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Abstract 

 

This thesis at the start of the chapter gives short introduction to the field of 

nanoscience. We have presented though brief but a critical review of literature on 

magnetic nanoparticles for biomedical application. Besides this, we have stated the 

objective and motivation behind this work and discussion of work in the subsequent 

chapters. The second chapter presents a brief description of various wet chemical 

synthetic routes, used for obtaining monodispersed nanoparticles. Brief discussions on 

various experimental tools were employed to characterize the synthesized nanoparticles 

for structural, optical and magnetic properties. In the final chapter we present a simple 

strategy to achieve nearly monodispersed γ-Fe2O3 nanoparticles by a thermal 

decomposition method utilizing a strong polar organic solvent, at much lower 

temperature of 200oC.  We demonstrate a generic approach to form stable dispersions 

of magnetic nanoparticles in both aqueous and non-aqueous media by appropriate 

surface functionalities. The amine functionalized magnetic nanoparticles enable the 

covalent conjugation of a fluorescent dye, which facilitates the use of these magnetic 

nanoparticles in biomedical applications. 
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CHAPTER I 

INTRODUCTION 

This chapter at the start gives short introduction to the field of nanoscience. We have 

presented though brief but a critical review of literature on magnetic nanoparticles for 

biomedical applications. Besides this, we have stated the objective and motivation 

behind this work and discussion of work in the subsequent chapters. 
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1 INTRODUCTION

Materials have been playing an extremely important role in the progress of 

human civilization since last many centuries.

        

 1 Over the last 30 years, the synthesis of 

nanocrystals-crystalline particles ranging in size from 1 to 100 nm- has been intensively 

pursued, not only for their fundamental scientific interest, but also for their many 

technological applications. 2

1.1    Magnetic Nanoparticles 

Two principal factors decide the properties of nanoparticles 

(NPs) to differ significantly from bulk materials: increased surface to volume ratio and 

dominance of quantum effects. These factors can tune chemical reactivity, electronic, 

optical, mechanical, magnetic, and transport characteristics including properties such as 

ionization potential, electron affinity, capillary forces, melting point, specific heat etc. 

Here our objective seeks to understand these novel and interesting properties 

particularly by magnetic nanoparticles and explore them for biomedical applications. 

     

        Magnetic materials have always attracted the attention of both scientists and 

technologist’s because of the fascinating physical phenomena associated with them as 

well as their significance for several diverse and important application sectors. With the 

advent of nanotechnology the research on magnetic nanomaterials has intensified 

during the past decade and the emergent scientific activity promises major 

breakthroughs and developments in the fields of modern technology and biomedical 

applications. Biomedicine, targeted drug delivery, magnetic hyperthermia, MRI has 

become key areas of research harnessing the various unique properties of 

nanomaterials. Currently, magnetic nanoparticles are of great interest for researchers 

from a wide range of disciplines, including magnetic fluids,3 catalysis,4,5 

biotechnology/biomedicine,6 magnetic resonance imaging,7,8 data storage,9 and 

environmental remediation.10a,11b

Magnetism in solids arise from the magnetic ions or atoms distributed throughout a 

regular crystalline lattice on equivalent sites. The cooperative magnetism in solids is 

more complex than that of the isolated atoms because of the interaction (coupling) 

between the atomic moments. The essence of paramagnetism lies in the criterion that 

there is hardly any interaction between the individual magnetic moments in a long 

 The combination of nanotechnology and molecular 

biology has developed into an emerging research area: nanobiotechnology. 
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range ordered crystalline lattice. In order to achieve the saturation magnetization of a 

paramagnet, where all the moments align parallel to the direction of the applied field, 

very high magnetic fields are required, simultaneously with very low temperatures. 

Ferromagnetic, ferrimagnetic and antiferromagnetic materials exhibit long-range 

ordering of the moments in the lattice. For ferro- and ferrimagnetic substances, the field 

dependence of magnetization is nonlinear and at large values of H, the magnetization M 

becomes constant at its saturation value Ms, as shown in Figure 1.1 But once saturated, 

a decrease in H to zero does not reduce M to zero. Hence it possesses some 

magnetization called remnant magnetization (MR). In order to demagnetize the 

substance after saturation, a reverse field is required. The magnitude of this field is 

called coercivity (Hc). The M-H curve in the case of ferro- and ferrimagnets is called 

the magnetic hysteresis loop. In large particles, energetic considerations favor the 

formation of magnetic domains – groups of spins all pointing in the same direction and 

acting cooperatively – which are separated by domain walls with a characteristic width. 

In the case of these multidomain ferromagnetic particles, magnetization reversal occurs 

through the nucleation and motion of these walls. Fine particle magnetism has been 

traditionally dealt with the size effect, which is based on the magnetic domain structure 

of the magnetic materials 12a-f. It assumes that the state of lowest free energy of 

ferromagnetic particles has uniform magnetization for the particles less than a certain 

critical size (single domain particles) and non uniform magnetization for the particles 

larger than the critical size (multi domain particles). As the particle size decreases 

toward some critical particle diameter, the formation of domain walls becomes 

energetically unfavorable and the particles are called single domain. Changes in the 

magnetization can no longer occur through domain wall motion and instead require the 

coherent rotation of spins, resulting in large coercivities. Nanosized magnetic materials 

exhibit a behavior similar to paramagnetism at temperatures below the Curie or the 

Neel temperature. It is half-way between ferro- and paramagnetism. In this case, below 

the Curie or Neel temperature, the thermal energy is not sufficient to overcome the 

coupling forces between neighboring atoms, whereas the energy is sufficient to change 

the direction of the magnetization of the entire particle. The resulting fluctuations in the 

direction of magnetization cause the magnetic moments average to zero. Thus, the 

material behaves in a manner similar to paramagnetism, except that instead of each 

individual atom being independently influenced by an external magnetic field, the 
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magnetic moment of the entire particle tends to align with the magnetic field. Thus, 

these particles are called superparamagnetic particles. Superparamagnetism occurs 

when the material is composed of very small crystallites. Experimental investigations 

on the dependence of the coercivity on particle size shows behavior similar to that 

schematically illustrated in Figure 1.2.  

