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“Science, my lad, is made up of mistakes, but they
are mistakes which it is useful to make, because

they lead little by little to the truth.”
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Summary

Summary

The main goal of this project is to develop a series of magnetic nanomaterial compo-
sites to be used in catalysis, enantiomeric separation or biomedical applications. The
design of new magnetic nanostructures is also discussed. The work involves the syn-
thesis and characterization of core-shell magnetic nanoparticles (CoFe;04 and Fe30a4)
coated with different materials, such as silica, titania, ceria, CoFe,0s nanoparticles

stabilized with amino acids and other nanocomposites.

Chapter 1 provides a brief literature survey and background information related to
magnetic nanoparticles describing their properties as well as their main applications
and techniques used to synthesis these materials. The chapter concludes with the aims

and motivations in the development of new magnetic nanocomposites.

Chapter 2 presents all experimental procedures and techniques used for the synthesis
and characterization of the materials. Description of main used characterization tech-
niques, such as Transmission electron microscopy, FTIR, UV-vis, Raman and CD spec-

troscopy, X-ray diffraction, magnetization measurements are also provided.

Chapter 3 is dedicated to the preparation and investigation of different magnetic core-
shell nanomaterials with potential catalytic activity. These new catalytic materials sup-
ported on magnetic nanoparticles give the advantage of being easily removed with the
help of an external magnetic field. The resulting nanoparticles have been characterised

and tested for catalytic activity in the degradation of methylene blue dye.

Chapter 4 presents the development of new magnetic nanostructures synthesised us-
ing the co-precipitation method. Amino acid have been used as stabilisers in the syn-
thesis of the nanoparticles and the influence of different parameters, such as concen-

tration of the ligand, temperature, enantiomer and time have been investigated.

Chapter 5 describes the investigation of magnetic nanoparticles stabilised with amino
acid and with DNA as potential materials for the enantiomeric separation of racemic
mixtures. CD spectrometry has been used to elucidate the chirality of the resultant

product of the enantiomeric separation. In addition, silica coated magnetic nanoparti-



Summary

cles have been synthesised and used in the recovery of DNA as an alternative for es-

tablished protocols for the purifications of DNA.

Chapter 6 describes the development of new yolk-shell multimodal magnetic nano-
composites. The material is based in a magnetic core and a silica shell with a hollow
void between them. The hollowing of the silica shell has been demonstrated to occur
due to slow etching by hydroxyl groups trapped inside the silica matrix. The loading
and release of coumarine derivatives and ZnS quantum dots inside the hollow yolk-
shell nanostructures resulted in the development of new multimodal nanocomposites,
which have demonstrated exciting properties to be used in related biological applica-

tions.

Conclusions of this work, preliminary studies and an overview of planned future re-

search are discussed in chapter 7.

Overall, a series of new nanostructures based on magnetic nanoparticles, including
nanoparticles, core-shell nanostructures and Yolk-shell nanocomposites have been
prepared and characterised. We believe that this research has made a contribution to
further development of magnetic nanocomposite materials which may have a range of
potential applications in fields of nano and bio-technology, materials science, catalysis

and others.
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Chapter 1 Introduction

Chapter 1. Introduction

1.1 General Introduction

In 1959 the Nobel prize winner Prof. Richard P. Feynman gave a lecture, “There’s plen-
ty of room at the bottom”, that has become an important document in the history of
this field.[! In this talk, he described the possibilities that could rise if scientists could
understand the principles that govern singles atoms and molecules at the nanometre

scale.

More than fifty years after that lecture, nanoscience and nanotechnology have drawn
a lot of attention from a considerable number of scientists, that has led to an exten-
sively development of this area in the last few decades. This has been mostly due to
the increase in the different methods of synthesis and the availability of tools for the

manipulation and characterization of nanomaterials.

However, what is nanoscience? Well, nowadays scientists are still struggling trying to
find the most accurate definition, although people have been working in this field for
many hundreds of years without even knowing about nanomaterials. We can find an
example of this looking at stained glasses in churches, which are made of different size

of silver and gold nanoparticles that were used to create different colours.

Nanotechnology is a research field associated with the development of nanomaterials;
a nanomaterial can be described as one with at least one dimension within the nano-
metre range (between 1 and 100 nm). To put this in a perspective, the size of the
smallest atom, hydrogen, is about one-tenth of a nanometre (10°m). The range of
wavelengths in the electro-magnetic spectrum that the human eye can detect is 390-
700 nm, visible light. Figure 1.1 below demonstrates the relative scale of nanomateri-

als compared to real world objects.
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football 1 cent human hair bacteria core-shell NP Cgo buckyball  H,0
0.22 m 1.6 cm 80-120 pum 0.5-5 um 10-200 nm 0.7 nm 290 pm

Figure 1.1: Scale to put the length of a nanometre in perspective. Ranging from 1 m to 100 pm illus-
trated by the size of a football (0.2 m) down to the size of a C60 or water molecule (1 nm and 300 pm
respectively). For comparison, the world is approximately one hundred million times larger than a
football, which is in turn one hundred million times larger than a buckyball. The length scale of inter-
est for nanoscience and nanotechnologies is from 100 nm down to the atomic scale (approx. 0.2 nm).
[Adapted from: The Royal Society & The Royal Academy of Engineering. Nanoscience and nanotech-
nologies. Chapter 2. (2004) http://www.nanotec.org.uk/finalReport.htm]

Nanotechnology designs materials with different properties from those in the bulk
state. This means that nanomaterials at the atomic level follow the rules of the quan-
tum mechanics leaving behind their classical physical properties. This opens a new va-

riety of possibilities for researches in the development of new materials.

In practice, nanotechnology combines chemistry, material science, engineering and
physics to build new materials, which have potential applications in medicine, data

storage, photonics, environmental science and many others.

1.2 Magnetic Nanomaterials

Magnetic nanoparticles (MNPs) have become of great importance for a variety of ap-
plications, not only for the general miniaturization of devices but also for the possibil-
ity of their manipulation using an external magnetic field. These nanoparticles have
found a vast range of applications in many different disciplines including biomedical
applications, such as contrast agents in magnetic resonance imaging (MRI), drug deliv-
ery systems, biological labels and hyperthermia agents, as well as magnetic fluids, ma-

terials for data storage and catalysis.[?®!
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1.2.1 Magnetism

Magnetism was first documented in the 6! century, when the Greek philosopher Tha-
les of Miletus noticed the attraction of iron to lodestone (magnetite).”? Magnetism is
defined by both intrinsic and extrinsic properties. Intrinsic properties are saturation
magnetization (M), Curie temperature (T¢) or anisotropy and are related to the crys-
tallographic structure. Coercivity and remanence, on the other hand, are extrinsic

properties and are related to the morphology of the crystal.(®

The magnetic moment of an atom or molecule can be associated with electron mo-
tion, in other words, the magnetic moment is given by the orientation of the electron
spin. Each electron is associated with a magnetic moment generated from these com-
ponents that combine and give overall resultant magnetic moment, , in the material.
This magnetic moment is described through p and B, with u for the magnetic moment,
as mentioned before, and B measuring the applied magnetic field, is equal to the un-

paired spins (Equation 1).1!

Equation 1 T=uXxXB

In the case of oxides of magnetic elements with unpaired electrons (Iron, Cobalt and
Nickel) the 3d electrons are localized and the magnetic moment is defined by Hund’s

rules.[10-11]

In the case of bulk materials, electrons placed on the external shell are implicated in
bonding interactions. This can be explained by the Pauli exclusion principal, which says
that two electrons occupying a single bonding orbital must have opposite spins; these
electrons are non-magnetic because they cancel out net contribution. Nanomaterials
have a much larger surface area and the coordination is considerably lower than in the
bulk, which leads to a higher availability of individual electrons to contribute to mag-

netism.

M-H hysteresis loops, as seen below (Figure 1.2), are obtained by monitoring the
volume-averaged magnetization M as a funtion of the external magnetic field (H).

Saturation magnetisation (M) refers to the applied magnetic field at which all particles
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undergo alignment. This is when individual moments of single domain nanoparticles
interact with each other and with an external applied magnetic field. In the case of
materials that retain some magnetism after removing of the applied field, this
remaining magnetism is known as remanent magnetisation (M;). Finally, the field

required to bring the magnetization back to zero is named coercivity of the material

(He).

}I

A

Figure 1.2: A typical hysteresis curve of a ferromagnetic material. On the vertical axis is presented the
magnetization (M) and the horizontal axis the magnetic field intensity (H). Ms is saturation magneti-
zation, Mr the remnant magnetization and Hc is the coercive force.

Magnetic anisotropy is the energy of a magnetic solid, which depends on the orienta-
tion of the magnetisation with respect to the crystal axes. Soft magnets are character-
ized by a very low anisotropy; permanent magnets need a high magnetic anisotropy in

order to keep the magnetisation in a desired direction.

The electrostatic interaction strongly depends on the orientations of the orbitals of the
electrons in this crystalline field. The magnetic moment and the electron orbitals are
related by the fact that a favoured orientation of the orbital corresponds to a favoured

orientation of the magnetic moment.

A domain is a group of spins, which are separated by domain walls, all pointing in the
same direction and acting cooperatively. The main characteristic of these walls are the

width and the energy, both associated with their formation. Adjacent domains differ in
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their spin orientation. Under the presence of an external magnetic field, all the do-
mains align in the same direction reaching the point of saturation magnetisation. Sin-
gle domain particles are uniformly magnetised with all spin aligned in the same direc-
tion. The absence of the domain wall in a single domain particles leads to the reversal
of the magnetisation by spin rotation. In other words, magnetic nanoparticles are su-
perparamagnetic when they are magnetised in the presence of a magnetic field but
the magnetisation returns to zero as a result of the thermal fluctuation after removing

the field.

Nanoparticles show this superparamagnetic behaviour below a certain critical size.
This type of magnetism is expected in small ferromagnetic nanoparticles, and it that
depends not only on the material crystalline structure and composition, but also and
most importantly on the size, which can occur in a size range between 5nm and

100nm.[12

|8 monodomen partcle

10nm 25nm 50 nm 75 nm 100 nm
Maximum diameter of

0nm 120 nm

0024
"o -
‘0%

'0%400 -

Figure 1.3: Frontier MNPs size from multi-domain to single domain for different crystalline structure
and composition.!*?!

Superparamagnetic NPs have an oriented moment when an external magnetic field H
is applied so their magnetic moment starts aligning along the applied field but they
lose this property once the field is removed. Thus, superparamagnetic NPs do not ex-

hibit remanence or hysteresis.*3!
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1.2.2 Classification of Magnetic Materials

Materials may be classified by their response to an external magnetic field as diamag-
netic (opposed to an external magnetic field), paramagnetic (magnetized in the direc-
tion and proportional to an external magnetic field) or ferromagnetic (magnetized by

orders of magnitude larger than the applied field).

For diamagnetic materials, electrons move around the nucleus and rotate around their
axis, which creates a magnetic moment. Diamagnetism occurs in materials with com-
pletely full electron shell whereby the moments cancel each other out. Materials with

unpaired electrons in their electronic shell are paramagnetic.

Since the magnetic moment comes from the interaction between electrons, this coop-

eration of electrons gives rise to ferromagnetic or antiferromagnetic behaviour.

Ferromagnetic behaviour occurs when all magnetic moments are parallel and in the
same orientation resulting in a permanent magnetic field (Figure 1.4). In antiferro-
magnetic materials, the moments are aligned in opposite directions resulting in a zero
magnetic field. Materials are only antiferromagnetic below their corresponding Néel
Temperature (Tn). Ferrimagnetic behaviour occurs when all moments are aligned in
opposite directions but their magnetization is no longer equal and do not cancel each

other completely.

1ttt 111l 111y
111t titl 111y
111t titl 111y

Ferromagnetism Antiferromagnetism Ferrimagnetism

Figure 1.4: Models to explain the different orientations of magnetic moments in the case of ferro-
magnetism, antiferromagnetism and ferrimagnetism.
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1.2.3 Structure

The inverse spinel structure of ferrite was first resolved in 1915 by Bragg and Nishika-
wa.[%15! Ferrite structure is based on a face-centred cubic (FFC) crystal of oxygen at-
oms where one-eighth tetrahedral and half of the octahedral sites are occupied by cat-
ions. This structure consists in three layers geometrically ordered and distinct from
each other. The third layer (C) is placed in the octahedral holes crated from the pile of
layers A and B. The octahedral and tetrahedral holes alternate throughout the struc-
ture. If the divalent ions occupy only tetrahedral sites, then the spinel is called direct

(Figure 1.5), while if they occupy only octahedral sites, the spinel is inverse.[16]

Magnetite (Fes0s), maghemite (Y-Fe203) and cobalt ferrite (CoFe204) are members of
the ferrite family that is denominated with the general formula AFe;0s where A also
can be Mn, Ni, Cu or Zn. All of them adopt the inverse spinel structure where half of
the trivalent ions occupy the tetrahedral, A, sites and the other half together with the

divalent ions occupy the octahedral sites (Figure 1.5).[17]

f A: tetrahedral site

B: octahedral site

O O: oxygen

Figure 1.5: Schematic spinel cell structure.!*®

Transition metal oxides such as ferrites are particularly useful as they combine inter-

esting magnetic and electrical properties with stability against oxidation. For example,
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cobalt ferrite has a large anisotropy, high coercivity, moderate saturation magnetiza-

tion, chemical and thermal stability and mechanical hardness.

1.3 Synthesis of Magnetic Nanoparticles (MNPs)

Several approaches have been developed for the synthesis of magnetic NPs. The
method of synthesis applied plays a key role that will influence the properties of the
NP. By adjusting or changing the synthesis parameters, the size and shape of the NPs
can be tuned.*® Herein, a brief summary of the most used routes of the synthesis of

magnetic NPs is presented.

1.3.1 Co-precipitation

Co-precipitation method was first used by Massart in 1981 to prepare F304 NPs.[2% This
route is a simple and convenient method to prepare metal oxides particles in an aque-
ous media at different temperatures. Metal oxides based NPs are prepared using stoi-
chiometric mixtures of appropriate metal salts, such as M?* and Fe3*, where M?* corre-
spond to a divalent metal (Fe?*, Co?* or Mn?*). The addition of a base leads to the pre-
cipitation of the iron oxide based ferrites. In order to avoid the early oxidation of the

divalent metal the use of an inert environment is recommended. 21!

M?* + 2Fe3* + 80H™ - MFe,0, + 4H,0

Scheme 1.1: Co-precipitation scheme to produce iron oxides, where M is the divalent metal ion, (Fe?*,
Co?*, Mn?%').

The size, the shape or even the magnetic properties of the material can be modified by
varying the pH, salt concentration, temperature, stirring speed, etc. The complete
formation of the metal oxide NPs occurs at pH between 8 and 14. Riaz et al.l??l have
demonstrated that by varying the pH during the formation of Fe30s the size and in the
saturation magnetization of the NPs can be modified. However, major limitations of
the co-precipitation method are still associated with the control of the particle size

and shape.
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In order to overcome these limitations an intense research work has been carried out
by adjusting and improving this method in order to obtain a narrow size distribution
and a well-defined shape of synthetized NPs. The effect of the temperature on the size
and crystallinity of the MNPs has been studied by Kim et al. 23 The researchers
showed that the average size of the NPs increases as the reaction temperature in-
creases. This increase in the temperature also leads to a better crystallinity of the ma-

terial.
2Fe3* + Fe?* +80H™ - Fe;0, + 8NaOH + 4H,0
Fe?* 4+ 20H™ - Fe(OH), |
3Fe(OH), + 20H™ — Fes0, L + 4H,0

Scheme 1.2: General scheme for a co-precipitation reaction.

This technique allows the production of a large amount of magnetic nanoparticles that
can be easily stabilized with surfactants or ligands to yield a stable suspension by gen-
erating steric or electrostatic repulsions between nanoparticles. The use of the stabi-
lisers also enables us to avoid the agglomeration of the nanoparticles due to their

magnetic properties.

1.3.2 Thermal Decomposition

Magnetic NPs can also be synthesized through the thermal decomposition of organo-
metallic compounds in high-boiling organic solvents in presence of stabilising surfac-
tants (e.g. oleic acid). Using this method it is possible to achieve high control over size,
shape and crystallinity of the synthesized NPs.[?*l One of the most used protocols was
developed by Sun et al. in 2002.1°! The production of Fe304 nanoparticles is achieved
by heating a mixture of iron (Ill) acetylacetonate (Fe(acac)s), 1,2-hexadecanediol, oleic
acid and oleyamine in phenyl ether to 265 °C. The average size of the magnetic nano-
particles obtained is 4 nm (Figure 1.6) and the protocol can be extended to others

metal precursors.
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Figure 1.6: TEM images of FesOs nanoparticles prepared via thermal decomposition of Fe(acac)s in
phenyl ether in the presence of 1,2-hexadecanediol, oleic acid and oleylamine.?*

Other groups have used the same protocol and the effects of the temperature,?% sol-
vent, 26281 3ging time,?! different capping agents,?® 3% and concentration of the re-

actantsi3Y have been studied.

In order to obtain water-soluble superparamagnetic MnFe>0s NPs for biological appli-
cations the generally used nonpolar high-boiling-point solvents were replaced with
water-soluble tetraethylene glycol molecules (TEG). In fact, this procedure avoids the
problems related to non-polar solvents and offers the advantage of further functional-

isation of the obtained particles according to their future applications.32

1.3.3 Hydrothermal Synthesis

Hydrothermal synthesis is a process that utilizes single or heterogeneous phase reac-
tions in aqueous media at high temperature (7>252C) and high pressure (P>100 kPa)
conditions to grow materials directly from solution. Synthesis is usually controlled by
the internal pressure, which corresponds to the saturated vapour pressure of the solu-
tion at the specified temperature and composition of the hydrothermal solution. The
reaction time is drastically reduced and the final product normally possess a high crys-
tallinity.(!

Li et al. have shown that CoFe,04 prepared under this synthesis have a high saturation
magnetization value (50emu/g), superparamagnetic behaviour with negligible coercivi-
ty and narrow size distribution. The simple synthesis route used in this work is ex-
pected to be a general approach for the preparation of binary and ternary metal oxide,

especially spinel ferrite.3%
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1.3.4 Sonochemistry

Sonochemistry approach arises from the acoustic cavitation phenomenon, which is the
formation, growth and collapse of bubbles in liquid medium. Bubble collapse induced
by cavitation producing temperatures near 5000°C, pressures of about 500 atmos-

pheres and heating and cooling rates greater than 10° K/s.3%!

Molecules present within the cavitation bubbles are decomposed and generate sever-
al reactive radicals. H and OH’" are produced when the reaction is carried out in water

then the oxidant media generated could lead the oxidation of the metal ion.3

H,0 - H- + -OH
HO:- + -OH - H202
2Fe* + Hy0, — 2Fe3* 20H"

Scheme 1.3: General sonochemical reactions of the formation of radicals and posterior oxidation of
metal ion.

One of the most important features of this method is the reduced reaction time from a
few hours to a few minutes compared to the conventional co-precipitation method.
For example, Liu et al. prepared Fe nanoparticles by a sonochemistry method via de-
composition of iron pentacarbonyl within minutes. This new approach led to the for-
mation of ultrafine iron particles with an average particle size of only a few nm. Be-
sides, it is possible to control the particles size and the saturation magnetization (M)

by the power of the sonicator.37]

1.3.5 Microemulsion Synthesis

Microemulsions are transparent, isotropic and thermodynamically stable synthesis
mediums. The microemulsion based technique permits control of particles properties
such as size, geometry, morphology, homogeneity and surface area. In this type of the
synthesis, the solution contains at least three components, a polar phase (water), a

nonpolar phase (oil) and a surfactant with an amphiphilic behaviour.[38-39
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The role of the surfactant molecules is to separate polar and non-polar domains form-
ing an interfacial layer. This interfacial layer forms different microstructures ranging
from droplets of oil dispersed in a continuous water phase (o/w-microemulsion) or a
bicontinuous “sponge” phase to water droplets dispersed in a continuous oil phase
(w/o-microemulsion).[4"!

The effects of surfactant structures, such as the charge of polar head group, the hy-
drophobic chain length and the hydrocarbon parts of polar head group, can play an
important role on the lattice defect of the material and stoichiometry during the reac-
tion. These characteristics are critical in the control of the nucleation and growth of
the nanocrystal affecting the lattice defects on the particles in structure and composi-
tion.!*Y) However, one of the disadvantages of this methods is that large volume of sol-

vent is needed to provide a sufficient amount of product.*?!

1.4 Functionalization of Magnetic Nanoparticles

Due to their dipolar magnetic attraction, unmodified magnetic NPs are inclined to ag-
gregate into clusters that diminish the advantage of the specific properties of single
domain nanoparticles. The aggregation associated with magnetic NPs can be avoided
by creating an electrostatic double layer using surfactant stabilizers or by growing a
shell of a different material around them. Various strategies have been developed for
the synthesis of well-dispersed MNPs and to overcome the problem derived from their

aggregation. Some of these strategies are briefly discussed below.

Surfactants are used to stabilize magnetic NPs in solution. Surfactant properties can
directly affect the particles behaviour in solution. Depending on the compound used as
surfactant, the particles surface can become oil-soluble with hydrophobic group, wa-
ter-soluble, with hydrophilic groups or amphiphilic, with both hydrophobic and hydro-
philic groups.

In the past decade, the frequent routes to stabilize magnetic nanoparticles were the
use of surfactants such as citric acid [43-%4 or vitamins, 5! and fatty acid salts. For ex-

ample, Shen et al.*®! have stablished a method to obtain Fe3Os with different shapes,
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nanospheres, nanoneedles and nanotubes, varying the amount of sodium dodecyl sul-

fate (SDS) and adjusting the irradiation time of the visible light.

Researchers have also developed many approaches for stabilization of magnetic Fe304
NPs by using polysaccharides as stabilizers during the synthesis. The use of polysaccha-
rides offers the advantage to improve the biocompatibility and biodegradability of the
synthetized particles.l*”) Polysaccharides can also form hybrids with metal ions due to
their high number of coordinating functional groups (hydroxyl and glucoside groups).
They also present interesting dynamic supramolecular associations facilitated by inter-
and intra-molecular hydrogen bonding, which can act as templates for the growth of

the nanoparticles. !

The use of polymers enables to functionalize and stabilise magnetic nanoparticles and
provide them with desired properties for application in different fields. For example,
Poly(acrylic acid) (poly(AA))-grafted magnetite NPs were synthesized by a surface-
initiated atom transfer radical polymerization (ATRP) of t-butyl acrylate. These poly-
mer-grafted magnetite nanoparticles serve as both steric and electrostatic stabilizers
and as a platform for conjugating folic acid, a cancer cell-targeting agent. Poly(AA)-
grafted MNPs provided a platform for an efficient surface immobilization of various
functional molecules such as DNA, drugs, protein and fluorescent molecules due to its

carboxylic acid-enriched surfaces.*”!

1.5 Core-shell Magnetic Nanostructures

Magnetic NPs coated with inorganic materials have attracted a lot of attention and
there is a great variety of compounds that can be used to coat magnetic NPs. These
types of core-shell magnetic nanostructures with various functional properties and
functionalization are very important for a wide range of applications in biotechnology

and nanotechnology.*”

1.5.1 Silica Coating

Silica is a typical inorganic material for coatings and formation of core-shell nanostruc-

tures. It has been extensively studied and used due to its numerous advantages. Silica
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is a non-toxic and biocompatible material and has been widely applied to improve the
chemical stability of NPs in a basic environment and to prevent their aggregation. In
addition, silica is a material that can be easily functionalised using standard organosili-

con chemistry approaches. 31l

One of the most used techniques for silica shell growth is the well-known Stéber
method, which is based on hydrolysis and condensation of tetraethyl ortho-silicate
(TEOS) using either a base or an acid in a bulk ethanol solution.5? The size or thickness
of the shell can be tuned by changing the experimental conditions such as tempera-

ture, time or TEOS concentration.[53

This silica surface is normally terminated by silanol group (-SiOH) which facilitate the
modification of the surface with many different functional groups, such as amines, thi-
ols, and carboxylic acid groups and allowing easy covalent binding of various molecules
to the MNPs.5% These covalent modifications of the particle surface are usually an ad-
vantage used in biomedical applications. Silica coated NPs have been conjugated to

many molecules, such as drugs, 557! enzymes, 58 proteins [*9 or antibodies. 60!

1.5.2 Carbon Coating

Carbon- coated nanomaterials have also received a lot of attention in recent years due
to their thermal and chemical stability and biocompatibility. A carbon layer, hence a
protective shell against oxidation, can also preserve the magnetic core from an acidic
and oxidising environment enabling to avoid the acid ions pass through it and from

being oxidized under an oxygen atmosphere.

Removal of heavy metals or organic pollutants from water is one of the applications
explored for carbon coated MNPs. Sun et al.[®Y have reported the efficiency of remov-
ing methyl orange by carbon-encapsulated MNPs. MNPs compose of a Fe core and a
15 nm thin carbon layer showed an efficient absorption Cr (V1) of around a 96 wt%.[%2
Carbon coated magnetic NPs can also be further functionalized with the catalytically
active Pt soecies by electrostatic interaction in alkaline solution. The catalytic activity

of these nanostructures has been tested for the hydrogenation of aromatic nitro-

14



Chapter 1 Introduction

compounds showing yields of over 95% without decrease in the conversion efficiency

and selectivity after reusing the catalyst 10 times. (53!

1.5.3 Metal Oxides and Other Inorganic Coatings

Titanium oxide (TiO2) is one of the most interesting inorganic materials due to its wide
range of applications. It has been widely used as a support in heterogeneous catalysis,
as a photocatalyst, a photoanode in solar cells, a material for the production of hydro-
gen, a gas sensor, a white pigment, etc.[%4

This material has also been investigated as a shell for magnetic nanostructures in or-
der to develop a magnetically recoverable photocatalyst. Different type of MNPs have
been synthesized and coated afterwards with TiO2in a multistep procedure. Those ma-
terials have shown interesting properties as photocatalyst %! and in magnetic and
electromagnetic wave absorption applications. 6!

Similar to many metal oxides, the properties of TiO, are defined by its structure. TiO2
crystallizes in three different phases, rutile (tetrahedral), anatase (tetrahedral) and
brookite (orthorhombic). Rutile is the most stable phase while anatase and brookite
are the metastable phases. Anatase, however, is the phase that normally has a higher
photocatalytic activity when compared to rutile, although for certain photocatalytic
reactions a mixture of rutile and anatase has been shown to have the greatest

activity.[67)

TiO; is a semiconductor with band gaps of 3.2, 3.02, and 2.96 eV for anatase, rutile and

brookite phases respectively.%8!

The photocatalytic mechanism involves a creation of an electron-hole pair on the sur-
face of TiO, by the absorption of a photon which energy must be the same or larger
than the band gap of the material. An electron is promoted to the conduction band
(CB) while a positive hole is formed in the valence band (VB). Excited-state electrons
and holes can recombine and dissipate the input energy as heat, get trapped in meta-
stable surface states, or react with an electron donor or electron acceptor adsorbed

on the semiconductor surface or within the surrounding electrical particles. After re-
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acting with water, these holes can produce hydroxyl radical with a high redox potential

(Figure 1.7).169-701

Figure 1.7: General working scheme of a semiconductor material.

Oxidative reactions:
UV + MO -» MO (h+e)
2h* + 2H,0 -» 2H*+ + H,0,

H,0, - HO' + OH

Reductive reactions:

e+ 0, -0,
0; + 2HO' + H* - H,0, + 0,
HOOH - HO + 'OH

Scheme 1.4: General scheme for photocatalytic redox process where MO represents the metal
oxide.l’!
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Thus, TiO2 is an attractive coating for magnetic nanoparticles as the corresponding
core-shell nanostructures can be separated easily by using an external magnetic field

and repeatedly used as a catalyst for various photoxidation reactions.

Another important inorganic shell, which is used to functionalize magnetic NPs is ZnO.
ZnO has good biocompatibility and biodegradability, which makes it a promising can-
didate for biomedical applications. ZnO also possesses interesting optical properties
(e.g., fluorescence). The combination of these properties resulted in magnetic core-
shell nanoparticles which have been studied for multimodal MRI/fluorescent
imaging.’? ZnO coated magnetic NPs have been tested for enzyme immobilization.
The use of magnetic NPs to recover the enzymes immobilized on the Nps by applying a
magnetic field makes this process faster and easier.!”3! Y-Fe203/ZnO has been investi-
gated as a photocatalyst for the degradation of different organic dyes including meth-
ylene blue, Rhodamine-B, and methyl orange.l’¥

There are a considerable number of publications which report inorganic compounds
as coatings. The interest in developing multimodal NPs leads to the introduction of
new materials as a shell due to their specific properties (please see below multimodal
fluorescent magnetic nanoparticles). Briefly, CdS, CdSe, ZnS and Se have been widely
investigated as a shell material to produce two in one fluorescent-magnetic nanoparti-
cles for fluorescence-based imaging and MRI for detection and diagnosis.[7>8% |n,05
coating has been used for ultrasensitive toxic gas detectors, solar cells or transparent
conductors.Y As semiconductor, PbS and PbSe can be included in the same range of

applications and have also been synthesized as a coating on magnetic NPs.[82]

1.5.4 Coatings Using Metal Nanoparticles

Gold (Au) coated magnetic NPs have attracted the attention of many researchers due
to the fact that they are the non-toxic, non-immunogenic and the gold coating is easy
to functionalise. These well-known properties of Au coatings make them good candi-
dates for drug delivery systems, adding this advantage to the magnetic properties of

the core.[83-84]

The presence of Au shell on the surface facilitates the preparation of nanocomposites

for biomedical applications, for example, the conjugation of thiolate derivatives of bio-
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logical molecules to the surface,®! the functionalization with cisplatin, which is a
chemotherapeutic drug for the treatment of solid tumours,®¢! or conjugation with an-

tibodies for the detection of foodborne pathogens.®”!

Gold coated magnetic NPs have been investigated also as immunosensors by the
combination of a polyvinylalcohol (PVA) modified screen-printed carbon electrode
with a FesOs@Au composite as an electrochemical label in order to detect digoxin, a
cardiac glycoside which can indicate an increased risk of toxicity. This assay is based
on the immunochemical reaction between free digoxin in samples and immobilized
digoxin on the Fe30s@Au nanoparticles surface for the limited antibody sites in solu-
tion. 88l

Silver (Ag) metal has been widely recognized as an antibacterial agent for a long time
although it is toxic to healthy cells and its penetration through the bacterial biofilm is
too low. It was found that silver shell-coated superparamagnetic NPs with ligand gaps
exhibit strong antimicrobial characteristics against bacteria while maintaining remark-
able compatibility with the cells. As a result, these NPs can be used as multimodal
agents; due to the magnetic core they can penetrate in the bacterial biofilms when an
external field is applied, this is something that silver particles cannot do itself.[®

Wang and et al. demonstrated that MZF@Ag (Ag-Coated MnZn Ferrite) NPs are highly
effective for inactivating bacterial growth in both saline solutions and blood platelets
medium. This work introduced an important application for these NPs. Indeed, the
particles can be used to inactivate bacteria in blood before transfusion in order to en-
sure blood safety.[?

Palladium (Pd) coating has been investigated as catalysts supported on magnetic NPs
following the interest of developing the area of heterogeneous catalysis.[®*%2l Some of
the advantages of using a heterogeneous catalyst are that it can be recovered easily

from the reaction media and can be removed and recycled several times.[3!

