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ABSTRACT

ASSEMBLY OF MAGNETIC NANOPARTICLES INTO HIGHER STRUCTURES
ON PATTERNED MAGNETIC BEADS UNDER INFLUENCE OF MAGNETIC
FIELD

The self-assembly of nanoparticles (NPs) into higher organizations in a controlled
manner has critical importance for the utility of the unique properties of NPs. Magnetic
nanoparticles, Fe3O4, (MNPs) also show unique properties and can be manipulated under
the influence of a magnetic field. Therefore, in order to build higher structures MNPs are
used and manipulated in the presence of an external magnetic field. In this study, after the
synthesis of MNPs with an average size of 6 nm, the influence of template and solvent
which MNPs were suspended in, are investigated on the controlled assembly of MNPs on
various surfaces by drop casting. Compact Discs (CD) are used as the template to create
patterned surfaces with magnetic beads. When an external magnetic field is applied,
magnetic beads which are magnetic nanoparticles embedded in a polymer matrix,
exaggerate the magnetic field gradient and therefore increase the magnetic force acting on
the solvent allowing the ability to align the MNPs during solvent evaporation. Different
templates and different solvents are successfully used and tested in both absence and
presence of magnetic field. It is found that upon evaporation of the solvent where the
MNPs are suspended, formation of unique micrometer sized structures is achieved only
when there is a patterned surface constructed from sub-micrometer size magnetic beads in
between the applied magnetic field and MNPs. The preliminary results indicate that the
combined effect of magnetic field and evaporation rate might help the control of NP
behavior on surfaces and interfaces to construct higher structures. This work may offer a
new and simple approach for preparation of patterned and renewable surfaces, constructed

from MNPs, which find use in many fields of science and technology.



OZET

MANYETIK NANOPARCACIKLARIN MANYETIK ALAN ETKIiSiYLE
MANYETIK BONCUKLARLA OLUSTURULMUS ORUNTULER UZERINDE
YUKSEK YAPILAR OLUSTURMASI

Nanopargaciklarin (NP) kontrollii olarak daha biiyiikk yapilara derlenmelerinin
NP’lerin 6zgiin Ozelliklerinin yararlar1 agisindan biiyiilk 6nemi vardir. Ayrica manyetik
nanopargaciklar da, Fe3O4, (MNPS) 0zgiin oOzellikler gostermekle birlikte manyetik alan
etkisi altinda hareket ettirilebilirler. Dolayisiyla daha biiyiik yapilar olusturmak igin
MNP’ler kullanilmistir ve harici manyetik alan varliginda idare edilmistir. Bu ¢alismada,
ortalama boyutlar1 6 nm olan MNP’lerin sentezinden sonra, alt érintinin ve MNP’lerin
siispanse edildikleri ¢Oziiciiniin etkisi arastirilmistir. Kompakt diskler (CD), manyetik
boncuklarla birlikte oriintiilii yiizeyler olusturmak i¢in kullanilmislardir. Harici manyetik
alan uygulandiginda, manyetik nanoparcaciklarin polimer matriksine sokularak
olusturulmus manyetik boncuklar, manyetik alan siddetini artirirlar ve boylece ¢oziicii
iizerine etki eden manyetik kuvveti artirirlar. Coziicli tizerindeki manyetik kuvvet artist
MNP’lerin ¢6ziicli buharlagsmast sirasinda hizalanma yeteneklerine izin verir. Farkli
oriintiiler ve farkli ¢oziiciiler basar ile galisilmis olup hem manyetik alan varliginda hem
de yoklugunda test edilmistir. MNP’lerin siispanse edildikleri ¢oziiciiniin buharlagsmasiyla,
sadece manyetik boncuklarla olusturulmus Oriintiilii yiizeylerde 0zglin mikrometre
boyutlarinda yapilarin elde edildigi bulunmustur. ilk sonuglar buharlagsma hiz1 ile manyetik
alanin birlesmis etkisinin NP’lerin yiizeyler ve arayliizler iizerinde daha biiyiik yapilar
meydana getirmesine yardimci olabilecegini gostermektedir. Bu galigma bilim ve fenin
¢ogu alaninda kullanilan MNP’lerden Oriintiilii ve yenilenebilir yiizeylerin hazirlanmasi

icin yeni ve basit bir yaklasim sunabilir.
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1. INTRODUCTION

Nanotechnology is an engineering discipline that applies methods from nanoscience
to create usable, marketable, and economically viable products. It is the ability to work at
the molecular level, atom by atom, to create large structures with fundamentally new
molecular organizations. The assembly of nanoparticles (NPs) into organized structures
and patterns is of paramount importance in many areas of modern science and technology
with applications ranging from the production of integrated circuits, information storage
devices and display units to the fabrication of micro-electromechanical systems (MEMS),
miniaturized sensors, micro-optical components and diffractive optical elements [1]. A
major effort in nanotechnology has been devoted to the patterning of active materials into
size and shape controlled structures, because of the ambitious goal of controlling physical
properties through the control of materials’ length scales [2]. For most of these applications
the fabrication of thin films and/or artificially organized patterns are certainly a crucial

issue [3].

Magnetic nanoparticles (MNPs) have emerged as an important building block in
nanobiotechnology since they can be obtained in sizes comparable to those of a protein,
antibody, DNA or RNA, and can interact with or bind to such biomolecules. Their
magnetic properties lead to magnetic carriers for biomedical applications such as DNA and
RNA purification, cell separation, magnetic drug delivery, hyperthermia and magnetic
resonance imaging (MRI) contrast enhancement [4-7]. Much effort has been focused on
obtaining patterned arrays comprised of MNPs. Towards this end, earlier work has
reported the use of microcontact printing [8] combined with layer-by-layer self-assembly
[9], and applying electron beam treatment to the formed layers of NPs [10] as well as

focused ion beams [11].

Recent developments indicate that the application of a magnetic field could be an
elegant way to orient and self-assemble magnetic particles into nano- and micro-scale
structures, in which dipole—dipole interactions between adjacent magnetic NPs force them

to form reversible anisotropic structures [12-15].



Superparamagnetism is a form of magnetism, which is observed with small
ferromagnetic or ferrimagnetic NPs. Superparamagnetism occurs in NPs that have single-
domain, i.e. composed of a single magnetic domain. In this condition, it is considered that
the magnetization of the NPs is a single-giant magnetic moment, the sum of all the
individual magnetic moments carried by the atoms of the NP. When an external magnetic
field is applied to the superparamagnetic NPs, they tend to align along the magnetic field,
leading to a net magnetization. In the absence of an external magnetic field, however, the

dipoles are randomly oriented and there is no net magnetization [17].

In this study, the aim is to to prepare well-defined magnetic surfaces and to
investigate their use as chemical and biological sensors, as well as in the development of
various diagnostic methods. For this purpose, a template consists of pre-existing channels
of a commercial CD is used. The channels are roughly filled with micrometer size beads
composed of MNPs embedded in a polymer matrix (Ademtech® beads with an average
size of 500 nm). The CD channels filled with microbeads are then coated with a thin layer
of polydimethylsiloxane (PDMS) to ensure the beads to stay inside the channels. The
surface is exposed to a suspension containing superparamagnetic NPs. A combination of
magnetic accentuation of microbeads by application of external magnetic field, coupled
with superparamagnetism of MNPs and solvent evaporation leads to well-defined

hierarchical structures of densely packed standing cylinders composed of MNPs.

General information about nanotechnology, MNPs and synthesis methods, core and
shell structures, gold coated MNPs as well as the self assemble are given in the theoretical
background part of the report. In Chapter 3 materials and chemicals as well as the
characterization techniques are introduced which were used during the project.
Furthermore, in Chapter 4 synthesis methods of magnetite and the characterization results
are given with discussions. Finally, Chapter 5 includes both the methods and the results of
micropatterning of synthesized MNPs. Chapter 6 gives a general summary of the

conclusions of the thesis and recommendations for future work.



2. THEORETICAL BACKGROUND

2.1. NANOTECHNOLOGY

Nanotechnology is based on the prefix “nano” which is from the Greek word
meaning “dwarf”. In more technical terms; the word “nano” means one billionth of meter
or to put it comparatively, about 1/80 000 of the diameter of a human hair. The word
nanotechnology is generally used when referring to materials with the size of 0.1 to 100

nanometers.