 

Superparamagnetism is a unique and important feature of magnetism in the nanosized 

particles. 13a-e Superparamagnetic particles are ferro/ferri magnetic single domain 

particles, so small that thermal energy at that temperature of the experiment is of the 

same order or smaller than the energy barrier, preventing spontaneous reversal of 

magnetization. Thus, in a period comparable to the time of the experiment, the thermal 

energy equilibrates the magnetization of an assembly of such particles and the average 

magnetization is zero. For magnetic nanoparticles with spherical shapes, the 

magnetocrystalline anisotropy energy EA can be approximated as the total magnetic  

anisotropy of single domain particles and can be expressed as EA = KV Sin2θ, where K 

is the magnetocrystalline anisotropy constant, V is volume of a particle and θ is the 

angle between the direction of magnetization and the easy axis of magnetization. When 

EA becomes comparable to thermal activation energy kBT where kB is the Boltzman 

constant, the magnetization direction starts flipping randomly and goes through rapid 

superparamagnetic relaxation. The temperature above which the thermal activation 

energy overcomes the magnetic anisotropy energy barrier and the nanoparticles become 

superparamagnetically relaxed is known as the superparamagnetic blocking 

temperature, TB. Saturation magnetization of nanoparticle is also strongly dependent on 

their size. Intrinsically, magnetic materials possess magnetically disordered spin glass 

like layers near the surface due to the reduced spin-spin exchange coupling energy at 

the surface. 14e-f In bulk cases, since the disordered surface layer is minimal compared 

with the total volume of the magnet, such surface spin canting effects are negligible. 14e 

 



5 

 

 
Figure 1.1 Magnetic domains and the process            Figure 1.2. Particle size dependence 
of magnetization in bulk magnetic materials              Coercivity 

 

Usually, superparamagnetic particles are characterized by a maximum in the 

temperature variation of ac susceptibility and zero-field-cooled (ZFC) susceptibility 

measured in a small dc magnetic field. 13f,g The temperature at which a maximum is 

observed is the superparamagnetic blocking temperature TB. When the same sample is 

cooled under a magnetic field (FC), the magnetization remains almost constant or 

deviates below the blocking temperature and overlaps with the ZFC magnetization, 

when the temperature rises above TB. Such temperature dependence of the ZFC 

magnetization and the divergence of ZFC and FC magnetization below TB

 

 are the 

characteristic features of superparamagnetism.  

 

 

 

 

 

 

 

Figure 1.3 Typical FC and ZFC magnetization curves and field dependent 

magnetization behavior below and above the blocking temperature of 

superparamagnetic nanoparticles 
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Opening up of the magnetic hysteresis loop is also expected below the blocking 

temperature. In magnetization measurements, superparamagnetic particles show a 

typical behavior as shown in figure 1.3. The characteristics of the FC magnetization 

curve depend on the nature of the interaction between the particles. If the particles are 

well separated in a non-magnetic matrix or by proper surface coatings, the different 

types of interactions between the particles such as dipolar interactions or exchange 

interactions are suppressed. 

 

1.2     Biomedical Applications of Magnetic Nanoparticles 

Magnetic nanoparticles are well-established nanomaterials that offer controlled size, 

ability to be manipulated externally, and enhancement of contrast in magnetic 

resonance imaging (MRI). As a result, these nanoparticles could have many 

applications in biology and medicine, including protein purification, drug delivery, and 

medical imaging. 

 Since magnetic nanoparticles can be easily conjugated with biologically important 

constituents such as DNA, peptides, and antibodies, it is possible to construct versatile 

nano-bio hybrid particles, which simultaneously posses magnetic and biological 

functions for biomedical diagnostics and therapeutics. Nanoscaling laws for magnetic 

components are found to be critical to the design of optimized magnetic characteristics 

of hybrid nanoparticles and their enhanced applicability in biomedical sciences 

including their utilizations as contrast enhancement agents for magnetic resonance 

imaging (MRI), ferromagnetic components for nano-bio hybrid structures, and 

translational vectors for magnetophoretic sensing of biological species. In particular, 

systematic modulation of saturation magnetization of nanoparticles probes is important 

to maximize MR contrast effects and magnetic separation of biological targets. 

15a 

 

15b 

Synthetic magnetic nanoparticles are emerging as versatile probes in biomedical 

applications, especially in the area of magnetic resonance imaging (MRI). Their size, 

which is comparable to biological functional units, and their unique magnetic properties 

allow their utilization as molecular imaging probes. 16 Magnetic cationic liposomes 

(MCLs), one of the groups of cationic magnetic particles, can be used as carriers to 

introduce magnetite nanoparticles into target cells since their positively charged surface 

interacts with the negatively charged cell surface; furthermore, they find applications to 
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hyperthermic treatments.17Magnetic nanoparticles that are superparamagnetic with high 

saturation moment have great potential for biomedical applications. Surface 

functinalization leads to the formation of water soluble nanoparticles that can be further 

modified with various biomolecules. Such functionalizations have shown promising 

applications in protein or DNA separation, detection and magnetic resonance imaging 

contrast enhancement. 18 Synthesis of multifunctional magnetic nanoparticles 

(MFMNPs) is one of the most active research areas in advanced materials. MFMNPs 

that have magnetic properties and other functionalities have been demonstrated to show 

great promise as multimodality imaging probes. Their multifunctional surfaces also 

allow rational conjugations of biological and drug molecules, making it possible to 

achieve target-specific diagnostics and therapeutics. 19 

 

1.3      Motivation behind the work 

 Monodisperse NPs with controlled shape and sizes are usually coated with a long chain 

hydrocarbon, leading to a hydrophobic surface. To make these NPs biocompatible for 

biological applications, their surfaces are often functionalized by means of surfactant 

addition or surfactant exchange. Surfactant addition is achieved through the adsorption 

of amphiphilic molecules that contain both a hydrophobic segment and a hydrophilic 

component. The hydrophobic segment forms a double layer structure with the original 

hydrocarbon chain, while hydrophilic groups are exposed to the outside of the NPs, 

rendering them water soluble. Surfactant exchange is the direct replacement of the 

original surfactant with a new bifunctional surfactant. This bifunctional surfactant has 

one functional group capable of binding to the NP surface tightly via a strong chemical 

bond and the second functional group at the other end has a polar character so that the 

NPs can be dispersed in water or be further functionalized. 30 Motivation behind the 

work is to accomplish optimal characteristic of multifunctional magnetic nanoparticle 

for biomedical application in a simplified way particularly small size (<50nm), 

excellent aqueous dispersity, high magnetic response (>10 emu/g) and to facilitate drug 

delivery, biosepartaion and bioimaging application.  The task was organized by 

literature survey, finding out the chemical requirement for the work and finally 

targeting the synthesis towards pure phase, tunable size and shape, water soluble, 

biocompatible, and functionalizing with silica and Fluorescent molecule. We have 

successfully accomplished the work and discussed depth in the subsequent chapters. 
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CHAPTER II 

Synthesis and Characterizations Techniques 

This chapter presents a brief description of various wet chemical synthetic routes, used 

for obtaining monodispersed magnetic nanoparticles. Various experimental tools 

employed to characterize the structural, optical and magnetic properties of the 

nanoparticles are discussed in the present chapter.  
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SECTION I: SYNTHESIS OF MONODISPERSED MAGNETIC NANOPARTICLES 

In order to exploit the full potential of the synthesized nanoparticles, it is 

stringent requirement that they must be of same size and shape due to their strong size 

and shape dependence. Thus, to produce NPs of same size, shape, phase etc.; it will be 

worth for us to understand the actual NPs formation kinetics and their synthesis 

mechanism.  