Pd NPs have been incorporated to the synthesis with CoFe;O4 NPs to develop an het-
erogeneous catalyst for Suzuki coupling reaction.®® Fe3;04 has also been used as a
support for this type of catalyst which was applied for first time to hydrogenation and

Heck reactions with both a high activity and durability.l®>! This type of catalyst has
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been tested for one-pot reductive amination reaction under a hydrogen atmosphere,

even at room temperature with high activity after eight cycles.!®!

1.6 Multimodal Fluorescent Magnetic Nanoparticles

Despite on many problems related to the development of multimodal fluorescent
magnetic nanoparticles important advances have been achieved in this field. It is im-
portant to improve the material, in which the combination of magnetic nanoparticles
and fluorescent entities enables the expansion of the scope in the use of biomedical
applications. During the last few years, many groups have tried to overcome the prob-
lem of quenching of the fluorescent molecule when it is in contact with the magnetic
core. This problem is related to the transfer of energy and electrons between the

fluorophore and the metal oxide nanoparticles when they in contact.

Some of the approaches to develop these multimodal fluorescent-magnetic compo-
sites are represented in Figure 1.8. One of the strategies to avoid the quenching of the
fluorescent component is to use a layer of a different material between them or an
alternative molecule as a spacer. For example, the coating of the magnetic core with
silica shell is one of the most straightforward approaches. After that, silica can be easi-
ly functionalised with fluorescent molecules. Zhang et al. fabricated fluorescent meso-
porous silica coated superparamagnetic iron oxide nanoparticles (fmSiOs@SPIONs) to
be used as contrast agent in MR imaging.l®’! Silica coated MnFe204 nanoparticles were
functionalised with rhodamine isothiocyanate (RITC) to fabricate a multimodal NP with
positive results as a MRI contrast agent in cancer diagnostics.®® Fluorescein isothio-
cyanate (FITC) molecules were embedded in the silica shell coating the FezO4 nanopar-
ticles. This material was tested as a sensor for the detection and evaluation of food

allergens.[9
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Figure 1.8: Different types of magnetic-fluorescent nanocomposites.*°°

The combination of polymer or polyelectrolytes functionalised magnetic nanoparticles
with fluorescent molecules has also been investigated by many groups. The polymer
attached to the magnetic core creates a space with respect to the fluorophore, elimi-
nating the possibility of quenching. The accumulation of different charged layers on
the surface of the nanoparticles results in coating known as layer-by-layer (LbL) tech-
nique. The possibility of accumulating a different number of layers facilitates the syn-
thesis of a shell of a chosen thickness.[*%Y The layer-by-layer technique was also cho-
sen to prepare peptide-fluorescent-magnetic nanocomposites with potential applica-
tions for cancer diagnostic. Fes0s@PEI@Cy5.5@PEG@HCBP-1 nanoparticles, where
Cy5.5 is a fluorescent dye and HCBP-1 a peptide, were tested in the recognition of lung
cancer stem cells showing efficient recognition and that the nanocomposite could be

used as a imaging agent in tumour detection.10?]
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Wan et al. fabricated a nanocomposite with properties for the detection of toxic sub-
stances present in biological systems.['93! Complex entities such as Poly-(isobutylene-
alt-maleic anhydride)-functionalized near-infrared (NIR) IR-820 dye conjugated to
Fe30s magnetic nanoparticles were prepared by Yen et al.'® The material is water
soluble and showed to preserve its photochemical properties whilst giving excellent
results in the studies of cytotoxicity. Many other examples of this strategy can be
found in the literature. Polyethylene glycol has also been chosen for many investiga-

tions for the functionalization of nanoparticles with fluorescent entities.[105-106]

Fluorescent linked lipid-coated magnetic nanoparticles consist of a layer of amphiphilic
lipid molecules surroundings the magnetic core. The functionality of the lipid heads
allows the attachment of other functional groups. Lipid-modified Poly(amido)amine
(PAMAM) dendrimers were attached to iron oxide nanoparticles following a single
step route that allows to obtain stable nanoparticles in water. PAMAN-coated nano-
particles can be conjugated by different fluorescent molecules, such as rhodamine and

fluorescein.[107]

Fluorescent molecules can also be directly linked to the magnetic core if the spacer is
long enough to avoid the quenching of the magnetic core. Different molecules can be
linked to the magnetic nanoparticles and act as stabilisers. Functional group of the free
end of the molecular will permit the convenient functionalization. For example, citric
acid functionalised FesOs magnetic nanorings (NRs) were linked to polyethylenimine

PEI capped CdSe/ZnS QDs. 108!

O O )6 )‘\g 2 }'O i
4 L W o

PEl: ~~~~NHe  Citric acid: S L.

Fe304 NRs PEI-(CdSe@ZnS) QDs k\‘(/ \7’%

Figure 1.9: Synthesis of FesOs NRs capped Pel-(CdSe@ZsS) QDs.[1%8]
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Fluorescent magnetic nanocomposites can also be prepared by coating directly the
magnetic core using fluorescent semiconductors such as quantum dots (QD) Rapid
methods can be carried out by a simple preparation, for example, Mn-doped ZnS QDs
and Fe304 were conjugated by the condensation reaction of the functional groups pre-
sent on both nanoparticles. Carboxylic groups present on the thioglycolic functional-
ised QDs reacted with the amine groups of the APTES functionalised magnetic nano-

particles. (109

QDs and magnetic nanoparticles can be embedded into the same matrix to form a
larger nanocomposite. By tuning the ratio of QDs (CdSe-ZnS) per magnetic nanoparti-
cles (MnFe20a) in the nanocomposites prepared by Di Corato et al. the luminescence
can be adjusted. QDs were incorporated to the surface of the magnetic nanoparticles
by an amphiphilic polymer (poly-(maleic anhydride-alt-1-octadecene)). QDs and mag-
netic nanoparticles were mixed together with the polymer in tetrahydrofuran
(THF).The surface of the nanocomposites were further functionalised with folic acid to

enhance their uptake by cancer cells.[*1%

1.7 Applications of Magnetic Nanoparticles

1.7.1 MRI Contrast Agents

Magnetic resonance imaging technique involves the imaging of protons present in the
soft tissues in the human body composed of proteins, water or lipids. Proton spins
align under the presence of an applied magnetic field, Bo. These protons are perturbed
from Bo when a transverse radiofrequency pulse is applied. Subsequently, protons re-
turn to their original state through a process of relaxation. These processes are known
as T1 (longitudinal relaxation) and T, (transverse relaxation time) and generate a MR
image. Difference in relaxations is related to the density or the chemical and physical
nature of the tissues under study.**) Commonly, paramagnetic complexes, such as
Gd-DTPA (gadolinium diethylene triamine pentaacetic acid), are used as T; contrast
agents and MNPs are selected as T, contrast agents.

The acting mechanism of T, contrast agents is as follows: both relaxation time, T1 and

T2, can be shortened by the use of a magnetic contrast agent. The coating of the nano-
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particles can cause a delay in the shortening of the relaxation time but the distance
between the protons and the contrast agent has to be minimized. Generally, T1 uses
paramagnetic complexes, such as gadolinium diethylene triamine pentaacetic acid
(Gd-DTPA) as contrast agents.[112-113]

Magnetic field gradient arise when T; is shortened due to the difference in the suscep-
tibility between the magnetic material and the medium around them. This gradient
causes the diffusion of the protons that leads to a decrease in the relaxation time of
the protons. In this case, superparamagnetic nanoparticles are useful as negative con-
trast agents (T2).[114]

The development of superparamagnetic nanoparticles is important due to that they do
not retain any residual magnetism after removal of the magnetic field, which avoids
the aggregation of the nanoparticles within the tissue. Fluids of superparamagnetic
nanoparticles provide an ideal material to use as magnetic resonance contrast agent.
By controlling the size of the colloidal nanoparticles, the influence in the increase of

the relaxation time can be reduced.[115-117]

1.7.2 Drug Delivery Agents

In the last decades, magnetic nanoparticles have become an important advanced tool
for applications such as drug delivery. Magnetic nanoparticles can be manipulated
with an external magnetic field and drive to the desired target area, i.e. cancerous tis-
sue, where the drug can be released and act directly. This advance in medicine enables
to reduce the drug dose and potential elimination of side effects.[*!8! The success of
this therapy strongly depends on the selection of the targeting moiety to have specific
affinity of binging to the cell surface receptors.[**?!

The high surface area of the nanoparticles allows a large amount of drug to be ad-
sorbed. However, magnetic nanoparticles used in drug delivery must be functionalised
with groups that can assure their biocompatibility.*?°! For example, magnetic nano-
particles functionalised with silica have demonstrated to perform effectively as a drug
delivery vehicles to cancer cells. At the same time, this nanomaterial showed the inhi-
bition of growth of the cancer cells.*?!! Organic polymers are other alternative for the

biocompatible functionalisation of the magnetic nanoparticles.®® 122
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1.7.3 Magnetic Hyperthermia

Back in 1957, Gilchist et al. carried out investigations using magnetic nanoparticles in
hyperthermia. The experiment involved heating of tissue samples containing Y-Fe203
nanoparticles in a rage of 20-100 nm in size and exposed to a 1.2 MHz magnetic
field.!2] Thus, magnetic hyperthermia is heating of the nanoparticles previously
placed in a targeted tissue by applying an AC magnetic field. Consequently, the heat is
applied directly to the diseased tissue surrounding the magnetic material and the can-
cer is destroyed if the temperature can be hold for 30 min at 42°C. This technique
gives the possibility of treating cancer cells directly by heating while the healthy tis-
sues are kept untouched. The principles of hyperthermia are also based on the fact
that cancer cells are more sensitive to the changes in temperature than healthy cells.

Magnetic materials are chosen for this technique because they are able to absorb the
energy from the AC magnetic field to convert it in heat and the effect of the resultant
heating is higher than for other materials. Another advantage of using magnetic nano-
particles is that they can be targeted to the cancer cells magnetically or using bi-

omarkers to ensure that only the intended target tissue is heated.*?*

1.7.4 Magnetic Separation in Biotechnology

Magnetic nanoparticles with the specific functionalization allow the isolation of bio-
molecules of interest in a broad range of applications related to biotechnology and
biomedicine. The separation of these molecules using magnetic nanoparticles facili-
tates the removal, reduces times and costs as well as the separation and concentration
of the material of interest from bulk solutions.

In the past few decades, this field has grown and magnetic nanoparticles have been
investigated for separation and/or purification of different biological molecules such
as proteins!12>127] pNA[128-130 or removing bacterial from blood.*31

Cell separation is similar to protein or DNA purification technique. In this case, this
method offers a rapid quantification, high cell recovery when compared to the con-
ventional method such as centrifugation and the advantage of isolating specific cells
from the medium due to the specific functionalization of the nanoparticles. Magnetic

separation of red blood cells and lymphoid cells was used by Molday et al. in 1977.[132
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Since then, many researchers have been improving this applications in order to facili-
tate the isolation of cells. Metter et al. performed the magnetic separation of islet cells
using three different types of superparamagnetic iron oxide nanoparticles (SPIONs),
dextran coated SPION, siloxane-coated SPION and heparin-coated SPION.*33] Huang et
al. reported the preparation of multifunctional “smart” particles with topographic,
magnetic, cell targeting and stimulus-responsive properties, using a “live template”

strategy, improving the capture efficiency of target cells and cell release.[*34]

1.7.5 Catalysis

Homogeneous catalysis has been intensely studied and well developed due to the effi-
ciency and selectivity of the catalyst. However, there is a difficulty of removing the
catalyst completely from the reaction media and recycling it. Heterogeneous catalysis,
in contrast, can be recovered easily from the reaction media, but the lack of selectivity
is a parameter that needs to be addressed. Nowadays, it is necessary to design new
environmentally friendly catalysts, which can be removed and recycled several times,

in order to promote green chemistry and reduce costs.

MNPs have emerged as an important tool in this field due to their easy manipulation,
the possibility to remove them from the solution using magnetic separation and their
functionalization using different approaches with compounds known for their catalytic

properties. They have opened a new window of opportunities for catalysis.

Bare (uncoated) MNPs have been studied for many different catalytic reactions such
as CO; reduction, water splitting and a broad range of organic reactions. It has been
demonstrated that iron oxides nanoparticles can catalyse oxidation (135136 3nd cou-
pling reactions.*37-138 The use of spinel ferrite structures with different metals partial-
ly replacing the iron, cobalt for example, gives the nanoparticles more chemical and
thermal stability while keeping the magnetic properties. This type of bare cobalt ferrite
nanoparticles have shown catalytic activity for the oxidation of alkenes to ketones or

epoxides [13% and for aerobic oxidation of cyclohexane.[140l

Using coated nanomaterials with catalytic properties can solve the problem of aggre-

gation of naked MNPs. This approach also opens up a new research area in heteroge-
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neous chiral catalysis. In the past few decades using magnetic nanoparticles many ad-
vances have also been achieved in asymmetric catalysis (141142l and in enantioselective

separation.[143-145]

1.7.6 Magnetic Data Storage

Oberling Smith described the principles of magnetic recording in 1878 but it was Val-
demar Poulsed twenty years later, in 1898, who demonstrated these principles.[4®l
The first magnetic hard drive capable of storage 5 MB with a recording density of 2
kbit in 2 was built by IBM in 1956.1*47] Last decades, the demand to improve the capac-
ity of storage and reduce the cost has led to the development of considerably smaller,
faster and increasing number of gigabytes devices.

In order to accomplish this demand of devices with that high recording density, the
size of the magnets used must be reduced their dimensions. Magnetic nanoparticles
such as CoFe;04 of CoO-Fe,03, with large magnetiocrystalline anisotropy have been
studied as the alternative for the development of recording materials.*8! Doped
BaFe1209 has been used in commercial tape drives and enabled to increase the record-
ing capacity to 29.5 Gb in“2.[149]

Ferro- and ferromagnetic materials are employed in magnetic storage because they do
not need the presence of an external magnet to act as individual magnets. Sun et al.
reported the fabrication of a polymer mediated nanoparticle assembly (PEI/FePt) with
high control in the thickness and dimension of the nanomaterial. The addiction of dif-
ferent layers during the preparation transforms the assembly from superparamagnetic

to ferromagnetic resulting in a suitable material for recording devices.[*50-151]

1.8 Aims and Objectives of the Work

The main aim of this project is to develop new magnetic core-shell nanomaterials,

which could be potentially used in catalytic and/or biological applications.
In summary, the major scientific and technical objectives of this work are to:
e Prepare magnetic iron oxide and cobalt ferrite based nanoparticles and nano-

composites by co-precipitation techniques.
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e Produce new core-shell nanostructures with magnetic iron oxide or cobalt fer-
rite core and catalytic metal oxide shell (TiO2, CeO, etc.).

e Test the catalytic activities of these particles in selected organic oxidation reac-
tions.

e Prepare magnetic cobalt ferrite nanoparticles stabilised with amino acids and
investigate the influence of the effects on the structural and magnetic proper-
ties of the material.

e Evaluate these new synthesised amino acid stabilised cobalt ferrite nanoparti-
cles as potential agents for enantiomeric separation and chiral catalysts.

e Prepare DNA stabilised iron oxide nanoparticles and evaluate them as potential
agents for enantiomeric separation.

e Prepare silica-coated nanobeads and compare their efficiency for DNA separa-
tion and purification with current commercially available protocols.

e Prepare multimodal magnetic nanostructures based in silica coated magnetic
nanoparticles for potential biomedical applications.

e Characterise the nanoparticles and nanocomposites using different instrumen-

tal techniques. (e.g. TEM, VSM, FTIR and Raman spectroscopy, XRD)

Due to their controllable size and magnetic properties, these nanoparticles and nano-
composites could find many uses in catalysis and biotechnology (e.g. as antibacterial
agents or magnetic separation). Overall, the successful realisation of this project
should result in the development of new magnetic nanomaterials with a broad range

of potential applications.
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Chapter 2 Experimental

Chapter 2. Experimental

2.1 Starting Materials and General Lab Equipment

All chemicals were purchased from Sigma-Aldrich unless stated otherwise. Un-
less specified otherwise, all syntheses were carried out in water from a Millipore filtra-

tion system operating at 18 MQ (referred to as Millipore (MP) water).

Two centrifuges were used throughout. A Hettich Zentrifugen Universal 32 was
used for large volumes of non-magnetic materials. For small volumes and higher speed

required to wash metal nanoparticles, a Hermle Z233 M-2 was used.

For ultrasonic agitation, a Wise Clean WUC-AO3H ultrasonic bath was used and

operated at 40 Hz.

2.2 Experimental Procedures

2.2.1 Experimental for Chapter 3

2.2.1.1 Preparation of Cobalt Ferrite Nanoparticles in Aqueous

Phase

Cobalt nitrate (Co(NO3)2:6H20) (0.6 g, 0.002 mol) and iron (Il) chloride (FeCl;-4H;0)
(0.8 g, 0.004 mol) hydrates were dissolved in 100 mL degassed water in a 250 mL
round bottomed flask. The mixture was then heated in an oil bath to 80 °C and then an
excess of ammonia was added (up to the pH to 11) resulting in a black precipitate. Af-
ter that, the mixture was stirred for 1 hour, it was allowed to cool down to room tem-
perature. The dark brown product was collected by magnetic separation (1.2T perma-
nent magnet). The product was then washed with Millipore water several times until a

neutral pH was obtained.
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2.2.1.2 Preparation of Cobalt Ferrite Nanoparticles Stabilised
with Citric Acid

Magnetic nanoparticles (CoFe;O4 or Fes304) (0.225 g) were placed in a 250 mL RBF,
80 mL of degassed water was added. The solution was sonicated in a sonic bath for
approximately 30 minutes to disperse the nanoparticles. A solution of citric acid in wa-
ter was prepared by dissolving citric acid pellets (0.55 g, 0.003 mol) in 120 mL of de-
gassed water. This solution was added to the solution of the magnetic NPs above and
the resulting solution was sonicated for 1 h. Tetramethylammonium hydroxide (25
v/v%) was then added dropwise until pH neutral and particles were stored in the stabi-

lised suspension. The mixture was used to prepare core-shell NPs.

2.2.1.3 Preparation of CoFe:04@SiO: Core-shell Nanoparticles

In a 250 mL RBF, 25 mL of the citric acid stabilised NP solution was mixed with 25 mL
ammonium hydroxide in 100 mL of ethanol. Tetraethyl orthosilicate (TEOS) solution
(400 pL) was added to this solution. Then the mixture was sonicated on ice for 1 h. The
resultant NPs were extracted using magnetic separation (1.2 T magnet) and were

washed several times with EtOH. The particles were dried by rotary evaporation.

2.2.1.4 Preparation of CoFe:0.@TiO2 Nanoparticles

The TiO2 coatings were prepared via sol-gel hydrolysis precipitation of titanium iso-
propoxide (Ti(OC3H7)s) followed by the calcination treatment. A defined amount of
modified-cobalt ferrite nanoparticles (200 mg) was dispersed in a mixture of water-
ethanol with a molar ratio of 1:10. Aqueous HCI (3.0 M) was used to adjust the pH to
5-6. The suspension was sonicated for 30 min and subsequently vigorously stirred for
another 8 h to ensure the complete coating. The precipitate was separated from the
mother liquor by centrifugation and then re-suspended in ethanol. This washing pro-
cess was repeated five times. The resulting material was dried and then calcinated at

450 °C for 20 min.
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2.2.1.5 Preparation of CoFe;0.@Si0:@TiO; Nanoparticles

CoFe204,@SiO2 (0.0495 g) was dispersed in 100 mL EtOH by sonication. Titanium (IV)
butoxide (Ti(OBu)s) (0.4 mL) was added via a syringe and the solution was sonicated
for approximately 5 min. The mixture was allowed to stir at room temperature for
24 h. The product was extracted by magnetic separation (1.2 T) and washed with EtOH
(3x 20mL). The solvent was removed by rotary evaporation. The resulting
CoFe,0@SiO2@TiO, nanoparticles were calcinated at 600 °C for 1 h resulting in the

formation of a crystalline anatase TiO; shell.

2.2.1.6 Photocatalytic Activity Testing of TiO; Coating

In a quartz cuvette 10 pL of methylene blue (1 mM) was mixed with 3 mL Millipore wa-
ter. To this mixture, a few CoFe;04@SiO,@TiO2 milligrams (Approx. 5 mg) of nanopar-
ticles were added and the mixture was allowed to stir in the dark for 1 h. A UV-Vis
spectrum was recorded for the sample after incubation at a time to. The solution was
then placed under a UV light (264 nm) and allowed to stir for 10 min before collecting
another UV-Vis spectrum. The procedure was repeated every 10 min for 1 h. The Milli-

pore water was used for the baseline correction.

2.2.1.7 Preparation of CoFe:04@Ce0; Nanoparticles

50 mg of CoFe,04 were dispersed in 100 mL of Millipore water. 2,2 g (0.05 mol) of
Ce(NOs3)3:6H20 were added to the solution and it was sonicated for 30 min. 7 g (0.5
mol) of hexamethylenetetramine (HMT) were dissolved in 100 mL and both solutions
were mixed together. Finally, 2 mL of a solution of 0.5 g of acrylamide in 20 mL of
DMF was added and the final solution was allowed to stir overnight. The resultant na-
noparticles were washed 3 times with water and dry at 60°C by rotary evaporation.

The sample was calcinated in the oven at 500°C for 1 h.

2.2.1.8 Preparation of CoFe;0.@D-Pen@SiO: Nanoparticles

A defined amount of CoFe;0s@D-Pen (100 mg) NPs was dispersed in 100 mL of EtOH
for 15 minutes using an ultrasonic bath. After this, 200 pL of TEOS (tetraethyl orthosil-

icate) were added and the mixture was sonicated for 30 minutes in an ice bath (0 °C).
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NH4OH (1.5 mL) was added and the mixture was sonicated for 2 hours in ice bath. The
resultants NPs were isolated using magnetic separation and washed 2 or 3 times with

EtOH. The NPs were stored in EtOH.

2.2.1.9 Preparation of CoFe:04@D-Pen@SiO.@TiO: Nanoparti-

cles

CoFe,04@D-Pen@SiO2 (5 mL) was dispersed in 100 mL EtOH by sonication. 1 mL of
Titanium (IV) butoxide (Ti(OBu)s) was added via a syringe and the solution was soni-
cated for approximately 5 min. The mixture was allowed to stir at room temperature
for 24 h. The product was isolated by magnetic separation and washed three times

with EtOH. The rest of the solvent was removed by rotary evaporation.

2.2.1.10 Preparation of Ag/TiO: Coated CoFe:0:@D-Pen@SiO:

Nanoparticles

12 ml of EtOH, 2.5mL of Millipore water and 25 mg of CoFe;0s@D-Pen@SiO.@TiO>
NPs were mixed in a 100 mL RBF and dispersed for 30 minutes in a sonic bath. 0.2g
(0.001 mol) of Silver Nitrate (AgNO3) was added to the solution, which was sonicated
for 15 minutes. 0.170 mL of N-N-Dimethylformamide (DMF) were added in the RBF
and then sonicated for 15 minutes. The solution was stirred for 24 hours. The resultant
NPs were washed three times with EtOH and dried under vacuum. The resultant prod-

uct was calcinated at 600 °C for 1 hour.

2.2.1.11 Preparation of Au/TiO: Coated CoFe:0:@D-Pen@SiO:

Nanoparticles

8 mL of Ti(OBu)s, 80 mL of absolute EtOH and 2 mL of CoFe204@D-Pen@SiO2 NPs were
mixed in a 100 mL RBF and sonicated for 30 minutes. In another RBF, 80 mL of ETOH,
5mL of Gold (lll) chloride hydrate (HAuCls) solution and 15 mL of acetic acid were
stirred for 1 hour. Gold salt solution was added to the solution containing the NPs
dropwise. The mixture was stirred overnight. The resultant NPs were washed three

times with EtOH and dried under vacuum.
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2.2.1.12 Photocatalytic Activity Testing

In a quartz cuvette, 150 pL of a solution of MB (ImM) was mixed with a 9 mL of water.
Few milligrams (5-10 mg) of nanoparticles were added to the mixture and the solution
was allowed to stir in darkness for 1 hour. UV-Vis spectrum was recorded for the sam-
ple after incubation at a time to. After allowing the adsorption-desorption of the dye
on to the surface of the nanoparticles the solution was place under UV light (264 nm),
daylight or darkness according to the experiment requirements. The solution was
stirred and UV-Vis spectra were recorded every 10 min until the conclusion of the ex-

periment. MP water was used for the baseline correction.

2.2.2 Experimental for Chapter 4

2.2.2.1 Preparation of CoFe204 Stabilized with Chiral Ligands

MNPs stabilized with chiral ligands were prepared by the co-precipitation route previ-
ously described by Moloney et al.[*! with some modifications. In a 250 mL round bot-
tomed flask, 190 mL of H20 was heated up to 80 °C and degassed under Argon. Simul-
taneously, Co(NOs)2:6H20 (0.6 g, 0.002 mol) was dissolved in a sample tube containing
5 mL of Millipore water and FeCl,-4H,0 (0.8g, 0.004) was dissolved in a separate sam-
ple tube containing 5 mL of Millipore water. A defined amount of amino acid was add-
ed to each of these solutions (Table 2.1). The solutions were then combined and add-
ed into the 190 mL of degassed Millipore water. The resulting solution was continu-
ously degassed with argon for another 1 hour. The pH was adjusted to 11 using a solu-

tion of NH4OH (0.88 M).

The above synthesis was repeated replacing D-Pen with one of the following ligands:
D-Aspartic Acid, L-Aspartic Acid, D-Cysteine, L-Cysteine or D-Glutamic Acid to yield the

corresponding stabilised CoFe;04 particles.
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Table 2.1: Amino acids stabilized CoFe.04 nanoparticles experiments.

Sample Ligand (mmol) Ligand (mg)
DP1 0.17 25
DP2 0.34 50
DP3 0.68 100
DC1 0.17 20
DC2 0.34 40
LC1 0.17 20
LC2 0.34 40
AAl 0.17 22
AA2 0.17 22
GA1l 0.17 25

2.2.2.2 Preparation of Cobalt Ferrite Nanoparticles Stabilised by

L-Alanine

In a 250 mL round bottomed flask, 190 mL of MP H,0 was heated up to 80 °C and de-
gassed under Argon. Simultaneously, Co(NOs)2:6H20 (0.6 g, 0.002 mol) was dissolved
in a sample tube containing 5 mL of MP water and FeCl,-4H,0 (0.8g, 0.004) was dis-
solved in a separate sample tube containing 5 mL of MP water. A defined amount of L-
Alanine was added to each of these solutions (Table 2.2). The solutions were then
combined and added into the RBF with 190 mL of degassed MP water. The resulting
solution was kept under argon for another 1 hour. Then the pH was adjusted to 11 us-

ing a solution of NHsOH (0.88 M).
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Table 2.2: L-Alanine stabilized CoFe.04 nanoparticles experiments.

Sample L-Alanine (mmol) L-Alanine (mg)
ALO1 0.34 30
ALO2 0.68 60
ALO3 1.35 120
ALO4 2.70 240
ALO5 5.40 480
ALO6 10.8 960
ALO7 21.6 1920

2.2.3 Experimental for Chapter 5

2.2.3.1 Preparation of OH and NH: Functionalized Co@C/Fe@C
Beads

Co@C/Fe@C nanobeads have been supplied by Functional Material Laboratory (FML),

ETH (Zurich) in collaboration with Prof. Wendelin Stark and Dr. Robert Grass.

Functionalization of Co@C/Fe@C nanobeads was carried out according to the de-
scribed reaction with some modifications.[? 5g of Co@C/Fe@C nanobeads were dis-
persed in 100 mL of H,O using an ultrasonic bath. 2-(4-aminophenyl) methanol/ 4-
(Aminomethyl) aniline were added to the solution. Sodium nitrite (0.9 g, 13 mmol) and
HCI (2mL, 37%) were added to this solution to transform the organic compound into
the corresponding diazonium salt. The mixture was sonicated for 30 min at low tem-
perature (= 0°C). The material was recovered from the reaction mixture with the help
of an external magnet and washed with water (3x 30mL) and acetone (2x30 mL). After

the last washing, the particles were dried under vacuum.

2.2.3.2 Preparation of Co@C@SiO:; (TEOS/DTES)

2 mg of the above prepared 2-(4-aminophenyl) methanol functionalized Co@C nano-

beads were dispersed in 10 mL of EtOH. The mixture was dispersed by the use of an
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ultrasonic bath for 10 min. To this mixture, 2.5 mL of NH4OH and 40 uL of TEOS were
added and the resultant solution was kept sonicating at 0°C overnight. The resultant
material was washed with EtOH (3x20 mL). After the last washing, the black material

was stored in 20 mL of EtOH.

Silica coating of 2-(4-aminophenyl) methanol functionalized Co@C with dodecyltrieth-
oxysilane (DTES) used as silica precursor was carried out in the following reaction simi-
lar to the previous one with some modifications. 1 g of nanobeads was dispersed in
200 mL in ethanol. To this dispersion, 2 mL of DTES and 2 mL of NHsOH were added.
The reaction was kept in an ultrasonic bath overnight and the resultant material was
washed with EtOH (3 x 20 mL). After washings, the particles were storage in 20 mL of
EtOH.

2.2.3.3 Preparation of Fe@C@SiO; Nanoparticles

25 mg of 4-(Aminomethyl) aniline functionalized Fe@C were dispersed in 20 mL of
EtOH with the help of an ultrasonic bath. After 30 min, 800 pL of TEOS were added and
the solution was sonicated for another 30 min. After that, 5 mL of NH4OH were added
and the mixture was sonicated for 3 hours at 0 C. The resultant material was washed

with EtOH (3 x 20 mL) and stored in 20 mL of the same solvent.

2.2.3.4 Preparation of DNA Stabilised Magnetite Nanoparticles

Magnetite nanoparticles stabilised by denatured herring sperm DNA were prepared
according to published procedure.! Herring sperm DNA (0.06 g, mol) was dissolved in
100 mL of deoxygenated MP water and solution was heated to 80° C with vigorous
stirring for 15 minutes to denature the strands. FeClz6H,O (1.08 g, 4 mmol) and
FeCl,4H,0 (0.41 g, 2 mmol) were added to the heated degassed DNA solution. NH4sOH
(0.88 M) was added dropwise until a pH of 11-12 was achieved. The reaction mixture
was stirred for 2 hours at 80° C and a dark brown precipitate was isolated by magnetic
separation and washed several times with EtOH. The product was dried by rotary

evaporation.

42



Chapter 2 Experimental

2.2.3.5 Enantiomeric Separation Tests Using DNA Stabilised

Magnetite Nanoparticles

D-Penicillamine (0.003 g, mol) and L-Penicillamine (0.003 g, mol) were dissolved in 40
mL MP water under stirring. DNA stabilised magnetite (0.005 g), as prepared above,
was added to 10 mL of MP water and stirred for 30 minutes. Then the NPs were isolat-
ed by magnetic separation and solution was analysed by CD. This washing step was
carried out 3 times before dispersing washed NPs in 10 mL D-/L-Penicillamine mixture.
The NPs were isolated again by magnetic separation and CD spectra were recorded for

the solution.

2.2.3.6 Enantiomeric Separation Tests Using Chiral Ligand Stabi-
lized Magnetite

D-Penicillamine (0.003 g, mol) and L-Penicillamine (0.003 g, mol) were dissolved in 40
mL MP water under stirring. Chiral ligand (D-Pen and D-/L-Cysteine) stabilised magnet-
ite (0.010 g) was added to the mixture and stirred for 30 minutes. Then the NPs were

isolated by magnetic separation and solution was analysed by CD.

