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ABSTRACT

Two novel synthetic routes to formation of gold-matite nanoparticles have been designed.
Treatment of preformed magnetite nanoparticles witttasound in aqueous media with
dissolved tetrachloroauric acid resulted in themfation of gold-magnetite nanocomposite
materials. The other route involved irradiatiorpoéformed magnetite nanopatrticles by UV light
in aqueous media with dissolved tetrachloroaurid.athis method resulted in the formation of
gold-magnetite nanocomposite materials. These rratanaintained the morphology of the
original magnetite particles. The morphology o€ thold particles could be controlled by
adjusting experimental parameters, like additiorsrofll amounts of solvent modifiers such as
methanol, diethylene glycol, and oleic acid as vesl variation of the concentration of the
tetrachloroauric acid solution and time of the tesc The nanocomposite materials were

magnetic and exhibited optical properties simitagold nanopatrticles.

Since we were not able to directly synthesize sl gold magnetite nanoparticles, 7i®as
used as a bridging material. Ti@anoparticles with embedded magnetite were susgemnd
aqueous HAuGland irradiated with ultraviolet light to photodejtogold. The degree of gold
coating and the wavelength of absorbance coulddmralled by adjusting concentration of
HAuCl,. Absorbance maxima were between 540-590 nm. Resrtéxhibited superparamagnetic
properties (blocking temperature ~170 K) whethenalr coated with gold. These particles have
potential applications as drug delivery agents, medg imaging contrast agents, and

magnetically separatable photocatalysts with ungpréace properties.

XVii



Another goal was to synthesize and characterizeunmddoped magnetite nanoparticles for
application as radiotracers fomn vivo fate studies. The labeled particles will be ulsébu

determination of pharmacological behavior in biatagy systems. Indium doped magnetite
particles with varying size and surface chemistrgrav synthesized with wet chemical
technigues. The synthesized nanoparticles werecteiized in terms of the size and shape with
the help of TEM, the elemental composition by ICHE &DS, the crystal structure by XRD and
magnetic properties by SQUID measurements. It wasd that the indium loading could be

controlled even though the magnetic properties wendar to undoped magnetite.

Keywords: magnetite nanoparticles, gold magneti@ocomposites, TiOnanoparticles, indium

magnetite nanocomposites, radiotracers
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Chapter 1. Introduction
1.1 General Perspective

Scientists around the world are storming the naeose and nanotechnology field.
Researchers aim to revolutionize the world in whighlive with radical breakthroughs in areas
such as materials and manufacturing, electroriiasedicine and healthcdreniotechnolog§®,
agriculture and environmeff computation and information technology as welchsmicai

and pharmaceutical are&s.’ Nanotechnology is combining all areas of sciemmtachnology.

1.2 Nanoparticles

The question still remains, what are nanoparticld$fere is no particular definition for
nanoparticles. The internationally accepted didiniis that any particle which has at least one
dimension less than 100nm is called a nanoparidd®mo actually comes from the Greek word
"nanos” which means dwarf or extremely small iresizt can be used as a prefix for any unit to

mean a billionth of that unit.

Nanoparticles are larger than individual atoms amadecules but are smaller than the
bulk material. Since there is a size variationyte not obey the absolute quantum chemistry
nor the laws of classical physics and have progettat are very different from that of the bulk
material. This makes the size of the particleshar $cale of its features the most important

attribute of nanopatrticles.

Ever since it was recognized that the particleshennanoscale have very different and

interesting propertie¥ ?? scientists have been looking at how they may Ipdiegpfor their own



purposes. There is no strict dividing line betweaanoparticles and non-nanopatrticles. The size
at which materials display different propertiestib@ bulk material and are less than hundred

nanometers are generally defined as nanoparticles.

1.3 Nanotechnology

Nanotechnology refers broadly to a field of appligdence and technology whose
unifying theme is the control of matter on the ncalar level on scales smaller than 1 um and
the fabrication of devices within that size rangéNanotechnology can be viewed as a
combination of the existing sciences into the naalesscience. It is a new field of study, and
the fate of nanoparticlé¥?in biological and environmental systems is in gahsill unknown.
There are several approaches for manufacturingpaatides?® 2 but two main approaches are
generally dominant. One is the bottom up approacWhich the materials are built from their
atomic or molecular counterparts which assemblensi@éves chemically and physically by the
principles of particular molecular recognition. €lbther approach is the top-down one where
the nanoparticles are constructed from largerieatwithout atomic level control. Examples of
nanotechnology in the modern day world are desgygroh computer chip layouts based on
surface science as well as manufacturing of biassnend drug delivery devices. Nowadays
nanoparticles are being used in real commercialiGgtipns such as suntan lotion, cosmetics,

protective coatings and stain resistant clothes.



1.4 Synthesis of Nanoparticles

Nanoparticles are synthesized in various methols ljas phas&® and sol-gel
processinf*® sonochemical synthesi§> cavitation processing, microemulsion procesSifig
and high-energy ball milling.

The characteristics of different synthesis areodews:
1.4.1 Gas phase synthesis

B Consistent crystal structures

B Diameters ranging from 1 — 10 nm

B Nucleation and growth

B Use of inert gas atmosphere

1.4.2 Sol-gel processing
B High degree of monodispersity
B Surface modification
B Consistent particle shape

B Can be manipulated by dopant, surfactant, and ng@ments

1.4.3 Sonochemical synthesis
B Generates transient localized hot zone
B High gradient of temperature and pressure
B Formation of hydroxyl radical and hydrogen atom
B Sonochemical precursor

B Can be used for large quantity manufacturing



1.4.4 Cavitation processing
B Creation and generation of gas bubbles
B Supercritical drying chamber
B Nucleation, growth and quenching of nanoparticles

B Particle size controlled by pressure and reteritior

1.4.5 Microemulsion Processing
B Synthesis of metallic, silica, semiconductor andyn&ic nanoparticles
B Use of surfactants to control size
B No need for significant mechanical agitation
B Large scale production

B Simple and inexpensive hardware

1.4.6 High energy ball milling
B Used as a commercial technique
B Large particle to smaller versions
B Generation of magnetic nanoparticles
B Contamination problem
B Low surface areas

B Highly polydisperse size distribution



1.5. Characterization of Nanoparticles
Nanoparticles are generally characterized by thewing techniques:

* Transmission Electron Microscope (TEM)

» Aerosol Mass Spectroscopy (Aerosol MS)

» Laser Light Diffraction or Static Light Scattering

» Light Microscopy or Optical Imaging

» Condensation Nucleus Counter (CNC)

* Microelectrophoresis

» Differential Mobility Analysis (DMA)

» Scanning Electron Microscopy (SEM)

» Electrical Zone Sensing (Coulter Counting)

» Sieving

» Gas Adsorption Surface Area Analysis (e.g. BET)

» X-ray Diffraction (XRD)

* Dynamic Light Scattering (DLS)

* Inductively Coupled Plasma (ICP)

» Superconducting Quantum Interference Device (SQUWBYnetometry

There are several other techniques but the abowioned ones are the most common.

Scientists use a combination of the listed methiodsharacterize and illustrate the physical and
chemical properties of the nanoparticles. Someheftechniques are qualitative and some are
guantitative but a combination of these techniquaes always give a clear picture of the shape,
size and morphology of the nanomaterials. Soméeftéchniques that have been used in the

research are described below.



Transmission Electron Microscope (TEM)

Transmission electron microscopy (TEM) is an imggdiechnique whereby a filament (Tungsten
or LaB6) is heated to produce a beam of electrdhs. voltages generally range from 100 to
200kV. The sample that is being observed is held imgh-vacuum object chamber that can be

reached from outside through an inside chaffitiérThe electron beam is focused with the help
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Fig 1.1. Schematic of Transmission Electron Microscope



of the first and second condenser lenses whiclusee selectable and allowed to focus on the
sample. Most of the times the sample has to beetiniugh so that the electrons can pass through
them to form the imad&*’. The electrons interact with the sample and ohbsé that go past
unobstructed hit the phosphor screen at the end.ifiage is then imposed on a photographic
film or detected by a sensor such as a CCD cédthera

The darker areas of an image represent those afdgag sample that fewer electrons
were transmitted through (they are thicker or dendéhe lighter areas of the image represent
those areas of the sample that more electrons tnaremitted through (they are thinner or less
dense). The advantages of TEM are small samplenigatéss preparation time and moreover

the ability to see nanometer range particles.



Inductively Coupled Plasma (ICP)

Inductively coupled plasma (ICP) is a type of emoissspectroscopy that uses a
plasma to produce excited atoms that emit electgoeiic radiation at a wavelength
characteristic of a particular eleméft> The intensity of this emission is indicative ofeth
concentration of the element within the samplesTibia technique that is used primarily for the

determination of trace concentrations of metals.
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Fig 1.2. Schematic of Inductively coupled plasma



The fluid sample is pumped into the nebulizer Wia peristaltic pump. The nebulizer
generates an aerosol mist and injects humidifiegas into the chamber along with the sample.
This mist accumulates in the spray chamber, whezddrgest portion settles out as waste and
the finest particles are subsequently swept ingatdhch assembf?*’ Approximately 1% of the
total solution eventually enters the torch as at,mibereas the remainder is pumped away as
waste. The fine aerosol mist containing Ar gas senaple is injected vertically up the length of
the torch assembly into the plasma. The plasmaghwisi as hot as 10,000°K excites the
electrons. The electrons emitted are particulathe sample's elemental composition. Light
emitted from the plasma is focused into the spewter. The detector (photomultiplier tube) is

fixed in space at the far end of the spectrometer.

The largest advantage of employing an ICP wheropaihg quantitative analysis is the
fact that multielemental analysis can be accometistand quite rapidly. Another advantage is

the detection limit which in general is really Id@r almost all the elements.



Energy Dispersive Spectra

Interaction of an electron beam with a samplediapgroduces a variety of emissions,
including x-rays. An energy-dispersive (EDS) deateés used to separate the characteristic x-
rays of different elements into an energy spectrama, EDS system software is used to analyze
the energy spectrum in order to determine the admuel of specific elements. EDS can be used
to find the chemical composition of materials. ED@pabilities provide fundamental

compositional information for a wide variety of raealg'® %8
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Fig 1.3. Schematic of Energy Dispersive Spectra instrument

EDS systems are typically integrated with eithescanning electron microscope or
transmission electron microscope instruments. Ef@38ms include a sensitive x-ray detector, a
liquid nitrogen chamber for cooling, and softwacecbllect and analyze energy spectra. The
detector is mounted in the sample chamber of the matrument. An EDS detector contains a

crystal that absorbs the energy of incoming x-faysonization, yielding free electrons in the
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crystal that become conductive and produce anralakctharge bias. The x-ray absorption thus
converts the energy of individual x-rays into elieetl voltages of proportional size; the

electrical pulses correspond to the charactenistays of the elemerif: *¢ >°

The advantages of EDS Spectra are a user can acyfull elemental spectrum in only a few

seconds. Supporting software makes it possibleadily identify peaks, which makes EDS a

great survey tool to quickly identify unknown phageior to quantitative analysis.
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X-ray Diffraction Spectrometer

X-ray Diffraction (XRD) is a powerful non-destrisd technique for characterizing
crystalline materials. It provides information dnustures, phases, preferred crystal orientations
and other structural parameters such as average siza, crystallinity and crystal defects. The
X-ray diffraction pattern is the fingerprint of pedic atomic arrangements in a given

material?>4">!

Tungsten

Filament
Detector

Diaphragm

Scatterered & Detector
Radiation
Diaphragm

X-ray tube

Sample

Fig 1.4. Schematic of XRD instrument

When electrons strike a metal anode with sufficemergy, X-rays are produced. This
process is typically accomplished using a sealedyxtube, which consists of a metal target
(often copper metal) and a tungsten metal filamethich can be heated by passing a current
through it resulting in the emission of electrorsni the tungsten filamefit™® These electrons
are accelerated from the tungsten filament to teahtarget by an applied voltage. The collision
between these energetic electrons and electrahe itarget atoms results in electron from target

atoms being excited out of their core-level oritgllacing the atom in a short-lived excited

12



state. The atom returns to its ground state bynlga@iectrons from lower binding energy levels
making transitions to the empty core levels. THieknce in energy between these lower and
higher binding energy levels is radiated in thenfoof X-rays. This process results in the
production of characteristic X-ray5°>* X-ray powder diffractometers record all reflecsamsing

a detector. The pattern of diffracted X-rays igque for a particular structure type and can be
used as a fingerprint to identify the structureetyp

The main types of applications for the charactéoreof solid particles are

 Determination of phase contents of particles

» Measurement of average crystallite size
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Chapter 2. Applications of Nanoparticles and Previous Research

Materials on the nanoscale exhibit unique propettiat, while in it's very early days yet,
are potentially useful for various applications . eTdpplications of these particles range from the
research areas to the real world. Titanium dioxidaoparticles have been used in sunscreen,
cosmetics and some food products; silver nanopestio food packaging, clothing, disinfectants
and household appliances; zinc oxide nanopartichesunscreens and cosmetics, surface
coatings, paints and outdoor furniture varnishesj aerium oxide nanoparticles as a fuel

catalyst. Various fields where nanotechnology aazhtzave been used are discussed below.

2.1 Medicine

Due to their exclusive properties, nanomaterialgehbeen extensively used in biological
and medical fields. They have been used as coragastts for cell imagirtd and therapeutics
for curing cancér This hybrid between nanotechnology and medicitadiies has been called

by various names as medical nanotechnology, nancmear bionanotechnology.

