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Abstract

Currently, core-shell heterostructured nanosystems are emerging as next-generation materials
due to their potential multifunctionalities in contrast with the more limited single-component
counterparts. Systematic investigation of core-shell nanostructures of ZnO and bare-and-doped-
Mn%* ZnS nanocrystals on the surface of magnetite nanoparticles (Fes04) was performed. The
magnetite cores were prepared via the co-precipitation method and were next treated with an
appropriate surfactant. The Fe3O4/(S) (S=ZnO and ZnMnS) core-shell nanoparticles were
obtained by an aqueous solution method at room temperature. The structural tests were carried
out using an x-ray diffractometer (XRD) which showed the development of crystalline phases of
cubic Fe3O4, hexagonal ZnO wurtzite and cubic ZnS. These patterns also established the
matching between bare and doped-Mn** ZnS diffraction peaks. Broadness of the diffraction
peaks evidenced the formation of nanosize phases. The transmission electron microscopy (TEM)
confirmed the deposition of a semiconductor shell on the surface of superparamagnetic Fes;O4
nanoparticles. The UV-Vis spectra showed the presence of a strong absorption peak and
photoluminescence (PL) spectra displayed the emission peak due to excitonic recombination and
a very weak defect-related emission peak suggesting the rearrangement of electronic
configuration in the core-shell structures when ZnO is surrounding the core. These spectra also
displayed the strong emission peak attributed to paramagnetic ion Mn®* when acted as dopant in
the host ZnS structure. The study of the magnetic properties was carried out using a vibrating
sample magnetometer (VSM) which evidenced considerable drop in the saturation magnetization
of the Fe304/Zn0O nanoparticles in comparison to individual Fe3O4 ones. For the FesO4/ZnMnS
system a slight ferromagnetic behavior at room temperature was observed. The chemical
composition of these nanomaterials was performed by x-ray photoelectron spectroscopy (XPS).
This elemental analysis demonstrated the presence of Zn on the surface of the magnetic seed at
an appropriate shell thickness. These core-shell heterostructured nanoparticles are receiving great

potential applications in biomedical areas such as photodynamic therapy.



Resumen

Los nanosistemas heteroestructurados nucleo-cascara estan actualmente emergiendo como
materiales de Gltima generacion debido a sus potenciales multifuncionalidades en comparacion a
los sistemas homogéneamente estructurados. En este trabajo se llevd cabo una investigacion
sistemética de las nanoparticulas nicleo-cascara de ZnO y ZnS puro y dopado con Mn?* sobre la
superficie de magnetita (Fe3O4). Los nicleos de magnetita fueron preparados mediante el método
de co-precipitacion y luego fueron tratados con un surfactante adecuado. Las nanoparticulas de
Fe304/(S) (S=Zn0 and ZnMnS) fueron obtenidas por medio de un método de solucion acuosa a
temperatura ambiente. Se usé un difractometro de rayos x (XRD) para realizar las pruebas
estructurales las cuales mostraron el desarrollo de las fases de FesO, cubica, wurtzita ZnO
hexagonal y ZnS cubica. Estos patrones también establecieron el excelente apareo entre los picos
de difraccion de ZnS puro y dopado con Mn?*. El ancho de los picos de difraccién evidencio la
formacion de las fases a nanoescala. EI microscopio de transmisién de electrones (TEM)
confirmé la deposicién de una céscara semiconductora sobre la superficie de las nanoparticulas
superparamagnéticas. Los espectros de UV-Vis y fotoluminiscencia (PL) indicaron la presencia
de un pico de absorcién y emision intenso debido a la recombinacion excitonica y un pico de
emision debil relacionada al defecto sugiriendo el re arreglo de la configuracion electrénica en
las estructuras nucleo-cascara cuando el ZnO esta sobre la superficie del nlcleo. Estos espectros
también mostraron un pico de emision intensa atribuido al ion paramagnético Mn?* cuando este
acta como dopante en la estructura de ZnS. El estudio de las propiedades magnéticas fue
realizado usando un magnetometro de muestra vibrante (VSM) el cual evidencio la disminucion
en magnetizacion de saturacion de Fe304/ZnO en comparacion a las nanoparticulas de FezO,
individuales. Para el sistema Fe304/ZnMnS un ligero comportamiento ferromagnético fue
observado a temperatura ambiente. La composicion quimica de estos nanomateriales fue llevada
a cabo mediante espectroscopia de fotoelectrones de rayos x (XPS). Este analisis elemental
demostro la presencia de Zn sobre la superficie del nicleo con un grosor de céascara apropiado.
Estas nanoparticulas heteroestructuradas nucleo-céscara estan recibiendo numerosas aplicaciones

en areas biomédicas como en terapia fotodinamica.
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Chapter 1: Introduction

The concern for materials at nanoscale (1nm = 10°° m) arises from the fact that materials show
new optical, electrical and magnetic properties at this length regime and change with their
composition, shape and size. So, what does the term “nano” imply? If we diminish the size of a
material, at what point does it begin to act more like an atom or molecule? or, in the case of a
cluster, how many atoms do we have to add observing a bulk-like behavior? [1]. It can certainly
be assured that nanomaterials represent a bridge between single molecules and bulk materials.
Thus, their structures and properties vary substantially from those of atoms, molecules and bulk

systems. Therefore, nanoscale phenomena are interesting to physicists, chemists and biologists.

The phrase “nanostructure” refers to clusters, nanoparticles, quantum dots, nanowires and
nanotubes. The clusters designate small and multi-atom particles between 3 and 3x10’ atoms.
The term “nanoparticles” belongs to the particles in the range of 1 to 100 nm in diameter. Each
nanoparticle in a crystalline arrangement may be either a single crystal or polycrystalline [2]. In
quantum dots, also known as inorganic semiconductor nanocrystallites or “artificial atoms”, the
electron-hole pairs are confined in all three spatial dimensions. The quantum confinement effect

is prominent in the quantum dots having their size smaller than their corresponding Bohr radius.

Nanoscale heterostructures have received a great deal of interest because they provide degrees
of freedom for tuning the physical and chemical properties of the material. A case of
characteristic heterostructures synthesized are colloidal core-shell nanomaterials differing from
homogeneous ones by the fact that their physical and chemical properties are driven by an
interface between two materials and provides multifunctionality that strongly depends on the
appropriate choice of the core size and shell thickness. The assembly of these core-shell quantum
dots results in thermal and chemical stability, better solubility, less cytotoxicity and ease in
bioconjugation [3]. In addition, the shell material can prevent the oxidation of the core material

and permit a rearrangement in electron configuration of the whole system.

Accordingly, in this work a systematic research is directed to understand the optical and

magnetic properties of core-shell nanostructures, where superparamagnetic Fe;O4 nanoparticle
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forms the core with the shell of ZnO and ZnS: Mn?*. The 11-VI semiconductor shell with varying
thickness endowed with photoluminescence to the superparamagnetic core passivating the
surface defects and confining the electron-hole pairs towards a particular region of these
heterostructures [4]. We synthesized and investigated core-shell heterostructures of Fe304/ZnO
and Fe304/ZnMnS  with well-defined structural, morphological, optical absorption,
photoluminescence and magnetic properties as well as its surface chemistry for further
functionalization. The common properties of both systems in core-shell quantum dots are novel
and attractive due to their great potential for applications in biomedical science, in particular

photodynamic therapy and in situ tumor treatment.