2.2.3.7 D-penicillamine and L-penicillamine Interaction Test Us-
ing Chiral Ligand Stabilized Magnetite

Two different solutions of D-Penicillamine (0.003 g, mol) and L-Penicillamine (0.003 g,

mol) in 40 mL MP water under stirring were prepared. Chiral ligand (D- and L-Cysteine)

stabilised magnetite (0.010 g) was added to these separated solutions and stirred for

30 minutes. Then the NPs were isolated by magnetic separation and solution was ana-

lysed by CD.

2.2.4 Experimental for Chapter 6

2.2.4.1 Preparation of Fe304 Nanoparticles

Magnetite nanoparticles were prepared according to the modified published proce-
dure.*! Na,CO3 (5.29 g, 0.05 mol) was dissolved in 200 ml of degassed MP water and
the solution was heated to 90° C. FeCl3-6H,0 (6.75 g, 25 mmol) and FeCl,-4H20 (2.48 g,
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12.5 mmol) were dissolved in 50 ml of degassed MP water. The iron chloride solution
was added dropwise to the heated sodium carbonate solution over a period of 30
minutes with vigorous stirring. Once all the iron chloride solution had been added, the
reaction mixture was stirred at 90° C for 1 hour. The resulting dark brown precipitated
nanoparticles were isolated from the solution by magnetic separation and washed
several times with MP water until it was pH neutral. The final washing was carried out

in EtOH and the product (2.10 g, 73%) was dried using a rotary evaporator.

2.2.4.2 Preparation of Citric Acid Stabilised Fe304 Nanoparticles

Fe30s NPs (0.225 g, 0.97 mmol) as prepared above were dispersed in 100 mL of MP
water by ultrasonication for 30 minutes. Citric acid pellets (0.55 g, 2.9 mmol) were dis-
solved separately in 100 mL Millipore water. The acidic solution was added to the NP
suspension and the mixture was sonicated for 1 hour. Tetramethylammonium hydrox-
ide (25 v/v%) was then added dropwise until pH neutral and particles were stored in

the stabilised suspension.

2.2.4.3 Preparation of Fe30.@Si0: Nanoparticles

Silica coated magnetite nanoparticles of varied shell thickness were prepared
following a modified published procedure.® In a 250 mL RBF, as prepared above 10
mL of citric acid stabilised magnetite nanoparticles were added to 100 mL of EtOH and
the mixture was sonicated for 10 minutes. Tetraethyl orthosilicate (TEOS) solution of a
known volume (200 uL/50 pL) was added with sonication for a further 10 minutes on
ice. NH4OH (2 mL, 0.8M) was then added dropwise and the reaction mixture was soni-
cated on ice for 2 hours. The product was extracted and washed several times with

EtOH using magnetic separation, and stored in a minimum volume of EtOH.

2.2.4.4 Preparation of Fe30.@Si0; Nanorattles

1 mL of coated magnetite NP solution as prepared above (thick silica shell) was taken
and the NPs were isolated by magnetic separation and washed twice with MP water. 7

mL of MP water was added to the coated nanoparticles in a sample tube and NPs were
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shaken to disperse. Particles were stored in the MP water over a period of 3 weeks

with regular manual shaking and sonication to re-disperse.

2.2.4.5 Preparation of Fe;04@Si0;-Coumarin Nanocomposites

0.4 g of coumarin-3 carboxylic acid (2 mmol) was dissolved in 10 mL of absolute EtOH.
To this mixture 0.5 mL of (3-Aminopropyl) triethoxysilane (APTES) were added. The
final solution was stirred for 12 hours and the resultant mixture was stored in dark-

ness.

The Fe304@SiO2 nanoparticles containing coumarin were synthesized as in the previ-
ous procedure. In a 250 mL RBF, 10 mL of citric acid stabilised magnetite nanoparticles
as prepared above was added to 100 mL of EtOH and the mixture was sonicated for 10
minutes. 2 mL of the solution containing coumarin-3-carboxylic acid was added and
the mixture was kept sonicating for 1h. After the time, 200 pL of tetraethyl orthosili-
cate (TEOS) was added with sonication for a further 10 minutes in an ice bath. NHsOH
(2 mL, 0.88 M) was then added dropwise and the reaction mixture was sonicated in ice
bath for 2 hours. Resultant magnetic material was washed several times and recov-
ered with external permanent magnet. The final product was stored in a minimum

volume of EtOH.

2.2.4.6 Preparation of Fe30:@Si02-Coumarin Nanorattles

1 mL of Fe304@SiO2-Coumarin nanorattles dispersed in EtOH was taken and NPs were
isolated by magnetic separation and washed twice with MP water. 10 mL of Millipore
water were added to the coated nanoparticles in a sample tube and the NPs were
shaken to disperse. The particles were stored in MP water with regular manual shaking

and sonication to re-disperse.

2.2.4.7 Preparation of Fe304@ZnS:Mn@Si0: Nanocomposites

ZnS:Mn QDs have been prepared and provided by a fellow lab group member.

0.5 mL of zinc sulfide QDs solution was taken and dispersed in 100 mL of EtOH by soni-
cation, followed by the addition of 10 mL of citric acid stabilised magnetic NP solution.

Then TEOS (200 pL) was added and mixture was sonicated in ice bath for 10 minutes.
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NH4OH (2 mL, 0.88 M) was then added dropwise and the reaction mixture was soni-
cated in ice bath for 2 hours. The product was isolated using magnetic separation and

washed several times with EtOH, and stored in a minimum volume of EtOH.

2.2.4.8 Investigation of the Etching of Fe30.@ZnS:Mn@SiO:

Nanorattles

1 mg of the Fe304@ZnS:Mn@SiO; product was taken, and stored with regular redis-
persion in 7 mL of MP water. After 2 weeks, the magnetic product was extracted by
magnetic separation and UV-Vis and PL measurements were performed on the super-

natant and the precipitate.

2.2.4.9 Investigation of Release of ZnS:Mn QDs from Fez0.@SiO:

Nanorattles

After 2 weeks of storage in MP water, 3 mL of the prepared above quantum dot load-
ed nanorattle sample was taken and sonicated for 90 minutes in a sample tube. The
sample was then placed on a magnet to isolate the NPs and UV-Vis and photolumines-

cence spectra were collected for the supernatant and precipitate.

2.3 Characterisation Techniques

2.3.1 Transmission Electron Microscopy (TEM)

Max Knoll and Ernst Ruska in 1931 developed the first transmission electron micro-
scope. TEM shares many similarities with a traditional light microscope, the main dif-
ference between them is that an electron beam is used to visualise the sample instead
of a light source, which is the case of a traditional optical microscope. The use of high-
energy electrons provides information on a specimen such as morphology (size, shape
and distribution of the particles), composition, surface features, and crystallographic

information.

A source of electrons, usually a thermionic gun fitted with a tungsten filament cath-
ode, produces a flow of electrons, which are accelerated providing a stream of elec-

trons towards the sample. Two condenser lenses focus the electrons into a thin beam.
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The first lens determines the spot size and the second lens allows the spot to be point-
ed onto the sample. Upon illumination of the sample with the electron beam, only the
electrons blocked by the sample pass through to a phosphor image screen. This gener-

ates light that allows the user to view the image.

Depending of the type of interaction of the electrons with the sample different kind of
chemical or physical information can be obtained. Unscattered transmitted electrons
are those, which pass through the sample without interaction. Elastic scattering elec-
trons interact with the sample resulting in a deviation from their original path. Their
interaction causes no loss of energy and can give rise to diffraction patterns. Inelastic
interaction between the primary electrons and the sample lead to a loss of energy to
the surroundings along with a slightly deviation and deflection in their path. The mag-
nitude of the energy loss will depend on the element the electrons have interacted
with. The energy lost can excite vibrations at the surface of the sample and the result-
ing energy loss peaks can be observed. This technique is called Electron Energy Loss

Spectroscopy (EELS).

Incident Beam

Backscattered Electrons

X-Ray

Secondary Electrons

Sample

Elastically Scattered
Electrons

Inelastically Scattered

Electrons
Unscattered

Electrons

Figure 2.1: Electron interaction events in electron microscopy.
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Scanning Transmission Electron Microscopy (STEM) differs from conventional TEM by
focusing the electron beam into a narrow spot, which is scanned over the sample in a
raster. STEM microscopes can be equipped with different detectors such as Bright
Field (BF) of High Angle Annular Dark Field (HAADF) detectors. BF detectors collect the
transmitted electrons and hence the holes in the sample appear bright. On the other
hand, HAADF detectors collect inelastic scattered electrons and exclude transmitted
electrons, making the holes in the sample appear dark. The HAADF detector tends to
be very sensitive to variations in the atomic number of atoms in a sample, which lead

to variations in image contrast.

In our work, transmission electron microscopy (TEM) images were taken on a FEI Titan
Thermis 200 series operating at 300 keV and with Jeol JEM-2100, 200kV LaBs instru-
ments. Samples for TEM were prepared by deposition and drying of a drop (10 pL) of
the material dispersed in an appropriate solvent (water, ethanol, isopropanol) onto a

carbon coated 400 mesh cooper grid.

2.3.2 X-Ray Diffraction (XRD)

X-Ray diffraction can provide information on the molecular structure of a crystalline
material. It involves the interaction of the electromagnetic radiation with a wavelength
(A) of approximately 0.1 nm with the atoms in the material. Crystals can diffract X-rays
because the distances between the atoms are comparable with the wavelength of the
radiation. A diffraction pattern results from the variation in the intensities caused by
regions of constructive and destructive interference.!® Bragg demonstrated that scat-
tering which form the pattern can be visualised the reflexion from Miller indices. Miller
indices refer to the series of parallel lattice planes within a crystalline material. The X-
ray pattern shows the diffraction intensity against the Bragg angle (©). Each atom
plane produces a series of n reflections, depending on the interference conditions.
This relation is shown in Bragg equation where A is the wavelength of the x-ray and d is

the spacing between planes in the crystalline phase.

nA=2dsin®©
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From the pattern, the interlayer spaces (dn«) can be calculated using the Bragg equa-
tion. Each compound has a characteristic set of d values and intensities, which allows

the identification of the material.

The half widths of the reflections are inversely proportional to the crystalline sizes and
directly proportional to the concentration and magnitude of structural defects. The
cell constants, crystal system and space group of the specimen may be determined

from the powder diffraction pattern. For a cubic crystal system:

1 h2+4+ k%2412
e e

Where a is the cell constant.

In order to produce an XRD pattern a monochromatic beam of X-rays is required.
These X-rays are produced by bombarding an anode of a pure metal with high-energy
electrons in vacuum. Usually, copper metal is used for this purpose and the wave-
length produced is 1.5406 A. The resulting diffraction pattern can be identified by
comparison of the peaks and their relative intensities with standard references pro-

vided by the Joint Committee on Powder Diffraction Standards (JCPDS) database.

In our work, XRD was performed using three different devices through the project.
Samples were deposited as powder on the XRD slide with a thin layer of vacuum
grease. The measurements were performed using a Siemens-500 X-Ray diffractome-
ter, which uses Cu cathode Kq1 with a wavelength of 0.15406 nm under 12-hour scan

time.

Bruker D2 Phaser was also used, this diffractometer also uses a Cu cathode with a

wavelength of 1.5406 A. Scans were run for 2 hours.

PANalytical X’'Pert Powder diffractometer was used with help of Dr. Sarah McCharthy.

The XRD patterns were measured over 3-6 hours for angles 10 — 155 (26). Sample
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preparation involved the redispersion of the material in Isopropanol. The solution was

then deposited on a glass slide and allowed to dry on air.

2.3.3 Vibrating Sample Magnetometer (VSM)

A Vibrating sample magnetometer (VSM) was invented by Simon Foner at Lincoln La-
boratory MIT.”) VSM is one method of determining the magnetic properties of bulk
and nanomaterials. The hysteresis loop gives information about the characteristics of
any magnetic material. When a sample is exposed to an external magnetic field (H), a
magnetic moment is induced in that sample. Mechanical vibration causes a magnetic
flux, which induces a voltage in the sensing coils. This voltage is proportional to the
magnetic moment of the sample.[8! The type of magnetisation that a sample possesses
is plot in the form of a characteristic hysteresis loop. The parameters of this hysteresis
loop allow the material to be characterised in terms of its saturation magnetisation
(Ms), its remanence (Mr) and coercivity (Hc). Superparamagnetic materials general at

0 T and no coercivity at 0 Am?/kg.

Vibration unit
& ' Reference coils

Pick-up coils Sample holder

Electromagnet

Sample

Hall sensor

Figure 2.2: Diagram of a Vibrating sample magnetometer.®!

In our work, magnetization measurements were carried out using a homemade vibrat-

ing sample magnetometer (VSM) at room temperature with a field applied up to 1T.
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The dried sample was weighed, wrapped in paper and placed in a hexagonal PVC hold-
er. The sample was set within a uniform magnetic field and mechanically vibrated be-
tween a series of coils. A changing magnetic flux was generated which induced a volt-
age in the sensing coils. The amplitude of the sinusoidal voltage is proportional to the
magnetic moment of the sample. The VSM was calibrated using a nickel sample of
known mass. Nickel is a ferromagnetic material with a magnetic moment of 55.4

Am?/kg at 1T at room temperature.

2.3.4 Infrared Spectroscopy

Infrared spectroscopy is based on the interaction of the materials with electromagnet-
ic radiation in the wavelength range approximately 1-1000 um (10 to 10000 cm™).[20]
These interactions cause the excitation of the vibrational or rotational states of the
molecules, which can be detected because of the absorption or transmittance of the
infrared radiation. When the charges of the atoms in a molecule are asymmetrically
distributed or the vibration of the atoms results in an asymmetry in the charge distri-
bution, a vibrating or rotating atomic group can be associated with the motion of an
electric charge. Electromagnetic radiation of a particular frequency can only be ob-
served by a molecule if there is a change in the dipole moment associated with the
vibrational excitation of that particular atomic group. Vibrations with no change in the

dipole moment are infrared inactive.

A Perkin EImer Spectrum One FT-IR spectrophotometer was used to record IR spectra

(400-4000 cm™?) by diffuse reflectance of samples in Csl.

FT-IR spectra were recorded using a Bruker Tensor Il, Mid-Range Extended, with UATR
attachment (200-4000 cm). Few milligrams of sample were deposited on the hole

and pressed to get the spectra.

2.3.5 Raman Spectroscopy

In 1928, Sir Chandrasekhara Venkata Raman discovered “a new type of secondary ra-
diation” know today as the Raman effect. In 1930, Sir C.V. Raman was awarded with
the Nobel Prize in Physics. The Raman spectroscopy technique is based on the interac-

tion of electromagnetic radiation with a molecule. When electromagnetic radiation
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interacts with molecules, it can promote three events: absorption, emission or scatter-
ing. When the energy of the photon involved is the same than the difference in energy
between two energy levels of the molecule, absorption or emission take place. Scat-
tering happens as a halfway effect between both (x10* s) of the interaction of the
photon with the molecule, where the photon does not have the same energy than the
difference between two energy levels of the molecule. There are different types of
scattering processes: Rayleigh scattering, which causes very small frequency changes,
and inelastic Raman scattering, which involves energy transfer between the incident

photon and the molecules (Stokes or anti-Stokes shifts).[1]
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Absoption Raman Scattering Raman
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Figure 2.3: Energy level diagram showing the different states involved in Raman process.

The different type of scattering are described in Figure 2.3, where a photon with initial
energy (hvw) may interact with a molecule and proceed with decreased energy (Raman
stokes scattering, hvs) or increased energy (Raman anti-Stokes scattering, hva.st). Al-
ternatively, the energy can remain unchanged (Rayleigh scattering, hvgay). Rayleigh
scattering results in lines of strong intensity in the Raman spectrum, often 103-10*
times greater the strokes and anti-strokes Raman bands. The intensity of the anti-
Stokes shift is lower than that of the Stokes shift, therefore, Stokes shift is generally

viewed to be more important in Raman spectroscopy.
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The difference in frequency between the exciting radiation and the scattered radiation
is characteristic of the molecule under study and is independent of the frequency of
the exciting radiation. The polarity of any molecule is characteristic of that molecule,
as the electric field of an electromagnetic wave can shift the centre of a negative
charge in the molecule, therefore inducing a dipole moment (uing), Which is propor-

tional to electric field intensity, E.
Mind = aE

The degree of polarizability (a) of a molecule depends on the mobility of its electrons
and is always a non-zero quantity. The polarizability is characteristic of the molecule,
function of its shape and size, and may vary with the direction in space, which means
that it is anisotropic. The Raman effect is the result of the interaction of photons with
electrons, because of this, the change in the polarization of the bonds will have an ef-

fect on the Raman intensity and frequency of the band observed.

Raman spectroscopy combined with infrared spectroscopy give complementary infor-
mation and help to elucidate the vibrational states of a molecule.l®’ A molecule is IR
active when the light induces a change in the dipole moment. To be Raman active, the
incident light must result in a change in the polarizability of the molecule. If in a mole-
cule there is a centre of symmetry, a vibration active in infrared will be inactive in Ra-
man and vice versa.[*? If there is no centre of symmetry in a molecule, a number of
vibrations may exist in both spectra. This is due to the fact that although infrared spec-
troscopy and Raman spectroscopy are a result of the same physical phenomenon, the

interaction of the indecent radiation with the sample is different.

Raman spectra were recorded with help of Dr. Joseph McCarthy and Dr. Joseph Govan
(Chemistry) with a Renishaw 1000 micro-Raman system. The excitation wavelength
was 514.5 nm from an Ar* ion laser (Laser Physics Reliant 150 Select Multi-Line) with a
typical laser power of 3 mW in order to avoid excessive heating. The 100 x magnifying
objective of the Leica microscope was capable of focusing the beam into a spot of ap-

proximately 1 um diameter.
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2.3.6 Ultraviolet-visible Spectroscopy (UV-Vis)

UV-visible spectrum is the result of the absorption of a beam of incident photons by a
sample. The region of the electromagnetic spectrum generally measured for this tech-
nique is from 200-900nm (covering both the UV and the visible range). The Beer-
Lambert law demonstrates that the absorption of light is directly proportional to the

path length of the cell used and the concentration of the sample under investigation.

A =Velcl

Where ¢ is the extinction coefficient of the substance (M! cm™). Bands in UV-vis spec-
tra correspond to electronic transitions, as absorption of the incident light promotes
excitation of the valence electrons in a molecule. The frequency (and the intensity) of
the absorbed photon is directly proportional to the energy difference between the
ground and excited levels. The wavelength of absorption of radiation is characteristic

of the material under investigation.

Uv-vis absorption spectra were recorded using a Varian Cary 60 Uv-Visible spectropho-

tometer. Samples were measured in a 1 cm length quartz cuvette.

2.3.7 Circular Dichroism (CD) Spectroscopy

Circular dichroism (CD) is the difference in the absorption of left-handed circularly po-
larised light (L-CPL) and right-handed circularly polarised (R-CPL) light and occurs when

a molecule contains one or more chiral chromophores (light-absorbing groups).

If a molecule contains chiral chromophores, one circular polarised light state will be
absorbed more than the other and the CD signal will have a positive or negative signal.
A CD signal can be positive of negative, depending on whether L-CPL absorbs more

than R-CPL or less, which will give a negative signal.
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Circular Dichroism spectra were recorded using a JASCO J-810 spectropolarimeter. The
scans were conducted in the range of 200-800 nm, with 2-3 accumulations and a scan

rate of 100-200 nm mint. Samples were measured using a 1 cm quartz cuvette.
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Chapter 3 Core-Shell CoFez04 Nanostructures

Chapter 3. Preparation of Core-Shell CoFe:04+ Magnetic

Nanostructures for Catalytic Applications

3.1 Introduction

In the last few decades, different applications of magnetic nanoparticles have been
studied due to their easy manipulation using an external magnetic field. Among many
of these applications, one of the most important is the use of magnetic nanoparticles
to support a catalyst material. The magnetic properties of these materials allow their

easy recovery and possible recyclability.

The field of heterogeneous catalysis using magnetic nanoparticles has grown consider-
ably recently. In particular, TiO2 and SiO,@TiO2 immobilized on magnetic nanoparticles

have been extensively studied.

In the case of the single TiO; coating, different magnetic cores have been used as a
catalyst support. Among them, Fe30s is one of the most widely used due to its well es-
tablish magnetic advantages, such as large surface area for the adsorption and immo-
bilization of metal and ligands and is easy to synthesized.[*3] However, other magnetic
compounds have also been studied as a magnetic support in this type of nanostruc-
tures. For example, Lee et al. used barium ferrite (BaFe204) as core and the coating of
TiO, was prepared by the controlled hydrolysis and condensation of titanium bis-
ammonium lactate dihydroxide (TALH) in the presence of polyethyleneimine (PEI). Fur-
ther calcination of the material would lead to the formation of anatase TiO>, the cata-
lytically active phase of TiO.[* NiFe,04 has also been used as core for the formation of
a photocatalyst based on TiO,. The photocatalytic activity of this material was tested

on the oxidation of methyl p-tolyl sulphide.b!

Silica coating is added in an attempt to avoid a decrease in the photocatalytic activity
of TiO; directly supported on magnetic nanoparticles due to an increase in the hole-
electron recombination.'® Alvarez et al. confirmed a better photocatalytic activity of
TiO,@SiO2@Fe304 than TiO,@Fe304 nanocomposites. After following the same proce-

dure to coat both nanostructure with TiO,, catalytic studies for the photodegradation
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of acetaminophen and other PPcPs (pharmaceutical and personal care products)
showed that the material with a protective silica shell was slightly more efficient than
the same material without a silica shell.l”? There are many examples in the literature in
which Fe304 has been used as core for a double SiO,@TiO; coating and the photocata-
lytic properties of resultant materials have been tested in the degradation of different
organic compound or water contaminant such as methylene bluel®° and as catalyst

during the synthesis of organic compounds.[*°

The combination of TiO, with noble metals is often applied because the incorporation
of these metals can act as electron traps promoting the electron-hole separation en-
hancing the light absorbance of the catalyst in the visible range and improve the pho-

tocatalytic activity of TiO, under UV-Vis light.

The incorporation of Ag into a TiO2 matrix has been investigated using magnetic nano-
particles as a catalyst support. Zhang et al. developed the novel three-component
Fe304s@TiO.@Ag composite microspheres by a chemical deposition route. Ag nanopar-
ticles were anchored onto the outer layer of Fe30s@TiO; by the tyrosine-reduced
method.'! Zhao et al. also used Fe3Os as a core to synthesised sea urchin-like
Fes04@TiO.@Ag composites. The catalytic activity and recyclability of the material

was determined by the catalytic reduction of ampicillin under UV and visible light.[*?

Au doped TiO: is also an interesting approach to enhance the photocatalytic activity of
TiO2 although only few works have used magnetic nanoparticles in their investigations.
Multifunctional microspheres composed of a Fe3O4 core, a TiO: interlayer and an Au
shell with different size ranges and densities of an outer Au shell were prepared by
Zhang et al. The photocatalytic activity of the material was evaluated by monitoring
the degradation rate of Rhodamine 6G under UV lamp. Size and density of the Au shell
was evaluated and shown to affect the activity of the material.['3! Deposition of Au
metal nanoparticles was also achieved by Li et al. following a facile approach to syn-
thesize Au-decorated Fe304@mTiO2 core-shell microspheres. Fe30s@mTiO2@Au
showed a high photocatalytic activity in MB degradation, bactericidal tests and recy-

clability.[*4
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3.2 Aims of This Chapter

The aim of this part of the work is to prepare and characterize new heterogeneous
catalysts using magnetic nanoparticles as support and to facilitate the removal and
recovery of the catalyst from the reaction using a magnetic field. The magnetic core
used in this work was CoFe20s (cobalt ferrite). To produce the different catalytic nano-
composites, different approaches such as co-precipitation and sol-gel techniques have
been chosen. The photocatalytic activity of the new nanocomposites is to be tested in
the degradation of Methylene blue (MB). The new materials are to be characterized by
VSM and TEM analysis, XRD patterns, UV-Vis spectroscopy and Raman spectroscopy.
This work is expected to contribute to the research on nanoparticle based heteroge-

neous catalysis.

3.3 Synthesis of CoFe:0:@Si0.@Ti0O, Nanocomposites

3.3.1 Synthesis and Characterisation of CoFe204+ Nanoparticles

Initial CoFe204 nanoparticles were synthesised using a co-precipitation method. The
method is based on the chemical reactions of metal salts mixed in a stoichiometric ra-
tio and carried out in basic aqueous medium, allowing the nucleation and growth of
the resulting nanoparticles.™! In this particular case, the synthetic procedure involved
the precipitation of cobalt (ll) nitrate hexahydrate (Co(NO3)2:6H20) and iron (ll) chlo-
ride tetrahydrate (FeCl,-4H20) in the presence of ammonium hydroxide at pH between

8 and 14.

The resultant black powder was characterized using Transmission Electron Microscopy
(TEM), magnetisation measurements (VSM) and X-ray powder diffraction. The TEM
analysis showed CoFe;0s nanoparticles with a size range between 20 and 100 nm

(Figure 3.1).
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s e ‘ i E - 2 "~-v
Figure 3.1: TEM images of uncoated CoFe204 nanoparticles showing their shape, size and morpholo-
gy.

Vibrating Sample Magnetometer (VSM) was used to determine the magnetic moment
of the CoFe;04 nanoparticles. The saturation magnetization of the sample was found
to be 86 Am?kg* (Figure 3.2), higher than that found in the bulk for CoFe,04 at 300K

(80.8 AmZkg1).[®l The remanent magnetization was found to be 41 Am?kg™.
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Figure 3.2: VSM Curve of uncoated CoFe204 nanoparticles.

The X-ray diffraction (XRD) pattern shows below further confirmation of the formation
of a CoFe;04 phase (Figure 3.3). The peaks in the diffractogram are confirming the

formation a cubic spinel structure in the Fd3m spatial group.*”!
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Figure 3.3: XRD of uncoated CoFe:0snanoparticles.

The cell parameter “a@”, which is the lattice constant and it refers to the physical di-
mension of the unit cell in a crystal lattice, was found to be 8.430 A which is close to

that of bulk cobalt ferrite (a= 8.395 A).[18]

3.3.2 Synthesis and Characterisation of CoFe:0,@Si0z Nanoparti-

cles

The silica coating of the cobalt ferrite nanoparticles was produced following the Stéber
method as shown in the scheme below. Tetraethylorthosilicate (TEOS) is used as the

silica precursor with ammonia solution as the catalyst of the reaction.[2°]

TEOS/NH,OH

Sonication/Low
Temperature

Figure 3.4: Scheme for the generation of CoFe:04@SiO:2 core/shell.

The Stéber method is a well-known procedure to form monodisperse spherical silica
nanoparticles based on the hydrolysis and condensation of the silica precursor in alco-

hol with ammonia acting as catalyst. The preparation of silica coated magnetic nano-
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particles follows the same mechanism in which the silica precursor links to the OH
groups present on the surface of the magnetic nanoparticles.

According to magnetization studies, the magnetic moment of the sample is reduced to
16 Am?kg™! compared to 86 Am?kg! for the uncoated particles. This drop in magnetic
moment was due to the presence of the non-magnetic SiO2 coating. This significant
decrease suggests that a relatively thick coating was formed. The hypothesis was con-

firmed by TEM analysis (Figure 3.5).
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Figure 3.5: VSM curve of uncoated CoFe204@SiO2 nanoparticles.

Figure 3.6: TEM images of CoFe204@SiO2 coated nanoparticles.

The TEM images show the particles forming aggregates. Additionally a silica coating
can be observed with a thickness of around 40 nm. The magnetic core size varies be-
tween 40 and 180 nm. The overall particle size ranges between 100 and 200 nm. Alt-

hough these images do not show an ideal structure of a single core contained within
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the silica shell due to the aggregation of the magnetic nanoparticles, they do, however

confirm the formation of core-shell silica/cobalt ferrite nanoparticles.
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Figure 3.7: Raman spectra of CoFe20,@Si02 nanoparticles.

In the Raman spectrum of CoFe,04@SiO2 NPs (Figure 3.7) there are peaks at 470 cm™
and 680 cm* which indicate the presence of cobalt ferrite. CoFe204 has an inverse spi-
nel structure with 0] (Fd3m) space group. This structure has five active Raman modes
(3T2g +Eg + Agg) that appear in the spectra. The modes at 607 cm™ and 680 cm™ are as-
signed to the tetrahedral sites; other peaks at 180 cm™?, 299 cm™ and the 460 cm™ are

distinctive of the octahedral site.[2

The broad peak centred around 460 cm™ might contain the symmetric SiO, bending
vibration expected at 440 cm™, however this is unclear due to the large masking
caused by the cobalt ferrite peaks. Other weak silica peaks can be observed at 550 cm"
1and 970 cm® but these peaks are relatively weak and are difficult to distinguish in the

spectra obtained.[?!!

The XRD pattern for SiO, coated CoFe204 NPs is shown in Figure 3.8. As discussed pre-
viously, the identified peaks are in agreement with those of CoFe204 described in the
literature. The broad peak at 26 = 30° indicates the presence of the amorphous SiOa.
When compared to the JCPDS database entry for SiO2 and the results obtained by Hu

et al.?? the peak at 20 = 31° aligns with SiO, along with the peak at 26 = 35°. Both
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peaks are highly masked by the underlying CoFe204 peaks in the same area of the dif-

fractogram.
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Figure 3.8: XRD pattern of CoFe20:@SiO2 nanoparticles.

Figure 3.9 shows the XRD patterns of the CoFe204@SiO2 nanoparticles and of the same
material sintered at 600 °C. This experiment was carried out to show that silica coated

nanoparticles were not affected by the heat treatment.
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Figure 3.9: XRD pattern of CoFe204@SiO2 coated nanoparticles before (black line) and after sin-
tering (green line) at 600 °C.
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3.3.3 Synthesis and Characterisation of CoFe:0:@TiO: Nanopar-

ticles

CoFe;0s nanoparticles were synthesized using the previously described co-
precipitation method. The preparation of the TiO; shell was prepared by modifying the
methods of Wuyou et al.l3! Firstly, the coated nanoparticles were synthesized by sol-
gel hydrolysis precipitation of titanium isopropoxide and treated at high temperature
to obtain the anatase phase of TiO2. A defined amount of CoFe20s NPs where dis-
persed in a mixture of water/ethanol (1:10) and the pH adjusted to 5-6 using 3.0 M
HCI.

Figure 3.10: TEM images of CoFe;04@TiO2 nanoparticles.

The above figure displays selected TEM images of the sample. The images showed the
presence of two different materials in the sample that are not forming a proper core-
shell structure. The XRD pattern (Figure 3.11) for the TiO;, coated nanoparticles display
a peak around 25 degrees, which confirm the presence of the TiO2 in its anatase

phase. However, the pattern is dominated by CoFe,04 peaks.?*
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Figure 3.11: XRD pattern of CoFe20.@TiO2 coated nanoparticles.

VSM shows a drop in the magnetization moment between the uncoated and the coat-
ed nanoparticles from 86 to 30 Am?kg™. This suggests the presence of a non-magnetic

coating on the nanoparticles (Figure 3.12).
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o]
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Figure 3.12: VSM curve of CoFe20:@TiO2 nanoparticles.