2.2 Drug delivery

According to the census in 2006, 47 million peoplghe US live without health insurance.
There is an urgent need to reduce the cost of uidalth care so that more people can be
accommodated in the system. Drug consumption atetedfects can be drastically lowered by
depositing the active agent in the morbid regioty @md in no higher dose than needed. This
highly selective approach reduces costs and hura#ferisg. An example can be found in

dendrimers and nanoporous materials. These matedah hold small drug molecules,
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transporting them to the desired location. Somermally important applications include cancer
treatment with iron nanoparticles or gold nanoshell

Nanotechnology has also helped in the implantablevety systems, which are often
preferable to the use of injectable drugecause the latter frequently display first-orkieetics
(the blood concentration goes up rapidly, but deygsonentially over time). This rapid rise may
cause difficulties with toxicity, and drug efficacan diminish as the drug concentration falls

below the targeted range.

2.3 Tissue engineering

When nanotechnology is also used for repairing r@pidoducing damaged tissue, it is
called tissue engineerifid. Tissue engineering uses artificially simulated pebpagation by
making use of nanomaterials-based scaffolds angtgrtactors. On one hand, scientists believe
that tissue engineering is a boon and can sulsstfart conventional treatment methods like
organ transplants or artificial implants. On thieev hand it also involves the ethical dilemma of

human stem cells and its implications.

2.4 Diagnostics

Nanotechnology-on-a-chip is one more dimension ab-dn-a-chip technology.
Biological tests measuring the presence or actoitgelected substances become quicker, more
sensitive and more flexible when certain nanospalticles are put to work as tags or labels.
Magnetic nanoparticles, bound to a suitable angyib@ie used to label specific molecules,
structures or microorganisms. Gold nanoparticlgged with short segments of DNA can be

used for detection of the genetic sequéhten a sample. Multicolor optical coding for
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biological assay3'? has been achieved by embedding different-sizechtgma dots into
polymeric microbeads. Nanopore technology for asialgf nucleic acids™® converts strings of

nucleotides directly into electronic signatures.

2.5 Chemistry and Environment
Nanotechnology is used in many areas in chemigityitbis mainly used in chemical

4517 and filtration technique® Nanoscale synthesis results in novel materialschvhi

catalysi
have certain customized features and chemical piepeln a short-term perspective, chemistry
will provide novel “nanomaterials” and in the lomgn, superior processes such as “self-

assembly” will enable energy and time preservingatagies. Nanomaterials with unique

chemical surroundings (ligands) or precise opiicaperties are a few examples.

2.6 Catalysis

Due to the high surface to volume ratio in nanommate they are highly beneficial in
chemical catalysis. Though catalysis is most inguadrin the manufacturing of chemicals, it also
has a large range of other applications, from faells®?° to catalytic converters and

photocatalytic devices.

2.7 Filtration

A strong influence of nanochemistry on waste-wdteatment, air purification and
energy storage devices is to be expected. MecHaoicehemical methods can be used for
effective filtration techniques. One class of &tion techniques is based on the use of

membranes with suitable pore sizes, whereby thaidigs pressed through the membrane.
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Nanoporous membranes are suitable for mechanltrakibhn with extremely small pores of less
than 10 nm (“nanofiltration”) and may be composddnanotubeS. On a larger scale, the
membrane filtration technique is named ultrafiibat which works down to between 10 and 100
nm. One important field of application for ultrafdtion is medical purposes as can be found in
renal dialysis.

Magnetic nanoparticles offer an effective and t#&amethod to remove heavy metal
contaminants from waste water by making use of rma@gnseparation techniques. Using
nanoscale particles increases the efficiency toorédbghe contaminants and is relatively

inexpensive compared to traditional precipitatiod &ltration methods.

2.8 Energy

Nanotechnology taps on various aspects of energythe most advanced and beneficial
projects are related to the storage, conversiomt naanufacturing improvements of energy. The
manufacturing improvements are achieved by reduciatgrials and process rates. This results

in energy savings by better thermal insulations emuhnced renewable energy sources.

2.9 Reduction of energy consumption

The energy crisis in the world is a major concemall. Scientists have been extensively
researching new technologies to reduce energy agptsan. Nanotechnological methods like
light-emitting diodes (LEDY¥ or quantum caged atoms (QC&s)could lead to a reduction in
energy consumption for illumination, as comparedthiie currently used light bulbs which

convert very little of the electrical energy intght.
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2.10 Increasing the efficiency of energy production

Due to the energy crisis in the world, we have dp into various forms of energy
sources. One of the cleanest sources of enerdyeinvorld is solar energy. Today's best solar
cells have layers of many different semiconducttesked together to absorb light at different
energies, but they are still not able to efficigratbsorb all the energy available. They only make
use of 40% of the sun’s energy. Nanotechnologyhep in increasing the efficiency of light
conversion by using nanostructures with a continunfimbandgaps. Nanotechnology could
improve combustion by designing specific catalygth maximized surface area. Scientists have
recently developed tetrad-shaped nanoparticles, tvaen applied to a surface, instantly

transform it into a solar collectd

2.11 The use of more environment friendly energy systems

An example for an environmentally friendly form efiergy is the use of fuel céfig?
powered by hydrogen, which is ideally produced bgewable energies. Probably the most
prominent nanostructured material in fuel cellghe catalyst consisting of carbon supported
noble metal particles with diameters of 1- 5 nmitéile materials for hydrogen storage contain
a large number of small nanosized pores. Therefoemy nanostructured materials like
nanotubes, zeolites or alanates are under invéstiga?*

Nanotechnology can contribute to the further reidacof combustion engine pollutants
by nanoporous filters, which can clean the exhawesthanically, by catalytic converters based
on nanoscale noble metal particles or by catalgtiatings on cylinder walls and catalytic

nanopatrticles as additive for fuels.
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2.12 Recycling of Batteries

In today’s world, batteries have become a verygratepart of our daily lives. Batteries
have a very low energy density and therefore haverg short operating time. Consequently,
they must be replaced or recharged very often.hitlgee consumption and disposal of batteries
can pose a threat to the environment. Nanotechyalag create high energy batteffed which
can also be recharged. Thus use of these high yenang rechargeable batteries or

supercapacitof3will be helpful in reducing the disposal problem.

2.13 Information and communication

Information technology has been utilizing nanotetbgy without any formal
introduction of this science. The critical lengtbale of integrated circuits is already at the
nanoscale (50 nm and below) in regards to the lgaigth of transistors in CPUs. The high-
technology production processes which are basecbowentional top down strategies, already

make use of nanotechnology.

2.14 Novel optoelectronic devices

In modern communication technology, traditional laga electrical devices are
increasingly replaced by optical or optoelectréhievices due to their enormous bandwidth and
capacity. Two promising examples are photonic etgsind quantum dots.

Quantum dots are nanoscaled objects, which carsé@, @mong many other things, for
the construction of lasers. The advantage of a tguandot las€’ over the traditional
semiconductor laser is that their emitted wavelendépends on the diameter of the dot.

Quantum dot lasers are cheaper and offer a higkenlguality than conventional laser diodes.
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2.15 Displays

Displays have become a major part of advertisilystry. There is a need for creating
displays with low energy consumption, and this goah be attained by using carbon
nanotube€?® (CNT). Carbon nanotubes are electrically condectand because of their small
diameter (~ several nanometers), they can be useflel emitters with extremely high
efficiency for field emission displa§s! (FED). This method is close to the cathode ray toik

it is on a much smaller length scale.

2.16 Consumer goods

Consumer goods are becoming more user friendlyemsy to use. Nanotechnology is
making an impact in this field by providing consumevith easy-to-clean and scratch-resistant
products. Textiles made with nanotechnology arenkieiresistant and stain-repellent and are
gradually becoming “smart”. Products made with mearticles are increasingly hitting the

consumer market, especially in the fields of cosraet

Foods

Nanotechnology has been extensively and routinslgduin the food productiof3,
processing, safet§ and packing?*® The nanocomposite coating process improves thd foo
packaging by placing anti-microbial agents on the€fage of coated film. Research is being
performed to apply nanotechnology to the detectibchemical and biological substances for
sensing biochemical changes in food$3Nanocomposites can drastically increase and deerea

gas permeability of the various fillers as theyr@guired for the various products.
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Household

“Self-cleaning®® or “easy to clean” surfac&s”®in a household can reduce the extent of
household chores. Nanotechnology has made thaibpogy providing us such materials in the
form of ceramics and glasses. It has also imprawedsmoothness and heat resistance of

common household equipment such as the flat irantwprovides better results.

Optics

Sunglasses save our eyes from the harmful UV @ysglasses which are now available
on the market, with protective and antireflectiveathin polymer coatings make them close to
impenetrable. Nanotechnology has also helped iniglirey scratch resistant surface coatifigs
based on nanocomposites for a longer life of tmglsisses. The most significant application of
nanotechnology in optics is the increased precigiopupil repair and other types of laser eye

surgery.

Textiles

Nanoparticles have also played a very importarg mlthe textile industry. In today’s
world, a need for wrinkle-free, stain-repellent amater-repellent cloth is satisfied by
nanofibers’ This has made the use of nanofibers in the maturfag of cloth inimitable.
Furthermore, textiles manufactured with nanoteabgiokll finishes are created in such a way
that they require less washing and can be washlesvat temperatures. The latest application of
nanopatrticles is in military applications as cantageé. In these applications nhanocameras along
with nanodisplays are incorporated in the textilatenial and this could create an “invisibility

coat” acting as a skin like a chameleon.
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Cosmetics

In the present world of cosmetic preference andceamwareness, it is required to
produce effective products which can be used amng-term basis. Sunscreé&hare one of the
most used products in the market. In earlier daysiscreens were made out of traditional
chemicals that absorbed UV radiation. Howeverseheompounds suffer from poor long-term
stability. Whereas, sunscreens made out of mimenabparticles such as titanium oxide are more
durable and have a comparable UV protection prgpéff Furthermore, nanoparticle sized

oxides decrease the cosmetically undesirable white as the particle size decreases.

2.17 Previous Resear ch on M agnetic Nanoparticles

Magnetic nanoparticles have been a key area oamesen biomedical applications of
nanomaterials. In many cases, the properties aahcteristics of the bulk materials are well
understood, but when materials are transformedti@ananoscale region their behavior changes
dramatically and cannot be easily predicted. Comsetly, efforts to understand biological
responses to nanomaterials has been of interesséarchers for many years.

There are two reasons why magnetic nanoparticlesiagnetic nanocomposites have
attracted scientists so much. First, magnetic nanigfes can be controlled externally to the
body by application of magnetic fields. Second, n&ige can be combined with gold, silica or
other materials and thus the surface propertiethefmagnetic nanomaterials can be modified
according to the necessity of their application.

Previous research has shown that magnetic nanoci®ponot only have their
application in the medical field but also it canused in the household uses. There have been

advances in the handling and manipulation of magrgrticles in microfluidic systerfrs*
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Starting from the properties of magnetic nanopkegiand microparticles, they have been used in
magnetic separatidf) immunoassays, magnetic resonance imagitigdrug deliver§®>® and
hyperthermia*>®> Magnetic nanoparticles that are applied as marierthe specific analysis of
biomolecules have the advantage that they areestatmstly non-toxic and can be used ifor
vitro as well asn vivo experiments.

Magnetic nanopatrticles, sometimes with their sw$amodified by polymers or different
noble metals, have been also used for treatmenwaier®®’. Moreover surface-modified
magnetic nanoparticles synthesized for cellulaeradtions have shown improved biological
applications. Bifunctional nanomaterials have besed for detection of very low concentrations
of bacterid® and also to probe pathogenic bacf&ria

Scientists have reviewed some relevant aspectieofriagnetic properties of metallic
nanopatrticles of different shapes and sizes andthewdiffer from their bulk counterpart. The
magnetic properties of nanoparticles enable thebretased as storage devices and for targeted
drug delivery systerft$>®. Moreover they are also used for targeted heatfngancerous cells
and tumor®®® Serial heat treatments were possible withoutatsgkinjection of magnetic fluid.
The popularity and practicality of nanoparticle eréls create a need for a synthesis method
that produces quality particles in sizable quastiti

To further the application of nanoparticles in dse diagnosis and therapy, it is
important that the systems are stable, capableeafigbfunctionalized, biocompatible, and
directed to specific target sites in the body afigstemic administration. For this reason the
magnetic nanopatrticles need to be coated or madesbell so that they are not toxic and are not
easily oxidized. The surface modification helps tf@oparticles to be evenly dispersed and

stable in aqueous medium.
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Leeet al. have capped the surface of monodispersed maghgrtie0s) to increase the
stability of the particles in polar solverffs.Interfacial ligand exchange of the capping malesu
was done to make the particle surface more hydliophiThe maghemite particles showed
enhanced miscibility and short-term stability in tera after interfacial ligand exchange.
Gajdosikovaet al. have been able to reduce the acute toxicity ofnetig nanoparticles by
coating them with poly (D,L) lactid®. Olle and coworkers observed enhancement of oxygen
mass transfer in the presence of colloidal dispassiof magnetite nanoparticles coated with
oleic acid and a polymerizable surfactéht.These fluids improved gas-liquid oxygen mass
transfer up to six fold in an agitated, sparged;foee reactor and showed remarkable stability in
high-ionic strength media over a wide pH rangehN& and research group coated the magnetic
nanoparticles with hydroxyapafifewhich is not only an important material for borredaooth
implants, but is also commonly used in protein fization. These particles could be directly and
readily used in biomedical applications. Moreowbey showed that these particles could be
controlled by an external magnet.

Fenget al. synthesized HSA-coated magnetic nanoparticledddheith rhenium-188 for
the purpose of regional target ther&phese radioactive Re doped magnetite particlesised
for the y-imaging technique. To investigate the differentgmetic properties scientists have
doped the magnetite particles with various othetaiselike tif®™® zind®, cobalf*>” or
nickel™ ™.