 

The NPs synthesis process basically consists of a nucleation step followed by 

particle growth stages.1b The solution must be supersaturated for nucleation to occur to 

form NPs. Supersaturation can be achieved either by directly dissolving the solute at 

higher temperature and then cooling to low temperatures or by adding the necessary 

reactants during the reaction.1a Generally, there are three kinds of nucleation processes 

viz. homogeneous, heterogeneous and secondary nucleation. Homogeneous nucleation 

occurs in the absence of a solid interface by combining solute molecules to produce 

nuclei. It happens due to the driving force of the thermodynamics because the 

supersaturated solution is not stable in energy. The overall free energy change, ΔG, is 

the sum of the free energy due to the formation of a new volume and the free energy 

due to the new surface created. For spherical particles 

 

              ΔG = -4/Vπr3kBTln(S) + 4πr2γ   ……. (1.1)    

              r*= 2Vγ/3kB

Where, V is the molecular volume of the precipitated species, r is the radius of the 

nuclei, k

Tln(S) ……………….… (1.2) 

 

B is the Boltzmann constant, S is the saturation ratio, and γ is the surface free 

energy per unit surface area.  When S > 1, ΔG has a positive maximum at a critical 

size, r*. This maximum free energy is the activation energy for nucleation. Nuclei 

larger than the critical size will further decrease their free energy for growth and form 

stable nuclei that grow to form bigger particles. The critical nuclei size r* can be 

obtained by setting dΔG/dr = 0. For a given value of S, all particles with r > r* will 

grow and all particles with r < r* will dissolve. When the concentration drops below the 

critical level, nucleation stops and the particles continue to grow by molecular addition 

until the equilibrium concentration of the precipitated species is reached. Uniformity of 
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the size distribution is achieved through a short nucleation period which induces single 

nucleation event prohibiting additional nucleation, there by separarting nucleation and 

growth processes. To get a short burst of nucleation, a high saturation ratio (S) is 

suitable illustrated well by equation (1.2). Since NPs have large surface area, thereby 

huge surface energy and thus, are not thermodynamically stable. To overcome these 

problems to get stable NPs, it is required to arrest these NPs during the reaction either 

by adding surface protecting reagents, such as organic ligands or inorganic capping 

materials,1a or by placing them in an inert environment such as an inorganic matrix or 

polymers.1b, c

Sun and Zeng synthesized monodispersed iron ferrite nanocrystals by a high-

temperature solution phase reaction of iron acetylacetonate with 1,2-hexadecanediol in 

the presence of oleic acid and oleylamine.

 The NPs dispersions are stable if the interaction between the capping 

groups and the solvent is favorable, providing an energetic barrier to counteract the 

Vander-waals and magnetic (in case of magnetic materials) interactions between them. 

The synthesis of multi-functional NPs under technological desirable low temperature 

conditions with controlled size, shape and pure phase remains a major task for the 

researchers. Soft chemistry routes represent the most attractive alternatives, because 

they allow good control from the molecular precursors to the final product at low 

processing temperatures, result in the formation of NPs with high purity and 

compositional homogeneity. The present research work is mainly on Thermal 

decomposition and solvothermal methods for synthesis of monodisperse multi-

functional magnetic nanoparticles. 

 

2-I.1     Thermal Decomposition Methods 

The thermal decomposition reactions of organometallic compounds and metal-

surfactant complexes were performed in hot surfactant solutions in the presence of 

surfactants to synthesize nanoparticles of various materials. Organic-phase synthetic 

methods have been widely used to synthesize nanoparticles because of their many 

advantages, such as the high crystallinity and monodispersity of the synthesized 

nanoparticles and their high dispersion ability in organic solvents. 

 

2a By using a similar synthetic procedure, Sun 

et al. synthesized monodisperse nanocrystals of CoFe2O4 and MnFe2O4 from a high 

temperature reaction of [Fe(acac)3] and [Co(acac)3] or [Mn(acac)3] with 1,2 
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hexadecanediol.2b The particle diameter was tuned from 33 to 20 nm by varying the 

reaction conditions or by seed mediated growth.  

 

Organic-phase hot-injection synthetic methods based on fast nucleation in organic 

surfactants solutions often result in a size distribution with σ = 10%, and a size-

selection process is required to obtain monodisperse nanoparticles with a size 

distribution below 5%. This size-sorting process involves the gradual addition of a 

hydrophilic solvent to the nanoparticles dispersion in a nonpolar solvent, which results 

in precipitation. The large nanoparticles first precipitate because of their strong van der 

Waals attraction. This size-selection process is very laborious and tedious. 2c    

We have successfully synthesized nearly monodispersed γ-Fe2O3 NPs with appropriate 

surface functionality results in the formation of both hydrophobic and hydrophilic NPs 

in one pot reaction using thermal decomposition method. This has been discussed in the 

next chapter. 

 

2-I.2 SOLVOTHERMAL METHOD      

 Hydrothermal syntheses involve chemical reactions in water which acts 

occasionally as catalysts and component of solid phase at elevated temperature 

(>100°C) and pressure (~ few atmospheres) in a sealed or closed system/vessel and are 

a special type of chemical transport reaction that relies on liquid-phase transport of 

reactants to nucleate to formation of the desired product. The selected reaction 

temperature and the degree of fill, or the percent of the reaction vessel free volume that 

is filled with water at room temperature, determine the prevailing experimental 

pressure. When water is used as a solvent, the dielectric constant and viscosity are also 

important. These decrease with rising temperature and increase with rising pressure, the 

temperature effect predominating. Owing to the changes in the dielectric constant and 

viscosity of water, the increased temperature within a hydrothermal medium has a 

significant effect on the speciation, solubility, and transport of solids. Therefore, the 

hydration of solids and the hydrolysis and speciation of aqueous cations at elevated 

temperatures are important steps in this process. 3  

 

 



14 

 

We have adopted new strategy of synthesis of monodisperse γ-Fe2O3 

 

NPs using 

solvothermal route to obtain both hydrophobic and hydrophilic. This has not been the 

part of thesis as further characterization need to be done. 

SECTION II: MATERIALS CHARACTERISATION TECHNIQUES 
 

 

2-II.1 X-RAY DIFFRACTION       

 X-ray diffraction (XRD) technique is used to realize structural properties of 

materials and get information like crystal structure/phase, lattice parameters, crystallite 

size, orientation of single crystals, preferred orientation of polycrystals, defects, strains 

and so on.[4]

  

 

 

 

 

 

 

Fig. 2.1: Representation of X-ray Diffraction 

 

 This technique is suitable for thin films, bulk and nanomaterials. In case of 

nanostructures, the change in lattice parameter w. r. t. bulk gives idea of nature of strain 

present in the film. In XRD, a collimated monochromatic beam of X-rays is incident on 

the sample for diffraction to occur. A constructive interference occurs only for 

certainθ’s correlating to those (hkl) plane, where path difference is an integral multiple 

(n) of wavelength.  Based on this, the Bragg’s condition is given by 

 

                                                  2dsinθ = nλ                                   

 

Where, λ is the wavelength of the incident X-ray, d is the interplaner distance, ‘θ’ is the 

scattering angle and n is an integer-called order of diffraction. 
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 The θ-2θ  scan maintains these anglesThe samples were characterized for their phase 

purity and crystallinity by X-ray powder diffractometry (XRD) was carried out at room 

temperature (RT), using a model D8 ADVANCE BRUKER diffractometer 

wererecorded at IISER Pune equipped with Ni-filtered CuKα radiation (λ = 1.5418 Å, 

40 kV and 30 mA ). For identification purposes, the diffraction patterns obtained (I/Io 

vs. d-spacing) were matched with JCPDS standards. Crystallite size was calculated 

using Scherrer formula in the framework of the X-ray line broadening technique.