The following chapters describe the particular sequence with a title related to this thesis work.
Chapter 2 presents the survey of basic and necessary background to figure out qualitative and
quantitative reasons for which the core and shell materials were chosen. The up-dated literature
of the past related research based on Fe304/ZnO and Fe3O4/ZnMnS core-shell quantum dots is
elucidated in Chapter 3. Chapter 4 is intended to explain how the core-shell structures were
synthesized from easily reproducible stages by step evolution. It also contains important results
with their respective discussions and their multifunctional properties. In Chapter 5 we included
the comparison of our research results with other works and we also give some future

perspective.
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Verlag GmbH & Co. KgaA, Weinheim, 2004, chapter 12.
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Chapter 2: Literature Survey

2.1 Quantum Dot

Colloidal semiconductor nanocrystals or quantum dots constitute the building blocks for novel
materials that are essential for emerging technologies. The interesting physical and chemical
properties in these nanosystems arise as a result of small size and quantum confinement effects.
The quantum dots possess high surface to volume ratio which give rise to enhanced chemical
activity. Their sizes are typically in the range of 1-100 nm. More specifically, the dimension of

the quantum dot is less than the De Broglie wavelength of thermal electrons [1],

_ h
"~ (2mekpT)Y/2

A ~ 7.6 nm (2.1)

where m,, is the electron mass and kj is Boltzmann’s constant at room temperature. Thus, the
quantum effects in the quantum dots are expected to occur. In addition, the band gap at this scale

depends on the size a, of the quantum dot [2] as evidenced by,

2,,2
E;(a,n, L) = EJ¥k 4+ M<i+ 1*> (2.2)

2 *
ap me mh

with ¢,,; representing the roots of the spherical Bessel functions and m; and m;, the effective
masses of the electrons and holes respectively suggesting that the density of states increases as
nanocrystal size is bigger. Thus, we can modify the physical and chemical properties of the
qguantum dots by changing their sizes. An alternative, say, is to make core-shell heterostructures
since the sizes of core and shell can be varied. This allows reducing the surface defects and
provoking the rearrangement of electrons that affect the optical properties significantly.

2.2 Core-Shell Structures

It is well known that the most of fluorescent proteins and organic dyes suffer from

photobleaching; however, by utilizing a core-shell quantum dot system, this drawback could be

3



solved and certain stability against photobleaching could be added without losing their
luminescent attributes [3]. Figure 1 shows as the appropriate selection of the shell material
affects substantially the photoluminescence of the core material and promotes the
multifunctionality. In system 1 a strong emission peak is observed because the core bandgap is

lower, while in system 2 it is suppressed due to higher core bandgap.

CdSe CdTe

Normalized Intensity

= T T T T

550 600 650 700 750 800 850 900
Wavelength (nm)

Figure 1: Photoluminescence spectra for core-shell quantum dots and its corresponding profile

[4]

The key advantage in synthesizing core-shell nanostructures lies in the fact that we can
manipulate at will their physical properties by changing size of core and shell and combine the
multifunctionality. Their sizes range from around 20 to 200 nm in diameter. An enormous
diversity in exotic properties (Figure 2) can be obtained from these nanostructures varying from
fillers, pigments, coatings to highly sophisticated nanosensors for cellular imaging and carriers of

photosensitizing agents in photodynamic therapy [5].
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Figure 2: Profile for a core-shell heterostructure.

Unlike the standard quantum dots (single nanoparticles), in the core-shell structures both the
shell thickness and the core diameter tune chemical and physical properties such as optical
properties (emission). In addition, if by assembling these nanostructures the spatial separation of
carriers is possible; their properties will be ruled by the band offset of the comprising materials.
Thus, this system can emit energies that are different than that of the shell material. In another
way, the band engineering can permit optical transitions that are forbidden and the difference in
band gap of comprising materials would constitute a critical parameter to improve the

photoluminescence of the system.

In the case of semiconductor quantum dots, it is usually chosen a shell material with wider
bandgap than that of the core material in order to diminish their interaction with the surface traps
and avoid the shell material to absorb the light emitted by the core material. The aim of this shell
layer is to passivate the surface nonradiative emission enhancing the photoluminescence
quantum yield and preventing natural degradation [6]. In the inverted core-shell quantum dots,
the shell material has a narrower bangap than that of the core yielding a separation of the

carriers.



2.3 Theoretical Background of the Quantum Dots
2.3.1 General Description of the Quantum Dots

As it has been already stated, the extraordinary optical properties in the quantum dots arise due
to the quantum confinement effects that modify the processes of intraband and interband
relaxation [7]. Such processes are governed by the dynamics of the excitons which arise as a
result of the promotion of an electron from the valence band towards the conduction band
leaving behind a hole with the same charge but opposite in the valence band [8]. Thus, these
opposite charges obey the Coulomb interaction and depending on the intensity of this interaction,
the optical transitions could be manipulated. But to describe physically this process, we need a
model to understand the dynamics of this electron-hole pair within the nanocrystal. We are
forced to invoke the quantum mechanics and seek for a suitable model that illustrates this
phenomenon. If we suppose that this nanocrystal has spherical shape with radius R, behave
interiorly as a uniform medium and the excitons are localized with infinite potential outside the
nanocrystal [9]. Then the particle-in-a-box quantum model fits excellently with this system; the
box walls acting as the nanocrystal surface. So, Brus et al. making use of the effective mass
approximation, the electrostatic potential for dielectric polarization, in cases of small effective
mass, the penetration of carriers outside the nanocrystal and the Schrddinger equation proposed

the following Hamiltonian for the electron-hole pair [10],

2 2 2 ~ - = ~ <
H=-2 (%4 ) 19,5, 7=¢ > "5F (2.3)

8m2 \m, my , T=R

where 7 is the distance from the center of the nanocrystal, m, and m,, are the effective masses of
the electron and hole respectively and S, and S, are the positions of the electron and hole
respectively within nanocrystal. Here the determining factor is the potential energy containing
several terms but the prevailing factor within the nanocrystal is the Coulomb interaction which
considers the dielectric contribution of medium. Furthermore, the interior presence of a charge is
going to polarize the nanocrystal modifying the energy of the second charge. Hence, this
contribution called polarization energy also must appear in the eq. 2.3. Then, it is possible to

rewrite this equation as follows,



h? (V% | Vi 2 szk+s2k
H:——(—+_h)—% Zk 1 k e __h_ (24)

me mp 4me€y|Se—Sp| R2k+1

where ¢ is the dielectric constant of nanocrystal, €, is the vacuum permittivity and «; depends
on the dielectric constants inside and outside the nanocrystal. The eq. 2.4 consists of the
hydrogen-like Hamiltonian of the bulk and an additional term related to the dielectric
contributions. By putting this expression into the Schrédinger equation along with the proper

boundary and continuity conditions, the allowed exciton energies are given by,

R? (1 1 182 e ww s\ 2k
Eexciton = 7 (_e + _) —-—— FZk:l Ay (E) (2-5)

8R?% \m mp 4meegR

Note from eq. 2.4 that when R tends to infinite the Hamiltonian becomes the classic hydrogen-
like Hamiltonian of the bulk. In an alternative way, in eq. 2.5 at R small, it is only observed the
very energetic sum of two particles in a box [11]. Thus, that is possible to associate the size
dependence of the nanocrystal to this model that facilitates the first absorption and emission

characteristics.
2.3.2 Core-Shell Quantum Dots

Unlike the homogeneous quantum dots, core-shell nanoheterostructures are conducted by an
interface which generates a number of unique and technologically novel physical properties. In
addition, they also possess a large surface to volume ratio generating prominent surface-related
phenomena. There exist two types of core-shell quantum dots depending on the relative position
of the conduction and valence bands in both materials. If the positions of the conduction and
valence bands of the core material are between those of the shell material, the core-shell quantum
dot system will be called of type I, see Figure 3. In type-I configuration, the core material will
determine the lifetime and the emission wavelength since the exciton will be confined to this
material which could reduce their interaction with the surface traps [12]. The advantage of this
configuration is the enhancement of the probability of radiative recombination. As in a standard
quantum dot, the drawback in this configuration is the easy re-absorption of the emitted photons

as absorption, thus emitting at the same energy [13].

7
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On the other hand, the type-11 core-shell quantum dots appear when the extrema of the
conduction and valence bands lie in different regions of the heterostructure as in a staggered
way. From Figure 4 one can observe that in this configuration it is possible a spatial separation of
the carriers, namely, the hole (electron) can be within the shell material (core material) and the
electron (hole) in the core material (shell material). Due to this separation, according to “Tight
binding” model, the overlapping of electron and hole wavefunctions will diminish in intensity
[14]. Thus, it is expected a low probability but it is possible to establish the emission transitions

from both materials.