One other important area of research was attaabirgpating magnetite particles with
noble metals like gold. This not only makes the n&ige particles less susceptible to oxidation
but also helps in attaching a linker to the surfaicgold. Gold surfaces are very readily modified

using sulfide linkages and thus antibodies couldgliesequently attached to gold and used for
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targeted drug delivery. Suet al. were able to synthesize dumbbell shaped bifunatigold
magnetite nanoparticlés and Caruntu and coworkers were able to attacth gahograins on
larger magnetite particles using different wet cloainmethods of synthesi$.Kawaguchi and
his group have prepared gold/iron-oxide composiigoparticles by a unique laser process in an
aqueous mediuffi

Scientists have used different approaches for sgiting the nanoparticles, with one of
the most amazing techniques being sonochemistiyciistalline iron phosphide coated iron
oxide and hollow iron phosphide nanoparticles wanethesized by sonochemisttyMoreover
it has already been proven that scientists carralotite shape and size of the noble metals by
adjusting the parameters in sonochemical proc&ssResearchers were also able to produce
coated or bare magnetite particles of desiredasizemorphology’®*

The nanocomposites produced in various differenyisvean be used in biomedicine, drug
delivery, MRI contrast agents and in household iappbns. Though the research area is in its
early stages, scientists have successfully shoansibme of the nanoparticles can be used in
fields ranging from targeted cancer therapy toilexbdustry. So it can be seen that the use of

nanoparticles are widely varied and thus have becamimportant area of scientific research.

30



2.18 References

1.

Xu, Fang; Mukhopadhyay, Somshuvra; Sehgal, Pravin ABerican Journal of
Physiology, 2007, 293(4), C1374-C1382.

Li, Qian; Chang, Young-Tad&ature Protocols, 2006), 1(6), 2922-2932.

Andresen, Martin; Schmitz-Salue, Rita; Jakobs, &teMolecularBiology of the Cell,
2004, 15(12), 5616-5622.

Larson, Timothy A.; Bankson, James; Aaron, Jessa@kolBv, Konstantin;
Nanotechnology, 2007, 18(32), 325101/1-325101/8.

Sendo, T.; Teshima, D.; Makino, K.; Mishima, Koht Y.; Oishi, R;Journal of Clinical
Pharmacy and Therapeutics, 2002, 27(2), 79-84.

Kaufman, Jessica; Wong, Joyce Y.; Klapperich, Qaitke Biomaterials, 2007, 10/1-
10/14.

Boccaccini, Aldo R.; Blaker, Jonny J.; Maquet, \f@gue; Chung, Wendy; Jerome,
Robert; Nazhat, Showan Nournal of Materials Science, 2006, 41(13), 3999-4008.

Ito, Akira; Ino, Kousuke; Hayashida, Masao; Kobdya3akeshi; Matsunuma, Hiroshi;
Kagami, Hideaki; Ueda, Minoru; Honda, HiroyuKitssue Engineering, 2005, 11(9/10),
1553-1561.

Wu, Zai-Sheng; Jiang, Jian-Hui; Fu, Li; Shen, Gup-Yu, Ru-Qin;  Analytical

Biochemistry, 2006, 353(1), 22-29.

10.Li, Huixiang; Rothberg, Lewis Analytical Chemistry, 2004, 76(18), 5414-5417.

11.Han M; Gao X; Su J Z; Nie $§ature biotechnology, 2001, 19(7), 631-5.

12.Mattheakis Larry C; Dias Jennifer M; Choi Yun-Ju@nng Jing; Bruchez Marcel P; Liu

Jianquan; Wang Eugenanalytical Biochemistry, 2004, 327(2), 200-8.

31



13.Beidler, John L.; Hilliard, Peter R.; Rill, Randblgd.; Analytical Biochemistry, 1982,
126(2), 374-80.

14.Wang, Joseph; Gruendler, Peter; Flechsig, Gerd-WUasinski, Markus; Rivas, Gustavo;
Sahlin, Eskil; Lopez Paz, Jose Lui&nalytical Chemistry, 2000, 72(16), 3752-3756.

15. Bilitewski Ursula; Genrich Meike; Kadow Sabine; Mal Gaber; Analytical and
bioanalytical chemistry, 2003, 377(3), 556-69.

16.Zheng, Nanfeng; Stucky, Galen Dgurnal of the American Chemical Society, 2006,
128(44), 14278-14280.

17.Kim, Nam Seo; Lee, Yun Tack; Park, Jeunghee; Ryuynd Lee, Hwack Joo; Choi,
Seung Yeol; Choo, Jaeburgurnal of Physical Chemistry B, 2002, 106(36), 9286-
9290.

18.Sato, Shintaro; Chen, Da-Ren; Pui, David Y. Berosol and Air Quality Research,
2007, 7(3), 278-303.

19.Mu, Shichun; Wang, Xiaoen; Tang, Haolin; Li, Peigabei, Ming; Pan, Mu; Yuan, Run
Zhang;Journal of the Electrochemical Society, 2006, 153(10), A1868-A1872.

20.Tu, Hung-Chi; Wang, Wen-Lin; Wan, Chi-Chao; Wanging-Yun;Journal of Physical
Chem. B, 2006, 110(32), 15988-15993.

21.Theron J, Walker JA, Cloete TEryitical Reviews in Microbiology, 2008, 34(1), 43-69

22.Kwak, Joon Seop; Song, J.-O.; Seong, T.-Y.; Kim,l.BCho, J.; Sone, C.; Park, Y.;
Journal of Nanoscience and Nanotechnology, 2006, 6(11), 3547-3550.

23.Han-Chang Liu and Shiow-Kang Yedgurnal of Power Sources, 2007, 166(2), 478-484

24.Lopez-Luke T; Wolcott A; Xu LP; Chen SW; Wen ZH;i OH; De LR; Zhang JZ;

Journal of Physical Chem. C, 2008, 112(4), 1282-1292

32



25.Ying Zheng, Jun Yang, Jiulin Wang and Yanna NuEiectrochimica Acta, 2007,
52(19), 5863-5867

26.K.M. Begam and S.R.S. Prabahardoyrnal of Power Sources, 2006, 159(1), 319-322

27.Domink Heiss, Miro Kroutvar, Jonathan J. Finley a&drhard AbstreiterSolid State
Communications, 2005, 135(9), 591-601

28.L. Gavrila Florescu, C. Fleaca, I. Voicu, I. Morjah. Stamatin and loan Stamatin;
Applied Surface Science, 2007, 253(31), 7729-7732

29. Axel Schindler, Jochen Brill, Norbert Fruehauf, &snf°. Novak and Zvi Yaniwrhysica
E: Low-dimensional Systems and Nanostructures, 2007, 37(1) 119-123

30.Fan-Guang Zeng, Chang-Chun Zhu, Weihua Liu and Bnd.iu; Microelectronics
Journal, 2006, 37(6), 495-499

31.Zhejuan Zhang, Z. Sun and Yiwei Chekpplied Surface Science, 2007, 253(6), 3292-
3297

32.Liu Xinghui, Zhu Changchun, Liu Weihua, Zeng Fanmggaand Tian Changhui;
Materials Chemistry and Physics, 2005, 93(3), 473-477

33.Peerasak Sanguansri and Mary Ann Augustifrends in Food Science &
Technology, 2006, 17(10), 547-556

34.D.A. Pereira de Abreu, P. Paseiro Losada, I. Anguld J.M. CruzEuropean Polymer
Journal, 2007, 43(6), 2229-2243

35.Eric Puzenat and Pierre Pichaipurnal of Photochemistry and Photobiology A:
Chemistry, 2003, 160(1-2), 127-133

36.J.0. Carneiro, V. Teixeira, A. Portinha, A. MagabkaP. Coutinho, C.J. Tavares and R.

Newton;Materials Science and Engineering: B, 2007, 138(2), 144-150

33



37.T. Yuranova, D. Laub and J. KinGatalysis Today, 2007, 122(1-2), 109-117

38.Ronan Tartivel, Emmanuelle Reynaud, Fabien Gradeah-Christophe Sangleboeuf and
Tanguy RouxelJournal of Non-Crystalline Solids, 2007, 353(1), 108-110

39.A. Bozzi, T. Yuranova and J. KiwiJournal of Photochemistry and Photobiology A:
Chemistry, 2005, 172(1), 27-34

40.Mariana Sincai, Diana Argherie, Diana Ganga, Dd@iea and Ladislau Vekagpurnal
of Magnetism and Magnetic Materials, 2007, 311(1), 363-366

41.J.R. Villalobos-Hernandez and C.C. Miller-Goymanimternational Journal of
Pharmaceutics, 2006, 322(1-2), 161-170

42.Chunjin  Song and Shuangxi Liu;International Journal of Biological
Macromolecules, 2005, 36(1) 116-119

43.Elisabeth Galopin, Maxime Beaugeois, Bernard PimeHe Jean-Christophe Camart,
Mohamed Bouazaoui and Vincent ThonBrpsensors and Bioelectronics, 2007, 23(5),
746-750

44.Gregory T. Roman and Robert T. Kennedgurnal of Chromatography A, 2007, 1168,
(1), 170-188

45.Nadja Schultz, Christoph Syldatk, Matthias Franzaad Timothy John Hobleylournal
of Biotechnology, 2007, 132(2), 202-208

46.Lin, A. W. H.; Lewinski, N. A.; West, J. L.; Halahl. J.; Drezek, R. A.;J. Biomed. Opt.,
2005, 10, 064035/1-064035/10

47.Sokolov, K.; Follen, Mi.; Aaron, J.; Pavlova, |.;dlpica, A.; Lotan, R.; Richards-
Kortum, R.;Cancer Res., 2004, 63, 1999-2004.

48.Arbab, A. S.; Liu, W.; Frank, J. AExpert Rev. Med. Devices, 2006, 3, 427-439.

34



49.Sun, C.; Sze, R.; Zhang, M.;Biomed. Mat. Res., Part A, 2006, 78(A), 550-557.

50.Frias, J. C.; Ma, Y.; Williams, K. J.; Fayad, Z.; &Aisher, E. A.;Nano Lett., 2006, 6,
1752-1756.

51.Niidome, T.; Yamagata, M.; Okamoto, Y.; Akiyama,; W.akahashi, H.; Kawano, T.;
Katayama, Y.; Niidome, Y.J. Controlled Release, 2006, 114, 343-347.

52.Astete, C. E.; Sabliov, C. MRarticulate Sci. Technol., 2006, 24, 321-328.

53.Bertram, J.Curr. Pharm. Biotechnol., 2006, 7, 277-285.

54.Wu, W.; DeCoster, M. A,; Daniel, B. M.; Chen, J; ¥u, M. H.; Cruntu, D.; O'Connor,
C. J.; Zhou, W. L.J. Appl. Phys., 2006, 99, 08H104/1-08H104/3.

55.Zhou, W.; Gao, P.; Shao, L.; Caruntu, D.; Yu, Mhe@, J.; O'Connor, C. NNanomed.,
2005, 1, 233-237.

56.E. Pollert, K. Knizek, M. MarySko, P. KaSpar, S.s¥aur and E. Duguet; Jourrl
Magnetism and Magnetic Materials, 2007, 316(2), 122-125

57.Akira Ito, Yuko Kuga, Hiroyuki Honda, Hiroyuki Kikkwa, Atsushi Horiuchi, Yuji
Watanabe and Takeshi Kobayasbancer Letters, 2004, 212(2), 167-175

58.Yinhui Xu and Dongye Zhadlater Research, 2007, 41(10), 2101-2108

59.L. Lhomme, S. Brosillon and D. Wolbe&hemosphere, 2007, 70(3), 381-386

60.Madhukar Varshney, Yanbin Li, Balaji Srinivasan afteve Tung;Sensors and
Actuators B: Chemical, 2007, 128(1), 99-107

61.Tsai, Pei-Jane; Lin, Ya-Shiuan; Chen, Yu-Chiealytical Chemistry, 2004, 76(24),

7162-7168

35



62.Manfred Johannsen, Uwe Gneveckow, Burghard Thidsasra Taymoorian, Chie Hee
Cho, Norbert Waldofner, Regina Scholz, Andreas aordbtefan A. Loening and Peter
Wust; European Urology, 2007, 52(6), 1653-1662

63.Akira Ito, Masashige Shinkai, Hiroyuki Honda andk&shi KobayashiJournal of
Bioscience and Bioengineering, 2005, 100(1), 1-11

64.Lee, SY; Harris MTJournal of Colloid and Interface Science, 2006, 293(2), 401-408

65. Gajdosikova A, Gajdosik A, Koneracka Meuroendocrinology Letters, 2006, 27(2), 96-
99

66.0lle, B.; Bromberg, L.; Hatton, T. A.; Wang, Dndustrial and Engineering Chemistry
Research, 2006, 45(12), 4355-4363

67.Ingrid Hilger, Rudolf Hergt and Werner A. Kaisdgurnal of Magnetism and Magnetic
Materials, 2005, 293(1), 314-319

68. Andreas Jordan, Regina Scholz, Peter Wust, Hotstriggand Roland FelixJournal of
Magnetism and Magnetic Materials, 1999, 201(3), 413-419

69. Yan-Wu Lu, Qin-Sheng Zhu and Fang-Xin LRhysics Letters A, 2006, 359(1), 66-69

70.Frank J. Berry, Orn Helgason, Kristjan Jonsson Stegphhen J. Skinnedpurnal of Solid
State Chemistry, 1996, 122(2), 353-357

71.Monica Sorescu, L. Diamandescu, D. Tarabasanu-Milzad V. Teodoresciaterials
Chemistry and Physics, 2007, 106(2-3), 273-278

72.M. F. F. Lelis, A. O. Porto, C. M. Gongalves anddJ Fabris;Journal of Magnetism and
Magnetic Materials, 2004, 278(1-2), 263-269

73.Monica Sorescu, A. Grabias, R. A. Brand, J. Voss,Tarabasanu-Mihaila and L.