Nanotechnology is the manipulation or self-assembly of individual atoms, molecules,
or molecular clusters into structures to create materials and devices with new or vastly
different properties. Materials that are in the size range 10-100 nm can be prepared by
using two techniques, the top-down and the bottom-up methods as it can be seen from the
Figure 2.1. The top-down technique is applied to process macro-scale materials into
smaller sizes, whereas the bottom-up method is applied to integrate molecules or atoms

into nano-scale materials [18].

Top down Top down
Pa— Methods
Bulk Mechanical Grinding
Erosion
P [ —

Powder

J
—~

......

Bottom up
§:()% Clusters Methods
o Aerosol techniques
1 Chemieal precipitation
258 Gas phase agglomeration
Sﬁ&; Atoms Self-assembly

Bottom up

Figure 2.1. The schematic representation of bottom-up and top-down methods [18]



Potential nanotechnological applications in the next few decades could produce huge
increases in computer speed and storage capacity, therapies for several different types of
cancer, much more efficient lighting and battery storage, a major reduction in the cost of

desalinating water, clothes that never stain and glass that never needs cleaning [19].

To build materials by bottom-up approach, the first requirement is to have clusters of
the material consisting of a few (3-10") molecules. One such system of clusters of particles
is the colloidal system. Colloids can be defined as: “a mixture with properties between
those of a solution and fine suspension”. Colloidal systems have been known and exploited
for centuries in diverse areas ranging from pigments and paints to medicines, as well as in
photography, agriculture, etc. The Lycurgus Cup from the Roman times owes its unique
property of appearing green in reflected light and red in transmitted light due to nanometric
gold and silver particles in glass (Figure 2.2). Colloids can be composed of particles of a
wide range of sizes from a few micrometers as in the colloidal system that forms milk, to a
few nanometers as in the colloidal system in the Lycurgus Cup. For ‘bottom- up’ approach
of building materials only the colloidal systems with particle dimensions less than 50 nm

are generally of interest [20].

Figure 2.2. a. Lycurgus Cup, Roman Era (4th Century A.D). It appears green in reflected
light and red in transmitted light. It contains gold and silver particles of approximately 70

nm, b. and in the ratio 1:14. The special color effect is due to these nanocrystals [20]



NPs show a number of properties that are either absent in or more efficient than their
bulk materials counterparts. Some of the properties are due to quantum or more generally
size effects, some are due to increased surface-to-volume ratio or shape some to the
presence of an organic ligand shell, but some are more collective and derive from the

assembly and arrangement of the NPs [21].

Synthesis and manipulation of clusters in this size range falls in the domain of
nanotechnology and the clusters are often called as NPs. The emerging field of
nanotechnology will require tailor made building blocks for the bottom-up construction of
advanced materials and devices. The availability of colloidal particles with unique and
tailored functional properties like optical, mechanical and electrical properties has made

colloidal synthesis the favored method for obtaining NPs [20].

2.2. MAGNETIC NANOPARTICLES

Magnetic nanoparticles (MNPs) are a class of NPs which due to their magnetic
properties can be manipulated using magnetic field. Such particles commonly consist of

magnetic elements such as iron, nickel and cobalt and their chemical compounds [22].

Iron oxides exist in many forms in nature, with magnetite (FesO4), maghemite (y-
Fe,03), and hematite (a-Fe,O3) being probably the most common. These three oxides are
also very important technologically. However, in MNP applications, magnetite, Fe3O4 is
the mostly promising form of all, due to its biocompatibility, high superparamagnetic
properties and high magnetic susceptibility [23]. Some of their physical and magnetic

properties are summarized in Table 2.1.

Hematite is the oldest known of the iron oxides and is widespread in rocks and soils.
It is also known as ferric oxide, iron sesquioxide, red ochre, specularite, specular iron ore,
kidney ore or martite. Hematite is blood-red in color if finely divided, and black or grey if
coarsely crystalline. It is extremely stable at ambient conditions, and often is the end
product of the transformation of other iron oxides. Magnetite is also known as black iron

oxide, magnetic iron ore, loadstone, ferrous ferrite, or Hercules stone. It exhibits the



strongest magnetism of any transition metal oxide. Maghemite occurs in soils as a

weathering product of magnetite, or as a product of heating of other iron oxides [23].

Table 2.1. Physical and magnetic properties of iron oxides [23]

Property Hematite Magnetite Maghemite
Molecular
(I-FEZO;J, Fe304 'Y-F6203
Formula
Density
2 5.26 5.18 4.87
(g/cm?)
Melting
) 1350 1583-1597 -
point (°C)
Weakly
Type of . . . .
) ferromagnetic or | Ferromagnetic | Ferrimagnetic
magnetism ) )
antiferromagnetic

The crystal structure of the three iron oxides can be described in terms of close-
packed planes of oxygen anions with iron cations in octahedral or tetrahedral interstitial
sites. In hematite, oxygen ions are in a hexagonal close-packed arrangement, with Fe(lll)
ions occupying octahedral sites (Figure 2.3. (a)). In magnetite and maghemite, the oxygen
ions are in a cubic close-packed arrangement (Figure 2.3.(b)). Magnetite has an inverse
spinel structure with Fe(lll) ions distributed randomly between octahedral and tetrahedral
sites, and Fe(ll) ions in octahedral sites. Maghemite has a spinel structure that is similar to

that of magnetite but with vacancies in the cation sublattice [23].
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Figure 2.3. Crystal structures of a. hematite, b. magnetite [23]

2.2.1. Superparamagnetism

Nanosized magnetic particles have physical and chemical properties that are
characteristic of neither the atom nor the bulk counterparts. Quantum size effect and the
large surface area of MNPs dramatically change some of the magnetic properties and
exhibit superparamagnetic phenomena and quantum tunnelling of magnetization, because

each particle can be considered as a single magnetic domain [24].

MNPs have a novel response in the presence of magnetic fields. Figure 2.4 shows the

response of MNPs in a magnetic fluid in the presence of magnetic field [25].



Without Magnetic Field

Figure 2.4. The response of MNPs to the presence and absence of magnetic field [25]

Superparamagnetism occurs when the material is composed of very small crystallites
(1-10 nm). It is a phenomenon by which magnetic materials may exhibit a behavior similar
to paramagnetism even when at temperatures below the Curie or the Néel temperature [26].
The Curie and Néel temperature are the temperatures at which a magnetic material
becomes paramagnetic [27]. This is a small length-scale phenomenon, where the energy
required to change the direction of the magnetic moment of a particle is comparable to the
ambient thermal energy. At this point, the rate at which the particles will randomly reverse

direction becomes significant [26].

Normally, coupling forces in ferromagnetic materials cause the magnetic moments of
neighboring atoms to align, resulting in very large internal magnetic fields (Figure 2.5).
This distinguishes ferromagnetic materials from paramagnetic materials. At temperatures
above the Neel temperature, the thermal energy is sufficient to overcome the coupling
forces, causing the atomic magnetic moments to fluctuate randomly. Because there is no
longer any magnetic order, the internal magnetic field no longer exists and the material

exhibits paramagnetic behavior [26].



Figure 2.5. Superparamagnetic particles a. under the influence of an external magnetic

field, b. in absence of an external magnetic field, monodisperse particle distribution [26]

2.2.2. Synthesis Methods

One of the latest tendencies in materials science is to tailor make classical products
with controlled properties for special uses. Particular attention should be paid to the
preparation methods that allow the synthesis of particles nearly of uniform size and shape.
This goal can be achieved by precipitation from a homogeneous solution under controlled
conditions or by controlling the particle growth in a process where a precursor in aerosol or
vapor form is decomposed. Examples of such preparations include gold colloids, sulfur

sols, metal oxides and hydrous oxides [28].

Many wet chemical routes have been developed in recent years. Synthesis of
monometallic magnetic particles such as Fe, Co or Ni have been successfully done by
electrochemical reduction, chemical reduction by Li, hydroborides, or polyols of metal
salts, thermal decomposition in organic solvents in the presence of bulky stabilizers such
as: i) fatty acids (in combination with organic amines or phosphanes); ii) polymers, or; iii)
surfactants [29]. Surfactant is an abbreviation of "Surface active agent". They are usually
organic compounds that are amphiphilic, meaning they contain both hydrophobic groups
(their "tails") and hydrophilic groups (their "heads"). Therefore, they are typically
sparingly soluble in both organic solvents and water. Surfactants coat the surface of the
nanoparticle, therefore stop their further growing thus stabilizing the particles and

preventing their further agglomeration [30].
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The three most common approaches used to produce MNPs are physical vapor
deposition, mechanical attrition, and chemical routes from solution. In both the vapor
phase and solution routes, the particles are assembled from individual atoms to form NPs.
Alternatively, mechanical attrition involves the fracturing of larger coarse-grained

materials to form nanostructures [29].