 High-resolution transmission electron microscopy (HRTEM) is an imaging mode of 

the 

4c 

 

2-II.2 MICROSCOPY TOOLS: during the course of research, we mainly used TEM 

and HRTEM for characterization of materials. 

 

2-II.2a     Transmission Electron Microscopy (TEM) 

 It is used to investigate the internal structure of nanomaterial. It works by passing 

electrons through the sample and using magnetic lenses to focus the image of the 

structure, much like light is transmitted through materials in conventional light 

microscopes. Because the wavelength of the electrons is much shorter than that of light, 

much higher spatial resolution is attainable for TEM images than for a light 

microscope. TEM can reveal the finest details of internal structure, in some cases 

individual atoms. TEM not only produces images but also electron diffraction patterns 

where high energy electron interacts with the sample which enables to make crystal 

structure analysis.  

 

2-II.2b     High resolution Transmission Electron Microscopy (HRTEM) 

transmission electron microscope (TEM) that allows the imaging of the 

crystallographic structure of a sample at an atomic scale. Because of its high resolution, 

it is an invaluable tool to study nanoscale properties of crystalline material such as 

semiconductors and metals. Particle sizes were investigated by Transmission electron 

microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) and 

selected area electron diffractometry (SAED) were performed on a FEI Technai 30 

system microscope operated at 300 kV and 119 μA, on a carbon coated copper grid 

after dispersing nanoparticle on suitable solvent. 

 

http://en.wikipedia.org/wiki/Transmission_electron_microscope�
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2-II.3  SPECTROSCOPY TOOLS 

These tools are extremely sensitive to the aspects of electronic structure of the 

materials.  

 

2-II.3a   UV-VIS Spectroscopy 

 UV-VIS Spectroscopy deals with the recording of absorption signals due to 

electronic transitions. In semiconductors, when the incident photon energy exceeds the 

band gap energy of the materials, absorption takes place and signal is recorded by the 

spectrometer whereas in metals when the surface free electrons vibrate coherently with 

the incident frequency then resonant absorption takes place.  

 

 

 

 

 

 

 

 

Fig. 2.2: Schematics of UV-VIS Spectrophotometer in Transmission Mode 

 

This spectrometer can operate in two modes (i) transmission and (ii) reflection mode. In 

transmission mode usually thin films and colloidal NPs well-dispersed in solvent are 

used. The optical measurements for opaque thin films and those NPs which are not 

dispersible in solvents are done in diffuse reflectance (DRS) mode. UV-Vis diffuse 

reflectance spectroscopy (DRS) was carried out by means of a model 2100 UV-Vis 

Shimadzu spectrophotometer equipped with a diffuse reflectance attachment and a data 

acquisition system. Spectra were taken, over the wavelength range 200-800 nm, 

circular compacts of test materials against a BaSO4

    

 compact (a product of Shimadzu 

Corp.) used as a totally reflective reference material.In the present study measurements 

were carried out in National Chemical Laboratory, Pune, INDIA. 
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2-II.3b     Fourier Transform IR Spectroscopy  

IR spectrum appears only when the vibrations amongst bonded atoms produces a 

change in the permanent electric dipole moment of the molecule/solid. It is reasonable 

to suppose that the more polar a bond, the more intense will be IR spectrum arising 

from the vibrations of that bond. 5a,6 FTIR has considerably speeded and improved the 

spectroscopy in the IR region in general and in particular far IR region i.e. below 400 

cm-1

 

 

 

 

 

 

 

 

Fig. 2.3: Schematic of FTIR Spectrophotometer         
 

Fourier transform infrared spectra (FTIR) of the pure liquid of oleic acid, oleylamine 

and the equimolar mixture of oleic acid and oleylamine were obtained by drop casting 

the liquids dissolved in chloroform onto the NaCl window allowing the solvent to 

evaporate. The transmission FTIR spectra of magnetic nanoparticles were recorded in 

the 400-4000 cm

 where good deals of useful molecular information is contained, is usually called as 

‘Energy Limited’ region, where sources become weak and detectors insensitive, 

resulting poor signal to noise ratio. 

 

-1

2-II.3c         Photoluminescence Spectroscopy 

 range (Nicolet 6700) by preparing KBr ( Sigma Aldrich, 

spectroscopy grade ) pellets (0.1 wt% sample).The FTIR measurements of these 

samples were carried out on a Nicolet  6700  FTIR spectrometer at IISER, Pune, 

INDIA. 

 

Photoluminescence (PL) is the spontaneous emission of light from a material 

under optical excitation. The appropriate excitation energy and intensity is required to 

choose to probe the sample’s discrete electronic states accurately. When light of 
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sufficient energy is incident on a material, photons are absorbed, material got excited 

and electronic transitions occurred. Eventually, these excitations relax and the electrons 

return to the ground state. If radiative relaxation occurs, the emitted light is called PL. 

This light can be collected and analyzed to yield a wealth of information about the 

photo-excited material. The PL spectrum provides the transition energies, which can be 

used to determine electronic energy levels, defects and impurity states in the sample. 

The PL intensity gives a measure of the relative rates of radiative and non-radiative 

recombination. [7,5b]

 

 

 

 

  

 

 

                             Fig. 2.4: Schematic Layout of PL Set-up  

 

The PL measurements of nanopowders and NPs dispersed in solvent were done using 

LS 55 spectrophotometer at National Chemical Laboratory, Pune, INDIA.  

 

 The intensity of the PL signal depends on the rate of radiative and 

nonradiative events, which depends in turn on the density of nonradiative interface 

states.  

