibility of introduction and/or substitution of other ions that are not part of these
crystals to give them additional properties. This is called doping of semiconductor

nanocrystals.

Doping of QDs is the process of introducing additional ions into the crystal structure of QDs to
provide an additional property or to improve existing ones. This process is widely used to
provide semiconductor QDs with magnetic properties, or to influence their optical, electrical
properties. During the doping, one or more types of ions*® can be introduced and it is important
to introduce doping ions into the core of nanocrystals, rather than adsorbing them on the surface

of the nanoparticles.

It is important to know at what stage of the QDs formation, the doping materials are introduced
as it affect the final product properties. For example, Y. Yang and co-workers®® tested three
different approaches of doping Mn?* ions into core/shell QDs : into the core, at the core-shell

boundary and in the shell. The produced QDs exhibited dopant position dependent optical
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properties: the red Mn emission peak showed different PL QY when varying the dopant position

and the highest value was measured when the dopant was introduced during the shell formation.

Doping of semiconductor QDs with paramagnetic metal ions provides them magnetic and
fluorescent properties simultaneously.

Spectroscopic analysis methods were used to determine the location of the dopant ions in
nanocrystals and the location was found to depend on the synthesis method. The review
reported that four types of methods are used to synthesize the doped QDs?°: (1) The growth of
semiconductor QDs in a solution of the precursors of the QDs and of the dopant ion, in the
presence of a passivating ligand; (2) The use of an inverse micelle solution in which the QDs
grow inside water droplets from precursors dissolved in the water phase; (3) The well-known
hot injection methods for the synthesis of undoped QDs can also be modified by including a
dopant precursor in the reaction mixture; (4) The cluster method: (resembles the hot injection
method) selected organometallic cation clusters used as precursors (similar coordinating

ligands, growth at elevated temperatures) and the temperature is raised.
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1.3. Synthesis methods of quantum dots

There are several methods to prepare QDs using either bottom-up or top-down approaches. In
the top-down method, the bulk semiconductor material is crushed to the desired small size to
obtain QDs, for example by ball milling, etc. The bottom-up approach describes the process
when QDs are produced from precursors in the presence of a solvent. This method is widely

used to synthesize semiconductor QDs. The next paragraphs will focus on bottom-up reactions.

Depending on the process environment, bottom-up synthesis methods can be divided into wet-
chemical methods (liquid phase) or vapor-phase (gaz phase) methods. Examples of vapor-phase
synthesis method are molecular beam epitaxy, gazeous phase monomers aggregation, spraying
of liquid metal sources. Sol-gel, hot-injection, microemulsion, solvothermal and

electrochemical methods are examples of wet-chemical methods.

Almost all colloidal QDs used in bioresearch (biomedicine, bioimaging) are synthesized by
wet-chemical methods. Depending on the solvent used, the wet-chemical synthesis methods
may be organic phase synthesis and aqueous phase synthesis. A suitable synthesis method or
synthesis medium is selected depending on the desired properties and the final applications of
the QDs.

As mentioned above, there are the two ways to synthesize nanoparticles in colloidal form, in
aqueous media or in organic media. Both approaches have their advantages and shortcomings.
For example, aqueous phase synthesized particles can be directly sent to the surface
modification step for the final applications unlike organic phase synthesized ones, which
require an additional step in their preparation — aqueous phase transfer. On the other hand,
organically synthesized particles have fewer surface defects and thus exhibit a higher PL
quantum vyield because they are usually processed at a higher-temperature than that used in

aqueous synthesis.

Several approaches have been developed for the synthesis of colloidal QDs such as hot-
injection, non-injection method, thermal decomposition, solvothermal method and aqueous

methods including hydrothermal synthesis.
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1.3.1. Organic media synthesis

As multinary QDs are the products of the change and development of binary and ternary QDs,
most of multinary QDs synthesis routes are adapted versions of methods used for the
preparation of binary/ternary QDs. Among the studies on I-111-VI1> QDs, a one-pot synthesis
was reported for orthorhombic phase AgInS: (AIS) nanorods, nanoparticles and worm-like
shape nanoparticles'®. Briefly, for the synthesis of AgInS: nanoparticles, analytical grade
AgNO:s (0.04 g), In(NO3)z (0.1 g) and sulfur powder (0.01 g) were put into a warm solvent of
octadecylamine (10 mL) at 120 °C, reaction lasted for 10 minutes. Using of 0.05 g sulfur
powder resulted AgInS2 nanorods; at 200 °C worm-like shaped AgInS; obtained. This thermal
decomposition method allows the shape and size controllable synthesis of ternary QDs.

In 2007, Torimoto and co-workers reported a new protocol for the synthesis of ZnS-AgInS;
(ZAIS) solid solution nanoparticles based on the thermal decomposition of metal ion-
diethyldithiocarbamate complex!’. This precursor was prepared by mixing a sodium
diethyldithiocarbamate aqueous solution with silver, indium and zinc nitrates (mole ratio of
xIx/2(1 - x), total concentration of Me ions is 0.025 mol/L) in water. ZAIS nanoparticles were
obtained by heat treatment of this precursor in N2 atmosphere: first for 30 min at 180 °C, then
with addition of 3 mL oleylamine at the same temperature for 3 min. The PL emission of the
obtained particles was blue shifted by increasing the Zn amount in precursor, which enabled to
tune the desired emission color in visible spectrum. Later, the same researchers demonstrated
the fluorescent enhancement of these QDs by post-synthesis heat treatment (after 30 min
heating at 180 °C, PL QY reached 66 %, which is one of the highest value for quaternary
QDs)2,

Over the years, various methods for the synthesis of ZAIS QDs were proposed and the initial
research on their applications have been done. In particular, the so-called hot-injection and
non-injection methods were used for the syntheses of ternary Ag-In-S (AgInS; or AgInsSg)
QDs?22-28 and quaternary Zn-Ag-In-S (AgInSz-ZnS or AginsSs-ZnS) QDs®2°,

1.3.1.1. Hot-injection method

The hot-injection method is the largest spread method because of its simplicity. It was first

demonstrated by Murray and co-workers3® in 1993 in the synthesis of high quality CdE (E = S,
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Se, Te) nanocrystals at 280 °C when using TOP/TOPO (tri-n-octylphosphine / tri-n-
octylphosphine oxide) solvent coordinates. As the result, the nanomaterials with consistent
crystal structure and diameter varying between 1.2 and 11.5 nm were produced. Fig. 1.6 shows
the schematic illustration of simple equipment for hot-injection method. This method is based
on the crystallization of a nanomaterial during the injection of cold precursors into a hot solvent

in a flask.

injection of

precursors
reaction mixture K }
_—

flask heater

Figure 1.6. Schematic illustration of the equipment for the hot-injection synthesis of QDs

Some examples of using the hot-injection method for the synthesis of quaternary Zn-Ag-In-S
(AgInS2-ZnS or AgInsSg-ZnS) QDs are given below.

In 2009, Xie and co-workers demonstrated a versatile one-pot synthesis of CulnS; (CIS) NCs,
which they also applied for the synthesis of the AgInS2 semiconductor?3. Here, they used thiol
ligands to control the reactivity of the cationic precursors. Further, the ZnS shell was grown on
the surface of the particles, which was proved by the size increase in TEM (Transmission
Electron Microscope) results. Briefly, CIS and AIS core nanoparticles were prepared in the
presence of oleic acid (OA), n-dodecylthiol in octadecene (ODE) at 180 °C and 120 °C,
respectively, followed by the ZnS shell growth at 210 °C. As-prepared AIS nanoparticles
showed narrow size distribution and high crystallinity as evidenced by TEM and HR-TEM

(High-Resolution Transmission Electron Microscope). They also showed that the PL emission
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of the dots is pure bandgap emission. Moreover, by keeping the temperature below 100 °C, it
was possible to produce rod-shaped nanoparticles since the lower temperature allows a slow

rate of nucleation and the formation of elongated particles.

This approach with modifications was further used by Mao3! and co-workers to prepare AgInS:
nanoparticles with tunable size and optical properties. Namely, oleic acid and toluene were
used for the reaction and the core preparation was conducted at 90 °C. Shelling of AgInS2 NCs
with ZnS carried out in Teflon-lined stainless steel autoclave at 210 °C after injecting the as-
prepared AIS NCs into Zn/S/dodecanethiol mixture. The PL lifetimes of AIS NCs were
measured using a streak camera and two PL lifetime components were observed: short-lived
from surface states and long-lived from intrinsic states (Fig. 1.7, left). The ZnS coating resulted
in a slight increase in size (Fig. 1.7, right), but doubled the PL QY.
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Figure 1.7. Left: schematic of the relaxation dynamics in the investigated AginS2
nanocrystals; Right: TEM images of the NCs: (b) AIS, 2.3+0.4 nm; (d) AIS/ZnS, 2.4+0.4
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Hong and co-workers® prepared cubic AglnsSs (c-AglnsSs), orthorhombic AginS; (0-AgInS,)
and tetragonal AgInS: (t- AgInS») nanocrystals by using the hot-injection method and changing
the Ag/In ratio in AgInxSax+1y2 core nanocrystals (NCs) as well as the reaction temperature.
Silver and indium precursors with [In]/[Ag] molar ratio of 5 in the presence of oleylamine and
ODE were purged for 20 min with N2, after that the reaction mixture was heated to 90 °C and
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DDT was added. Further, the temperature was increased (from 100 °C to 180 °C) followed by
the injection of the sulfur precursor in oleylamine, then in 3 min reaction was stopped. Alloying
with ZnS was carried out by addition of zinc stearate and sulfur mixture in trioctylphosphine to
the AIS core at various temperatures (between 120 and 220 °C) for 2 h. The surface passivation
by ZnS resulted in improved PL QY, for example, from 18.8 to 46.5% in the case of c-AgInsSg—
ZnS alloyed NCs prepared at 120 °C. The highest bandgap value (2.48 eV) was observed for
the c-AglInsSg QDs when the synthesis temperature is 120 °C.

Another example of Ag-In-Zn-S QDs synthesis where all metal precursors were introduced
simultaneously was reported by Mao et al.32. For synthesizing the AIZS NCs, they used a one-
pot reaction involving the decomposition of the precursors at 60 °C with subsequent injection
of dodecanethiol and raising the temperature to 90 °C, while sulfur dissolved in ODE was
injected into the system. From the results of atomic absorption spectroscopy (AAS), it was
found that Zn replaces Ag and that the incorporation of Zn is favored when Ag, In, Zn and S
precursors are in the reaction medium compared to reactions in which the Zn precursor was
injected to the AIS core. Regardless of synthesis conditions (zinc incorporated into the AlS core
in a second step or introduced into the reaction simultaneously to the other metal precursors),

the alloying with Zn has the same effect on the absorption and the PL peak position (blue shift).

Liu and co-workers?” also proposed a synthesis procedure for these nanoparticles with
emissions from red to near infrared (NIR) region to make them optimal for biological
applications due to minimal absorption in biological tissues. Briefly, to prepare AIS QDs, a
mixture of precursors in solution was heated to 90 °C, followed by injection of dodecanethiol
and an oleylamine-sulfur solution at 170 °C. Separately, a mixture of zinc acetate, myristic acid
and oleic acid was heated to 150 °C, then the dispersed nanocrystal solution was injected into
the hot reaction mixture. Upon reaching the desired temperature, TOP-sulfur was added
dropwise into the reaction mixture. An emission tunability of AgInS2/ZnS QDs to the near
infrared region was observed by tuning the composition. The QDs were made water dispersible

by micelle-encapsulation.

Ko and co-workers3® used a multistep hot-injection method to synthesize ZAIS QDs with
intermediate ZIS shell, outer ZnS shell and PL QY as high as 87%. To synthesize the AlS core,
the precursors were purged with N2 gas and heated to 90 °C, after that 1-octanethiol (OTT) was
added. Then, sulfur dissolved in OAm was quickly injected at 120 °C. For the first

alloying/shelling process, the zinc precursor dissolved in OA and OTT were injected into the
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AIS core at 180 °C. The second alloying/shelling process and the two-step outer-shelling

process were carried out at 230, and at 180 and 180 °C, respectively.

The hot-injection method was also used for the preparation of doped QDs. For instance, in 2012,
Manna an co-workers3* doped Mn?*ions in C1ZS and AIZS QDs using the hot-injection method
and explained the change in PL emission mechanism, namely, the appearance of the Mn d-d
emission. In terms of morphology, according to TEM and XRD results, the sizes and the crystal

structure of undoped and doped particles remained unchanged (Fig. 1.8).

3

Intensity (a.u.)

— AIZS

ZnS

— AIS

20

40
26 (degree)

Excitation Wavelength (UV-Lamp) = 365 nm

60

Figure 1.8. Left: digital images of PL tunable AIZS and their Mn-doped NCs obtained
under UV irradiation; Right: (d) and (e) are TEM and HR-TEM images of Mn-doped
AlZS QDs, respectively, (f) is the XRD pattern of AIZS QDs3*

Another study on Mn-doped Ag-In-Zn-S QDs came out in 2017 by Chen and co-workers?>, the
protocol of their synthesis as follows: Ag and In salts and DDT were heated to 125 °C under
vacuum until a clear solution was obtained, and to 200 °C under a flow of argon. Then, Zn and
Mn precursors were added into the AIS core solution to form AIZS QDs and Mn doped AIZS
NCs. By using this heat-up method to synthesize the NCs, it was demonstrated that with
increasing the amount of Mn ions amount, the PL peak red-shifts due to interactions of Mn ions
with host QD lattices.

1.3.1.2. The non-injection method

The non-injection method (or heating-up method) is based on the thermal decomposition of
precursor metal salts in the presence of a high boiling point solvent and a capping ligand. This
method is also useful for the synthesis of multinary QDs, in which it is important to control and

maintain the reactivity of all precursors. In this method, the reaction temperature is usually high
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and depends on the reactivity of precursors. In the non-injection method, the precursors are
already in the system when the temperature rises. The absence of injection and the possibility
to control the reaction temperature are the main advantages of this method in scaling up

development.

There are only a few studies describing the synthesis of ZAIS QDs by the non-injection method
and among the studies, the size and composition controllable synthesis of ZAIS QDs developed
by Kameyama and co-authors® should be mentioned. In brief, metal acetates were added into
a tube with thiourea. After adding a mixture solution of OAm and DDT, the solution was heated
at 250 °C for 10 min with vigorous stirring under N> atmosphere. Then, the resulting solution

was cooled down to room temperature.

1.3.1.3. Solvothermal method

The solvothermal method requires an autoclave, involves organic solvents and has many
advantages over hot injection or non-injection synthesis methods**: (1) low emission of harmful
vapors, (2) use of low boiling point organic solvents that provide moderate synthesis
temperature. This moderate synthesis temperature allows to produce highly crystalline QDs
with relatively few structural defects. Despite all these efforts toward green chemistry, the main
shortcoming of QDs’ organic synthesis for biological applications remains the hydrophobicity
of produced QDs.

1.3.1.4. Ag-In-Ga-S and Ag-Ga-Zn-S QDs synthesis in organic media

First attempt on the synthesis of Ag-based I-111-VI nanocrystas containing Ga started at the end
of the last century, but those syntheses afforded large sized particles with significant shape
irregularity and agglomeration3’-38, In the beginning of the last decade, T. Uematsu and co-
workers3® synthesized Ag-In-Ga-S nanoparticles by thermal decomposition of metal precursors
in the presence of diethyldithiocarbamate which produced solid-solution nanoparticles of
AgInS>-AgGaS,. With the increase of the Ga/In ratio, the PL peaks shifted to lower wavelengths
due to the larger bandgap of AgGaS: (AGS) (2.7 eV) compared to AgInS; (1.8 eV).

Further, the same researchers® studied the thermal stability of these AgInS,-AgGas; solid-
solution semiconductor nanoparticles compared to ZnS-AgInS; solid-solution nanoparticles.

AgInS>-AgGaS, were synthesized by the previous mentioned diethyldithiocarbamate
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thermolysis method with slight changes. Dispersing the resulting nanoparticles in methacrylate
resin did not affect their optical properties and the nanocrystals showed good fluorescent

properties after 1000 h of heating.

Bulk AgGaS> shows the highest bandgap among I-111-VI nanoparticles and possesses unique
optical properties such as nonlinearity. This increases the application interest of these particles
in some fields. But, their PL peak emission at around 500 nm originating from exciton
recombination in AgGaS: limits their potential. F. Huang and co-workers*! attempted to solve
this issue. While synthesizing monodisperse AgGaS: nanoparticles through a one-pot synthesis
in solution, they introduced Mn?* ions into the solution. During this one-pot co-precipitation
reaction, Ag.S appeared as an intermediate phase and played a key role in the fabrication of
final AgGaS; nanoparticles. Introducing Mn?* ions into the AgGaS, NPs synthesis complex did
not affect the crystal structure. However, introducing Mn?* ions into the structure changed the
fluorescence mechanism: when 5% of Mn?* ions were introduced, the exciton recombination
almost disappeared and an intense emission of Mn?* ions (*T1 — %A;) appeared at around 650
nm, making these NPs red emitting. These changes occurred while increasing the Mn amount
from 0.5 to 5.0%. Further increasing the Mn dopant to 7.0% of caused a decrease of the intensity
of the emission peak at 650 nm due to concentration quenching. This process allows to tune the
emission color of AgGaS; nanoparticles to higher wavelengths and to increase the potential of
these NPs for LEDs and biolabeling.

The photocatalytic activity of AgGaS, NPs was studied by C-M. Fan and co-workers*?. A one-
pot colloidal synthesis was carried out to fabricate the orthorhombic phase of AgGaS: with
lattice parameters smaller than that of AgInS,, due to the difference in ionic radius of Ga®** (0.62
A) compared to In** (0.80 A). In this study, the influence of coordinating solvents on the
structure of synthesized NPs during metal dithiocarbamate thermolysis is reported. Using
primary alkylamines and long-chain alkanethiols leads to orthorhombic AgGaS> while ternary
alkylamines resulted in a mixture of tetragonal AgGaS and AgeGaSe.

Further studies of these nanoparticles led to the preparation of quaternary QDs containing Ag
and Ga. S. J-H. Kim and co-workers* prepared Zn-Ag-Ga-S and Ag-In-Ga-S QDs by alloying
Zn?* and In*" ions into AGS QDs, respectively. Then the QDs were surface passivated by ZnS-
shelling. Blue shift of the absorption spectra when alloying with Zn?* and red shift when
alloying with In®" indicated the formation of quaternary Zn-Ag-Ga-S and Ag-In-Ga-S QDs.
According to the synthesis requirement for highly fluorescent I-111-VI QDs, the deficiency in
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monovalent cation relative to trivalent cation is respected and the optimal Ag/Ga ratio was
found to be 1/8.

The optical properties of I-111-VI semiconductor nanoparticles are characterized by the presence
of a broad defect-site PL peak with a large Stokes shift and this might limit their application
range. There is a well-spread way to preclude the recombination sites on the surface of
nanoparticles and at the same time increase the PL QY. T. Kameyama and co-workers** applied
this approach while using solution-phase synthesis to prepare Ag-In-S nanoparticles coated by
an amorphous GaSx shell. Preparing non-stoichiometric (Ag deficient) Ag-In-S resulted in a
narrow band edge PL peak and the PL wavelength can be tuned from 610 to 500 nm while
increasing the doping in Ga®" ions into QDs. Also shelling with GaSx of Ag-In-S significantly
decreased the intensity of the broad defect-related PL peak and enhanced the PL QY of the
band-edge emission peak up to 30 % from 3.6 % after 180 min of GaSx shell coating. XRD
results proved that the obtained Ag-In-Ga-S (AIGS) QDs are the solid solution between AgInS;
and AgGas; and amorphous shell coating did not affect the crystal structure.

Later, T. Uematsu and co-workers* developed the surface coating of AgInS, QDs with a Ill-
VI semiconductor shell material. They capped AgInS2 QDs with InSx and GaSy shells by using
a two-step thermal decomposition method. While comparing the PL spectra of InSx-coated and
GaSx-coated AIS QDs, some differences were noticed. During GaSx-shelling, the intensity of
the broad-band-defect emission originating from uncoated AgInS; QDs decreased and a new
narrow peak appeared at a lower wavelength. With InSx-shelling, the broad-band-defect
emission peak remained with a sligth blue shift, assuming that some amount of In, which was
supposed to produce the shell, was incorporated into the core structure producing indium-rich
AglnsSs. According to these results, when choosing a shelling semiconductor material, it is

necessary to select the material that will not form alloys or solid solutions with the core material.

In later studies, J. Song and co-workers*® synthesized water dispersible Ag-In-Ga-S QDs for
the first time. They used a cation exchange approach where Ga®* and In®* precursors were
injected into the solution containing AgInS: QDs. Synthesized QDs showed excellent
biocompatibility and the PL emission can be tuned between 502 and 719 nm depending on QDs

composition.

In another study, W. Hoisang and co-workers*” synthesized Ag-In-Ga-S QDs by GaSx-shelling
of AgInS2 QDs using a hot injection method. The tetragonal crystal phase was obtained at 140

°C and the orthorhombic phase at 180 °C. Both crystal phases, tetragonal and orthorhombic,
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emitted narrow luminescence that originated from band-edge transition of AginS,. The high PL
QY (49.2%) of the tetragonal phase was further enhanced by alkylphosphine surface
passivation until 72.3 %.

1.3.2. Aqueous media synthesis

All of previous methods use organic solvents at high temperature and afford high quality QDs
with high PL quantum yields and narrow size distributions. As mentioned before, one of the
most important parameter for bio-applicable QDs is their water solubility. Before being used in
biological applications, organic synthesized QDs should be surface modified to be soluble in
water media. One way to avoid this extra step in QDs preparation for bio-applications is to
synthesize these QDs directly in aqueous media. Compared to the organometallic synthesis,
numerous hydrophilic ligands can be used for the aqueous synthesis of Ag-In-Zn-S QDs :
reduced glutathione (GSH)*4° 3-mercaptopropionic acid (3-MPA)*°, polyacrylic acid
(PAA)L, thioglycolic acid (TGA), mercaptosuccinic acid and sodium citrate>?, L-cysteine or

mercaptoacetic acid (MAA)>1°3,

The advantages of the aqueous synthesis are as follows>* : (i) as-prepared products are suitable
for biological applications being surface functionalized with water-soluble ligands during the
synthesis process, (ii) this method uses less toxic reagents and solvents, and (iii) lower reaction
temperatures (usually 100 °C) that are beneficial for large scale synthesis. The latter can also
be a disadvantage of the aqueous synthesis because the low temperature is not effective for
removing surface defects and the QDs usually have modest luminescence efficiency. To
improve the luminescence properties, hydrothermal processes at temperatures higher than 100

°C were proposed.

Hydrothermal synthesis requires an autoclave and the water is heated at a temperature higher
than 100°C>° increasing the reaction environment pressure, which helps to produce QDs with
better crystallinity than those prepared via aqueous synthesis at 100°C. There are numerous
examples of ternary Ag-In-S and quaternary Ag-In-Zn-S QDs produced by hydrothermal

synthesis.
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Compared with the synthesis in organic media, the aqueous synthesis is more environmental-
friendly>!, biocompatible®®, of low-cost>2, reproducible®’, and the as-prepared nanomaterials are

water solubles.

There are other methods of QDs synthesis such as microwave-assisted synthesis>® or

biosynthesis>* which are only scarcely used for the synthesis of Ag-In-Zn-S nanoparticles.

1.3.2.2. Aqueous synthesis of Ag-In-Zn-S QDs

Luo and co-workers?> were the first to prepare AgInS; nanocrystals in water in the presence of
GSH as capping ligand using a one-step synthesis. According to synthetic protocol, silver and
indium acetates were dissolved in water in the presence of GSH before increasing to reaction
temperature to 95 °C. Then sodium sulfide was injected. To prepare AIZS QDs, the Zn
precursor was injected to reaction after 60 min at 95 °C. Zn treatment of AIS affected the PL

peak position and PL QY.