Photocatalytic testing was carried out for this sample but very poor or no photocata-
Iytic activity was shown for this material. The direct deposition of TiO; on the surface
of CoFe;04 NPs can cause this decrease in the activity due to the interaction between
the magnetic core and TiO; leading to the transfer of charge across the point of con-

tact between materials.[?>) The recombination of electrons between both materials

66



Chapter 3 Core-Shell CoFe204 Nanostructures

would lower the oxidising or reducing power of the available electrons and holes and

would result in a lower photo activity.[2¢!

A silica shell was used in order to avoid this transference of electrons between the

metal oxide and the semiconductor.

3.3.4 Synthesis and Characterisation of CoFe:0:@Si0@TiO: Na-
noparticles Double Coated Core-Shell Nanostructures
CoFe204@Si0,@TiO2 nanoparticles have been prepared by hydrolysis of the titanium

tetrabutoxide precursor in the presence of the silica coated cobalt ferrite nanoparti-

cles following the scheme below (Figure 3.13).

Titanium (IV)butoxide
24 h stirring

Calcinatioh at 600°C' ' i

Figure 3.13: Reaction scheme for the coating of CoFe20.@SiO2 nanoparticles with a TiOz coating.

After applying the silica/titania double coating, the magnetic moment of the sample
dropped to 12 Am2kg™ (Figure 3.14) from 16 Am?kg™! measured for the silica coated
and 86 Am?kg™ for the uncoated CoFe;0s particles (Figure 3.15). This reduction in
magnetic moment suggests that the thickness of the non-magnetic coating has in-
creased. This is due to the presence of the TiO; shell, which is non-magnetic, resulting
in a lower overall magnetic moment. As the drop in magnetic moment from the silica
coated to the titania/silica coated particles is not significant, it indicates that the TiO2
coating is thin in comparison to the SiO; coating. This finding was also confirmed by

the TEM analysis (Figure 3.16).
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Figure 3.14: VSM curve of CoFe20.@SiO.@TiO: coated nanoparticles.
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Figure 3.15: Comparison of VSM curves of CoFe:0s (black line) CoFe:0:@SiO2 (green line) and
CoFe204@Si02@TiO2 nanoparticles (purple line).

The TEM images of the double-coated CoFe>0s sample are presented Figure 3.16. The
TEM images clearly showed the presence of two types of coating on the CoFe204 na-
noparticles. The dominating coating around the core is the SiO; shell of approximately
50 nm thickness. The second coating being TiO2 covers the silica shell. However, the
TiO2 does not form a uniform solid coating on the SiO,. Isolated TiO, fragments cover-

ing the nanoparticle can also be observed in the TEM images. The underlying reason
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for this phenomenon is most likely the lattice mismatch between the crystalline SiO;

and TiO; phases.

Figure 3.16: TEM images of CoFe204@Si0@TiO: nanoparticles.

The Energy Dispersive X-ray (EDX) analysis of the CoFe0.@SiO.@TiO2 sample con-
firms the presence of elements corresponding to the chemical composition and is fur-

ther proving the formation of a double layer coating (Figure 3.17).
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Figure 3.17: Energy Disperse X-Ray (EDX) analysis of CoFe20:@TiO2@SiO2 nanoparticles.
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Figure 3.18: Raman spectra for the double-coated CoFe0:.@SiO@TiO: nanoparticles sintered at
600 °C for 1 h.

Figure 3.18 presents the Raman spectrum of the double-coated CoFe,04@SiO,@TiO>
nanoparticles sintered at 600 °C for 1 h. The peak at 146 cm™ is indicative of the pres-
ence of TiOz in the anatase phase, although the rutile phase also exhibits a peak
around this area. Since it is a weak signal, this peak is most likely due to the anatase
phase. However, further peaks at 450 cm™ and 614 cm™ would suggest TiO; in the ru-
tile phase but these peaks could be masked by the presence of the characteristic peaks
of CoFe204 NPs. However, the hypothetical presence of different phases of TiO2 could
be due most likely to the heat treatment of the nanoparticles. Some of the TiO: pre-
sent may have converted from the amorphous phase to the anatase phase while some
may have further converted to the rutile phase resulting in a mixture of phases on the
NP surface. This transition originates from the anatase phase being the kinetic product
of the heat treatment, whereas the rutile phase is the thermodynamic product. The
sintering at 600 °C may be too high of a temperature to ensure the sole formation of

the anatase phase.?”)
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3.3.5 Catalytic Activity of Double-Coated CoFe:0:@Si0:@TiO:

Core-Shell Nanoparticles in Methylene Blue

The double-coated CoFe 0:@SiO.@TiO, core-shell nanoparticles were tested as pho-
tocatalysts in the degradation of methylene blue (MB), which is used as a standard dye
to test photocatalytic performance (Figure 3.19). The adsorption of MB onto the sur-
face of TiO; is facilitated through the cationic charge present at the amine or sulphur
group of the dye interacting with the negative charged TiO, coating. The photo-
degradation of MB proceeds by the oxidation of the sulphur groups due to the produc-

tion of photo holes and OH radicals. (28
S OGRS & &
\'IJ S/ T/ \r\lI S "ll/

Figure 3.19: Reaction scheme for the photocatalytic oxidation of MB on the surface of
CoFe04@Si02@TiO2 NPs. [28]
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The CoFe;0,@Si0.@TiO; core-shell NPs were sintered at 600 °C and then used for
photo-catalytic testing. As soon as the NPs were added to the MB solution, the ab-
sorbance intensity at 664 nm decreased. The decrease was more rapid than one in the
control sample without the NPs. This describes a clear indication of photo-catalytic ac-

tivity for these samples.

Figure 3.20 displays the decrease in absorbance of the MB dye over time in the pres-
ence of the sintered CoFe,04@SiO,@TiO2 NPs under UV illumination (top left) versus
a control with no NPs present (top right), a control in the presence of the mono-
coated CoFe;0:@SiO; nanoparticles (bottom left) and a control using the
CoFe04@Si02@TiO; particles without UV illumination (bottom right). As shown, the
rate with which the absorbance decreases in the presence of the illuminated double-
coated particles is much higher than those for the different control samples. This
shows that the TiO, coating is responsible for catalysing the photo-oxidation of the dye
molecules. The slight decrease in absorption that can be observed in the different con-

trol samples is most likely due to partial bleaching of dye molecules under the UV light.
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Another explanation could be the adsorption of dye molecules to the surface of the

nanoparticles, especially in the case of the control sample with no UV illumination.
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Figure 3.20: Evolution of UV-Vis absorbance spectra of methylene blue in the presence of active
photocatalysts and control samples.

The blue shift of the absorption band can be attributed to the less intense colour of
MB due to the degradation of part of the auxochromic groups (methylamine or me-

thyl) attached to the chromophoric system. (2930

The following Figure 3.21, on the left, shows the changes in the absorbance maximum
of the dye are plotted against the reaction time for the CoFe;04@SiO.@TiO; nanopar-
ticles sintered at 600 °C. When the core-shell nanoparticles are added as a catalyst a
pseudo first order reaction can be observed, as visible from plotting of the Ln A: versus
time (Figure 3.21, right). This is in line with previous reports on TiO; nanoparticles and
their photocatalytic activity.[?> 31-33] For the control tests, a linear drop of the absorb-

ance over time can be observed. This demonstrates that the bleaching of the dye un-
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der UV light is a linear reaction and is independent of the concentration of MB. Addi-
tionally, it can be noticed that the CoFe20:@SiO,@TiO2 nanoparticles of are complete-
ly recoverable from the reaction mixture. This can be done using a simple magnetic

separation method based on the use of a permanent magnet as demonstrated in Fig-

ure 3.22.
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Figure 3.21: Graphs showing the change in main dye absorbance over time for photocatalytic activity
(left) and the inverse of the maximum absorbance (right).

Figure 3.22: Photograph showing the removal of CoFe:0.@SiO:@TiO2 nanoparticles using a
permanent magnet.
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3.4 Synthesis and Characterization of CoFe:0:@Ce0O2 Nanocom-

posites

3.4.1 Synthesis of CoFe:0,.@Ce02 Nanocomposites

CoFe;04 nanoparticles were synthesized using the co-precipitation method mentioned
in section 3.1.1. The CeO; coating was produced by hydrothermal precipitation of ceri-
um (lll) nitrate hexahydrate (Ce(NOs);-6H,0) with hexamethylenetetramine (HMT) in
the presence of the magnetic nanoparticles. A defined amount of cerium salt and HMT
were dissolved in 100 mL of water and added to a solution containing 50 mg of
CoFe204 nanoparticles dispersed in 100 mL. The mixture was sonicated for 30 min and
allowed to stir overnight. The final product was washed three times with water and

dried under vacuum. The resultant grey powder was calcinated at 600 °C for 1 hour.

Figure 3.23 shows TEM images obtained for CoFe,04@CeO; nanoparticles. A deposi-
tion of CeO; can be observed on the surface on the magnetic nanoparticles. Size dis-
tribution does not change considerably from that of the original non-coated CoFe;04
nanoparticles that was calculated in the range between 20 and 100 nm. We can also
see some raspberry-like structures where the large core CoFe,04 particles are coated

by very small (2-4 nm) CeO; nanoparticles.

. x oo

Figure 3.23: TEM images of CoFe204@Ce02 nanocomposites.
VSM curves show the influence of the thickness of a non-magnetic deposition on the
magnetic moment of the CeO, coated NPs. The saturation magnetization of naked
nanoparticles was found to be 63 Am?kg? and the value obtained after the CeO;

deposition was very similar with 60 Am?kg?. The magnetic bahaviour of the
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nanoparticles does not suffer an significant drop which suggests that the thinkness of

the non-magnetic material is not substantial.
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Figure 3.24: VSM curves of CoFez04 (black) and CoFe204@CeO: (green) nanoparticles.

XRD pattern of CoFe;04@CeO; NPs (Figure 3.25), exhibits the characteristics peaks for
the spinel structure of cobalt ferrite at (111), (220), (311), (222), (400), (422), (511) and
(440). In addition, the formation of a face-centered cubic phase (FCC) from ceria was

observed at (111), (200), (220), (311) and (222).B34
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Figure 3.25: XRD pattern of CoFe:04@Ce0O2 nanoparticles.

Figure 3.26 shows the Raman spectrum of CoFe,0s@CeO; NPs. There are peaks at 469
cm™ and 680 cm™ that indicate the presence of cobalt ferrite. The broad peak centred
around 469 cm might contain the Raman active mode F2g of the cubic fluorite type
lattice for CeO.. However this is unclear due to the large masking caused by the cobalt

ferrite peaks.°!
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Figure 3.26: Raman spectra of CoFe20.@Ce0O: nanoparticles.

76



Chapter 3 Core-Shell CoFe204 Nanostructures

3.4.2 Catalytic Activity of CoFe20.:@Ce0O: Nanoparticles

CoFe204@Ce02 nanoparticles as synthesized were used in the catalytic testing of the
degradation of methylene blue. The catalytic activity test was carried out both under
UV and under daylight radiation. The concentrations of MB were calculated from the
UV-vis absorption studies using Beer-Lambert’s law at the maximum wavelength (Amax

=664 nm).

Figure 3.27 presents the UV-Vis spectrum of the changes in MB concentrations under
UV radiation over 1 hour in the presence of CoFe;04@CeO2 NPs. From the spectrum it
can be seen that the main adsorption peak of the dye in UV-Vis region decreases con-

firming the degradation of the dye caused by the catalytic activity of the NPs.
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Figure 3.27: UV-Vis Spectrum to show the photo-catalytic activity of CoFe20.@Ce0O2 nanoparticles
under UV radiation.

The changes in absorbance of the dye versus the reaction time for CoFe;04@CeO2 NPs
are presented in Figure 3.28, left. When plotting the Ln (Ai/Ao) versus the time it can
be seen that the reaction follows pseudo first order kinetics, where Ln (At/Ao) = kt ,
with k as the apparent rate constant (min'), A the absorbance of dye at time (t) and
Ao is the initial absorbance, (Figure 3.28, right).?! Using Beer-Lambert’s law, the con-
centration can be substituted by the absorbance of the dye at the peak absorption

(664 nm).
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Figure 3.28: Graphs showing the change in absorbance of the dye over time to prove catalytic activity
(left) and the natural log of the maximum absorbance (right) for CoFe:0:@Ce0O2 nanoparticles under
UV light.

The same procedure as previously described was followed to test the photocatalytic
activity of the material under day light radiation. UV-Vis spectra were recorded every
10 min to follow the degradation of the dye in the presence of the CoFe,0s@CeO
nanoparticles whilst being expose to daylight. Figure 3.29 shows the drop in the max-

imum absorbance over time.

CeO; is an n-type semiconductor, with a larger number of electrons than holes, whose
bandgap has been reported to be close to 2.76 eV, although this can vary depending
on the method of preparation. Catalytic properties can be attributed to oxygen vacan-
cies caused by the formation of Ce®* ions defects sites in the grain boundaries. This

phenomenon can lead to a decrease in the band gap.(”

However, despite the reasonable band gap, the catalytic activity for CeO, coated na-
noparticles is low, which can be caused by a poor adsorption of the dye. Nevertheless,
there is no need for an extra light source for catalytic activity of ceria coted nanopar-

ticles, as was the case for the CoFe,04@Si0.@TiO; NPs.138!
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Figure 3.29: Evolution of UV-Vis spectra of dye in the presence of CoFe20:@Ce0: nanoparticles under
daylight radiation.

Kinetics calculations for CoFe;0s@CeO2 NPs show similar results to those already
mentioned in previous experiment. The degradation of MB in the presence of

CoFe,04@Ce0; nanoparticles follows a pseudo first order reaction (Figure 3.30).
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Figure 3.30: Graphs showing the change in main dye absorbance over time for photocatalytic activity
(left) and the natural log of the maximum absorbance (right) for CoFe20.@Ce0Os nanoparticles under

solar light.
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3.5 Synthesis and Characterization of Ag coated CoFe:0:@D-
Pen@Si0;-TiO2 Nanoparticles.

CoFe20:,@D-Pen@SiO2 NPs were synthesized following the Stéber method.*°! As men-
tioned in previous sections, this method involves the condensation and polymerization
of TEOS using NH4OH as the catalyst of the reaction. In this case, the magnetic core
employed was CoFe,0s@D-Pen. These nanoparticles were synthesized using a co-
precipitation method with D-Pen as stabilizer. (Synthesis and characterization in sec-

tion 4.3.2)

Figure 3.31: TEM images of CoFe20:@D-Pen@SiO2 NPs.

TEM images show a magnetic core of 70 nm diameter coated with a regular silica shell

between 15 and 20 nm in thickness.

VSM in Figure 3.32 shows the magnetic moments of both the magnetic core and the
silica coated nanoparticles. The value for CoFe;0s@D-pen NPs has been determined
to be 62 AmZkgt. With a magnetic moment of 49 Am?kg™, there is a reduction in the
saturation magnetization for the silica coated nanoparticles due to the presence of the

non-magnetic silica coating.
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Figure 3.32: VSM curves of CoFe:04@D-pen (black) and CoFe204@ D-pen@SiO2 NPs (green).
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Figure 3.33: FTIR spectrum of CoFe20.@D-Pen@SiO2 NPs.

The FTIR spectrum of CoFe,0s@D-Pen@SiO, shows absorption bands which can be
assigned to the symmetrical and asymmetrical vibrations of the Si-O-Si bond and the
stretching vibration of the hydroxyl group, 800, 950, and 1100 cm™, respectively. The
stretching O-H band for water appears between 3200 cm™ and 3500 cm™ and the vi-
brational stretching mode at 1620 cm™.B3% Spinel ferrites have two metal-oxygen

bands; the highest one in the range of 600-550 cm™ corresponds to intrinsic stretching
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vibration of the metal at the tetrahedral site, whereas the lower band is assigned to an
octahedral metal stretching appearing in the range of 450-385 cm™. In a spinel ferrite

structure, octahedral and tetrahedral site can be occupied by either metal.[#!

3.5.1 Synthesis and Characterization of Ag coated CoFe:0.@D-

Pen@Si0: nanoparticles

The deposition of Ag on CoFe,04@D-Pen@SiO,@TiO2 was carried out in two steps. In
the first step, the CoFe;04@D-Pen@SiO.@TiO; nanoparticles have been prepared by
hydrolysis of the titanium tetrabutoxide in the presence of CoFe;04@D-Pen@SiO; na-
noparticles. In the second step, the deposition of Ag on the previously prepared
CoFe04@D-Pen@SiO,@ TiO2 nanoparticles was achieved by reduction of Ag* ions in
N,N-dimethylformamide (DMF). The mixture was stirred for 24 hours. The resultant
material was washed three times with ethanol and dried under vacuum. The black

powder was calcinated at 600 °C for 1 hour.

Lozum,

Figure 3.34: TEM images of Ag deposited on CoFe;0:@D-Pen@SiO>@TiO2 NPs.

TEM images show the formation of the deposition of small silver nanoparticles (15-20
nm) on the surface of CoFe204@D-Pen@SiO,@TiO2 nanocomposites forming raspber-
ry- like nanostructures. Small nanoparticles can also be observed on the silica shell;

these dots are due to the nucleation of silver nanoparticles.
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Special care has to be put during the synthesis in order to control the size of silver NPs.
The rate constant of the catalytic reaction for silver nanoparticles is size dependant

and becomes negligible below 2nm or above 50nm.[4!]

Metallic nanoparticles such as Au, Ag and Cu show surface plasmon absorption due to
the oscillations of the free conduction band electrons that are induced by the incident

electromagnetic radiation.

When one of these metals is deposited on the surface of a semiconductor, the light is
absorbed firstly by the plasmonic material. The energy created in the process of the
surface plasmon resonance (SPR) excitation is then transferred to the semiconductor.
This would result in an enhancement in the photocatalytic activity under visible light

for semiconductors, such as TiO,, with poor activity under visible light.

The presence of metal NPs is confirmed by the observation of the SPR in the visible
region of the spectrum (Figure 3.35). This absorption value is affected by the size na-
noparticles.*?) The maximum absorption peak appears around 370 nm. For Ag NPs this
broad peak appears between 400-500 nm depending on the size of the nanoparticles.
This blue shift can be related to the accumulation of electrons on TiO; that are trans-

ferred to the metal NPs.[43!
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Figure 3.35: Absorption spectum of Ag coated CoFe20:@D-Pen@SiO2@TiO2 NPs.
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At the beginning of the photocatalytic process in the presence of TiO;, electron-hole
pairs are formed. The generated holes react with H,O and OH" groups present on the
surface of the semiconductor to produce hydroxyl radicals whilst electrons are attract-
ed to the metal particles due to the difference in the work functions between TiO; and
metal nanoparticles.[**! This mechanism hinders the electron-hole recombination pro-
cess. Metal nanoparticles in the TiO; act as an electron sink improving the charge sep-
aration and increasing the number of electrons reaching the surface for the reaction to

take place.!*!

3.5.2 Catalytic Activity of Ag Coated CoFe:04@D- Pen@Si02@TiO:

Nanoparticles

Figure 3.36 shows UV-Vis spectra for the degradation of MB using silica coated nano-
particles. This experiment was carried out under UV-Vis light and with the conditions

described before allowing the comparison of the results.
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Figure 3.36: Photocatalytic test of CoFe:04@ D-Pen@SiOz nanoparticles under UV light.
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There is a decrease in the absorption after the adsorption of the dye on the surface of
the nanoparticles. This can be due to adsorption capacity of porous silica shell on the
surface of the nanoparticles.[*®! After reaching the equilibrium, there is no evidence of

catalytic activity for this material, as the absorbance remains constant.

Changes in absorption of the MB solution at different times under the effect of day-
light using Ag doped nanocomposites are shown in Figure 3.37. No extra light source
was used for this experiment. The solution was allowed to stir in the dark in the pres-
ence of the nanoparticles to permit the adsorption-desorption of the dye on the sur-

face of the nanoparticles for 1 hour.

Once the equilibrium was reached the changes in absorbance were measured every 10

min. Although slow, some gradual decrease in the absorbance can be observed.
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Figure 3.37: Photocatalytic test of Ag/TiO2 coated CoFe20:@D-Pen@SiO2 nanocomposites under day-
light.

Changes in the absorbance maximum of the dye versus the reaction time for the Ag
doped nanocomposites are presented in Figure 3.38. The disappearance of MB follows

a pseudo-first order kinetics (Figure 3.38, right).
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Figure 3.38: Graphs showing the change in main dye absorbance over time for photocatalytic activity
(left) and the natural log of the maximum absorbance (right).

In spite of the obvious difference, if these results are compared with those in section
3.3.5 for simple TiO2 nanocomposites under UV light, it can be seen that Ag-TiO, mag-
netic NPs display a lower photocatalytic activity. After 1 hour of reaction, the degrada-
tion of MB using Ag-TiO, does not reach the 50% while using TiO; is higher than that

percentage.

However, the photocatalytic activity of TiO.-Ag nanocomposites is higher when no UV
light source is used. This can be attributed to different factors; the photocatalytic ac-
tivity of TiO2-Ag nanocomposites depends on the size and loading amount of Ag nano-
particles. The overloading of Ag ions can lead to a reduction of the active surface area
due to the decrease in active catalytic sites on the surface of TiO, which would affect
the catalytic activity.*”2 Moreover, the size and size distribution of Ag nanoparticles
are very important as they affect the maximum of absorbance for these nanoparticles.
In our case (Figure 3.35), the sample has quite a broad absorbance spectrum with the
maximum around 370 nm. Thus the higher photocatalytic activity of nanoparticles un-
der daylight could be explained by the broad absorbance of the nanoparticles covering

the spectral band between 300 and 700 nm.

The enhancement on the photocatalytic activity with a metal is deposited on TiO; aris-
es from the difference between the Fermi levels between them. To clarify, Fermi levels
of novels metal are lower than that of TiO; so excited electrons can be transferred

from the conduction band of TiO, to Ag deposited on the surface of TiO,.[48!
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3.5.3 Synthesis and Characterization of Au/TiO: Coated
CoFe:0:@D-Pen@SiO; Nanoparticles

The preparation of gold- and TiO2 coating was performed following a sol-gel method
with CoFe,04@D-Pen@SiO; nanoparticles as magnetic core. A defined amount of
CoFe204@D-Pen@SiO; nanoparticles was dispersed in ethanol and titanium (IV) butox-
ide (Ti(OBu)s)was added to the mixture. Separately, 5 mL of a 0.1 M tetrachloroauric
acid (HAuCls-4H20) aqueous solution and 15 mL of acetic acid were dissolved in etha-
nol and added dropwise to the solution containing magnetic nanoparticles and titani-
um precursor. The mixture was sonicated for 2 hours and let to stir overnight. The re-

sultant powder was washed with ethanol and dried under vacuum.

TEM images (Figure 3.39) show mainly the formation of magnetic NPs with some coat-
ing. Although, it is difficult to distinguish between the silica and the TiO2 due to the
similar contrast in TEM. It may be possible to identify an incomplete TiO, coating on
the edge of the silica coating. Darker points in the images suggesting more dense ma-

terial, which can be attributed to Au nanoparticles formed on the surface of the nano-

composites.

Figure 3.39: TEM images of Au doped /TiO2 doped CoFe;0s@D-Pen@SiO2 NPs.

3.5.4 Catalytic activity of Au doped /TiO: doped CoFe:0:@D-

Pen@SiOz nanoparticles

The same protocol described previously was followed to test the photocatalytic activi-

ty of Au coated CoFe;04@D-Pen@SiO,@TiO; nanoparticles. MB was used as a dye to
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test the efficiency of the material. Two different tests were carried out; one under UV

light and one using solar light.

After 140 min, the absorbance decreased by around 35% when the experiment was

carried out under UV radiation (Figure 3.40, left). In the case of the experiment carried

out under daylight for 110 min, the absorbance decreased by around 32% (Figure 3.40,

right).
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Figure 3.40: Photocatalytic test of Au/TiO2 coated CoFe;04@D-Pen@SiO; under UV light (left) and

solar light (right).

88



Chapter 3 Core-Shell CoFez04 Nanostructures

8 s (a)

(=

©

2

[

O 0.8 -

73

Q -

<

x L

S 0.7-

=

0 40 80 120 0 40 80 120 160
Time (min) Time (min)
0.64-

(] - 004 =

: (c) (d)
£ 050
Ko}

[

O 0.56-

(7] .
2
<L (52

b

m L
= 0.48- .

0 10 20 30 40 50 0 10 20 30 P 50
Time (min) Time (min)

Figure 3.41: Graphs showing the change of maximun absorbance over time for photocatalytic activity
of Au doped /TiO; doped CoFe:0:@D-Pen@SiO: (a) and the Ln(At/Ao) under UV light (b). Maximun
absorbance over time for photocatalytic activity of Au doped /TiO2 doped CoFe20s@D-Pen@SiO: (c)
and Ln(A¢/Ao) under daylight (d).

Au/TiO; coated CoFe;04@D-Pen@SiO; nanocomposites completes the work carried
out in TiO; coating, broadening the range of reaction to be carried out due to it is not

necessary the use of extra light source for the catalyst to perform catalytic activity.

3.6 Conclusions

In conclusion, this work has resulted in the development of various cobalt ferrite
nanocomposites, which were prepared by co-precipitation and sol-gel techniques. Alt-
hough the SiO; coating is relatively easy to produce, the complete TiO; coating on sili-
ca is much more challenging to achieve. The double layer coated CoFe20:@SiO>@TiO:
nanostructures demonstrated promising properties. The TEM, EDX, VSM, XRD and
Raman spectroscopy confirm the presence of TiO; layer, although its thickness is very
thin. Despite the additional non-magnetic coatings result in a lower value of the mag-
netic moment, the particles can still be recovered from the reaction by magnetic sepa-
ration. The production of photocatalytic active anatase/rutile phases on the surface of
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the nano-structures after the sintering of CoFe,04@SiO,@TiO; at 600 °C enables effi-

cient photocatalytic oxidation of methylene blue under UV light.

CoFe,04@Ce0; nanocomposites were prepared and the presence of crystalline cubic
phase of CeO2 was confirmed by XRD. TEM images showed that the coating consisted
in a deposition of CeO; nanoparticles on the surface of cobalt oxide magnetic nanopar-
ticles. Catalytic activity of the nanocomposites was confirmed by the oxidation of

methylene blue under UV light.

Ag deposited on CoFe>04@D-Pen@SiO»-TiOz2nanoparticles was carried out by the re-
duction of Ag* ions in DMF. Deposition of Ag nanoparticles was confirmed by TEM im-

ages. Catalytic studies of methylene blue were performed with promising results.

Au/TiO2 coated CoFe;04@D-Pen@SiO2 has been shown to catalyse the oxidation of
methylene blue under different conditions. This surpasses the limitations offered by
CoFe204@Si0,@TiO; nanostructures in which it is necessary the use of UV light to ac-

tivated the photocatalyst.

Overall, the retention of magnetism in these core-shell nanostructures is of particular

importance allowing the magnetic recovery and re-use of the catalyst.

90



Chapter 3 Core-Shell CoFez04 Nanostructures

References

[1] W. Zhou, B. A. Merrick, M. G. Khaledi, K. B. Tomer, J. Am. Soc. Mass Spectrom.
1999, 11, 273.

[2] S. Xuan, W. Jiang, X. Gong, Y. Hu, Z. Chen, The Journal of Physical Chemistry C
2009, 113, 553-558.

[3] R. Chalasani, S. Vasudevan, ACS Nano 2013, 7, 4093-4104.

[4] S.-w. Lee, J. Drwiega, C.-Y. Wu, D. Mazyck, W. M. Sigmund, Chemistry of
Materials 2004, 16, 1160-1164.

[5] S. Rana, R. S. Srivastava, M. M. Sorensson, R. D. K. Misra, Materials Science and
Engineering: B 2005, 119, 144-151.

(6] D. Beydoun, R. Amal, G. K. C. Low, S. McEvoy, The Journal of Physical Chemistry
B 2000, 104, 4387-4396.

[7] P. M. Alvarez, J. Jaramillo, F. Lopez-Pifiero, P. K. Plucinski, Applied Catalysis B:
Environmental 2010, 100, 338-345.

(8] X. Song, L. Gao, Journal of the American Ceramic Society 2007, 90, 4015-4019.

[9] C. Wang, L. Yin, L. Zhang, L. Kang, X. Wang, R. Gao, The Journal of Physical
Chemistry C 2009, 113, 4008-4011.

[10] ). Safari, Z. Abedi-Jazini, Z. Zarnegar, M. Sadeghi, J Nanopart Res 2015, 17, 1-10.

[11] L. Zhang, Z. Wu, L. Chen, L. Zhang, X. Li, H. Xu, H. Wang, G. Zhu, Solid State
Sciences 2016, 52, 42-48.

[12] Y. Zhao, C. Tao, G. Xiao, G. Wei, L. Li, C. Liu, H. Su, Nanoscale 2016, 8, 5313-
5326.

[13] X. Zhang, Y. Zhu, X. Yang, Y. Zhou, Y. Yao, C. Li, Nanoscale 2014, 6, 5971-5979.

[14] C. L, R. Younesi, Y. Cai, Y. Zhu, M. Ma, J. Zhu, Applied Catalysis B:
Environmental 2014, 156-157, 314-322.

[15] D. Biswal, B. N. Peeples, C. Peeples, A. K. Pradhan, Journal of Magnetism and
Magnetic Materials 2013, 345, 1-6.

[16] M. Grigorova, H. Blythe, V. Blaskov, V. Rusanov, V. Petkov, V. Masheva, D.
Nihtianova, L. M. Martinez, J. Munoz, M. Mikhov, Journal of magnetism and
magnetic materials 1998, 183, 163-172.

[17] T. A.S. Ferreira, J. C. Waerenborgh, M. H. R. M. Mendonga, M. R. Nunes, F. M.
Costa, Solid State Sciences 2003, 5, 383-392.

[18] Y.l Kim, D. Kim, C. S. Lee, Physica B: Condensed Matter 2003, 337, 42-51.

[19] W. Stober, A. Fink, E. Bohn, Journal of Colloid and Interface Science 1968, 26,
62-69.

[20] G. Shemer, E. Tirosh, T. Livneh, G. Markovich, The Journal of Physical Chemistry
C2007,111,14334-14338.

[21] S.-W. Lee, R. Condrate Sr, Journal of materials science 1988, 23, 2951-2959.

[22] ). Hu, Y. Bando, J. Zhan, X. Yuan, T. Sekiguchi, D. Golberg, Advanced Materials
2005, 17,971-975.

[23]  W. Fu, H. Yang, M. Li, M. Li, N. Yang, G. Zou, Materials Letters 2005, 59, 3530-
3534.

[24] C.Su, B.Y. Hong, C. M. Tseng, Catalysis Today 2004, 96, 119-126.

[25] D. Beydoun, R. Amal, G. Low, S. McEvoy, Journal of Molecular Catalysis A:

Chemical 2002, 180, 193-200.

91



Chapter 3 Core-Shell CoFe204 Nanostructures

[26]

[27]
(28]

[29]
(30]
[31]
(32]
(33]
(34]
[35]

[36]

(37]

(38]
(39]
[40]
[41]
(42]

[43]
(44]

[45]
[46]
(47]

(48]

92

M. I Litter, J. A. Navio, Journal of Photochemistry and Photobiology A:
Chemistry 1994, 84, 183-193.

U. Balachandran, N. G. Eror, Journal of Solid State Chemistry 1982, 42, 276-282.
A. Houas, H. Lachheb, M. Ksibi, E. Elaloui, C. Guillard, J.-M. Herrmann, Applied
Catalysis B: Environmental 2001, 31, 145-157.