2-II.3d          X-ray Photoelectron Spectroscopy  

 X-ray photoelectron Spectroscopy (XPS) probes the binding energies of core 

electrons in an atom. Although such electrons play little part in chemical bonding, 

different chemical environments can induce small changes in their binding energies; 

this is because the formation of bonds; changes the distribution of electrons in the 

system and hence, by modifying nuclear shielding, produces changes in the effective 

nuclear charge of the bound atoms. Thus, XPS involves the analysis of emitted 

electrons from a material as a result of incident X-rays, is also rarely called as electron 

spectroscopy for chemical analysis (ESCA). Only the photoelectrons from atoms near 

the surface escape, typically from top 2-5 nm. The actual depth varies with the 

materials and electron energy. A typical sampling area is 1 cm2.   
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Fig. 2.5: (A) Principle of Photo-electron spectroscopy, (B) Schematic of   XPS/UPS 5c 

 

This technique mainly gives information about the elemental composition of the 

surface of the materials and the information about the chemical state of elements. It is 

one of the most employed surface analysis techniques. This is usually performed using 

X-rays (typically from Al or Mg) to excite photoelectrons from the core levels of atoms 

in a specimen. [5] Powder samples drop casted to form a film and this film was used for 

the XPS measurements. The measurements were performed on VG microteck ESCA 

3000 instrument at a pressure of 10-9 torr. The general scan, C1s, O1s, Ti2p and Fe2p 

were recorded with non-monochromatized MgKα radiation with photon energy = 

1253.6 eV with a pass energy of 50 eV and an electron take off angle of 55o. The 

overall resolution for the XPS measurements was 0.2 eV. The core level spectra were 

background corrected using Shirley algorithm and the peak fittings were done using 

XPSPEAK 41 software. The core level binding energies were aligned with respect to 

C1s binding energy of 285 eV. The measurement was carried out in Center for 

Materials Characterizations (CMC), National Chemical Laboratory, Pune. The core 

level binding energies (BE) were corrected with the carbon binding energy of 285 eV. 

 

2-II.3e      Vibrating Sample Magnetometer (VSM) 

VSM involves the measurement of magnetic induction in the vicinity of the sample 8. 

According to Faraday's law of electromagnetic induction, an emf (V) will be generated 

in a coil when there is a change in Flux linked to coil. For a given coil, with n turns and 

cross-sectional area, a  
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                                                V = -nadB/dt     (1.4)    

 

where B, magnetic induction is equal to the product of the constant applied Field, H, 

and the permeability, µ0. But when a sample with magnetization M is introduced into 

the coil, the magnetic induction becomes; 

 

B = µ0(H +M)      (1.5) 

 

Incorporating the corresponding flux change, ¢B = µ0M, into the Equation 1.4, the 

output signal of the coil is obtained as 

 

V dt = -na µ0

 
Figure 2.6: Schematic diagram of Vibrating Sample Magnetometer. 

 

M      (1.6) 

 

That is the output signal is independent of the magnetic Field, H, in which the 

measurement has been carried out. 

Vibrating Sample Magnetometer (VSM) measures the voltage induced by a sinusoidal 

motion of the sample, produced with the help of a transducer assembly, in vertical 

direction with respect to the magnetic field. The sample is centered in the region 
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between the magnetic poles and the stationary pick-up coils are suitably located on the 

magnetic pole pieces. Here, the frequency of the output signal is the same as the 

vibrational frequency of the sample, whereas, the intensity of the signal is determined 

by the magnetic moment as well as the frequency and amplitude of sample vibration. 

Therefore, in order to avoid any errors due to variations in the amplitude or frequency 

of vibration, usually a reference technique is employed. This is done by using a 

vibrating capacitor which generates a reference signal that is sensitive to the vibrational 

amplitude and frequency. A schematic diagram of the VSM is given in Figure 2.6. 

Magnetic measurements of the present work are performed on a PAR EG&G 4500 

vibrating sample magnetometer. Calibration of this VSM is done by using a standard 

nickel sample which gives a saturation magnetization value of 490 emu/g, in a wide 

range of temperatures around room temperature. The sample holder used is made of a 

non-magnetic a polymeric material, Kel-F (poly(chlorotriflouro)ethylene). Field 

dependence of magnetization is done using a maximum magnetic field of +15000 Oe. 

The temperature range in which magnetic properties are studied is 10-873 K. Most of 

the measurements are carried out at 300 K . A closed cycle helium cryostat is used for 

measurements in the 10-300 K range and an oven assembly is used for measurements 

above room temperature. Temperature variation of magnetization is measured by two 

methods. The first one involves cooling the samples in zero magnetic field from room 

temperature to the lowest measuring temperature and then the magnetization is 

recorded while warming the sample in a lower field (generally 50 Oe). This method is 

called zero field cooled, ZFC, magnetization measurement. In the second method, the 

sample is cooled under an applied magnetic field itself and the magnetization is 

monitored while heating in the same field. This method is called the field cooled (FC) 

magnetization measurement. Zero field cooled (ZFC) magnetization measurements, 

using very low magnetic fields, are found to be useful for the identification of different 

magnetic phases coexisting in a given sample of R-site substituted manganates 9. 

Therefore ZFC magnetization curves are recorded for all the samples at a lower field of 

50 Oe. Curie temperature (Tc) is determined as the temperature at which a maximum is 

observed in the dM/dT versus T curves.  

 

 

2-II.3f      Thermogravimetric Analysis 
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Thermogravimetry (TG) is the branch of thermal analysis which examines the weight 

change of a sample as a function of temperature in the scanning mode or as a function 

of time in the isothermal mode. In the present study, dynamic thermogravimetry 

technique is used, in which the sample is heated in an environment whose temperature 

is changing in a predetermined manner, at a linear rate. There are many events 

considered in TG, such as desorption, absorption, sublimation, vaporization, oxidation, 

reduction and decomposition. Moreover, TG is used to characterize the decomposition 

and thermal stability of materials under variety conditions 10, 11

2-II.3g      DYNAMIC LIGHT SCATTERING 

. TG curves are usually 

recorded using a thermobalance. 

 

A Perkin Elmer: STA 6000 thermal analyzer at IISER pune, India was used to perform 

the thermogravimetric analysis (TGA) of samples. Thermal analysis was carried out up 

to 1073K in flowing air, at a heating rate 10 K/min. 

Dynamic Light Scattering is also known as Photon Correlation Spectroscopy.This 

technique is one of the most popular methods used to determine the size of particles. 

Shining a monochromatic light beam, such as a laser, onto a solution with spherical 

particles in Brownian motion causes a Doppler Shift when the light hits the moving 

particle, changing the wavelength of the incoming light. This change is related to the 

size of the particle. It is possible to compute the sphere size distribution and give a 

description of the particle’s motion in the medium, measuring the diffusion coefficient 

of the particle and using the autocorrelation function. This method has several 

advantages: first of all the experiment duration is short and it is almost all automatized 

so that for routine measurements an extensive experience is not required. Moreover, 

this method has modest development costs. Commercial "particle sizing" systems 

mostly operate at only one angle (90°) and use red light (675 nm). Usually in these 

systems the dependence on concentration is neglected. Using more sophisticated 

experimental equipment (projector, short wavelength light source), the methods can be 

not only considerably extended, but also more complicated and expensive.