Microwave-assisted synthesis of aqueous soluble AgInS./ZnS nanocrystals has been
demonstrated by Xiong and co-workers*®. The typical protocol is as follows: silver and indium
precursors were added to GSH in water, and a Na>S solution was injected before microwave
irradiation to 100 °C. Then to prepare AgInS»/ZnS QDs, the Zn precursor and Na,S were
injected. The highly fluorescent QDs with PL lifetime of 424.5 ns showed promising results for

application as fluorescent probes.

The teams of Regulacio®! and Deng*® both prepared highly fluorescent AIZS QDs in aqueous
media using different approaches and capping ligands and both showed their potential for
biological applications, such as low toxicity, long lifetimes, appropriate colloidal and optical

stabilities and modifiability with specific-cell-targeting ligands.

Due to its scalability, to the moderate synthesis temperature and the use of a “green” solvent,
aqueous-based synthesis is of high potential. In 2015, Kang and co-workers®’ scaled up the
aqueous synthesis of Ag-In-Zn-S QDs synthesis and demonstrated the method as facile,
reproducible, of low cost and eco-friendly. The PL emission tunability of QDs can be controlled
by varying the Ag/In ratio in the range from 535 to 607 nm. In addition, the as-prepared QDs
showed photostability and biocompatibility.
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In 2017, Mansur and co-workers®® made a development by synthesizing QDs capped with
carboxymethylcellulose (CMC) whose surface is already modified for biological applications.

A shelling with ZnS was conducted to improve optical properties.

The precipitation technique was used to obtain size-selected AIZS QDs®°. The synthesis of the
AIS core was conducted in the presence of MAA at 90-95 °C. Then, the core was covered with
a ZnS shell. After concentration of the reaction mixture using a rotary evaporator, the

precipitation was carried out in 6 steps using 2-propanol as non-solvent.

The other approach to aqueous synthesis was made by Lui and co-workers®®, when they
prepared AIZS QDs in aqueous media under open air using MPA as a capping ligand. The QDs
with high QY of 41% and diameter of 3 nm were prepared, and emission color of these

nanomaterials can be tuned by adjusting the Ag or Zn precursors.

The ZAIS QDs demonstrated high potential in photocatalytic hydrogen generation. Chen and
co-workers®> produced 2D ZAIS nanosheets at 180 °C applying hydrothermal method and
introduced oxygen into structure which reduced surface defects and non-radiative decay, but
did not affect on the band structure.

Lately, Mrad and co-workers®! have synthesized AIZS QDs in aqueous phase synthesis using
3-MPA as a capping ligand. It is known, that by adjusting the Ag/In ratio it is possile to tune
the PL emission, but atypical blue-shift with increasing this ratio obtained, which was explained
by forming Ag-3-MPA and In-3-MPA complexes. It was also been reported that the PL
emission is possible by varying the synthesis temperature and amount of Zn?* introducing. It
should be noted that the synthesized QDs were size-selectively precipitated, one of the fractions
showing the highest PL QY value (78%) reported for aqueous synthesized AIZS QDs. Obtained
AlZS QDs exhibited long PL lifetime, good colloidal and photostabilities presenting good

candidate for biological applications.
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1.3.3. Aqueous phase transfer methods

QDs synthesized in organic phase must be transferred into aqueous phase for biological
applications. There are two main aqueous phase transfer strategies: (i) ligand exchange and (ii)

ligand overcoating on the QDs surface®?.

In the case of the ligand exchange strategy, the original hydrophobic ligand is replaced by new
hydrophilic ligand. In the case of ligand overcoating, a new amphiphilic ligand is coated over

the existing QDs surface ligands (Fig. 1.9).
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Figure 1.9. Schematic illustration of aqueous phase transfer methods: A — ligand

overoating; B — ligand exchange®

Thioalkylated oligo ethyleneglycols®3, histidine®4, dihydrolipoic acid®®> and monothiolated
ligands®® like reduced gluthathione (GSH)®’, L-cysteine (L-Cys)®, 11-mercaptoundecanoic
acid (MUA)®70 and 3-mercaptopropionic acid (MPA)”%, are the most commonly used ligands
for ligand exchange. The ligand exchange method has some disadvantages such as the decrease
of the colloidal stability and of the PL QY. But these shortcomings can be prevented by
controlling the reaction conditions like the pH®8, the temperature, the concentration of ligands
and of the QDs. The advantages of this aqueous transfer approach are the small hydrodynamic
diameter of resulting products, which make them advantageous for biological applications’?73,

and cheaper ligands as well as easy procedure.

In the ligand overcoating on the QDs surface, amphiphilic polymers with hydrophobic end (to
connect with the hydrophobic surface of QDs) and hydrophilic end (to ensure the water

solubility of QDs) are used’®. This approach requires the dispersion of capping polymer and
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QDs in a nonpolar solvent such as chloroform and subsequent solvent evaporation followed by
the dispersion of the assembly in a buffer solution’>. Even though the QDs aqueous transferred
by ligand overcoating have thicker hydrodynamic diameters, they have some advantages over
ligand exchanged QDs in terms of optical properties, and can be concentrated by slight heating.
This approach was developed to overcome the disadvantage of TOPO-capped QDs for
biomedical imaging. Indeed, this ligand can be replaced by proteins in living systems, which

may cause the degradation of QDs and the deactivation of the proteins’.
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1.4. Properties

1.4.1. Optical properties

The mechanism of PL for I-11I-V1> QDs was explained by D-A recombination model and still
under debate’’. Mesurements of PL quantum efficiencies for I-111-V1; QDs showed that their
values were significanly below that recorded for I1-VI QDs. In addition, optical spectra
recorded for I-111-VI1, QDs are characterized by broad PL spectra as well as large Stokes shifts
between the PL and absorption peaks. These observations led to conclusion that PL emission
for I-111-VI> QDs does not result from conventional exciton recombination. One of the
suggestions was that the recombination of carriers originates from trapped intragap levels
formed by structural defects’®. In their study, the authors showed that the broad PL band of
AgInS; QDs is due to D-A pair recombination based on detected shift in the time-resolved PL
spectrum and the dependence on excitation intensity. They attributed the measured broad PL
band to electron-phonon coupling, while observed strong electron-phonon interaction were
attributed to the large Stokes shift.

The same D-A model was proposed for I-11- 111-VI2 NCs (such as ZnS;-x(AgInS2)x) to describe
the PL origin, where different emission energies obtained by the change in the coulomb

interaction due to the change in the distance between the D—A pair.

Further explanation of the PL emission of 1-111-VI, QDS was done by M. Jagadeeswara Rao
and co-workers’. Observing that the PL peak blue-shifts by 0.57 eV while changing the
composition of the dots (while increasing the ZnS content) cannot be explained by D-A
transitions model, they proposed two pathways of transition mechanisms (Fig. 1.10). The Path-
1 with shorter lifetime (ca. 25 ns) with higher emission energy involves transitions between
delocalized conduction/valence band and localized defects, while the Path-2 with longer
lifetime (> 185 ns) and lower emission energy involves transitions between two localized or
defect levels. Their model also explained the blue shift in emission of path-1 with changing
ZnS content as its content affect the bandgap value, while deep midgap defect levels remain
unaltered.
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Figure 1.10. Schematic diagram of PL mechanism for (ZnS)1-x(AgInS2)x NCs when a) x
=1; andb)x<17

Near-infrared emitting AgInS2/ZnS nanocrystals were synthesized and their PL mechanism was
explained by the results of time-resolved PL study®®. According to the results, two components
contribute to their photoluminescence, and the fast decay component corresponds to surface
trap state recombination and the slow decay component corresponds to the deep donor—acceptor
recombination. The same mechanism was applied to describe the origin of the PL emission of
AglnsSg nanoparticles®. There are three time constants that describe the PL lifetime of these
particles: two long constants (t2 and t3) related to the lifetimes of the defect states and one short
time constant (t1) related to lifetime of band gap state.

Another study on aqueous synthesized glutathione-capped Ag-In-S and ZnS-shelled Ag-In-S
QDs8! proposed that the PL bands of AIS QDs originate from the dynamics of the electron-
phonon interaction and the vibrational relaxation in the QDs rather than from energy factors

(depth and distribution of trap states).
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The effect of Mn?* ions doping on the photoluminescence mechanism in multinary quantum
dots has also been investigated. When using a sufficient amount of Zn?* ions and doping Mn?*
ions into CIZS or AIZS QDs, the trap-state emission was quenched by Mn d-state emission and
only the latter was detected at ca. 600 nm3482 (Fig. 1.11). To prove that the emission at 600 nm
originated from Mn?* 4T; — ®A; transition, excited-state lifetime and time delay PL spectra
measurements for both undoped and Mn-doped QDs were carried out. The excited-state lifetime
was measured at different positions of the emission spectrum of undoped and Mn-doped NCs:
in Mn-doping, since the emission peak is untunable, the lifetime values remain constant, while
in undoped NCs, the lifetimes of the emission are different at different NC compositions. In
delay time PL spectra, different delay times behave differently in two (trap-state and Mn d-

state) emissions.

VB | VB VB

Trap State Emissionin i g £lip Mn Emission in !! Trap State Emission in Presence
Ternary Nanocrystals Ternary Nanocrystals i of Mnin Ternary Nanocrystals

tg = trap state

Figure 1.11. Schematic diagram of PL mechanisms: a) original hole transfer and
appearance of defect levels in ternary NCs that emits trap-state emission; b) quenching
of trap-state emission with Mn?* 4T1 — A1 transition in CI1ZS and AIZS QDs, while Zn
content is sufficient; c) case in CIZS and AIZS QDs, while Zn content is insufficient for

dopant emission to evolve3*

Mn-doped CIZS QDs can be prepared as following : the CIS core is covered with a ZnS shell
and Mn?* ions were adsorbed on the surface of this shell. Next, a second ZnS shell covering is
conducted 884, In some cases, two emissions — green from CIZS and orange from Mn?" —

appear simultaneously in the PL spectrum (Fig. 1.12). It was suggested that the green PL peak
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at 528 nm is related to the trap-state emission and the orange one at 590 nm to the Mn d-state
transitions. The millisecond lifetime (ca. 2 ms) of Mn-doped QDs is the proof of Mn?* ion

contribution in PL.
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Figure 1.12. Absorption and PL spectra of CIS, CIS/ZnS, CIS/ZnS:Mn, and CIS/

ZnS:Mn/ZnS nanocrystals®

The photoluminescent properties of Mn-doped CIZS QDs were investigated at different

temperatures®®. The results show that with increasing the temperature from 20 K to 300 K, there
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is a slight red-shift in the PL peak position and the PL intensity falls rapidly. The mechanism is

in accordance with the one described here above (Fig. 1.13).
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Figure 1.13. a) Temperature-dependent PL spectra of Mn:CIZS QDs; b) Schematic

diagram of PL mechanism for Mn:ZCIS nanocrystals®®

While increasing the Mn-doping?® in Mn:AlZS/ZnS NCs, a red-shift in the PL peak position, a
decrease of the PL QY, and short excited-state lifetimes became predominant. It was suggested
that the incorporation of Mn?* ions into host NCs lattices is the reason of the red-shift® in the
PL peak position. The short lifetime refers to the defect-related emission while the long lifetime
corresponds to the Mn emission from Mn pairs or diluted Mn dopants in host NCs. In addition,

the possible effects of Mn?*ion on the PL mechanism were discussed. (Fig. 1.14).
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Figure 1.14. Hlustration of two possible pathways for electron-hole recombination in Mn
doped AIZS/ZnS NCs (a) one is from the alloy or trap states (caused by Mn-AlZS
alloying or Mn-induced defects in the Mn-doped layer) to the valence band, which

contributes to the fast PL decay; and (b) the other one is Mn “T1 to A1 from a few of Mn

pairs or diluted Mn dopants out of the Mn-doped layer, which is responsible for the slow
PL decay3®®

1.4.2. Influence of synthesis parameters to the properties of QDs

The synthesis of multinary nanoparticles is more challenging than the synthesis of binary or
ternary QDs due to the well-known factors such as the difficulty of controlling the reactivity of
all the ions, adjusting the reaction temperature for each precursor and finding the appropriate

ligands to control the nucleation and growth of the particles.

1.4.2.1. Influence to the shape and size of QDs

In the studies®®®” related to Ag-In-Zn-S QDs, the researchers investigated the optimal
conditions for the shape and size controlled synthesis. It was found that when an auxiliary sulfur

precursor is used, alloyed Ag—In—Zn—S NCs can be prepared without impurities such as ZnS
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particles®’. Additionally, changing the ratios of precursors allows to control the composition,

the shape and the size of resulting QDs.

A study on Ag-In-Zn-S QDs was published in 2019 by Bujak et al.’%, and the authors
investigated the growth and the surface chemistry of these materials. The influence of the used
solvents and of sulfur precursors on the properties of QDs was reported. The growth mechanism
of these QDs was described in detail and it was concluded that the core of these quaternary QDs
is composed of orthorhombic AgInS; and hexagonal ZnS with an indium-rich surface and that
changing the solvent or the sulfur precursors does not affect the indium content on the QDs
surface. Moreover, these factors do not significantly affect the nanocrystals size and shape.

Jeong and co-workers studied the bandgap states®® and photoluminescence® of ZnS-AgInsSs
nanoparticles. It was demonstrated that the stable crystal structure of these nanoparticles is
cubic and that their crystal structure and stoichiometry affect their electronic band structure.

1.4.2.2. Photoluminescence

Changes in the stoichiometry of reactants during the preparation of AIS and ZAIS NCs allows
to tune the photoluminescence. Dai et al.8° prepared a series of non-stoichiometric AIS NCs
using the previously mentioned?’” one precursor thermal decomposition method (where the
precursor is (AgxIn-x[S2CN(C2Hs)2]3-2x)) and the molar ratio of metals was controlled Ag/In
= x/(1-x). The authors found that a Nag/Nmeta ratio of 0.37 is the optimal ratio of precursors to
prepared highly fluorescent QDs (PL QY reaches 70%). The synthesized AIS NCs have also a
tunable PL emission (Fig 1.15).
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Figure 1.15. Photographs of the chloroform solution containing AIS particles under
room (upper) and UV (lower) light irradiation (numbers show x value in (AgxIna-
0[S2CN(C2Hs)2]3-2%)))®°

When considering AIZS nanoparticles, it was shown that to increase their luminescence, a ZnS
coating is the best option due to its higher bandgap and that a high synthesis temperature is
required for better particle crystallinity. Hamanaka and co-workers® carried out a detailed
examination of the structure of these particles and indicated that a high temperature is

mandatory for effective Zn-doping/alloying.

In another study, the effect of the S/In feed ratio on the PL emission was demonstrated for water
synthesis®’. The increase of this ratio caused a blue shift in the PL peak. In this study,
AgInS2/ZnS QDs were prepared with a defect in Zn compared to other precursors in order to

engineer near infrared emitting particles for biological applications®.

Chang and co-workers®? developed strategies to increase the photoluminescence of AgInS:
QDs, reported a one-pot synthesis of AgInS,-ZnS core-shell QDs and their potential bio-
application. According to their results, a higher amount of In precursors decreases the density
of Ag vacancies and subsequently reduces the intrinsic defects and the possible nonradiative
recombinations. Regarding the surface ligands, the situation is as follows: with the increase of

the DDT ligand concentration, the PL QY increases and a blue shift of the PL peak maximum
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position is observed. This was explained by a decrease of the particle sizes with the increase of

the DDT concentration.

In 2019, Zeng and co-workers®® carried out the synthesis of ternary AIS and quaternary AIZS
QDs using a cation exchange method. Ag»S was first prepared and further used as a seed for
multinary QDs preparation. By adjusting the Ag/In ratio, it was possible to tune the PL emission
and by introducing Zn?* ions into the structure, the band gap and the PL QY values increased.

Lately, Martynenko and co-workers® reported the excitation energy dependent
photoluminescence properties of AlZS QDs prepared by an aqueous method adopted from
Raevskaya et al.®°. In this study, the dependence of the PL peak positions, PL spectral
bandwidths, and PL QY's of AIZS QDs on the excitation energy was investigated. Results show
that only the PL QY is not dependent on the excitation energy.

1.4.2.3. Influence of the temperature

Another parameter affecting the optical properties is the synthesis temperature. It is well known
that the higher the synthesis temperature, the better the crystallinity of NCs and the narrower
the size distribution. The study®? also showed that the reaction temperature affects the
luminescent properties of the QDs. If the temperature is low, a decrease of the PL QY is
observed. On the contrary, if the temperature is too high, the NCs growth occurs at high rate
and their precipitation may be observed and thus a rapid decrease in PL QY. Two reasons were
proposed for this PL QY decrease: (1) particles sizes become higher than the Bohr exciton
radius and (2) the high reaction temperature partially removes the ligands from the QDs
surfaces, which conducts to surface defects. Finally, shelling with the higher bandgap ZnS
material dramatically increases the photoluminescent properties of QDs by decreasing the

amount of surface defects and the quenching the nonradiative recombinations.

To demonstrate the effect of the temperature on the fluorescent properties of QDs, it is
interesting to discuss the preparation of Zn-doped AIS QDs. In 2011, Tang and co-workers®>
synthesized Zn-doped AgInS2 QDs in two steps: (i) the AIS core synthesis was conducted by
thermal decomposition, and (ii) Zn was doped into the AIS core. In the second step, four
different reaction temperatures were tested resulting in different color emitting QDs: 120 °C —

red, 150 °C — orange, 180 °C — yellow, 210 °C — green-emitting QDs (Fig. 1.16). The results
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show that with the increase of the temperature, the incorporation level of Zn into AIS core

increases.
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Figure 1.16. Absorption (A), PL (B) spectra and photographs of Zn-doped AIS QDs

prepared at different temperatures®

1.4.3. Magnetic properties

In general, magnetic materials include various types of materials depending on their
compositions and applications. These materials are useful in diverse range of areas from

producing electricity to data storage, from sound recording to body scanning.

Nanotechnology gets also interested in the miniaturization of magnetic materials. Magnetic
nanoparticles are abbreviated MNPs and their properties differ from the bulk materials.
Generally, the magnetic structure consists of small regions called domains. A domain contains
spins that are aligned in the same directions, in other words, in every domain the magnetism of
all atoms is pointed in this direction, but in different domains all the spins are pointed
differently, the regions between the domains are called walls. Usually, when MNPs exhibit a
size smaller than the single domain limit, they show superparamagnetic properties at room
temperature®®. This means that MNPs can be ferromagnetic or ferrimagnetic, but due to their
small size, they became superparamagnetic below the Curie temperature and consist of one

magnetic domain.
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Superparamagnetic materials are useful in ferrofluids owing their tunable viscosity and
biomedical applications. Depending on the applications, MNPs must possess adequate

morphology, size or shapes, surfaces and physical properties.

The magnetic properties of substances are characterized by a magnetic moment. The magnetic
moment is related to the spin and angular momentum of electrons, whose orbital and spin
motions determine the magnetic properties. Bulk magnetic materials are classified in terms of
their response to magnetic fields. There are five main categories to which all magnetic materials
can be classified: ferromagnetism, ferrimagnetism, antiferromagnetism, paramagnetism and
diamagnetism. As described above, the bulk magnetic materials consist of magnetic domains,
within each domain the aligned magnetic moments. In the case of MNPs, the decrease of the
particle volume affects the magnetic properties as quantum confinement affects the electronical
properties of QDs, which means that the nanoparticles may possess only one domain and that

the properties are different from those of bulk materials.

Many nanoparticles show superparamagnetic properties due to their small sizes, which means
the magnetization of these particles may change directions with the temperature. When there is
no external magnetic field, the magnetic moment of superparamagnetic materials is equal to
zero. However, when an external magnetic field is applied, the magnetic moment aligns like in

paramagnetic materials but with a higher value.

The other factors characterizing MNPs are the susceptibility () and the coercivity (Hc). In bulk
magnetic materials, their composition, crystallographic structure, vacancies and defects and
magnetic anisotropy characterize their magnetic behaviors. In MNPs, in addition to the
previously described factors, the synthesis method can also affect the magnetic properties. As
turned out, the superparamagnetic property of MNPs depends on their size (the smaller the size
of the MNP, the lower is the temperature required for the ferromagnetic-to-superparamagnetic

transition).

MNPs are usually produced in two ways: (i) using magnetic elements in the synthesis and (ii)
doping with paramagnetic ions. Doping paramagnetic metals into QDs provides them magnetic
and fluorescent properties simultaneously. It is important to introduce doping ions into the core
of the nanocrystals, rather than adsorbing them on the surface of the nanoparticles.
Spectroscopic analysis methods were used to determine the location of dopants which depends

on the synthesis method.
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Mn (1) is a well-known dopant for tuning the PL emission of semiconductor materials to the
red region, in the 585 to 650 nm range2®. Since the Mn?* jon has a high magnetic moment of 5

us, it is of high interest for producing magnetic materials®’.

In general, doping or co-doping of nanomaterials with Mn showed that when the concentration
of Mn increases, the net magnetic moment increases °%9°. It was suggested that the main role of
the Mn cations is not to influence the magnetic ordering, but rather only modify the
paramagnetism and suppress the ferromagnetism. In another study on Mn-doping of
BiFeOs nanomaterials, it is reported that the Mn-doping improves the overall electrical and

magnetic properties 1,

The doping of Ag-In-Zn-S QDs with Mn?* ions has been studied over the past few years and
only a few publications focusing on the effect of doping on the optical properties have been

published 343282101,
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1.5. Applications

1.5.1. Optical applications

Fluorescent semiconductor nanoparticles exhibit longer PL life-time, broad absorbance and

higher (photo)stability compared to organic dyes,'°> which make their application area wider.

The following studies proposed to use AIZS QDs in optical and solar cell applications. Ruan®
and Kim?* studied the applications of Ag-In-Zn-S QDs in white LEDs and organic-inorganic
solar cells, respectively. In their studies, they used the hot-injection® (Ruan) and thermal
decomposition?’ (Kim) methods to prepare the QDs. The application of hydrothermally
synthesized AIZS QDs in white light emitting diodes was reported by Chen and co-workers?°>,
The particle sizes were controlled by the duration of the shell coating and the composition of
particles were adjusted by changing the ratio of zinc to silver and indium. These particles can
be used as the yellow emitting part of white LEDs. The ability of tuning the emission color by
changing the reaction temperature was also used by Chung et al.1% to fabricate white LEDs,

and by Zhu et al. to fabricate QLEDs!?’.

AIS NCs were also evaluated as heavy metal-free photosensitizer for QDs-sensitized solar
cells®®, where the TiO2/AgInS: electrode was prepared by attaching the QDs to a mesoporous
TiO> surface. Photoelectrochemical measurements indicate that the electron injection from
photo-excited AgInS, QDs to TiO- is energetically favorable. The use of the hot-injection
method for the preparation of green emitting Zn—Ag—In—S and red emitting Zn-Cu-In-S alloyed
QDs was demonstrated by Yoon an co-workers?®. These ZAIS and ZCIS QDs with a wide fwhm
PL emission and high PL QYs were prepared by triple and double ZnS shelling for ZAIS and

ZCIS, respectively, and demonstrated potential use in visible light LEDs.

Choi and co-workers!® modified the synthesis temperature and its duration to prepare ZAIS
NCs emitting in the green (reaction at 90 °C), yellow (reaction at 160 °C) and amber (reaction
at 180 °C) for LEDs engineering. Li and co-workers!!? synthesized Ag—In-Zn-S/ZnS core/shell
QDs using the so called continuous-flow synthesis using diethyldithiocarbamate precursors of
each metals and their subsequent heating in a needle. The obtained QDs were demonstrated to
be of high potential in QD-LEDs. From the latest data on ZAIS QDs, the thermal
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decomposition!!! and hot-injection!!? prepared QDs were used in WLEDs and QLEDs,

respectively.

The other application area of ZAIS QDs is photocatalysis. Photocatalytic activity of dumbbell
shape ZAIS nanoparticles was studied by Kameyama and co-workers!*® and the NPs showed
an improved photocatalytic Hz evolution rate compared to nanorod or ellipsoidal ZAIS
nanoparticles. Yang and co-workers!!4 also improved the photocatalytic activity of these QDs

by mixed-ligand capping.