T. Zhang, T. Oyama, A. Aoshima, H. Hidaka, J. Zhao, N. Serpone, Journal of
Photochemistry and Photobiology A: Chemistry 2001, 140, 163-172.

P. Periyat, D. E. McCormack, S. J. Hinder, S. C. Pillai, The Journal of Physical
Chemistry C 2009, 113, 3246-3253.

X.-Q. Gong, A. Selloni, The Journal of Physical Chemistry B 2005, 109, 19560-
19562.

A. Fujishima, X. Zhang, D. A. Tryk, Surface Science Reports 2008, 63, 515-582.

S. C. Pang, S. Y. Kho, S. F. Chin, Journal of Nanomaterials 2012, 2012, 125.

A. D. Liyanage, S. D. Perera, K. Tan, Y. Chabal, K. J. Balkus, ACS Catalysis 2014, 4,
577-584.

B. M. Reddy, A. Khan, Y. Yamada, T. Kobayashi, S. Loridant, J.-C. Volta,
Langmuir 2003, 19, 3025-3030.

D. Channei, B. Inceesungvorn, N. Wetchakun, S. Ukritnukun, A. Nattestad, J.
Chen, S. Phanichphant, Sci. Rep. 2014, 4.

G. Magesh, B. Viswanathan, R. Viswanath, T. Varadarajan, Indian journal of
chemistry. Section A, Inorganic, bio-inorganic, physical, theoretical & analytical
chemistry 2009, 48, 480.

M. Srinivasan, T. White, Environmental Science & Technology 2007, 41, 4405-
4409.

A. Beganskieng, V. Sirutkaitis, M. Kurtinaitiené, R. Juskénas, A. Kareiva, Mater
Sci (Medziagotyra) 2004, 10, 287-290.

E. Karaoglu, A. Baykal, Journal of Superconductivity and Novel Magnetism 2014,
27,2041-2047.

C. Liu, D. Yang, Y. lJiao, Y. Tian, Y. Wang, Z. Jiang, ACS Applied Materials &
Interfaces 2013, 5, 3824-3832.

P. Sangpour, F. Hashemi, A. Z. Moshfegh, The Journal of Physical Chemistry C
2010, 114, 13955-13961.

A. Takai, P. V. Kamat, ACS Nano 2011, 5, 7369-7376.

A. Syoufian, K. Nakashima, Journal of Colloid and Interface Science 2008, 317,
507-512.

J. Sa, M. Fernandez-Garcia, J. A. Anderson, Catalysis Communications 2008, 9,
1991-1995.

M. Dogan, M. Alkan, Y. Onganer, Water, Air, and Soil Pollution 2000, 120, 229-
248.

Y. Chi, Q. Yuan, Y. Li, L. Zhao, N. Li, X. Li, W. Yan, Journal of Hazardous Materials
2013, 262, 404-411.

M. Jakob, H. Levanon, P. V. Kamat, Nano Letters 2003, 3, 353-358.



Chapter 4 Amino Acids Stabilised Cobalt Ferrite

Chapter 4. Amino Acids Stabilised Cobalt Ferrite Nano-

particles

4.1 Introduction

Properties of nanomaterials are different from those of corresponding bulk materials
and have been shown to be strongly size and shape dependent. The interest in achiev-
ing identical physical and chemical properties has led to an increasing effort to develop
synthetic protocols to produce monodispersed and controlled size materials. This is
essential to understand and investigate the relationship between properties and parti-

cles sizes.[13

Moreover, the assembly of individual nanoparticles (NPs) into ordered building blocks
has also received attention due to their potential biological or magnetic recording ap-
plications. The structural characteristics of these nanostructures determine their phys-
ical properties, which are directly related to their morphologies. In the case of magnet-
ic materials, nanoparticles show superparamagnetic behaviour at room temperature
below a certain size. This property makes them suitable for an increasing number of
biomedical applications, as they lose the magnetization in the absent of an applied
magnetic field.[*5! Nevertheless, the small size of the NPs (around 10 nm) becomes a
disadvantage due to the difficulty to separate them effectively from the solution in the
presence of a moderate magnetic field causing some limitation in the use of these ma-
terials. The strategy to overcome this inconvenience is to form nanoclusters, which are

composed of small magnetic NPs maintaining the superparamagnetic behaviour.

The research in this field of new materials mainly studies the growth mechanism to
allow predictions towards their physical properties. In some classic theories, crystal
growth is thought to occur atom by atom with the dissolution of the less stable phase
in @ more stable one. The coarsening of small crystals into larger ones is the last stage
of the growing process, which would involve the continuous absorption and dissolu-

tion of the species present in the reaction.®7!
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Figure 4.1: Overview to explain crystal growth from nucleation clusters via primary nanoparticles to-
wards the formation of single mesocrystals.!®!

Similar to the classical theory, another mechanism illustrates the aggregation of parti-
cles until a more stable phase is achieved. Unstable nuclei will combine with already
formed stable nanoparticles in the reaction. These primary nanoparticles will arrange
in an oriented crystal, and subsequently, the NPs can fuse and form a single crystal.
The incorporation of organic molecules into the reaction can lead to the formation of a
mesocrystal, which is a colloidal crystal form. As a result, the mesoscopic transfor-

mation of NPs assemblies is followed by fusion to finally give a single crystal.®-10)

The formation of nanoclusters is the aggregation of individual crystals into a single
crystal or iso-oriented crystal led by self-assembly or fusion, which occurs in order to
minimize the surface free energy of the individual NPs. This is described by a different
mechanism of crystal growth. The “oriented attachment” model was presented by
Penn and Banfield in 1998.1'Y This kind of crystal growth also involves a crystallograph-
ic orientation derived from the crystal phase of the individual NPs, which form the final

structure. The resultant single crystal material does not have defects.

Although the production of a single crystal by oriented attachment can be achieved by
using organic ligands or without any ligand, in the case of the formation of magnetic

NPs (MNPs) the use of organic ligands is more common.
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Self-assembly of MNPs has been widely investigated to develop new bottom-up ap-
proaches. Surfactant or organic ligand assisted methods have been developed to pro-
duce these structures. Iso-oriented CoFe204 NPs assemblies made up of small primary
NPs were synthesised by Cannas et al. following a micellar method. Primary CoFe204
NPs of about 7 nm assemble themselves in aggregates of 50-60 nm in diameter, this
aggregation is facilitated by the interaction of the polar heads of the surfactant, sodi-

um dodecyl sulphate (SDS).[*2

Bao et al.l*3! developed a shape and structure controlled synthesis of CoFe;04 super-
paramagnetic nanostructures with spherical and cubic morphology. The self-
assembled nanostructures are composed of smaller spherical or rod-like CoFe;04 NPs.
The procedure consisted of a variation in the conditions of a previously developed pro-
tocol for the synthesis of monodisperse nanocrystals in a high-boiling point solvent
following a thermolysis route.!'15 Using an ascorbic acid hydrothermal method, Xiong
et al. fabricated CoFe;04 flower-like microspheres. The as-prepared material showed
great performance as anode materials for lithium-ion batteries. Due to their large sur-
face area, there is sufficient contact between active material and the electrolyte en-

hancing the electrochemical activity.[*®!

Other protocols used in the synthesis of nanostructured crystals based on CoFe,0; are,
for example, the combination of the sol-gel and hydrothermal method assisted by cit-
ric acid as a ligand.[*”! The co-precipitation method assisted by oleic acid and fatty ac-
ids also lead to the formation of CoFe204 assemblies. By changing the concentration of
oleic acid, the size of the spheres can be controlled, showing that is a critical parame-

ter during their formation.[*8)

Among the spinel ferrite materials, cobalt ferrite (CoFe204) has been investigated be-
cause of its outstandingly properties such as mechanical hardness, moderate satura-
tion magnetization (Ms = 80 emu/g), magneto crystalline anisotropy ((K1 = 270 x10% )
m3, K= x300 J m3) and chemical stability.[**! Due to these properties, CoFe;0a4 is an
excellent material for data storage, recording media, lithium-ion batteries or even bi-

omedical applications.[20-23]
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4.2 Aims of This Chapter

The main aims of this chapter are the development and characterization of new MNPs
synthesized in the presence of different amino acid as stabilizers. The effect of the dif-
ferent ligands and the concentration of ligand on the size, shape and properties of the
material are to be studied. The materials are to be characterized by VSM and TEM
analysis, XRD patterns and FTIR spectroscopy. This work is expected to develop a new
strategy and straightforward synthesis of magnetic materials that could be used in a

wide range of applications.

4.3 Preparation and Characterisation of Magnetic Nanoparticles

Stabilised by Chiral Ligands

4.3.1 Synthesis of Magnetic Nanoparticles Stabilised by Chiral
Ligands

The preparation of CoFe;04 stabilised by different chiral ligands was performed follow-
ing a modified co-precipitation method according to the procedure described by
Biswal et al.1*! The stoichiometric reaction of iron (1) chloride and cobalt (Ill) nitrate is
performed in water in the presence of the ligands. The subsequent addition of a base,
ammonium hydroxide in this case, leads to the formation of a black precipitate, mag-
netic cobalt ferrite. The precipitate was washed with ethanol until a neutral pH was

achieved and dried to yield a black powder.

As shown in Scheme 4.1 below, the presence of the nitrate anions from the cobalt (l1)
nitrate salt creates an oxidant environment which leads to the oxidation of Fe?* to Fe3*

giving Co?Fe3*),04 NPs as the final product.
2Fe?* + Co** +60H™ + 1/,0, > CoFe,0, + 3H,0

Scheme 4.1: Reaction scheme showing the preparation of cobalt ferrite nanoparticles using co-
precipitation.!?!

The different ligands used for the preparation of these materials were D-Penicillamine

(D-Pen), D- and L-Cysteine (D- and L-Cys), D- and L-Aspartic Acid (D-and L-Asp Acid), D-
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Glutamic Acid (D-Glu Acid) and L-Alanine (L-Ala). These ligands were incorporated in
the reaction mixture by adding a stoichiometric amount to the initial metal salts solu-
tions; the metal salts were each dissolved in 10 mL of Millipore water and a defined
amount of the ligand was added to each solution. The mixture was then transferred
into a RBF (Round-Bottom Flask) with 180 mL of Millipore water, and heated to the

required temperature for the different experiments.

4.3.2 CoFe:0,4 Stabilised by D-Penicillamine

Penicillamine (Pen) is a thiol amino acid and a strong chelating agent that can react
with heavy metal ions. Pen presents D- and L-enantiomer forms with different biologi-
cal behaviour. However, only the D-enantiomer is used in biological applications due

to the high toxicity of the L-enantiomer.[2%!

HO SH
NH,

Figure 4.2: Molecular structure of D-Penicillamine.

4.3.2.1 Concentration Effects on CoFe:0s; Stabilised by D-
Penicillamine

Following the co-precipitation method mentioned above, different experiments were

carried out for 1 hour by varying the concentration of the chiral ligand in order to un-

derstand its effect on the size, shape and properties of the NPs. D-Pen was used as a

ligand in the preparation of magnetic NPs.
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Table 4.1: Displays the concentration of ligand used for the different experiments.

Ligand Lattice param- M; dcore
Sample Conc. eter “a” (A)  (AmZkg?) (nm)
(mM)
DP1 0.85 8.416 52.3 4.7%1.1
DP2 1.7 8.382 53.2 -—--
DP3 3.4 8.443 9.51 3.8+0.9

The X-ray diffraction pattern of the powder of the samples synthesized with a varying
concentration of D-Pen identified the final product as CoFe;04 with an inverse spinel
structure (Figure 4.3). The main characteristic peaks at (111), (220), (311), (222), (400),
(422), (511) and (440) can be observed in the XRD pattern of the sample.[?”] Table 4.1
shows the lattice parameter, a, calculated for the different samples. The values are in

line with those of the known bulk material (a = 8.395 A).[28

(311)

(222) (422)
6004 (111)  (220) ’\/ (400) \(511) (440)

i o o i

*

&

Intensity (a.u.)
8

T W T T

20 40
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Figure 4.3: XRD patterns of DP1 (purple), DP2 (green) and DP3 (black).

Although the XRD pattern for the sample synthesized with a higher concentration of
ligand (DP3) has the main peaks identifying CoFe;0;, it also shows a peak at 23°. This
peak can be attributed to the presence of other oxides such as hematite (a-Fe203) in-

dicating that the reaction has also resulted in some amount of the side product.??! Dif-
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ferent studies in the formation and crystallization of CoFe,0s have demonstrated the

presence of these oxides in the first stages of the reactions.30

Figure 4.4: TEM images of CoFe;0:@D-Pen nanoparticles synthesized at different reaction times:
DP1 (a), DP2 (b) and DP3 (c).

TEM images of CoFe204 synthesized with 0.85 mM D-Pen (DP1) are shown in Figure 4.4
(a). The histograms with the size distribution of nanoparticles observed in the TEM im-
ages are shown in Figure 4.1. The average size was determined by analysing 100 nano-
particles and it was found to be 4.7 £ 1.1 nm for DP1 and 3.8 £ 0.9 nm for DP2. In the
case of the experiment carried out with 3.4 mM ligand (DP3), the aggregation of na-
noparticles and limited resolution in the images did not allow the determination of the

particle size. The TEM images showed spherical nanoparticles with a high degree of
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aggregation, leading to the formation of spherical, well define clusters and assemblies

of smaller nanoparticles.
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Figure 4.5: Particle size distribution histograms estimated for DP1 (left) and DP2 (right).

The magnetic nanoparticles prepared with the D-Pen ligand demonstrated superpar-
amagnetic properties at room temperature (300 K) because of the absence of coercivi-
ty and remanence. Generally, when the size of nanoparticles is smaller than the su-
perparamagnetic critical size, above the blocking temperature, the anisotropy is over-
come by its thermal fluctuation leading to the rotation of the moments among the dif-
ferent easy directions and superparamagnetism is exhibited. In other words, the hys-
teresis loop disappears and the magnetic direction of the nanoparticles follows the

direction of the applied magnetic field.’3!

The magnetization curve for the sample with lower concentration of ligand (DP1) dis-
plays a saturation magnetization of 52.3 Am?kg. This value is in the same range as the
magnetization saturation determined for the sample synthesized using the double
amount of the ligand, DP2 (53.2 Am?kg™). In the case of the sample synthesized with
3.4 mM of D-Pen (DP3), the saturation magnetization exhibits a significant reduction

of nearly 80% (Figure 4.6).
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Figure 4.6: VSM curves of CoFe204@D-Pen: DP1 (black), DP2 (green) and DP3 (purple).

Ms for the different experiments are displayed in Table 4.1 and Figure 4.6 shows the
magnetic curves. The saturation magnetization for the samples prepared with
0.85 mM ligand (DP1) revealed to have similar magnetization moment. In the case of
the sample prepared with 3.4 mM ligand the saturation magnetization was
9.51 Am?kg!, which is a considerable decrease compared to the other samples. These
values differ from those obtained for nanoparticles synthesized without of any ligand

(78 Am2kg!) and from those of the bulk material of CoFe204 (80 Am2kg™).

This is in line with previous publications, which confirm that the presence of organic
ligands during the synthesis of the magnetic material can affect the magnetic proper-
ties through ligand-metal bonding. This effect becomes predominant due to the large
surface area to volume ratio of the metal atoms in the clusters. It has been shown that
the use of m-acceptor ligands, such as carbon monoxide, can cause a reduction of the
saturation magnetization. The usage of o-donor ligands, such as amines, should not
affect the magnetic properties.?? Additionally, the adsorption of ligand during the
formation of the material decreases the saturation magnetization and the coercivity of

the magnetic material.l3?
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Figure 4.7: FTIR spectra of CoFe204@D-pen nanoparticles, DP1 (black), DP2 (green) and DP3 (purple).

The presence of anionic D-pen for all the samples could be confirmed by the FTIR
spectrum of CoFe;04s@D-pen nanoparticles (Figure 4.7) because the peak around
2332 cm™ is assigned to the aliphatic C—H bond stretching®¥ Bands in the region be-
tween 1300 and 1500 cm™ are complicated to assign due to the possible presence of
different modes, such as symmetrical stretching mode of CH> groups among other. 13
The band at 1600 cm™ and the broad peak around 3400 cm™ correspond to the
stretching vibrations of hydroxyl groups placed at the surfaces.3®! The peak at
1600 cm™ could also correspond to COO™ asymmetric stretching for anionic form of D-
pen®”l The small peak appearing around 2900 cm™ can be assigned to the thiol

groups. 38

Spinel ferrites have two metal-oxygen bands. The highest one in the range of 600-
550 cm* corresponds to intrinsic stretching vibration of the metal at the tetrahedral
site; whereas the lowest band is assigned to an octahedral metal stretching appears in
the range of 450-385 cm™. In a spinel ferrite structure, octahedral and tetrahedral site

can be occupied by either metal.3?

4.3.2.2 Time Effect on CoFe:04 Stabilised by D-Penicillamine

In order to understand the mechanism on the formation of the spherical aggregates,

the synthesis of CoFe;0s@D-Pen with 1.7 mM ligand (DP2) was followed over time.
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TEM images of the nanomaterials at the different time points during their preparation
are shown in Figure 4.9 and Figure 4.9. After 20 minutes, chiral ligand stabilized nano-

particles have already formed and the formation of spherical aggregates has begun.

Figure 4.8: TEM images of CoFe20.@D-Pen nanoparticles at 20 (a), 30 (b), 40 (c), 50 (d).
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Figure 4.9: TEM images of CoFe204@D-Pen nanoparticles at 70 (e), 90 (f) and 120 min (g).

Size distribution studies of the nanoparticles were performed for selected time points.

These studies gave information about the crystal growth during the reaction.

During the course of the reaction, the size of the nanoparticles increased gradually
from 3.6 £ 0.7 nm, after 20 min, to 4.2 + 0.8 nm after 90 min. The size average was cal-
culated as described before, using an average over 100 nanoparticles for each sample.

Due to the aggregation of the nanoparticles, this was not possible in all cases.

The increase in size of the nanoparticles after 90 min of reaction is not significant. This
might be due to the fact that, the nucleation and the growth of the nanoparticles oc-

curs within the first stage of the reaction.
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Table 4.2: Average size of CoFe:0s@D-Pen nanoparticles at different times.

Time (min) Diameter (nm)
20 3.6+0.7
30 3.9%+0.9
40 3.8+0.7
50 4.2 +0.8
60 4.5+0.9
70 4.1+0.8
90 4.2+0.8

The relationship between the nucleation step and the growth step during the synthe-
sis is directly related to the resultant particle size. In a normal reaction, without the
presence of any stabiliser, nucleation and growth take place almost simultaneously
when the reagents are mixed and are heated up. Further growth is related to an in-
crease in the temperature and the time during the process where smaller nanoparti-
cles dissolve and deposit on bigger nanoparticles, leading to what is called Ostwald
ripening or coarsening.[*) On the other hand, as it has been demonstrated before, the
use of chelating agent or additives to the reaction during synthesis has been shown to

affect the growth of the nanoparticles yielding a material smaller in size.[*!]
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Figure 4.10: Particle size distribution histograms estimated for the formation of CoFe:04@D-Pen

over various time points.
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Figure 4.11: XRD pattern of CoFe204@D-Pen nanoparticles at different times, 20 min (black), 30 min
(gold), 40 min (blue), 50 min (green) and 60 min (purple).

The X-ray diffraction pattern in Figure 4.11 shows graphs at different times. The for-
mation of the spinel structure can be observed since early stages during the reaction
(20 min) for the presence of the more intense peaks of the structure. However, peaks
get sharper as the reaction goes on, which is indicative of better crystallinity in the na-

noparticles.

Magnetization measurements showed the increase in the saturation magnetization
and the remanent magnetization for longer reaction times. Superparamagnetic behav-
iour was shown for all the experiments. Although it has been shown that CoFe;04 na-
noparticles are superparamagnetic in the range of 10-30 nm at room temperature it

can be assumed that the critical size lies below 10 nm.

Figure 4.12 shows the changes in the magnetization moment of the nanoparticles over
time. Ms is 24 Am?kg ! after 20 min reaction, decreasing after 60 min (53 Am?kg?) and

80 min reaction (44 Am?kg?).
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Figure 4.12: VSM curves of CoFe:0:@D-Pen nanoparticles at different times: 20 min (black), 60 min
(green) and 80 min (purple).

A higher Ms for samples prepared for longer periods is related to the difference in
crystallinity. Those samples with higher Ms have a higher crystallinity, which means
that the non-magnetic surface layer on the nanoparticles is thinner and has less su-

perparamagnetic relaxation.*?

4.3.2.3 Temperature Effect on CoFe:0: Nanoparticles Stabilised

by D-Penicillamine

Further experiments were performed to synthesise the nanoparticles using the condi-
tions described but varying the temperature during the reaction. The duration of the

reactions was 1 hour. TEM imaging was used to characterize the materials.
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Figure 4.13: TEM images of CoFe204@D-Pen nanoparticles at 50 (a), 60 (b) and 90 °C (c).

TEM studies showed that the average size of the nanoparticles is not affected by the
reaction temperature. A small increase in size with higher temperatures was observed,
but it was not significant and within the experimental error. This small increase could
be attributed to a possible error during the measurement of the nanoparticles or due

to the difficulty associated with the high grade of aggregation for some samples.
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Figure 4.14: Particle size distribution histograms estimated for the formation of CoFe:04@D-Pen at
different temperatures: 50 (a), 60 (b), 90 °C (c) and evolution of particle size with temperature (d).

Table 4.3: Size distribution of CoFe:0s@D-Pen at different temperatures.

Sample Temperature (°C) Diameter (nm)
DP4 50 3.8+0.7
DP5 60 3.9+0.8

DP6 90 4.4%0.38

Figure 4.15 displays XRD patterns of the CoFe,0s powders synthesized at different
temperatures. The patterns are in good agreement for those characteristic for the spi-
nel crystal structure. However, there is an increase in the sharpness of the peaks as
the temperature of the reaction is increased. As mentioned before, additional peaks

around 23° are present in the XRD patterns for lower temperature samples (50 and
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60 °C). These peaks can be explained by the presence of hematite (a-Fe203) that forms

as a side product.??
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Figure 4.15: XRD pattern of DP4 (black), DP5 (green) and DP6 (purple).

Table 4.4: Ms of CoFe204@D-Pen NPs at different temperatures.

Temperature (°C) Ms (Am?kg?)

60 ' 17.6

90 s ' 51.3

The analysis of the magnetic curves demonstrated that the temperature of the reac-
tion affects also the magnetization moment. For the experiments carried out at low
temperatures (50 and 60 °C) the saturation magnetization is similar (14.7 and
17.6 Am?kg?), these values show that they have a weak response to an external mag-
netic field which can be related with the poor crystallinity of the material as is shown
in the XRD graphs.*3! VSM curves show that these materials have superparamagnetic

behaviour.
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However, when the temperature was increased, the magnetization of the samples also
increased keeping the superparamagnetic regime, which is an indication that variation

of the temperature does not result in an increase in the size of the nanoparticles.

60
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Figure 4.16: VSM curves of CoFe20:@D-Pen nanoparticles synthesized at different temperatures; DP4
(black), DP3 (gold), DP2 (purple) and DP6 (green).

It has already been demonstrated that an increase in the temperature of the reaction
leads to a selective dissolution of Co (ll) ions, producing non-stoichiometric CoFe;04. In
addition, the presence of poorly crystalline iron oxides at low temperature can cause a

drop in the magnetic properties.[4*

4.3.2.4 Formation of Aggregates of CoFe:0:@D-Penicillamine

Nanoparticles

In addition to controlling the size of nanostructures when using organic ligands or sur-
factants during the synthesis of nanostructures it is also interesting to note the influ-
ence on the self-assembly of the particles. As it has been mentioned before, uniform
and large CoFe,0s aggregates, consisting of smaller magnetic nanoparticles, with
spherical shape of around 50 nm can be observed in TEM images. This reveals that sin-

gle nanoparticles merge into assemblies to form aggregates with spherical shape.
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If the process is followed over time, it can be noted that at the first stage small and
individual nanoparticles are formed. As the reaction proceeds, these particles merge
into ordered nanostructures (Figure 4.17). The mechanism that describes this phe-
nomenon is known as oriented attachment (Scheme 4.2). The free energy accumulat-
ed on the surface of randomly oriented nanoparticles drives to an aligned growth with
a particular orientation of the crystal in order to reduce this energy. This approach is in
agreement with previous publications.!*>¢! From the XRD and TEM data, a possible
interpretation is that the nanoparticles fuse together from single nanoparticles and
align alongside the preferential crystallographic orientation, as can be observed in

some of the TEM images from the lattice fringes shared by the NPs.

—>

ﬁ

Figure 4.17: Formation of nanoclusters. MNPs after 20 min (a), 40 min (b) and 70 min (c). Image
d shows an overview of the material at lower magnification.
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Scheme 4.2: Scheme showing the mechanism of oriented attachment of magnetic nanopar-
ticles.

Figure 4.18: CoFe204@D-Pen NPs after 70 min reaction forming a nanocluster (left) and FFT of
the material (right).

Figure 4.18 shows an individual nanocluster formed by the aggregation of smaller indi-
vidual nanoparticles. The figure on the right shows the FFT (Fast Fourier transform) of

the image on the left. Bright rings confirm the crystallinity of the material formed.

4.4 CoFe:04 Stabilised by D and L-Cysteine

As with penicillamine, cysteine is a thiol-containing amino acid with important biologi-
cal functions. It has been widely used as capping agent in the functionalization of na-
nomaterials. Particularly cysteine easily binds to metals ions via its thiols groups. Cys-

teine can be found in two enantiomeric forms, D- and L-cysteine.
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Figure 4.19: Molecular structure of L-Cysteine (left) and D-Cysteine (right).

The same procedure as applied in previous synthesis was followed in the synthesis of

CoFe204 with D-Cys and L-Cys.

Table 4.5: shows the concentration of ligand used in each experiment.

Ligand Concentration (mM)

D-Cys (DC2) ' 1.70

L-Cys (LC2) 1.70

TEM images of the sample synthesized with lower concentration of D-Cys showed the
aggregation of small nanoparticles into assemblies; similar to the results in previous
experiments with D-Pen as ligand. The aggregation and reduced size of the nanoparti-

cles in this experiment made it impossible to calculate the average size distribution.
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Figure 4.20: TEM images of CoFe20:@D-Cys (DC1, top) and CoFe204@D-Cys (DC2, bottom).

Fortunately, the size could be determined for the sample synthesized with higher con-
centration of D-Cys. The result of the investigation showed that the average size in this
case was 3.6 + 0.8 nm after the analysis using over 100 nanoparticles. The size of the
nanoparticles in both approaches is similar, indicating that the concentration does not

influence size.
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Figure 4.21: TEM images CoFe20, stabilized with low concentration L-Cys (LC1, top) and L-Cys (LC2,
bottom).

Counts

Size(nm) Size(nm)

Figure 4.22: Particle size distribution histograms estimated for the formation of CoFe20:@D-Cys (DC2,
left) and CoFe20.@L-Cys (LC2, right).

Similar conclusions can be raised when the L-enantiomer is used in the synthesis of the
NPs. The morphology and the average size of the material are in the same range than

those calculated for the D-enantiomer, as would be expected.

The saturation magnetization for various batches of nanoparticles is displayed in
Table 4.6. Higher values of Ms are measured for those samples, which contain a lower

concentration of D- or L-Cys. Thus, the increased in the amount of chiral ligand used
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leads to a decrease in the magnetization of the material. This is in agreement with the

results obtained when D-Pen is used as ligand.

Table 4.6: Ms Values of CoFe204@D- and L-Cys nanoparticles.

Experiment Ms (AmZkg™)
D-Cys (DC1) 60.1
D-Cys (DC2) 48.1
L-Cys (LC1) 56.1
L-Cys (LC2) 41.9

Magnetic curves for all the cysteine stabilised nanoparticle samples showed a super-
paramagnetic behaviour and a Ms lower than that obtained for the material synthe-
sized in the absence of the ligand (Figure 4.23). The hysteresis loop is related to the
size of the nanoparticles, whereby if the size of the nanoparticles decreases to a point

to reach the single domain regime when they become superparamagnetic.

30

T T 1
0.5 1.0 15

Magnetic Moment (Am’kg™)
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HoH(T) Mo H(T)

Figure 4.23: VSM curves of CoFe:0.@D-Cys nanoparticles (left), DC1 (black) and DC2 (green). VSM
curves of CoFe204@L-Cys nanoparticles (right), LC1 (black) and LC2 (green).
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Figure 4.24: XRD spectrum of CoFe204@D-Cys nanoparticles (green) and CoFe:0s@L-Cys (black) syn-
thesized with low concentration of amino acid.

XRD patterns performed for the samples prepared with a lower amount of amino acid
are shown in Figure 4.24. The peaks corresponding to the spinel structure for CoFe204

are present and no impurity can be detected.

Figure 4.25 shows the FTIR spectrum of CoFe;04 stabilized with D- and L-Cys. As in
previous experiments carried out with D-Pen, similar peaks appear when Cys is used as

a ligand. This could be expected since both ligands are very similar in their structure.
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Figure 4.25: VSM curves of CoFe204@D-Cys (left, DC1 black line and DC2 green line) and CoFe20:@L-
Cys nanoparticles (right, LC1 black line and Lc2 green line).

Thus, no difference can be noted among any of the experiments by varying either the

enantiomer or the concentration of ligand. It can be concluded that changing the
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amount of ligand or the enantiomer does not affect the functionality at the surface of

the nanoparticles.

The material obtained from the synthesis of CoFe204 NPs assisted with D- and L- Cys
produced material similar to that produced following the same synthesis as in previous
section using D-Pen as stabilizer. The average size of individual NPs is in the same
range below 5 nm exhibiting superparamagnetic behaviour. However, despite the fact
that some of the images show a high level of agglomeration in TEM the shape of the

nanoclusters is not as regular as in the case of CoFe;04@D-Pen.

4.5 CoFe;04Stabilised by D-Aspartic Acid

Aspartic acid is one of two acidic amino acids that were studied, the other one, Glu-
tamic acid, will be presented in next section. Both amino acids have been intensely

studied before and demonstrated to participate in the chelation of metals. (3% 47]

0]

Figure 4.26: Molecular structure of D-Aspartic acid.

The magnetic nanoparticles were synthesised and characterized by the same methods

as previously noted and similarly, the product obtained was a dark brown powder.

TEM images of D- and L-Asp acid stabilised CoFe,04 nanoparticles revealed the size of
the particles to be within the narrow range 3.7 £ 0.9 nm and 3.6 + 1.4 nm, respectively
with similar granular morphologies (Figure 4.27). However, large clusters of aggregates

in the TEM images of CoFe;04 nanoparticles with D- and L-Asp acid were again formed.
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Figure 4.27: TEM images of CoFe:04@D-Asp Acid (AA1, top) and CoFe20.@L-Asp Acid nanoparticles
(AA2, bottom).
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Figure 4.28: Particle size distribution histograms estimated for the formation of CoFe20.@D-Asp Acid
AA1 (left) and CoFe04@L-Asp Acid nanoparticles AA2 (right).

VSM curves showed saturation magnetization of CoFe,0s@D-Asp acid and
CoFe;04@L-Asp to be 61.8 and 68.5 Am?kg?, respectively (Figure 4.29), with differ-
ences owed probably to experimental error. The curves are almost identical and exhib-

it small hysteresis loops and remanence values of 13.3 and 19.2 Am?kg? respectively
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indicating that the particles are ferromagnetic, although very close to the superpara-

magnetic regime.
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Figure 4.29: VSM curves of CoFe;0:@D-Asp Acid (black) and CoFe:0s@D-Asp Acid nanoparticles
(green).