Diamandescujournal of Magnetism and Magnetic Materials, 2002, 246(3), 399-403

36



74.M. Mohapatra, Brajesh Pandey, Chandan UpadhyayArand, R.P. Das and H.C.
Verma;Journal of Magnetism and Magnetic Materials, 2006, 295(1), 44-50

75.Tatsuo Ishikawa, Hiroshi Nakazaki, Akemi YasukawWazuhiko Kandori and Makoto
Seto;Materials Research Bulletin, 1998, 33(11), 1609-1619

76.Yu, H.; Chen, M.; Rice, P. M.; Wang, S. X.; Whit, L.; Sun, S.Nanoletters, 2005, 5,
379-382.

77.Caruntu, D.; Remond, Y.; Chou, N.H.; Jun, M.; Cami&.; He, J.; Goloverda, G.;
O’Connor, C.; Kolesnichenko, V¥norg. Chem, 2002, 41, 6137-6146.

78.Kenji Kawaguchia, K; Jaworskib, J; Ishikawaa, Ys&8da, T; Koshizaki, NJournal of
Magnetism and Magnetic Materials, 2007, 310(2)(3), 2369-2371

79.C.G. Hu, Y. Li, J.P. Liu, Y.Y. Zhang, G. Bao, B. &une and Z.L. WangChemical
Physics Letters, 2006, 428(4-6), 343-347

80.Jong-Eun Park, Mahito Atobe and Toshio Fuchigddirasonics Sonochemistry, 2006,
13(3), 237-241

81.R. Abu Mukh-Qasem and A. Gedankdournal of Colloid and Interface Science, 2005,
284(2), 489-494

82.Eun Hee Kim, Hyo Sook Lee, Byung Kook Kwak and Bgiee Kim; Journal of
Magnetism and Magnetic Materials, 2005, 289, 328-330

83.Hui Wang, Shu Xu, Xiao-Ning Zhao, Jun-Jie Zhu and-Ruan Xin;Materials Science

and Engineering B, 2002, 96(1), 60-64

37



Chapter 3: Synthesisand Characterization of Gold- M agnetite Nanoparticles

3.1 Abstract

Two novel synthetic routes to formation of gold-matite nanoparticles have been
designed. The first method involved treatment oéfgmmed magnetite nanoparticles with
ultrasound in aqueous media with dissolved tetmaolluric acid. The other route involved
irradiation of preformed magnetite nanoparticles By radiation in agueous media with
dissolved tetrachloroauric acid. Both the methaesulted in the formation of gold-magnetite
nanocomposite materials. These materials mairdaime morphology of the original magnetite
particles. The morphology of the gold particlesildobe controlled by adjusting experimental
parameters, like addition of small amounts of sefvaodifiers such as methanol, diethylene
glycol, and oleic acid as well as variation of tb@ncentration of the tetrachloroauric acid
solution and time of the reaction. The nanoconiposiaterials were magnetic and exhibited

optical properties similar to gold nanopatrticles.
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3.2 Introduction

Nanoparticles are small crystalline particles vaires in the range of 1-100 nm, located
in the transition region between molecules and osiwopic (micron-size) structures. There are
various types of nanoparticles synthesized, suchinaslating (ceramics), metallic and
semiconductor. Recently, hollow nanocrystals hage deen synthesized which are spherical
shells on the nanoscale

Surface modification of nanometer sized inorgamiec particles with a different
inorganic shell material to form core/shell typenostructures has become an important route to
functional nanomaterials. Such modification hasugha about interesting physical and chemical
properties of nanostructured materials that haeevatimportant technological applicatidis

Monodisperseparticles (i.e. particles of uniform size) disperse a fluid are achievable
and this is one of the reasons for the increagedest in nanoparticles in recent tifidsanosize
particles have a tendency to stick to surfacesmsdme cases to each other, forming clusters of
particles. This is caused by the relatively largeteomagnetic forces, i.e., when particles carry a
net charge there is a strong electrostatic repulbetween them, by Coulomb’s law, and they
stick strongly to oppositely charged particlesuocharged polarizable surfaces. Nanoparticles
of ferroelectric or ferromagnetic materials demaatst a strong dipole-dipole interaction while
nonpolar particles polarize and interact through @ar Waals forces. Nanopatrticles can be self-
assembled, which is another reason for interetstam.

Nanoparticles have been produced and used foryalmeg time. They are usually used
as pigments in inks, paints and gldzéghey are also an essential ingredient in suneption
lotions, and in other cosmetics. Nanoparticle aapions can be separated into different

categories according to the role played by theigast The simplest case is where their size,
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shape, surface chemistry, or other physical praseraffect their immediate environment. They
have also been recognized to function as catalfgstscarbon nanotube growth. Another
application is where the particles communicatermfation on the local environment or modify
some local physical property in a way that candteated in real-time.

The finite size and surface effects gives risedimes noteworthy phenomena of magnetic
nanoparticles including superparamagnetism, higld firreversibility and high saturation fiéld
The fact that particles of a ferromagnetic matdsedbw a critical size (<15 nm) would consist of
a single magnetic domain was evident from the wadrthe researchersThe particles show an
atomic paramagnetic behavior (superparamagnetismd) hmve an extremely large magnetic
moment above a certain temperature called the inigd¢kmperature.

Applications such as medical diagnosis and curdheeapy require these particles to be
stable at physiological pH and salinity conditioi$ie particle size is a key issue since the
precipitation due to gravity can be avoided withaller particles. On the other, hand steric and
coulombic repulsions can also be of importance wadpect to charge and surface chemistry.

It is necessary to coat these magnetic nanoparticith a biocompatible polymer during
or after synthesis to prevent formation of larggragation and biodegradation in systems for in
vivo applications’. Among the range of magnetically responsive corepts1(from magnetite to
summarium-cobalt systems) magnetite and its oxiditeem (-Fe,0O3) are most commonly
employed. Nickel and cobalt are susceptible to atkich and have alarming toxicity. So they are
of little or no interest for in vivo application.hlis for in vivo biological applications the
magnetic particles must be synthesized from norectamon-immunogenic material with small
particle size to maintain after-injection circutatithrough the capillary systems of organs and

tissues. Furthermore it is also necessary to havigler magnetization for the particles so that
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their movement can be controlled by an externalmatg field and can be immobilized to the
targeted pathogenic tisste

For in vitro applications, restrictions are a bielaxed with respect to sizes.
Superparamagnetic nanocrystals dispersed in sutimétric diamagnetic particles with long
sedimentation times can be used. The advantagampipethe functionality of the nanoparticles.
For all applications, the size, shape, and surfdeamistry of the particles as well as their
magnetic properties are always of prime importance.

Recently many attempts have been made to devetmggses and techniques that would
yield core shell uniform nanoparticles with conliedl size and shape. Developments in
nanotechnology demand building blocks with incnegsistructural and compositional
complexity, which can be reproducibly self-assembt@o functional materials. In this regard,
nanoparticles with core-shell morphologies represenew type of construction unit consisting
of two dissimilar compositional and structural dansa Such materials should have enhanced
physical and chemical properties and a broadererahgpplications than their single-component
counterparts?™*®

During the last several years, interest in the yswidnanostructured materials has been
increasing at an accelerating rate, stimulated dnent advances in materials synthesis and
characterization techniques and the realization these materials exhibit many unique and
interesting physical and chemical properties withnamber of potential technological
applications. As never before, magnetic materiats the key to the future of the storage
industry.

Preparation of gold-magnetite nanocomposites, @dpecthose with a core-shell

structuré?, has been a topic of much interest. Magnetic partitles have a wide range of
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potential applicatiors, including uses as medical diagnostic tbbldrug delivery system&™,
and biosensot$* as well as molecular senstrs Effective use of magnetic nanoparticles for
these purposes requires several characteristids asiauniform and controllable particle size,
shape, and morphology, substantial and reliablenetigproperties 2 low toxicity, stability in
biological or environmental systefis* and readily functionalizable surfaces to allovertiical
and biological selectivity. Gold coated magnetite has been proposed asfertied material
that would meet these requirements. It has beehestlblished that gold can be functionalized
with thiolated organic molecul®sand via amide coupling chemistty Researchers have
successfully bound thiol modified DNA and varioukey enzymes to gold particfés

Obtaining novel materials with controlled size tapé>?* under mild conditions and
with safe precursors is an issue that has engaget/ mesearchers. Sonic energy has been
routinely used in the field of materials sciencerfmany years. Its chemical effects have recently

come under investigation for the acceleration afrottal reactiorfs?® and for the synthesis of
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Figure 3.1. Schematic of Sonochemical Process
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new materials, as well as for the generation of novel materéts unusual propertiéd Many
reactions which are normally sluggish can be acatdd by application of ultrasound. The
acceleration is due to either physical or chemaféécts of cavitation. Physical effects can
enhance the reactivity of a catalyst by enlargihg surface area or by improving mass
transport®. Chemical effects of ultrasound enhancement ofti@a rates occur through high
temperature, high pressure, and highly reactivieahdpecies formed during cavitatf6n
Cavitation in a liquid occurs due to the stressesiced in the liquid by the passing of a
sound wave through the ligdld A sound wave consists of compression and
decompression/rarefaction cycles. If the presdureng the decompression cycle is low enough,
the liquid can be torn apart to leave small bulfBfés These cavitation bubbles grow during
subsequent decompression phases, and contracg ditwmpression phases. Because of an
imbalance between growth and contraction, the msbivicrease in size until they are no longer
stable. At this point the bubbles implode violgnduring the next compression. During
implosion temperatures can reach an estimated &QQfiessures can reach several hundreds of
atmospheres, and solvent molecules can be honullyticleaved to form species such as
hydroxyl radical and hydrogen atoffis Formation of gold nanoparticles during sonicatias
been previously reported, and the mechanism wagopeal to occur through hydrogen atom

reduction of dissolved gotd
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3.3 Experimental Procedure

In our study we have introduced two new approacbessynthesizing magnetic

nanoparticles. They are

1. Sonochemical synthesis of gold magnetite nanopestigith various surfactants.

2. Synthesis of gold magnetite nanocomposites by Wiatemn (variation of time

and variation of concentration)

Hydrogen tetrachloroaurate trihydrate (HAWGH,O), methanol, ethanol, diethylene
glycol, and oleic acid were obtained from AldrichPurified water was obtained by using
NANOpureUV water system (Barnstead) with a didtieater feed.

Magnetite was prepared as repofté@® by dissolving FeGl4H,0 and FeGL6H,O in
diethylene glycol in a Schlenk flask under protectiwith argon. Separately, NaOH was
dissolved in diethylene glycol. The solution of N&Qvas added to the solution of metal
chlorides while stirring at room temperature cagsian immediate color change. The
temperature of the resulting solution was raisedndul-1.5 h to 210-226C and then kept
constant for 0.5-1 h. As the solution turned turbice reaction was terminated by adding oleic
acid dissolved in DEG. This addition caused immiedmecipitation of solids. The mixture was
cooled to room temperature and then centrifuged. grecipitate was washed with methanol and
redissolved in toluene. The resulting solution wastrifuged and mixed with 1-2 volumes of
methanol. The precipitate was separated by ceginifiy washed with methanol, then stored in

methanol.
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3.4 Experimental Procedure of Sonochemical Synthesis

In this study, sonochemical methods were utilizeptoduce gold-magnetite nanocomposite
materials. A stock solution of 0.1 mM HAu{laq) was prepared. An aliquot (50 mL) of this
solution was sparged with argon for 20 min. Methd@00 L), diethylene glycol (10@L), or
oleic acid (100uL) was added and sparging was continued for andbherin. Magnetite
nanoparticle¥ (1 mg suspended in 1QQ. of methanol) were added to the above solution and
sparging continued for another 10 min. The sampds then sonicated in a jacketed, water
cooled (20°C) reaction vessel under an argon atheyepfor 10 min at 50% amplitude using an
ultrasonic processor (600W, ACE Glass, Vineland, Nihe solution turned pink/purple during
sonication. The resulting solution was then tramete into a test-tube and kept in front of a
magnet for at least one day until the whole sofuti@came clear and colorless as the gold-
magnetite hanocomposite material was pulled agéiestvall of the test tube by the magnet.
The transparent solution was carefully removed ftbentest tube while the particles were kept
against the test tube wall with the magnet. Theera was washed with water and re-separated
twice before the nanocomposite particles were dégakin 2 ml of ethanol and stored in capped

tubes.

Portions of the ethanol suspensions were put oofiper transmission electron microscope
(TEM) grids, and the solvent was allowed to evapoiarior to TEM analysis with a JEOL
Model 2010 TEM, including energy dispersive spestapy (EDS) to determine particle
composition. Additional portions of the materialere digested using aqua regia and were
subsequently analyzed by inductively coupled plagl8#®) atomic emission spectroscopy in

order to determine elemental composition. For géhdsterminations, multiple batches of
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nanocomposite materials were prepared and podlesinall aliquot of the pooled material was
sampled and analyzed by ICP. Therefore, the ICR deere representative of the bulk
nanocomposite material. Absorbance of the nanabestiwas measured with a Cary 5E
absorbance spectrometer (Varian, Inc., Palo Altd) Gsing ethanol suspensions. Magnetic

characterization was performed with a Quantum DeditPMS-5S superconducting quantum

interference device (SQUID) magnetometer.
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3.5 Results and Discussions
3.5.1 Magnetic Separation of Au-magnetite Nanocasitps

Sonication of magnetite nanoparticles in the abseoic HAUCl, did not cause any

observable changes in the TEM images of the magnadirticles. In the presence of HAwCI

sl

Figure 3.2. Gold magnetite nanocomposite materials suspendeithamol prior to (a) an
after (b) magnetic separation. The reddish-browmpleucolor is from gold nanoparticles.
Note that all the color is removed after separatiadicating that the gold was attached to
magnetite

sonication resulted in the appearance of a redigl@ coloration of the particles, as depicted in
Figure 3.2. Exposing these materials to a magretid resulted in removal of all colored
material from the liquid. This result indicates tthhe gold particles must be physically or
chemically attached to the magnetite. This attaeitnis at least strong enough to cause the

suspended gold particles to migrate with the matgniet a magnetic field.
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3.5.2 TEM Images

TEM images of these patrticles revealed the presefdsoth gold and magnetite forming a
nanocomposite material. Observation of the padiaheFigure 3.3 suggests a high degree of

agglomeration between magnetite particles. Thgreke of agglomeration is likely due to the

20 nm

Figure 3.3. TEM image of gol-magnetite nanocomposite mate
formed by sonication of magnetite in aqueous HAu®ith added
methanol. Dark particles are gold, grey particlesraagnetite.

removal of the initially present capping ligand idgrthe sonication process. Figure 3.4 depicts
the TEM for gold-magnetite nanocomposite matewainfed with diethylene glycol as additive,
and Figure 3.5 presents the TEM image when oldat was used. When diethylene glycol was

used, more uniform gold particles were observed.