The most common preparation of magnetite (FesO,) ferrofluids was developed by
Massart about 20 years ago and described in detail in 1987. The synthesis was based on the

co-precipitation of Fe' and Fe'

salts in aqueous solutions stabilized by repulsive
electrostatic forces. TEM investigations show typically aggregated particles, consisting
usually of a mixture of ferrimagnetic magnetite, and maghemite (y-Fe;O3), and
paramagnetic hematite (a-Fe,03). The ratio of the different iron oxide phases is directly
compared to the expense associated with performing the synthesis under oxygen free

conditions, because y-Fe,;03 and a-Fe,O3 are oxidation products of Fe;04[29].

Additionally, many reports dealt with solving the classic problem of NP aggregation
in agueous solutions. To overcome such aggregation, new preparations have involved
micellar solutions, as well as the transfer of iron oxide particles from aqueous to nonpolar
solvents by hydrophobizing the surface by adsorbing bulky stabilizers such as fatty acids
[29].

Different methods have been applied to decrease particle size distribution. One
method that has been successfully applied involves synthesis of iron oxides in reverse
micelles. A second method dealt with a size selective precipitation after transfer of iron
oxide particles to nonpolar organic solvents. Sun et al. have developed a very successful
method to achieve monodisperse Fe3O, NPs without a size selection procedure. This
method is based on the reduction of iron(lll) acetylacetonate by 1,2-hexadecanediol and
further thermal decomposition at high temperatures (solvent: diphenyl ether, b.p. 265°C) in
the presence of oleic acid and oleylamine as stabilizers. As a result, small Fe3O4 NPs are

formed and can be further grown by seed-mediated growth [31].
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2.2.3. Applications of MNPs

MNPs have emerged as an important building block in nanobiotechnology since they
can be obtained in sizes comparable to those of a protein, antibody, DNA or RNA, and can
interact with or bind to such biomolecules. Their magnetic properties lead to magnetic
carriers for biomedical applications such as DNA and RNA purification, cell separation,
magnetic drug delivery, hyperthermia and magnetic resonance imaging (MRI) contrast

enhancement [4-7].

Cell labelling with ferro/paramagnetic substances is an increasingly common method
for in vivo cell separation as the labelled cells can be detected by Magnetic Resonance
Imaging (MRI) [24].

Superparamagnetic iron oxide NPs also play an important role as MRI contrast
agents, to better differentiate healthy and pathological tissues. Recent developments in
MRI have enabled in vivo imaging at near microscopic resolution]. In order to visualize

cells by MR, it is necessary to tag cells magnetically [24].

Tissue repairing is another application by using MNPs. Tissue repair using iron oxide
NPs is accomplished either through welding, apposing two tissue surfaces then heating the
tissues sufficiently to join them, or through soldering, where protein or synthetic polymer-
coated NPs are placed between two tissue surfaces to enhance joining of the tissues. NPs
that strongly absorb light corresponding to the output of a laser are also useful for tissue-
repairing procedures. Specifically, gold- or silica-coated iron oxide NPs has been designed
to strongly absorb light. The NPs are coated onto the surfaces of two pieces of tissue at the
site where joining was desired. This technique affords methods to minimize tissue damage

by using the least harmful wavelengths of light and/or lower powered light sources [24].

Another possible and most promising application of these colloidal MNPs is in drug
delivery as carriers of drug for site-specific delivery of drugs. Ideally, they could bear on
their surface or in their bulk a pharmaceutical drug that could be driven to the target organ
and released there. For these applications, the size, charge and surface chemistry of the

magnetic particles are particularly important and strongly affect both the blood circulation
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time as well as bioavailability of the particles within the body. In addition, magnetic
properties and internalization of particles depend strongly on the size of the magnetic

particles [24].

Magnetic induction hyperthermia, one of the therapies for cancer treatment, means
the exposition of cancer tissues to an alternating magnetic field. Magnetic field is not
absorbed by the living tissues and can be applied to deep region in the living body. When
magnetic particles are subjected to a variable magnetic field, some heat is generated due to
magnetic hysteresis loss. The amount of heat generated depends on the nature of magnetic
material and of magnetic field parameters. Magnetic particles embedded around a tumor
site and placed within an oscillating magnetic field will heat up to a temperature dependent
on the magnetic properties of the material, the strength of the magnetic field and the
frequency of oscillation and the cooling capacity of the blood flow in the tumor site.
Cancer cells are destroyed at temperature higher than 43 °C, whereas the normal cells can

survive at higher temperatures [24].

2.3. GOLD COATED MNPs (CORE/SHELL)

Core/shell NPs are nanostructures that have core made of a material coated with
another material [32]. An example of core/shell structure can be seen from Figure 2.6. The
necessity to shift to core/shell NPs is the improvement in the properties. Some examples
for the properties are given in the Figure 2.7 [33]. Taking into consideration the size of the
NPs, the shell material can be chosen such that the agglomeration of particle can be
prevented. This implies that the monodispersity of the particles can be improved. The
core/shell structure enhances the thermal and chemical stability of the NPs, improves
solubility, makes them less cytotoxic and allows conjugation of other molecules to these

particles. The shell can also prevent the oxidation of the core material [34].
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Figure 2.6. Ag/Au core/shell NPs [32]

The range of biomedical applications of MNPs depends on their stability in solutions
at various pHs and the degree to which their surfaces may be chemically functionalized.
Surface modifications of MNPs with different stabilizers including organic and inorganic
molecules affect their stability, magnetization and, therefore, biomedical applications.
Specific coating methods of chemical modifiers and their subsequent geometric
arrangement on the NPs determine not only the overall size of the resulting colloid but also
play a key role in the biokinetics and biodistribution of NPs in the body. Many researchers
have successfully modified the gold surface of NPs with a variety of alkenethiols that can

be further modified with biological molecules [35].

Microemulsion methods have been used extensively for the fabrication of structures
containing silica or gold shells and monometallic Fe or Fe oxide particles. Pure Fe core
NPs that were successfully fabricated by many methods demonstrated good properties for
biological applications [35]. Carpenter prepared metallic iron particles coated by a thin
layer of gold via a microemulsion. The gold shell protects the iron core against oxidation

and also provides functionality, making these composites applicable in biomedicine [24].

Zhou et al. prepared gold coated iron core-shell structure NPs (Fe/Au), synthesized
using reverse micelles characterized by transmission electron microscopy (TEM). The
average NP size of the core-shell structure is about 8 nm, with about 6nm diameter core

and 1-2 nm shell. The magnetic measurement of the NPs also proved successful synthesis
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of gold-coated iron core/shell structure. The NPs were then assembled under 0.5 T

magnetic field and formed parallel nanobands about 10 mm long [24].

Core

Coloured
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Magnetic

Drug reservoir
Empty (removed)

Shell

Particle stabilisation
Biorecognition function
Receptor function
Optical property

Figure 2.7. Effect of shell on properties of NPs [33]

Core/shell NPs comprise a core of one material and a coating shell of another
material. The composition of the core and shell can be varied to give a wide range of

different properties which are described in Figure 2.7 [33].

2.4. SELF ASSEMBLY

As mentioned in the Section 2.1 there are two different approaches in assembly of
nanostructures. These are top-down approach and bottom-up approach. Since Paleolithic
age, people use top-down approach in industry and many other fields. In top-down
approaches, big particles are minimized into smaller scales in order to be used for further
steps. On the other hand, in bottom-up approaches, small particles are obtained or
synthesized and used to build higher structures, Figure 2.1 shows the difference of bottom-
up and top-down approaches. The bottom-up approach that was introduced in Feynman’s
speech in 1959, is being used nowadays especially in preparing nanostructured surfaces.
Lithography and micro contact printing technigues are the examples of top-down approach
used in nanostructured surface preparation studies [36, 37]. Since those techniques are
troublesome and expensive, usage of nanostructures in bottom-up approach based

techniques have been emerged. The NPs’ surface properties play influential role in bottom
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up approach based techniques. The surface chemistry determines the solution properties
that the NPs are suspended in. The surface property of the NP is determined by the
synthesis method or it can be altered with a chemical attachment or physical adsorption of

wanted molecules [38-41].