XRD of D- and L-Asp Acid stabilised CoFe;04 nanoparticles (Figure 4.30) revealed the
following peaks which are characteristic of FCC cobalt ferrite lattice parameters: (111),

(220), (311), (222), (400), (422), (511), and (440).
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Figure 4.30: XRD patterns of CoFe20:@D-Asp Acid (green) and CoFe20:@L-Asp Acid nanoparticles
(black).

As shown in previous experiments, FTIR measurements (Figure 4.31) were carried out

and no change could be observed from the other spectra already explained. Therefore,
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this can confirm that by changing the amino acid during the synthesis the functionali-

zation of the NPs is not affected.
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Figure 4.31: FTIR spectrum of CoFe04@D-Asp Acid nanoparticles.

As with previous experiments, the use of aspartic acid as a ligand during the synthesis
of MNPs shows to have an influence in the morphology of the material. CoFe,04 NPs
were obtained with an average size close to 4 nm. Individual NPs form larger clusters
with a size between 60 and 100 nm. Despite the size, the nanoclusters formed pre-
served the superparamagnetic behaviour that would correspond typical of magnetic

material with smaller size.
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4.6 CoFe;04 Stabilised by D-Glutamic Acid

D-Glutamic acid displays interesting properties as a weak chelating agent and can be

used in chemistry in the design of new materials.

O )

HO = OH

Zllnmn

=
)

Figure 4.32: Molecular structure of structure of D-Glutamic acid.

TEM analysis of D-Glutamic Acid stabilised CoFe20a4 (Figure 4.33) demonstrated that
the particles exhibit similar nanocrystalline morphologies and a narrow size distribu-
tion ranging between 3-5 nm. However, the presence of large clusters of aggregates in
the TEM images of CoFe,0s@D-Glu Acid made difficult to measure exact particle sizes,
although based on other similarities it can be assumed that they have approximately

the same sizes than those in the sample carried out using aspartic acid as a ligand.

Figure 4.33: TEM images of CoFe,04@D-Glu Acid nanoparticles.
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Figure 4.34: XRD pattern of CoFe204@D-Glu Acid nanoparticles.

The formation of the spinel structure owed to CoFe;0s is confirmed in XRD pattern
(Figure 4.34). Characteristic peaks can be observed at (111), (220), (311), (222), (400),
(511) and (440) can be observed. The small size and high crystallinity of nanoparticles
resulted in the nearly superparamagnetic behaviour, which was confirmed by VSM
(Figure 4.34). The saturation magnetization and remanence were found to be 63.2 and

13.4 Am?kg* respectively.
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Figure 4.35: VSM curve of CoFe204@D-Glu Acid nanoparticles
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Figure 4.36 shows FTIR spectra of CoFe204@D-Glu Acid nanoparticles. No variation can

be observed in the peaks from those already studied previously.
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Figure 4.36: FTIR spectrum of CoFe;04@D-Glu Acid nanoparticles.

As already explained for the synthesis of CoFe;04 carried out with aspartic acid, the
results obtained in this experiment are in the same line. Restriction during the growth
of the NPs is achieved obtaining individual NPs with an average size below 4 nm. The
formation of larger clusters with uniform sizes varying between 50 and 100 nm. Nearly

superparamagnetic material is obtained with a very narrow hysteresis loop.

To conclude, the usage of amino acids such as for the synthesis of magnetic nanoparti-
cles leads to the generation of small nanoparticles (3-5 nm) at early stages of the reac-
tions. These nanoparticles form large clusters through oriented attachment. Addition-
ally, the reduction in the size leads the nanoparticles to reach the superparamagnetic

regime.

The characteristics, narrow size distribution, structure and superparamagnetic proper-
ties make these nanostructures interesting candidates to be used in biomedical appli-
cations among others. The simplicity of the synthesis and the usage of chemicals with
relatively low toxicity provide a suitable strategy in the preparation of magnetic

nanoclusters.
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4.7 CoFe:0, Stabilized by L-Alanine

L-alanine is the smaller molecule among the amino acids and a building block of more

complex amino acids.

HaC
OH

NH,

Figure 4.37: Molecular structure of L-Alanine.

Samples of CoFe Os@L-Ala nanoparticles were prepared as in the previous
experiments in this chapter. The set of experiment was performed by variying the
concentration of ligand. The aim was to study the influence of the ligand on the size,

shape and properties of the nanomaterial.

Table 4.7: Alanine stabilized CoFe204 nanoparticles experiments and average size.

Ms
Sample L-Alanine (mM) Size (nm)
(Am?kg™?)
ALO2 3.40 81.2 +31.6 68
ALO4 13.6 43.2+11.3 65

ALO6 54.0 17.1+4.8 48

TEM images recorded for experiment ALO1 (Figure 4.38), showed square shaped
nanoparticles with an average size of 120 + 44.1 nm. Size distribution was calculated

for all the samples taking an average of around 200 nanoparticles.
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Chapter 4

Figure 4.38: TEM images (above) and size dis-
tribution histogram (left) of sample ALO1.

40

200

100

Size (nm)

Magnetization moment for the sample ALO1 (1.70 mM ligand) is shown in Figure 4.39.

The VSM curve is a typical hysteresis loop for a ferromagnetic material with a satura-

tion magnetization of 82 Am?kg* and a remanent magnetization of 40 Am?kg.
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Figure 4.39: VSM curve of CoFe;04@L-Ala (ALO1).
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The X-ray diffraction pattern of the obtained material is shown in Figure 4.40. The dif-
fraction pattern confirms the formation of CoFe,04 with the expected inverse spinel
structure without the presence of impurity. The lattice parameter was found to be

8.404 A.
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Figure 4.40: XRD pattern of CoFe20:@L-Ala (ALO1).

For the experiment carried out with 3.40 mM of L-Alanine, (AL0O2), the TEM images
show the formation of near squared nanoparticles with some aggregation. The aver-

age size distribution for this sample was found to be 81.2 £ 31.6 nm.
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Figure 4.41: TEM images (above) and size dis-
SO tribution histogram (left) of sample ALO2.
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Figure 4.42: VSM curve of CoFe,0:@L-Ala (AL02).
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Magnetic measurements showed a saturation magnetization of 68 Am?kg* and a rem-
anent magnetization of 31 Am?kg™. This modest decrease in the Ms is a result of the

increase in the concentration of ligand.
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Figure 4.43: XRD pattern of CoFe204@L-Ala (ALO2).

The formation of a spinel ferrite structure was confirmed by X-ray diffraction pattern.
It was found that the increase in the concentration of ligand does not affect the crys-

tallinity of the material; the lattice parameter calculated for this sample was 8.404 A.

TEM images of the product from the experiment ALO3 (6.80 mM ligand) showed the
same aggregation of nanoparticles with some displaying a hexagonal shape. The aver-

age size calculated in this experiment was found to be 69 + 14 nm.
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Figure 4.44: TEM images (above) and size
distribution histogram (left) of sample
ALO3.
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Magnetic measurements showed a curve typical for a ferromagnetic material. Satura-
tion magnetization for this experiment was 78 Am?kg* with a remanent magnetization
of 38 Am?kg!. Compared to the sample ALO1, there is a slight reduction in the magnet-

ization moment of the nanoparticles, but the values are within the same range.
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Figure 4.45: VSM curve of CoFe20:@L-Ala (ALO3).

The formation of the inverse spinel structure of CoFe,0s was confirmed by X-ray dif-

fraction pattern, no peak for impurity was found. A parameter of the lattice, which did

not change as in previous experiments, was 8.404 A.
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Figure 4.46: XRD pattern of CoFe20:@L-Ala (ALO3).
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Figure 4.47: TEM images (above) and size
distribution histogram (left) of sample ALO4.
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The size of the nanoparticles in the sample ALO4, where 13.6 mM ligand was used, was
found to be 43 £ 11 nm. TEM images showed more clearly the formation of nanoplates
with a regular hexagonal shape. Comparing these results with the previous ones, it can

be observed a clear reduction in the average size of the nanoparticles.

The magnetization curve does not show an evident decrease in in the magnetization
that could be related with a reduction of the size of the nanoparticles. Saturation
magnetization was found to be 65 Am2kg™ and the remanent magnetization 30 Am?kg
!, The reduction from saturation magnetization in sample ALO3 is close to 17%. The

coercivity obtained from the same graph was 0.200 T.
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Figure 4.48: VSM curve of CoFe0:@L-Ala (AL04).

The XRD pattern for the sample ALO4 shows the formation of spinel ferrite structure

without the presence of impurities. Lattice parameter was calculated using the most

intense peak (311) and was found to be 8.404 A.
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Figure 4.49: XRD pattern of CoFe20:@L-Ala (AL04).
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Figure 4.50: TEM images (above) and size
distribution histogram (left) of sample ALO5.
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The increase of the ligand concentration up to 27.1 mM led to the formation of regular
nanoplates with a more defined hexagonal shape as can be observed in the TEM imag-
es (Figure 4.50). Size distribution calculated for sample ALO5 was 56 £ 9. nm; nanopar-
ticles are slightly larger than in the precious experiment with half concentration of lig-
and (ALO4).Magnetization saturation of sample ALO5 is 79 Am?kg! and the remanent

magnetization of 43 Am?kg™. The coercivity was 0.100 T.
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Figure 4.51: VSM curve of CoFe20s@L-Ala (ALO5).

XRD pattern for sample ALOS is in agreement with previous experiments and confirms
the formation of the crystal structure characteristic of CoFe20a. No variation is found

in the lattice parameter with respect to previous calculations resulting to be 8.404 A.
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Figure 4.52: XRD pattern of CoFe20s@L-Ala (ALO5).

Sample ALO6, with 108.8 mM ligand, demonstrated a considerable reduction in the
size of the nanoparticles as is shown in TEM images. However, it can be observed that

there are two well distinguishable sizes of nanoparticles. The average size was calcu-
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lated for larger nanoparticles showing a similar shape to the ones of the other experi-

ments. The size average was 17 + 5 nm. Hexagonal shape nanoparticles can be seen in

the sample.

Figure 4.53: TEM images (above) and size dis-
40 - tribution histogram (left) of sample ALO6.
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The VSM curve showed a saturation magnetization of 48 Am?kg? and a remanent
magnetization of 8 Am2kg™. A reduction in the coercivity can be observed in the curve

that showed a value of 0.025 T.
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Figure 4.54: VSM curve of CoFe:0:@L-Ala (AL06).

XRD showed a broadening in the peaks indicating a reduction in the particle size. The

lattice parameter was calculated and found to be 8.363 A.
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Figure 4.55: XRD pattern of CoFe20s@L-Ala (AL06).

The sample ALO7, prepared with 108 mM ligand, showed a further decrease in the size

of the nanoparticles. The sample displayed a high degree of aggregation which made
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very difficult to calculate the size distribution average, using more than 80 nanoparti-

cles. The nanoparticle size is estimated to 11.3 + 2.4 nm.

Figure 4.56: TEM images of sample ALO7.

With a decrease in the size of the nanoparticles, a decrease in the coercivity of the
magnetic material was observed. The VSM curve showed the typical curve for a super-

paramagnetic material with complete absence of coercivity (no hysteresis loops). Ms

for this sample was found to be 50 Am?kg ™.
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Figure 4.57: VSM curve of CoFe:0:@L-Ala (AL07).
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Formation of cobalt ferrite was confirmed by X-ray diffraction pattern. Broad peaks are
an indication of the reduction on the size in the nanoparticles compare to precious ex-

periments. The lattice parameter was found to be 8.363 A for the sample ALO7.
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Figure 4.58: XRD pattern of CoFe:0s@L-Ala (ALO7).
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Figure 4.59: FTIR spectra of CoFe204 stabilised with L-Ala.

Figure 4.59 shows FTIR spectra of CoFe,04 NPs stabilised with L-Ala. As it has been ob-
served on the experiments carried out with other amino acids, the same peaks are

present. An increase in the intensity of the band at 2106 cm™ can be observed. This
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band corresponds to the combination of NH3* groups symmetric stretching and bend-

ing can be observed.[!

The nanocrystal sizes could be controlled by changing the concentration of L-Alanine.
Variations in the amount of ligand results in a reduction in the size of the nanoparti-
cles, see Table 4.7. The grain size was initially 120.5 nm (Figure 4.38), where it de-
creased to 11.3 nm after raising the concentration of ligand (from 1.70 to 108 mM).
The decrease in the standard deviation can be considered a narrowing in the size dis-
tribution. The strong magnetic interaction between the nanoparticles caused agglom-
eration. When the degree of agglomeration is reduced, the grains in some samples are

nearly hexagonal.

The as-synthesized nanoparticles are ferromagnetic at room temperature with mag-
netic moment decreasing from 82 Am?kg™? in sample ALO1 to 48 Am?kg?! in sample
ALO6. In addition, a clear decrease in coercivity (from 0.080 to 0.025 T) and Ms (from

40 to 8 Am?kg?) is observed after reducing the particle size.

The ferrite structure is composed of two spinel phases with different cation distribu-
tion, which result in a change in the configuration on the surface of the core. Although
individually, each phase can exhibit a perfect alignment under the presence of an ex-
ternal magnetic field the spin on the surface of the core are canted leading to a differ-
ent magnetic behaviour. This effect, called spin-canting, results in a reduction of the

magnetic behaviour for smaller particles size.[*"!

The increase in coercivity with increasing volume has been considered due to the in-
crease in magnetic anisotropy since an applied field at a given temperature should be

able to overcome the energy barrier and change the orientation of magnetization.

Sample ALO7 did not show any coercivity, which is characteristic of superparamagnetic
behaviour. The average size in this case agrees with the size range for CoFe;0a in the

superparamagnetic regime at room temperature is known to be of 10-30 nm.5%

The formation of sample ALO6 was followed over time in order to understand the
morphology evolution of the nanoparticles. Figure 4.60 shows the TEM images of the

nanomaterial produced at different times during the reaction.
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Figure 4.60: TEM images of CoFe;0s@L-alanine at different times; 5 min (a), 10 min (b), 30 min (c) and
2 hours (d).

The evolution of the morphology of nanocrystals depending on the reaction time is
clear from the TEM images. After 5 min (Figure 4.60, A), nanoparticles with an average
size of 5 nm are already formed and associated into spherical assemblies. These self-

assembly structures are also presented after 10 min reaction time. Figure 4.60 (B)
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shows the TEM image of nanomaterial after 30 min; hexagonally shaped nanoparticles
were formed. The TEM images of the material after the 2 h of reaction have confirmed
the production of the hexagon-like nanoparticles along with smaller spherical nano-

particles.
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Figure 4.61: VSM curves of CoFe:0s@L-alanine at different times; 5 min (black), 60 min (purple) and 2
hours (green).

Figure 4.61 shows the evolution of the magnetic behaviour during the reaction. Ms
after 5 min of the reaction was found to be 14 Am?kg™. After 1 h reaction the Ms in-
creased to 48 Am2kg.This value is similar for that of the material after 90 min, which
was found to be 53 Am2kg. It can be concluded that after 1 h the magnetic nanopar-
ticles have fully formed and longer reaction times do not affect the magnetic proper-

ties of the material.

X-ray pattern at different times were collected (Figure 4.62). The main peaks for spinel
ferrite structure were observed at any time point during the reaction. At the earliest

measurement of 5 min no significant presence of impurities was found.
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Figure 4.62: XRD patterns of CoFe20:@L-alanine at different times; 5 min (black), 10 min (yellow), 30
min (blue) and 2 hours (green).

Overall, the usage of L-Ala as stabiliser during the synthesis of CoFe;04 NPs has been
shown to affect the size and morphology of the NPs. An increase on the concentration
of the ligand leads to the reduction of the grain size. This reduction in the size results

in the formation of CoFe;04 with superparamagnetic properties.

4.8 Conclusions

In conclusion, we have developed a new protocol to synthesise a series of CoFe;04
magnetic NPs stabilised with amino acids. The use of amino acids during the formation
of the magnetic NPs affects the size of the nanoparticles whilst their magnetic proper-
ties remain strong enough that the material can be retrieved by an external magnet.
When amino acids such as D-Penicillamine, D- and L- Cysteine, D- and L-Aspartic Acid
and D-Glutamic Acid are used the resultant material form clusters (50-70 nm) of small-
er individual NPs (3-5nm). The formation of these clusters is driven by an oriented at-
tachment in which smaller NPs merge into larger ones in order to reduce the surface

energy and they align following the same crystal orientation.

The size and shape of CoFe20s NPs can be modified by varying the concentration of
stabiliser when L-Alanine is used. By increasing the amount of ligand, the size of the
NPs is reduced up to a point that superparamagnetic behaviour in the material is

reached. As the size and magnetic properties of the material can be controlled, we be-
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lieve that this new protocol is an important approach in the synthesis of magnetic NPs
to be able to design of magnetic NPs with interesting applications, such as catalysis,

biomedical applications or data storage.
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Chapter 5. Development of Separation Techniques using

Magnetic Nanoparticles

5.1 Introduction

Magnetic separation techniques employing magnetic particles coated with different
shells and functional groups have been used progressively for biotechnology applica-
tions. There is a wide range of separation and isolation procedures used in the areas of
biosciences and biotechnology. One of the most essential processes in molecular biol-

ogy is the isolation and extraction of DNA and other nucleic acids from cells.[*2

There is a fast growing development of new solid supports and/or surface modification
protocols to enhance the isolation and/or recovery efficiency of DNA on the carrier
surface.B! The adsorption of DNA molecules on solid supports is driven through hydro-
gen-bonding, hydrophobic/hydrophilic, and electrostatic interactions, which are inti-
mately associated with the surface condition of the solid support. MNPs can be sur-
face-modified with functional groups that play an important role in physiological effi-
ciency, for example polyvinyl alcohol,¥) dextran® and other compounds with different
molecular weights.[®! Another approach is the coating of MNPs with inorganic materi-
als (e.g., silica and gold) to achieve high loading (isolation) efficiency.”-8! Among these,
silica has been widely selected as one of the most effective solid phases to purify
plasmid DNA for its several features of straightforward synthesis, easily modification
and biocompatibility.®V Silica with different morphologies and surface functionaliza-
tion has been used in DNA isolation. For example, positively charged silica (e.g. func-
tionalised with amino groups) can increase the electrostatic affinity to the negatively

charged phosphate backbone of DNA.[1213]

Another chemical application is related to the enantiomeric separation or isolation of
molecules from a racemic mixture. A racemic mixture is composed of identical
amounts of left and right-handed enantiomers or chiral molecules. Chiral molecules

are very common in natural and synthetic compounds. They play vital roles in chemical
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and biological recognition processes and biopharmaceutical technology, as most of the
currently used drugs are carrying chiral entities. Most importantly, the enantiomers
can show completely different physiological and biological activities depending on
their configurations, as a result a high enantiomeric purity of the compounds is crucial
for biopharmaceutical and food industries. Therefore, there is a lot of attention fo-

cused on this area.

One of the most widely used methods in production of enantiomerically pure com-
pounds is asymmetric synthesis. However, it is very challenging to achieve high selec-
tivity and enantiomeric excess in many chemical reactions. There are some other
techniques used for enantiomeric separation, such as high performance liquid chroma-
tography (HPLC)** or chiral gas chromatography,*> enzymatic resolution,*®l mem-
brane separation [27-18 or capillary electromigration.® However, most of these tech-
niques are expensive, time consuming or both. Therefore, there is a continuous de-
mand for new efficient methods for the separation of racemic mixtures.

Large surface area, size, biocompatibility, low toxicity and easy manipulation make
magnetic nanoparticles good candidates for enantiomeric separation of chiral com-
pounds. To the best of our knowledge, very little work has been performed in this
field. Chiral molecules with chiral recognition can be immobilized on the surface of the
MNPs and be used for enantiomeric separation in a racemic mixture. Some work has
been done using a chiral aromatic amino acids with this purpose.??) Another strategy

is to bind the chiral selector or amino acid to silica coated MNPs.[21-22]

5.2 Aims of This Chapter

There are several goals related to this part of the work. One of our main aims is to de-
velop new techniques for DNA separation and purification using silica coated magnetic

nanomaterials and permanent magnets.

Another aim is to investigate whether chiral ligand stabilized CoFe204 nanoparticles

can be used for potential magnetic separation of racemic enantiomeric molecules. The
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plan is to employ different magnetic NPs stabilized with chiral molecules to test for the
enantiomeric magnetic separation of a racemic mixture of D- and L-Pen. In theory, the
NPs are expected to show preferential binding to one of the enantiomers. The enanti-

omeric separation in solutions will be investigated by Circular dichroism (CD) spectros-

copy.

5.3 Purification of DNA using Silica Coated Magnetic Nanocompo-

sites

Initial magnetic materials used in this section have been provided by the Functional
Materials Laboratory (FML), ETH Zurich. Carbon-coated magnetic nanoparticles were
synthesized using flame spray pyrolysis.[?3! The reaction used to produce Co@C and
Fe@C nanoparticles involved the combustion of the appropriate metal compound in

the presence of organic precursors and fuel.[*!

5.3.1 Preparation and Characterisation of Co@C@SiO; Nanopar-

ticles

The preparation of carbon-coated cobalt and iron nanoparticles functionalized with
OH and NH; groups was carried out by modifying the method described by Schatz et
al.?l  Carbon-coated cobalt nanoparticles were functionalized using
4-(Aminomethyl) aniline in the case of NH2 functionalization. For NPs functionalized
with OH group, 2-(4-aminophenyl) methanol was used. The reactions were carried in
water, in the presence of NaNO; and HCI. This covalent functionalization on the carbon

coated metal nanoparticles facilitates the growth of the silica shell.
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H,N HoN

NH,
OH

Figure 5.1 : Molecular structure of 2-(4-aminophenyl) methanol (left) and 4 (Aminomethyl) aniline
(right) used in the functionalization of Fe@C and Co@C NPs.

NaNO,/HCI/H,0

TEOS/NH,OH K

sio,

Scheme 5.1: Overall reaction scheme of the OH and NH: functionalization of nanobeads and fur-
ther silica coating.

TEM images for the Co@C nanoparticles showed that the material has a broad size
distribution (Figure 5.2). Nanoparticle sizes range from 20 nm to 200 nm in the
samples. However, the carbon layer it is clearly visible, forming a shell surrounding the

magnetic NPs.

Figure 5.2: TEM images of Co@C nanoparticles.

One of the main characteristics of the nanomaterial is its high stability against oxida-

tion due to the presence of the previously mentioned carbon layer.
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Figure 5.3: VSM curve of carbon coated cobalt nanoparticles.

Another important feature is the high saturation magnetization. The measure satura-
tion magnetization for Co@C nanoparticles is 151 Am?kg? (Figure 5.3). This value
makes the material suitable for further non-magnetic coating whilst an elevated mag-

netization moment is preserved.

5.3.2 Preparation and Functionalization of Co@C@SiO: Nano-
beads

Silica coating of NH,-functionalized Co@C nanobeads was carried out by different ap-

proaches in order to optimise their functionality.

The first approach used was the standard Stober method using TEOS as the silica pre-
cursor. This is the most straightforward way to synthesize silica nanoparticles and ac-

cepts many different modifications.

A defined amount of Co@C beads were dispersed in 10 mL of ethanol by sonicating
the solution for 30 min. This reaction was performed on a small scale with a high con-
centration of NH4OH to ensure the condensation and polymerization of the silica pre-
cursor. 2.5 mL of NH4OH was rapidly added to the solution, followed by the addition of

40 uL of TEOS. The reaction was kept in a sonic bath at low temperature (= 0 °C) over-
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night. The product of the reaction was washed with ethanol three times and stored in

the same solvent for future use.

STEM analysis of the black magnetic product (Figure 5.4) was performed and the im-
ages showed the nanoparticles with high degree of aggregation. Silica NPs and Co@C
beads can be observed in the images, although is difficult to see a uniform silica coat-

ing surrounding the magnetic NPs.

Figure 5.4: STEM images of Co@C@SiO: beads, small scale reaction.
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Figure 5.5: FTIR spectrum for Co@C@$SiO: beads.

FTIR spectrum for the Co@C@SiO; synthesis is shown in Figure 5.5. It shows typical
bands for the aromatic ring at 1630 cm™ and C-H stretching vibrations at 1380 cm™. A

broad peak around 3400 cm™ can be assigned to the OH groups. The presence of silica
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was demonstrated by the bands around 800, 950 and 1100 cm™ which are assigned to
the symmetrical and asymmetrical vibrations of the Si-O-Si bonds and the stretching

vibration of the hydroxyl group, respectively.[2¢!

Following the same synthesis on a larger scale, silica coating was produced using do-
decyltriethoxysilane (DTES) as the silica precursor. After dispersing the nanoparticles in
ethanol in a sonic bath, NH4OH and DTES were added to the solution. The mixture was

sonicated for 2 hours at low temperature (=0 °C).

The STEM images of the resulting product are shown in Figure 5.6. It is apparent that
only an incomplete silica coating was achieved in the experiment. Single silica NPs can

also be observed, as well as free Co@C beads.

\

Uncoated Co@C
Nps

Figure 5.6: STEM images of Co@C@SiO2 nano beads using n-dodecyltriethoxy silane as silica precur-
sor.

Uncoated metal NPs may cause problems during the application process due to the
presence of DNA. The strong interaction of the phosphate backbone with the metal
can cause difficulty in the release of the macromolecule of interest.?” Therefore, this

material was not tested in the purification of DNA.

5.3.3 Preparation and Characterisation of Fe@C@SiO; Nanoparti-
cles

Fe@C nanoparticles have similar characteristics to those described for the Co@C na-

noparticles presented above. The functionalization of the nanoparticles was carried
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out using the same protocol using 2-(4-aminophenyl) methanol to introduce the func-

tional OH groups.

Figure 5.7 shows the TEM images obtained; nanoparticles have different size from

around 20 nm to 200 nm. Several carbon layers coating the metal core can be ob-

served.

Figure 5.7: TEM images of Fe@C nanoparticles.

The saturation magnetization was found to be 135 Am?kg! with a low coercivity
(Figure 5.8). High saturation magnetization facilitated the retrieving of the nanoparti-
cles from the solution and it is important to assure that an additional non-magnetic

coating should not heavily affect magnetisation.

1.5

Magnetic Moment (Am’kg™)

MoH (T)

Figure 5.8: VSM curve of Fe@C nanoparticles.
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The production of Fe@C@SiO2 NPs was carried out using the Stéber method, with
some modifications. A defined amount of Fe@C beads was dispersed in ethanol, as-
sisted by sonication for 30 min. TEOS was added to the solutions and the mixture was
allowed to disperse under sonication for another 30 min. Finally, NHsOH was added

and the synthesis was continued for 2 hours at low temperature (=0°C).

By adding the catalyst (NH4OH) to the reaction last and after the dispersion of the rest
of the reactants, the silica was allowed to assemble on the surface of the nanoparti-

cles, before the formation of the coating.

Figure 5.9: TEM images of Fe@C@SiO2 NPs.

TEM images of Fe@C@SiO2 NPs (Figure 5.9) confirm the formation of an approximate-
ly 50 nm thick silica shell around the magnetic NPs. Magnetic NPs without shell are not

observed throughout the sample.

According to VSM data in Figure 5.10, there is a reduction in the Ms for the
Fe@C@SiO2 NPs compared to the Ms of the Fe@C beads without coating. The mag-
netization moment dropped from 135 Am?kg™ to 68 Am2kg?, indicating the formation

of the silica shell has halved the magnetic properties of the material.
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Figure 5.10: VSM curves of Fe@C@OH (black) and Fe@C@SiO2 NPs (green).

The FTIR spectrum of the Fe@C@SiO2 NPs (Figure 5.11) shows the characteristic peaks
for SiO2 (800, 950, and 1100 cm™) assigned to the symmetrical and asymmetrical vibra-
tions of the Si—O-Si bond and the stretching vibration of the hydroxyl group, respec-

tively.[26l
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Figure 5.11: FTIR spectrum of Fe@C@SiOz nanoparticles.
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5.3.4 DNA Extraction using Fe@C@Si0O: Magnetic Nanoparticles

The DNA extraction technique described here utilizes the commercially available Ql-
Aquicky® PCR Purification Kit in parallel with the Fe@C@SiO, nanobeads. QIAquicky®
uses spin columns with a silica-based membrane. These spin columns are originally
designed to capture polymerase chain reaction (PCR) products that are larger than 100
base pairs (bp) of DNA and smaller than 10 kilobase pairs (kb = 1000 bp), while at the
same time excluding nucleotides, proteins, and salts. DNA used for the experiment
was O'RangeRuler 20 bp DNA Ladder with fragments of 20 bp steps between 20-300
bp.

The way DNA binds to silica is based on the action of guanidinium HCl (GuHCl), present
in the binding buffer, which acts as a chaotropic agent. A chaotropic agent denatures
biomolecules by disrupting hydrogen bonding and the hydration shell around them.
This allows positively charged ions to form a salt bridge between the negatively
charged silica and the negatively charged DNA backbone in solutions with the high salt
concentration. The DNA can then be washed with high salt solutions and ethanol to
remove other impurities. Ultimately, DNA can be eluted with low-ionic strength buffer

solution or even water (Scheme 5.2).

Cation Bridge O

— ONa'0 — L.o- .

\O.Chaotroplc salt

Scheme 5.2: Schematic presentation of the interaction between SiO2 and DNA.
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The concentration of DNA recovered was quantified by using a Qubit® fluorimeter with
a Qubit® dsDNA (high Sensitivity) Assay Kit, which is highly selective for double-
stranded DNA (dsDNA). The Fluorimeter measures the fluorescence intensity of a fluo-
rescent dye bound to DNA enabling to determine the concentration. The DNA wave-
length of absorbance is 260 nm, (same values are found for RNA), while 280 nm corre-
sponds to proteins. Therefore, UV absorbance methods are not accurate for determin-
ing DNA concentrations. The fluorimeter is more sensitive than a UV spectrophotome-
ter and the intensity in fluorescence is directly proportional to the concentration,
which increases when the concentration of DNA in the sample increases. The dyes are
composed of advanced molecular probe fluorophores. Although these compounds ini-
tially have low fluorescence intensity, when they bind to DNA the fluorescence in-
creases by several orders of magnitude. Once standards of known concentration have
been measured, the concentration of a sample can be calculated using a calibration

curve.

Table 5.1: Composition of buffers used in the DNA extraction protocol.

Buffer Composition

5 M Gu-HCI
Buffer PB (Binding buffer) '
30% isopropanol

10 mM Tris-HCl pH 7.5

Buffer PE (Washing buffer)
80% ethanol

Buffer EB (Elution buffer) 10 mM Tris-Cl, pH8.5

Different concentrations of DNA were prepared to test the efficiency of the separation
by the nanoparticles. During the purification process a set of different volume of NPs
(10, 50 and 100 pL) dispersed in ethanol were tested. The concentration of this solu-
tion containing the NPs in ethanol was 10 mg mL? (Suspension of nanoparticles in eth-
anol). Eppendorf tubes were used to combine the required volume of NPs and 250 pL
of binding buffer (buffer PB). The mixture was sonicated for a few minutes to allow the
dispersion of the nanoparticles and, in this way, increase the surface area of the beads

available to bind to DNA.Aliquots of 50 uL of DNA were added to the mixture and pi-
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petted in and out to achieve a homogeneous mixture that would lead to an increase of
the DNA bound to the surface of the nanoparticles.Magnetic separation was used to
separate the nanoparticles from the solution. The nanoparticles were kept in the Ep-
pendorf whilst the solution was transferred to a spin column. The solution transferred
to the spin column was applied to the QIAquicky protocol. This was done to track the
DNA that had not been bound to the nanoparticles in the previous step.QlAquicky col-
umn was centrifuged at 13,000 r.p.m for 1 min. The flow through was discarded and
the DNA was washed by adding 750 uL of washing buffer (buffer PE) and centrifuged
for 1 min. After flow through removal, the spin column was centrifuged again in order
to ensure the complete removing of the solution. The DNA was then eluted from the

column with 50 pL elution buffer (EB buffer).