Lui and co-workers!®> prepared ZAIS QDs by doping Zn?* ions into the AIS core using a
thermal decomposition method at 120°C in the presence of oleic acid, 1-dodecanethiol, 1-
octadecene and trioctylphosphine. Then, the aqueous phase transferred particles were used for

detection of Cu?* ions!15:116,

In another study on AgInS»/ZnS QDs, Matsuda and co-workers!!” investigated their application
as temperature sensors (Fig. 1.17). The temperature sensitivity of the luminescence of
AgInS,/ZnS QDs is similar to that of other luminescent particles. In addition, the AgInS2/ZnS
QDs synthesized via the thermal decomposition method are less toxic and more photostable
than CdSe/ZnS QDs used as reference, which makes them of interest for bio-applications.
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Figure 1.17. Temperature variation of ZAIS ((AgIn)xZn2a-x(S2CN(C2Hs)2)4) QDs
luminescent spectral?’
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1.5.2. Biological applications

As mentioned before, Ag-In-Zn-S QDs are of high potential for biological applications due to
their low toxicity compared to Pb-, Hg-, Cd-based binary QDs. Besides non-toxicity, to be
useful in biological applications, the nanoparticles must meet some important requirements
such as stability, biocompatibility, water solubility, and reproducibility of synthesis methods.
The most suitable emission wavelengths for biological applications are in the range from 600
to 900 nm.

The toxicity of QDs is the most important factor when their biological and/or biomedical
applications are considered. The toxicity of QDs is influenced not only by their physico-
chemical properties, but also by the environmental conditions'!®, the QDs size, charge,
concentration, outer coating bioactivity (capping material, functional groups), and oxidative,
photolytic, and mechanical stability have each been shown to be determining factors.
Biocompatible means not harmful to living cells. Making QDs water-soluble is one way for
improving their biocompatibility. Moreover, engineering nanoparticle-biomolecule conjugates
capable of participating in biological processes is crucial in QDs functionalization for biological
applications. While choosing a bioconjugation ligand for a specific application, it is important
to find a ligand with suitable functional groups and that will not alter the stability, the size, and
the photophysical properties of QDs.

The biological applications of ZAIS QDs are focused in the fields of bioimaging and
biolabeling. Bioimaging is based on a non-invasively contrast in diverse tissues and organs due
to the molecular difference. Magnetic resonance imaging (MRI) along with computed
tomography (CT), optical imaging (Ol), fluorescence imaging, fluorescence resonance energy
transfer (FRET) and others serve as bioimaging technique. MRI is a technique used for
monitoring full body or local soft tissues based on the differences in rotational axis directions
of protons in tissues in response to strong magnetic field. Biolabeling means labeling and

tracking the biological cells commonly using fluorescent nanoparticles.

Recently, many studies on ZAIS QDs focused on biological applications such as
biodistribution, biocompatibility and bioimaging. In a recent study*'®, aqueous synthesized
GSH-capped ZAIS QDs were demonstrated to exhibit no harmful effect on body mass
dynamics and basic hematological parameters of rats for 30 days. In 2015, Chen and co-

workers*?° reported the use of AIZS QDs for tumor cell targeting after chlorotoxin-conjugation.
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This work demonstrated that the scalable synthesis and the easily tunable surface chemistry of

AIZS QDs pave the way for their application in cells targeting and/or tissue-based theranostics.

Chang and co-workers®? demonstrated the potential of PMAO-coated and FA-conjugated

AgInS2/ZnS QDs, for HepG2 intracellular entry via receptor-mediated endocytosis (Fig. 1.18).

Figure 1.18. Confocal images of HepG2 cells stained with a solution of FA-conjugated

AgInS-ZnS QDs for 1 h as well as fixed with alcohol and subsequently stained with

DAPI: a) under visible light; b) DAPI emission at 460 nm, showing the location of the
HepG2 cell nuclei; c) red fluorescence originating from AglnS:-ZnS QDs; d) composite

image. Scale bar represents 20 mm®?
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Chapter 2. Organic phase synthesized AlZS and Mn-doped
AlZS QDs

2.1. Introduction

In recent years, I-111-VI2-based semiconductor quantum dots like CulnS; (CIS) or AgInS; (AIS)
and their alloys with ZnS (ZCIS and AIZS, respectively) have gained high interest as
alternatives to binary QDs like CdSe or CdTe because these nanocrystals are composed of
weakly toxic elements and their optical properties can be controlled by varying their size and
their composition!1316.121.122 The handgap of these QDs can be tuned from the visible to the
near-infrared spectrum making them suitable for applications like photocatalysis,**'2* light-
emitting diodes,*%9124 solar cells,*?> bio-imaging’>'2¢ or bio-sensing.49127.128 Although the full-
width at half-maximum (fwhm) of the photoluminescence emission, and thus the color purity,
of I-111-VI> QDs is larger (ca. 100 nm) than that of binary QDs like CdSe, these nanocrystals
not only exhibit long PL lifetimes but also large Stokes shift between the absorption and the PL
emission and thus do not suffer from self-absorption or non-radiative Forster resonance energy

transfer.

For 11-VI QDs, the PL emission usually originates from exciton recombination. For I-111-VI>
QDs, the PL emission mechanism is more complex and still under debate.31.6%78-81 Dye to their
heterogeneous composition, these dots contain high native defect densities which make their
electronic band structures difficult to determine. For A1ZS QDs, silver vacancies (Vag), sulfur
vacancies (Vs), silver interstitial atoms (Agint) and sulfur interstitial atoms (Sint) have been
reported and Vs and Agint behave as donors while Vg and Sin as acceptors.’12%130 Therefore,
the recombination of carriers trapped by intragap levels originating from surface defects, also
called donor-acceptor pair recombination, markedly contributes to the PL emission. The PL
emission of AIZS QDs was demonstrated to exhibit two components: (1) a fast transition with
a PL lifetime of ca 25 ns originating from a delocalized valence/conduction band transition and
(2) a slower component (PL lifetime higher than 185 ns) originating from the deep D-A pair

transition, its contribution being dependent on the composition of the nanocrystals.”
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The incorporation of transition metal cations like Mn?* in QDs allows not only to confer to
these nanocrystals new properties like magnetism but also to tune their optical properties. To
date, the doping of ZCIS or AlZS QDs with Mn?* ions has only scarcely been investigated.
When using a low amount of Mn?* and a high level of Zn?* ions in ZCIS or AIZS QDs, the D-
A emission wassuppressed and only the PL emission originating from the Mn?* 4T; — 5A;
transition located at ca. 600 nm was observed.3*82 The temperature-dependent PL properties of
Mn-doped ZCIS was also demonstrated.> When Mn?* were adsorbed at the periphery of the
CIS cores followed by the ZnS shell coating and the alloying, the obtained nanocrystals

exhibited both the Mn?* and the D-A pair emissions.3*

In this chapter, we report the incorporation of Mn?* ions in green- or orange-emitting AlZS
QDs via a one-pot reaction conducted in OAm. The loading in Mn?* was varied from 25 to 75%
relative to the total amount of metal cations in the dots to prepare quaternary
(AgInS2)x(MnS)y(ZnS)1-x.y QDs, thereafter noted Mn:AlZS. Our results show that the PL
emission of Mn:AIZS QDs, originating from the D-A pair recombination, can be tuned by
varying the Mn?* content of the dots. Time-resolved PL was used to investigate the PL
behaviors of Mn:AlIZS QDs at different Mn?* loadings. The small sized, highly fluorescent and
magnetic Mn:AIZS QDs can easily be transferred in agueous solution using poly(maleic
anhydride-alt-1-octadecene) and other ligands, which make them of high potential for bio-

imaging or cells labeling and sorting.
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2.2. Experimental part

Materials

Silver acetate (>99.0%, Sigma-Aldrich), indium acetate (99.99%, Sigma-Aldrich), zinc acetate
dihydrate (>98%, Sigma-Aldrich), thiourea (>99.0%, Sigma-Aldrich), oleylamine (OAm,
technical grade, 70%, Aldrich), 1-dodecanethiol (DDT, 98%, Alfa Aesar), stearic acid (SA,
97%, Acros organics), methanol (>99.9%, Carlo Erba Reagents), manganese chloride
tetrahydrate (>99.0%, Sigma), tetramethylammonium hydroxide pentahydrate (TMAH, >97%,
Sigma), poly(maleic anhydride-alt-1-octadecene) (PMAQO, 30000-50000, Sigma-Aldrich), 3-
mercaptopropionic acid (MPA), dimercaptosuccinic acid (DMSA), dihydrolipoic acid
(DHLA), L-cysteine (L-Cys), thiolactic acid (TLA), N-acetyl-L-cysteine (NAC), N,N-
dimethylformamide (DMF), propanol, borate buffer solution and chloroform (>99%, Carlo
Erba Reagents).

Synthesis of (AgInS2)x(ZnS)i1— (AIZS) and (AgInS2)x(MnS)y(ZnS)1-x-y (Mn:AIZS) QDs

(AgInS2)x(ZnS)1—x (AIZS) and (AgInS2)x(MnS)y(ZnS)i—x-y (Mn:AlZS) QDs were prepared
according to a facile one-step method recently described®®, with slight modifications (Fig. 2.1).
Green emitting nanocrystals were prepared by heating 0.02 mmol of AgOAc, 0.02 mmol of
In(OAC)3, 0.16 mmol of Zn(OAc). and 0.2 mmol of thiourea in 3 mL of OAm containing 2
mol% of DDT. Red emitting nanocrystals were prepared by heating 0.06 mmol of AgOAc, 0.06
mmol of In(OAc)sz, 0.08 mmol of Zn(OAc). and 0.2 mmol of thiourea in 3 mL of OAm
containing 2 mol% of DDT. The Mn(St)2 loading was varied (25, 50 or 75 mol% relative to the
total amount of salts used). The precursors and ligands were mixed in a four-necked flask and
the mixture stirred under an argon atmosphere until dissolution. Next, the temperature was
increased to 180 °C and maintained for 10 min. The reaction mixture was then cooled to room
temperature and centrifuged to remove large aggregates. AIZS or Mn:AlZS QDs were
precipitated from the supernatant using methanol and further purified by washing with methanol
and centrifugation (at least 10 times). The nanocrystals were dried under vacuum at room

temperature and stored in a dark place for further characterizations.
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Figure 2.1. Schematic illustration of DDT-capped (AgInS2)x(ZnS)1-x (AIZS) QDs
synthesis

Synthesis of Mn(+2) stearate (MnSt2)

Under a nitrogen atmosphere, stearic acid (10 mmol) in 15 mL of methanol was heated to 50—
60 °C to make a homogeneous solution. After cooling the reaction mixture to room tempera-
ture, TMAH (10 mmol) in 20 mL of methanol was added and the mixture was further stirred
15 min. Next, MnCl,-4H20 (5 mmol) in 10 mL of methanol was added dropwise under vig-
orous stirring. The white MnSt, precipitate was collected by centrifugation, washed several
times with methanol and dried under vacuum. The dried MnSt, was stored at 4 °C under N>

before use.

Hydro-dispersion of AIZS@DDT QDs with PMAO

To disperse Mn:AIZS@DDT QDs in water, the amphiphilic polymer poly(maleic-alt-1-
octadecene) (PMAO) was used’> (Fig. 2.2). A mixture of Mn:Al1IZS@DDT QDs (6 mg), PMAO
(9.4 mg) and 10 mL of chloroform was stirred vigorously for 2 h at ambient temperature. Next,
the solvent was removed at room temperature by using a rotary evaporator. The obtained
product was dissolved in 1 mL of chloroform and 6 mL of a 0.05 M aqueous solution of NaOH

were added. This mixture was sonicated for 1 h at 50°C and next centrifuged for 15 min at 5000
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rpm to remove aggregates. Next, the supernatant was centrifuged for 30 min at 15000 rpm and

the pellet obtained was dispersed in a Borate Buffer solution (pH = 9) and stored at 4°C.
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Figure 2.2. Schematic illustration of aqueous phase transfer of hydrophobic ligand

capped QDs by overcoating with PMAO

Aqueous phase transfer using L-Cys

The aqueous phase transfer by ligand exchange approach was achieved by replacing the starting
DDT surface ligands by L-Cysteine (or MPA (3-Mercaptopropionic acid) and GSH
(Glutathione), or DMSA (Dimercaptosuccinic acid) and MPA, or DHLA (Dihydrolipoic acid)
and MPA, or L-Cys (L-Cysteine) and MPA, or TLA (Thiolactic acid), or NAC (N-acetyl-L-
cysteine)) (Fig. 2.3). A mixture of L-Cysteine (1.266 g, ~10.45 mmol) and 100 mg QDs were
added into 3 mL of N,N-dimethylformamide (DMF) and a turbid solution was obtained. Then,
the mixture was heated up slowly to 130°C, then stirred under protection of nitrogen. After 15
min the mixture became transparent. Finally, the product was precipitated by adding 10 mL of
methanol (or propanol) and centrifugated at 6000 rpm for 3 min. The precipitate was dissolved
in borate buffer solution (pH~9) and the solution stored. UV-Visible and PL spectra were

measured in borate buffer solution.
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Figure 2.3. Schematic illustration of aqueous phase transfer by ligand exchange using L-

Cysteine

Preparation of DHLA

In two-necked flask 0.4 mg of tioctic acid mixed with 7.8 mL (0.25 M) sodium hydrocarbonate
at 0-5 °C. Then, to this mixture powder of sodium tetrahydridoborate (80 mg) was slowly added,
after that the mixture was stirred for 1 hour and mixture became clear. Then, 6.7 mL toluene
was added and solution appeared to be two-layered. After that solution was acidified to pH =1
using 20% HCI. The reduced thioctic acid fully transferred to the organic phase and this whitish
milky organic phase collected, then magnesium sulfide added to the solution and solution
became transparent. After filtration, this solution treated solvent evaporation. Pure DHLA is a

colorless transparent liquid®.

Characterizations

TEM and HR-TEM images were taken by placing a drop of the particles in water onto an
ultrathin carbon film-supported gold grids. XRD studies were carried out by using an X Pert
MPD diffractometer (Panalytical AXS). The samples were placed on zero background quartz
sample holders and the XRD patterns were recorded at room temperature using Cu Ko radiation
(A =0.15418 nm). A Jeol ARM 200F microscope equipped with EDX spectrometry was used
for the energy-dispersive X-ray (EDX) analysis. The actual compositions of Mn:AlZS QDs was
also determined using an inductively coupled plasma-optical emission spectrometer (ICP-OES)
(Thermo). The samples were prepared by digestion of the dried QDs with HCI/HNO3 3 : 1 (v/v)
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for 12 h, followed by dilution with Milli-Q water. TGA was conducted under O, atmosphere
from room temperature to 800 °C at a heating rate of 10 K/min using a TGA/DSC1 STAR
equipment (Mettler-Toledo). X-band EPR spectra were recorded in non-saturating conditions
on a Bruker ELEXSYS 500 spectrometer equipped with an Oxford instrument continuous-flow
liquid—helium cryostat and a temperature control system. Typical conditions were: 5G
amplitude modulation, 9.402 GHz, microwave power: 2.52 mW. Hydrodynamic QDs sizes,
polydispersity indexes (PDI), and Zeta potential measurements were determined by dynamic
light scattering (DLS) on a Zetasizer Nano ZS (green laser beam 532 nm) (Malvern Panalytical,
UK), Cuvette DTS1070.

All the optical measurements were performed at room temperature (201 °C) under ambient
conditions. FT-IR spectra were recorded on a Bruker ALPHA spectrometer. Absorption spectra
were obtained with a Thermo Scientific Evolution 220 UV-visible spectrophotometer, while
PL spectra were measured on a Horiba Fluoromax-4 Jobin Yvon spectro- fluorimeter. PL
spectra were spectrally corrected and PL QYs were determined relative to Rhodamine 6G in
ethanol (PL QY = 94%). For the PL excitation measurements, a Horiba Jobin Yvon Fluorolog
spectrofluorimeter equipped with a Xe lamp source was used. The PL signal was analyzed by
a monochromator equipped with a 150 grooves per mm grating and by a CCD detector cooled
at 200 K. For the time resolved photoluminescence (TR-PL) experiments, the QDs were
pumped by the 355 nm line of a frequency-tripled YAG (yttrium alu- minium garnet):Nd laser.
The laser pulse frequency, energy and duration were typically equal to 10 Hz, 50 pJ and 10 ns,
respectively. The PL signal was analyzed by a monochromator equipped with a 600 grooves
per mm grating and by a photomultiplier tube cooled at 190 K. The rise time of the detector is

equal to around 3 ns.

Magnetic properties were characterized with vibrating sample magnetometry (VSM) at
temperatures of 10 and 300 K, with applied magnetic field (H) up to +9 T. The magnetic

moment values are reported in electromagnetic units (emu) per mass unit of sample.
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2.3. Morphology and structure characterization

Mn:AIZS QDs were prepared via a one-pot synthetic protocol developed for AIZS QDs,® in
which AgOAc, In(OAc)s, Zn(OAc)2 and Mn(St)2 and thiourea precursors were thermally
decomposed in the presence of a mixture of DDT and OAm used as capping ligands. Green and
orange-emitting AlIZS QDs were prepared using Ag/In/Zn molar ratios of 0.02/0.02/0.16 and
0.06/0.06/0.08, respectively. The amount of DDT used to control the size of the nanocrystals
was fixed at 2 mol% and the loading of Mn(St)2 was varied (25, 50 or 75 mol% relative to the
total amount of salts in the reaction medium). Further increasing the loading in Mn(St)2 was
found to be deleterious on the QDs optical properties (vide infra). In preliminary experiments,
we observed that after complete dissolution of the precursors at room temperature, the best
optical properties were obtained when heating the reaction mixture at 180°C and this
temperature was kept in further experiments. The reaction mixture was maintained at 180°C for
10 min before cooling to room temperature and purification of the QDs. Only weak shifts of
the UV-visible absorption and of the PL emission to lower energy were observed during the 10
min of heating indicating that no significant growth of the nanocrystals occurred during that

period.

Fig. 2.4 and Fig. 2.5 show X-ray diffraction patterns of orange- and green-emitting AIZS and
Mn:AIZS QDs, respectively. The broadness of the peaks is indicative of the small size of the
nanocrystals. The peaks located at 25.4, 26.8, 28.8, 37.4, 44.9, 48.8 and 53.2° correspond to the
(120), (002), (121), (122), (320), (123) and (322) planes of the AIS orthorhombic structure,
respectively (JCPDS card No 25-1328, Pna2; space group, a = 0.7008 nm, b = 0.8162 nm and
¢ =0.6585 nm), as demonstrated by the Rietveld refinements using the Fundamental Parameters
approach built in the Topas application (Bruker XAS) shown in Fig. 2.6.
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Figure 2.4. XRD patterns of red-emitting AIZS and Mn:AIZS QDs when varying the

Mn?* loading
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Mn?* loading
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Figure 2.6. Rietveld refinement result (red curve) of the powder XRD data of A1ZS QDs
(black curve) using the orthorhombic phase of AgInS2. The blue curve corresponds to
the difference between the experimental data and the simulation. Data were obtained

considering the lattice parameters a = 0.7008 nm, b = 0.8162 nm and ¢ = 0.6585 nm and

an average size of 5 nm for the QDs

These results are in accordance with the synthetic method used.?® The orthorhombic phase is
stable above 620°C while the tetragonal chalcopyrite structure is stable below 620 °C.° This
phase reversion likely originates from the use of OAm as solvent which modifies the chemical
growth environment of the nanocrystals.’® The peaks are shifted towards larger angles
compared to pure AIS crystals, due to the diffusion of Zn?* and Mn?* ions into the AIS core
which conducts to a lattice shrinkage as the ion radii of Zn?* (0.075 nm) and Mn?* (0.070 nm)
are smaller than that of In®* (0.094 nm) and Ag* (0.115 nm). No significant shift of XRD peaks
was observed when varying the Mn?* loading, indicating that Mn?* jons were incorporated in
the QDs without significant changes in their crystal structure. Finally, no impurity like Ag2S,
In2Ss or MnS was detected indicating that phase separation did not occur even using a high

loading in Mn?*.
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Both energy-dispersive X-ray (EDX) and inductively coupled plasma-optical emission
spectrometer (ICP-OES) analyses confirm the presence of Zn, Ag, In, Mn and S elements in
Mn:AIZS QDs, but the stoichiometry is different from that used for the synthesis (Table 2.1 for
ICP-OES results where the actual ratios of Ag/In/Mn/Zn are normalized to the molar amount
of the Ag element, and Fig. 2.7, 2.8 and Table 2.2 for EDX results). According to EDX and
ICP-OES analyses, the QDs have a non-stoichiometric composition with an excess of S
compared to metal ions and a defect in Ag compared to In and Zn. The high amount of S
detected originates from the presence of S both in the core and in the DDT capping ligand.
While equimolar amounts of Ag and In were charged in the reaction flask, Al1ZS QDs obtained
after purification appear significantly richer in the In element (In/Ag atomic ratio of 1.54).
Although In®" is a hard Lewis acid according to the Pearson theory while Ag* and S exhibit a
soft character, this result may be related to the difference of chemical reactivity of Ag and In
precursors towards S? in the reaction solution. When Mn?* was loaded in the AIZS
nanocrystals, the contents in Ag* and In®* of the QDs decrease while that of Zn?* remains almost
constant, suggesting that a cation exchange allowing the replacement of Ag* and In®* by Mn?*

occurs.

Finally, EDX analyses show that the amount of Mn?* ions loaded in the nanocrystals is
significantly lower that the amount used for the synthesis (1.82, 5.37 and 11.89 at.% of Mn?*
were detected when using 25, 50 and 75% of Mn?* relative to the total amount of metallic salts
used for the synthesis), suggesting that Mn?* jons poorly incorporate into the AIZS crystal

lattice.