The process of NP self-assembly on surfaces is controlled by the surface properties
of the NPs, the nature of the substrate, the NP dispersion from which the self-assembly
occurs and the method of deposition. There are several factors, which can determine the
quality of the final self-assembled structure. These factors include particle size, particle
size distribution, surfactant chain length, and the conditions of deposition. Some of the
important technical challenges to the preparation of well-defined, self-assembled
monolayers of NPs lie in the synthesis method and the choice of surfactant coating on the
NPs. Varying the concentration of the surfactant in the solution used to wash the NPs after
their synthesis has no effect on the size of the NPs but effects the self-assembly of the

particles from dispersions evaporated, dip-coated or spin-coated onto substrate surfaces.

Most of the NPs self-assemble in the solutions or suspensions on any solid surfaces,
upon evaporation of the solvent of droplet. During the drying of the droplets, some

physical, chemical or magnetic forces can be applied on.

The self assembly from a drying droplet occurs because as the solvent is evaporated
from the droplet of suspension, the weak forces become dominant among the NPs. Before
the evaporation process starts, the particles disperse well in the suspension. The
evaporation process occurs on the surface of the droplet. As the droplet starts to evaporate,
the concentration increases. The reason for self-assembly of NPs during evaporation
process lies on the fact that the evaporation of solvent is faster than the diffusion rate of NP

during this increase of concentration.

This phenomenon was reported by Denkov and coworkers. They explained the
driving mechanism for the formation of irreversible packing NPs by thermodynamics of
non-equilibrium processes of aggregating NPs [42, 43]. By using this method, easy, simple

and cheap way of preparing nanostructured surfaces can be achieved. Several surfaces can
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be obtained by using gold, silver or polystyrene NPs. Furthermore, using various

morphologies of NPs and NPs in various solvents may result obtaining diverse surfaces.

To sum up, in order to fulfill the aim since the Fe3O,4 is the most promising iron
oxide, due to its biocompatibility, high superparamagnetic properties and high magnetic
susceptibility, it was used as the MNP for this study. These particles are also coated with
gold to enhance its chemical interness and biocompatibility. It is clear from the literature
that there is a need for a facile method to control the self-assembly of NPs (magnetic or

gold-coated magnetic in this case) on surfaces, which we tried to address with this work.



3. MATERIALS AND METHODS

In this chapter, the chemicals that were used during the synthesis of both hydrophilic
and hydrophobic MNPs are given. Those hydrophobic ones were further used to synthesize
gold coated MNPs therefore, the chemicals belong to the gold coating process are also

tabulated. Furthermore, the methods which were used to characterize the synthesized NPs

are also included.

3.1. CHEMICALS

Table 3.1. Chemicals for synthesis of hydrophobic MNPs

Chemical name Formula Provider Purity
Ferric
C15H21F605 Fluka 97%
Acetylacetonate
. CH3(CH2)1:.CH(OH) .
1,2 — Tetradecanediol Aldrich 90%
CH,0OH
Oleic Acid C1gH340- Riedel-de Haen 99%
Oleylamine CigsH37N Fluka 70%
Dibenzylether C14H340- Merck Pure
Table 3.2. Chemicals for synthesis of hydrophilic MNPs
Chemical name Formula Provider Purity
Iron (I1) sulfate )
FeSO,4.7H,0 Riedel-de Haen 90%
hepta hydrate
Iron (1) Chloride FeCls Riedel-de Haen 97%
Capric Acid C1oH200- Fluka 98%
Ammonium )
] NH,OH Riedel-de Haen 99%
Hydroxide
Water H,O - -




Table 3.3. Chemicals for synthesis of gold coated hydrophobic MNPs
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Chemical name Formula Provider Purity
Gold Acetate Au(O,CCH3)s3 Alfa-Aesar 99.9%
1,2 -

Tetradecanediol CH3(CH3)1;CH(OH)CH,0H Aldrich 90%
Oleic Acid C1gH340- Riedel-de Haen 99%
Oleylamine CigsH37N Fluka 70%

Dibenzylether C14H340, Merck Pure
Table 3.4. Chemicals used as solvents
Chemical name Formula Provider Purity
Hexane CeH1a Riedel-de Haen 95%
Heptane C7Hys6 Lab-Scan 95%
Decane CgHis Riedel-de Haen 95%
Table 3.5. Chemicals used for iron test
Chemical name Formula Provider Purity
Tiron CeH14sNay0sS, Riedel-de Haen 98.5%
Hydrochloric Acid HCI Merck 98.5%
Sodium
Hydroxide NaOH Fluka 99%

Table 3.6. Chemicals for synthesis of hydrophilic MNPs from hydrophobic particles

Chemical name Formula Provider Purity
1,2 Dicholorobenzene CeH14Cl, Riedel-de Haen 98%
N,N-dimethyl ) )
) C3H;NO Sigma Adrich 98%
formamide
Citric Acid CeH3g04 Sigma Adrich 99%
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3.2. CHEMICALS AND MATERIALS FOR TEMPLATE PREPARATION

Compact disc (CD) with the brand Princo, PDMS (Poly(dimethyl siloxane)) which
was purchased from Dow Corning in USA and Magnetic Beads (MBs) from AdemTech in
France were used by Deniz Sandal who was a MSc student of the Genetics and
Bioengineering Department in Yeditepe University in order to prepare the template for the

patterning part of the work.

The purchased MBs were two types: amine functionalized (MB-a) and carboxyl
functionalized (MB-c). Table 3.7 shows the properties of MBs. The MBs were mono
dispersed and superparamagnetic beads. They were composed of magnetic core
encapsulated by a hydrophilic polymer shell as it is schematically shown in the Figure 3.1.

The surface of bead was activated with amine or carboxylic acid functionality.

Table 3.7. The properties of the MBs

MB-a MB-c
Mean diameter (nm) 510£20 510£20
Weight per cent 1.0£0.1 5.0£0.1
Solid content (mg/mL) 10 50
Particle number (per
P 6.02x10" 3.6x10"
mL)
Specific surface area
5 5 5
(m“/g)
Fe304 content (per cent) 70 70
Magnetization at
_ 40 40
saturation (emu/g)
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Figure 3.1. MBs
3.3. CHARACTERIZATION METHODS
3.3.1. Dynamic Light Scattering (DLS)

Dynamic Light Scattering is a technique which can be used to determine the particle
size distribution over a range of 1 nm to 6 um. The particle size of a powder, granular
material or particles dispersed in fluid is a list of values or mathematical function that
defines the relative amounts of particles present, sorted according to size. It detects the
fluctuations of the scattering intensity due to the Brownian motion of molecules in
solution. Analysis of these intensity fluctuations yields the velocity of the Brownian

motion and hence the particle size using the Stokes-Einstein relationship [44].

KgT
D=_—& (3.1)
Sy

The hydrodynamic diameter (dy) which is the size of a sphere that has the same
diffusion behavior. The only parameters required in the Equation 3.1 are the absolute
temperature T, the universal Boltzmann constant Kg, and the viscosity g of the medium. In
practice, the main parameters of interest, when performing DLS experiments, are the

temperature, the refractive index and the viscosity [44].
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|
Reported hydrodynamic diameter

Figure 3.2. Hydrodynamic diameter measure by DLS [44]

The only requirement for this technique is enough light must be scattered to achieve
sufficient statistical accuracy of the correlation function. In most instruments a He-Ne laser
with a fixed wavelength of 633 nm is used as the light source which focuses on the particle
dispersion by the help of the focusing lens. Light is scattered by the particles at all angles.
However a dynamic light scattering instrument typically uses one detector thus detects
scattered light at one angle which is 90°. The intensity fluctuations of the scattered light are
converted into electrical pulses which are fed into a data correlation yielding the
appropriate data [44].

During the size analysis of the magnetite nanofluids, Malvern Zatasizer Nano series

was used.
3.3.2 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals detailed
information about the chemical composition and crystallographic structure of natural and

manufactured materials [45].