Although dynamic scattering is, in principle, capable of distinguishing whether a 

protein is a monomer or dimer, it is much less accurate for distinguishing small 

12 
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oligomers than is classical light scattering or sedimentation velocity. The advantage of 

using dynamic scattering is the possibility to analyze samples containing broad 

distributions of species of widely differing molecular masses (e.g. a native protein and 

various sizes of aggregates), and to detect very small amounts of the higher mass 

species (<0.01% in many cases). Furthermore, one does not have to worry that protein 

aggregates are being lost within a chromatographic column (a common problem in 

using SEC to characterize aggregates), because there is no chromatographic separation 

involved. Moreover, with this technique it is also possible to obtain absolute 

measurements of several parameters of interest, like molecular weight, radius of 

gyration, Translational diffusion constant and so on. However, the analysis might be 

difficult for non-rigid macromolecules. Another limit is that above the zero degree 

Kelvin molecules fluctuate (i.e. molecules deviate from their average position).13 

 

 Zeta potential is widely used for quantification of the magnitude of the electrical 

charge at the double layer. In our work zeta potential of magnetic nanoparticle was 

calculated from DLS.Zeta potential measurement of the samples were carried out on a 

Dynamic light Scattering with zeta potential, Malvern zetasizer Nano ZS90 IISER, 

Pune, INDIA. 
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CHAPTER III 

Monodispersed γ-Fe2O3 Nanoparticles: Tunable Surface 

Functionalities for Biomedical Applications  

Present study provides a simple strategy to achieve nearly monodispersed γ-Fe2O3 

nanoparticles by a thermal decomposition method utilizing a strong polar organic 

solvent, at much lower temperature of 200oC.  We demonstrate a generic approach to 

form stable dispersions of magnetic nanoparticles in both aqueous and non-aqueous 

media by appropriate surface functionalities. The amine functionalized magnetic 

nanoparticles enable the covalent conjugation of a fluorescent dye, which facilitates the 

use of these magnetic nanoparticles in biomedical applications 
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SECTION I:   One-Pot Synthesis of Monodispersed γ-Fe2O3       

                        Nanoparticles  

           
3-I.1  INTRODUCTION 

With the advent of nanotechnology the research on magnetic nanoparticles has 

intensified during the past decade and the emergent scientific activity promises 

major breakthroughs and developments in the fields of modern technology and 

biomedical applications. Over the past few years magnetic nanoparticles (MNP) are 

attracting  interest, mainly due to their promising applications in biomedicine and 

nonlinear optics.1-3 As the size is reduced, the magnetic structure at the surface layer 

differs from that of the particle core, giving rise to remarkable effects on the 

magnetic ordering within the whole particle.4,5 Consequently, understanding and 

controlling the effects of surface chemistry on the magnetic properties have become 

increasingly important issues for many technological applications of MNP, such as 

high density magnetic storage, magnetic resonance imaging, and drug delivery. 

 

The use of MNP in biomedical applications may bring about significant advanced in 

diagnosis, prevention, and treatment of diseases.6 The potential application of MNP 

for biomedical purposes relies on the synthesis of high quality materials, mainly 

regarding crystallinity and magnetic response. In this respect, it is essential to 

minimize the polydispersity and heterogeneity of the particles and to maximize their 

magnetic response. MNP for drug delivery and contrast agents for magnetic 

resonance imaging must exhibit a high magnetic response to external fields and 

should have functinalized, biocompatible surfaces.7,8 However, the synthesis of 

such MNP is, in general, a critcal issue since the properties of each specific sample 

depend on several parameters in a complex manner. Deeper understanding of these 

complex effects is necessary to design and control new synthesis methods yielding 

high quality MNP. In this respect, some mechanisms have been recently reported 

that may enable the synthesis of such kind of particles.

Syntheses based on the decomposition of organometallic precursors have proved 

successful for the preparation of monodispersed nanoparticles.

9 

 

10-14 In particular, the 

synthesis of iron oxide nanoparticles (magnetite/maghemite Fe3O4 / γ-Fe2O3 ) by 
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thermal decomposition of an organic iron precursor in a high boiling point organic 

solvent yields highly crystalline MNP with excellent magnetic properties. 15,16  

 

In the present investigation, a much convenient polar organic solvent, N-methyl 2-

pyrrolidone (NMP) has been introduced for the first time to synthesize highly 

monodispersed magnetic nanocrystals. This is particularly due to its stability at the 

ambient temperature, low flammability, low volatility and its ready availability with 

no clear toxicity profile. Importantly, the reaction has been carried out at 

comparatively much lower temperature of ~ 200ºC in the ordinary laboratory 

equipments. Although, this thermal decomposition method has become the main 

approach to achieve good quality highly monodispersed magnetic nanocrystals, the 

choice of the surfactants play an important role in enhancing the thermal and 

chemical stability of the nanoparticles. Fatty acid, especially oleic acid, 

C17H33COOH (R-COOH) and olyelamine, C18H35NH2 (R*-NH2) is a commonly 

used surfactant to stabilize the magnetic nanocrystals in the organic phase.17,18 

However, a much used and well reported surfactant to synthesize chemically stable 

magnetic nanocrystals is the equimolar mixture of both oleylamine and oleic acid. 19  

We investigate effect of concentration of oleic acid and olyelamine on size, shape 

and magnetic properties of γ-Fe2O3 nanoparticles. We have chosen equimolar 

mixture of both oleylamine and oleic acid for phase transfer as the particles are 

monodispersed and uniformly spherical shape. The work is in progress for further 

characterization of aqueous transfered γ-Fe2O3 nanoparticle. We present a simple 

strategy to obtain water soluble γ-Fe2O3 nanoparticles with surface functionalities 

utilizing Polyethylene glycol (PEG) of Mn 10,000, 3-Amino propyl Triethyl silicate 

(APTES) and 11-Aminodecanoic acid. We have further chosen amine 

functionalized γ-Fe2O3 nanoparticle to obtain fluorescent magnetic nanoparticle.   
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3-I.2  EXPERIMENTAL 

The chemicals iron (III) acetylacetonate, Tetramethyl Ammonium Hydroxide 

(TMAOH), Cetyl trimethylammonium bromide (CTAB), Polyethylene glycol (Mn 

10,000), 3-Amino propyl Triethyl silicate (APTES), Fluorescein isothiocyanate 

(FITC), 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide Hydrochloride (EDC), N-

hydroxysuccinimide (NHS), Triethyl amine (TEA), 11-Aminodecanoic acid ( 11-

AM), oleic acid (Oa), and oleylamine (Oam) were purchased from Aldrich 

Chemicals. N-metyl 2-pyrrolidone (NMP) was purchased from Merck Chemicals. 

All the Chemicals were of analytical grade or better. Iron acetylacetonate (0.1M), 

dissolved in 15 ml of NMP was taken in a pressure equalizer attached to a three 

neck round bottom (RB) flask. In RB flask, surfactants were mixed with 35ml NMP 

and magnetically stirred under a flow of argon. The mixture was heated to reflux at 

200 ºC. To this solution, iron acetylacetonate solutions was injected instantaneously 

and was further refluxed for 1 hr. After one hour the heat source is removed and the 

black brown mixture was further stirred for ~ 18 hrs. The black material was 

precipitated after adding suitable solvent. The black product was centrifuged for 10 

minutes with the speed 10,000 rpm. The This procedure of precipitation and 

centrifugation was repeated two to three times to remove the solvent and excess 

surfactants. The precipitate was dispered in suitable solvent and dried at 50 ºC in a 

vacuum oven for further chracterization. In order to investigate the effect of 

concetration of oleic acid and oleyl amine on size and shape of γ-Fe2O3 

nanoparticles molar ratio of oleic acid and oleyl amine as indicated in Table 1 was 

varied to obtain  (a) FeA, (b) FeB and  (c) FeC. 