Table 2.1. Theoretical and actual Ag/In/Mn/Zn ratios determined by ICP-OES for
orange-emitting A1ZS QDs when varying the Mn?* loading QDs

QDs Ag/In/Mn/Zn ratio in precursors | Actual ratios of Ag/In/Mn/Zn
AlZS 1/1/0/1.33 1/1.54/0/1.80

Mn (25%) : AlZS 1/1/0.83/1.33 1/1.55/0.17/1.97

Mn (50%) : AlZS 1/1/1.66/1.33 1/1.62/0.55/2.02

Mn (75%) : AlIZS 1/1/2.5/1.33 1/1.47/1.44/2.38
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Table 2.2 Atomic ratios in AIZS and Mn:AlZS QDs determined by EDX analyses

Element Theoretical dopant percentage in Mn
0% 25% 50% 75%
Zn 20.57 20.82 19.51 19.62
Ag 11.41 10.54 9.62 8.24
In 17.64 16.43 15.63 12.18
S 50.04 50.39 49.85 48.07
Mn - 1.82 5.37 11.89
5
In
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Figure 2.7. EDX analyses of orange-emitting A1ZS and of Mn:AIZS QDs loaded with 25,
50 and 75% Mn?*, respectively
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Figure 2.8. EDX analyses of orange-emitting AI1ZS and of Mn:AlZS QDs loaded with 25,
50 and 75% Mn?*, respectively

Low temperature (20 K) X-band electron paramagnetic resonance (EPR) spectra recorded on
the Mn : AIZS QDs further support the loading of Mn2+ in the nanocrystals (Fig. 2.9). In all
cases, a broad signal centered on g = 2 is detected. The broadness of the signal is typical for
Mn-doped AIZS or CIZS QDs and originates from the complex environment of Mn?*
surrounded by Ag*, In** and Zn?* ions34. While poorly resolved hyperfine coupling can be
observed for 50% and 75% loading in Mn?*, the spectrum of the Mn (25%):AIZS QDs displays
a set of six lines separated by about 80 G, which is related to the coupling of the electronic spin

with the 5/2 nuclear spin of Mn?*.
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Figure 2.9. EPR spectra recorded at 20 K of orange-emitting AIZS QDs loaded with 25,
50 and 75% Mn?*

Transmission Electron Microscopy and High-Resolution TEM were used to characterize the
size and the shape of AIZS and Mn:AIZS QDs. Fig. 2.10 shows the results obtained with
orange-emitting Al1ZS QDs when increasing the loading percentage in Mn?* from 25 to 75%.
The average size of the nanocrystals was determined by analyzing at least 100 nanocrystals in
the TEM images and, regardless of the Mn-loading percentage, was found to vary between 3.3
and 3.7 nm (see Fig. 2.11 for the size distributions). Mn:AIZS QDs shape is irregular and
spherical, ellipsoidal and triangular particles can be observed in each sample. The clear lattice
fringes in the associated HR-TEM images confirm that Mn:AlZS QDs are single crystals. The
lattice space measured is of ca. 0.35 nm and corresponds to the (120) crystal plane of
orthorhombic AgInS,. The high crystallinity of the dots is further evidenced from the selected
area electron diffraction (SAED) patterns (insets of Fig. 2.10) which show a set of concentric

rings corresponding to the diffraction of the various crystalline planes of the nanocrystals.
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Figure 2.10. TEM and HR-TEM images of (a) orange-emitting AIZS and (b-d)
Mn:AIZS QDs loaded with 25, 50 and 75% Mn?*, respectively. The insets shows SAED

patterns
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Figure 2.11. Average sizes and standard deviations of (a) orange-emitting AIZS, (b) Mn
(25%0):AlZS, (c) Mn (50%):AlZS and (d) Mn (75%):AlZS QDs
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A representative thermogravimetric analysis (TGA) of the Mn (50%):AlZS QDs is given in
Fig. 2.12a and shows three mass loss regions. The two first mass losses (between 250-350°C
and 360-460°C) likely originates from the removal of neutral ligand (DDT and OAm) anchored
at the surface of the dots while the third weight moss might originate from the removal of ionic
ligand (DDT covalently bound to surface Zn atoms). The remaining mass (ca. 73%)
corresponds to the inorganic Mn:AIZS core and indicates that the QDs are covered by a
relatively tick shell of ligands. The presence of the DTT and OAm ligands at the periphery of
the dots was further confirmed by FT-IR (Fig. 2.12b). The symmetric and antisymmetric C-H
stretching of methylene groups of OAm and DDT can be observed at 2916 and 2850 cm™,
respectively, while the in-plane deformation of these bonds can be observed at 1453 cm™. The
weak signal at 3002 cm™ is characteristic of the ethylenic C-H stretching of OAm. The N-H
stretching and bending appear at 3209 and 1614 cm™, respectively. The C-S stretching of DDT
at 1375 cm™ further confirms the co-capping of the dots with OAm and DDT.
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Figure 2.12. TGA trace (a) and FT-IR spectrum (b) of Mn (50%):Al1ZS QDs
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2.4. Optical properties

Fig. 2.13 shows the UV-vis absorption and the PL emission spectra of green- and orange-
emitting AIZS QDs and the evolution of these spectra when increasing the loading in Mn?*
from 25 to 75%. All spectra were recorded using nanocrystals obtained after 10 min heating at
180°C and purified by precipitation and washing with methanol. The broad absorption without
a marked exciton band is typical of ternary like AIS and quaternary like AIZS QDs and
originates from the distribution of vibrational states rather than from size and/or composition
inhomogeneity of the dots.!316:131 A slight shift to lower energies is observed when increasing
the loading in Mn?*, which suggests a decrease of the bandgap. The bandgap values were
determined from the Tauc plots of (ahv)? vs hv (where o is the absorption coefficient and hv is
the photon energy) and were found to decrease from 2.52 to 2.31 and from 2.93 to 2.83 eV for
orange- and green-emitting AIZS QDs, respectively, when loading these nanocrystals with 25,
50 and 75% Mn?* (Fig. 2.15). These values are higher than that of bulk AgInS; in orthorhombic
phase (1.87 eV) due to the quantum confinement effect in Al1ZS and Mn:AIZS QDs. The steady
state PL emission spectra or green- and orange-emitting AIZS QDs are broad and their fwhm
are of ca. 100 and 138 nm, respectively (Fig. 2.13a-b). The maximum of the PL peaks are
located at 540 and 660 nm and the PL QY's are 46 and 62% for the green and the orange-emitting
QDs, respectively. As previously mentioned, the broadness and the asymmetry of the spectra
originate  from the numerous D-A transitions and trap-state emissions in these
nanocrystals.31.6%78-81 For hoth QDs, a marked Stokes shift is observed, indicating that the self-

absorption is minimal and further corroborating that the PL emission is not a bandgap emission.
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Figure 2.13. UV-visible absorption and normalized PL emission spectra of (a) green and
(b) orange emitting QDs when increasing the Mn?* loading from 25 to 75% (hex = 400
nm). The insets are digital photographs of the dots dispersed in chloroform under UV

light illumination
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When loading these AIZS QDs with Mn?*, a continuous red-shift from 540 to 596 nm and from
660 to 714 nm is observed compared to green- and orange-emitting QDs, respectively,
indicating that Mn?* ions contribute to the PL emission mechanism. However, contrary to
previous reports describing the preparation of Mn-doped AIZS QDs, the “T1 — ®A; emission
of Mn?* ions in the AIZS host was not observed at ca. 600 nm, which suggest that Mn?* ions
incorporated in AIZS QDs via the synthetic method developed in this work do not quench the
D-A pair emission.3*8 PL excitation (PLE) spectra of AIZS and Mn (25%):AlZS QDs are
shown in Fig. 2.14. A broad signal with a maximum located at ca. 520 nm was observed for
both QDs, which is in good agreement with previously described PLE spectra of AIZS QDs
emitting in red region.*>® PLE have been also measured (not shown here) for an emission from
550 nm to 900 nm with a step equal to 4 nm for AIZS and Mn:AIZS and the spectra show the
same shape. The similar profiles confirm that the Mn?*-related “T; — A transition is not
involved in the PL excitation and emission of Mn:AIZS QDs. We assume that the PL red-shift
observed when increasing the dopant loading likely originates from the Mn?* position in the
AIZS host and thus from the synthetic method used.

The PL shifts do not originate from a size increase of the dots as previously demonstrated by
TEM (Fig. 2.10 and 2.11) but rather from a decrease of the bandgap as previously demonstrated.
Simultaneously, their shape was also found to be dependent on the Mn?* loading and the fwhm
of the PL peak increases up to 144 and 170 nm for Mn:AlZS QDs emitting at 596 and 714 nm,
respectively, while it should be of ca. 60 nm for the Mn d-state emission.?* The PL intensity of
Mn:AIZS QDs remains high but a continuous decrease of the PL QY is observed when
increasing the Mn?* content. For green-emitting AIZS, the PL QY decreases from 46 to 38, 31
and 13% for theoretical loadings in Mn?* of 25, 50 and 75%. A similar behavior is observed

starting from orange-emitting QDs (decrease from 62 to 53, 41 and 16%, respectively).
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Figure 2.14. PL excitation (dotted red lines) and PL emission (black lines) spectra of (a)
AlZS and (b) Mn (25%):AlZS QDs in chloroform. Excitation spectra were monitored at

the corresponding emission peak of each sample taken from Fig. 2.13
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Figure 2.15. Determination of the optical bandgap of AIZS and Mn:AIZS QDs when
increasing the loading in Mn?* ions in (a) green-emitting A1ZS QDs and (b) orange-
emitting AI1ZS QDs

The PL mechanism for AIZS QDs is presented schematically in Fig. 2.16a and shows the
radiative D-A pair recombination. On the basis of the previously described results, the position
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of the trap state A relative to the Mn?* 8A; state determines the recombination process.3%,3469.78-
81 |If the trap state A is located below the Mn?* ®A; state, the typical “T1 — SA; transition of
Mn?* yielding an orange PL at ca. 600 nm should be observed (Fig. 2.16b).3* The dependence
of the PL emission peak with the Mn?* content suggests that a new Mn?* dependent trap state
located above the ®A; state and with a gradually higher energy appears while increasing the

Mn?* loading of AIZS QDs as demonstrated by the continuous red-shift of the PL peak with

the increase of the Mn?* content (Fig. 2.16¢).
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Figure 2.16. Schematic illustration of the PL mechanism of (a) AIZS and (b-c) Mn:AIZS
QDs. The solid arrows correspond to radiative relations while the dotted arrows show
the non-radiative relaxations
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To further study the mechanism of the PL emission, time-resolved PL decay measurements
were carried out. Representative time-resolved PL decay spectra were recorded at the PL
emission maxima of orange-emitting AIZS and Mn:AIZS QDs obtained from Fig. 2.13a and
results are shown in Fig. 2.17. The data were best fitted using a bi-exponential function I(t) =
Az exp (-t/t1) and Az exp (-t/t2) where 11 and 12 are the time constants of the PL and A; and A2
the normalized amplitudes of the components. The fitting parameters are summarized in Table
2.3. The average PL lifetimes (tav) weredetermined using tav = (A1t1 + A2t2) / (A1 + A2) and
are in the typical range of 1 to 10 ps™ generally observed for AIZS nanocrystals due to the
numerous intrinsic trap states (Vs and Agint acting as donors while Vag and Sint as

acceptors).31,69,78-81,89,126 Thege results further confirm that the PL emission does not originate

from Mn2* ions which exhibit a millisecond PL lifetime, 132133
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Figure 2.17. PL lifetimes of orange-emitting A1ZS and of the corresponding Mn:AIZS
QDs at the PL maximum wavelength
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Table 2.3. Lifetimes and fitting parameters of orange-emitting A1ZS and Mn:AIZS

nanocrystals

Sample A1 T1 Az T2 Tav

(%) (1s) (%) (1s) (ns)

AlZS 54.1 2.738 45.9 10.143 6.14
Mn (25%):AlZS 75.8 1.471 24.2 8.146 3.09
Mn (50%):AlZS 87.8 1.344 12.2 7.832 2.14

These long PL lifetimes clearly differentiate AIZS QDs from binary QDs like CdSe or CdTe
that exhibit a short PL lifetime of tens of nanoseconds originating from band to band
emission.’3* As previously described, two radiative channels were observed.®®> The fast decay
component t1 corresponds to surface trap state recombination and the slow decay component
12 to the D-A recombination originating from the defect states within the bandgap. Until 50%
loading in Mn?*, which corresponds to the dots with a PL QY only weakly affected by the Mn?*
incorporation (vide supra), a decrease of the decay time of both components is observed. This
decrease is however more pronounced for the fast component, suggesting a more pronounced
influence of Mn?* jons on the surface-related states. Moreover, its amplitude A: increases,
indicating that the observed evolution of the time-resolved PL can be interpreted by the
promotion of energy migration from Mn?* to the surface quench centers as observed in previous

studies.8*
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2.5. Magnetic properties

AlIZS QDs do not display any magnetic response with the applied field. When Mn?* is
incorporated within the nanocrystals, and regardless of the loading percentage, the magnetic
moment (M) is the merge of a ferromagnetic signal (evident from the hysteresis at low fields in
the inset of Fig. 2.18b, d and f) and of a paramagnetic and/or superparamagnetic signal (evident
from the overall Langevin-like shape of the curves at high fields). Previous works demonstrated
that nanocrystals doped with Mn?* display a ferromagnetic behavior'3>-138 whereas the Mn?*
ions are well known to be paramagnetic.*33139 The coercivity Hc (the applied field required for
zero net moment) and the remanence M, (the magnetic moment at zero applied field) can both
be trivially extracted from the hysteresis loops (Fig. 2.18b and d). The samples synthesized at
high concentration of Mn?* exhibit the highest saturation magnetization, up to 0.25 emu/g (at
10 K) (Fig. 2.18a), and decrease above 0.02 emu/g at room temperature. The decrease of the
amount of Mn?* leads to the decrease of the Ms values below 0.17 emu/g, and the temperature
dependence is drastically increased. All Mn:AIZS QDs exhibit remanent magnetization (Fig.
2.18aand c¢), up to 0.001 emu/g at 10 K. Fig. 2.18e depicts the behavior of the Mn (25%):AlZS
doped sample, no influence of the temperature on the magnetic behavior of the QDs can be
evidenced. The extraction of saturation magnetization (Ms) from the curves is non-trivial, since
saturation was not achieved in the system due to persisting paramagnetic signal on top of the

ferromagnetic signal of interest.
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Figure 2.18. (a) M(H) loop curves of Mn (25%):AlZS QDs at different temperatures and
(b) the magnetic properties at zero field. (c) and (e) are the M(H) loop curves of AIZS
and Mn:AIZS QDs at 10K and 300K, respectively. (d) and (f) describe the magnetic
properties at zero field of 75% and 25% Mn-doped AIZS QDs, respectively
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2.6. Transfer of Mn:AIZS QDs in aqueous phase

To demonstrate the potential of Mn:AlZS QDs for biological applications, the DDT and OAm-
capped Mn:AIZS QDs were transferred into aqueous phase using the amphiphilic PMAO
polymer.”> Micelles were first produced by the association of the hydrophobic alkyl chains of
PMAO with those of DDT and OAm through self-assembling in chloroform (Fig. 2.2). After
evaporation of the solvent, maleic anhydride units were hydrolyzed into carboxylate functions.
This hydrophilic corona allows the successful transfer of Mn:AIZS QDs in water without
alteration of their optical properties. Empty micelles were removed by ultracentrifugation at
15000 rpm and the PMAO-encapsulated Mn:AlZS QDs can easily be dispersed in water, PBS
or borate buffer. These colloidal dispersions can be stored for months at 4 °C indicating the
high stability of the micelles. Except for the Mn (75%):AlZS QDs, a red-shift of the PL
emission is observed but the PL QY's were not significantly altered (59, 51, 40 and 11% for
AIZS and Mn:AIZS loaded with 25, 50 and 75% Mn?*, respectively) (Fig. 2.19). The red-shift
observed likely originates from the compact association of QDs in the core of the micelle in
which the light emitted by the smallest nanocrystals is adsorbed by the largest ones that emit a

higher wavelength like a Forster resonance energy transfer process. 29140

The stability of PMAO-coated undoped AlIZS QDs was also studied in the pH range from 3 to
13 (Fig. 2.20). As can be seen from the figure, the positions of the PL peaks change only
insignificantly. The PL intensity of the particles increased and reached the highest value at pH
of 9 and decreased, but shows the highest values within the physiologically appropriate pH

range of 5 to 9 and stays stable in the basic medium until pH of 12.
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Figure 2.19. (a) UV-visible and PL emission spectra of AIZS and Mn:AIZS QDs after
transfer in water using the PMAO polymer and (b) digital photograph taken under UV
light illumination of Mn (25%):Al1ZS QDs before and after their transfer into water
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Figure 2.20. UV-Vis (a) and PL (b) spectra of undoped AIZS QDs water transferred
using PMAO at different pH, and the PL peak positions and the PL intensities changing

(c) in media with different pH values

The other ligands, listed in Table 2.4, were used to transfer DDT and OAm-capped AlZS QDs
into aqueous media using the ligand exchange approach (Fig. 2.21). The hydrodynamic
diameters and zeta-potential values of the water transferred AIZS QDs are demonstrated in Fig.
2.22.

The stability of the undoped AIZS QDs water transferred by L-Cys-coating was tested at pH
range between 3 to 13 (Fig. 2.23). According to the results, the PL intensity of these QDs stays
stable at the physiological relevant pH range of 5 to 9, with highest PL QY value of 40% at pH
of 9. The PL peak positions also can be considered not changed in this physiological relevant
pH range of 5 to 9, which demonstrates the suitability of these particles for use in biological

applications.
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Table 2.4. The structural and chemical formulas of the ligands used for the synthesis

and ligand exchange

Names Chemical Structural formulas
formulas
Oleylamine CigHa7N H,N
HaC |
1-Dodecanethiol Cle26S HSC/\/\/\/\/\/\SH
Poly(maleic anhydride-alt-1-
octadecene)
3-Mercaptopropionic acid C3Hs02S 0
HS/\)J\OH
Glutathione C10H17N306S 0 o (. o
HOJ’I\/\)LN/QTN\)LOH
NH, H o
meso-2,3-Dimercaptosuccinic C4Hs04S: SH
HOC 5
acid [ CoM
SH
Dihydrolipoic acid CsH1602S2 7
HS OH
SH
L-cysteine C3H/NO2S 2
HS/YJ\OH
NHz
Thiolactic acid C3HsO2S o)
Ao
SH
N-Acetyl-L-cysteine CsHoNO3sS
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Figure 2.21. UV-visible and PL emission spectra of undoped AIZS QDs after transfer in

water using different ligands
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Figure 2.22. DLS and zeta-potential curves of AIZS QDs after transfer in water using

different ligands
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Figure 2.23. UV-Vis (a) and PL (b) spectra of undoped AIZS QDs water transferred
using L-Cys recorded at different pH, (c) shows the PL peak position and PL intensity

changing in media with different pH values

2.7. Conclusion

In summary, Mn:AIZS QDs were easily prepared via a one-step approach using AgOAc,
In(OAC)3, Zn(OAC)2, Mn(St). and thiourea as precursors DDT and OAm as capping ligands.
The PL emission of Mn:AIZS originates from D-A transitions and can easily be tuned by
varying the Ag/In/Zn/Mn stoichiometric ratio. A red-shift of the PL emission is observed when
increasing the Mn?* loading likely due to the generation of Mn?* dependent trap states.
Mn:AIZS QDs were also demonstrated to exhibit ferromagnetic and paramagnetic properties.
Their long PL lifetimes which allow to differenciate their signals from the fast decaying
background and biological systems PL and their magnetic properties should allow Mn:AIZS
QDs to be of high potential for bioimaging applications.
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Chapter 3. Aqueous media syntheses of AIZS and Mn-,
Gd-, or Fe-doped AIZS QDs

3.1. Introduction

Recently, ternary I-111-V1> QDs have been demonstrated to be very attractive for biological and
biomedical applications due to their small size and composition tunable optical and electrical
properties and to their reduced toxicity compared to binary Cd-based QDs. In order to improve
their photoluminescence properties, shelling with higher band gap ZnS is well developed, which

led to the development of quaternary I-11-111-VI QDs.

Various methods were applied to synthesize high quality Ag-In-Zn-S QDs such as hot-
injection?®, non-injection®® and single source precursor thermal decomposition!’. Ko and co-
workers33 proposed a multi-step shelling approach resulting in a PL QY of 87% for AI1ZS QDs.
Consequently, the use of AIZS QDs for optical applications has increased4-44, In addition,
the possibility to control their sizes, and their properties during the synthesis and customize
their compositions due to their multi-component nature expand the field of their application to

biology and biomedicine.

The synthesis of quaternary Ag-In-Zn-S QDs in aqueous media is developing because the
obtained particles do not require a post-preparative step for their water solubility since the as-
prepared particles are soluble in water, hence biocompatible. Furthermore, aqueous synthesis
is of low-cost and environmental-friendly. AIZS QDs can also be synthesized by
hydrothermal®> or microwave-assisted*® methods. The simplicity of the synthesis methods
along with the mild synthesis conditions allowed for the large-scale synthesis of these QDs>’.
Luo and co-workers?> synthesized water-soluble AlZS QDs using a one-step method, where
silver and indium acetates were dissolved in water containing the GSH ligand followed by the
injection of NaxS to prepare the AIS core. To prepare the AIZS NCs, zinc acetate as precursor
was injected into the heated AIS core solution at 95 °C. Moreover, the influence of the ratio of
precursors, the amount of ligand used on the optical properties of the synthesized QDs were
studied.
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The doping of fluorescent QDs with paramagnetic metal ions in order to prepare multimodal
contrast agents is having huge interest'4>-47, This is due to the possibility of obtaining a contrast
agent combining two properties in one nanomaterial for two imaging tools, such as fluorescent

imaging and magnetic resonance imaging.

In this work, we synthesized highly fluorescent AIZS and Mn?*, Gd** and Fe®*-doped AIZS
QDs in aqueous media using reduced L-glutathione as a capping ligand. This easy to conduct
and reproducible synthesis method allowed us to prepare QDs with superparamagnetic and
paramagnetic properties. Moreover, synthesized QDs showed no toxicity towards KB cells

when incubated for one day at a concentration of 1 mg/mL.
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3.2. Experimental section

Materials

Silver nitrate, indium nitrate, zinc acetate dihydrate, sodium sulfide nonahydrate, manganese
acetate, gadolinium nitrate hydrate, iron chloride, L-glutathione reduced (GSH), ethanol,
polyethylenimine  (PEI), hyaluronic acid sodium salt (HA), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), folic acid (FA), (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT), dimethylsulfoxide
(DMSO) were used as received.

Agueous phase synthesis of Ag-In-Zn-Me-S (Me=Mn, Gd, Fe) QDs

In a typical procedure for the synthesis of the Ag-In-S core QDs (Ag/In ratio of 1:5; total metal
amount of 0.5 mmol), 0.083 mmol silver nitrate and 0.417 mmol indium nitrate hydrate were
dissolved in 25 mL water in a 100 mL three-neck flask under magnetic stirring. Then, to this
solution GSH (0.02 M) was added. Afterwards, the pH of the mixture was adjusted to 8 by
adding a 2 M NaOH solution. Then the mixture was kept under argon flow for 30 min. Next,
sodium sulfide nonahydrate (1 mmol in 2 mL of water) was injected quickly in the flask. Then,
after 5 min of vigorous stirring, the heating was started. After reaching 100 °C, the mixture was
kept this temperature for 35 min. After the core synthesis, the first shell precursors (0.5 mmol
of zinc acetate dihydrate and 0.5 mmol of sodium sulfide nonahydrate, each dissolved in 1 mL
of DI water) were simultaneously dropwise added to the reaction and kept at 100 °C for 1 h.
The second shell was injected with the doping element. The precursor of the doping element
replaced the corresponding amount of zinc acetate (Fig. 3.1). Thus, in the second shell, 0.5
mmol of zinc acetate dihydrate with manganese (1) acetate (gadolinium (111) acetate or iron
(11) chloride) and 0.5 mmol of sodium sulfide nonahydrate — each dissolved in 1 mL of DI
water — were introduced dropwise into the reaction flask. The growth of the second shell lasted
for 1 h. After the synthesis, the QDs solution was naturally cooled down to room temperature
and centrifugated for 10 min at 5000 rpm. Next, the precipitate was removed, the supernatant
precipitated with ethanol and washed with ethanol several times. The wet product was stored

in the fridge.
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GSH-capped quaternary Ag-In-Zn-Me-S QDs

Surface modifications

PEI-capping of aqueous phase synthesised AIZS@GSH QDs

10 mg of GSH-capped QDs were dissolved in 1 mL of DI water. Then, to this solution of the
QDs, 9 mL (1 mg/mL) water solution of polyethylenimine (PEI, pH 8) was added dropwise.
The mixture was sonicated for 2 h under ambient conditions (after sonication, the solution
should be transparent). The sonication was followed by an ultracentrifugation (20 min at 30000
rpm). The supernatant was removed and the precipitate dissolved in 10 mL of DI water. UV-
Vis absorption and PL emission spectra of PEI-capped QDs solutions were recorded. The

product was stored in the fridge before hyaluronic acid capping (HA).

HA-capping of PEI-capped AIZS@GSH QDs

To the water solution of hyaluronic acid sodium salt (0.25 mL, 0.5 mg/mL), the solution of the
PEI-capped QDs (2 mL, 1 mg/mL) was slowly added and the mixture stirred for 40 min under
ambient conditions. The schematic illustration of PEI-capping and HA-capping of AIZS@GSH
QDs is depicted in Fig. 3.2.
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Figure 3.2. Schematic illustration of cationization with PEI and HA-capping of GSH-
capped AIZS QDs

Folic acid (FA) capping through PEI-FA conjugate

The PEI-FA conjugate was prepared using an earlier published procedure!*®. 100 mg of folic
acid were added by small portions into 5 mL of DMSO. Then, to this solution, 70 mg of EDC
and 200 mg of NHS in 5 mL of DMSO were added. After that, the mixture was stirred in the
dark for 2 h, then 800 mg of PEI in 20 mL of DI water were added to the mixture, followed by
pH adjustment to 8 using 0.2 M NaOH. Afterwards, the solution stirred for the next 3 days
followed by a dialysis against DI water for 5 days to remove excess by-products. Then, the
solution was collected, the solvent evaporated using a rotary evaporator, and the product was

stored at 4°C before use.