The nature of electrons and holes wavefunctions in these configurations could be understood
based on a simplified model of interacting particles within a spherical box with no alloying at the
interface. The calculation by Pye et al [15] of allowed energies of electrons and holes in
CdSe/ZnS core-shell quantum dots has been carried out supposing that these quantum dots are
ideally spherical. As in the case of a sphere, the carriers outside the quantum dot will experience
an infinite potential and inside the quantum dot certain constant potential and effective mass
values different for each comprising material. In this model, it is used the time-independent

Schrodinger equation,

HY(r,6,¢) = E¥Y(r,0, ¢) (2.6)

The stationary states and an appropriate dispersion relation for this system could be obtained
using above Hamiltonian. It is well-established that the solutions to the equation (2.6) with a
central potential are the product of a linear combination of spherical Bessel functions and
spherical Neumann functions for the radial part and the spherical harmonics for the angular part
taking into account the continuity conditions and probability current at the interface [16].
Summing the energies of the carriers at the extrema of bands and the core material gap, it is

possible to determine the energy for the most important optical transition [15].

On the other hand, we do not know yet how the band alignment in the type-Il configuration
occurs but we do know that the spatial separation of carriers make this configuration

energetically favorable upon photoexcitation. With appropriately choosing the composing



materials, knowing the difference in gap energies between them and examining the structural
mismatching, we can determine such separation and thus enhancing the photoluminescence
efficiency. However, these established band configurations do not allow localizing the carriers
within the structure accurately. Imagine that either the valence band or the conduction band of
comprising materials is aligned, but the position of the other ones does not. Then, one carrier
would be delocalized over the quantum dot and the other confined to either the shell or core. To
the best of our knowledge, this problem has not been solved and too many speculations can be

done.

From a practical point of view, we can give an possible explanation not of the phenomenon
but of the main absorption of the type-Il configuration since this quantum dot due to the spatial
separation acts as an indirect semiconductor with its exciton decaying more slowly than that of
the type-I quantum dot. The effective density of states raise when the nanocrystal size increases,
then the quantum dot will experiment a slight shift in absorptivity towards the blue region with
respect to the core material [17], see Figure 5. Thus, the photoluminescence will present an
emission peak at longer wavelengths instead of the customary deep trap luminescence of the core
material. This proves that the growth of a shell layer onto the surface not only quench the band-
edge luminescence. With this in mind, it is not unbelievable to expect the size distribution to be
broader than that of the type-I one [18].

UV-Vis light \

e (h’)

Vis-IR light

N\

Figure 5: Schematic depiction showing step by step the light absorption in the UV-Vis region,
the carrier separation and recombination and the light emission in the Vis-IR region.
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To some extent, the major properties of these quantum dots are governed by their interface. In
the case of the emission, the radiative recombination of the carriers is produced when these cross
the interface of the core-shell system. The proper arrangement of the individual bands of the
composing materials might facilitate different band gap energies. Thus, numerous probable
groupings could tune these band gaps allowing the band engineering. In the CdTe/CdSe system
which has been extensively studied the hole (electron) confinement energies are mostly governed
by the core (shell) diameter (thickness). That is, by varying simultaneously the core diameter and
shell thickness, we will obtain a joint effect that favors to the type-Il system. Following this, Yu
et al. [19] found a high PL efficiency in CdTe/CdSe by maintaining fixed the CdTe core and
carrying out the growth kinetics of the CdSe shell gradually, see Figure 6.

— mCORE
. CdTe and CdTe/CdSe = 52min
» 80min
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wzh
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Figure 6: Photoluminescence (right) and UV-Vis absorption (left) spectra for the CdTe/CdSe
quantum dots showing the growth kinetics of the CdSe shell with monitored time and compared
with the CdTe core [19].

The possible slow recombination of the carriers in the type-Il configuration can account for the
longer radiative lifetimes. In the case nonradiative, these structures confine the holes (electrons)

in a particular region away from the surface absorbing a significant part of traps. These traps are
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present at any type of configuration. With a mismatching of band offsets, it is possible to assign
an increase in the overlapping of the carrier wavefunctions which should enhance the quantum
efficiency. It is thought to get the same result by smoothing the boundaries between the core and

shell material [18]. But there is not much experimental work oriented to this point.

2.3.3 Surface Modification and Bioconjugation of the Quantum Dots

If these core-shell quantum dot systems with onionlike structure are thought to be used in
biomedicine, we have to struggle with the problem of solubility, in particular, in agueous media
and the problem of bioconjugation. Both of them can be solved by passivating the surface
appropriately with certain ligands using a proper surface modification technique in order to
obtain nanocrystals capable to accept biological macromolecules on their surface and retain their

excellent optical properties.

Due to the large surface to volume ratio of the quantum dots the steric hindrance, that
facilitates the effective arrange of molecules onto the surface, allows a increase in the number of
surface functional groups per unit surface area on the nanocrystal. This improved and strongly
coordinated attaching overcomes the bulk substrates [4]. To make certain surface soluble in
water, the ligand should possess molecules with polar groups that ease an effortless displacement
of the quantum dots in this medium bringing it a hydrophilic character and leaving some chance
for some further surface treatment. The strong bonds can be achieved by suitably polarizing the
surface and exploiting at maximum the electrostatic interaction. Once functionalized, we can
conveniently choose some bifunctional linker to conjugate biological molecules onto these

surface groups by means of straightforwardly accessible techniques, see Figure 7.

The main attributes of these treatments ranging from avoiding high aggregation to protect
against photobleaching as in the dyes. This latter one gives excellent stability to quantum dot as
well as reduces the interaction with the inherent defects in the surface. In addition, this treatment
makes these gquantum dots less sensitive to environment changes, surface chemistry and photo-
oxidation. Therefore, we can conclude this section claiming that the proficient passivation of the

surface trap states provokes a robustly improved fluorescent quantum yield [21].
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Figure 7: Schematics of a magnetic/luminescent core-shell quantum dot system for
photodynamic therapy. Nanoparticle is functionalized with targeting ligands in order that this to
be conducted towards tumor cells. The photosensitizers are also coupled and with help of certain
irradiation it get excited causing singlet oxygen from surrounding molecular oxygen which is the

main agent to provoke the cellular death (slightly modified [20]).
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Chapter 3: Proposed Research

The fundamental question in this section is to elucidate the construction of the core-shell
structure from the synthesis of the core material with an excellent magnetic response (depending
on its diameter) and a suitable surface for further functionalization. Then, the shell material is
grown on the core surface. It is assumed that both core and shell materials possess diameters at

the nanometric scale.

3.1 Rationale of Fe;04/Zn0O

FesO,4 (magnetite) have proven to be a suitable material for biological applications. We have
found three basic properties for using it as core material: biocompatibility, interactive functions
at the surface and high magnetic saturation. In addition, the behavior at quantum scale brings a
remarkable superparamagnetism at room temperature since each particle is associated to a single
magnetic domain. Thus, these particles do not show any magnetism after the removal of an

applied magnetic field [1].

The most common method to prepare FesO4 nanoparticles is the co-precipitation method
which consists of inserting a base to an aqueous mixture of Fe** and Fe** ions at a 1:2 molar ratio
with certain synthesis parameters to be controlled and adjusted to obtain particles with nanosize
(this synthesis process is easy, cheap and not needs very sophisticated equipments to be carried
out). The surface of these nanostructures depends on the precipitation, purification and drying
mechanisms, but there exists diverse ways to treat its surface for a particular application. For
instance, it is well known that these nanoparticles tend to aggregate into large cluster due to
anisotropic dipolar attraction. To avoid this, they are treated with sodium citrate or any adequate
organic compounds which are employed as a surfactant to create an electrostatic double layer
[2]. Following this reasoning, Liu et al. obtained well-dispersed magnetite nanoparticles with
almost no cluster presented (see Figure 8). The structural attributes of these nanoparticles mostly
are not affected by such treatments.
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Figure 8: Treated-citric-acid Fe3O4 nanoparticles showing a good dispersion [3].

Once we know how to prepare and functionalize the core material, now we should assembly
on these treated surfaces a layer of shell material. The choice of zinc oxide (ZnO) semiconductor
as shell material is due to its high stability, tested biocompatibility and customary wide band gap
(Eq ~ 3.37 eV at 300 K) and large excitonic binding energy (~ 60 meV) as well as its strong
photoluminescence at room temperature. Lately, ZnO is being evaluated to confirm if this can
produce cytotoxic singlet oxygen [4] which is convenient for our purposes since it will be
inserted onto the treated magnetite surface to form a platform for photodynamic therapy.