 

3-I.3  RESULTS AND DISCUSSION 

Figure 3.1 shows the representative TEM images of γ-Fe2O3 nanoparticles synthesized 

by different molar ratio of oleic acid and oleyl amine. Analysis of TEM micrographs 

clearly indicate the formation of monodispersed spherical nanoparticles for FeA. 

Whereas FeB and FeC show the formation of irregular shaped particles. Particle size 

distribution anaylsis shows narrow size distribution for FeA with mean particle size of 

5 + 0.2 nm. On the other hand both FeB and FeC show wide particle size distribution. 

The lattic fringe analysis of FeA sample is included as the inset in figure 3.1 (a) with 

fringe analysis . 

http://en.wikipedia.org/wiki/Fluorescein_isothiocyanate�
http://en.wikipedia.org/wiki/Fluorescein_isothiocyanate�
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Table 3.1 Sample code, Molar ratio of Oa: Om, TEM particle size and XRD 
crystallite size  
 
 
 

 
Sample 

Code 

 
Molar  ratio of Oa :Oam 

    

TEM particle size 
(± 0.2nm) 

XRD Crystallite size 
(± 0.5nm) 

FeA 01:01 5 6 

FeB 01:05 10 11 

FeC 00:01 10 10 
 

 

 
 

  
    

Figure 3.1: TEM images of for γ-Fe2O3 nanoparticles  (a) FA , (b) FeB  and (c) 

FeC. Inset (a) corresponds to lattice fringes from HRTEM analysis 

 

 

 

Figure 3.2 show powder x-ray diffraction patterns of γ-Fe2O3 nanoparticles. The XRD 

peak positions and relative intensities matches well with the JCPDS standard [39-

1346]. The average crystallite sizes were calculated using scherrer formula. XRD 

crystallite sizes and TEM particle sizes are shown in Tabale 1 for comparsion. 
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Figure 3.2: XRD patterns for γ-Fe2O3 nanoparticles (a) FeA,(b) FeB and (c) FeC 
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                     Figure 3.3: FTIR spectra of (a) FeA, (b) FeB, and (c) FeC 

Figure 3.3 illustrates the FTIR spectra of the surfactant coated γ-Fe2O3 

nanoparticles taken in 0.1wt% of the sample in KBr. No spectral features 

corresponding to free oleic acid (RCOOH) and free  oleylamine (R*NH2) is found 

in the FTIR spectra of γ-Fe2O3 nanoparticles  (a) FeA and (b) FeB. Similarly free  

oleylamine (R*NH2) is found in the FTIR spectra of γ-Fe2O3 nanoparticles with 

surfactant concentration (c) FeC. There is no shift in methylene asymmetric (vas 

(CH2) and symmetric (vs (CH2) (2919 cm-1, 2854 cm-1

  

) stretching bands of in the  
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sample.A weak broad absorption peak around 1625 cm-1 could be attributed to that 

of the antisymmetric deformation of the NH3
+ group which may display the 

presence of the protonated amines. 20 This band is superimposed to the broad peak 

at 1648 cm-1 suggesting that the C=C bond is intact in the oleyl groups on the 

surfactant. Importantly, absence of 1710 cm-1 band corresponding to C=O stretch 

bond of the carboxyl group ( of pure oleic acid) and the appearance of two new 

bands characterstics of asymmetric (vas (COO-)) and (vs (COO-)) stretch at 1531 and 

1427 cm-1 (curve a and b) γ-Fe2O3 nanoparticles  confirm the formation of 

deprotonated carboxylate. Interestingly, there is no characterstic peak for 

oleylamine indicating bsence of NH2 bond on the surface of the magnetic 

nanoparticles. 23 The characteristic spinel absorption bands at 636 cm-1 confirm the 

formation of γ-Fe2O3 nanoparticles. 24(a,b) Hence it is observed that in γ-Fe2O3 

nanoparticles (a) FeA and (b) FeB the mechanism of binding is with mixed oleic 

acid and oleylamine surfactants through protonation of amine and deprotonation of 

carboxylate group. In case of FeC the binding is through protonated amine group of 

oleylamine. Figure 3.4 summarises the reaction scheme and adsorption mechanism. 

 

3.I.3-1   Phase transfer of Hydrophobic γ-Fe2O3 nanoparticle of molar ratio     

             1:1 of Oa:Oam  

 

The FeA nanoparticle was successully phase transferred using TMAOH and 

CTAB.24(c,d) Further through stober process silica coating was done over the surface 

of nanoparticle.24c The FTIR data in figure 3.4 clearly indicates the presence intense 

band at around 1100 cm–1, which arises due to the siloxane bonds in curve (a) and 

(b). The protonated amines (R4N+)  of both CTAB and TMAOH is clearly seen in the 

figure 3.4. Work is in progress for further characterization of water dispersible γ-

Fe2O3 nanoparticle. 
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Figure 3.4: FTIR spectra of  FeA  phase transfered using (a) TMAOH and (b) 

CTAB 
    

                                           

 

 

 

 

 

 

 

 

 

 

 

 

 

         Figure 3.5: XPS spectra  of FeA (a) Fe2p(1/2) (b) Fe2p(3/2) and (c) O1s 
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Figure 3.5 represents X-ray photoelectron spectrum of FeA γ-Fe2O3 nanoparticles. 

Characteristic doublet of Fe2p3/2 and 2p1/2 core-level spectra at 726.3 and 712.74 ev 

respectively show the formation of γ-Fe2O3 phase. Corresponding O(1s) peak at 

532.2 eV and Fe(2p) results are comparable to the reported values of  γ-Fe2O3.
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Figure 3.6 Field-dependent magnetization  of (a) FeA,(b)FeBand(c) FeC 

 

Figure 3.6 illustrates the magnetic properties of the nanoparticles, investigated with 

a quantum design physical property measurement system (PPMS). For the γ-Fe2O3 

nanoparticles , the magnetization does not saturate, even for the applied field of 20 

kOe and no hysteresis is observed. The M-H characterstics are typical of 

superparamagnetic behavior for all the magnetic nanoparticles (see inset figure 3.6). 