To prepare PEI-FA conjugate capped QDs, the QDs and the PEI-FA conjugate (10 mg of each)
were dissolved separately in 1 mL and 9 mL DI water, respectively. Then the conjugate solution

was dropwise added to the QDs solution and sonicated for 2 h.

In Vitro Cytotoxicity

The in vitro cytotoxicity of QDs was determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assays. In a typical procedure, KB cells were cultured in 96-well
plates at the density of 1.10° cells/mL with 200 mL/well for 12 h to allow the cells to attach.
Then, the cells were exposed to different concentrations of QDs (1, 0.5, 0.25, 0.1 mg/mL) for
24 h. At the end of the incubation time, the media containing the QDs was removed, and the
cells were treated with 50 puL of MTT for 3 h. Then, the cells were lysed by the addition of 50
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uL DMSO. Further, the absorbance was measured at a wavelength of 540 nm. Averages and

standard deviations were based on six experiments.

Preparation of KB cells for the experiment

The KB cell line was purchased from ATCC (CCL-17). Cells were cultured in Roswell Park
Memorial Institute 1640 medium (RPMI-1640, Invitrogen, Carlsbad, California, USA),
supplemented with 9% (v/v) heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich, St.
Louis, MO, USA), penicillin (10,000 1U) streptomycin (10,000 mg/mL) and 1% (v/v) 0.2 M
glutamine (Invitrogen, Carlsbad, California, USA). Cells were kept as a monolayer culture in a
humidified incubator (5% CO3) at 37°C. Cell culture was reseeded every week to ensure
exponential growth.

KB cells were seeded (@3x10* cells/mL) in 4 well Lab-Tek 1l Chamber Slide System during 3

days. QDs were incubated during 3 h in the cell culture medium with 2% SVF.

Fluorescent imaging equipment
Images were acquired with an upright Olympus AX-70 Provis fluorescence microscope
equipped with a Hamamatsu Orca-flash 4.0 LT Plus camera. Fluorescence filters were: EX:

405-445 nm band pass; Ex: 590 nm high pass; Dichroic mirror: 570 nm
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3.3. Morphology and structural characterization

Water-soluble GSH-capped AIZS QDs were synthesized via a one-pot three-step method at 100
°C. Silver nitrate and indium nitrate hydrate with the molar ratio of 1/5 were dissolved in water
solution of GSH (0.02 M) followed by pH adjusting at 8. Then, the mixture was stirred under
argon flow for 30 min, after which Na>S.9H,O was quickly injected to the mixture and the
heating started. After reaching 100 °C, the core preparation lasted for 35 min. For the first shell
deposition, Zn(OAc). and Na»S.9H,0, each dispersed in water, were injected dropwise,
followed by the shell growth for one hour. The second shell is installed using the same synthetic
protocol. For the doped QDs, various amounts of Zn(OAc). were replaced by the doping ion
(manganese (Il) acetate, gadolinium (Il1) acetate or iron (I1) chloride). The growth of the
second shell lasted for another hour. Then the synthesized QDs solution was cooled down to
room temperature, centrifugated to remove large particles, precipitated using ethanol, cleaned

several times using ethanol and finally stored in the fridge.

X-Ray diffraction analysis was used to characterize the chemical structure and crystallinity of
synthesized QDs. In Fig. 3.3, the XRD patterns of Mn-, Gd-, and Fe-doped AIZS@GSH QDs
are shown. The broadness of the peaks originates from the small sizes of the nanoparticles. The
peaks located at 20 values of 28.63, 47.63, and 56.52° correspond to the (111), (220), and (311)
planes, respectively, of the cubic ZnS blende structure (JCPDS 03-065-0309, F-43m space
group, a = 5.4 A). The shift of diffraction peaks towards high angles is attributed to the decrease
in the lattice parameters due to the smaller ionic radii of Zn?* (0.74 A) ions compared to those
of Ag* (1.15 A) and In®** (0.80 A) and it is an evidence of the alloying of the AIS core with the
ZnS shell and of the formation of a core/shell structure. The incorporation of Zn?* ions as a first
shell reduces the cationic vacancies in the AIS core crystal lattice and consequently, the non-
radiative recombination centers are reduced leading to the improvement of the quantum
efficiency. It should be mentioned that the introduction of the different doping ions did not
affect the crystal structure of the QDs. Moreover, no impurities such as Ag.S, In2S3, AgInS; or
ZnS were detected, which confirms the optimal conditions for the preparation of doped AIZS

QDs synthesis.
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Figure 3.3. XRD patterns of aqueous synthesized AIZS@GSH QDs when varying the
metal-doping percentage: a) Mn-doped; b) Gd-doped; c) Fe-doped

The nanosize of doped AlZS QDs was further confirmed by TEM. The TEM images show
relatively narrow size distributions (at least 100 nanoparticles counted) and confirm the high
crystallinity of doped AIZS QDs (see SAED patterns) (Fig. 3.4, 3.5 and 3.6). The average
diameters of the QDs are in the range of 2.2 nm to 2.5 nm. The shapes of these nanoparticles
are mostly spherical but some irregularly shaped particles were found. The increase of the
doping elements (Mn, Gd, or Fe) concentration in Al1ZS QDs does not significantly affect the

size of nanoparticles.

TGA results show around 20% weight loss for undoped and Mn-, Gd-, and Fe-doped AIZS
QDs, which indicates a thin layer of the GSH ligand at the surface of the QDs (Fig. 3.7). Two
weight-loss regions, first below 100°C and the second around 300°C, were observed. The
weight-loss below 100°C may originate from water molecules bound to the surface of the

samples while the second weight-loss corresponds to the removal of the GSH surface ligand.
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Figure 3.4. TEM images, SAED patterns and size distributions of 5% Mn-doped (a) and
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Figure 3.5. TEM images, SAED patterns and size distributions of 5% Gd-doped (a) and
10% Gd-doped (b) AIZS@GSH QDs
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Figure 3.6. TEM images, SAED patterns and size distributions of 5% Fe-doped (a) and
10% Fe-doped (b) AIZS@GSH QDs
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3.4. Elemental analysis and EPR measurements

Energy-dispersive X-ray was used for the elemental analysis of synthesized QDs and it
confirms the presence of Ag, In, Zn, Mn elements and of Gd, Fe and S dopants in the AlIZS
QDs (Fig. 3.8, Table 3.1). The detected amount of Mn and Fe elements was found to be lower
than the amount used for the synthesis, while amount of Gd was higher than used for the
synthesis (Table 3.2). However, results show that the dopants are successfully incorporated into
the crystal structure of the QDs. Based on EDX analysis (Table 3.1 and Table 3.2), the prepared
Mn and Fe-doped QDs have a non-stoichiometric composition with a defect in In compared to
Ag and Zn. Furthermore, in the case of the Gd-doping, the dopant replaces zinc in the structure
(defect in Zn compared to Gd) (Table 3.2).
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Figure 3.8. EDX analyses of AIZS@GSH QDs when varying the: a) Mn-doping, b) Gd-
doping, and c) Fe-doping
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Table 3.1. EDX results of AIZS@GSH QDs when varying the metal-doping

Element at%
5% Mn | 10% Mn | 5% Gd 10 % Gd 5% Fe 10 % Fe

Ag 243 2.80 3.07 3.25 2.87 2.79
In 11.94 13.02 14.72 15.94 12.49 12.00
Zn 46.68 37.70 27.14 26.56 40.56 44.96
S 38.22 45.53 51.21 48.44 43.58 39.49
Mn 0.73 0.95 - - -
Gd - - 3.86 5.81 - -

Fe - - - 0.50 0.76

Table 3.2. Theoretical and actual Ag/In/Zn/Me ratios determined by EDX for Me-

doped AIZS QDs

Ag/In/Zn/Me

Actual ratios determined by EDX

ratio in
Ag/In/Zn/Mn Ag/In/Zn/Gd Ag/In/Zn/Fe
precursors
5 % doping 1/5.21/11.88/0.63 | 1/4.91/19.21/0.30 | 1/4.79/8.83/1.26 | 1/4.35/14.13/0.17
10 % doping | 1/5.21/11.25/1.25 | 1/4.65/13.46/0.34 | 1/4.90/8.17/1.79 | 1/4.30/16.11/0.27

To further confirm the Mn ions incorporation into the AIZS structure, X-band electron

paramagnetic resonance spectra were recorded. Fig. 3.9 shows the EPR spectra of 5% and 10%
Mn-doped AIZS QDs with the broad signal centered on g = 2. These spectra of Mn-doped AIZS
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QDs display a set of six lines separated by about 80 G, which is related to the coupling of the
electronic spin with the 5/2 nuclear spin of Mn?*. The broadness of the signals observed is likely

due to the complex environment of Mn ions in the presence of indium, silver and zinc ions.

5% Mn-doped

——10% Mn-doped

I N I ' I ! I ! I ' 1
1000 2000 3000 4000 5000 6000
Field (G)

Figure 3.9. EPR spectra of Mn-doped AIZS@GSH QDs
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3.5. Optical properties

Fig.3.10 shows the UV-vis absorption and the PL emission spectra of 5% Mn-doped
AIZS@GSH QDs during the aqueous phase synthesis. A PL peak centered at 624 nm was
observed for the AIS core, which is attributed to defect-related transition?4°. Furthermore, the
broad absorption is typical for AIS and AIZS QDs, and is usually explained by the distribution

of vibrational states rather than from size and/or composition inhomogeneity of the dots.

A slight blue-shift of the PL peak from 624 nm to 600 nm can be observed after the first ZnS
shell introduction as compared to the PL spectra of the AIS core. This can be explained by the
cationic interdiffusion between the narrower bandgap AIS core (Eq = 1.87 eV) and the wider
bandgap ZnS shell (Eq = 3.68 eV)%2. The same behavior was observed in other studies when a
ZnS shell was introduced on CIS and AlS cores!®1>0, The quantum confinement effect resulted
in increasing the bandgap values of core/shell QDs compared to the AginSz core (Fig. 3.11).
These values for AIZS QDs determined from the Tauc plots of (ahv)? vs hv (where o is the
absorption coefficient and hv is the photon energy) were found to be in the range 3.27 eV
(AlZS) to 2.86 eV (Mn(10%):AlZS).

The introduction of the second shell containing Zn and Mn onto the AIS core did not change

the PL peak position, indicating that no subsequent alloying occurred (Fig. 3.10).
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Figure 3.10. UV-Vis absorption and PL emission spectra of 5% Mn-doped AIZS@GSH
QDs during core, 1%t shell and 2" shell processing
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Figure 3.11. Determination of the optical bandgap of A1ZS QDs during nanoparticles

growth
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A shift to higher wavelengths (lower energies) was observed when increasing the loading in
Mn?* ions. This increase of the dopant loading also influences the electronic states of the AIZS
QDs as seen from the bandgap values decrease upon Mn-content increasing (Fig. 3.13). This
shift to lower energies may be caused by the lattice shrinkage originating from the diffusion of
Mn?* jons into the AIS/ZnS core/shell structure (Fig. 3.12) as also indicated by XRD. The red
shift was observed from 588 nm for undoped AIZS QDs to 602 nm and 604 nm when the
nanocrystals were doped with 5 % and 10 % Mn, respectively. The PL emission of doped AlZS
QDs is not a bandgap emission, which is noticeable from the observed large Stokes shift. The
peaks centered at ca. 600 nm are also not the Mn d-state emission (“T1 — ®A; transition)34,
which was found by microsecond PL lifetimes. It was concluded, that this emission is more

likely a radiative D—A pair emission with Mn-content dependent trap state.

Undoped 588602604
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Figure 3.12. (a) UV-Vis absorption and PL emission spectra undoped and Mn-doped
AlIZS@GSH QDs and (b) photograph of aqueous dispersions of the dots under UV light

irradiation
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Figure 3.13. Determination of the optical bandgap of AIZS and Mn:AIZS QDs when

increasing the loading in Mn?* ions

The PL QY of AIZS and metal-doped AlZS QDs at room temperature was determined from the
integrated fluorescence intensities of the QDs and of the reference (Rhodamine 6G, QY=95%
in water, at 400 nm excitation). All the samples for spectral measurement were diluted to yield
an absorbance between 0.01-0.02 at the excitation wavelength. The QYs of the AlZS QDs
(Table 3.3) were calculated using the formula:

K x A, xQY,

Y
O ="Fxa

where F is the integrated fluorescence emission, A is the absorbance at the excitation
wavelength of samples (s) and reference (r).

Table 3.3. PL QYs of aqueous synthesized AIZS@GSH QDs doped with different

metals

AIZS@GSH QDs Mn-doped Gd-doped Fe-doped

5% 10% 5% 10% 5% 10%
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PL QY, %

42.4

23.9

69.3

55.5

12.94

14.09

When doping Gd®* ions into AlIZS QDs, the PL emission peak position was not changed,

indicating that there are no significant structural defects and that the PL peaks can be attributed
to the emission of AIZS QDs (Fig. 3.14). For the Fe* doping, there is a shift to higher
wavelengths with the increasing of the doping percentage (Fig. 3.15).
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Figure 3.14. (a) UV-Vis absorption and PL emission spectra of undoped and Gd-doped
AlIZS@GSH QDs and (b) photograph of aqueous dispersions of the dots under UV light

irradiation
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Figure 3.15. (a) UV-Vis absorption and PL emission spectra of undoped and Gd-doped
AIZS@GSH QDs and (b) photograph of aqueous dispersions of the dots under UV light

irradiation

PL lifetimes. As it was reported in the first chapter, there are two luminescent mechanisms in
AlZS QDs”: the first with shorter lifetimes (ca. 25 ns) and with higher emission energy
involves transitions between delocalized conduction/valence band and localized defects. The
second with longer lifetime (> 185 ns) and lower emission energy involves transitions between

two localized or defect levels.
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The fast decay component 7, corresponds to surface trap states (dangling bonds or vacancies),
and the slow decay component t, relates to the D-A recombination originating from the
intragap defect states.

To identify the optical transfer path in doped AIZS QDs, the time-resolved PL measurements
were recorded at the wavelengths corresponding to the PL emission maxima (from Fig. A, B

and C). The data were best fitted using a bi-exponential function I(t) = A, exp (— Ti) and

A, exp (— Ti) where 7, and 7, are the time constants of the PL, and A1 and A are the
2

normalized amplitudes of the PL components. The fitting parameters are summarized in Table
3.4, Fig. 3.16. The average PL lifetimes (z,,) were determined using the following equation :
Tar = (A1t + A262) /(A1 + 42) .

The PL decay curves measured for AIZS QDs (as well as the calculated PL lifetime) further
confirm that the PL emission is not a simple bandgap emission. The PL lifetime is in the range
of 0.275 and 0.326 ps, which corresponds to the D-A recombination originating from the

intragap defect states.

Table 3.4. Lifetimes and fitting parameters of AIZS and Mn:AIZS, Gd:AIZS,
Fe:AlZS QDs

Samples A1, % Ty, NS A2, % Ty, NS Tavs NS
AIZS 59,900 0,142 40,099 0,482 0,278
Mn(5%):AIZS 67,169 0,155 32,830 0,518 0,274
Mn(10%):AIZS 66,419 0,156 33,580 0,532 0,282
Gd(5%):AIZS 60,063 0,175 39,936 0,552 0,326
Gd(10%):AIZS 60,472 0,166 39,527 0,533 0,311
Fe(5%):AlZS 59,827 0,168 40,172 0,525 0,312
Fe(10%):AIZS 61,000 0,170 38,999 0,527 0,309
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3.6. Magnetic properties

Undoped AlIZS QDs do not present any magnetic response to the applied field. When Mn?*,
Gd®* or Fe®* ions are introduced into the nanocrystals structure, regardless of the loading
percentage, the magnetic moment (M) of these particles is the combination of ferromagnetic,
paramagnetic and/or superparamagnetic signals (Fig 3.17, 3.18 and 3.19). These Mn?*, Gd** or
Fe3* ions are known to be paramagnetic, but several studies reported nanoparticles doped with
these ions to be ferromagnetic!36:151-153 or the coexistence of paramagnetic and ferromagnetic?®*

signals.

From the (a) and (b) parts of the Fig. 3.17, it can be seen that the samples synthesized at high
concentration of Mn?* ions exhibit the highest saturation magnetization, up to 1.5 emu/g (when
10% Mn-doped, at 10 K) (Fig. 3.17b), and the saturation magnetization decreases at room
temperature. The same trend was observed for Gd**-doped and Fe®**-doped AIZS QDs, with the
highest saturation magnetizations of 10 emu/g (when 10% Gd-doped, at 10 K) (Fig. 3.18b) and
0.175 emu/g (when 10% Fe-doped, at 10 K) (Fig. 3.19b, respectively. Fig. 3.17 and 3.18 (c)
and (d) parts show the magnetic moments of Mn-doped and Gd-doped AIZS QDs at 10 K and
310 K when zero field is applied. The results demonstrate that both the amount of doped
paramagnetic ion, but also the temperature affect the magnetic properties of the nanoparticles.
The extraction of the saturation magnetization (Ms) from the curves is non-trivial, since
saturation was not achieved in the system due to persisting paramagnetic signal on the top of

the ferromagnetic signal of interest.
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Figure 3.19. M(H) loop curves of AIZS QDs at different temperatures: a) 5 % and b) 10
% Fe-doped

3.7. Preparation of AIZS QDs for biological applications

Hyaluronic acid is one of the major components of vertebrate tissue and body fluid. It has been
used in different nanomedical studies as a targeting ligand to cancer cells'>>-17, Its structure is
shown in Fig. 3.20a and its FT-IR spectrum in Fig. 3.23a. To associate hyaluronic acid
(negatively charged at physiological pH) with GSH-capped AIZS QDs that are also negatively

charged at pH 7.2, we chose PEI as interface layer.

Polyethylene imine is a water-soluble cationic polymer. The branched PEI possesses primary,
secondary and tertiary amino groups (Fig. 3.20b). This amine-rich molecule makes it one of the
most promising cationic ligand for drug delivery!>2. On the other hand, the abundance of amine
groups is also responsible of the cytotoxicity of PEI, resulting in cellular internalization by
membrane destabilization®®°, Hence, to reduce this cytotoxicity, several methods describing the
covalent modification of PEI amines groups were reported, including the modification of PEI
with acetic anhydride, succinic anhydride, glycidol, and with poly(ethylene glycol) (PEG)

associated to acetic anhydride 169,161,

VA

\
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Figure 3.20. Structures of (a) hyaluronic acid and (b) branched polyethylene imine

Folic acid (Fig. 3.21) or vitamin Bg, apart from its important role as a food supplement, is also

widely used as a tumor cells targeting ligand due to its ability to attach to folate receptor162-16>

and the folate receptor was found in a large number of tumors such as brain, breast, lung and
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ovarian cancers®®®, In this study, FA was also used as the surface targeting ligand to adapt the

AIZS QDs for biomedical applications.

COH
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Figure 3.21. Structure of folic acid

Association of HA with the QDs was carried out through the intermediate PEI-capping step.
The two-step electrostatic association was used due to the self-assembly of the negatively
charged HA with the positively charged PEI-capped QDs. As mentioned above, the branched
PEI has primary, secondary and tertiary amino groups which are positively charged at neutral

pH and that will associate with carboxylate (-COQO") groups of GSH-capped QDs.

In the case of the FA assembly onto the QDs surface, the PEI-FA conjugate was first prepared.
During the formation of the PEI-FA conjugate, the primary amine groups of PEI react with the
carboxylic groups of FA using 1l-ethyl-3-(3- dimethylaminopropyl)carbodiimide (EDC) as
coupling agent and N-hydroxysuccinimide (NHS) as activator (Fig. 3.22). Then, the positively
charged PEI-FA conjugate associates to negatively charged carboxylate groups of GSH-capped
QDs.
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Figure 3.22. Schema of PEI-FA conjugate preparation
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FT-IR and zeta-potential characterizations were carried out to determine the nature of surface
ligands. Fig. 3.23 shows the FT-IR spectra of the as-synthesized GSH-capped QDs (b), PEI-
capped QDs (c) and a spectrum of hyaluronic acid sodium salt (d) as a reference for the
spectrum of HA-capped QDs (a). From the FT-IR spectrum of GSH-capped QDs, we can see a
wide and intense peak centered at 3197 cm™ which is characteristic of the —OH functions that
likely originates from water molecules bounded at the surface of QDs. The signals at 1574 cm”
Land 1538 cm™ prove the existence of -N-H amide and -COO" carboxylic groups. The absence
of the characteristic peak of the —S-H stretching at around 2535-2564 cm™ indicates that the

GSH ligand was bounded to QDs via the sulfur atom.

The FT-IR spectrum of PEI-capped QDs shows more intense peaks for C-H stretching at ~2950
cm?, 2850 cm™ and at 1473.67 cm™ and new signals appear and between 1650 and 1580 cm'*
(N-H bending). The characteristic peaks of the amine group also exist at ~3400 cm™ and ~1630
cm™. The sharp peak at 1020 cm™ observed for HA-capped QDs is the characteristic peak of
C-O-C bonds of HA, which is a proof of successfully capping of the QDs surfaces with HA.
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Figure 3.23. FT-IR spectra of (a) hyaluronic acid sodium salt and 10% Gd-doped AIZS
QDs capped with (b) GSH, (c) GSH-PEI and (d) GSH-PEI-HA

Fig. 3.24 shows the results of DLS analyses and zeta potentials measurements of the different
ligand capped AlIZS QDs using 10% Mn-doped particles as representative. According to the
results, GSH-capped QDs have minus zeta-potential (-50 mV in deionized water), which is in
consistent with the presence of carboxylate groups on their surfaces. The QDs were further
capped with PEI, which provided cationic properties to the surface of the QDs (zeta-potential
+50 mV) and facilitated electrostatic interactions with negatively charged hyaluronic acid (Fig.
3.24b).
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Moreover, according to the dynamic light scattering analysis, the hydrodynamic diameters
(HDs) of QDs increased in the order of GSH < GSH-PEI < GSH-PEI-HA, which further proves
the successful capping of the QDs (Fig. 3.24a).
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Figure 3.24. (a) DLS and (b) zeta-potential analyses of 10% Mn-doped AIZS QDs

capped with glutathione, polyethylene imine and hyaluronic acid
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3.8. Colloidal and photostability

The colloidal and the photostability of nanoparticles are crucial factors for their application in
biological or medical purposes. The colloidal stability of as-prepared and cationized QDs was
evaluated in phosphate buffer saline (0.1 M, pH 7.4) and the pH was adjusted by using 1 M
NaOH and 1 M HCI in the range of 3 and 9. As can be seen from the results, PL QYs of
glutathione-capped QDs increase with the pH from 5 to 9 (Fig. 3.25a). The pKa values of GSH
are 2.12 (CO2H), 3.59 (CO.H) and 8.75 (NH3"). When the pH increases, both carboxylic acids
are in their carboxylate form and the NH group in its ammonium form until pH 8.75. This
explains why the colloidal stability and thus the PL QY are the highest at pH values ranging
from5to 9.

The photostability of these QDs was determined by measuring the irradiation time dependence
of the PL QY values. The photostability assessment has conducted for 3 h under UV light
illumination with a fluence of 50 W/cm?, and results show that the PL QY of QDs only slightly

decreases with the irradiation time (Fig. 3.25b).
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Figure 3.25. (a) Colloidal and (b) photostability of aqueous phase synthesized 10% Mn-
doped AIZS@GSH QDs
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3.9. Cytotoxicity

The nanoparticles used in biological applications must also be nontoxic. For this reason, the
cytotoxicity of as-synthesized GSH-capped AIZS QDs and positively charged PEI-capped
AIZS QDs was determined.