The first question arising in growing ZnO onto Fe3Oy is the structural mismatching. It is well-
known from doping in semiconductors that ionic radius is a deciding factor that must be taken
into account. The cubic spinel structure of the core material (FesO4) with 3+ and 2+ valences
and the hexagonal wurtzite structure of the shell material (ZnO) with valence 2+ differ into
approximately 19 pm suggesting that heterogeneous nucleation can be favored if it is introduced
the magnetite nanoparticles as seeds instead of a homogeneous nucleation. Consequently, in this
stage is necessary to adjust rigorously the synthetic conditions in order to avoid the
homogeneous nucleation of the ZnO. So then, we will only just obtain one type of nanoparticles
and make sure the formation of core-shell heterostructure. But how can we do that? A possible
chance to the problem is to drip slowly the solution containing the shell material into the whole
solution in order not to allow the formation of other particles by means of the consumption of
each drop throughout the total solution at certain time. For instance, Hong et al. [5] after

redispersing sodium citrate modified Fe3O4 nanoparticles in water, certain quantities of dihydrate
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zinc acetate in water were pertinently dripped into this solution obtaining particles with core-
shell nanostructures; his results are displayed in Figure 9 indicating that both phases Fe;O4 and
ZnO were formed.
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Figure 9: X-ray diffraction patterns for Fe;O, (a), sodium citrate modified FezO,4 (b), Fes04/Zn0O
and ZnO nanoparticles (d) [5]. From (a) and (b) is showed that the crystalline structure of Fe3O4

did not change through the surface treatment.

From figure 9 one can observe that the peaks corresponding to Fe3O4 and ZnO in the core-
shell nanoheterostructure appear with some enhanced peak intensity. This can be probably
caused by the peak overlapping which indicates that the coating process do not change the phase
of its components. The two phases in this Figure show that the projection of OH- functional
groups outwards of the core material surface could favorably react with Zn** ions which are

usually generated from the decomposition due to heat.

The transmission electron microscopy (TEM) allows determining the morphological
properties and the size distributions accurately. Figure 10 displays TEM images obtained by
Hong illustrating the deposition and growth of ZnO on the surface instead of a homogeneous
nucleation that would produce other particles in the mother solution. In comparison with the
morphology of Fes;O,, these core-shell heterostructured nanoparticles retain such morphology
with a homogeneous growth over the entire surface. Due to the surface treatment of Fe3Oy, it is

expected to obtain a better dispersibility and smaller particle size distribution.
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Figure 10: TEM images for Fe304/ZnO nanoparticles before (left) and after (right) treating the

surface [5].

Finally, which type of magnetic response is adopted by this system? It is well-established that
bulk magnetite has a superparamagnetic behavior which is distinctive of single-domain
nanoparticles and originated from the existence of privileged crystallographic directions along
which the electron spins are made parallel most easily. Within the crystal, thermal energy allows
total magnetic moment a fast flipping process. Superparamagnetism relaxation may be
counteracted by lowering the temperature. This effect is observed at room temperature in
particles with sizes smaller than 10 nm [6].

Hong et al found a decrease in saturation magnetization in the Fe3O4/ZnO system at room
temperature when more ZnO quantity (2—6) (see Figure 11) is added in the process of synthesis.
In practice, these nanoparticles can be tested by putting them under the influence of an external
applied magnetic field and observing a rapid magnetic response in suspension. From this figure,
one could claim that these nanoparticles are superparamagnetic since the values of remanence
and coercivity are very small. This decrease in magnetization could be explained by taking into
account the diamagnetic contributions of the zinc oxide shell surrounding the magnetic cores but

its physical fundamental have not been studied deeply yet.
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Figure 11: M-H curves at different molar ratios, 2—6 decrease the ZnO quantity in the synthesis

process [5].
3.2 Rationale of Fe304/ZnMnS

Zinc Sulfide (ZnS) is an n-type semiconductor with direct transition and wide band gap (Eq ~
3.6 eV at 300 K). ZnS possess ~ 40 meV as exciton binding energy and has great advantages
such as strong luminescent, environment-friendly, high stability and simple synthesis procedure.
It therefore is a good material for shell. In addition, doped-Mn?* ZnS may offer special feature of

diluted magnetic semiconductor with consequence in tumor detection and drug targeting [7].

ZnS has cubic structure like Fe3O4, thus FesO4/ ZnS core-shell is suitable for synthesis but for
better luminescence it is more advantageous to dope it with paramagnetic Mn?* ions. In this case,
the ionic radius for Zn** is 74 pm (1pm = 10™°m) and for Mn?* is 67 pm allowing Mn?* ions
substituting Zn®* ions with no shift in the angular positions obtaining an excellent matching.
Thus, ZnMnS system may be a bit stressed, but maintains the cubic structure and FezO4/ ZnMnS

core-shell is feasible.
As it was just worked with the treatment of the magnetite surface, we use HCI to modify its

surface interaction and facilitate a better adherence. In earlier work [8], Fe304/ZnS microspheres

evidenced face-centered cubic and hexagonal wurtzite structures, as shown in Figure 12.
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Figure 12: X-ray diffraction patterns for Fe;O, (a) and Fe3O4/ZnS microspheres [8].

Similar results were obtained by Wang et al. [9] using a facile synthesis method for
superparamagnetic fluorescent hollow nanospheres with the formation of core-shell structure
from a homogeneous nucleation as shown in Figure 13. Figure 13-a shows typical shapes of

some hollow nanospheres with average diameters ranging between 66 nm and 97 nm.

Figure 13: (a) TEM, (b) HRTEM images of Fe304/ZnS; (c) FeS particles and (d), (e) and (f)

subsequent reactions for 2h, 4h and 6h respectively [9].
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A more detailed analysis is provided by the high resolution transmission electron microscopy
(HRTEM) image (figure 13-b) which reveals that the shell is composed of particles with
hexagonallike structures. The other TEM images (figure. 13c-f) show a time-dependent behavior
of outer diameter into the formation of these hollow nanospheres. It suggests that FesO4/ ZnMnS

core-shell can be achieved with proper synthesis route.

The most important concern of these Fe304/ZnMnS core-shell quantum dots is the study of
their optical properties, but they will be discussed in the chapter 4. Here we only mentioned that
the optical properties of doped-Mn?* ZnS system is still not clear. Although analogous to the
bulk behavior, the strong photoluminescence is assigned to the insertion of Mn?* into the ZnS
host which generates “T;-°A; localized energetic levels in the forbidden band of the ZnS
attributed to crystal field effects [10]. However, in nanocrystals the band gap energies are larger,
the lifetimes are shorter and the luminescent efficiency improves. A possible explanation for this
phenomenon is directly related to quantum confinement that makes possible the hybridization of
the atomic orbitals, s-p states of the ZnS host and the d states of the Mn?" impurity. This favors
the radiative recombination against non-radiative one producing the enhanced quantum
efficiency.

The physical mechanism of this process for Fe;O0.,/ZnMnS has not been yet completely
understood because it is not known how the charge carriers flow towards periphery or a
particular direction within material; it is required a molecular and atomic insight. In addition,
defect energy levels can also produce photoluminescence and surface of core and ZnS are not

smooth enough to assume only vacancy density due to Zn?*.

On the other hand, we know that the magnetic properties of the core material are slightly
affected by the insertion of paramagnetic Mn?* ions (low doping concentration) into the host
material ZnS since these cores are normally introduced as seeds with a well-defined crystalline
structure and the doping occurs in the shell material, i.e., the paramagnetic Mn?* ions substitute
to the Zn®* ions but neither to Fe®* nor Fe** ions. However, the optical properties of the whole
system will be remarkably modified. Thus, we can give the magnetic response at room
temperature of Fe;04 and Fe3O4/ZnS microspheres to clarify the effect to grow bare ZnS layer on

the surface of the magnetite (Figure 14). Yu et al found that the saturation magnetization values
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were considerably decreased by assembling a thin layer of surrounding diamagnetic ZnS. The
difference in saturation magnetization values was almost 33.2 emu g™. As in the Fes0,/ZnO
system, with increasing the thickness of the shell material, this difference tends to rise until a
critical value. In spite of the expected diamagnetic contribution of the ZnS, the
superparamagnetic trend of the core material was maintained with a considerable drop in
saturation magnetization. This can be checked by applying an external magnetic field on the

microspheres and observe a fast sedimentation.
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Figure 14: Magnetic responses at 300 K for Fe3O4 (black) and Fe3O4/ZnS (red) microspheres [9].