In addition, the Fe/Au ratio decreased compareth@éomaterial prepared using methanol as an
additive. With oleic acid added, substantially deragold particles were observed, and the

Fe/Au ratio also decreased. Therefore, adjustiegdéntity and amounts of these additives may
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provide a mechanism for preparing gold-magnetiteonamposite materials with a range of

selected Fe/Au compositions and particle sizes.

il .
Figure 3.4. TEM image of gol-magnetite
nanocomposite formed with diethylene glycol
additive

Figure 3.5. TEM image of gol-magnetite nanocomposi
formed with oleic acid additive
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We did some ICP measurements to verify the respeotiservations from the TEM images. The

ICP results are presented below.

Table 3.1. The ratios of Au and Fe in the samples with MeOHE@and Oleic acid. Data
obtained from ICP analysis of digested samples.

Sample prepared with Au weight % Feweight %
Methanol 26 74
Diethylene Glycol 57 43
Oleic Acid 50.4 49.6

Mass balance calculations for the ICP results weréormed to validate the ICP results.
The measured mass of iron (calculated from ICP uoreasent) was converted to mass of
magnetite (assuming all Fe was;®g and this mass was added to the measured masddof g

For each of the nanocomposites, the resulting sas within 5% of the weighed mass of the

sample prior to digestion.
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3.5.3 EDS Data

EDS analysis of the particles indicated the presesfcboth iron and gold, for all the sets of
experiments. The data presented in this EDS spacivare collected from multiple particles,

and is therefore representative of the compositeemah Additional EDS spectra collected on
single particles verified that the dark particleshie TEM image (Figure 3.3) are in fact gold and

the grey particles contain iron as the only metal.

4.00 8.00 12.00
kel

Figure 3.6. EDS spectrum of composite particles depicted guifé 3.3. Cu and C peaks |
from TEM grid

Fe

Fe
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Fe Au
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Figure 3.7. EDS Spectra for the ~-magnetite nanocomposites in D

51



3.5.4 Magnetic Measurements

The gold-magnetite nanocomposite material was elsracterized to determine its magnetic

properties using a SQUID magnetometer. Substaatiahges in the magnetic properties of
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Figure 3.8. Magnetization vs. temperature for rnetite
nanoparticles (a) and gold-magnetite nanocompositgerial
(MeOH) (b). In each panel, the top curve is foe fleld cooled
sample and the bottom curve is for the zero fieldled sample.
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these materials were observed compared to theat@trenagnetite precursor material. Figure
3.8 compares the magnetization vs. temperaturevihaf the untreated magnetite and the

gold-magnetite nanocomposite material.

While the general shape of these curves is sintitar,gold-magnetite nanocomposite material
exhibited a substantially higher magnetization lodw&t 23 emu/g compared to 14 emu/g for the
untreated magnetite. The nanocomposites with DH@E aleic acid showed higher
magnetization value of ~33 emu/g and 27 emu/g atsedy as depicted in Figure 3.9 and 3.10.
In all cases, the magnetization was normalizestal imass of magnetite in the sample, so the
decrease in magnetization per gram observed fopdheles with gold is due to the added mass

of the non-magnetic gold.

Magnetization Vs Temperature
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Figure 3.9. Magnetization vs. temperature for g
magnetite nanocomposite material with DEG in 100 Oe
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Figure 3.10. Magnetization vs. temperature for g
magnetite nanocomposite material with Oleic AcidLdD Oe
Field.

In addition to the differences in magnetizatiorg toercivity of the sample changed upon
formation of the nanocomposite material. The wateé magnetite had an observed coercivity of
75 Oe, while the gold-magnetite nanocomposite ratexhibited a substantially increased
coercivity of 200 Oe. These data are depictedguaré 3.11. Also apparent in this figure, is the
significantly larger saturation magnetization JMor the nanocomposite material {M 125
emu/g) compared to that of the untreated magnéite ~ 90 emu/g). The gold-magnetite
nanocomposite with DEG as the surfactant had aereed coercivity of 284 Oe, while the gold-
magnetite nanocomposite material with Oleic Acitiibited a coercivity of 155 Oe. These data
are depicted in Figure 3.12 and 3.13 respectivAlgo apparent from the figures, is the
significantly larger saturation magnetization fMor the nanocomposite materials {M 186

emu/g) and (M~ 140 emu/g) compared to the untreated magn#ife-(90 emu/g).
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Figure 3.11. Hysteresis loops for untreated magnetite (a) atd-
magnetite nanocomposite material (b).
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Figure 3.12. Hysteresis loop for go-magnetite nanocomposite materia
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The changes in magnetic properties are most likel/ to changes in the surface characteristics
of the magnetite. During sonication, the cappirgarids initially present can be removed.
Removal of these capping ligands could cause ageham the surface charge or magnetic
domains. Surface modification of the magnetitdss @ossible under the reactive conditions that
occur during sonication. In addition, interactidretween magnetite particles could be enhanced
by their direct contact, which is not possible witipping ligands present. Finally, interaction of
the magnetite surface with gold could contributehanges in the surface states, yielding altered
magnetic properties. A control experiment was peréd in which magnetite was sonicated
under identical conditions but with no HAuCpresent. The magnetic properties for these
particles showed decreased saturation magnetizélitsn~ 5 emu/g) compared to untreated
magnetite. The fact that magnetite sonicated inatieence of gold exhibited different magnetic
properties compared to magnetite sonicated in tesemce of gold indicates that the gold plays
an important role in controlling the magnetic pntigs, either through direct gold-magnetite
interactions or through alteration of the process®sirring during sonication. Yu, et al. reported
that interactions between attached gold and magneérticles altered the observed magnetic

properties of the magnetite through interfacial ommication'?
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3.5.5 Absorbance Data

Figure 3.14 shows the absorbance spectra of thee thypes of gold magnetite
nanocomposites suspended in ethanol. The specfrpor@gold nanoparticles (30 nm diameter)
obtained from a commercial supplier is also inctufle comparison. The absorbance maximum
of the pure gold nanoparticles was observed at 523 while the gold-magnetite
nanocomposites showed maxima at longer wavelengBw@d-magnetite nanocomposites
prepared with methanol showed an absorbance pe&a&%%thm, and nanocomposites prepared
with DEG showed a maximum at 557 nm. The Au-matmeianocomposites prepared with
oleic acid did not yield a clear absorbance maxintu®a to excessive scattering by the particles
(not shown). The red shift in the gold surfacesplan observed for gold-magnetite
nanocomposites is most likely due to interactiothefgold particles with the magnetite to which
they are attached. The surface plasmon resonandeighly dependent upon the local
microenvironment of the particfé so attachment to magnetite is expected to chdregsurface

plasmon.
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Figure 3.14. The absorbance spectra of gold magnetite nanocdrepssispende
in ethanol.
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3.6 Experimental Procedure of UV Radiation Synthesis

3.6.1. Time Based Experiment

An aliquot of tetrachloroauric acid solution wdaqged in a quartz test tube and to it was
added 100ul of preformed magnetite suspended in methanol rxgl of magnetite). It was
shaken thoroughly so that the magnetite was unljpdispersed in the aqueous solution. The
color of the solution was brown. Then the test tulas inserted in a Rayonet (Southern New
England Ultraviolet Company, Branford, CT) merrygond photochemical reactor which
produced UV radiation in the 254 nm range. Fodfedint time periods of reaction were
chosen. The time periods were 15 min, 30 min, 45 amd 60 min. The color of the solution
turned from brown to light purple or dark purplecaing to the respective reaction time
periods. The whole solution was transferred infdaatic centrifuge tube and placed in front of a
magnet for a day. The purple particles were sepdrand the solution became colorless. These
particles were then collected, washed with watéceévand separated in front of the magnet each
time. After being washed with water, the particdeere washed with ethanol and resuspended in

2 ml of ethanol. The synthesized nanoparticles whazacterized by TEM, EDS, ICP and XRD.

3.6.2 Concentration Based Experiment

Different concentrations (0.05mM, 0.01mM, 0.1mM darD.2mM) of aqueous
tetrachloroauric acid solution were prepared franmagueous stock solution. These were put into
different quartz test tubes. 1@l0of preformed magnetite suspended in methanolnigl was

added to each of the four different concentratédtisms. They were thoroughly shaken and put
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into irradiation apparatus (254 nm) for a reactiame period of 1 hour. The color of the solution
was brown before it was irradiated with UV. After laour the color of the solutions turned light
red to dark purple, depending on the concentradiogold in the original solution. A similar
procedure from the time based experiment was fatbwo separate the particles from the
solution. The whole solution was transferred ingolastic centrifuge tube and placed in front of
a magnet for a day. The purple particles were sépdrand the solution was colorless. These
particles were then collected, washed with watéceévand separated in front of the magnet each
time. After being washed with water, the particdeere washed with ethanol and resuspended in

2 ml of ethanol. The synthesized nanoparticles whazacterized by TEM, EDS, ICP and XRD.

60



3.7 Results and Discussions

3.7.1 TEM IMAGES

The morphology of the magnetite nanoparticles waamegned with a JEOL JEM 2010
transmission electron microscope (TEM) at 200KV.MIEsamples were prepared by a
conventional technique consisting of depositingesalvdrops of the gold magnetite particles
suspended in ethanol solution onto carbon coatedrids followed by the slow evaporation of

the solvent.

Concentration Based Experiment

Fig 3.15. TEM image of gol-magnetite nanoparticle
irradiated with UV light for 60 min in 0.05 mM HAUE
The dark particles are gold and the gray particdes
magnetite
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Fig 3.16. TEM image of gol-magnetite nanopatrticles irradiated w
UV light for 60 min in 0.1 mM HAuGC|

Fig 3.17. TEM image of gol-magnetite nanoparticles irradiatwith
UV light for 60 min in 0.2 mM HAuUC| The dark particles are gold
and the gray particles are magnetite
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Time Based Experiment

Fig 3.18. TEM image of gold-magnetite nanopatrticles irrgetiawith UV
light for 30 min in 0.1 mM HAuGlL

Fig 3.19. TEM image of gold-magnetite nanoparticles irraciatgth UV
light for 45 min in 0.1 mM HAuCl The dark particles are gold and the
gray particles are magnetite
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In the concentration based experiment from the TEdures it is evident that as we
increase the concentration of the tetrachloroaacid solution, the amount of gold nanopatrticles
as well as their size tended to increase. The nuofugold particles, ie. the number of dark dots
(gold is seen as dark dots in TEM) increases agaveom Fig 3.15 to Fig 3.17. This result was
also supported by the EDS spectra (section 3.72)wall as the ICP data. Since the
nanocomposites were attracted towards a magnetagta@mwashing it with ethanol and water, it
can be concluded that the gold particles were lagthto the magnetite nanopatrticles.

In the time based experiment we also observedathate increased the irradiation time

from 15 min to 60 min the amount of the gold paesancreased. This was also concluded from

EDS (section 3.7.2) and the ICP data

50 nm

Fig 3.20. TEM image of gold-magnetite nanopatrticles irréetiawith UV
light for 60 min in 0.1 mM HAuCl The dark particles are gold and the
gray particles are magnetite
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3.7.2 EDS Spectra

The EDS spectra for the gold magnetite nanopast@lso show the presence of both Au and Fe.
This can be seen in Figures 3.21 and 3.22. Thepdasented in this EDS spectrum were
collected from multiple particles, and is therefoepresentative of the composite material.
Additional EDS spectra collected on single parsidlerified that the dark particles in the TEM

images are in fact gold and the grey particlesaiariton as the only metal.
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Fig. 3.21. EDS spectrum of composite particles depicted gufd 3.16. Cu peaks
are from TEM grid
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Fig. 3.22. EDS spectrum of composite particles depicted gufa 3.20. Cu peaks are
from TEM grid

66



3.8 Conclusion

The experiments conducted to date have resultedriovel method for preparation of
gold-magnetite nanocomposite materials. These maklesubstantially maintain the optical
properties of gold. At the same time, the gold barseparated or otherwise manipulated with a
magnetic field. The new methodology also includasameters that can be adjusted to vary the
Au/Fe ratio and particle sizes of the gold struesuwithin the nanocomposites. These new
particles have potential use in biomedical applice, in sensor applications, and in electronic,
optoelectronic, and magneto-optic devices. Furtbeemthe fundamental interactions occurring
at the gold-magnetite interface are poorly undestorThese new nanocomposite materials
provide an opportunity to study these interfacesl @ain knowledge about interparticle

interactions within nanoscale materials.
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Chapter 4. Synthesisand Characterization of Gold-Titania-M agnetite Nanoparticles

4.1 Abstract

TiO, nanoparticles with embedded magnetite were sugpkimdaqueous HAu¢knd ultraviolet
irradiated to photodeposit gold on the surface. dégree of gold coating and the wavelength of
absorbance could be controlled by adjusting theeoination of HAuG,. Absorbance maxima
were between 540-590 nm. Particles exhibited swaparmpagnetic properties (blocking
temperature ~170 K) whether or not they were coafi¢lal gold. These particles have potential
applications as drug delivery agents, magnetic intagontrast agents, and magnetically

separable photocatalysts with unique surface ptiegser
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4.2 Introduction

Gold-coated magnetite nanoparticles have becomeedamgly important in research
because their combination of magnetic and chempraperties makes them suitable for
biomedical applications.> Magnetic nanoparticles for cancer treatment oedlin are moving
to market through testing stages or are alreadysi?’ Several recent reports have indicated
some success in producing gold-magnetite comppaitiicles'® Caruntu and coworkers were
able to attach 3-nm gold nanopatrticles onto largagnetite particles by coating the magnetite
with a positively charged capping ligand and mixittgem with negatively charged gold
particles’ However, this approach was not able to achievenapteie shell of gold around the

magnetite.