For the cytotoxicity test of QDs, the viability of KB cells was measured as a function of QDs
concentrations. The KB cell line is widely used in biomedical research for MTT assay, where
the cytotoxicity of potential drugs and/or imaging probes is studied®’. Standard cell viability
assay is based on the reduction of yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) to purple formazan in living cells.

MTT assay results indicate that Mn-, Gd- or Fe-doped, GSH-capped and GSH-PEI-capped
AIZS QDs exhibit a good biocompatibility: all particles show only weak toxicity until a
concentration of 1 mg/mL (Fig. 3.26). The same cytotoxicity results were found for GSH@PEI-
FA capped AIZS QDs (Fig. 3.27).

The determined cell viability for GSH-capped AIZS QDs was higher than 60% at a
concentration of 1 mg/mL, while for PEI-covered QDs higher than 80%. Fig. 3.26 shows that
the capping with PEI increases the biocompatibility for all prepared QDs. Furthermore, to
investigate the potential application of these QDs in bioimaging, the cytotoxicity of the QDs
capped with FA was studied and the results are presented in Fig. 3.26. To connect FA with the
QDs, the PEI-FA conjugate was first prepared?8, then the positively charged conjugate was
associated to the negatively charged GSH-capped AlZS QDs. We can see that the capping with
FA does not decrease the cell viability (the lowest cell viability, 76.4 %, being found for 5%
Mn-doped AIZS QDs. These results confirm the high potential of AlZS QDs for bio-imaging

applications.
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Figure 3.26. KB cells viability detected by the MTT assay after 24 h incubation in GSH
and GSH@PEI-capped Mn-doped (a and b, respectively), Gd-doped (c and d,
respectively), and Fe-doped (e and f, respectively) AlZS QDs at different concentrations
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Figure 3.27. KB cells viability determined by MTT assay after 24 h incubation with
GSH-PEI-FA-capped AIZS QDs (concentration of 1 mg/mL)
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3.10. Fluorescence imaging

GSH-PEI-FA-capped AIZS QDs were used for in vitro bioimaging tests. The GSH-capped
AIZS QDs were used as controls. In vitro bioimaging experiments using KB cells and AIZS
QDs were carried out as follows: the KB cells (the folate receptors were found to be highly
overexpressed in KB cell lines) were stained for 3 h with a 0.1 mg/mL solution of FA-
conjugated AIZS QDs, then the cells were rinsed to remove noninternalized QDs. The cells
were also stained with DAPI to visualize their nuclei. Results are described in Fig. 3.28: the
first column shows KB cells under visible light, the second column the fluorescence of the cell
nuclei stained with DAPI, the third column shows the fluorescence from the A1ZS QDs into the
cells, while the forth column, the merged images when cells were stained with DAPI and AIZS
QDs.

As can be seen from the merged images, when using the targeted QDs, the dark points in images
in visible light corresponds to the red parts in QDs fluorescent images. They are likely
internalized via endocytosis vesicles and they do not enter into the nucleus and thus should not
generate genotoxicity. (Fig. 3.28b, ¢, d). In the case of control QDs (GSH-capped AIGZS QDs,
not linked to FA), a fluorescence could be observed in both nuclei and the cytoplasm of the
cells (Fig. 3.28a). The efficient labeling of cells using GSH-PEI-FA-coated AIZS QDs indicates
that the FA conjugation has been successful and facilitates specific intracellular uptake, which

occurs mainly through receptor-mediated endocytosis®?.
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Figure 3.28. Confocal microscopic images of AIZS QDs: a) 10 % Mn, GSH; b) 10% Mn,
GSH-PEI-FA; c) 10% Gd, GSH-PEI-FA; d) 10% Fe, GSH-PEI-FA
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3.11. Conclusion

Highly fluorescent water-soluble Ag-In-Zn-S QDs and their paramagnetic Mn-, Gd-, and Fe-
doped derivatives were synthesized in the presence of GSH as a capping ligand using a three-
step synthesis method. Their structural, optical, magnetic properties were studied. Doped QDs
exhibit paramagnetic and superparamagnetic properties due to their small sizes. Their suitable
physico-chemical properties and their fluorescence and magnetic properties make these probes

of high potential as fluorescent or/and fluorescent and magnetic labels.

124



Chapter 4. Quinary Ag-In-Ga-Zn-S QDs synthesis

4.1. Introduction

Ternary I-111-V12 semiconductor QDs (where | = Ag or Cu, Ill = Inor Gaand VI =S, Se or Te)
and quaternary ones of general formula I-11-111-V1> (where Il = Zn) obtained after shelling and
alloying with ZnS have widely been investigated in recent years due to their unique chemical
and optical propertiest122168-170 ‘Mych of the studies on these QDs have been limited to the
direct bandgap CulnS2/ZnS (C1ZS)*"*172 and AgInS2/ZnS (AIZS)%:17317 semiconductors that
have been demonstrated to be of high promise for photovoltaic or photocatalytic
applications, 17176 solid-state lighting devices'®’" or bio-imaging.”>’® Moreover, these
QDs are considered to be safe and environmentally benign as they do not contain toxic elements
such as Cd or Pb.

One of the key advantages of these QDs is their high degree of compositional flexibility by
varying monovalent and/or trivalent cations which allows to finely tune their bandgap energy
and thus the PL emission wavelength over all the whole visible region and even in the near
infrared.11:122168-170 |n recent years, different quaternary compositional and structural variants
such as green to orange emitting CulnGaS,,'"*® green to red emitting CuGaznS;'! or
CuGazZnSe»,*? blue to orange emitting Mn?*-doped CuGazZnS,,'818 violet to aqua emitting
AgGaznS,*1% or blue to orange-emitting AgGalnS,'®"18 have been reported. Only one
report describes the synthesis of quinary CuGalnZnS, QDs with a PL emission tunable from
the orange to the red by varying the Cu/Ga molar ratio.'’® The synthesis of these quaternary and
quinary nanocrystals is classically performed like that of AIZS and CIZS QDs by thermal
decomposition of metal salts or organometallic precursors in the presence of S or Se precursors
using dodecanethiol, oleylamine or ethylenediamine as capping ligand.17%-188188 AgInS, QDs
were also used as template to prepare AgGalnS; by cation exchange between In®" and Ga3*.1¢
Some of the synthetic protocols require the injection of Na,S or NaHSe, multiple injections of

the shell precursors (generally ZnS or ZnSe) or the handling of air-sensitive reagents.

In recent years, single-source molecular precursor synthesis of QDs has emerged due to its

simplicity and safety when compared to multi-step processes.!”8%18%1%0 |n this context,
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transition metal dithiocarbamates are well known to decompose under inert atmosphere into
metal sulfide nanocrystals.'®* This approach has successfully been used to prepare binary like
AQ2S, ZnS or CdS, ternary like ZnixMnxS or ZnyCdixS nanocrystals using a mixture of
dithiocarbamates of each of these metals.'%1-1% However, the use of a single dithiocarbamate
complex containing more than one metal for the production of corresponding sulfides is far
unexplored. Herein, a facile method allowing the production of highly fluorescent AginGaznS
(AIGZS) QDs with PL QY up to 48.3% is presented. Using a single dithiocarbamate complex
of Ag*, In®*, Ga®* and Zn?* and OAm as solvent and capping ligand, a series of AIGZS QDs
could be produced by varying the Ag/In/Ga/Zn ratio in the precursor. The obtained QDs exhibit
a low size (ca. 2 nm) and their PL emission could be tuned from the visible to the near-infrared.
Moreover, the optical properties could be maintained after ligand exchange and transfer into

water.
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4.2. Experimental part

Materials

Silver nitrate AgNO3 (ReagentPlus, >99%, Sigma), gallium nitrate hydrate Ga(NO3)3.xH>O
(>99.9%, Sigma), indium nitrate hydrate In(NO3)3.xH20 (>99.9%, Alfa Aesar), zinc
diethyldithiocarbamate Zn(DDTC). (97%, Sigma), oleylamine (80-90%, Acros), glutathione
(99%, Sigma), tetramethylammonium hydroxide pentahydrate (97%, Sigma), glycine (99+%,
Acros), carbon disulfide (>99.9%, Sigma) were used as received without any purification.

Preparation of AgxlnyGazxyZn2(S2CN(C2Hs)2)4 precursors

AgNO3, In(NOs3); and Ga(NO3)s with a defined Ag/In/Ga ratio were mixed with Zn(DDTC); in
10 mL of a 1:1 water-methanol mixture. The solution was stirred for 2 h at room temperature
to form AgxInyGazxyZn2(S2CN(C2Hs)2)4 precursors when the (Ag + In + Ga)/Zn ratio is of 1.
The product was collected by centrifugation (4000 rpm for 15 min), dried under vacuum and

stored at 4°C before use.

Preparation of Ag-In-Ga-Zn-S QDs

The AIGZS QDs were synthesized by thermolysis of AgxInyGaz.x-yZn2(S2CN(C2Hs)2)a
precursors in OAm. First, the precursor (100 mg) was dispersed in OAm (6 mL) and the mixture
was stirred under argon flow until homogenization. Then, the solution was heated (190, 220 or
250°C) for 10 min and the color changed to dark. After cooling, the large sized crystals were
removed by centrifugation (5000 rpm for 10 min). The supernatant was precipitated by adding
an excess of methanol and the powder was collected by centrifugation (5000 rpm for 10 min)
and dried under vacuum. Next, the dried product was redispersed in OAm (6 mL) and the
solution was heated (190, 220 or 250°C) for 30 min. The obtained AIGZS QDs were
precipitated by adding an excess of methanol, recovered by centrifugation (5000 rpm for 10

min) and purified by washing with methanol.
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Transfer of AIGZS QDs into water

Glutathione tetramethylammonium (GTMA) coating. GTMA-coating was conducted using a
previously described method.'% Briefly, GTMA was prepared by dissolving GSH (30 mg) and
TMAMH (54 mg) in 1 mL of methanol. Separately, 5 mg of AIGZS@OAmM QDs were dispersed
in 1 mL toluene, then 5 mL chloroform was added. Next, 0.5 mL of GTMA solution was
dropwise added to the QDs solution and the mixture was vigorously stirred for 2 h. Then, water
(4.5 mL) was added and the two-layer mixture was slightly shaken to transfer QDs into the
water layer before being left for 1 h to reach equilibrium. Finally, the top water layer containing
GTMA-capped AIGZS QDs was collected.

Glycine diethyldithiocarbamate (Gly-DDTC) capping.®? AIGZS@OAm QDs (2 mg) dispersed
in a methanol/chloroform mixture (3 mL, 1:1 vol.) were added to glycine (80 mg) in a

methanol/chloroform mixture (2 mL, 1:1 vol.) containing TMAH (384.2 mg) and CS, (81 mg).

The mixture was stirred for 12 h at room temperature followed by centrifugation for 3 min at
4000 rpm. Then, 5 mL of diethyl ether were added to the supernatant and the mixture
centrifuged for 10 min at 5000 rpm. Next, the fluorescent bottom layer was dispersed in
methanol (2 mL), precipitated with THF (5 mL) and centrifuged (5000 rpm, 10 min). The
obtained solid was dispersed in Tris buffer (0.1 M, pH 8.5).

Characterization

The morphology of the QDs was investigated by transmission electron microscopy (TEM) and
high-resolution TEM (HR-TEM) using a Philips CM200 instrument operating at 200 kV. A
drop of the QDs dispersed in toluene was deposited onto a carbon-coated copper grid. The
crystal structure of AIGZS QDs was examined by X-ray diffraction (XRD) using a Panalytical
X’Pert Pro MPD diffractometer with Cu Ka radiation (A = 0.15418 nm). The dried samples
were placed on a silicon zero-background sample holder and the XRD patterns were recorded
at room temperature. XRD patterns were analyzed using TOPAS (Bruker AXS, Version 4-2).
X-ray photoelectron spectroscopy (XPS) measurements were carried out with a Gammadata
Scienta SES 200-2 spectrometer. Thermogravimetric analysis (TGA) was conducted under air
atmosphere from room temperature to 800°C at a heating rate of 10°C/min using a TGA/DSC1
STAR equipment (MettlerToledo). Inductively Coupled Plasma-Optical Emission
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Spectrometer (ICP-OES) measurements were conducted on a Varian 720-ES equipment.
Hydrodynamic QDs sizes and Zeta potential measurements were determined by dynamic light
scattering (DLS) on a Zetasizer Nano ZS (green laser beam 532 nm) (Malvern Panalytical, UK),
Cuvette DTS1070.

FT-IR absorption spectra were collected on a Brucker ALPHA spectrometer. Optical absorption
and PL emission spectra were recorded on a UV-visible absorption spectrometer (Thermo
Scientific Evolution 220) and spectrofluorometer (Horiba Fluoromax-4 Jobin Yvon),
respectively. PL spectra were spectrally corrected and PL QYs were determined relative to
Rhodamine 6G in ethanol (PL QY = 94%). For the time resolved photoluminescence (TR-PL)
experiments, the QDs were pumped by the 355 nm line of a frequency-tripled YAG (yttrium
aluminium garnet):Nd laser. The laser pulse frequency, energy and duration were typically
equal to 10 Hz, 50 uJ and 10 ns, respectively. The PL signal was analysed by a monochromator
equipped with a 600 grooves/mm grating and by a photomultiplier tube cooled at 190 K. The

rise time of the detector is equal to around 3 ns.
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4.3. Morphology and structural characterizations

The AIGZS QDs precursors were prepared by mixing AgNO3, Ga(NO3z)3 and In(NO3)s with
Zn(DDTC), (nAg* + nIn®*" + nGa®**/nZn?* = 1 or 0.5) in a water/methanol mixture (Scheme 4.1).
The powders obtained after centrifugation and drying were stored at 4°C before use and can be
handled in open air without any protection. The thermolysis of the precursors in the presence

of OAm produces AIGZS QDs, DDTC serving as sulfur source and OAm as capping ligand.

AgNO; y0-®
+
N\, S S/ T\ S A
In(NO3); + N—Zi >N —> N— M—(NOy), —>
N — s s (N — s OAm \
Ga(NO;); M = Ag, In, Ga or Zn

n=0,1o0r2
OAm-capped AIGZS QDs

Scheme 4.1. Schematic representation of AIGZS QDs synthesis

According to the hard and soft acids and bases theory, Ag" is a soft Lewis acid, Ga** and In®**
are hard Lewis acids while Zn?* can be considered as borderline.'®” The reaction of Zn(DDTC);
with AgNOs, Ga(NOs)s and In(NOs)s should favor the exchange of Zn?* by Ag* as DDTC is a
soft base. Once dispersed in OAm, In** and Ga** likely coordinate more strongly with OAm
which is a harder Lewis acid. ICP-OES and XPS analyses conducted on AIGZS QDs indicate
that the Ag/In/Ga/Zn ratio is close to the feeding ratio used to prepare the precursors (vide
infra), suggesting that all metal cations incorporate well in the precursors either as mono-, bis-
or tris-complexes of DDTC.

The cation exchange between Ag, In and Ga nitrates and Zn(DDTC). during the AgxInyGaz-x-
yZn2(S2CN(C2Hs)2)4 precursors synthesis was first evidenced by TGA. Pure Zn(DDTC)2 is
stable until ca. 250°C and a sharp weight loss is observed above 300°C, which corresponds to
the decomposition of Zn(DDTC), into ZnS (Fig. 4.1). For all precursors, the decomposition is
more complex and takes place in successive steps between 100 and 300°C. The remaining mass
(ca. 35%) is higher than that measured after thermolysis of Zn(DDTC). (ca. 10%), indicating
the formation of higher molecular weight metal sulfides. The precursors powders were also
examined by XRD. While pure Zn(DDTC)2 exhibits a monoclinic structure (JCPDS No 44-
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1815),%% new signals appear in the XRD patterns of the precursors, further confirming that a
reaction occurred between Zn(DDTC)2 and Ag, In and Ga nitrates (Fig. 4.2).
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Figure 4.1. TGA traces of Zn(DDTC)2, AIGZS precursors prepared with Ag/In/Ga/Zn

ratios of 0.5/0.5/1/2, 1/0.5/0.5/1, 0.5/1/0.5/2 and 1.5/0.25/0.25/2 and the corresponding
AIGZS QDs
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Figure 4.2. XRD patterns of Zn(DDTC)2 and of the precursors prepared with
Ag/In/Gal/Zn ratios of 0.25/0.875/0.875/2 and 0.5/1/0.5/2

The FT-IR spectra of the precursors show signals at ca. 3360 cm™ (yo.n from adsorbed water
molecules), 2967-2867 cm™ (yc-n), 1638 cm™ (8o0-n) and numerous signals between 1497 and
1270 cm™ originating from C-H and C-N stretchings (Fig. 4.3).1% The signals at 1204, 1134
and 1057 cm™® can be attributed to yc-s, yn-cs2 and yc=s bonds, respectively.!®® The weak signals
below 500 cm™ originate from metal-S bonds. All these signals disappear after heating at 220°C
and only the characteristic vibrations of the OAm ligand can be observed for AIGZS QDs (yn-
n at 3212 cm™ and yc.n at 2935 and 2848 cm™) (Fig. 4.4). Finally, it can also be noted that
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depending on the Ag/In/Ga/Zn ratio, the precursors absorb in the UV and in the visible region
until ca. 450 nm (see Fig. 4.11 for representative UV-visible absorption spectra). After
thermolysis, the absorption in the visible region is significantly extended, which further
confirms the decomposition of the precursors into AIGZS QDs.
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Figure 4.3. FT-IR spectra of AIGZS precursors
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Figure 4.4. FT-IR spectra of OAm-capped AIGZS QDs obtained after heating at 220°C

The crystal structure, the size and the size distribution of AIGZS QDs were studied by XRD,
TEM and SAED. The reflection peaks are characteristic of a tetragonal chalcopyrite phase and
their broadness is indicative of the small size of the nanocrystals (Fig. 4.5a). The mean
cristalline size, calculated from the (112) reflection by the Scherrer formula, is of ca. 2 nm. It
can also be observed that changes in the Ag/In/Ga/Zn ratio does not affect the cristalline
structure of the dots. Finally, no diffraction peaks of Ag.S, In2Ss, Ga;Sz or ZnS could be
observed in the XRD patterns, indicating the high purity of AIGZS QDs.
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A representative TEM image of AIGZS QDs prepared with a Ag/In/Ga/Zn ratio of 1/0.5/0.5/2
is shown in Fig. 4.5b and Fig. 4.6. Regardless of the Ag/In/Ga/Zn ratio used for the synthesis
of the precursors, AIGZS exhibit a spherical shape and a relatively narrow size distribution (2.0
+ 0.4 nm). The clear lattice planes observed in the HR-TEM image (Fig. 4.5c) and the electron
diffraction pattern (inset of Fig. 4.5b) confirm their good crystallinity. The lattice spacing of
0.31 nm is consistent with the (112) plane of the tetragonal structure. The EDX analysis shows
the characteristic peaks of Ag, In, Ga and Zn (Fig. 4.7). The atomic ratio Ag/In/Ga/Zn is
1.03/0.47/0.5/2, value close to the feeding ratio, which confirms that all metals are well

incorporated in the QDs.
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Figure 4.5. (a) XRD patterns of AIGZS QDs, (b) TEM image and (¢) HR-TEM image of
AIGZS QDs prepared with a Ag/In/Ga/Zn ratio of 1/0.5/0.5/2. The insets of (b) are the
SAED pattern and the size distribution
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Figure 4.6. TEM images of AIGZS QDs prepared with Ag/In/Ga/Zn ratios of (a)
0.25/0.875/0.875/2, (b) 0.5/1/0.5/2, (c) 0.5/0.5/1/2, (d) 0.66/0.66/0.66/2, (e) 1/0.5/0.5/1 and
(f) 1/0.5/0.5/1 + 1 NaDDTC
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Figure 4.7. EDX analysis of AIGZS QDs prepared with a Ag/In/Ga/Zn ratio of
1/0.5/0.5/2

To determine the accurate composition of AIGZS QDs, the samples were characterized by ICP-
OES and the results are described in Table 4.1. As previously observed by EDX, the
composition of the dots is consistent with the nominal Ag/In/Ga/Zn ratio of the precursors.
These results further demonstrate that Ag, In, Ga and Zn elements in the various precursors
synthesized participate uniformly in the nucleation and growth and that the synthetic route

developed allows the preparation of composition controlled AIGZS QDs.

Table 4.1. Theoretical and experimental composition of AIGZS QDs

Theoretical Ag/In/Ga/Zn ratio Ag/In/Ga/Zn ratio determined by ICP-
OES?
0.25/0.875/0.875/2 0.27/0.83/0.90/2
0.5/1/0.5/2 0.51/0.97/0.52/2
0.5/0.5/1/2 0.53/0.46/1.01/2
0.66/0.66/0.66/2 0.68/0.65/0.67/2
1/0.5/0.5/2 1.01/0.51/0.48/2
1/0.5/0.5/1 1.03/0.48/0.49/1

& Results were normalized to the Zn content of AIGZS QDs.
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XPS was also used to investigate the chemical state and the composition of AIGZS QDs. The
XPS survey spectrum shows the presence of Ag, In, Ga, Zn and S elements along with C and
N originating from the OAm capping ligand (Fig. 4.8). The signals at 367.67, 445.04, 452.57,
1118.26 and 1021.79 eV can be assigned to Ag 3ds2, In 3ds2, In 3ds2, Ga 2ps2 and Zn 2pap2,
respectively, and confirm the valence states of Ag*, In**, Ga®* and Zn?*. The deconvoluted
signals at 161.49 and 162.69 eV correspond to S 2pz, and S 2p1s2, respectively, indicating that

the metal cations are associated to S%-.
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Figure 4.8. XPS analysis of AIGZS QDs prepared with a Ag/In/Ga/Zn ratio of
0.5/1/0.5/2. (a) Survey scan and high resolution scans of (b) Ag 3d5/2 region, (c) In 3d5/2
region, (d) Ga 2p3/2, (e) Zn 2p3/2 and (f) S 2p
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4.4. Optical properties

In preliminary experiments conducted with the precursor prepared with a Ag/In/Ga/Zn ratio of
0.5/1/0.5/2, we varied the temperature during the preparation of AIGZS QDs (190, 220 or
250°C). A gradual redshift of the PL emission wavelength was observed with the increase of
the temperature (560, 583 and 601 nm for reactions conducted at 190, 220 and 250°C,
respectively), likely due to an increase of the nanocrystals size (Fig. 4.9a). The highest PL QY
(11%) was measured for nanocrystals prepared at 220°C and this temperature was kept in

further experiments.