Now the main question is to find out at what concentration of paramagnetic Mn ions the
superparamagnetic properties of the core are modified or if the unit cell of host material presents
some distortion. A plausible answer to this question will be given in the next chapter of this

study.
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Chapter 4: Experimental Details

In this chapter we give a brief summary of the typical route to prepare quantum dots with their
respective modifications which were applied to our own synthesis protocol. Furthermore, the

more interesting features of our results are presented and discussed.

4.1 Synthesis of the quantum dots

As a large surface to volume ratio implies strong related-surface phenomena, then a high
quality preparation technique is required to ensure a minimum quantity of defects on their
surface. Such defects trap the photoexcited carriers reducing the quantum efficiency of the
quantum dot. Here, we only consider the passivation of these surfaces with assembling an
inorganic shell layer. In a typical synthesis process of semiconductor nanocrystals in aqueous
solution, the monomers are obtained by heat decomposition of the precursors. The released
energy that provokes the nucleation is gained when the monomer concentration achieves to reach
the critical oversaturation which lowers the monomer concentration and ensures the growth of
the big and small particles from surviving nuclei. Due to monomer exhaustion, the bigger
particles start to grow as a result of the dissolution of the smaller ones [1]. In order to acquire an
adequate size distribution, the critical parameters such as monomer injection, precursor quantity,

growth time, etc., should be suitably controlled.
4.2 Fe304/Zn0O Quantum Dots
4.2.1 Synthesis
Materials
Zinc Nitrate Hexahydrate Zn(NQs),:6H,, Iron (I1) Chloride Tetrahydrate FeCl,-4H,0, Iron

(1) Chloride Hexahydrate FeCls-6H,0, Sodium Hydroxide NaOH, Sodium Citrate Dihydrate
Nas;CsHs05-2H,0, Nitric Acid ACS 70%, Hydrochloric ACS 37%, Ammonium Hydroxide
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NH4OH (14.5 M) were of reagent grade and used without further purification. Acetone and

ethanol were of chemical grade, and (high purity) deionized water was used.

Experimental Procedure

The core material Fe;O4 was prepared using the route of co-precipitation [2] with minor
modifications. First, FeCl3.6H,O and FeCl,.4H,O were stoichiometrically dissolved, with a
molar ratio of 2:1, into deionized water and then an aqueous solution of 0.440 M of NaOH was
added. Then controlled vigorous stirring at 100 °C under air for 30 min. was applied to the
solution resulting in suspended nanoparticles. The sample was next washed with abundant high
purity deionized water and magnetically collected. The as-prepared sample was dried at 60 °C

for 24 h (see flow chart in Figure 15).

FeCl;.6H,0 and FeCl,.4H,0, NaOH
Molar ratio = 2:1 0.440 M
! !
Dissolve Dissolve
- -
10 =

deionized H,O - U B deionized H,O

T=100°C and vigorous stirring (RPM) for30min.

‘ A Wash with
. deionized H,O
Fe;0, Separation | )

T4 Magnetic
Decantation
Dryleg L &  xrp

T=60°C, t=24h
Figure 15: Flow chart for the preparation of magnetite. The red letters represent the parameters

that were used to change the size.

Subsequently, the Fe3O4 superparamagnetic cores were treated with sodium citrate to avoid

any aggregation and provide adsorption sites for Zn species facilitating the formation of the ZnO
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shell. As-prepared magnetite sample was dispersed into deionized water and the pH value was
regulated to 5.0. Then, Zn(NOs), dissolved in deionized water was slowly dripped into the
solution with a molar ratio of magnetite to zinc source adjusted to 1:2. After 1 hour of contact,
the pH value was increased up to 9.0 and the temperature was adjusted to 80°C in order to
promote the dehydration and atomic rearrangement involved with the formation of ZnO on the
surface of magnetite. At the end of the contact stage, the solids were magnetically collected,
washed with ethanol and abundant high purity deionized water and dried; see flow chart in

Figure 16.

0.1 M aqueous solution of sodium citrate [ 0.2 M aqueous solution of Zn (NOs), ]
treated Fe;0,4 nanoparticles

dripped

h 4

[ Mixing under stirring at pH=5.0 for 1h at room temperature J

v

[ pH value rose to 9.0 at 80°C for 4h under vigorous stirring ]

|

i Characterization: >XRD, TEM
Magnetically collected, washed and i 4 - PL, UV
dried at 60°C for 24h temperature g
- VSM
- XPS, EDS

Figure 16: Flow chart for the synthesis of Fe304/Zn0O.

4.2.2 X-Ray Diffraction Measurements

All the X-ray patterns were obtained using a Siemens Diffractometer D5000 (Cu-Ka radiation
with A=0.154315nm). The characteristic peaks attributed to face-centered cubic structure of
Fe;O4 nanoparticles (core material) according to the standard JCPDF file are shown in Figure 17
which displays six controlled different experiments with almost no impurities included [3]. The
three first ones were kept at fixed temperature and the degree of agitation was increased. The

three last ones were performed at fixed degree of agitation and the temperature was increased.
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The separate experiments were carried out to study the effect of the temperature and the degree
of agitation on the particle size during the synthesis process.

Intensity (a.u.)

25 30 35 40 45 50 55 60 65

Figure 17: X-ray diffraction patterns for Fe;O,4 with different synthesis conditions.

The average crystallite sizes of these samples were calculated using the Debye-Scherrer’s

formula,

0921
Dpp = m (4-1)

where f is the full width at half maximum (FWHM) of the main intense peak (311) in radian, 0 is
the Bragg angle and A is the x-ray wavelength. A brief summary of these results are illustrated in
Table 1 from where we draw two important observations. First, when the stirring speed increased
from 600 to 950 rpm, crystallite size was 12.746 to 8.796 nm. This decrease in the growth
kinetics can be plausibly attributed to the anomalous diffusion of particles at higher degree of
agitation. In second case, the crystallite size was increased from 6.235 to 8.798 nm (and from
5.762 to 6.379 nm) when the temperature was raised from 25 to 100 °C (and from 50 to 65 °C),
see Table 1. This effect suggests that at higher temperature the precipitated particles possess

higher crystallinity and larger grain size. An increased temperature promotes the hydrolysis
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reaction and the dehydration of ferric chloride precursors, meanwhile a decreased temperature
retards to some extent the releases of Fe”* and Fe** and the formation of magnetite.

Sample | T (°C) Stir (RPM) D (nm)
A 100 600 12.476
B 100 900 10.580
Cc 100 950 8.798
D 25 950 6.235
E 50 1200 5.762
F 65 1200 6.379

Table 1: Variation of the average crystallite sizes for Fe3O4 changing the temperature and degree
of agitation.

For the assembly of ZnO onto the modified magnetite surface, we performed two batches of
experiments in order to show the effect of increasing the amount of shell material in the synthesis
process. The former one does not take into account the molar ratios of iron and zinc sources in
the synthesis procedure (called sample A), while the latter one does take account of molar ratio
(called sample B). If ZnO successfully adhered to the surface and grown in a homogeneous way,
one could examine the effect of increasing the shell thickness on their photoluminescence which
is related to the exchange coupling interactions. The x-ray diffraction patterns (sample A) of the
as-prepared samples showed the development of isolated and joint crystalline phases of cubic
Fes0,4 [4] and hexagonal ZnO wurtzite [5], see Figure 18. From the broadness of the diffraction
peaks the formation of nanosize phases can be used and the use of Debye-Scherrer’s equation
yielded a value of 17.335 nm for the average crystallite size taking the (440) peak as reference.
The deposition and growth of a ZnO layer on the core material surface can be deduced from the
figure 18-c. It can be observed that several enhanced peak intensities could be caused by the

peak overlapping which suggests that the coating process did not change the individual phases.