Lyon et al. reported the reduction of gold onto tkerface of hematite using
hydroxylamine as the reducing agent, but they wer@ble to attach gold to magnetite without
first oxidizing the outer surface of the magnetiiehematite. In other work, a microemulsion
method was used to coat iron oxide nanoparticlés gold ® but it is not clear whether the iron
oxide was maghemite or magnetite. Furthermore, \ideace was presented to support the
assumption that gold was coated on the surfackeofitagnetic particles. Another approach to
forming magnetic nanocomposite materials contaigold involved coating polystyrene spheres

with magnetite and silicon dioxide coated gold jgée$ using a layering method.

Wang et al. reported the formation of gold coateynetite by initial synthesis of &,

followed by reduction of Au(OOCCH} in the presence of the magnetite seed particihile
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the data presented in this report indicate the &tion of gold-magnetite composite materials, no

strong evidence was presented to support the dboure-shell structures.

Although some success has been achieved, attagoltgto magnetite nanoparticles
remains a challenging task. In an alternate approae have utilized titanium dioxide as a
bridging agent to achieve particles with a magaetitre and a gold surface. Titanium dioxide
was chosen as a bridging layer because magnettditanium dioxide show good cohesive
properties® Furthermore, titanium dioxide is a good photogastalallowing for photoreduction

of gold onto its surface with ultraviolet (UV) idgation.

Previous reports have indicated that noble metalsth® surface of semiconductor
nanoparticles can improve photocatalytic propertdsthe semiconductor through charge
separation of electron-hole palfs*® Photocatalytic deposition of noble metals onto ;TiO
powders has been performed previod&lgnd bimetallic nanoparticles of Ag and Au haveals
been prepared through a photochemical apprbath.a two-step process, we have produced
three component nanocomposite materials with a stagrcore, a Ti@bridging layer, and gold
surfaces. These novel particles have potentialfosenany biomedical applications such as

magnetic resonance imaging (MRI) contrast agerdsv@@mgnetic drug delivery.
In addition, these particles have potential apgibiceas novel magnetic photocatalysts,

with the magnetic core allowing easy separatiothefheterogeneous catalyst after'tised the

noble metal surface serving to enhance the catadyiivity*>>*®?'For both biomedical and
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photocatalytic applications, easy modification dfet gold surfaces with chemical or

biorecognition molecules can provide the partighis chemical or biological selectivity?**°
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4.3 Experimental Procedure

Magnetite particles were prepared in the processrieed by Caruntu et &To coat the
magnetite particles with titanium dioxide a sol-gethnique was uséd.Titanium (IV) tetra-
butoxide (TBOT) was hydrolyzed in the presence @fgnetite, and thus a layer of titanium
dioxide was allowed to form on the surface of maigmenanoparticles. The experimental
procedure involved the dispersion of 10 magnetite particles (~1 mg) in 10 ml ethanol
followed by sonication for 15 min. Next, 100 water and 1 ml TBOT solution (0.26 M in

ethanol) were added rapidly.

The final reaction mixture was aged in an ultrasdrath at a constant temperature of 15
°C for 5 h. The reaction was stopped by immersioram ice-water bath and dilution with
ethanol. The particles were separated by centtilmgeand washed two times with ethanol,
followed by two rinses with water. Then the padglwere separated by a magnet. Once
prepared, the particles were stored in ethandihib study, FeO,~TiO, nanoparticles were not

annealed after formation.

Previous work has indicated that crystalline Fi€an degrade the core magnetite
material*? Consequently, we chose to leave the titania iartsrphous state for this study. Once
Fe;O,~TiO, nanoparticles were obtained, gold was added ihaioghemical step. An aliquot
(100-300ul) of Fe;04—TiO, particles (1.3ug/ul in ethanol suspension) was added to 5 ml
aqueous HAuUGI (0.05-0.5 mM) in a 1.4-cm (inner diameter) quagsgt tube; this solution
appeared colorless. After mixing, the samples veettgected to UV irradiation with 254 nm

lamps in a Rayonet (Southern New England Ultravi@empany, Branford, CT) merry-go-
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round photochemical reactor for 15-45 min. After Whadiation, the solution appeared purple in
color, but there was no observable precipitate. ddmgents of the test tube were then placed next

to a strong magnet to allow magnetic separation.

Within a few hours, the particles were attractedh® magnet and separated from the
clear, colorless supernatant. After removing thpesoatant, the particles were washed with
water and then resuspended in 1.5 ml ethanol. @hdting suspension was typically dark purple
and was stored in the dark. Magnetic characteoratvas performed with a Quantum Design
(San Diego, CA) MPMS-5S superconducting quantumerfatence device (SQUID)
magnetometer. For these measurements, multipléndmte-20) of particles were prepared as

described above, combined, and then dried in &@r sgveral days.

The dried particles were then weighed and sentigisurement. To obtain transmission
electron microscope (TEM) images, about 10g2@thanol suspension was dried on a copper
grid prior to analysis with a JEOL (Peabody, MA) déb 2010 TEM. For ultraviolet—visible
(UV-vis) absorbance measurements, aliquots of ethanspensions were diluted 10-fold in
ethanol and analyzed with a Cary 5E absorbancdrspaster (Varian, Inc., Palo Alto, CA). X-
ray diffraction (XRD) data were collected by dryinwltiple aliquots (4Ql each) of an ethanol
suspension on a small section of a 1° gtass slide. Once deposited, the dried sample was
analyzed with a Philips (Eindhoven, The Netherlandpert-MPD x-ray powder diffraction

system.
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4.4 Results and Discussion

Irradiation of the TiQ-FgO, particles in aqueous tetrachloroauric acid reduitethe
formation of a purple product indicating the presenf nanoscale gold particles. Because these
colored particles were completely separated froenghpernatant using magnetic means, it is
clear that the gold was physically attached torttagnetic core particles. Previous studies on
photodeposition of noble metals onto titania hantBdated that the metal forms at the surface of
the titania and remains attached at the site ahdtion'® The mechanism of formation most
likely involves formation of an isolated free elest at the surface of the titania, stepwise
reduction of the metal to the zero valent state] goen repeated metal reduction steps at the
metal nucleation sit¥ Growth of the metal particle after nucleation aschecause the metal

site accepts electrons from the titania and seasessite for easy electron transfer®

4.4.1 TEM IMAGES

Figure 4.1 presents a representative TEM imagehef particles made with 5 ml 0.1 mM
HAuUCI4, 100 pl TiO—FeO,4 suspension (1.3g/ul in ethanol suspension), and 30 min UV
irradiation. In this image, approximately 10 nmsdeter magnetite particles can be seen
embedded in the titanium dioxide, and gold parsidan be seen attached to the surface of the
TiO,. A complete coating of gold around the F®e0O, was not formed under these conditions.
However, particles prepared with 0.5 mM HAuwQaqg), 100ul TiO—-FeO,4 suspension (1.3
Mg/uL in ethanol suspension), and 45 min UV irradiatslowed more complete coating with
gold. A representative TEM image for these condgigs presented in Fig. 4.2. In this image,
only gold is clearly visible except for a small amb of TiG, in the upper right section of the

image.
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Fig 4.1. TEM image of FgO,~TiO—Au nanocomposite formed by
irradiating FeO,—TiO, suspended in 0.1 mM HAug(ag with 2%
EtOH); irradiated with 254 nm lamps for 30 min.
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Fig 4.2. TEM image of FgO,~TiO,—Au nanocomposite formed by
irradiating FeO4,—TiO, suspended in 0.5 mM HAuCI4 (aq with 2%
EtOH); irradiated with 254 nm lamps for 45 min.
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4.4.2 EDS SPECTRA

Energy dispersive spectroscopy (EDS) verified theniity of the different components
of this nanocomposite material; this spectrum issented in Fig. 4.2. EDS spectra of these
particles clearly indicated the presence of gatdnium, and iron. Furthermore, these particles

were collected with magnetic separation and theeafust contain magnetic material.

2000 - Au
i Cu
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Al
Al
Fe Cu
Fe Al
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Fig 4.3. EDS spectrum from particles in Fig. 4.1. Copped aarbon
peaks are from the TEM grid.
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4.4.3. ABSORBANCE DATA

UV-vis absorbance measurements (Fig. 4.4) showttieste particles have absorbance
maxima between 540 and 590 nm, which is within élxpected range for the gold surface
plasmon resonance. Altering the concentration otilA used in particle formation resulted in

shifts in the peak wavelength of the surface plasmgonance (SPR).

0.165
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0145
-"EH
0125 |
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0.05 mM —
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350 400 450 S00 550 800 850 700
Wavelength {nm)

Fig 4.4. Absorbance spectra of particles made with varying
concentrations of HAuGlas indicated on the graph. Fe3DiO,~Au
formed by irradiating F£©,~TiO, suspended in aqueous HAY®ith

2% EtOH,; irradiated with 254 nm lamps for 45 min.

The bar chart in Fig. 4.5 shows the average pealehleagth for triplicate samples as a
function of HAuCk concentration used during synthesis. The changsunmiace plasmon
resonance wavelength may be due to changes inpgolitle size or shape, or could be due to
interactions between the gold and Tf3' Several studies have reported that electronic
interactions between gold and semiconductors ciéhtee SPR wavelength:*®* Our results

indicate that the SPR peak wavelength for theseposite materials can be tuned to a desired
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wavelength by adjusting the conditions used dunpagticle synthesis. Such control is an
important tool needed to prepare nanomaterials wébkired physical, optical, and chemical

properties.

Peak Wavelength (nm)
EEEEB83JERE

0.05 0.1 0.2 0.5
HAUCI] (mM)

Fig 4.5 Wavelength of maximum absorbance versus Ul used in
preparation of particles. Error bars representdsteth deviation for triplicate
measurements.
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4.4.4 MAGNETIC MEASUREMENTS
Magnetic measurements (SQUID) of the compositesgimed in Fig. 6, showed that the

Fe;0,~TiO,~Au nanocomposite material was superparamagneticavblocking temperature of
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Fig 4.6. FeO,~TiO,—~Au nanocomposite magnetic properties: (a) hysteres
loop at 5 K and (b) ZFC/FC curves at an applielil fiérength of 7960 A/m (1
A/m = 417103 Oe; 1 A.m2/kg = 1 emu/g). Magnetizatidn) (relative to total
mass of composite material.
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about 170 K. The coercivity at 5 K was approximatel, 940 A/m (150 Oe). These magnetic
properties were similar to those of pure FHBgO, particles, but the blocking temperature was
considerably lower than that for the untreateglzearticles (blocking temperature at or above
room temperature). These results indicate that etagninteractions with Ti@caused changes
in the magnetic properties, but the magnetite Wiestevely isolated from the gold, preventing
surface communication between these materials. $oaimunication has been observed in

other studies in which direct gold-magnetite coneagsts’ %2
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4.4.5 XRD DATA

To verify that the magnetite was not oxidized dgrithe nancomposite formation
process, XRD data were collected for the nanocoitgposaterial. Only peaks from gold and
magnetite were observed in the XRD spectrum (sge 4V), indicating that the iron oxide is

predominantly, if not completely, in the form of gmeetite. Titanium dioxide peaks were not

observed because this material was amorphous.
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Fig 4.7. XRD data for FegO,—TiO,—Au nanocomposite pictured in Fig. 4.1: (*)
Fe;04 and (+) Au.
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4.5 Conclusion

Nanocomposite particles made with lower concemtngtiof HAuC) were not fully
coated with gold. These particles may be well suite photocatalytic applications as the 7iO
surface can still be exposed to UV radiation. Thetpcatalytic properties of these materials will
likely be different from that of pure titania due increased charge separation and enhanced
electron transfer rates that result from the preseof gold surface sité$! Because the
particles have a magnetic core, they can be readiharated from solutions by use of magnetic
fields. These partially gold-coated particles mégoabe useful in biomedical applications in
which the magnetic core can serve as a magnetittagtragent or as a means of focusing
particles in diseased tissue. The gold surfaceaNolw for biofunctionalization for drug delivery
or immunorecognition applications. A partial cogtiof gold may be sufficient for such

applications.

The widespread use of titanium for medical implaamsd titanium dioxide in consumer
products (paints, sunscreens) suggest that titamioxide will have little toxicity for these
applications. However, in tissues that can be iatad, these particles may serve as
photoactivated materials that can destroy diseaséid. Digestive tract, urinary tract, uterine,

and cervical tissues accessible to fiber optic @sainay fall in this category.