After heating at 220°C for 10 min (step 1), some aggregates formed in the reaction flask. These
large sized particles were removed by centrifugation and the AIGZS QDs contained in the
supernatant were re-heated at 220°C in the presence of OAm (step 2). A red-shift of the PL
emission from 570 to 583 nm was observed after 10 min of heating and extending the heating
period had no further influence of the PL emission peak (Fig. 4.9b). A marked increase of the
PL QY from 11 to 20.2% was also observed after the second heating at 220°C, suggesting an
improvement of nanocrystals surface passivation by OAm and the removal of surface defects
that may serve as nonradiative channels. Finally, TGA analysis of the dots shows only one
weight loss starting at ca. 250°C, likely originating from the removal of the OAm capping
ligand (Fig. 4.1). The remaining mass is of ca. 80%, which confirms that AIGZS QDs are
covered by a thick OAm shell.
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Figure 4.9. UV-visible and normalized PL emission spectra of AIGZS QDs (a) when
varying the heating temperature and (b) after a first heating at 220°C and after re-

heating at the same temperature
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Fig. 4.10a-b show the evolution of UV-visible absorption and PL emission spectra of AIGZS
QDS dispersed in chloroform. All absorption spectra exhibit almost similar features regardless
of the Ag/In/Ga/Zn ratio. A relatively well resolved absorption peak can be observed at ca. 290
nm and all QDs absorb in the visible region up to ca. 550 nm. However, no marked exciton
peak can be observed in the visible region likely due to the distribution of vibrational states in
AIGZS QDs, which is a common feature for ternary or quaternary QDs.%%"* The steady state
PL emission spectra are broad with a fwhm varying between 131 and 170 nm, which is
characteristic of donor-acceptor (D-A) transitions and trap-state emissions (vide infra).5174

We first varied the Ag/In/Ga ratio without altering the amount of Zn(DDTC)2 (nAg + In +
Ga/nZn = 1). Only the nanocrystals prepared with a low Ag content (ratio of 0.25/0.875/0.75/2)
exhibit a strong emission located at 515 nm associated to a defect related emission at lower
energy. For all other dots, a single component emission was observed. A redshift of the PL
emission from 515 to 650 nm can be observed with the increase of the Ag content due to the
lower bandgap of Ag2S (0.85-1.1 eV)?*° compared to In,Ss (1.98-2.2 eV)?*! and GazS; (ca. 3.4
eV)?%2 in the bulk state. Next, by decreasing the Zn content (nAg + In + Ga/nZn = 0.5), a
significant redshift of the PL emission to 699 nm was observed due to the lower contribution
of the wide bandgap ZnS material (3.6 eV). These results indicate that the PL emission can be
tailored by changing the Ag/In/Ga/Zn ratio. It should be noted that the metal/S ratio was also
modified during this experiment as DTTC serves as sulfur source. By maintaining the S
concentration by addition of NaDDTC, the PL emission wavelength is further shifted to 716
nm. The bandgap values were determined from the Tauc plots of (ahv)? vs. hv (where o is the
absorption coefficient and hv is the photon energy) and were found to decrease from 2.94 to
2.08 eV (Fig. 4.12).

The optical attributes of AIGZS QDs, namely the broad PL emission with a large Stokes shift,
are typical of ternary and quaternary semiconductor nanocrystals and originate from surface
states (vacancies and dangling bonds) and interstitial states (interstitial atoms and vacancies)
that usually dominate the PL emission. The changes of the PL emission wavelength observed
when varying the Ag/In/Ga/Zn ratio result from the lower bandgap of Ag-richer AIGZS QDs
and from the wider bandgap of In, Ga or Zn-rich AIGZS QDs and thus from the shift of the
intragap donor and acceptor levels. As can be seen from Table 4.2, the PL QYs of AIGZS QDs
increase with the Ag content of the nanocrystals. The highest PL QYs were measured for
AIGZS QDs prepared with Ag/In/Ga/Zn ratios of 0.66/0.66/0.66/2 and 1/0.5/0.5/2 (48.3 and

47.3%, respectively) (entries ¢ and d). These results suggest that Ag vacancies and Ag
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interstitials play a key role in the PL mechanism as previously observed for AIS and AIZS
QDs.%1% Contrary to PL QY values determined for Ag-In-Ga-S or Cu-In-Ga-Zn-S QDs,* the
increase of the Ga content in AIGZS QDs was found to be less deleterious than that of In
(compare entries b and c). A decrease of the PL QY (25.4%) was also observed with the
decrease of the Zn and S loading in AIGZS QDs (entry f). A similar PL QY (23.6%) was
determined when adding NaDDTC in the reaction medium, indicating that the decrease was

linked to the Zn loading (entry g).

To investigate the dynamic properties of photo-generated electron/hole pairs, time-resolved
decays of AIGZS QDs at the maximum emission wavelength were carried out (Fig. 4.10c). The
data were best fitted using a bi-exponential function I(t) = A1 exp (—t/t1) and Az exp (—t/12)
where 11 and T2 are the time constants of the PL and A; and Az the normalized amplitudes of
the components. The average lifetime tay was determined using the formula tav = (Ait1 +
Axt2)/(A1 + A2). The time constants and fitting parameters are listed in Table 4.2. Two radiative
channels were observed. The fast decay component 11 is attributed to surface trap state
recombination and the slow decay component 1> to the recombination of electrons via defect
states located within the bandgap (D-A recombination).61698081174 A|GZS QDs prepared with
the Ag/In/Ga/Zn ratio of 0.25/0.875/0.875/2 exhibit the shortest PL lifetime (99.9 ns) due to the
high contribution of surface defects. For QDs prepared with a stoechiometric ratio of (Ag + In
+ Ga)/Zn of 1, tav is the highest (278.8 ns) when equimolar amounts of Ag, In and Ga are used
for the synthesis (entry d). This long PL decay is characteristic of intragap state-involved
radiative recombinations of QDs exhibiting inherent lattice defects.?:"* The highest A;
contributions were determined for AIGZS QDs prepared with Ag/In/Ga/Zn ratios of
0.66/0.66/0.66/2 and 1/0.5/0.5/2, which is in good agreement with the PL QY's of these dots
(entries ¢ and d). For QDs prepared with a (Ag + In + Ga)/Zn molar ratio of 0.5, a marked
increase of t1 and 12 is observed and tav could reach 915 ns (entry g), suggesting that new surface

and lattice defects generated by the default in Zn?* ions to be involved in the transitions.
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Figure 4.10. (a) UV-visible and (b) normalized PL emission spectra of AIGZS QDs when
varying the Ag/In/Ga/Zn ratio, (c) Time resolved decay profiles of AIGZS QDs recorded
at the maximum emission wavelength and (d) digital photograph of the dots under UV

light illumination
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Table 4.2. PL QYs, time constant T1 and tz2and the contributions of decays A1 and Az

of AIGZS QDs when varying the Ag/In/Ga/Zn ratio

Entry Ag/In/Ga/Znratio  PLQY A T, A, T, T

(%0)* (ns) (ns) (ns)
a 0.25/0.875/0.875/2  14.3 0.82865  66.3 0.17135 262.3 99.9
b 0.5/1/0.5/2 20.2 0.67945 529 0.32055 2287  109.3
c 0.5/0.5/1/2 41.9 0.6819 143.5 0.3181 549.3 272.6
d 0.66/0.66/0.66/2 48.3 0.59008 121.6 0.40992 505.1 278.8
e 1/0.5/0.5/2 47.8 0.62873  116.6  0.37127 521.1  226.3
f 1/0.5/0.5/1 25.4 0.66339  189.9 0.33661 883.3 423.3
g 1/0.5/0.5/1 + 1 23.6 0.49488 4249 0.50512 1395.7 915.3

NaDDTC

& Determined using chloroform as solvent.
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4.5. Aqueous phase transfer

After post-preparation treatments and removal of unreacted precursors, AIGZS QDs were
successfully transferred into aqueous phase via exchange of the hydrophobic OAm ligand with
glutathione tetramethylammonium (GTMA) or glycine dithiocarbamate (Gly-DTC) (Fig.
4,13).5219%

®
o SH NMe,
o H o S o®
® OZC\K\)J\NLH/NVCOZ @%HACOZ NMe,
S
NMe4 NHZ H o)
GTMA Gly-DTC

Figure 4.13. Structures of GTMA and Gly-DTC ligands used to transfer AIGZS QDs

into aqueous solution.

The thiol function of GTMA and the dithiocarbamate function of Gly-DTC enable the removal
of the OAm ligand and convert the native oil soluble nanocrystals into hydrophilic ones (Fig.
4.14a). Fig. 4.14b shows the UV-visible and the PL emission spectra before and after the ligand
exchange. No significant changes could be observed in the UV-visible spectrum of
AIGZS@GTMA QDs compared to the native dots. For Gly-DTC, a strong and well resolved
peak appears at ca. 305 nm, which confirms that the dots are well capped by dithiocarbamate
functions. The PL emission signals exhibit a clear redshift upon ligand exchange from 622 nm
to 648 and 685 nm for AIGZS@GTMA and AIGZS@GIy-DTC QDs, respectively. The QDs
are well dispersed in aqueous solution as demonstrated by DLS which shows hydrodynamic
diameters of 14.6 = 1.3 and 9.4 + 1.8 nm for AIGZS@GTMA and AIGZS@Gly-DTC QDs,
respectively, which indicate that the redshift originates from the changing of the environment
around the dots and not from their aggregation (Fig. 4.15). The Zeta potential values of
AIGZS@GTMA and AIGZS@GIly-DTC QDs are of -23.1 and -34.5 mV, respectively. Finally,
the ligand exchange was accompanied by a slight decrease of the PL QY (from 48.3 to 43.7 and
37.4% for QDs capped with GTMA and Gly-DTC, respectively).
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Figure 4.15. Hydrodynamic diameter AIGZS QDs capped with CysDTC and GTMA

147



4.6. Conclusion

A single source molecular precursor synthesis was developed for the preparation of new quinary
AIGZS QDs. The dots exhibit an average diameter of ca. 2 nm and their PL emission can be
tuned from the blue-green to the near-infrared by varying the Ag/In/Ga/Zn ratio. AIGZS QDs
exhibit PL QY's up to 48.3%. The recombination of photogenerated electron-hole pairs occurs
via surface-related trap states and intragap defect-related states and the PL lifetime could reach
915 ns for AIGZS QDs prepared with a Ag/In/Ga/Zn ratio of 1/0.5/0.5/1. These results show

the high potential of AIGZS QDs as novel environmental-friendly fluorescence emitters.
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Chapter 5. Synthesis of AIGZS and Mn:AIGZS QDs

5.1. Introduction

Fluorescence imaging and magnetic resonance imaging have played important roles in imaging
and diagnosis of tumor cells, and they provide valuable informations with different imaging
depths, sensitivity and resolutions. For example, magnetic resonance imaging with its soft-
tissue based contrast provides high spatial resolution, while fluorescence imaging shows high
sensitivity with temporal resolution?°3, Bimodal imaging probes offer advantages of these both
imaging techniques. QDs possessing fluorescent and magnetic properties should be of high

interest as fluorescent/magnetic imaging probes>883204-212,

Ag-based ternary QDs and their ZnS shelled derivatives have been synthesized with highly
fluorescent properties. Due to their unique optical characteristics, they have found applications
in various fields like sensing, detection or imaging. Additionally, their multi-component
composition allows to tune their PL emission peak position, by adjusting the size or the
composition over the visible region and up to the near-infrared region. This enhances their
ability to serve as fluorescent imaging probes, since in the 650-900 nm region, the tissue
autofluorescence is low and less fluorescence extinction enhances a deep tissue penetration with

minimal background interference?®3.

Doping paramagnetic metal ions into fluorescent QDs core is the method commonly used to
prepare magnetic QDs for application as contrast agents in MRI. MRI contrast agents shorten
either T1 or T relaxation times of surrounding water protons. Therefore, there are two types of
imaging contrast agents: (i) Type Ti, shorten the Ti relaxation time and yield a signal
brightening; (ii) Type Ta, shorten the T relaxation time and yield a signal darkening?®’. Most
paramagnetic agents, such as dysprosium (Dy*"), gadolinium (Gd**), or manganese (Mn?*), are
T1 contrast agents and therefore appear bright in T1-weighted images?4. Doping of Mn?* ions
is the best substitute when considering the toxicity of the dopant as it has been identified with
gadolinium-based contrast agents (GBCAs) : the use of GBCAs is associated with the

development of nephrogenic systemic fibrosis in patients with impaired renal function?>-27,
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Doping Mn?* ions into the QDs also leads to the change in their optical properties. Usually, the
Mn-dopant related PL emission is located at ca. 600 nm and is originating from the Mn?* 4T;
— SA transition 8284131 Moreover, a red-shift of the PL emission peak was also observed while
increasing the Mn loading due to Mn-Mn interactions®>. However, the studies related to the
Mn-doping in I-11-111-V1 QDs and its influence on the optical and magnetic properties of the

QDs has only faintly been studied.

In this chapter, the single precursor thermal decomposition synthesis described in the previous
chapter was used for the preparation of Mn-doped Ag-In-Ga-Zn-S QDs. Their structural and
morphological characterizations along with their optical and magnetic properties will also be
discussed. The transfer of these QDs into the aqueous phase using glutathione
tetramethylammonium in a fast and easily reproducible way was also conducted. Moreover,
these particles retain excellent optical and magnetic properties after transfer into the aqueous

phase.
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5.2. Experimental part

Materials

Silver nitrate AgNOgs, gallium nitrate hydrate Ga(NOz)3*xH20, indium nitrate hydrate
IN(NO3)3-xH20, zinc diethyldithiocarbamate Zn(DDTC),, sodium diethyldithiocarbamate
NaDDTC, manganese stearate MnSt,, oleylamine, glutathione, tetramethylammonium
hydroxide pentahydrate, glycine, carbon disulfide, poly(maleic anhydride-alt-1-octadecene

PMAOQ, chloroform and methanol were used as received.

Preparation of AgxlnyGazxyZn2(S2CN(C2Hs)2)4 precursors.

AgNOs, In(NO3)3, Ga(NO3)s and Zn(DDTC), with a Ag/In/Ga/Zn ratio of 0.25/0.875/0.875/2
were mixed in 10 mL of a 1:1 water-methanol mixture. The solution was stirred for 2 h at room
temperature to form AgxInyGazx.yZn2(S2CN(C2Hs)2)4 precursors. The product then collected by

centrifugation (4000 rpm for 15 min), dried under vacuum and stored at 4°C before use.

Synthesis of Mn(+2) stearate (MnSt2)

Under a nitrogen atmosphere, stearic acid (10 mmol) in 15 mL of methanol was heated to 50-
60 °C to make a homogeneous solution. After cooling the reaction mixture to room temperature,
TMAH (10 mmol) in 20 mL of methanol was added and the mixture was further stirred for 15
min. Next, MnCl,-4H>0O (5 mmol) in 10 mL of methanol was added dropwise under vigorous
stirring. The white MnSt> precipitate was collected by centrifugation, washed several times with
methanol and dried under vacuum. The dried MnSt, was stored at 4°C under N> before use.

Preparation of Mn-doped Ag-In-Ga-Zn-S (AIGZS) QDs

Mn-doping of AIGZS QDs was tested out using two approaches. One approach was named
“precursor containing Mn?" ions”. In this method, the diethyldithiocarbamate precursor was
prepared in the presence of MnSt; along with AgNOs, In(NO3)3, Ga(NO3)3 and Zn(DDTC):
salts. The amount of MnSt> was calculated according to the percentage of doping with

manganese. Thus, a corresponding precursor was prepared for each doping. Further, the
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appropriate precursor containing Mn?* ions was used for each (1 %, 2.5 %, 5 %, 10 %) Mn-
doped AIGZS QDs synthesis.

In the second approach, which was named “precursor + MnSt>”, the Mn-doped AIGZS QDs
were synthesized by thermolysis of AgxInyGazx-yZn2(S2CN(C2Hs)2)4 in the presence of MnSt,
precursors using oleylamine OAm as solvent. First, the precursor (100 mg) with the appropriate
amount of MnSt, were dispersed in OAm (6 mL) and the mixture was stirred under argon flow
until homogenization. Then, the solution was heated at 220°C for 10 min and the color changed
to dark. After cooling, the large sized crystals were removed by centrifugation (5000 rpm for
10 min). The supernatant was precipitated by adding an excess of methanol and the powder was
collected by centrifugation (5000 rpm for 10 min) and dried under vacuum. Next, the dried
product was redispersed in OAm (6 mL) and the solution was heated at 220°C for 30 min. The
obtained Mn:AIGZS QDs were precipitated by adding an excess of methanol, recovered by

centrifugation (5000 rpm for 10 min) and purified by washing with methanol.

Transfer of Mn:AlIGZS QDs into water

Glutathione tetramethylammonium coating. GTMA-coating was conducted using a
previously described method*®®. Briefly, GTMA was prepared by dissolving GSH (30 mg) and
TMAH (54 mg) in 1 mL of methanol. Separately, 5 mg of Mn:AIGZS@OAmM QDs were
dispersed in 1 mL toluene, then 5 mL of chloroform were added. Next, 0.5 mL of the GTMA
solution was dropwise added to the QDs solution and the mixture was vigorously stirred for 2
h. Then, water (4.5 mL) was added and the two-layer mixture was slightly shaken to transfer
QDs into the water layer before being left for 1 h to reach equilibrium. Finally, the top water
layer containing GTMA-capped AIGZS QDs was collected.

Poly(maleic anhydride-alt-1-octadecene coating. To disperse Mn:AIGZS@DDT QDs in
water, the amphiphilic polymer poly(maleic-alt-1-octadecene) was used’>. A mixture of
Mn:AIGZS@OAmM QDs (6 mg), PMAO (9.4 mg) and 10 mL of chloroform was stirred
vigorously for 2 h at ambient temperature. Next, the solvent was removed at room temperature
by using a rotary evaporator. The obtained product was dissolved in 1 mL of chloroform and 6
mL of a 0.05 M aqueous solution of NaOH was added. This mixture was sonicated for 1 h at
50°C before being centrifuged for 15 min at 5000 rpm to remove the aggregates. Next, the
supernatant was centrifuged for 30 min at 15 000 rpm and the pellet obtained was dispersed in

a Borate Buffer solution (pH 9) and stored at 4 °C.
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Relaxivity measurements and MR images

Relaxation rates at 60 and 100 MHz were obtained using on a Bruker Minispec MQG60
equipment. Longitudinal (T1) and transverse (T2) relaxation times of water protons were
measured with the following parameters :

T1 measurements at 25 °C: 8 accumulations, repetition time 10 s, inversion-recovery with 16
evolution times between 0.001s and 4xT1 ;

T2 measurements at 25 °C: 16 accumulations, repetition time 10 s, CPMG with 2000 points
andt/2=0.6 ms.

MRI images were recorded using a Bruker Biospec Avance 24/40 with a 2.34 T magnetic field
(proton resonance frequency: 60 MHz). The 100 mg/mL solutions of 0 %, 1 % and 2.5 %
Mn:AIGZS QDs were put in 4 mL vials and imaged with the following parameters :

Field of View: 6 cm; Matrix: 256*256 pixels; slice thickness: 2 mm.

Two sets of images were acquired: the first one with a 200 ms repetition time and 14 s echo
time in order to achieve a good T1 contrast and the T2-weighted images were recorded with

5000 ms repetition time and 120 s echo time.

5.3. Morphololy and structure characterization

Mn-doped Ag-In-Ga-Zn-S (Mn:AIGZS) QDs were synthesized in two-stage process. First, the
AgxInyGazx-yZn2(S2CN(C2Hs)2)4 complex precursor was prepared in a water-methanol. Next,
the vacuum dried precursor and MnSt; were thermally decomposed in the presence of OAm as

a solvent and a capping ligand.

AIGZS QDs were prepared using different Ag/In/Ga/Zn ratios: 0.25/0.875/0.875/2; 0.5/1/0.5/2;
0.5/0.5/1/2; 0.66/0.66/0.66/2; 1/0.5/0.5/2; 1/0.5/0.5/1; 1/0.5/0.5/1 + 1 mmol NaDDTC, while

amount of sulfur precursors was kept constant.

For the studies of Mn-doping, the Ag/In/Ga/Zn ratio of 0,25/0,875/0,875/2 was selected. The
amount of MnSt, dopant was calculated relative to the total amount of cations and added with
the precursor during the thermal decomposition step. The reaction was conducted at 220°C,
both first and second steps. This temperature was chosen from previous experiments conducted

at 190°C, 220°C and 250°C. The QDs show optimal optical properties when synthesized at
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220°C. The first step of the thermal decomposition with a duration of 10 min produces a brown
suspension containing large sized particles which were removed by centrifugation. Then, the
QDs were collected from the supernatant by precipitation with an excess amount of methanol.
The collected precipitate was dried and redissolved in OAm for the second step of the synthesis

consisting in the re-heating of the colloidal solution at 220°C for 30 min.

Two approaches for introducing the MnSt, dopant were tested. The first approach, which was
named “precursor + MnSt,”, is based on the addition of MnSt, to the precursor in the first
thermal decomposition step of the synthesis. In the second approach, a precursor containing
Mn?* ions was prepared. The optical properties of the undoped, 5% and 10% Mn-doped QDs
using these two synthetic approaches showed almost similar results (Fig. 5.1). Therefore, for

further studies, the first approach was selected due to its simplicity.
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Figure 5.1. UV-Vis and PL emission spectra of Mn-doped AglnGazZnS QDs at
Ag/In/Ga/Zn=0.25/0.875/0.875/2 ratio: a) “precursor + MnSt2” method; b) “precursor

containing Mn?* ions”

X-Ray diffraction analysis was used to characterize the chemical structure of synthesized QDs.
Fig. 5.2 shows the XRD patterns of Mn-doped AIGZS@OAmM QDs prepared with a
Ag/In/Ga/Zn/S ratio of 0.25/0.875/0.875/2 and when varying the Mn?* loading from 0 to 10%.
The broadness of the peaks originates from the small sizes of the nanoparticles. The peaks
located at 28.63, 47.63 and 56.52° correspond to the (112), (204/220) and (312) planes of the
tetragonal chalcopyrite phase, respectively. As can be seen from the figure, the peaks are shifted

towards lower angles when the doping in Mn increases. This likely originates from the diffusion
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of Mn?* jons into the QDs core which leads to a lattice shrinkage since the ion radii of Mn?*
(0.070 nm) is smaller than the ion radii of In®* (0.094 nm) and Ag* (0.115 nm).

Intensity (a.u.)

(204/220) |
| (312)

20 30 40 50 60
2 Theta (degree)

Figure 5.2. XRD patterns of Mn-doped AglnGaZnS QDs prepared using a Ag/In/Ga/Zn
of 0.25/0.875/0.875/2
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TEM was applied to characterize the size and the shape of AIGZS and Mn:AIGZS QDs. The
images in Fig. 5.3 show that the average size of the nanocrystals varies between 1.8 and 2.0 nm
by analyzing at least 100 nanocrystals in the TEM images. As can be seen from the TEM
images, AIGZS and Mn:AIGZS QDs exhibit spherical and ellipsoidal shapes. A few larger
particles with sizes around 7-9 nm were observed in some TEM images but they cannot be
considered as one particle since they composed of a few small particles. The lattice spacing
measured is of ca. 0.31 nm and corresponds to the (112) diffraction plane of the tetragonal
chalcopyrite phase. The high crystallinity of the dots is confirmed from the selected area
electron diffraction (SAED) patterns (see the insets of Fig. 5.3).

Figure 5.3. TEM images of Mn:AIGZS QDs at the Ag/In/Ga/Zn ratio of
0.25/0.875/0.875/2: a) 5%; b) 10% and HR-TEM images of 5% (c) and 10% Mn-doped

QDs

Elemental analysis of synthesized AIGZS and Mn:AIGZS QDs was carried out by X-ray
photoelectron spectroscopy. The results confirm the presence of Ag, In, Zn, Mn, Ga and S
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elements in the AIGZS QDs and the stoichiometry is different from that used for the synthesis
(Fig. 5.4 and Table 5.1). As the results show, the percentage of introduced Mn amount is
significantly lower than the amount used for the synthesis, which indicates that the Mn ions
were faintly doped into AIGZS cores. XPS was also used to investigate the chemical state and
the composition of Mn:AIGZS QDs. The XPS survey spectrum shows the presence of Ag, In,
Ga, Mn, Zn and S elements along with C and N originating from the GSH capping ligand (Fig.
5.4). The peaks at 367.67, 445.75, 452.28, 1118.26, 1021.79 and around 641 eV can be assigned
to Ag 3ds2, In 3ds2, In 3ds2, Ga 2psp2, Zn 2ps2 and Mn 2pap, respectively, and confirm the
valence states of Ag", In®*, Ga®*, Zn?* and Mn?*. The deconvoluted signals at 161.49 and 162.69
eV correspond to S 2p32 and S 2p1p, respectively, indicating that the metal cations are

associated to S%-.