Radiations striking a material may be scattered or absorbed. X-rays, high energy

electrons and neutrons are used to extract structural information of crystal lattice. Incident
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radiations of sufficiently smaller wavelength interact elastically with the regular array of
atoms in a crystal lattice to yield a diffraction pattern. Both diffraction angles and the
intensities in various diffracted beams are sensitive function of crystalline structure. The
diffracted angles depend on the Bravais point lattice and unit cell dimensions, while the
diffracted intensities depend on the atomic numbers of the constituent atoms and their
geometrical relationship with respect to the lattice points. The condition for a crystalline
material to yield a discrete diffraction pattern is that the wavelength of incident radiation
should be comparable to or less than the interatomic spacing in the lattice. A convenient
form of the geometrical relationship determining the angular distribution of the peak
intensities in the diffraction pattern from a regular crystal lattice is the Bragg’s equation
[46].

niA = 2dsin 8 (3.2)

Where n is an integer referring to the order of reflection, A is the wavelength of the
radiation, d is the spacing between the crystal lattice planes responsible for a particular

diffracted beam and 0 is the angle that incident beam makes with lattice planes [46].

The X-Ray detector moves around the sample and measures the intensity and the
position of the peaks. The highest peak is defined as the 100% peak and the intensity of all

the other peaks are measured as a percentage of the 100% peak [46].

Tl detector

Figure 3.3. X-ray diffraction [46]
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The synthesized NPs were also characterize by using the XRD (Rigaku D/MAX-

Ultima+/PC) whether they give the characteristic patterns of the desired crystal.

3.3.3. Transmission Electron Microscope (TEM)

A transmission electron microscope (TEM) a microscopy technique whereby a beam
of electrons is transmitted through an ultra thin specimen, interacting with the specimen as
it passes through. An image is formed from the interaction of the electrons transmitted

through the specimen; the image is magnified and focused onto an imaging device [47].

TEM operates on the same basic principles as the light microscope but uses electrons
instead of light. Since wavelength of electrons is much lower than the light, TEMs are

capable of imaging at a significantly higher resolution than light microscopes [47].

Objects to the order of a few angstroms (10™° m) can be seen with this microscope.
For example, small details in the cell or different materials can be studied down to near
atomic levels. The possibility for high magnifications has made the TEM a valuable tool in

both medical, biological and materials research [47].

A "light source™ at the top of the microscope emits the electrons that travel through
vacuum in the column of the microscope. Instead of glass lenses focusing the light in the
light microscope, the TEM uses electromagnetic lenses to focus the electrons into a very
thin beam. The electron beam then travels through the specimen that is studied. Depending
on the density of the material present, some of the electrons are scattered and disappear
from the beam. At the bottom of the microscope the unscattered electrons hit a fluorescent
screen, which gives rise to a "shadow image" of the specimen with its different parts
displayed in varied darkness according to their density. The image can be studied directly

by the operator or photographed with a camera [48].
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Figure 3.4. Individual parts of a typical TEM [48]

In this work, TEM (Model: Tecnai G2 F30) was used to characterize the synthesized

magnetite and gold coated magnetite NPs.

3.3.4. Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) uses electrons instead of light or a probe to
form an image. Since SEM has many advantages over traditional microscope as having
large depth of field, higher resolution, controlling the degree of magnification [49]. The
SEM gives information about microscopic details of the surface of the specimen in 1D. A
sample that will be studied by using SEM should be conductive. Therefore, by using
coating device, a thin gold layer is usually coated on the top of the sample. The gold layer-
coating helps to obtain better images. In SEM, electron gun sends extremely focused beam
of electrons towards to the specimen surface. The SEM image is formed by the signal of
the reflected electrons. It presents intense images where zero signals are displayed as
black, intermediate signals as shades of grey and maximum signal as white. The SEM uses
the backscattered or emitted electrons from the specimen surface [50]. Figure 2.8 shows a

cartoon view of SEM.
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Figure 3.5. The schematic illustration of SEM [50]

The resolution obtained by using light microscope is approximately higher than 200
nm (wavelength of green light= 500 nm) with magnifications up to 3000 times. On the
other hand, SEM provides resolution of less than 5 nm (wavelength of 30 kV
electrons=0.007 nm) with magnifications up to 1 million times [50]. In Figure 3.6, the

comparison of light microscope and EM can be observed.
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Figure 3.6. The visible region for EMs and light microscopes [51]

In this research work, SEM (XL30 ESEM-FEG/EDAX system) was used to observe

the pattern formation on flat surfaces.
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4. SYNTHESIS AND CHARACTERIZATION OF MNPs

In this chapter, different synthesis techniques of both hydrophilic and hydrophobic
MNPs as well as gold coating process are given. Determination of the concentration of
MNPs suspended in oil and water is also included. Finally the characterization of the

synthesized particles is illustrated by using DLS, XRD and TEM results..

4.1. SYNTHESIS OF HYDROPHOBIC MNPs

In the synthesis of hydrophobic MNPs, the aim is to obtain 6.5 — 7 nm NPs in
diameter. More than one surfactant were used such as Oleic acid, Oleylamine and 1,2

Tetradecanediol in order to have an efficient and stable magnetic fluid.

In this synthesis method, very high temperatures were reached (up to 300 °C) which
resulted in the formation of MNPs of approximately 6 to 11 nm depending on the rate of
the temperature increase. For a rate of 2.5 °C/min, 6 nm of NPs were obtained while 5

°C/min approximately yielded 11 nm of MNPs.

The organic-phase synthesis of magnetite was described previously [31] and this
procedure was used with minor modifications. In a typical synthesis, Iron (llI)
acetylacetonate (0.706 g), 1,2-Tetradecanediol (2.3039 g), Oleic acid (1.9 mL), Oleylamine
(1.69 mL) and Dibenzyl ether (20 mL) were mixed under magnetic stirring in N
environment. After mixing the needed chemicals in a round bottom flask, under constant
magnetic stirring, the sample was heated up to 100 °C. When the desired temperature was
reached the solution was kept at that temperature for 15 minutes. Then the solution was
again heated up to 200 °C with pre-decided rate of temperature increase but at 180 °C,
nitrogen blanket was done in order to apply pressure on the reaction mixture which
allowed the solutions to reach higher temperatures without any reflux taking place. The
remaining steps of the experiment were carried out under nitrogen blanket. After reaching
200 °C, the reaction mixture was kept at that temperature for 2 hours and then again heated

up to 300 °C with the same rate of temperature increase. Particles were precipitated upon



27

addition of methanol and separated by centrifugation followed by drying in a vacuum

oven. Particles were then suspended in the desired organic solvent.

Experimental set-up for synthesis of hydrophobic MNPs is given in Figure 4.1,
consists of automated heater (1), nitrogen blanket (2), mercury (3), thermo-couple for

temperature control (4) and the reaction mixture in closed round bottom flask (5).

Figure 4.1. Experimental set-up for synthesis of hydrophobic MNPs

4.2. SYNTHESIS OF GOLD COATED HYDROPHOBIC MNPs

The synthesis procedure was taken from Chung et al [52] and used with minor
modifications. 0.1 g of the synthesized hydrophobic magnetite was dispersed in
dibenzylether. To the suspension 2.2 mmol Gold acetate , 12 mmol 1,2 — Tetradecanediol,
0.5 mL Oleic acid and 3 mL Oleylamine were added and mixed under magnetic stirring in
N, environment. After mixing the needed chemicals in a round bottom flask, under
constant magnetic stirring, the sample was heated up to 190 °C but at 180 °C, nitrogen
blanket was done. The heating rate was the same as the synthesis of the magnetite (2.5 °C).
After reaching 190 °C, the reaction mixture was kept at that temperature for 1 hour.

Particles were precipitated upon addition of methanol and separated by centrifugation
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followed by drying in a vacuum oven. Particles were then suspended in the desired organic

solvent. Experimental set-up for synthesis is the same with the magnetite synthesis.

4.3. SYNTHESIS OF GOLD COATED HYDROPHOBIC MNPs

In a typical synthesis of hydrophilic MNPs (~ 8 nm), iron sulfate hepta-hydrate
(2.412 g) and iron chloride (2.82 g) were solubilized in 80 mL of previously de-aerated
water, for twenty minutes in a three neck round bottom flask. The de-aeration of water was
done by passing nitrogen gas through the reaction medium. The reaction solution was
heated up to 70 °C at a constant rate and at that temperature a solution of capric acid (2 g)
in ammonium hydroxide (20 mL), where capric acid serves as a surfactant that stabilizes
the MNPs from further growth and prevents agglomeration, was quickly added to the
mixture and nitrogen gas which was used for de-aeration is disconnected. Upon this
addition, blackening of the solution was immediately observed, indicating the formation of
MNPs. The mixture was then heated up to 80 °C and was kept at that temperature for half

an hour. After that, the mixture is allowed to cool down to room temperature.