Binding Buffer
+

Remaining DNA

Binding Washing Elution

Figure 5.12: Schematic presentation of DNA extraction using magnetic NPs (top) and QlAquicky® PCR
Purification Kit (bottom).

The same procedure was followed to wash and elute the DNA bound to the
Fe@C@SiO2 NPs (Figure 5.12). The nanoparticles left in the Eppendorf were washed
with 750 uL of PE Buffer and separated from the solution by magnetic separation. PE
Buffer contains 80% of ethanol, solvent in which DNA is insoluble. It is important to
remove all of the buffer from the NPs by letting them dry completely, to enable the
elution of the DNA from the nanoparticles in the next step. The DNA was eluted from

the NPs by adding 50 uL of EB Buffer. To ensure the efficiency of this step, the solution
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with the NPs was pipetted in and out in order to disperse the NPs in the solution and
produce a homogeneous dispersion. The solution was then let to settle for 5 min and

the NPs were removed with a magnet.

The first test was carried out with a 52.1 ng mL? solution of DNA. The purification pro-
cedure was performed with different concentrations of nanoparticles as described
above. The results of these experiments are shown in Table 5.2. One of the experi-
ments was completed with no nanoparticles present to be able to compare the effi-

ciency of the nanoparticles with the commercially available spin columns.

Table 5.2: DNA extraction results using 52.1 ng mL ™ of DNA and a solu-
tion NPs with a concentration of 10 mg mL™.

DNA purified (%)

NPs Column Extrac-
NPs (pL) Extraction tion
1 64.3
10 Too low 60.3
50 15.0 41.3
100 25.0 23.6

As it can be deduced from values in the table, some of the DNA binds to the nanopar-
ticles and the remaining DNA in the solution is recovered through the spin columns.
Below certain values, the concentration of DNA is not detected by the fluorimeter. In
the case of the experiment with a low volume of NPs (10 pL), the DNA recovered is too
small to be detected by the apparatus. The rest of DNA is recovered by the spin col-
umn and the concentration remaining in the solution is close to the value recovered

from the experiment carried out without NPs.
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From both experiments with higher concentrations of nanoparticles, similar amounts
of DNA were recovered although using 100 pL of nanoparticles seems to be more effi-
cient. Nevertheless, there is still certain amount of DNA recovered by the silica-based
spin columns that was not bound to the NPs. There is a significant amount of DNA that
has not recovered by either the NPs or the columns. It is also worth mentioning that a
small amount of DNA can be lost during the process that is why the percentage recov-
ered is far off 100%. This loss occurs as a portion of DNA does not bind to the silica or

due to incomplete elution

Another set of experiments was carried out with a lower concentration of DNA
(4.92 ng mLY). The initial concentration was reduced approximately 10 fold and the

final concentration was measured by the fluorimeter (Table 5.3).

Table 5.3: DNA extraction results using 4.92 ng mL* of DNA and a
solution NPs with a concentration of 10 mg mL™.

DNA purified (%)
NPs Column Extrac-
NPs (uL) Extraction tion
0 e 68.7
10 Too low 33.0
50 38.0 36.8
100 23.0 27.4

Similar results were obtained for the experiment in which 10 uL of nanoparticles were
used; the amount of DNA recovered was too low to be measured by the device. This
result can be expected, but it is also worth mentioning that the percentage of DNA pu-
rified by the spin column was too low to compare with the experiment without nano-
particles. It can be also possible that a big amount of DNA was bound to the NPs with-

out being eluted efficiently, which will decrease the amount recovered by the column.
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However, when the amount of nanoparticles was increased, the concentration of DNA
recovered also increased. In this case, the most efficient concentration used was that

of 50 uL of nanoparticles.
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5.4 Stabilised Magnetite Nanoparticles for Enantiomeric Separa-
tion

Single stranded DNA was used in the synthesis of the nanoparticles. Herring sperm
DNA was chosen due to availability and affordability. The co-precipitation technique
was used to conjugate the DNA macromolecules in situ to the magnetic nanoparticles
during their formation. A stoichiometric mixture of Fe?*/Fe3* ions (ratio 1:2) was added
to a RBF containing singled stranded DNA, which was prepared by dissolving the her-
ring DNA in water and heating the solution at 80 °C. After stirring the mixture, nano-
particles were precipitated by adding ammonium hydroxide to reach a pH of approxi-

mately 12.

DNA is a remarkably useful and interesting template for preparing assemblies of mag-
netic nanoparticles. These properties are related to the regular structure of negatively
charged phosphate groups along its backbone, which provide a nanosized cross-
section to build these assemblies. Both arrangements, single and double stranded her-
ring sperm DNA, have been investigated regarding their ability to act as template for

magnetic NPs and both have shown efficiency for this purpose.?8!

However, in this project single stranded DNA was chosen as a chiral template to pro-
duce magnetic nanocomposites for potential enantiomeric separation of racemic mix-

tures of selected molecules.

An excess of a single stranded DNA was used during the synthesis of the nanocompo-
sites in order to provide extra DNA backbone to wrap around the nanoparticles and to
limit the crystal growth after nucleation. This also resulted in the formation of linear
assemblies of Fe304 NPs in aqueous suspension in the presence of an external magnet-

ic field.
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Figure 5.13: TEM images of Fes0s@DNA nanocomposites.
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Figure 5.14: Size distribution of FesOs@DNA nanocomposites.

The TEM images (Figure 5.13) and size distribution analysis of the products (Figure
5.14) showed a broad size distribution of the nanoparticles compared to those synthe-
sised in the absence of DNA (11.7 £ 0.3 nm). However, the average size of Fes0s@DNA
nanoparticles was found to be 12.9 £ 4.6 nm. The difference in the distribution of the
nanoparticles can be related to the lack of uniformity in the interaction of the nano-

particles with DNA in the solution during the formation of the nanocomposites.

A suspension of the nanocomposites in water was placed on a copper grid and dried in
the presence of a 0.5 T magnetic field. The purpose of the experiment was to investi-
gate the crosslinking of magnetic nanoparticles by DNA. TEM images in Figure 5.15

show Fe30s@DNA nanocomposites aligned in the direction of the magnetic field.
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Some randomly distributed chains with variable lengths can be observed for the parti-

cles grown with denatured herring DNA.

Figure 5.15: TEM images of FesOs@DNA nanocomposites dried on 0.5 T magnetic field.
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Figure 5.16: VSM curve of Fe30s@DNA nanocomposites.

VSM measurement was performed on the Fe30s@DNA sample and showed a magnetic
moment of 59 Am?kg™. This value is lower than the value obtained for Fe3Os synthe-
sized following the same procedure without the presence of DNA (77 Am2kg'). A drop
in the Ms of the NPs can be attributed to the presence of the DNA acting as ligand,
which has been demonstrated to contribute to decrease this value when used in the

synthesis of magnetic materials. However, superparamagnetic behaviour in the nano-
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particles remained, as the average size calculated previously falls within the critical

size required to preserve the single domain regime.
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Figure 5.17: XRD pattern of Fes0s@DNA sample.

The formation of the face-centered cubic phase of Fe30s was confirmed by the X-ray
diffraction pattern (Figure 5.17) without any impurity of maghemite or hematite.
Peaks positions are in good agreement with values reported in the literature (JCPDS

file No 75-0449).

The FTIR spectrum of the Fes0s@DNA nanocomposites (Figure 5.18) showed broad
bands at 3244 cm™ and 1665 cm™ which can be assigned to the OH groups on the
particle surface, associated with water molecules. Phosphate groups attributable to
the DNA chain were also identified by IR with bands present at 1211 and 1077 cm™

corresponding to P-O stretching vibrations. Fe-O stretches appear at 580 and 390 cm-

lj2ﬂ
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Figure 5.18: FTIR spectrum of FesOs@DNA.

5.4.1 Enantiomeric Separation using Fe30.@DNA Nanocompo-

sites

After the confirmation of DNA being bound to Fe3Os4 NPs, the nanocomposites were
tested as reagents for the enantiomeric separation of a racemic mixture. The racemic
mixture was prepared with D- and L-Pen enantiomers. Due to the chiral properties of
DNA, the macromolecule bound to Fe30s may selectively interact with one of the en-
antiomer in the mixture while having no effect on the other. The use of an external
magnet allows magnetic extraction, yielding a purified enantiomeric product. Figure
5.19 shows the CD spectra of D- and L-Pen (left) enantiomers and herring DNA (right)
in water. For these ligands, a maximum is observed in the far-UV region while no signal

can be detected above that range (280-800 nm).

Initially, DNA stabilised nanoparticles have been carefully washed with water to ensure
the removal of any residual unbound DNA from the material. Briefly, magnetic DNA
stabilised MNPs were washed with Millipore water 3 times. These washings were col-

lected and monitored by CD (Figure 5.20).
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Figure 5.19: CD spectra of D- and L-Penicillamine (left) and DNA (right) in water.

In the CD spectra of the solutions after washing the NPs (Figure 5.20), a broad negative
peak around 300 nm can be observed as well as a weaker positive shoulder around
600 nm. This peak disappears after 2 consequtive washings. This latter peak can be

attributed to the presence of iron ions complexed with DNA.
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Figure 5.20: CD spectra of the solutions after washing the FesOs@DNA NPs in water; first washing
(black), second washing (green) and third washing (blue).

The washed DNA stabilised MNPs were used in the enantiomeric separation
experiments. The Fes04s@DNA nanocomposites were added to a racemic Pen solution;
the mixture was stirred and after that, the nanoparticles were removed by an external
permanent magnet. After being treated with the Fe3s0s@DNA nanocomposites the

slightly brown resulting solutions of the enantiomeric mixture were analysed by CD
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spectroscopy, (Figure 5.21). CD spectra were recorded at different times during the

experiment.

The CD spectrum of the original racemic D+L-Pen solution before treatment indicates
that the mixture is almost racemic with a small excess of D-Pen present giving a negli-
gible signal at around 232 nm (see Figure 5.19, left). After treatment of the racemic
mixture with the DNA stabilised MNPs, a small peak at 233 nm with opposite chirality
is detected, which can be attributed to L-Pen. This could be an indication of the selec-
tive removal of D-Pen from solution by the magnetic DNA nanocomposites. However,
a second negative peak centred around 300 nm is also detected, which could be due
to some interaction of the Penicillamine in the solution with iron ions or DNA leaking
from the nanocomposites over a longer period of time (see Figure 5.20). It is important
to note that this peak become stronger after 60 min of the exposure of the racemic
mixture to the DNA stabilised nanoparticles. The interaction of the DNA with the metal
ions has been reported before, showing negative and positive peak in the CD spec-
trum.B3% A peak due to the base stacking of the DNA usually appears at 275 nm and a
peak corresponding to right-handed helicity is visible at 248 nm.3% In this work, a posi-
tive peak appears around 600 nm and a negative one around 300 nm. Studies in the
formation of iron(lll) complex with DNA are in agreement with the peak previously
given and no shift is observed in the CD spectrum. Due to the difficulty to assign these
CD signals further conformational studies are needed in order to identify the origin of

these peaks. 3233
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Figure 5.21: Enantiomeric separation of D+L-penicilamine using DNA stabilized MNPs after 30 min

(black), after 60 min (green) and original racemic D+L-Penicillamine (blue) mixture used in the reac-
tion.

UV-Visible spectra were recorded for the sample before and after treatment, as well
as recording for a sample of herring sperm DNA in water. The spectra confirm the
complete removal of unbound DNA before using the MNPs for enantiomeric separa-
tion, and show a steady increase in absorption for all samples at 200 nm. The absence
of peaks identifying a metal complex could suggest that the signals in the CD spectra
are due to a separation of enantiomers. However, further work is needed to confirm

this hypothesis.
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Figure 5.22: UV-Vis spectra of DNA (black), D- and L-penicillamine mixture (green) and mixture D-and
L-Penicillamine with magnetic nanoparticles (blue).
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5.5 Chiral Ligand Stabilised Cobalt Ferrite Nanoparticles for En-

antiomeric Separation

5.5.1 Enantiomeric Separation using D-Penicillamine Stabilised

CoFez04 Nanoparticles

Selected nanoparticles stabilised with chiral ligands such as penicillamine and cysteine

(see chapter 4) were used in enantiomeric separation of a racemic mixture of D+L-Pen.

In this experiment, CoFe;0s@D-Pen (the sample DP2, see Chapter 4) was added to a
racemic mixture of D- and L-Pen. The mixture was sonicated for 5 min to allow the
MNPs to interact with the chiral ligands present in the solution. After that, MNPs were
removed from the solution using a magnet and CD spectrum of the resultant solution

was recorded.

104
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Figure 5.23: CD spectrum of solution after enantiomeric separation racemic mixture of D- and L-
Penicillamine using CoFe204@D-Pen nanoparticles.

A strong L-Pen signal appears around 220 nm (Figure 5.23). This could be an indication
of either D-Pen being selectively removed by enantiomeric separation. In addition,
there are strong broad CD signals between 300 and 400 nm that could demonstrate
the formation of some new chiral metal complex. After the treatment with the NPs,

the solution turned slightly brown. This indicates the presence of metal impurities that
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could form a complex with penicillamine in the solution generating the CD signals at

higher wavelengths.

In order to avoid potential leaking of chiral stabilisers and check if the particles can
keep “chiral memory” after the removing chiral ligands, CoFe20s@D-Pen NPs were
calcinated at 250 °C for 1 h. According to TGA (Thermogravimetric Analysis), this is the
temperature necessary to decompose and remove the ligands from the NPs (Figure
5.24). The TGA curves exhibits small and continuous weight loss at low temperatures
due to solvent evaporations. At 165 °C, the curve shows a decrease in the weight due
to the ligand decomposition with a total weight loss of around 2.8% (0.1 mg). A second
phase is observed around 600 °C with a weight loss of around 1.8% (0.06 mg). This is a
possible indication of the formations of other derivatives of nitrogen or sulphur from
penicilamine discomposed at high temperatures. The remaining mass at higher tem-

peratures is due to CoFe;04 core of the NPs.34

After the thermal treatment, the NPs were treated with the enantiomeric mixture as
in previous experiments and CD spectrum was recorded. CD spectrum shows a signal
between 200 and 240 nm and others of different intensity between 250-300 nm and
300-400 nm (Figure 5.25). These results are in agreement with the initial suggestion
that CoFe;0:@D-Pen NPs may have preferential binding for one of the enantiomers
and that some chirality has been induced on their surface. However, the presence of
the other signals at higher wavelength could also indicate that more complex interac-

tions occur in the system.
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Figure 5.24: TGA curve of CoFe20:@D-Pen NPs.
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Figure 5.25: CD spectrum of D+L-Pen mixture after the enantiomeric separation using CoFe204@D-Pen
after calcination.

Although there are peaks present in the spectra for both experiments that can be at-
tributed to the enantiomers, suggesting either the removal of one of the enantiomers
or the leaking of the ligand from the NPs, it is difficult to be certain. The presence of
other species in the solution makes the peaks very complex to be assigned properly.
To clarify this, it would appropriate to perform more sophisticated characterization,

such as chiral gas chromatography.
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5.5.2 Enantiomeric separation using D- and L-Cysteine stabilised

CoFe204 nanoparticles

Following the same procedure, D- and L-Cysteine (D- and L-Cys) stabilized CoFe;04
were tested for chirality induced in their surface, imprinted after removing the chiral

ligand.

A racemic mixture of D+L-Pen was used for the separation. The same experiment was
carried out using CoFe,04 NPs synthesized without any chiral ligands. This was to ob-
serve the difference in the behaviour of the chiral ligand stabilized CoFe204 and naked
CoFe;04 MNPs. Additionally, two different experiments were performed; using the
same components, racemic mixtures and NPs, one of them was stirred and the other
was sonicated for the same period. The purpose of this was to verify if one of the pro-

cesses displays better conditions for the interaction of the MNPs with the solution.

A broad peak appears above 280 nm suggesting the formation of chemical species
such as complexes between metal and chiral ligand present in the solution (Figure
5.26). The peak is more intense when sonication is used during the experiment indicat-
ing that this procedure enhances the interaction between the ligands present in the
solution and metal ions from nanoparticles resulting in the formation of the complex-
es. However, the peak around 230 nm is in the same region as the peak for L-Pen,

which might potentially indicate some removal or binding of D-Pen.
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Figure 5.26: CD spectrum of enantiomeric separation of CoFez204 after sonication (black) and CoFez04
after stirring (green).

Additionally, a series of experiments using CoFe;O04 NPs functionalized with different
concentrations of D- or L-Cys during the synthesis were carried out. Synthesis of these
nanomaterials has been presented in more detail in Chapter 4. Ta-

ble 4.4 presents the concentration of chiral ligand used in the synthesis of the MNPs.

Table 5.4: Concentration of ligands used during the synthesis of D- and L-Cysteine stabilised CoFe204
nanoparticles.

Ligand Concentration [mM]

D-Cvs (DC {;";

D-Cys (DC2) ol 1

 L-Cys (LC2) " 1.7

The separation experiments were performed in the same way as described above. Ra-
cemic mixture containing magnetic nanoparticles were stirred or sonicated and then
the NPs were removed by magnetic separation. After that, CD spectra of the resulting

solution were recorded.
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Figure 5.27: CD spectrum the product of the enantiomeric separation using CoFe20:@D-Cys, DC1(a),
DC2 (b) and CoFe:0s@L-Cys, LC1(c) and LC2(d) showing those samples stirred (green) versus those
sonicated (black).

The CD spectra for the experiments with CoFe>0s@D-Cys and CoFe,0s@L-Cys are
shown in Figure 5.27. The results are very similar to those obtained for uncoated
CoFez0a. A broad peak, probably caused by the formation of cobalt or iron complexes
with penicillamine, appears between 280 and 320 nm. Independently of the chiral lig-
and present in the MNPs, the peak appears in all the experiments. For the sample LC2
(CoFe04@L-Cys), this peak appears in opposite direction. The intensity of the peak
increased when the experiment is performed with the nanoparticles containing less
amount of chiral ligand, except in the case of the sample DC2 (CoFe,04@D-Cys). This
could be due to the fact the less amount of ligand can lead to a higher presence of free
metals available to form these compounds while in the case of the nanoparticle syn-
thesized with a higher amount of ligand would protect better the material from leach-
ing. In the case of the spectra for the sample CoFe,04@D-Cys, DC2 (Figure 5.27, b) an

intense peak appears around 210 nm, this peak could correspond to the presence of L-
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Pen and is slightly shifted. Additionally, for the sample CoFe;0s@L-Cys (LC2) a weak

peak is present around 230 nm, in the same range as the peak for L-Pen.

In the case of the experiment performed using the same material synthesized with dif-
ferent concentration of L-Cys (Figure 5.27, right), behaviour of CoFe,0s@L-Cys with
less amount of ligand is comparable to the experiment carried out with CoFe,0s@D-
Cys already explained. When CoFe,04@L-Cys NPs synthesized with high concentration
of ligand are used, the broad peak around 280 nm is still present, which would confirm

the formation of the chiral metal complexes.

In order to elucidate the origin of the peaks in the spectra, a series of controls were
carried out. Figure 5.28 shows the spectra of different experiment in which the precur-
sor metal salts used in the synthesis of the MNPs (Co(NOs),-6H,0 and FeCl>:4H,0) have
been dissolved in a racemic mixture D+L-Pen. In the experiments carried out with
Co(NO3)2:6H20 a broad peak between 280 and 320 nm is visible, similar to the peak
present in the spectra presented above for the experiments in which MNps where
used. This could be an indication of the formation of a cobalt complex in the presence
of Co?* ions. However, no CD signal corresponding to the formation of complex is de-
tected in the spectrum when FeCl>-4H,0 is used, although there is a peak below

240 nm which is in the range of the characteristic peak for L-pen.

An aqueous solution of metal ions and chiral compounds give a circular dichroism sig-
nal in the visible range due to the d-d transitions. This is a confirmation of the for-

mation of metal complexes with these optically active ligands.3°!
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Figure 5.28: CD spectra of metal salts sonicated in a racemic mixture; Co(ll) and Fe(ll) (black), Co(ll)
(green) and Fe(ll) (blue).

Figure 5.29 shows CD spectra corresponding to the interaction of the L- or D-Cys stabi-
lised CoFe204 NPs with one of the enantiomers of Penicilamine. A defined amount of
NPs was dispersed and sonicated in a solution of one of the enantiomers (D-Pen or L-

Pen) and after removing the NPs from the solution, CD spectroscopy was performed.

Solutions of either D- or L-Pen after the treatment with Cys stabilized CoFe20s NPs
show an interaction of the ligands with the NPs causing new changes, which generates
new CD signals. Broad peaks between 280 and 320 nm are consistent with the result
obtained in previous experiments, which confirms the formation of metals complexes

in the presence of the ligands.
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Figure 5.29: CD spectrum of solution after treatment of CoFe:0:@D-Cys, DC1 (a), DC2 (b) and
CoFe204@L-Cys, LC1(c) and LC2 (d) with D-Pen (black) and L-Pen (green).

The use of D- and L- Pen as ligand in the solutions after the treatment with the mag-
netic NPs results in mirror images of the same peaks in all the experiments carried out.
These results confirm the formations of new species in the solutions due to the pres-

ence of metal ions and the chiral ligands.

5.6 Conclusions

To conclude, core-shell Fe@C@SiO, NPs have been synthesized and characterized.
This material was tested in DNA purification and compared with commercially availa-
ble DNA purification kits. As a result, it has been demonstrated that these magnetic
nanomaterials can be used in the recovering of DNA with the advantage of being able
to recover the material by applying an external magnetic field. This advantage makes

the process faster and cheaper. However, further studies are necessary to investigate
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the potential up scaling of the process and to improve the recovery to match commer-

cially available kits.

A variety of chirally modified CoFe204 NPs have been used in the magnetic enantio-
meric separation of racemic mixtures using penicillamine and cysteine ligands. The re-
sults obtained from the preliminary test were very interesting, although the leaching
of Co and Fe ions from the NPs and binding of these ions to chiral ligands was identi-
fied as a major problem that needs to be addressed. Therefore, further detailed stud-
ies are necessary to confirm if the presence of the chiral ligands could imprint chiral
features enabling the enantiomeric recognition, selection and separation of chiral

compounds.
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Chapter 6. Magnetic Yolk-Shell Nanocomposites

6.1 Introduction

The development of nanomaterials with a hollow structure have emerged lately as an
interesting and useful approach to fabricate new nanostructures because of their vari-
ety of possible applications, such as drug storage with controlled release,*3!

catalysis,[*® or chemical and biological sensing. -3

This growing interest is due to their properties which include low density, high surface
area and mesoporous structure.!¥ Different materials have been investigated to form
these mesoporous structures, such as TiO,,151% carbon (718 and polymers 11921,
Among them, SiO; has arisen as one of the most studied due to its biological compati-

bility, low toxicity and stability. [2227]

Nowadays, several different methods have been employed to synthesize these hollow
structures. The hard template approach involves four steps: preparation of the tem-
plate, functionalization or modification of the surface, coating of the template to form
a shell and finally the removal of the template to create the inner void. However, with-
in this approach, there are different strategies to form the shell around the previously
formed hard template; Caruso et al. developed a technique to prepare hollow struc-
tures using the Layer-by-Layer assembly (LBL) approach.!?® This technique involves the
layer-by-layer deposition of polymers with opposite charges that are induced by elec-

trostatic interactions.
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Figure 6.1: Scheme of layer-by-layer techniques for the formation of hollow spheres.[?8!

Another commonly used strategy is the direct chemical deposition of shell materials
on the template. The deposition is carried out by precipitation of the materials on the
template using their chemical or physical interactions followed by a post-treatment

step to compress the shell.2%-30!

Hollow spheres can also be prepared by chemical adsorption on the surface layer; this
method uses a direct adsorption-calcination route. For example, Hyeon et al. used this
route to form hollow palladium spheres. Pd was deposited on silica spheres, which
were then removed by treating the Pd-coated silica spheres with 10 M HF solution.3
Alternative routes using hard templates include the nanocasting of a mesoporous
shell, which involves the incorporation of a suitable porogen agent during the silica
synthesis 3233 colloidal crystal and the lox-wax approach. For the latter cases, a sol-

gel precursor is infiltrated into a stable colloidal crystal.[34-35]

Sacrificial templating is a slightly different approach to the one using hard templates.
In this case, the template also plays a structural role, determining the shape and the
size of the cavity of the resultant material. Kirkendall effect 35371 and galvanic re-
placement are often used in the formation of hollow structures by sacrificial

template.3839
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Soft templates are also used to form these hollow structures. Contrary to hard tem-
plates, which use solid compounds, soft templates use liquid or gaseous species. As in
the hard templates, there are different strategies in the case of soft template. Emul-
sion droplets used two immiscible liquids, which are stirred making the drops of one of
the liquids dispersed into the other.[*¢4Y Supramolecular structures form when am-
phiphilic molecules from the surfactants form an assembly that leads to the genera-
tion of micelles or vesicles when their concentration in solution increases.[*>*3] Anoth-
er interesting strategy is the dispersion of bubbles into a liquid to create emulsions
(Figure 6.2). The selected material forms a compact shell of NPs around the bubbles.
The forces that drive the formation of that shell can be electrostatic interactions or
hydrodynamic conditions. The result can also be affected by the size, shape or other

particle properties.[44-45]

© CuS nanocrystal O H,S bubble

Figure 6.2: Scheme of the formation of CuS hollow microspheres based on the bubble template
route.[*4

Template free methods have also been investigated to develop hollow structures. One
of the methods used in this case is Ostwald ripening. The outer layer of the nanostruc-
tures crystallises faster due to the contact with the surroundings and as result, the in-

ner material tends to dissolve.[#&47!

Some of the strategies presented above for the formation of hollow structures can al-
so be used in the preparation of yolk-shell or rattle-like nanostructures. These struc-
tures are formed by a solid core and an external shell with a hollow space (void) in be-

tween. The incorporation of magnetic nanoparticles to the hollow nanostructures is
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particularly attractive as it adds the advantage of magnetic separation and manipula-
tion of the material. In addition, the empty space allows the loading of different com-
pounds such as drugs, catalyst, etc., that could be released on demand by an external

magnetic field, which could break the nanorattles.

Following different approaches MNPs@SiO, have been prepared and tested for differ-
ent applications. Rattle-type Fes0s@SiO2 hollow spheres were loaded with Doxorubi-
cin hydrochloride (DOX), an anticancer drug, and were evaluated for the cytotoxicity in
Hela cells, showing interesting results when compared to free DOX cytotoxicity.8 A
similar material was prepared and loaded with aspirin showing very positive results for

drug release.[*9)

However, these structures have also demonstrated great results in other fields. For
example, Au NPs deposited on the surface of FesOs MNPs were coated with a hollow
porous silica structure. The dimension of the pores made the Au NPs available to carry
out the catalytic reduction of 4-nitrophenol and epoxidation of styrene showing prom-
ising results. 5% The adsorption of contaminants in water has been demonstrated by
Wang et al. using Y-Fe203@SiO>—@mSiO> rattle-type nanostructures.5! Also, the syn-
thesis of magnetic yolk-shell nanocomposites comprising of magnetic core and silica
shell was also previously achieved by removing the silica layer using a hydrothermal

treatment.®2

The main aim of this chapter is to develop and characterize new Fe304@SiO, magnetic
nanorattle-like structures. In this work, the slow and selective internal etching of mes-
oporous silica under basic conditions was the procedure chosen to produce these ma-
terials. The plan is to use an organic dye and quantum dots (QDs) to extend the multi-
functional properties of the nanostructures and potentially use them in biological ap-
plications (e.g. biological imaging). The new magnetic nanorattles are to be investigat-
ed by FTIR spectroscopy, XRD, and TEM analysis. This work is expected to provide an
interesting contribution in the further development of multimodal magnetic nano-

composite material for a range of potential applications.
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6.2 Synthesis and Characterisation of Silica Coated Magnetite

Nanoparticles

Magnetite nanoparticles were prepared via co-precipitation of Fe?*/Fe3* ions, (ratio
1:2), by reacting a mixture of chloride iron solutions with a base, as it is shown in
Scheme 6.1. Upon addition of the iron salt solutions to the basic solution of pH around
12, a black precipitate was formed. The suspension was allowed to stir for one hour.
The resultant particles were washed with MP water three times and dried under vacu-

um.

Fe?* + Fe3* + 80H™ — Fe;0, + 4H,0

Scheme 6.1: The reaction scheme for the formation of Fe30a NPs.

Transmission Electron Microscopy (TEM) images of the obtained powder revealed the
spherical shape of the nanoparticles with a high level of aggregation probably due to
the magnetism of the materials. The histogram in Figure 6.4 shows that the average
size of the nanoparticles is 11.7 £ 0.3 nm. The study is based on a sample of 100 nano-

particles from the TEM images.

Figure 6.3: TEM images of the Fe304 nanoparticles.
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Size (nm)

Figure 6.4: Size distribution of the Fe3O4 nanoparticles.

Vibrating Sample Magnetometer (VSM) measurement confirmed that the material is
mostly superparamagnetic derived from the absence of a hysteresis loop. Saturation
magnetization was found to be 77 Am?kg?, which is lower than the Ms of bulk

magnetite (92 Am?kg?).53!
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Figure 6.5: VSM curve for the FesOs nanoparticles.
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The X-ray diffraction pattern collected for the sample confirmed the formation of the
cubic phase of Fe304 without the presence of any impurity (Figure 6.6). Peak positions
and Miller indices are in good agreement with values reported in the literature. Those

peaks are (111), (220), (311), (222), (422), (511) and (440).54

400+ (311)

40
20 (deg)

Figure 6.6: XRD pattern of the Fe3Os nanoparticles.

Before coating Fe30s NPs with a silica shell, the material was functionalized with citric
acid. A defined amount of magnetic NPs was dispersed in water and a solution con-
taining citric acid was added. The resultant mixture was sonicated for 1 h, after which

the pH was adjusted to neutral using trimethyl ammonium.

The magnetic nanoparticles were then coated with silica using the Stéber method. 159
Tetraethyl orthosilicate (TEOS) was added to a dispersion of the previoly prepared
citric acid stabilized Fe304 nanoparticles in ethanol. Ammonia was used as the catalyst
for the reaction. The concentration of TEOS added to the reaction mixture was varied
to modify the shell thickness. Two samples of Fes0s@SiO2> nanoparticles with an

evident difference in the shell thickness were produced.

Both samples, labelled SH1 (50 uL TEOS) and SH2 (200 uL TEOS), were analysed using
TEM and the images are shown in Figure 6.7. The sample prepared with lower concen-
tration of TEOS (top image) resulted in a thinner shell, with a higher degree of aggre-
gation. In contrast, samples prepared with a larger amount of silica precursor showed

a thicker shell of silica and individually coated nanoparticles.
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An approximate size distribution analysis performed from TEM images showed a size
of 28.5+ 6.3 nm for the thin shelled NPs (SH1) and 111 + 4 nm for the thick shelled
NPs (SH2). The average thickness of the shell was found to be around 5-10 nm for SH1

and 35 nm for SH2 samples.