With the aim of making sure us whether the surface treatment modified the structure of

magnetite or not, we did similar structural measurements before and after such modification.
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Figure 19 demonstrates that this treatment with sodium citrate did not change the crystalline
structure of FesO,4 through these experiments since the characteristic peaks attributed to cubic
structure did not presented any angular shift. Finally, it is worth mentioning that lattice
parameters of maghemite (y-Fe,O3) are quite like to those of Fe;O,4 but the major peak number is
greater in Fe,O3 than in that of Fe3O4. Thus, the peaks that appear in Figure 19 belong
indisputably to the Fe;O, rather than the Fe,Os.
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Figure 18: X-ray diffraction spectra for ZnO (a), Fe30,4 (b) and Fe304/Zn0O (c).
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Figure 19: X-ray diffraction patterns for Fe;O,4 before and after treatment showing none change
through the modification with sodium citrate.
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On the other hand, the diffraction peaks of sample B did not show any angular displacement of
the peaks and the intensities of their peaks did not vary enough to be considered. For that reason,
their graphics are not presented in this work but the effect that they have on the optical and

magnetic properties will be discussed later.
4.2.3 TEM Measurements

The TEM images for the Fe304/Zn0O particles with a molar ratio of 1:2 are shown in the figure
20. These images were obtained using a conventional carl zeiss LEO 922 energy filtered TEM.
The photographs display that Fe304/Zn0O particles ranged from 13 to 18 nm in diameter as shown
in Table 2. Using the equation 4.1 we obtained a value of 14.603 nm compared with 15 nm (see
Figure 21).

o 5%

Figure 20: TEM figures for the Fe3O4/ZnO particles with R=1:2 corroborating the size at
nanoscale. The contrast in core and shell images verifies the core-shell structure.

Likewise, the calculation for the average crystallite size of core material (9.424nm) was smaller
than this value and as did not show any change in diffraction patterns for treated core material, it
is possible to affirm that this treatment with sodium citrate provides the Fe;O4 nanoparticles with

larger specific surface area and surface energy. As a result, the ZnO precursor can deposit on the
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surface of the core material to form the core-shell heterostructure as proven in the two

photographs.

In thermodynamic terms, this behavior is a spontaneous process to reduce the overall free
energy, that is, the increase in the particle size reduces remarkably the specific surface area and
surface energy of the nanoparticles. Thus, the surface modification of Fe3O, clearly affects the

surface coating process.

Sample Molar Ratio | Dgago (NM) Thickness (nm)
Fes;O4 - 9.424 -

Fes04/Zn0O 1:2 14.603 2.589
Fe;04/Zn0O 1:3 15.107 2.841
Fes04/Zn0 1:5 15.788 3.182

Table 2: Variation of average crystallite size and their respective shell thicknesses for Fe304/ZnO

as the molar ratios are increased.
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Figure 21: Size distribution for the particles of Fe304/ZnO. It can be observed that occurrence

maximum peak is just at 15 nm as approximately calculated with the eq. 4.1 (see Table 2).
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4.2.4 UV and PL Measurements

A UV-vis spectrophotometer (DU 800, Beckman Coulter) was used to study the optical
absorption and a spectrofluorometer FluoroMax-2 at room temperature with a 150mW
continuous ozone-free Xe lamp to investigate the luminescent properties. The optical absorption
spectra for ZnO and Fe304/Zn0O nanoparticles of the sample A are shown in the figure 22 with an
absorption peak at 351 nm for ZnO and at 361 nm for Fe304/Zn0O. The band broadening for the
absorption of Fe;04/ ZnO nanoparticles suspended in ethanol suggests a narrower distribution of
the nanocrystal size than the ZnO nanoparticles, see Figure 21. One can also observe a slight
redshift in the excitonic peak which is attributed to the decrease in quantum confinement due to

“crystal growth” which is generated by the growth of a ZnO layer on the treated magnetite
surface (core material).

ZnO
— Fe,0,/Zn0

Absorbance (a. u.)
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Wavelength (nm)

Figure 22: Optical absorption spectra for ZnO (black) and Fe304/Zn0O (red).

The same effect is observed in the figure 23 for the measurements on sample B with an optical
absorption peak at 351 nm for ZnO, at 358 nm for Fe;04/Zn0O (R=1:2), at 363 nm for Fe304/Zn0O
(R=1:3) and at 364 nm for Fe304/ZnO (R=1:5). Thus, it is presumed that when the molar ratio of
iron to zinc source increased, more ZnO is deposited on the core material surface. Figure 24
shows the emission peaks of measurements of the sample B; these figures were constructed

under excitation of 250 and 350 nm for questions of visualization. Figure 24-(a) displays the
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peak of near-band edge UV emission at 367 nm and the band of broad defect-related visible
emission at ~540 nm [6] at room temperature.

This luminescent emission is still controversial in spite of the numerous studies carried out. In
this work, we suppose that its origin is attributed to oxygen vacancy on the surface highlighting
the fact that the spectral position and the intensity of the visible emission also depend on the
fabrication process. The figure 24-(b-d) shows the UV and visible emission peaks at room

temperature becoming stronger with increasing ZnO content.
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Figure 23: Absorption spectra for Fe304/Zn0 at different molar ratio in comparison to pure ZnO.
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Figure 24: Photoluminescence spectra for ZnO (a) and R=1:2 (b), R=1:3(c) and R=1:5(d)

Fe304/Zn0O nanoparticles.
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The luminescence quenching can be attributed to the interfacial charge transfer between Fes;O4
nanoparticles and ZnO nanocrystals. The figure 25 reveals a strong excitonic emission peak at
380 nm and very weak related-defect emission band at ~ 568 nm suggesting the rearrangement
of electronic configuration in those core-shell structures. This result is amazing since as far as it

is known the pure Fe3O4 nanoparticles do not exhibit any kind of luminescence.

e EMission of Fe304lZn0, 380 & 568nm
= Absorbance of Fe304IZn0, 361nm
= Absorbance of ZnO, 351nm

== Emission of ZnO, 367 & 540nm
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Figure 25: Optical absorption and photoluminescence spectra for pure ZnO and Fe304/Zn0O (left)
and photographs obtained by exposing a UV lamp on the samples: Fe3O4 (black), Fe304/ZnO
(brown) and ZnO (yellow).

According to the framework of spatial confinement of electron and hole wavefunctions, the
carriers migrate towards the core material to avoid the interaction with the trap states on the
surface tuning their overlapping with magnetic core. This will likely give rise to the reduction in
band gap according to the tight binding model [7]. This effect can be seen in Figure 25 in the
form of red shift in the excitonic emission of ZnO from 367 to 380 nm.
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4.2.5 VSM Measurements

The magnetic properties were measured at room temperature with a vibrating sample
magnetometer (VSM, Lakeshore 7400). The magnetic response to an external applied magnetic
field for the A sample is presented in the figure 26. These M-H curves at room temperature
indicate a saturation magnetization of 59.87 emu/g for the pure Fe3;O4 nanoparticles and 15.64
emu/qg for the as-synthesized Fe;04/ZnO nanoparticles with no coercivity nor remanence due to
its very small size. This decrease in magnetization can be attributed to the presence of the

diamagnetic zinc oxide layer that surrounds the superparamagnetic cores.
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Figure 26: M-H curves for Fe3O4 (59.87 emu/g) and Fe304/Zn0O (15.64 emu/g) nanoparticles
(left) and photographs of the samples obtained by a UV lamp and a permanent magnet: Fe;O,
(black) and Fe304/Zn0O (brown).

Figure 27 (sample B) shows that with the increase of the diamagnetic ZnO thickness on the
superparamagnetic cores, the saturation magnetizations decreased considerably. The pure Fes;O4
nanoparticles presented a 57.17 emu/g saturation magnetization and the Fe3O4/ZnO nanoparticles
decreased at 15.01, 9.63 and 7.72 emu/g for R=1:2; 1:3 and 1:5 respectively suggesting that this

behavior can be modulated by varying the molar ratios of iron to zinc sources.
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Figure 27: M-H curves for Fe;04 and R=1:2, R=1:3 and R=1:5 Fe304/ZnO nanoparticles at

different molar ratios.
4.2.6 XPS Measurements

In order to know if the ZnO was deposited on the magnetite, the XPS elemental analysis for
Fe304/Zn0O core-shell nanoparticles was carried out using a PHI 5600 Multisystem, equipped
with an Al source and a neutralizer at a base pressure of 5x10™ torr. The two characteristic
peaks of ZnO with binding energies are located in 1046 eV for Zn 2p*? and in 1023.37 eV for Zn
2p*? with an overall atomic concentration of 31.43 which demonstrate the presence of Zn on the
surface of the magnetic seed at this shell thickness, see Figure 28. In addition, it can also be
observed the peaks corresponding to the iron oxide with binding energies of 725.94 eV for Fe
2p"? and 711.97 eV for Fe 2p*? with an overall atomic concentration of 9.98 which suggest two
situations. The first situation is that no all the nanocores were successfully and completely coated
by ZnO layers, i.e., maybe there was several spaces free of ZnO. The second situation is that the
incident photoelectrons were powerful enough to penetrate the core of nanosystem. The first one
is the most reasonable. On the other hand, the peaks corresponding to O 1s (531.82 eV) and C 1s

(286.09 eV) are shown as reference.