The experimental setup shown in Figure 4.2 for synthesis of hydrophilic magnetite
nanoparticles consists of automated heater (1), mechanical stirrer (2), closed round bottom

flask (3), thermocouple (4), and nitrogen gas for de-aeration (5).
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Figure 4.2. Experimental set-up for the synthesis of hydrophilic MNPs

4.4. IRON TEST FOR DETERMINING MAGNETITE CONCENTRATION

The magnetic property of a magnetic fluid originates from the magnetite core at the
center of each NP. In order to quantify the amount of magnetite in magnetic fluids, a
colorimetric iron analysis technique was developed. By this method, the Fe®* and Fe®'
concentrations in solution can be determined, from which the total amount of magnetite in
the fluid is calculated. The technique is mainly based on the ability of certain organic
compounds to form complexes with the free iron ions in solution. The light absorption of
formed iron complex at a certain wavelength is then measured by UV-VIS

Spectrophotometry. The organic compound used for this colorimetric technique is 4,5-
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dihydroxy-1,3-benzenedisulfonic acid, disodium salt, also known as Tiron reagent. This
compound forms complexes with Fe?* and Fe** ions in a ratio of three Tiron molecules to

one iron molecule and shows an absorbance at 480 nm [53].

In a typical Tiron test, 0.1 mL of the concentrated magnetic nanofluid is taken and
mixed with 0.4 mL of 37% concentrated HCI in a 25 mL volumetric flask to release the
iron into solution as Fe** and Fe®*. This solution is then heated under a heat gun at
approximately 150°C for a few seconds until the color of the solution turns to yellow. The
hot acidic solution is left at room temperature to cool down and afterwards it is mixed with
the proper amount of Tiron solution. After this step, 3 mL from 4 M of sodium hydroxide
is added to the final solution to neutralize the acid. Upon the addition of the base, the color
change to red is observed. The solution is then diluted using distilled water until the

volume of the final solution reaches 25 mL.

The solution can be further diluted by the factor of 8-10 depending on the
concentration of the final solution, so that it can be read by the UV-Spectrophotometer at
480 nm. The absorbance value is then inserted into the Equation 4.1 and the concentration

is determined with the units of g/mL.

ABS@480nm)x(Dilution factor)x231.52x25
Concentration (Ej = L i ) (4.1)
ml 3998Ax1A/A 1 Ex3=01

In this equation 0.1 is the volume of the magnetic fluid, 3 is the iron ratio, 39986 is
the extinction coefficient and 25 is the final volume of the solution which is further

checked for the absorbance at 480 nm.
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45. DISPERSING THE PARTICLES PREPARED BY OIL SYNTHESIS IN
WATER

MNPs that are synthesized in oil can also be dispersed in water with performing
another procedure which leads to the exchange of oil soluble surfactant on the surface with
a water soluble surfactant. In this case obtained magnetite nanoparticles are dispersed in
1:1 mixture of 1,2 dichlorobenzene and N,N dimethylformamide in the presence of citric
acid as indicated in Table 4.1 and the final solution is heated up to 100 °C with mechanical
stirring. Solution is kept at that temperature for 24 hours. Upon completion of the reaction,
the solution is mixed with ethyl ether for phase separation. By performing sufficient
amount of centrifugation and phase separation, hydrophilic NPs can be obtained. In order

to get rid of moisture, final product is left overnight in a vacuum oven at 60 °C.

By this method, more stable MNPs in water can be synthesized as compared to the
previously mentioned synthesis carried out directly in water which is due to the direct
chemical attachment of surfactant to the surface as opposed to a secondary layer self

assembly.

Table 4.1. Conversion formulation for 480 mg of MNPs

Ingredients Amounts (g) or (ml)
1,2 Dichlorobenzene 30
N,N Dimethylformamide 30
Citric Acid 0.4

4.6. CHARACTERIZATION OF MNPs

The synthesized magnetite nanoparticles by the methods given above were
characterized in terms of their size, size distributions and crystallinity by transmission
electron microscopy (TEM) technique dynamic light scattering (DLS) technique and x-ray
diffraction (XRD), respectively.
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4.6.1. Characterization of Hydrophobic MNPs

Hydrophobic MNPs synthesized by the above mentioned technique was
characterized by TEM for their size. A typical TEM image is given in Figure 4.3. Based on
the TEM images of synthesized magnetite, it can be concluded that the particle cores are
spherical with approximately 6.1+2.1 nm in radius with a fairly narrow size distribution.
DLS results show (Figure 4.4) the average hydrodynamic radius is measured to be
10.1+£3.1, which is in perfect agreement with the TEM results where the stabilizing

surfactant layer contributes to about 2 nm of thickness around the core.

Figure 4.3. TEM image of hydrophobic MNPs

Intensity (%)
o

100 1000 10000

Size (d.nm)

Figure 4.4. DLS data for hydrophobic synthesis of MNPs

Also, the XRD results exhibit the characteristic diffraction pattern of FesO,4. Figure
4.5 shows the characteristic magnetite XRD peaks while Figure 4.6 shows the XRD graphs
of synthesized hydrophobic MNPs.
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Figure 4.5. Characteristic XRD peaks of MNPs
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Figure 4.6. XRD graph of hydrophobic MNPs
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4.6.2. Characterization of Gold Coated Hydrophobic MNPs

Hydrophobic magnetite nanoparticles synthesized by the above mentioned technique
was used as seed for gold coating procedure after characterization. When the gold coating
applied, it was observed that the color of the hydrophobic MNPs turned into purple-brown
color. The TEM images are given in the Figure 4.7, according to this image it can be said
that after coating process the shape of the NPs are still spherical. Since the diffraction

analysis could not been done, TEM images are not enough to characterize the synthesized

particles.

Figure 4.7. TEM images of gold coated hydrophobic MNPs

Since the refractive characteristics of gold is different from magnetite nanoparticles,
XRD is the most important technique to show whether the surface of magnetite is covered
by gold or not. Figure 4.8 shows the XRD graph of gold coated magnetite nanoparticles
while the Figure 4.9 shows the characteristic Au and Fe XRD peaks. When the two figures
are compared, although the Au and Fe304 peaks are present, the information is not
sufficient to differenciate between the coexistence of gold and magnetite and gold coating

the magnetite nanoparticles.
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Figure 4.8. XRD graph of gold coated hydrophobic MNPs
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Figure 4.9. XRD peaks of Au-Fe
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4.7. CONCLUSION

As described briefly in the Theoretical Background section there are several
synthesis methods for preparing MNPs. However, a few of them were applied and given in
this chapter. According to the characterization techniques MNPs are in size ranges of 5 nm
to 9 nm and average hydro dynamic diameters for first and second step are nearly 11 nm
and 16 nm respectively. Particles are also spherical in shape. The obtained particles are

then used for the micropatterning experiments.
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5. MICROPATTERNING OF SYNTHESIZED MNPs

In this chapter, the drying pattern of hydrophobic MNPs was investigated with
different parameters such as solvent, magnetic field gradient applied, template, etc.

F.,.—V

m — Vparicle X X X g X H x VH (5.1)

Equation 5.1 shows the Kelvin force in which Varicie, %, po, H, ¥H and Fy, parameter
are the volume of the MNP, susceptibility of MNP, vacuum permeability, magnitude of
magnetic field and magnetic field gradient and the force exerted by a magnetic field to a
MNP, respectively. This equation shows how these parameters are affecting the force
acting on each particle [107, 108]. The susceptibility was related to the material of the
particles which was Fe3O4. The diameters of the NPs had been characterized in TEM and
observed that size distribution was narrow by DLS. Therefore, the volume of the MNPs
was known and assumed to be constant. The remaining parameters affecting the force
acting on a MNP were the magnitude of the applied magnetic field and the magnetic field
gradient. By changing the values of the magnetic field and magnetic field gradient, force
acting on a MNP could have been altered. In the experiments, magnetic field was created
by the Neodymium handheld magnet, generating magnetic field of 0.1 T. Also there were
two different types of MNPs were used. First one was the magnetite beads (MB) with —
COOH group attached which was purchased from Ademtech. The other one was the
synthesized hydrophobic MNPs. In order to increase the magnetic field gradient, MBs
were used in the template preparation so that the effect of magnetic field gradient could be

observed.