Figure 6.7: TEM images of silica coated Fe3z0s nanoparticles: samples SH1 (top images) and SH2 (bot-
tom images).

Changes in the Ms for both samples can be observed in VSM curves (Figure 6.8). The
Ms for the nanoparticles with the thinner shell was found to be 47 Am?kg™. The in-
creasing presence of non-magnetic material leads to a decrease in the magnetisation
saturation, in the case of the sample prepared with a higher concentration of silica,

with a value of 19 Am2kg™.
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Figure 6.8: VSM curves of the Fes0.@SiO2 NPs: sample SH1 (green) and SH2 (black).

The X-ray diffraction pattern was recorded for the sample with the thick shell.

Magnetite retains the same cubic phase, indicating that the magnetic core has not

been altered in the process. The broad and unresolved peak between 20° and 30° in

the diffractogram confirmed the presence of amorphous silica.[>¢!
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Figure 6.9: XRD pattern for the Fe3s04@SiO2 nanoparticles with the thick silica shell.
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Figure 6.10: FTIR spectra of the Fe3Oa NPs (black), SH1 (blue) and SH2 (green).

The FTIR spectroscopy by diffuse reflectance (DRIFT) was carried out from 400 cm™ to
4000 cm™ for all samples (Figure 6.10). For magnetite, Fe-O stretches are found at 458

and 588 cm™.[57]

The formation of silica was confirmed by the presence of the asymetrical stretching
vibration mode of Si-O-Si that appears around 1000-1200 cm™. The band at around
800 cm! corresponds to the symmetric stretching of the Si-O-Si group.®® The intensity
in the asymmtric Si-O-Si peak increases as the concentration of silica present in the
samples increases. The peaks near 3200 and 1590 cm™ correspond to the vibration of

H20.
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6.3 Synthesis and Characterisation of Hollow Magnetite@Silica

Nanostructures

A new and simple method for the production of hollow nanostructures composed of

magnetic nanoparticles as a core and a silica shell was developed.

The process to prepare these hollow nanostructures involves a slow and selective in-
ternal etching of the silica shell after the synthesis of Fes0s@SiO, nanostructures in
water at basic conditions. Previously a similar slow etching approach has been report-

ed for the generation of hollow silica nanospheres.[*%!

In these experiments, the formation of the hollow silica shell is a spontaneous phe-
nomenon that occurs under mildly basic conditions. These basic conditions can be de-
rived from the base-catalysed reaction used to initially produce the silica itself. This
means that the residual base (e.g. ammonia), present in the synthesis of the silica
shell, remains in the solution even after the purification and can act as an etchant for
the silica nanoparticles, causing the structural change. Free hydroxyl groups present in

the solution can coordinate to the Si atoms, leading to the cleavage of the Si-O bonds

(Scheme 6.2).
(0] (©, O
-OH
(0] Si (0] Si ) +H,O ~— HO Si (0]
O O O

Scheme 6.2: Schematic presentation for etching of a silica structure in the presence of base.

In the case of Fe30.@SiO; nanoparticles, residual base is expected to be present after
the purification steps, as it is needed to reach a neutral environment. Mild basic condi-

tions are achieved after the purification by transferring the NPs to water; this leads to
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a raise in the pH to 7.5. It is then when OH groups from residual ammonium hydroxide
act as selective etchant, cleaving Si-O bonds. The process starts from the formation of
initially small voids that grow overtime and join eventually to form a hollow space in

the centre.

In these experiments, Fes0s@SiO2 NPs with different shell thicknesses were prepared
as described in the previous section and were stored in water and analysed by TEM
over a period of one week in the case of the sample with thin shell and three weeks in

the case of the sample with thick shell.

TEM images collected for NPs of SH1, with the thin silica shell, showed a complete de-
struction of the silica coating after the first week (Figure 6.11), fragments of silica link-
ing darker magnetic NPs are present in the images. The results of the experiment de-
pend on the density and size of the silica shell. A less dense shell coating around the

magnetic nanoparticles is easier to be etched, thus the reaction will proceed faster.

Figure 6.11: TEM images of SH1 stored in water for one week.

In the case of the TEM images of NPs with a thick shell of silica (SH2), small voids and a
porous shell can be observed after one week of storage (Figure 6.12,a). Note that the

porosity of silica has changed compared to the sample before the storage in water.

After two weeks, the formation of voids close to the centre of the NPs are present, as
shown by the TEM images (Figure 6.12, b). The formation of these voids, particularly in
the centre of the nanostructure, can be faster due to the presence of OH groups on
the magnetite core. Additionally, the small voids observed after one week continued

to grow into a more defined cavity between the shell and the core. The initially formed
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small pores grew overtime and merged to give larger voids close to the magnetic core.

[60-61]

After three weeks of the storage in water, more aggregated nanoparticles with an evi-
dent hollow structure can be observed in TEM images (Figure 6.12, c). The magnetic
moment of the nanocomposites increases with the formation of the cavities, the high-

er degree of aggregation of the nanoparticles is a result of that increase.

Figure 6.12: TEM images of the sample SH2 being stored in water for 1 week (a), two weeks (b) and
three weeks (c).

The average composite size of the hollow Fe30.@SiO2 nanocomposites (SH2) was
found to be 96.2 + 15.7 nm from the available TEM images. This value is not far from

that obtained in the case of Fe30.@SiO, nanoparticles before the water treatment,
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which was found to be 111 + 16.4 nm. Both values are very close to each other, so it
can be assumed that even if some silica has been removed from the outer layer, the

most important etching occurs in the inner layers of the silica shell.

A possible reason that would explain that the etching occurs faster inside the nanopar-
ticles than in outer layers is because the concentration of OH groups inside around the
magnetic core is much higher than outside. It also been reported that the growth of
the silica nanoparticles is based in the aggregation of smaller nanoparticles. The incor-
poration of monomer leads to an increase in the size. Thus, this process derives in a
more porous material in the internal parts to the nanoparticles, which leads to a faster

degradation in that area. 567

20

Magnetic Moment (Am’kg™)

HoH (T)

Figure 6.13: VSM curves of Fes0s@SiO2 (SH2, black) and Yolk-Shell structure after two weeks in water
(green).

The VSM data shown in Figure 6.13 shows the variation in the magnetic moment of
Fe304@SiO2 and the hollow Fe304@SiO; structures after two weeks in water. The Ms of
Fes04@SiO2 NPs is, as it has been shown earlier, 19 Am?kg™. The VSM performed for
the sample after two weeks showed the Ms of the material was 43 Am?kg™. The in-
crease of the magnetic moment of the nanostructures confirmed the removal of part

of the non-magnetic silica shell, as it can be observed in the TEM images. It is interest-
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ing to note that this value lies between the Ms values of Fe3s0s NPs (76 Am?kg?, Figure
6.5) and Fe304@SiO2 NPs (19 Am?kg?).

6.4 Synthesis and Characterisation of Hollow Magnetite@Silica

Nanostructures loaded with coumarin

Hollow Fe304@SiO; nanostructures were loaded with a coumarin derivative, a yellow
dye (Figure 6.14), which was incorporated into the nanostructure before the silica

coating.

Coumarin is a benzopirone, which consist in a benzene ring combined with a lactone
ring. Lactone rings contains double bonds that extends the m-system over the mole-
cule.l®?l Coumarin and its derivatives have been investigated for biological applications

such as anti-inflammatory or anticoagulants among others, [63-64]

Here, coumarin has been used to test the functionality of the hollow Fez04@SiO; as a
potential drug carrier and consequently a drug release system. The use of a dye in this
case allows us to track the presence of the compound at different stages of the syn-

thesis by spectroscopy.

Here, coumarin-3 carboxylic acid was treated with (3-Aminopropyl) triethoxysilane
(APTES) in a slow reaction stirring for 24 hours, before it was added to a dispersion of
Fe304 NPs in ethanol. The solution was then sonicated for 1 hour to homogenate the

mixture and bind dye molecules to the magnetic NPs.

Figure 6.14: Structure of Coumarin-3 carboxylic acid.
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After that, the protocol used for the synthesis of Fe30s@SiO; giving sample SH2 (sec-

tion 6.2) was followed to grow a silica shell coating on the magnetic nanoparticles.

The changes in the structure and the formation of the hollow structures were followed
overtime using TEM analysis. Figure 6.15 shows the TEM images demonstrating the
evolution overtime. The Fe30:@SiO2 nanocomposites after the silica coating are
shown in Figure 6.15, a. There is an aggregation of small FezsO4 NPs which are coated
with a thick shell of silica. The average size of these structures was measured from
TEM images (N = 40) and found to be 125.9 + 40.0 nm. The observed broad size distri-
bution of the nanocomposites can be attributed to the poor homogeneity during the

reaction.

After this material was transferred to water, in order to change the pH of the solution
and start the growth of voids in the structures. The Fe304@SiO, nanocomposites were
further analysed with TEM. Images in Figure 6.15, b shows the formation of the hollow

structures after three days in water.

Figure 6.15: TEM images of FesOs@SiO2-dye nanocomposites before water storage (a) and after 3
days storage in water (b).
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The formation of hollow Fe30s@SiO.-dye nanocomposites was much faster (3 days)
than in the experiment carried out in the absence of dye (1-3 weeks). As the change in
the structure of silica is related to the pH, the rate of the hollowing can be affected by
the pH inside of the nanostructures. In this case, aside from the residual OH groups
from ammonium hydroxide used during the formation of the silica shell; the pH can

also be raised due to the presence of NH; groups from the residual APTES.

The UV-Vis spectra were measured to track the presence of the dye. After the synthe-
sis of the initial Fe304@Si0O2 nanocomposites, the material was washed three times
with ethanol and isolated using an external magnetic field. The UV-Vis spectra of these
washings were recorded and are shown in Figure 6.16. The UV-Vis spectra of the solu-
tion after finishing the reaction confirmed the presence of dye, which was not incorpo-
rated into the nanostructures. Sequential washings reduced the presence of unbound
dye in the solution. This simple test proved that dye was not released from the nano-

composites into the solution before transferring the material from ethanol to water.
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Figure 6.16: UV-VIS spectrum of solution after reaction and formation of Fe30.@SiO2 nanocomposites
(black), fist washing with ethanol (green) and second washing with ethanol (blue).

After transferring the material from ethanol to water, the solution was monitored with

UV-Vis spectroscopy in order to detect any change in its composition. After 3 days in
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water, the solution showed the characteristic peaks of the dye. However, no further

changes can be observed for the same solution after 8 days of storage.

— Dye
— After 3 days
— After 8 days

Absorbance (a.u)

200 ' 400 ' 600 800
Wavelength (nm)

Figure 6.17: UV-Vis Spectrum of the pure dye in water (black), solution after 3 days of storage (green)
and solution after 8 days of storage (blue).

An analysis of the material after the release of the dye was carried out using TEM. The
images in Figure 6.18 show hollow structures with no evident difference to those be-
fore the dye was released. Despite some free FesOs NPs being observed, well-defined
nanorattles are the dominant species in the sample. It can be concluded that the dye is

mostly released through the pores formed after the etching of the silica shell.

Figure 6.18: TEM images of Fes0s@SiO2-dye nanorattles after the release of the dye over 8 days.
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New hollow Fe30,@SiO2-dye nanocomposites have been successfully prepared. It was
also found that the mesoporous silica etching process facilitates the releases of the

dye opening new opportunities for applications of these nanomaterials.

6.5 Synthesis and Characterisation of Loaded Yolk-Shell Magnet-
ite@ZnSQD@Silica Nanostructures

Another experiment carried out, was the synthesis of yolk-shell Fe304@SiO; nanoparti-
cles containing ZnS:Mn QDs.[%®! Fluorescent QDs were combined with the same
amount of Fe30s NPs used in experiment SH2 in ethanol. Silica coating was carried out
in the same way that the experiment mentioned earlier, using TEOS as the silica pre-
cursor. Following the same protocol, the sample was treated with water and stored for
two week to selectively etch the silica shell. The purpose of this experiment was to in-
vestigate a different application of the hollow structures, such as releasing the encap-

sulated material by sonication.

Figure 6.19 shows TEM (left) and STEM (right) images of the ZnS:Mn QDs. The average
size distribution of the ZnS:Mn QDs is 5 nm, as can be observed in the images. In addi-
tion, there is a considerable difference in the contrast compared to the magnetic na-

noparticles enabling us to assure the presence of the QDs.

Figure 6.19: TEM (left) and STEM (right) images of ZnS:Mn QDs

The nanocomposite was analysed over time using TEM. The TEM images in Figure 6.20
show the nanocomposites after the coating with the silica. Aggregation of magnetic

NPs and QDs inside the silica shell can be observed. Based on the images, it can be
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assumed that the smaller (5 nm) particles are ZnS:Mn QDs and the larger particles rep-

resent the Fe304 NPs (11.7£0.3 nm).

Figure 6.20: TEM images of the Fe304/ZnS@Si02 nanocomposites.

The TEM images of the nanocomposites after two week of storage in water are shown
in Figure 6.21. Complete decomposition of the silica shell is observed although some
thinly layered silica fragments remain in the sample. This behaviour has already been
observed in the previous experiments and was discussed above. This observation can
be connected to the fact that the concentration of NPs ( MNPs + QDs) was increased
during the reaction, by adding QDs to the solution. As the rest of the reactants were
kept in the same proportions to previous experiments, it can be expected that the sili-
ca present is no longer sufficient to give a shell with the same thickness than previous
experiment. This would result in a thinner shell (15-20 nm) compared to the sample
formed in the case of the experiments carried out for the hollow Fe30s@SiO, and
Fe30s@SiO2-dye nanocomposites. However, another more likely reason is that there
is a highly basic environment in the inner layer of silica due to the presence of the
QDs, which were stored in a basic solution. A higher pH would accelerate the process

of etching.
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Figure 6.21: TEM images of Fe304/ZnS:Mn@SiOz nanocomposites after two weeks storage in water.

After two weeks of storage in water, the Fe304/ZnS:Mn@SiO2 nanocomposites were
sonicated for 90 minutes in a sonic bath. A UV-Vis spectrum of the solution before and
after sonication was recorded. The MNPs were removed from the solution by magnet-
ic separation before performing the measurements. Figure 6.22, left shows the pres-
ence of the ZnS:Mn QDs in solution for the sonicated nanocomposite sample. The sig-
nal centred around 300 nm is broad, but the red shift could be explained by the fact
that the quantum dots are aggregated in the silica shells and/or have grown due to
heating of the sample during the sonication process. The UV-Vis spectrum of the solu-
tion before sonication does not show a significant signal; this can be an indication that
the leaching of the QDs is induced by sonication. Prevention of the quantum dot
quenching could be brought about in the future by employing a double coating of silica
in the synthesis; a layer before and after the addition of QDs to separate them from

the magnetite NP cores.
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Figure 6.22: UV-Vis spectra of Fes04/ZnS:Mn@SiO2 nanocomposites in solution (left) before sonication
(green) and after sonication (black) and UV-Vis spectrum of ZnS:Mn QDs (right).
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Photoluminescence (PL) measurements were carried out for the nanocomposites be-
fore and after sonication. These measurements (not shown here) did not show any
luminescence peaks demonstrating the presence of ZnS:Mn QDs, which can be due to
the complete quenching of the luminescence, as a result of the presence of the MNPs

and for example a partial degradation of the QDs.

6.6 Conclusions

The development of new interesting yolk-shell multimodal magnetic nanocomposites
has been demonstrated here. In this case, superparamagnetic magnetite nanoparticles
served as the core material for the nanocomposites. Nanoparticles coated with a con-
trolled amount of silicon oxide were used as a starting material to produce yolk-shell
magnetic nanostructures by a new and facile method of synthesis. It was found that
residual hydroxyl groups trapped inside the silica matrix together with magnetic nano-
particles could etch the silica shell over a 1-3 week period of time, if the nanoparticles
were kept in water. It is obvious, that in this case, water molecules can diffuse
throughout the silica shell and create a local basic solution inside the silica shell lead-
ing to etching of the shell from the inside. This process resulted in hollow yolk-shell
nanostructures where magnetite nanoparticles were trapped inside a silica shell. The
structures and processes were visualised by TEM. As the prepared yolk-shell structures
did not exceed 100 nm in diameter and magnetisation was considerably retained, the
thickness of the silicon oxide shell could potentially be increased and the nanocompo-
sites could be stored in a mildly basic medium for a longer period of time, in order to
increase the loading capability of the nanocomposite. The loading and release proper-
ties of the shell material were demonstrated experimentally using a coumarine deriva-
tive and ZnS:Mn quantum dots. This research arguably opens up a new approach to
novel yolk-shell magnetic nanomaterials with a range of potential applications, includ-
ing drug delivery and release systems, catalysis, on demand magnetic triggering of

processes, multimodal biological imaging and others.
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Chapter 7. Conclusions, Feasibility Studies and Future

Work

7.1 Conclusions

In this work, a number of new magnetic nanoparticles and nanocomposites materials
with a broad range of potential applications have been prepared and characterised

using various instrumental techniques.

Several new cobalt ferrite based core-shell nanocomposites have been developed us-
ing a combination of co-precipitation and sol-gel techniques and catalytic properties of
these nanostructures have been studied. The double layer coated
CoFe20,@SiO,@TiO2 nanocomposites showed photocatalytic activity in the oxidation
of methylene blue under UV light. In order to achieve the active photocatalytic phase
of TiO, anatase, the sample was sintered at 600 °C. The preparation of CoFe20s@Ce0;
nanocomposites involved the deposition of CeO; on the surface of cobalt oxide mag-
netic nanoparticles that was confirmed by TEM and other techniques. Catalytic activi-
ties studies carried out with this material showed the degradation of the organic with

and without light.

Core-shell nanostructures involving the deposition of metals such as Ag and Au on
CoFe;04@D-Pen@SiO;@TiO; have also been developed. The nanomaterials have been
used as catalysts in the degradations of the organic dye, methylene blue, and have

demonstrated promising results.

It is important to notice that after coating of magnetic nanoparticles with different
materials shells of, the magnetic parameters of resulting nanocomposites remained
strong enough to enable to recover them from the reaction using an external magnetic
field. Therefore, these nanocomposites can serve as promising magnetically recovera-

ble catalysts.

The use of amino acids as stabilisers during the formation of cobalt oxide magnetic

nanoparticles has shown to have pronounced effects on the size, shape and magnetic
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properties of the nanomaterial. There was a reduction in the size of the nanoparticles
with an increase of the concentration of amino acids, such D-Penicillamine, D- and L-
Cysteine, D- and L-Aspartic Acid and D-Glutamic Acid were used in the co-precipitation
reaction accompanied by a narrowing of the average size distribution. There was also
a significant aggregation and the formation of clusters due to the oriented attachment

and magnetic dipole-dipole interactions.

We have also found that the size of cobalt oxide magnetic nanoparticles can be con-
trolled by changing the concentration of L-alanine as a stabiliser during the reaction.
By increasing the amount of ligand the size of the NPs is reduced up to a point that su-
perparamagnetic behaviour of the material is reached. We believe that the use of
amino acid as stabilisers for ferrite nanoparticles opens up a new strategy to design
magnetic nanomaterials of controlled size, shape and aggregation for a broad range of

potential applications.

Fe@C@SiO; core-shell nanostructures have be prepared and tested in DNA purifica-
tion. These nanomaterials have also been compared to silica based spin column design
for DNA recovery and a commercially available DNA purification kit is used. Results
show that Fe@C@SiO: core-shell nanostructures can effectively recover DNA in a fast-
er way than the traditional protocols due to the advantage of being quickly removed
magnetically from the solution. However, further studies are necessary to investigate
the further development and potential up scaling of the process and to improve the

recovery to overtake commercially available kits.

Preliminary experiments have also shown interesting results in the enantiomeric sepa-
ration of racemic mixtures using chiral functionalised cobalt oxide magnetic nanoparti-
cles. Although the possible leaching of metal ions to the solution adds some difficulty
to the interpretation of the results, we believed that it should be a promising and use-
ful approach for the separation of enantiomeric compounds. We believe that further

detailed studies are necessary to confirm if the presence of the chiral ligands could

214



Chapter 7 Conclusions, Feasibility Studies and Future Work

imprint chiral features enabling the enantiomeric recognition, selection and separation

of chiral compounds.

New yolk-shell multimodal magnetic nanocomposites of silica coated magnetic nano-
particles have been successfully developed in our work. It was found that silica coated
magnetic nanoparticles are not stable in aqueous medium and residual hydroxyl
groups trapped inside the silica matrix together with magnetic nanoparticles could
etch the silica shell over a 1-3 week period of time. This process was found to generate
new hollow yolk-shell nanostructures where magnetite nanoparticles were trapped
inside a silica shell that was confirmed by TEM. TEM images showed that the prepared
yolk-shell structures did not exceed 100 nm in diameter and magnetisation was con-
siderably retained and even increased after removing part of the non-magnetic shell.
Thickness of the silica shell can be controlled by the time of the etching process in wa-
ter. We have also developed new multimodal nanostructures by loading the initial
magnetic-silica core-shell nanostructures with coumarine derivatives and ZnS:Mn
quantum dots. Then we have demonstrated the release of coumarine derivatives and
quantum dots over time period. Properties of the shell have been demonstrated ex-
perimentally using Zn:Mn QFs and coumarin. This research opens up a new approach
to produce yolk-shell magnetic nanomaterials with a range of potential applications,
including new drug delivery and release systems, as catalysis, on demand magnetic

triggering of processes, multimodal biological imaging and others.

7.2 Preliminary Studies and Future Work

Future work will include further research and development on the applications of the

new synthesised magnetic nanomaterials.

7.2.1 Development of Magnetically Activated Adhesives Based on
CoFe204@Ce02 NPs and Super Glue Formulations

On-demand initiation of chemical reactions using a magnetic stimulus is one of the

most challenging and intriguing problems in chemistry. For the first time, we devel-

oped on-demand magnetic activation of a polymerisation process using an anaerobic

adhesive formulation as an example of our approach toward triggering chemical reac-
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tions using an external magnetic field. Our strategy involved the use of a new colloidal
system comprising functional methacrylate ester monomers, peroxide and Cu'-salt as
polymerisation initiators and magnetic nanoparticles (e.g. CoFe20s ) coated with an
oxidizing shell (e.g. MnO; or Ce0>). This unique combination prevents reduction of the
reactive transition metal (Cu") ion by the metal substrates (steel) to be joined - hence
inhibiting a polymerisation reaction and efficiently preventing adhesion. The polymeri-
sation and corresponding adhesion process can be triggered by removal of the mag-
netic particles using a permanent external magnet, enabling the polymerisation to

proceed through Cu"-mediated reduction.

For example, core-shell CoFe;04@CeO, nanoparticles can be used in the activation of
anaerobic adhesive. In our studies, we used anaerobic adhesive formulation, which
composed of a monomer (Triethylene glycol dimethacrylate), an initiator (tert-butyl
peroxybenzoate) and a surface activator (copper (ll) tetrafluoroborate hydrate). In or-
der to inhibit and delay the polymerization of the mixture of oxidasing CoFe,04@CeO>
nanoparticles are added. A series of experiments varying the amount of magnetic na-
noparticles were carried out and the reaction was followed during time to follow the

effect of the nanoparticles in the adhesion time (activation of the glue).

Table 7.1: Reaction conditions using CoFe20s@CeO2 NPs.

Amount of Control Sample
CoFe;0,@CeO: Og 0.01g 0.025g 0.05g 0.075g 0O.1g
Time (s) 20 30 30 50 50 50

Table 7.1 shows the conditions of the reaction using CoFe,04@CeO; NPs. It can be ob-
served that the time it take the adhesive to harden increases when the amount of ma-
terial is higher. The time becomes constant when the amount of magnetic nanoparti-
cles is increased up to 50 seconds, meaning that it is not necessary to add more nano-

particles to force the activation of the glue.

After removing the magnetic nanoparticles from the mixture, the adhesion time re-

maining constant and in the same value that the control experiment (20s). This is an
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indication that there is not oxidasingCeO; left in the solution after removing the nano-

particles.

60 =s— CoFe,0,@CeO, NPs
—e— Supernatant

Time (s)

T o ¥ o T ¥ T - ¥

b T
60 80 100

40
NPs (mg)

Figure 7.1: Adhesion tests using CoFe20:@CeO> NPs (black line) and supernatant (green line).

Figure 7.1 Shows the increase of the time of adhesion when the amount of NPs added
increases. The time of adhesion remains constant when the magnetic nanoparticles

are removed from the solution.

Thus our novel approach potentially enables on-demand magnetically-triggered reac-
tion initiation and holds great potential for a range of important applications in chem-
istry, materials science and relevant industrial manufacturing. Therefore we plan to
develop this method and area in our future work. Our future studies will involve the
development of a range of magnetic core-shell nanostructures with oxidising metal
oxide shells (e.g. CeO2, MnO,, OsO4 etc.) and testing of these nanomaterials in the in-
hibition and activation by magnetic removal of various polymerisation reactions in-
volving various redox (e.g. Cu(ll)-Cu(l) redox pair ) initiators. We believe that this work
could also open up fundamentally new approaches in colloidal chemistry, offering a

novel concept of magnetic stabilisation and subsequent destabilisation or activation of
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reactions using colloidal systems (potentially including relevant biological colloidal sys-

tems).

7.2.2 Development of Amino Acid Stabilised CoFe:04 NPs as Anti-

bacterial Agents

Preliminary studies were performed for some of the samples of cobalt oxide magnetic
nanoparticles stabilised with amino acids. The purpose of this experiment was to de-
termine the effect of amino acid stabilized cobalt ferrite (CoFe204) on the viability of
Escherichia coli (E coli) bacteria over 3 and 6 hours contact periods. The test was per-
formed using the measurement of antibacterial activity on glass slides (ISO

22196:2011).

Glass slides for coating with amino acid functionalized CoFe;04 NPs were supplied to
Airmid Healthgroups Ltd, which has also performed antibacterial testsGlass slides with
no coating, were used as control. The measured area was 25 X 25 mm. The samples
were autoclaved at 105 °C for 30 min prior to testing to ensure their sterility. Glass
slides were labelled as uncoated, coated with cobalt ferrite (CoFe204) and four amino
acid enantiomers coated of cobalt ferrite (CoFe,04 L-Cysteine, CoFe20s D-Cysteine,

CoFe,04 D-Penicillamine, CoFe;04 L-Penicillamine) nanoparticle samples.

The experimental procedure was performed in accordance with BS ISO 22196:2011
measurement of antibacterial activity with some alterations made to the protocol due
to the dimensions of the samples. Two main alterations to the standard were the sur-
face area used (25 X 25 mm rather than 50 X 50 mm as specified in the standard) and a
contact time of 3 hours or 6 hours rather than the 24 hours in the standard. The dif-
ferent contact times were performed on separated days. The method was as follows:

E coli ATCC8739 was grown in Tryptic Soy Broth (TSB) overnight at 37°C aerobic condi-
tions and was adjusted to a concentration of 8 X 105 cells/mL in 1/500 Nutrient Broth.
The adjustment in cellular concentration was calculated from previously performing

serial dilutions of an overnight culture and correlating the bacterial concentration
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against the level of absorbance at an optical density of 600 nm using a spectrometer.

A 150 pL aliquot of adjusted bacterial suspension was placed on the surface of the
treated and untreated specimens under sterile conditions in a laminar flow cabinet.
The treated and untreated specimens were immediately transferred to a thermostati-
cally controlled incubator at 35 °C and high relative humidity and were incubated for 3

hours and 6 hours. The results of antibacterial tests are summarised in Tables 2 and 3.

Table 7.2: Antibacterial activity values of coating after 3 hours incubation.

Control

CoFe;04 4.49 0.49
CoFe;04L-Cys 4 1.47
CoFe;04D-Cys 2.66 2.32
CoFe204L -Pen 3.38 1.60
CoFe;04 D-Pen 3.03 1.95

Table 7.3: Antibacterial activity values of coating after 6 hours incubation.

Control

CoFez04 4.03 0.95
CoFe204 L-Cys 3 2.32
CoFe204 D-Cys 1.56 3.42
CoFe204L -Pen 2.03 2.95
CoFe;04 D-Pen 1.93 3.05
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Table 7.2 and Table 7.3 show the antibacterial activity of coated nanoparticles after 3
and 6 hours incubation respectively. The calculations were carried out following the

equation:

R=(Ut_ UO)_(At_ U0)= U — A

Where:
R is the antibacterial activity
U, is the average of the common logarithm of the number of viable bacteria in
cell/cm? recovered from the untreated test specimens immediately after inocu-
lation.
U, is the average of the common logarithm of the number of viable bacteria in
cell/cm? recovered from the treated test specimens after incubation.
A, is the average of the common logarithm of the number of viable bacteria in

cell/cm? recovered from the treated test specimens after incubation.

The data obtained in these studies demonstrated the cobalt ferrite coatings submitted
for testing showed antimicrobial activity properties with some enantiomers displaying
higher levels of activity than others. The antibacterial activity of CoFe,04 D-Cysteine
and CoFe;04 D-Pen nanoparticles was higher than corresponding samples stabilised by
L- enantiomers and significantly higher than activity of uncoated CoFe;04 nanoparti-
cles. It was also noted that the antimicrobial activity values increased as the contact
time with the bacterial inoculum increased from 3 hours to 6 hours. All criteria for the
fulfilment of a valid test were met where applicable. Thus these feasibility studies have
demonstrated that amino acid stabilised ferrite nanoparticles can be promising anti-
bacterial agents. Most importantly our preliminary testing of these nanomaterials
clearly demonstrated enantiomeric selectivity in the toxicity for biological species.
Therefore our future work will involve detailed antibacterial studies of all our amino
acid stabilised magnetic nanoparticles with particular attention to be paid to various
D- and L — enantiomer stabilised nanomaterials. We believe that his research would

allow us to design and fabricate new types of antibacterial materials for potential pro-
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duction of antibacterial powders, paints and coatings. Moreover, magnetic modality of
these materials might enable to design new processing techniques as well as ability to

selectively isolate dangerous bacterial species using a magnetic separation.

7.2.3 Further Development of Yolk-Shell Magnetic Nanostruc-

tures for Biomedical Applications

Finally one more of our future objectives is to further develop new hybrid silicon diox-
ide based magnetic hollow rattle-like or yolk-like nanostructures. We plan to prepare a
range of new magnetic nanoratties based with the loading of new drugs and carry out
drug delivery and drug release biological tests in cells in order to demonstrate the abil-
ity of the drug to be selectively released in a cell cultures media. Particlur attention
will also be paid to further development of multimodal magnetic nanorattle-like struc-
tures which magnetic nanoparticles will be trapped in the hollow silica shell together
with quantum dots and or plasmonic nanoparticles. To the best of our knowledge
these multimodal ssytems have never been studied. Meanwhile, these nanomaterials
could open up an access to novel materials, which can change their properties (e.g.
colour, emission etc.) by the swipe of a magnet. Finally, magnetic nanorattle like struc-
tures can be potentially used as nanoreactors to study various processes and catalytic
systems. The presence of magnetic nanoparticles in the core of the nanostructures
would facilitate the recovery and re-use of the catalytic nanostructures by a simple
magnetic separation. Moreover the use of an external variable magnetic field could
facilitate the stirring and convection of the reaction mixtures inside the hollow silica

vesicles.
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