37



3/2

Zn 2p

1023.37 i i
1046.54 Atomic Concentration
Zn 2p™ C1s O 1s Fe2p | Zn 2p3
12.08 46.5 9.98 31.43
0 725.94 1 '93,2
I Fe 2p' Fe 2p
£ O1s
3 N/  531.82
o
286.09
C1s
1200 1000 800 600 400 200 0

Binding Energy (eV)

Figure 28: Surface chemistry of Fe304/ZnO nanoparticles obtained by x-ray photoelectron
spectroscopy suggesting the presence of Zn on the surface of core material.

This research was published in Nanotech (2010) 3: 405-408.
4.3 Fe304,/ZnMnS Quantum Dots
4.3.1 Synthesis
Materials
Zinc Sulfate Monohydrate ZnSO4-H,0 (99.9%), Manganese (I1) Sulfate Monohydrate MnSO4
(98%+), Hydrochloric Acid, for analysis, ca. 37% solution in water, Sodium Sulfide Na,S were

of reagent grade and used without further purification. Acetone and ethanol were of chemical

grade, and (high purity) deionized water was used.

Experimental Procedure

First, the superparamagnetic Fe3;O, nanoparticles were treated with HCI 0.05M under
ultrasonication for 30 min. then dispersed into high purity deionized water. An aqueous solution
of ZnS0O,4 (0.2 M) with different concentrations of MnSO, dopant was added to the first solution

38



under vigorous stirring for 2h at room temperature. After it was dripped an aqueous solution of
Na,S (0.2 M) and put next under vigorous stirring for 6h at room temperature. Finally,
magnetically collected, washed with abundant water and ethanol and dried at 80°C for 24h, see

flow chart in Figure 29.

0.1 M aqueous solution of Fe;0, was treated with
HCIl under ultrasonication for 30min.

{

Add a 0.2M aqueous solution of ZnSO, and MnSO, at different
concentrations under vigorous stirring at room temperature for 2h.

|

Drip a 0.2M aqueous solution of Na,S under vigorous
stirring at room temperature for 6h.

l / XRD, TEM

Magnetically collected, washed and dried at 80°C for 24h. = PL UV
M ysm

Figure 29: Flow chart for the preparation of Fe304/ZnMnS.
4.3.2 XRD Measurements

The diffraction peaks corresponding to FesO4 and ZnS isolated phases and doped-Mn?*
Fes04/ZnS (20 and 25 percentages of dopant species) combined phases are shown in Figure 30.
These concentrations were put to evidence that at smaller concentrations we did not find any
luminescent peak belonging to the Mn?** paramagnetic ion. All peak broadenings suggest that
these phases as isolated as combined present sizes at nanoscale. The isolated characteristic peaks
attributed to face-centered cubic structure of Fe;O, and the cubic ZnS phase nanoparticles
according to the standard JCPDF [8] are also verified in this Figure. From the peaks of the core-
shell system can be deduced that, in fact, there was a development of both phases at nanoscale.
Additionally, it can be observed a good substitution between paramagnetic Mn?* (ionic radii 67
pm) ion and Zn?* (74 pm) ion which did not modify the unit cell of host material. The structural

matching of the core and shell materials were guaranteed due to that both materials possess cubic
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structure in contrast with the cubic structure of magnetite and hexagonal structure of ZnO for the
first core-shell system. Using the eq. 4.1 and taking the main peak (311) of pure magnetite, it
was found an average crystallite size of 8.710 nm and in the same peak for Fe304/ZnS at x=0.25
was found an average crystallite size of 13.455 nm which implies a shell thickness of doped-
Mn%* ZnS of ~2.3 nm.
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Figure 30: X-ray diffraction patterns showing the formation of both Fe;O4 and ZnS phases in the
Fes04/Zn1xMn,S core-shell heterostrucutures with x=0.20 and x=0.25.

4.3.3 TEM Measurements

The TEM photographs demonstrated a successfully deposition of shell material onto the
treated-HCI surface of the core material and an oval shape that was acquired from the core
material, see Figure 31. The photographs display that Fe3O4/ZnMnS particles were 10-18 nm in
diameter corroborating their nature at nanoscale. Using the eq. 4.1 was obtained a value of
13.455 nm compared with 14 nm (see Figure 32). In this case, it is also possible to affirm that
this treatment with HCI provides the Fe;O4 nanoparticles with larger specific surface areas. Thus,
ZnMnS can be deposit on the surface of the core material to form the core-shell heterostructure

as proven in the two photographs.
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Figure 31: TEM images for Fe3O4/ZnMnS at magnifications of 50 and 10 nm. The contrast in

core and shell images verifies the core-shell structure.
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Figure 32: Size distribution for the particles of Fe;04/ZnMnS. It can be observed that occurrence

maximum peak is just at 14 nm as approximately calculated from XRD measurements.

4.3.4 PL Measurements

Figure 33 shows the emission spectra at room temperature for pure ZnS, doped-Mn?* (x=0.10,
higher concentrations modified the unit cell of the host material) ZnS and doped-Mn®*
Fe304/ZnS at x=0.20 and x=0.25. The pure ZnS presents an emission band centered at ~396 nm
when excited by 250 nm which can be attributed to the defect-state recombination presented
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mostly on the surface of the nanocrystal [9]. The doped-Mn?* ZnS at x=0.10 exhibits an
additional strong orange emission peak around 598 nm which could be ascribed to the well-
known “T1-*A; Mn d — d transition of Mn®* ions suggesting a strong coupling between the Mn d
levels and host states [10]. It is well-established that Fe3O4 nanoparticles do not show signs of
any emission peak in the interest region but amusingly, the doped-Mn?* Fe;04/ZnS core-shell
heterostructured nanoparticles with different atomic concentrations of dopant species exhibited a
weak and broad emission peak centered at 605 nm (see Figure 34) which indicates that the

growth of a doped-Mn?" ZnS layer on the surface of core material was successfully done.
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Figure 33: Photoluminescence spectra for Fe3O4/Zn;xMn,S (x=0.20, 0.25) compared with bare
and doped-Mn** (x=0.10) ZnS (left). Strong emission peaks for doped ZnS at different

concentrations with an inset indicating the dopant energetic level (right).

This additional emission peak also indicates the actual incorporation of dopant species into host
ZnS structure. As mentioned, the slight redshift can be assigned to the effects of quantum
confinement since a layer of shell material was developed on the core material, thus making
system grow. The photoluminescence quenching is obviously evidenced from the figure 33
which is possibly ascribed to interfacial charge transfer between Fe3O4 nanoparticles and doped-

ZnS nanocrystals.
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ZnS Fes0,

Luminescence

Figure 34: Schematics for the band structure of Fe;0,/ZnS with real sizes (left) and photographs
of the samples obtained by a UV lamp: Fe;04 (black), ZnS (gray), Fes04/Zng 7sMng25S (orange)
and Zng.goMng 10S (ligh orange).

4.3.5 VSM Measurements

The magnetic response to an external applied magnetic field at room temperature of pure
FesO4 and doped-Mn?* Fe;04/ZnS at 25% is presented in the figure 35. These M-H curves
indicated a saturation magnetization of 42.29 emu/g for the pure Fe3O4 nanoparticles and 5.21
emu/g for the as-synthesized doped-Mn?* Fes04/ZnS nanoparticles. It was not observed any
coercivity or remanence since the magnetic domain of the nanoparticles was kept very tiny [8].
At room temperature, the pure Fe3O4 nanoparticles present a superparamagnetic behavior and the
pure ZnS nanoparticles exhibit a diamagnetic behavior, then by assembling the core-shell system
of these materials we have to expect an appreciable decrease in magnetization which is basically
assigned to the presence of the diamagnetic zinc sulfide layer that surrounds the
superparamagnetic cores. But very surprisingly, by doping the shell material with paramagnetic
Mn®* ions at 25%, a slight ferromagnetic behavior at room temperature is appeared (see the inset
from Figure 35). Observed ferromagnetism could be assigned to exchange mechanism between
3d electrons in the partially occupied 3d-orbitals of the Mn?* ions and the magnetite nanocrystals.
Although a quite weak coercivity was found, ferromagnetic behavior can be suggested for this
composition. Finally, it is possible to say that this effect depends greatly on the type (magnetic

behavior) and concentration of dopant species.