5.1. TEMPLATE PREPARATION

Compact Disc (CD) was used as the template because it has approximately 900 nm-
channels. By using convective assembly set-up which can be seen in Figure 5.1, the
channels of the CD were filled with MBs. CD was fixed on the moving stage. A clean
glass slide was placed on top of the fixed CD with an angle approximately 30°. The glass

slide was held by a clamp at this particular angle. The solution containing MNPs that was
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to be assembled is spotted at the junction point of two slides. As the stage moves forward,
the solution at the junction point was spreaded on the clean glass slide or CD surface. As
the suspension of MNPs spread, the solvent starts to evaporate, leaving the MNPs to

assemble on the CD.

The parameters affecting the convective-assembly method are the stage velocity,
loaded suspension volume and concentration of the suspension and the angle of the two
glass slides. Convective assembly set up is shown in the Figure 5.1. Optimal conditions
were found by Deniz Sandal who was an MSc student in the Department of Genetics and

Bioengineering.

Fixed
glass side  The surface (compact disc OR. glass slide)

Loaded latex fixed to moving stage

OR
bead nanoparticles

Figure 5.1. The convective-assembly set up [54]

5.2. TEMPLATING STUDIES

In this section, the presence of a patterned surface between a magnetic field and the
substrate that the MNPs were assembled on was investigated. Figure 5.2 (A-D)
demonstrates the experimental procedure up to the magnetic field studies. The prepared
surface (A), with beads assembled into the microchannels (B), was coated with a thin film
of PDMS (C). Then, the MNPs were dropped on the PDMS (D) in the absence and
presence of magnetic field that was created by a hand held magnet approximately having
magnetic field of 103.9 mT. The influence of solvent types on forming MNPs structures

was also studied. Furthermore, not only the PDMS covered patterned CD surfaces but also
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untreated CD surfaces and patterned but not PDMS covered surfaces were studied. The

resulting surfaces were characterized by using SEM.

The hydrophobic MNPs were suspended in hexane, heptane and decane and the

concentration was determined to be 0.008 g/mL by using Tiron test.

Figure 5.2. The schematic representation of the overall experiments: a. the CD template
having microchannels, b. assembled beads into the microchannels, c. covered substrate
with a thin film o f PDMS, d. dropping MNPs under the magnetic field [54]

5.3. CHARACTERIZATION OF MICROPATTERNED MNPS

5.3.1. MNP Solution on Untreated CD Surface

MNPs which were suspended in n-heptane and n-decane were dropped on original

CD without aluminum foil on the surface of it. The dropping experiments were done both

in the presence and absence of magnetic field.
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Figure 5.3. Side view of CD on top of a magnet

The SEM images of n-heptane suspension of MNPs in the presence of magnetic field
can be seen from the Figure 5.4. It was observed that the MNPs were assembled in the sub-

layers but at some places aggregation was recognized.

Figure 5.4. MNPs suspended in n-heptane on untreated CD (magnetic field on) a. and b.

rod shape microstructures with agglomerations, c. assembled MNPs in the sublayers

In Figure 5.5, n-heptane suspension of MNPs on untreated CD in the absence of
magnetic field can be seen. Contrary to Figure 5.4, no significant structure formation from
MNPs was observed. As a result, only in the presence of external magnetic field, MNPs

self assemble to form larger structures.



41

Figure 5.5. MNPs suspended in n-heptane on untreated CD (magnetic field off)

The same procedure was repeated for the n-decane suspension of MNPs. SEM image

of the dried pattern can be seen in Figure 5.6.

Figure 5.6. MNPs suspended in n-decane on untreated CD (magnetic field on)
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Figure 5.7. MNPs suspended in n-decane on untreated CD (magnetic field off)

In the Figures 5.6 and 5.7, the n-decane suspensions of MNPs in the presence and
absence of magnetic field can be seen. Opposite to n-heptane suspension no significant
structure formation was observed in the presence of magnetic field. However, some MNP
agglomeration in the absence of magnetic field was observed while the microchannels of

the CD were filled with MNPs in the presence of an external magnetic field.

5.3.2. MNP Drop Casting on Patterned CD

The microchannels of CD were filled with MBs by using convective assembly set-up
and used as the template. Schematical representation of the experimental set up is shown in
the Figure 5.8. Figure 5.9 shows the SEM image of the MBs in the microchannels of CD.
They were used as the template as prepared. The n-heptane suspension of MNPs was

dropped on this template in the absence and presence of magnetic field.

Dropping WMIPs

\ on the surface
¢ -’/,.v MIMEBs
{500 nm)

Figure 5.8. Side view of CD with MBs on top of a magnet
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Figure 5.9. MBs in the microchannels

In the Figure 5.10, MBs and the microchannels of CD can be seen. Since MBs were
not fixed in the channels after patterning with convective assembly, when the magnetic

field was applied MBs moved out of the channels and formed clusters.

‘,ﬂ

i o & a. 6
aSpot Maan * Det” WD | 5um
IGRP 30 40000 Shhmiy

Figure 5.10. MBs on CD (magnetic field on)

Addition of MNPs onto the MBs results in MNPs preferential aggregation on MBs as

seen in Figure 5.11.

Figure 5.11. MNPs suspended in n-heptane on MBs (magnetic field on)
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When the magnetic field was not applied, the images of MNPs in the presence of
MBs on CD are given in the Figure 5.12. As it can be seen from the figure most of the
MBs stay in the microchannels which can be due to the absence of magnetic field.

Furthermore MNPs were dried randomly without a particular preference for MBs.

wiraeeadty

b

<
los%e. coe
- . .

Figure 5.12. MNPs suspended in n-heptane on MBs (magnetic field off)

5.3.3. MNP Drop Casting on Patterned CD with PDMS

Although the channels were successfully filled with MBs, it was shown that they
move upon application of an external field. In order to fix the MBs inside the channels, a
top layer of PDMS was used. MBs were filled into the microchannels of CD using
convective assembly set-up and a thin layer of PDMS was then used to cover this surface.

Experimental set up for the drop casting study is shown in the Figure 5.13.

Dropping WP
PDMS o, On the surface

o] MBS

™~ i i (500 nm)
=

Figure 5.13. Side view of CD with MBs fixed with PDMS on top of a magnet

Figure 5.14 shows the MBs in the microchannels of CD and the PDMS covered
MBs. As it can be seen from the Figure 5.14 B, when CD covered with PDMS, MBs can



45

not be seen. This result provides that when the MNPs suspension is dropped on this

template, the observable microstructures solely consist of MNPs.

Figure 5.14. a. MBs in the microchannels, b. MBs covered with PDMS

To this template n-heptane suspension of MNPs was dropped when magnetic field
was on and the SEM image after drying is given in the Figure 5.15. It can be seen that the
MNPs do not form the channel shape structures as it was expected but instead, rod shape
microstructures mostly with spherical cross sections were observed pointing the same
direction. In section 2.2.1 the behavior of MNPs during the presence of magnetic field was
mentioned, according to that the vertical direction of rod shape structures were observed as

expected since the direction of magnetic field is perpendicular to the template.

AGSV: Spot Magn'  Det WD f—=—— "= 4 6 ym
200KV 40 12500 SE 638

Figure 5.15. MNPs suspended in n-heptane on CD (patterned MBs covered with PDMS)

(magnetic field on)

Figure 5.16 shows also SEM image of n-heptane suspension of MNPs dropped on

the same template. The occurred structures were observed as rod shape structures and their
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diameter and height were measured as 330 nm and 1.25 um, respectively. According to the

elemental analysis, those structures were confirmed to be only Fe3Oa4.

Figure 5.16 shows also SEM image of n-heptane suspension of MNPs dropped on
the same template. The occurred structures were observed as rod shape structures and their
diameter and height were measured as 330 nm and 1.25 um, respectively. According to the

elemental analysis, those structures were confirmed to be only Fe30,.

Based on the observed structures in the Figures 5.15 and 5.16, it can be seen that the
MBs underneath the PDMS increases the magnetic field gradient as expected. According
to the equation 5.1, it was known that as the magnetic field gradient increases the force

acting on each particle increases.

In the Figure 5.16 there are horizontal structures at the edges, the reason for that may

be, these structures can be outside the magnetic field or the MB pattern.

Figure 5.16. MNPs suspended in n-heptane on CD (patterned MBs covered with PDMS)

(magnetic field on)
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Figure 5.17. MNPs suspended in n-heptane on CD (patterned MBs covered with PDMS)
(magnetic field off)

The image in the Figure 5.17 was obtained when the suspension of MNPs in n-
heptane was dropped on the same template and dried without a magnetic field. Unlike
Figure 5.16, it was observed that in the systems without magnetic field, MNPs drying in a

random fashion without forming higher structures.