Nanocomposites made with higher concentrations Afi€l, are fully or almost fully
coated with gold. These particles may be benefiaalapplications in which exposed Ti@
undesirable. The ability to tune both the degregaddl coverage as well as the optical properties

of these materials allows design of magnetic nanernads that can be used in a wide range of
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applications. While these potential biomedical aaplons require extensive testing and trials,

applications of other magnetic nanoparticles ar evetheir way to real world applicatiof’
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Chapter 5: Photocatalytic Activity of Nanoparticles

5.1 Abstract

In this study, the photocatalytic activity of magtestitania-gold nanocomposite material has
been investigated. Magnetite particles were fiostted with titanium dioxide. Resulting particles
were then irradiated with UV light in the preseméaetrachloroauric acid to deposit gold on the
surface. Magnetite-titania-gold nanocomposites gmeg in this manner were characterized by
TEM, EDS, UV-Vis absorbance, SQUID magnetometry,D{Rnd ICP. These nanocomposite
materials have potential applications for drug\dely, magnetic imaging, and photocatalysis. In

this work, the influence of gold deposition on pitztalytic activity was studied.
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5.2 Introduction

Titanium dioxide (TiQ) is well known as chemically stable and harmlesdemal, and
has been applied widely in various fiefds.For example, it is used for surface coating,
photoelectrodes, high-k dielectrics, paints, cosagtand so on. In recent years, it has been
received a great deal of attention especially phatocatalytic material’ TiO, which shows
specific photocatalytic properties, such as photiuced decomposition of organic compounds
and photo-induced hydrophilici?® is expected to apply in the environmental fieMarious
utilizations such as antibacterial, antipollutiordaleodorization have been attaifie®ecause of
these unique photocatalytic properties, applicatibthe TiQ will spread increasingly from now
on.

Doping of various transition metal ions or raretlieaons in TiQ have been intensively
investigated for photocatalytic decomposition ajanic compound®*3Very recently, Asahi et
al. reported that nitrogen (N) doping in TiGhifted its optical absorption and enhanced the
photocatalytic activity such as photodegradatiomethylene blue and gaseous acetaldehyde in
the visible regiort?

Primarily, the role of photocatalysts is the samthwhat of common catalysts in that
they promote the reaction by lowering the activatemergy. Based on the content of several
review articles> " it seems essential to suppress the recombinatamegs and to increases the
lifetime of separated electron-hole pairs for tisbi@avement of high photocatalytic activity, so
that electron transfer can occur from the surfdc€i©, to adsorbed reactants. From the report
of M. Hagfeldtet al.'® doping of transition metals or precious metalstim surface of Ti®

could function as a trap in the process of recoatimn of photo-excited electron-hole pairs. On
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the other hand, M. M. Rahmahal.*® reported that UV-VISransmittance pattern of Ti@ould
be an index of band gap energy.

Chen and his coworkers have deposited platinumi@a fims and degraded o-cresol to
see the improvement of photocatalytic activityled hew nanocomposites. The degradation of o-
cresol was found to increase in the Pt deposit€ fianocomposites. From their results they
have concluded that the deposition of platinum @, Tpromoted the optical absorption in the
visible region and made it possible to be excitgdsisible light?® Same types of results were
also observed during oxidation of resorcffiol

McEvoy et al.?? have been able to deposit silver particles on, Tiéhoparticles and were
able to oxidize organic compounds like salicylicdaand sucrose. For high loadings of sucrose
Ag-TiO, really improved the oxidation compared to its Imading. They have concluded that
nanosize silver deposits on TiQarticles acted as sites of electron accumulatibere the
reduction of adsorbed species such as oxygen @ctulihe enhanced reduction of oxygen
through better electron—hole separation in AgiTgarticles compared to pure TiQarticles
increased the rate of sucrose mineralization. Sm#sults were observed during reduction of
nitrate$® also.

Bisphenol A is the building block for plastic bel and gum resins. However, recent
research has shown it to be an estrogen recepbmishgvhich can activate estrogen inside the
body?*?® Some hormone disrupting effects in studies on afirand human cancer cells have
been shown to occur at very low levels. It has belaimmed that these effects lead to health
problems such as lower sperm count, obesity, ggering early puberty. Recent studies have
confirmed that bisphenol A exposure during develepithas carcinogenic effects and produces

precursors of breast cancer. As an environmentahotinant this compound has been in debate
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for quite a long time. It has already been proweié toxic in nature and having carcinogenic
effects for humans as well as the plant world.

Being a toxic contaminant scientists have triedeagrade this compound using different
methods. Therefore, we also wanted to degrade &mptA with our synthesized nanopatrticles

in order to develop new methods that can be easigless costly.
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5.3 Experimental Procedure
5.3.1 Degradation Study of bisphenol A
3 ml of 0.5mM bisphenol A was put into 1.4-cm (inméameter) quartz test tubes. The

solution was irradiated with different UV lamps (reéength: 254 nm, 300 nm and 350 nm) in a
Rayonet (Southern New England Ultraviolet Compamranford, CT) merry-go-round
photochemical reactor with

* No particles

* With TIO,@Feg0O, particles

*  With Au@TiO,@Feg0O, particles

For each reaction set there was a control expetim@mducted. Three test tubes were
covered with aluminum foil. In these test tubesI30M0.5mM bisphenol A was added. To one
of the test tube no particles were added, in tcers® one TiQ@FeO, particles and in the third
one Au@TiIQ@Feg0O4 nanocomposites were added. This control experim@st done so that
we know what effect bisphenol A has when introduicgd a photochemical reactor with out the
radiation. The control test tube for each experimeas kept for the longest reaction time period
for that particular experiment. The irradiation éirmalso was varied 15 min to 300 min depending
on the experiment. Once the reaction completedHerdesired time, the whole solution was
placed in front of a magnet. Once the particlesasstpd out, the solution was taken out and
evaluated by an Agilent HPLC instrument. The columead for this analysis was a Econosphere
C-18 reversed phase column with the mobile phasglveater and acetonitrile (60:40) mixture
throughout the analysis time period. The flow rages kept constant at 1ml per minute and a

10Qul loop was used. The signal was captured by a chodey detector (DAD).
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In another set of experiments, different amountéw® TiIO,@FeO, particles were put
into the aqueous solution of bisphenol A to moniter amounts of degradation for Bisphenol A.
In this study we used 3 ml of 0.5mM Bisphenol A amddiated it under UV light for 30 min in
the presence of 100 200ul, 30Qul and 40Ql aliquots of Au@TiIQ@FegO, nanoparticle
suspensions (1Q0 suspension = 0.13mg nanoparticles). Similar sejmar technique was used

and the solutions were examined by the Agilent HREEping the previous analysis procedure.

5.3.2 Reuse of the photocatalytic Au@I@FeO, particles

In this experimental procedure we wanted to sedlvenehe nanoparticles can be reused
or not. We exposed 3ml of 0.5 mM Bisphenol A und¥fradiation (254 nm) in the presence of
100ul (1.3ug/ul) of Au@TIO.@Fe0, particles for 30 min. After exposure, the wholéuson
was placed in front of a magnet for 1 hour for ctetgpseparation. Once the particles separated
and the solution was colorless, the solution waertaout carefully and examined by HPLC.
Then to the test tube containing the separatedclemtwve added fresh 0.5 mM Bisphenol A and
irradiated it under UV light to see whether BispbleA degraded or not. After 30 min of
exposure, the sample was kept beside a magneptwate the particles again. This recycling
procedure was carried four times and each timestilation was evaluated with HPLC to

determine the amount of degradation of Bisphenol A
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5.4 Results and Discussion

Bisphenol A was irradiated at three different wawegiths 254 nm, 300 nm and 350 nm.
Different amounts of degradation were observed@three sets of experiments. In the 254 nm,
300 nm wavelengths we observed the same trend grhdation of bisphenol A without the
presence of particles, with Ti@FegO, particles and Au@ Tig@FegO, particles. In the

presence of the Au@ T@FeO, particles the degradation was the most followedthsy

Degradation of Bisphenol A (254nm)
2500 - B No Particles
B TiO2-Fe304
§ 2000 - B Au-TiO2-Fe304
<
§ 1500 -
o
<
5 1000 -
o
<
# 500
m
0
Original Dark 15 min 30 min 45 min
BPA Control

Figure5.1. Degradation of 0.5 mM Bisphenol A solution foffelient amounts of time
in presence of 254 nm lamps

TiO,@FegO, particles and the least was with no particles priesethe reaction. For the dark
control in all the sets of experiments there way weinimal degradation of the aqueous solution
of bisphenol A. This was because we preventeddtmtion process by covering the test tubes
with aluminum foil. The small amount of degradatiobserved for the dark control occurred

because of the increase in temperature in the expahamber for a time period of 45 min or

96



120 min or 300 min depending on the experiment.hWite 254 nm lamps, degradation of
bisphenol A without particles was more than thaB@® nm. This was true for all the time

periods the target compound was exposed to.

Degradation of Bisphenol A (300nm)
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Figure5.2. Degradation of 0.5 mM Bisphenol A solution foffeiient amounts of time in
presence of 300 nm lamps

The degradation in presence of I@FeO, particles and Au@Tig®FeO, particles
was similar for 254 nm and 300nm wavelength expenits. The presence of gold on the surface
of the TIG@FegO, particles helped in degrade the bisphenol A coerbdo the TIQ@FegO,
particles. For the 254 nm experiment, the rateegfrddation was faster than the other sets. The
only difference was the time periods. For the 26dlamps and 300 nm lamps the reaction times
were 45 min and 120 min respectively. In both cdseghe longest reaction time, bisphenol

degraded more than 90% in the presence of Au@@&e0, particles.
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From the above data it can be concluded that inpthsence of Tig@FeO, particles
with gold attached to it, the degradation was nedfgictive at 254 nm irradiation. The advantage
of adding gold was less evident at the 300 and 850 wavelengths. This confirms the
theoretical approach that doping with transitiortatgeor precious metals on the surface of;TiO
could function as a trap in the process of recoatimn of photo excited electron-hole pairs. So
the photoexcited electron-hole pairs have more tineeact with the pollutants and thus helps
increase degradation of the compounds.

When we did the same type of reaction but onlynged the wavelength of the
irradiation light to 350 nm we did not find muchgdadation of bisphenol A in the presence of
TiO,@FeO, particles or Au@TiIQ@FeO, particles as seen in Fig 5.3. This can attribubetthé
fact that the titanium dioxide absorbs much morakieat 350 than at the lower wavelengths

used. Compared to the dark control for the diffetene periods, we observed only minimal

Degradation of Bisphenol A (350 nm)
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3000 7 | TiO2-Fe304
| Au-TiO2-Fe304
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Figure5.3. Degradation of 0.5 mM Bisphenol A solution foffeiient amounts of time in
presence of 350 nm lamps
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degradation of the bisphenol A in the absence esgnce of the nanocomposites even though
the reaction was allowed to happen for 240 min &M@ min respectively. Since the
Au@TIO,@Feg0, particles or TIQ@FegO, particles absorb weakly at this particular wavetbng
the amount of degradation is very hard to seel®isame trends seem to be present at 350 nm if

we would have irradiated the solution of bispheldbr a much much longer time period.

When we irradiated bisphenol A with different amtunof FeO,@TiO,@AuU
nanopatrticles, from Figure 5.4 it can be inferiteat the presence of more particles degraded the

pollutant more. The increase in extent of degragatvas small compared to the increase in the

1.2

0.8
0.6 -
0.4

0.2

T T T T
Original BPA 100 uL Au-Ti-Fe 200 uL Au-Ti-Fe 300 uL Au-Ti-Fe 400 uL Au-Ti-Fe

Figure 5.4. Different amounts of F©,@TIO.@AuU nanoparticles used to degrade of
0.5 mM Bisphenol A solution for 30 min.

concentration of the particles. Consequently it banconcluded that lower particles loadings

can be effectively used for pollutants degradation.

99



In the case of reuse of the magnetic nanopartiatesyere able to confirm that they can
be repeatedly used as photocatalysts. Even afteusk for the fourth time, we observed no
substantial loss in the ability to degrade bisphé&nd his was evident from figure 5.5. Moreover
there was very minimal loss of the nanoparticlesctvitan prove this method to be quite cost

effective.
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Figure 5.5. Separate Bisphenol A samples were degraded foniBQusing 10QL of
Fe;O,@TiO,@AuU nanoparticles with magnetic separation betveegrosures
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5.5 Conclusions

We were able to produce photocatalyst nanopartiglegch can be eventually used for
degradation of pollutants in the environment. Easydification of the gold surfaces with
chemical or biorecognition molecules can providemital or biological selectivity for the
particles. Catalytic activity of particles is mamed through several degradation cycles.
Magnetic recovery and re-use is feasible which widke this process less costly and more

effective.
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Chapter 6: Synthesis of Indium Doped M agnetite Nanoparticlesfor Radiotracer Studies

6.1 Abstract

The overall goal of this project is to synthesinel @haracterize indium doped magnetite
nanopatrticles for application as radiotracersifionivo fate studies. The labeled particles will be
useful for determination of pharmacological behavim biological systems. Indium (cold)
doped magnetite particles with varying size andaser chemistry were synthesized using wet
chemical techniques. The synthesized nanopartiela® characterized in terms of size and
shape by TEM, elemental composition by ICP and Egtal structure by XRD, and magnetic
properties by SQUID measurements. It was found teatindium loading could be controlled
even though the magnetic properties were simildres€ particles when synthesized with

radioisotope IM** could be used as radiotracers.
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6.2 Introduction

Nanoparticles are being extensively studied faepial application in medicing** and
this application has been termed nanomedicine. édew the fate of nanoparticles in biological
systems is still poorly understood. Given the dafigture growth of the role of nanoparticles in
biomedical applications, it is essential that thehdwior of these materials be understood in
biological systems. Nanoparticles are currentlyngeideveloped for a wide variety of
applications including drug delivery, medical imagji sensing, catalysis, nanocircuitry, and
information storage. Applications of these matsriatlude imaging and disease detecfidfi’®
drug delivery”?! and other novel disease treatment methods (egtofPleomal therapy'?).
However, the environmental and biological impacts tkese new materials are poorly
understood. Although much data is available foralation of ultrafine particle$?> and some
data is available for nanotoxicolo@y’ information is lacking for the fate and transpoft
nanoparticles, especially for novel materfdl&’ Biodistribution studies for magnetite
nanoparticles have been carried Ut but these studies have relied on magnetic resenanc
histological, or X-ray imaging techniques to folldive nanoparticles. These approaches are
substantially limited by their poor detection lisit For example, histological methods can only
detect large, micron-scale aggregates of nanofesticFurthermore, quantitative measurement

of nanopatrticle loading using magnetic resonanistology, or X-ray imaging is difficult.