Table 5.1. Ag/In/Ga/Zn ratio determined by XPS

Element Ag/In/Ga/Zn ratio, At.%
Mn(1%): Mn(2.5%): Mn(5%):
0.25/0.875/0.875/2 0.25/0.875/0.875/2 0.25/0.875/0.875/2
Ag 441 4.25 4.20
In 16.04 17.20 12.78
Ga 5.64 5.60 4.16
Zn 15.51 11.22 18.30
S 58.40 58.73 58.36
Mn - - 2.19

157




[-%
= 7
1 ] Name Pos.
12 ) a) Ag3dsi2 36767 b)
=
104 s
R -
’?e t = ‘=
% N x
g | »
Q
o )
4
Fa
-~ B A e e
800 o 600 300 0 372 370 368 366 364
Binding Energy (eV) Binding Energy (eV)
20, 114
] Name Pos. c) d)
18] In 3d5/2 44475
45228 ﬂ
4 112]
16 In 3d5/2
o 4 -
= (=]
% =md  Mn 2p3/2
w -
o -
& 124 In 3d3/2 S
10 1084
8.
106,
6
LB S B me m e s e ma e e ma
460 456 452 448 444 440 wes o = .
Binding Energy (eV) Binding Energy (eV)
155 190,
Name Pos. 180, Name Pos.
15 Ga2p¥2 1118.26 e) Zn 2p32 104,79 f)

L) l L]
1124

L) l L)
1120

] L]
1116

' L)
1112

|
1028

L} LI L L] L) LJ L L] L) L]

| !
1024 1020

Binding Energy (eV) Binding Energy (eV)

Figure 5.4. XPS analysis of AIGZS QDs: (a) wide scan of Mn(5%):AlGZS QDs and high
resolution scans of Ag 3ds2 region (b), In 3ds2 and 3ds.2 regions (c), Mn 2pas2 region (d),

Ga 2p3s2 region (e), Zn 2psi2 region
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Electron paramagnetic resonance spectra recorded for the Mn:AIGZS QDs further confirm the
doping of Mn?* into the AIGZS nanocrystals (Fig. 5.5). The spectra show six clear hyperfine
splittings separated by about 80 G for 1 %, 2.5 % and 5 % loading Mn, which is related to the
coupling of the electronic spin with the 5/2 nuclear spin of Mn?*. For 10 % doping AIGZS QDs
poorly resolved hyperfine coupling was observed. The broad signal is observed in all spectra
centred on g = 2. The broadness signal typically observed for AIZS, CIZS QDs can be

associated to the complex environment of Mn?* surrounded by Ag*, In®" and Zn?* ions3*.
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Figure 5.5. EPR spectra recorded at 20 K of Mn:AIGZS QDs at
Ag/In/Ga/Zn=0.25/0.875/0.875/2 ratio
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5.4. Optical characteristics

Fig. 5.6 shows the UV-vis absorption and the PL emission spectra and the digital photographs
under UV light of the AIGZS QDs with the Ag/In/Ga/Zn ratio of 0.25/0.875/0.875/ 2 when

increasing the amount of Mn?* jon doping into these particles.

The emission peak of the undoped AIGZS QDs is located at 515 nm and a defect-related
emission centered at ca. 650 nm can also be observed. After doping with Mn?* ions, a marked
red shift of PL emission is observed, which also accompanied by decreasing of the bandgap,
suggesting modification of the electronic states of the AIGZS core (Fig. 5.8, Table 5.2). The
bandgap values were determined from the Tauc plots of (ahv)? vs hv, where a is the absorption
coefficient and hv is the photon energy, and were found to decrease from 2.94 to 2.58 eV with

increasing the Mn loading.

When increasing the doping in Mn?* ions only slight changes in the PL positions were detected
and the emission peaks of 1 %, 2.5 %, 5 % and 10 % Mn-doped AIGZS QDs are located at 622,
627, 629 and 628 nm, respectively. As showed above, the XRD patterns showed shifts (Fig. 2),
thus the shift to lower energies when doping with Mn?* ions may be caused by the lattice

shrinkage originating from the diffusion of Mn?* ions into the AIGZS core structure.

The observed red shift from 515 nm for undoped AIGZS QDs to ca. 630 nm for Mn-doped
AIGZS QDs indicates that Mn?* ions contribute to the PL emission mechanism. It is likely that

the *T1 — SA; transition of the Mn?* ions3* inhibits, which was also demonstrated by PL

lifetimes close to milliseconds, according to the PL decay measurements. (Table 5.3).
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Figure 5.6. a) UV-Vis and PL spectra of Mn-doped AglnGazZnS QDs at
Ag/In/Ga/Zn=0.25/0.875/0.875/2 ratio; b) photographs of these QDs under UV light
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Figure 5.7. Digital photographs of Mn-doped AginGaZnS QDs at
Ag/In/Ga/Zn=0.25/0.875/0.875/2 ratio under UV light
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Figure 5.8. Determination of optical bandgaps of Mn-doped AginGaZnS QDs at
Ag/In/Ga/Zn=0.25/0.875/0.875/2 ratio

Table 5.2. The optical bandgap values of Mn-doped AginGaZnS QDs

Mn:AIGZS QDs Eg, eV

(Ag/In/Ga/Zn = 0.25/0.875/0.875/2)

0% 2.94
1% Mn 2.83
2.5% Mn 2.81
5% Mn 2.66
10% Mn 2.58

The fluorescence quantum yields of the AIGZS QDs at room temperature were determined from

the integrated fluorescence intensities of the QDs and reference, which is rhodamine 6G with
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the QY of 95% in water, at 400 nm excitation (Table 5.3). All the samples for spectral
measurement were diluted to yield an absorbance between 0.01-0.02 at the excitation
wavelength. The PL QY of the samples were calculated using the formula:

K XA, xQY,

Y
L

where, F is the integrated fluorescence emission, A is the absorbance at the excitation

wavelength of samples (s) and reference (r).

To further study of the PL emission mechanism, time-resolved PL decay measurements were
carried out. Representative time-resolved PL decay spectra were recorded at the PL emission
maxima of AIGZS and Mn:AIGZS QDs obtained from Fig. 5.6 and the results are shown in
Fig. 5.9 and Table 5.3. The data were best fitted using a biexponential function I(t) =
Arexp (—t/t1) and Az exp (—t/t2), where 71 and t, are the time constants of the PL and
A;and A, the normalized amplitudes of the components. The fitting parameters are summarized
in Table 5.3 when the Mn-doping increases. The PL lifetimes curve were the best fitted using
two components: the first (fast) component 7; is associated with surface trap-state
recombination, while the second (slow) component t, is associated with defect states (D-A

recombination).

The average PL lifetimes (t,,,) were determined using t,, = (A1t + A,71,)/(A; + A,) and
was 99.9 ns for undoped AIGZS QDs, which shows the higher contribution of surface defects.
Upon Mn-doping of AIGZS QDs, an increase of the decay time of both components was
observed. The longer PL decay can be attributed to the radiative recombination, involving
intragap states of QDs exhibiting inherent lattice defects. However, increasing Mn?*
concentration leads to the increasing contribution of the first component, suggesting a more

pronounced influence of Mn?* to surface-related defect recombination.
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Table 5.3. PL QYs, T4 and 7, time constants and the contributions of decays A: and

Az of undoped and Mn-doped AIGZS QDs

Mn:AIGZS QDs | PLQYs, % | A Ty, 1S A2 5, 1S Taps IS
Ag/In/GalzZn =
0.25/0.875/0.875/2
0% 14.3 0829 | 663-10° | 0171 | 2623-10° | 99.9-10°
1% Mn 9.6 0482 | 2325 | 0518 1497.4 887.9
2,5% Mn 18.1 0577 | 1924 | 0.423 1212.3 624.3
5% Mn 19.1 0643 | 1275 | 0.357 946.3 419.9
10% Mn 8.6 0702 | 1057 | 0.298 734.5 293.2
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5.5. Magnetic properties

Magnetic measurements using VSM were carried out for undoped and Mn-doped AIGZS QDs
with Ag/In/Ga/Zn ratio of 0.25/0.875/0.875/2 in a wide temperature range. Fig. 5.10 shows
magnetization curves of Mn-doped samples at 10 K and 310 K. It can be seen from the figure
that undoped AIGZS QDs exhibit diamagnetic behavior. For Mn-doped QDs, the magnetization
curves show that the samples have both paramagnetic and superparamagnetic behaviors. Also,
this figure demonstrates an increase of the magnetization with the Mn loading, which is the
result of paramagnetic Mn?* ions doping combined to the small sizes of nanoparticles. Magnetic
measurements showed that these nanoparticles exhibit superparamagnetic behavior at 10 K and

paramagnetic behavior at 310 K.
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Figure 5.10. M(H) loop curves of Mn-doped AIGZS QDs at different temperatures: a)
10 K; b) 310 K

Temperature dependent magnetization curves of 1, 2.5, 5 and 10% Mn-doped AIGZS QDS are
shown in the Fig. 5.11. The coercivity H¢ (the applied field required for zero net moment) and
the remanence M, (the magnetic moment at zero applied field) for 10 % Mn-doped QDs at
different temperatures are shown in the close-up magnetization curves in Fig. 5.12. The samples
synthesized at high concentration of Mn?* exhibit the highest saturation magnetization, up to
1.3 emu/g for 10% doping (at 10 K) (Fig. 5.10a), and decrease at higher temperatures. The
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decrease of the amount of Mn?* leads to the decrease of Ms values, and the temperature

dependence is drastically increased.
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Figure 5.11. M(H) loop curves of Mn-doped AIGZS QDs at different temperatures: a)
1%; b) 2.5%; c) 5%0; d) 10%
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Figure 5.12. M(H) loop curves of 10% Mn-doped AIGZS QDs at zero field: a) at 10 K;
b) at 298 K
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5.6. Aqueous phase transfer

To demonstrate the potential uses of Mn-doped AIGZS QDs in biological applications, the dots
were transferred into aqueous phase. Undoped and paramagnetic metal Mn-doped AIGZS QDs
behave similarly while transferring into the water medium. The transfer methods and synthetic
conditions are presented in the previous chapter. Here the 5 % Mn-doped AIGZS QDs were
aqueous phase transferred using amphiphilic ligand PMAO and GTMA, and their stability
tested at pH values between 3 and 13 (Fig. 5.13 and 5.14). As can be seen, the position of the
PL peaks does not change when the QDs transferred to aqueous media, and the
photoluminescence intensity remains high within the physiologically appropriate range of 5 to
9, which demonstrates the potential of these QDs for biological applications. A marked decrease
of the PL intensity is observed at pH below 5 due to the protonation of the carboxylate functions
present at the periphery of the dots. In basic medium, the dots remain stable until pH 12.
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Figure 5.13. UV-Vis (a) and PL (b) spectra of 5% Mn-doped AIGZS QDs water
transferred using PMAO recorded at different pH values, (c) shows the PL peak

position and PL intensity changing in media with different pH values
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Using GTMA as capping ligand shows similar results. Fig. 5.14 shows the UV-visible and PL

spectra, as well as the position of the PL peak and the change in PL intensity in media with

different pH values. In the same way as in capping with PMAO, the photoluminescence

intensity remains high within the physiologically acceptable range of 5 to 9 and remains stable

up to pH 12, which demonstrates the potential of the GTMA-coated QDs for biological

applications. At pH below 4, a decrease in the PL intensity is observed due to the protonation

of carboxylate functions.The position of the PL peaks does not change upon transfer of QDs to

an aqueous medium.
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5.7. Mn:AIGZS QDs as MRI probes

1 % and 2.5 % Mn-doped AIGZS QDs were in-vitro investigated as contrast agents (CAs) for
MRI (experiments were also conducted with the QDs doped with 5% Mn but similar results to
those observed with the 2.5% Mn doping were observed). As mentioned in the previous
chapters, the Mn?* ions show paramagnetic signals, thus these ions in Mn-doped AIGZS QDs
are expected to increase the image intensity in T1-weighted imaging. One of the most important
parameters of MRI CAs is their relaxivity, which can be determined as the slopes from the
relaxation rates dependences on the CA concentrations. The relaxation rates are the inverses of
relaxation times. Therefore, longitudinal relaxation times and transverse relaxation times were
measured at 60 and 100 MHz (resonance frequency of *H) and ambient temperature for AIGZS
QDs doped with Mn (Fig. 5.15). The relaxivity values at room temperature were found to be as
follows: r1=0.19 mM?s?®, r.=0.49 mMstat 1.4 Tand ri=0.11 mMs?, r,= 0.42 mM1s? at
2.35 T for R1, R2 relaxation rates, respectively.
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Figure 5.15. Longitudinal (R1) and transverse relaxation rates (R2) of Mn-doped
AIGZS QDs as a function of Mn (I1) concentrations in aqueous solution: a) at 1.4 T, 60
MHz (resonance frequency of 'H) and 298 K, r1=0.19 mM-1s?, r.=0.49 mM-1s?; b) at

2.35 T, 100 MHz (resonance frequency of *H) and 298 K, r1=0.11 mM-1s?, r2=0.42 mM-
ls-l
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These relaxivity values are relatively lower than those of commercially available gadolinium-
based contrast agents?8 ( for example, r1 = 3.3 L mmol-* s and r,= 3.9 L mmol-* st at 310 K
in water, GADOVIST) in typical MRI field of 1.5 T and medically appropriate frequency range
of 64—128 MHz. It was reported that the relaxivity of paramagnetic metal based CAs is
attributed to their high surface-to-volume ratio, paramagnetic properties of metal ions as well

as the numbers of unpaired electrons?®°.

Nevertheless, the CAs are expected to enhance the contrast in MR images. Fig. 5.16 shows the
MR images of Mn-doped AIGZS QDs. The T1-weighted and T2-weighted MRI images were
recorded. As can be seen, with the increasing in Mn loading, an increase in the signal in both
T1-weighted and T2-weighted images was observed. This shows that these Mn-doped AIGZS

QDs can be potentially used as dual-modal MRI contrast agents.

T1l-weighted MRI images

0% 1% 25%

T2-weighted MRI images

b)

0% 1% 25%

Figure 5.16. T1-weighted (a) and T2-weighted (b) MRI images of undoped, 1 % and 2.5
% Mn-doped AIGZS QDs
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5.8. Conclusion

Mn-doped Ag-In-Ga-Zn-S QDs were synthesized using a Ag/In/Ga/Zn ratio of
0.25/0.875/0.875/2 using the thermal decomposition method. The metal diethyldithiocarbamate
precursor was first prepared in a water-methanol mixture, then the dried precursor was heated
at 220 °C in the presence of MnSt» as a dopant and oleylamine as a solvent and capping ligand.
The synthesized QDs sizes in the range of 1.6 and 2.1 nm and have tetragonal structure. Mn-
doped QDs exhibit both superparamagnetic and paramagnetic behaviors and were demonstrated

to be of high potential as MRI contrast agents.
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General conclusions and perspectives

During the past three years of preparing this dissertation, an important work has been done to
prepare QDs for biomedical use in fluorescence imaging and magnetic resonance imaging. For
this, Ag-In-Zn-S QDs were synthesized in organic and aqueous phases, doped with
paramagnetic ions such as manganese, iron and gadolinium, and the origin of the fluorescence
in doped QDs was investigated. In addition, new quinary Ag-In-Ga-Zn-S QDs were synthesized
and their doping with manganese investigated. Further, the surfaces of these nanocrystals were
modified with hydrophilic ligands for biomedical uses. At the end, primary tests were carried

out using the prepared QDs as fluorescent and magnetic probes.

First, AIZS and Mn-doped AIZS QDs were prepared in organic phase using a one-step synthesis
method. The dots produced are of (AgInS2)x(MnS)y(ZnS)-x-y general formula. The synthesized
QDs with sizes from 3.3 to 3.7 nm show high fluorescence with a quantum yield of up to 62%
for orange-emitting ones. It was found that the origin of fluorescence after doping differs from
previously described results: continuous shifts to higher wavelengths for the PL peak positions
were observed with the increase of the loading in Mn?*, which indicates a modification of the
electronic states of the dots. As shown by TEM results, these shifts do not originate from an
increase in the size of the dots. The PL emission does not originate from Mn?* related *T; —
SA transition, but rather from the new electronic energy levels of Mn?* ions in the AIZS core.
Further investigations of the origin of PL emission were conducted by time-resolved PL decay
measurements and showed that the average PL lifetimes to be in the range of 1 to 10 ps. Such
values are usually observed for undoped AIZS nanocrystals, which further confirms that the PL
emission does not originate from T — ®A; transition of Mn?* ions (a millisecond PL lifetime
should be observed). As a result, the Mn?* loading dependence of the PL emission peak position
indicates that there are new Mn?*-dependent states with a relatively higher energy and located
above the ®A; state. Further, doping of the QDs with Mn?* ions led to a magnetic response to
an applied field compared to undoped QDs. Mn-doped AIZS QDs, regardless of the doping
percentage with manganese, showed a merge of a ferromagnetic signal with a paramagnetic
and/or superparamagnetic signal. Moreover, AlIZS and Mn-doped AIZS QDs were easily
transferred to the aqueous phase using the amphiphilic polymer poly(maleic anhydride-alt-1-

octadecene) without alteration of their optical properties.
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In the following step, AIZS and Mn-, Gd- or Fe-doped AlZS QDs were synthesized directly in
aqueous media using GSH as a capping ligand. When the application of synthesized QDs for
biomedical purposes is considered, aqueous phase synthesis is preferable since as-synthesized
QDs are water-dispersible. Thus, these particles do not require any modification for their
transfer to the agueous phase. These QDs showed high colloidal stability in a pH range of 5 to
9, and high photostability after 3 h under UV light illumination. Moreover, according to MTT-
assay results, Mn-, Gd- or Fe-doped GSH-capped and GSH-PEI-capped AlZS QDs exhibit a
good biocompatibility showing only weak toxicity until a concentration of 1 mg/mL. Further,
capping with FA does not decrease the cell viability, the lowest cell viability, 76.4 %, being
found for 5% Mn-doped AIZS QDs. Finally, GSH-PEI-FA-capped AlZS QDs entered into the
cells, and through the cytoplasm labeled the nuclei of the cells. These results show that the FA
ligand allows to target the dots into the cells and promotes specific intracellular uptake through

receptor-mediated endocytosis.

Next, new Ag-In-Ga-Zn-S QDs were prepared via a single precursor thermal decomposition
synthesis using OAm as both capping ligand and solvent. The sizes of the QDs were ca. 2 nm
and their structure corresponds to the tetragonal chalcopyrite phase. It was found that changing
the Ag/In/Ga/Zn ratio allows tuning the PL emission of the QDs from blue-green to the near-
infrared. Further, the synthesized AIGZS QDs showed the highest PL QY of 48.3% at the
Ag/In/Ga/Zn ratio of 0.66/0.66/0.66/2. Moreover, the PL lifetime was found to reach the 915
ns for AIGZS QDs prepared with the Ag/In/Ga/Zn ratio of 1/0.5/0.5/1. Finally, AIGZS QDs
were aqueous phase transferred using glutathione tetramethylammonium as well as glycine
dithiocarbamate. The aqueous transferred QDs show hydrodynamic diameters of 14.6 + 1.3 nm
and 9.4 £ 1.8 nm for AIGZS@GTMA and AIGZS@Gly-DTC QDs, respectively, according to

DLS measurements.

In the last part of the work, Mn-doped Ag-In-Ga-Zn-S QDs were synthesized using the same
single precursor thermal decomposition method. These QDs possess a size ranging from 1.8 to
2.0 nm and a tetragonal chalcopyrite structure. Their PL emission is a defect-related emission,
which consists of two components: the fast component t, is associated with surface trap-state
recombination, the slow component t, is associated with defect-states (D-A recombination).
Mn-doping of AIGZS QDs resulted an increase of the decay time of both components. To
transfer these QDs to the aqueous phase, glutathione tetramethylammonium was chosen as

surface ligand due to the simplicity and rapidity of this method. Finally, T1 and T2-weighted
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images of Mn-doped AIGZS QDs show that with increasing the Mn?* ions concentration in

AIGZS QDs results in increasing the contrast in T1 and T2-weighted MR images.
Summing up, the following perspectives of this dissertation can be emphasized:

— experiments to improve some properties (quantum yields, magnetic signal, colloidal and
photostabilities) of the studied QDs both undoped and doped using facile one-pot thermal
decomposition methods;

— doping of QDs with other elements (such as Ni, Co, Cr) in order to obtain effective magnetic
signal. This will allow efficiently use them as dual-modal probes in bioimaging purposes;

— synthesis and characterization of AlZ-based quaternary QDs with substituting one of the
elements in the structure, for example Ag-Cu-In-Zn-S QDs and their doping with paramagnetic
ions such as Mn?*, Gd®*, Fe3* followed by testing them as potential dual-modal probes in
bioimaging purposes;

—in vivo bioimaging experiments aimed to better understanding of real application of prepared
QDs as dual-modal fluorescent and magnetic probes;

— conduct research and experiments in order to scale up the synthesis.
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Summary

Key words: quantum dots (QDs), I-1I-111-VI QDs, one-pot synthesis, single precursor
synthesis, magnetic nanoparticles, toxicity, fluorescent imaging, fluorescent/magnetic dual-

modal probes.

Since fluorescence imaging (FI) and magnetic resonance imaging (MRI) are among the most
effective diagnostic tools, QDs with fluorescent and magnetic properties are of great interest as
dual-modal probes. In this work, undoped and doped Ag-In-Zn-S (AlIZS) and Ag-In-Ga-Zn-S
(AIGZS) QDs were synthesized and investigated as bimodal probes for FI and MRI. Highly
fluorescent AIZS QDs were prepared in organic media using DDT and OAm as capping
ligands. Mn:AIZS QDs showed paramagnetic and superparamagnetic properties. AIZS and
Mn:AIZS QDs were also transferred into aqueous phase using the amphiphilic PMAQO polymer.
Further, Mn, Gd or Fe-doped AIZS QDs were prepared in aqueous media, showed low
cytotoxicity toward KB cells, and demonstrated potential as fluorescent probes for FI. Finally,
AIGZS and Mn:AIGZS QDs, synthesized via a novel single precursor thermal decomposition
method, showed high fluorescence and paramagnetic/superparamagnetic properties. Mn-doped
aqueous transferred AIGZS QDs increased contrast in both T1-weighted and T2-weighted

images with increasing in Mn loading.

Résumé

Mots clés: quantum dots (QDs), I-11-111-VI QDs, synthése one-pot, synthése mono-précurseur,
nanoparticules magnétiques, toxicité, imagerie de fluorescence, sondes pour 1’imagerie

bimodale.

L’ imagerie par fluorescence (IF) et I’imagerie de résonance magnétique (IRM) comptent parmi
les outils de diagnostic les plus efficaces. Dans ce contexte, des QDs possédant a la fois des
propriétés fluorescentes et magnétiques sont d’un grand intérét en tant que sondes bimodales.
Dans ce travail, des QDs Ag-In-Zn-S (AIZS) et Ag-In-Ga-Zn-S (AIGZS) ont été préparés et
dopés afin de développer de nouvelles sondes de sondes bimodales pour I’IF et I’IRM. Des QDs
AIZS tres fluorescents ont été préparés en milieu organique a 1’aide de DDT et d’OAm comme
ligands. Les QDs Mn:AIZS possedent des propriétés paramagnétiques et
superparamagnétiques. Les QDs AIZS et Mn:AIZS ont également été transférés en phase
aqueuse a 1’aide du polymeére amphiphile PMAO. Par la suite, des QDs AIZS dopés Mn, Gd ou
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Fe ont été préparés en milicu. Des études toxicologiques et d’imagerie ont montré une bonne
biocompatibilité avec les cellules KB ainsi que le fort potentiel de ces nanocristaux pour I’IF.
Dans la derniére partie de ce travail, des QDs AIGZS and Mn:AIGZS QDs ont été préparés via
un procédé de décomposition thermique n’utilisant qu’un seul précurseur. Ces QDs possedent
de trés bonnes propriétés optiques et magnétiques. Les QDs dopés Mn ont été transférés en
phase aqueuse et ont montré un fort potentiel comme agent de contraste pour I’imagerie T1 et

T2.
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