43



a0 | | 300K
_ /
H //
/
—_ //,’//'"
o 20 - e /
R N
Q T et Fe,O,/Zn,,.Mn,,.S
8 o
= o
S
c
£
o -20-
=
40 -
. : . ' . : .
-10000 -5000 0 5000 10000

Applied Magnetic Field (G)

Figure 35: M-H curves for Fe304 (42.29 emu/g) and Fe3O4/Zn;.xMn,S with x=0.25 (5.21 emu/qg).
The inset shows the magnification of the same figure around the origin suggesting a slightly
ferromagnetic behavior at room temperature (left) and photographs of the samples obtained by a

UV lamp and a permanent magnet: Fe;O,4 (black) and Fe3O4/Zng 75sMng 25S (orange).
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Chapter 5: Conclusions

5.1 Findings of the Present Work and Comparison with Other Works

This systematic research was motivated by the need to assembly core-shell heterostructured
nanoparticles for applications in photodynamic therapy. Our main purpose was to figure out the
effect of depositing and growing a layer of ZnO and ZnMnS on the previously treated
superparamagnetic Fe3O4 nanoparticle surface. We have successfully obtained nanoparticles with
well-defined structural and morphological properties which showed a good superparamagneto-

luminescent behavior. In short, from the study presented and discussed here, it is concluded that:

Fe304/Zn0O System

» The synthesis of the Fe3;04/ZnO core-shell heterostructured nanoparticles can be
successfully attained from a low cost, nontoxic and agqueous route at room temperature
without need of using very sophisticated equipments.

» The deposition of ZnO on the surface of the core material can be achieved by modifying
the magnetite surface since the structural mismatching with the ZnO would create more

traps for photocarriers reducing dramatically the radiative recombination.
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Figure 36: A comparison of x-ray diffraction patterns for Fes04/ZnO of others and our work,
from left to right: Wan et al. [1] with A: Fe3O4 and B: Fe304/Zn0O; Zou et al. [2] with (a): FezO4
and (b), (c) and (d): Fe304/Zn0O at increasing molar ratios; and present work with (a): ZnO, (b)
Fe304 and (¢) Fe304/Zn0.
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This treatment also facilitated the adherence of layers of shell material taking advantage of the
electrostatic interaction at the interface. The tendency of the Fe3;O4 nanoparticles to be
aggregated into clusters reduces the superparamagnetic behavior; however, by using this
treatment we accomplished these nanoparticles to be monodispersed. In addition, according to
the structural and morphological tests, the development of the combined Fe;O4 and ZnO phases
presented a good matching in comparison to the diffraction peaks of isolates phases. Finally, we
conclude that the surface treatment with sodium citrate did not alter the unit cell of Fe;O, as
evidenced from the XRD patterns, see Figure 36 for comparison with other works.
> Despite pure FezO, nanoparticles did not show any emission peak, the Fe;0./ZnO
nanoparticles exhibited strong emission peaks which can be shifted by varying the
thickness of shell material. This effect was obtained with unique properties that present
the materials at nanoscale (quantum confinement).
» The considerable drop in the saturation magnetization due to the diamagnetic layer grown
on the core material can be modified by increasing the shell thickness. An increase in

shell thickness corresponded to a stronger drop in saturation magnetization, see Figure37.
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Figure 37: A comparison of M-H curves at room temperature for FesO4/ZnO of others and our
work, from right to left: Wan et al. [1] with 31.25 emu/g; Hong et al. [3] with (6): 20.33, (5):
17.12, (4): 13.67, (3): 9.72 and (2): 5.52 emu/g at increasing molar ratios; and present work with
15.01, 9.63 and 7.72 emu/g at R=1:2; 1:3 and 1:5 respectively.
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The presence of zinc at high atomic concentration on the surface of Fe;O, provided by
elemental composition analysis guarantied the successful assembly of these Fe;04/ZnO

core-shell heterostructured nanoparticles.
Fe304/ZnMnS System

Using the same synthetic route that was utilized to fabricate Fe3O4/ZnO core-shell
heterostructured nanoparticles, FesO4/ZnMnS core-shell heterostructured nanoparticles
were prepared (with minor modifications).

Excellent matching by substituting paramagnetic Mn®" ions by Zn®* ions in the host ZnS
and a very good adherence of doped-ZnS on the previously treated magnetite can be
attributed, respectively, to the almost same order in the ionic radius and similar
crystalline structures.

The paramagnetic Mn?* jon can generate a new energy level in the energy bands of this
system which is evidenced from optical absorption and photoluminescence spectroscopy
tests since the Fe304/ZnS nanoparticles do not exhibit any strong orange emission peak
centered at ~ 598 nm.

The existence of a slight ferromagnetic behavior at room temperature in this
heterostructure may be due to the presence of a weak coercivity in the M-H curves and
could be plausibly explained under the framework of the exchange mechanism between
3d electrons in the partially occupied 3d-orbitals of the Mn*" ions and the magnetite

nanocrystals.

5.2 Future Perspective

As it is known from the diverse biomedical applications using appealing quantum dots, these

core-shell nanostructures could find potential usefulness in photodynamic therapy as carriers of

photosensitizing agents. However, these nanoparticles must pass first through many tests such as

further functionalization, thermodynamic stability, solubility in water, photo-oxidation,

bioconjugation, etc. before being used in vivo tests. A first stage in a future work would be to

carry out a suitable and facile functionalization of these Fe304/ZnO and Fe304/ZnMnS
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nanoparticles in order to preserve their superparamagneto-luminescent properties for
bioconjugation. Because these core-shell quantum dots were not synthesized in organic media, it
is suggested to functionalize them as outside capping ligands appear due to the synthesis route.
The functionalization would allow the covalent or non-covalent attachment of certain
biomolecules onto the surface of quantum dots without reducing their quantum yield. Although
the luminescence mechanism of ZnO is still controversial, a new bifunctional ligand
(hydrophobic and/or hydrophilic) on their surface could produce more defects which make the

drop of luminescence unavoidable.

On the other hand, for quantum dots synthesized in aqueous media we should attach non-
common biomolecules such as antibodies or peptides to design fluorescent bioprobes. In
addition, we can consider the hydrophilic ligands which appear onto the surface of these
quantum dots to be used as stabilizers for the bioconjugation. Thus, these stabilizers and
biomolecules might improve the bioconjugation but if many of them are added and react between
themselves or with other organic molecules, the aggregation and consequently the precipitation

would occur.

The conventional treatment of cancer (chemotherapy) could also be replaced by the
photodynamic therapy which takes advantage of the interaction of photosensitizers and light to
generate cytotoxic singlet oxygen and thus Kkilling the cancer cells. However, these
photosensitizing agents tend to aggregate in aqueous media and possess poor solubility. Then,
we should invoke the excellent features of our core-shell systems to obtain good cell-penetrating
properties and enhanced photochemical activity. In a joint effort with the Department of
Chemistry, we were able to evaluate the singlet oxygen quantum yield of the Fe304/ZnO system
obtaining a value of 0.28 in presence of 1,3-diphenylisobensofuran (DPBF), a singlet oxygen
quencher, in methanol (see Table 3). But to make the core-shell quantum dots an ideal platform
for photodynamic therapy, a complete study of the most relevant points to carry out the
bioconjugation is needed. Note that these core-shell quantum dots could have access to deeper
tumors since these can efficiently absorb at near regions where the tissue is much more

transparent.
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QDs/PS PS 10,0, Ref.
Rose bengal 0.76 Rosa et al
Methylene
blue 0.5 Rosa et al
Samia
CdSe 0.05 et.al
CdTe/dye 0.43 Shi et al
CdSe@CdS@Zn Hsieh et al
S/phitochelatin 0.31
Fe;0,/Zn0O Present
core-shell 0.28 work

Table 3: Comparison of the singlet oxygen quantum yield (*O, ®,) (PS: photosensitizer and
QDs: quantum dots)
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