An understanding of the biological fate and tramspf nanopatrticles is critically needed
in order to ensure safe and environmentally souneldpment of nanotechnolodf. For both
environmental and biological fate, new approachesnaeded that will allow both short term

and long term studies. Indium has been previomslgrporated into spinel structures, including
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ferrites>>3° Researchers were able to incorporate various atleéals as can be seen in previous
reports*’>° In related research, Lai al.*° prepared Sn doped magnetite particles. Nanopesticl
that are integrally labeled with a radiotracer vaoptovide an excellent solution to this important
problem due to several advantages: 1) the integtabtracer is part of the nanoparticle crystal
lattice and cannot be lost through simple surfacelifications, 2) the radiotracer selected for
this study has a sufficient lifetime to allow stesliover several days, 3) gamma imaging of the
particles will allow mapping of particle locatiomsthin experimental subjects (e.g. mice), 4) the
excellent detectability of radiotracers will allaetection of labeled nanoparticles even in tissues
with low loading, and 5) pharmacological fate anaretion can be measured by radiotracer

detection in tissue, blood, urine, and feces.
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6.3 Chemicals and I nstruments Used
The chemicals used for all sets of reaction meetdoelow are:
Ferrous Chloride Tetrahydrate (Fe@H,0), Ferric Chloride Hexahydrate (Fg®H,0), Indium
Chloride Tetrahydrate (Ing&hH,O), Diethylene Glycol (DEG), Sodium Hydroxide (NapH
Ethanol, Ethyl Acetate and Oleic Acid was obtaifreen Aldrich

To obtain transmission electron microscope (TEMpges, about 10-2Ql ethanol
suspension containing the indium doped magnetiteperticles was dried on a copper grid prior
to analysis with a JEOL (Peabody, MA) Model 2010MIEX-ray diffraction (XRD) data were
collected by drying multiple aliquots (@Deach) of an ethanol suspension on a small seofian
1 cnf plastic slide. Once deposited, the dried sample avealyzed with a Philips (Eindhoven,
The Netherlands) X’pert-MPD x-ray powder diffracticystem. The elemental analysis was

done by a Varian Simultaneous CCD ICP-OES.
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6.4 Experimental Procedure

1mmol of FeCl.4H,O was dissolved in 20g of diethylene glycol (DEGidar argon
atmosphere. It was allowed to dissolve overnigByg 8f sodium hydroxide (NaOH) was also
dissolved under argon in another separate 20g @& BRI over 12 hours. In another 20g DEG,
FeCk.6H,O and InC}.4H,O were dissolved together and the mixture wasolatdy for 4 hours
under argon. The color of the solution was yello@Age. Once the above solution dissolved
completely it was allowed to react with the solatiof FeC.4H,O for 2 hours at room
temperature. The color of the solution turned yellowown. Then the NaOH solution is
introduced to the above mixture dropwise and allbweereact under argon for 3 hours at room

temperature. Eventually the color of the whole sotuturned black.

Then the temperature of the solution was raisedt@C over a period of 50 minutes and
then to 216C over 40 min. Then the temperature was kept cohsta210C for 3 hours. Once
the reaction was complete, 2mmol of oleic acid alis=d in DEG was put into the reaction
vessel and allowed to mix well. Within a few mimnutde black nanoparticles separated and
settled at the bottom. The mixture was alloweddol ¢to room temperature and centrifuged. The
particles were washed twice with 50:50 by volumeethfanol.ethyl acetate mixture. The black
nanoparticles were washed in ethanol twice andratgzhmagnetically. Then the particles were

resuspended in 5 ml of ethanol.
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Table6.1. Different amounts of FeCl3.6H-0O and I nCl3.4H-,0 used for different reactions.

Experiment| mmol of FeC}.4H,O | mmol of FeC4.6H,O | mmol of InCk.4H,O
2% 1.0 1.96 0.04
5% 1.0 1.9 0.1
10% 1.0 1.8 0.2
15% 1.0 1.7 0.3
50% 1.0 1.0 1.0
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6.5 Results and Discussions

6.5.1 TEM Images

The nanoparticles synthesized following the abowegdure were characterized for their shape
and size by transmission electron microscopy. Tasdigles observed by TEM had similar

appearances for all the procedures. These imaggsesented in Figures 6.1-6.5.

2% Indium magnetite

Figure 6.1. TEM image of 2% indium doped magnetite
nanoparticles after magnetic separation and was
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5% Indium M agnetite

Figure 6.2. TEM image of 5%

indium doped magnetite
nanoparticles  after magnetic
separation and washing.

Figure 6.3. TEM image of 10%

< indium doped magnetite
+ nanoparticles after magnetic
' separation and washing.
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15% Indium Magnetite

Figure 6.4. TEM image of 15%
indium doped magnetite
nanoparticles after magnetic
separation and washing.

50% Indium Magnetite

- Figure 6.5. TEM image of 50%
indium doped magnetite
nanoparticles after magnetic
separation and washing.

112



The TEM pictures show that the particles are agglated as no capping ligands were
used in the final reaction step. But the partidclepe and size was very much similar to one
another. Even though the ICP and the EDS resuttfiroged that there was increase in indium
loading from Figure 6.1 to Figure 6.5 but the shapéhe particles remained the same. So by
adjusting the amount of starting materials evemughowe could change the indium loading but

we were able to produce particles of similar shapes
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6.5.2 EDS Data

Fe
700 A
Fe
600 Cu
500
<40
300
200
Cu
100
u‘ In
0
8 16 24
KeV
Fe
1200 - Cu B
1000 Fe
800 |
S 600 -
8
400 |
200 Cu
| In
an) In
0 -
8 16 24
KeV

Figure 6.6. EDS pattern for water dispersible indium doped magnetite nanoparticles

(5 mol % [A] and 15 mol % [B]).
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The EDS spectrum for all the nanoparticles shovedpresence of respective peaks of
indium and iron confirming the incorporation of inch within the magnetic nanopatrticles. The
intensity of the indium peak for the 15% loadingtloé¢ indium was higher than that of the 5%
loading which verifies the presence of more indimnthe first set of particles compared to the
second one. From the EDS data (all not shown) & seen that as we increased the amount of
indium loading in the starting material the peatensity of indium for the synthesized materials
increased indicating the fact that more amountdium was incorporated within the magnetite
nanopatrticles. For the 2% indium magnetite pagiole were not able to see the respective peak

of indium as it was below the detection limit. Bistpresence was confirmed from the ICP data.
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6.5.3 Indium Loading in Particles

To 100 ml of the indium magnetite particles (~ 1)yigml of aqua regia was added and
the particles were allowed to dissolve for morentha hour. At first the solution was cloudy and
then it became transparent yellow eventually aftehour. The volume of the solution was made
upto 25 ml with nanopure water and then it wasya®al to find out the composition of the metal

loading by inductively coupled plasma (ICP). Thikdwing observations were made.

Table 6.2. Indium loading of the magnetic nanoparticles

Indium loading in starting material (mass%)| Observed indium loading in synthesized

particles (mass %)

2.7 2.4
6.8 3.9
13.7 8.2
22.9 14.7

With the increase in the InC4H,O for the respective reactions the amount of indiaading
increased which suggests that the indium loadingenparticles could be controlled. This result

was also concluded by the EDS data which has Hemmrspreviously.
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6.5.4 XRD Data

To characterize the morphology of the particles Xamy diffraction data was obtained. The
XRD data was analyzed with a Philips (Eindhoverg Netherlands) X’pert-MPD x-ray powder

diffraction system.

20, - A
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flOO—
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B
0
20 30 40 50 60 70

Two theta (deg)

Figure 6.7. X-ray powder diffraction pattern for water dispersible indium doped
(2mol % [A] and 5 mol % [B]) magnetite nanoparticles (black line). Theoretical
peak positions are shown for magnetite (m) and indium iron oxide (A).
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Figure 6.8. X-ray powder diffraction pattern for water dispersible indium doped
(10 mol % [A] and 15 mol % [B]) magnetite nanoparticles.
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In all the percentages of indium loading except tloa 50% loading, the crystalline
structure of the nanoparticles corresponded weh Wie pure magnetite nanoparticles structure.
Only for the 50% indium loading in the magnetitatjsées there was a visible change in the
XRD spectra. We saw new peaks emerging at diffet@nt theta values than the magnetite
particles. The cell value (a) has been calculatedttie 2% to 15% indium doped magnetite
particles and they are very close to the calculaedde of pure magnetite. Moreover from the
XRD data it can also be concluded that the pagiele crystalline in nature and they showed

only the respective peaks for magnetite and noragpaeak for indium.
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6.5.5 Magnetic Measurements

6.5.5.1 Hysterisis Loop
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Figure 6.9. SQUID measurements for 5% Indium doped magnetite
particles. Magnetic moment vs Field at 5 K (FIGURE A) and 300 K

(FIGURE B).
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10% Indium magnetite

Moment vs Field at 5K
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Figure 6.10. SQUID measurements for 10% Indium doped magnetite
particles. Magnetic moment vs Field at 5 K (FIGURE A) and 300 K
(FIGURE B).

121



15% Indium magnetite

A

Moment vs Field at 5K

40 -
30 -
201 ¢

10 -

Moment (emu)

-40 -
Field (Oe)

Moment vs Field at 300K

20

15 ~

10 *

Moment (emu)

o* -10-

-15

-20 -
Field (Oe)

Figure 6.11. SQUID measurements for 15% Indium doped magnetite
particles. Magnetic moment vs Field at 5 K (FIGURE A) and 300 K

(FIGURE B).
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The indium-magnetite nanocomposite material wasractarized to determine its
magnetic properties using a SQUID magnetometeerdtvere no substantial changes observed
in the magnetic properties of these materials coetpto the magnetite nanoparticles. Figures
6.9-6.11 shows the magnetization versus tempergilote or hysterisis plot of the indium-
magnetite nanocomposites at 5K and 300K. The gesbepe of the graphs remained almost
similar. The particles showed superparamagnetialdieh At 5K they showed a hysterisis loop
and the coercivity was found to change with théedént loading of indium in magnetite. But at
300 K there was no coercivity observed in casellothe different sets of indium magnetite
nanocomposite materials. The coercivity changéefdifferent sets of particles are shown in the

table below.

Table 6.3. Coercivity change for 5%, 10% and 15% Indium magnetite particles

Particles Coercivity (Oe)
5% Indium magnetite 200
10% Indium magnetite 140
15% Indium magnetite 20
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6.5.5.2 ZFC-FC Graph
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Figure 6.12. Zero Field Cooled - Field Cooled graph for 5% Indium
doped magnetite particles

10% Indium Magnetite
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Figure 6.13. Zero Field Cooled - Field Cooled graph for 10% Indium
doped magnetite particles
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15% Indium Magnetite

Magnetization (emu)
N
*

0 50 100 150 200 250 300
Temperature (K)

Figure 6.14. Zero Field Cooled - Field Cooled graph for 15% Indium
doped magnetite particles

It has been seen from previous researches thdteagatticle size decreases below 100
nm there is significant change in the magnetic erigs as compared to the bulk material. As
the particle size reduces, the bulk magnetic donsaiaplaced by single domain structure which
is characteristic of individual particles and thgives rise to a new event like
superparamagnetism. The magnetic susceptibilithede particles is generally between that of
ferromagnetic and paramagnetic materials. For thaseparticles, the magnetization is oriented
in the direction of easy axes which minimizes thergy of the particles at low temperatures. So
in Figures 6.12 — 6.14 we see that for the zedd ieoled (ZFC) curve at low temperatures the
magnetization of the particles are very low. Sitice easy axes are oriented randomly the
magnetization tends to be near zero value. But@aseimperature is increased from 5 K to 300K,

at round 156K the thermal energy overcomes theotinizy energy and the magnetization of the
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particles begin to fluctuate between the two ea®saThis particular temperature is known as
blocking temperature g) or Curie temperature. After this point the paetctend to behave as a
classical magnet. So in other words the maximunthen ZFC curve is the representation of

blocking temperature.

The gap between the filed cooled (FC) and the Z&@es can be implied as a fact that
the nanocomposites are agglomerated with each atitethat they are not evenly dispersed. In
the FC curve, as the temperature is decreased 368K to 5k we find that the magnetization
increases and then levels off. This shape is th&ibation of the dipole dipole interaction of the
nanocomposite material. The dissimilarity betwele@ ZFC and the FC curve is a common

indication that the particles behave superparantagtiy between these temperatures.
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6.6 Conclusion

From the above studies it can be concluded thaummdwvas incorporated into the
particles. The magnetic separation provides thefgiwat for all the loadings of the indium the
nanopatrticles still remain magnetic in nature. Adse can readily control the loading of indium
in the particles by varying the amount of indiunocide during the starting of the reaction.
Because of the moderately short half life Ofin, its commercial availability, its easily
achievable radiation protocol, and its ability te mcorporated into magnetite, this isotope
makes an excellent starting point for radiotraceidies with magnetic nanoparticles. Once
preliminary expectations are proven, a multitudefuifire radiotracer studies with'in and

longer lived species will follow in both the biomeal field and the environmental field.

Completion of this study will lead to additionaludtes for development of treatment
technologies. Radiolabeled nanopatrticles that thndisease cells can be used to selectively kill
the disease cells via gamma irradiation. Restiltki® study will be directly applicable to future
studies on design of particles that can bind teatied tissue and rapidly clear other tissues.
Such particles will selectively expose the diseaseslie to lethal doses of gamma irradiation

while not harming healthy tissue.
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