The same procedure was repeated for the n-decane suspension of MNPs to see effect
of drying rate on the forming structures. SEM images of the occurred structures can be

seen from the Figure 5.18.
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Figure 5.18. MNPs suspended in n-decane on CD (patterned MBs covered with PDMYS)
(magnetic field on)

Also, from Figure 5.19 it can be seen that the cross-section of the structures are not

hollow.

Det WD b—— L 2 g

Figure 5.19. MNPs suspended in n-decane on CD (patterned MBs covered with PDMYS)

(magnetic field on)
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Figure 5.20. MNPs suspended in n-decane on CD (patterned MBs covered with PDMYS)
(magnetic field off)

When the same procedure was repeated for the MNPs suspended in n-decane when

magnetic field off, no regular structure occurs as it can be seen from the Figure 5.20.

Furthermore, the same procedure was applied to the hexane suspension of MNPs
both in the presence and absence of magnetic field. However, no regular structures were
observed as it can be seen from the Figures 5.21 and 5.22. This can be due to the fast
evaporation rate of hexane when compared with n-heptane and n-decane. Since the
evaporation rate is higher, there is not sufficient time for the NPs to organize themselves

into such high structures.
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Figure 5.21. MNPs suspended in n-hexane on CD (patterned MBs covered with PDMS)

(magnetic field on)

Figure 5.22. MNPs suspended in n-hexane on CD (patterned MBs covered with PDMS)
(magnetic field off)

Also, hydrophilic MNPs were dropped on the same template with MBs covered with
PDMS and left to dry. However, as it can be seen from the Figure 5.23, pattern can not be
formed. Since, the PDMS surface is hydrophobic; the wettability of the surface is rather
poor for the MNPs suspended in water. Therefore, the MNPs suspended in water caused
the uncontrolled aggregation of MNPs on PDMS surfaces. This system was not further

investigated.
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Figure 5.23. MNPs in water on CD (patterned MBs covered with PDMS) (magnetic field

on)

5.3.4. Gold Coated MNP Drop Casting on Patterned CD with PDMS

Gold coated MNPs were also dropped on the patterned CD which was covered with
PDMS in order to see both the similarities and the differences between the formed
structures of gold coated MNPs and MNPs. Figure 5.24 shows the SEM images gold
coated MNPs suspended in n-decane on patterned CD with PDMS. It was observed that
the formed structures were different than the MNPs because the surfaces of the formed
structures with the gold coated MNPs were not smooth while they were smooth with
MNPs. With the help of these images it was thought that instead of gold coating of MNPs,
maybe both MNPs and gold NPs were formed during the synthesis.

Also the horizontal structures were observed with the drop casting study of n-decane
suspension of gold coated MNPs, while the n-decane suspension of MNPs leads to
perpendicular structures. The effect of magnetic field on the MNPs may be decreased when
they were covered with gold or when there are gold NPs present in the medium. Another
important observation is that the surfaces of these larger structures are not as smooth as
those obtained by magnetite. If the gold was co-suspended along with magnetite in
solution, what is observed as roughness may simply be gold nanoparticles precipitating on
magnetite during solvent evaporation. At this point, it not possible to suggest a definitive

explanation on the surface roughness.
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Figure 5.24. Gold coated MNPs in n-decane on CD (patterned MBs covered with PDMS)

(magnetic field on)

When the magnetic field is off, arranged structure can not be observed as it can be

seen from the Figure 5.25.
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Figure 5.25. Gold coated MNPs suspended in n-decane on CD (patterned MBs covered
with PDMS) (magnetic field off)

5.4. CONCLUSION

Synthesized hydrophobic MNPs and gold coated MNPs which were given in Chapter
4 were used for the patterning experiments. The aim of this study was to obtain well
defined higher structures. This was done by comparing different templates with different
solvents both in presence and absence of magnetic field. It was observed that higher
structures can be obtained by using non-polar solvents. Hexane, heptane and decane were
investigated as solvents. However, when an external magnetic field was applied,
microstructures from only heptane and decane (not from hexane) suspensions in the
presence of MBs were observed. This is possibly due to the fast evaporation rate of hexane
because the evaporation rate of hexane is approximately 9 times faster compared to normal
Butyl Acetate standard and due to this fast evaporation rate, there is not sufficient time for
the NPs to organize themselves into such high structures. Also, heptane evaporation rate is
5 times faster than normal Butyl Acetate standard and decane evaporation rate is even

slower than (0.07) normal Butyl Acetate standard.
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Also when the templates with and without MBs were compared, it was observed that
MBs underneath the PDMS increases the magnetic field gradient resulting in a higher force

acting on magnetic particles leading to more organization of particles.

Furthermore, when gold coated magnetic nanoparticle suspension was used, also
formed structures were also observed but surface roughness was different when compared
with MNP suspension. With the help of this observation it was thought that instead of gold
coating of MNPs, may be both MNPs and gold NPs were formed during the synthesis.
These particles should be characterized better and this part of the work requires further

investigation.
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6. CONCLUSION and RECOMMENDATIONS

6.1. CONCLUSION

The aim of this study was to prepare well-defined magnetic surfaces and to

investigate their use as chemical and biological sensors.

In order to fulfill the aim, first of all MNPs were synthesized in both water and oil
phases. They were characterized by using DLS, TEM and XRD. For the hydrophobic
MNPs, it was found that they are in spherical shapes with a hydrodynamic diameter

approximately 6 nm.

Hydrophobic MNPs were then coated with gold because gold improves the effect of
magnetite especially for the biomedical applications. Gold coated MNPs were then
characterized by XRD and although XRD pattern of gold was observed along with Fe304
pattern, it is not possible to distinguish from XRD data whether gold is in coexistence with

Fe3O4 or it actually coats the MNP surface.

For the patterning experiments, compact disc was used because it has microchannels
on the surface. Two types of magnetic particles were used during the investigation; first
one was the MBs (500 nm) and the second one was the synthesized MNPs (~6 nm). After
removing the aluminum foil from the surface of the CD, microchannels of CD were filled
with MBs by using convective assembly set-up. Then in order to fix the positions of MBs,
the surface was covered with PDMS. As described in the chapter 5, the MNPs with various
organic solvents were dropped on top of the template by either using magnetic field or not
and they were left to dry. The obtained surfaces were then characterized by SEM. When an
external magnetic field was applied, microstructures from the heptane and decane
suspensions but not from hexane suspension in the presence of MBs were observed. It was
thought that this is due to the fast evaporation rate of hexane (i.e. 9 times faster compared
to normal Butyl Acetate standard). Due to this fast evaporation rate, there is not sufficient
time for the NPs to organize themselves into such high structures. Also, it was observed

that when decane and heptane were used different types of structures formed as expected.
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Again this may be because of the different evaporating rates of these organic solvents. In

all cases, no particular structure was observed in the absence of the applied magnetic field.

The same procedure was repeated for the gold coated MNPs. It was expected that the
structures that formed with gold coated MNPs would be similar to those with MNPs.
However, the observed structures were different. Also, with the help of the SEM images it
was thought that instead of gold coating of MNPs, may be both MNPs and gold NPs were

formed during the synthesis.

As a conclusion, well defined magnetic structures of micron sizes were formed

through self assembly of synthesized MNPs.

6.2. RECOMMENDATIONS

In this work, CD was used as a template for MBs assembly. Instead of using CD, a
different template may be used which have a different pattern on its surface. For example
monolayer may be formed with MBs so that the enhancement of magnetic field gradient

with MBs can be further proved and there would be a chance to see the difference.

Furthermore, since the MNPs arrange themselves in the magnetic field lines to form

structures, may be different position of magnetic field could be applied.

Since during the experiments magnetic field was kept constant, the effect of
magnetic field could not been observed. The work could be done by varying the magnetic

field strength.

Moreover instead of using only PDMS different material could also be tried to see
the change in the magnetic field gradient which is directly proportional with the magnetic

force acting on individual particles.

Also, may be different magnetic material could be used to see the effect of magnetic

susceptibility of the particles.
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This work has great potential in creating micron sized magnetic materials composed
of superparamagnetic NPs. Therefore, further studies should be carried out to obtain

structures of desired shape and size as well as properties.
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