The estimates of the room-temperature saturation magnetization (Ms) value for 

these samples are obtained by the extrapolation of M versus 1/H curves to the limit 

1/H curves to the limit 1/H→ 0 . The room temperature saturation magnetization 

values obtained are 34.5 emu/g, 6.65 emu/g and 49 emu/g respectively for FeA, FeB 

and FeC nanoparticles. The saturation magnetization values of these nanoparticls is 

less than the bulk values (80-85 emu/g) of γ-Fe2O3. A substantial decrease in the 

saturation magnetization value is attributed to the reduced particle size and to the 

existence of organic coating on the surface of nanocrystals. 26 The possible 

explanation could be due to the strong pinning of surface spins resulting in reduced 

exchange interactions. 
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SECTION II:  Tuning Surface Functionalities of Superparamagnetic  γ-Fe2O3  

nanoparticles in view of Biomedical applications 

 

 In the present section, we report a one pot reaction to achieve water dispersible γ-

Fe2O3 nanoparticles. In one pot reaction, NMP is chosen as both solvent and 

surfactant due to its coordination capacity with oxide and high boiling point. The 

nanoparticle were systematically functionalized by utilizing different surfactants as 

mentioned in Table 3.2. The amine functionalized magnetic nanoparticles enable 

covalent conjugation of fluorescein dye FITC by a modified protocol.  27 

 

  

 

We first prepared APTES-FITC, its –COOH group was subsequently amide bonded 

with free amine group in Fe-AM under basic condition using coupling agent EDC 

and NHS. 

 

Table 3.2 Sample code, surfactant , TEM particle size and XRD crystallite size 

 

 

 

 

 

 

3-I.1  RESULTS AND DISCUSSION 
 
Figure 3.7 shows the representative TEM images of γ-Fe2O3 nanoparticles synthesized 

by different surfactants. Analysis of TEM micrographs clearly indicate the formation of 

monodispersed spherical nanoparticles for FeAM. Whereas Fe-NMP, Fe-PEG, and Fe-

APT show the formation of irregular shaped particles. Particle size distribution anaylsis 

shows narrow size distribution for Fe-AM with mean particle size of 4 ± 0.2 nm. On the 

other hand Fe-NMP, Fe-PEG, and Fe-APT show wide particle size distribution. The 

lattic fringe analysis of Fe-APT and Fe-AM sample is included as the inset in figure 3.1 

(c) and (d) respectively with d-spacing . 

 

Sample code 
 

Surfactant 
 

TEM particle size 
(±0.2nm) 

XRD crystallite 
size (±0.5nm) 

Fe-NMP NMP 9 9 

Fe-PEG PEG 8 8 

Fe-APT APTES 5 5 

Fe-AM 11-AM 4 4 
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Figure 3.7: TEM images of  (a) Fe-NMP, (b) Fe-PEG, (c) Fe-APT and  (d) Fe-

AM. Insets (c) and (d) corresponds to lattice fringes from HRTEM analysis   
 
 

Figure 3.8 show powder x-ray diffraction patterns of γ-Fe2O3 nanoparticles. The XRD 

peak positions and relative intensities matches well with the JCPDS standard [39-

1346]. The average crystallite sizes were calculated using scherrer formula. XRD 

crystallite sizes and TEM particle sizes are shown in Table 3.2 for comparsion. 



36 

 

20 30 40 50 60 70 80

 In
te

ns
ity

 (a
.u

)

 

 

42
2

 (a)
 (b)
 (c)
 (d)

44
0

51
1

40
0

22
0

31
1

2θ(degrees)

 
Figure 3.8: XRD pattern of  (a) Fe-NMP  (b) Fe-PEG,  (c) Fe-APT and  (d) Fe-

AM 

 

 
Schemel 1 : Reaction scheme and adsorption mechanism of NMP over surface of  

Fe-NMP 
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                Figure 3.9: FTIR spectra of  (a) Fe-NMP and  (b) NMP 

 

Figure 3.9 illustrates the FTIR spectra of the γ-Fe2O3 nanoparticles with both NMP 

as solvent and surfactant. FTIR spectra of Fe-NMP is composed with NMP 

vibrational bands. The FTIR measurements clearly reveal that the vibrational band 

of Carbonyl (C=O) shifts from 1679 cm- to 1655 cm-1, indicating that the O from 

C=O coordinates on the surface of γ-Fe2O3 nanoparticles. A characteristic peak at 

around 588 cm-1 clearly indicates the formation of γ-Fe2O3. To understand further 

the adsorption of NMP over surface of the particle, TGA shown in figure 3.10 was 

analysed to calculate the thickness of the adsorped NMP which approximates to 

1.39 nm and 9.1x10-5 NMP molecules per nanoparticle. The mass loss of 9% NMP 

bound to the surface of nanoparticle is attributed between 245ºC to 395ºC . Scheme 

1 summarises the reaction scheme and adsorption mechanism. 
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                                              Figure 3.10: TGA  of Fe-NMP 

 

 

 
Scheme 2 : Reaction scheme and adsorption mechanism of PEG over surface of  

Fe-PEG 
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                        Figure 3.11: FTIR spectra of (a) PEG and (b) Fe-PEG 

 

PEG covered γ-Fe2O3 nanoparticle has the advantage to inhibit the plasma coating 

and escape from the reticular-endothelial system (RES), like macrophage cells for 

longer circulation times in vivo application.28(a,b,c) Hence we have chosen 

functionalizing the nanoparticle with PEG. FTIR spectra of Fe-PEG is comparaed 

with PEG in figure 3.11. In the case of PEG-wrapped γ-Fe2O3 nanoparticle, the C–

O–C symmetric stretch band at 1115 cm−1 and the vibration band at 1357 cm−1 

(antisymmetric stretch) appeared in the FT-IR spectrum of the nanoparticles after 

surface modification. Similarly, the bands around 2888 and 961 cm−1corresponded 

to –CH stretching vibrations and –CH out-of-plane bending vibrations, respectively. 

The C–O–C, −CH, and −CH peaks were strong evidence that PEG  covered at the 

nanoparticle surface.29,30a To understand further the binding of PEG over surface of 

the particle, TGA shown in figure 3.12 was analysed to calculate the thickness of 

the adsorped PEG which approximates to 1.2 nm with 76 PEG polymer units per 

nanoparticle. The region chosen for PEG loss is from 241ºC to 405ºC attributed to 

mass loss of 11.4% of PEG as reported in similar kind of TGA profile for PEG 

coated ironoxide nanoparticle. 30(b,c)   Scheme 2 summarises the reaction scheme and 

adsorption mechanism. 
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                                             Figure 3.12: TGA of  Fe-PEG 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 3.13: XPS spectra  of Fe-PEG (a) Fe2p(1/2) (b) Fe2p(3/2) and (c) O1s 
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   In order to further confirm the surface coordination and phase, x-ray 

photoelectronspecroscopy (XPS) analysis was performed. Figure 3.13 represents 

X-ray photoelectron spectrum of FeA γ-Fe2O3 nanoparticle. Characteristic doublet 

of Fe2p3/2 and 2p1/2 core-level spectra at 728.5 and 715 ev respectively show the 

formation of γ-Fe2O3 phase. Corresponding O(1s) peak at 534 eV and Fe(2p) 

results are comparable to the reported values of  γ-Fe2O3.

 

Scheme 3 : Reaction scheme and adsorption mechanism of APTES over surface 

of  Fe-APT 

25 
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                     Figure 3.14: FTIR spectra of (a) APTES and  (b) Fe-APT 

 

In general, for biomedical applications of the magnetic nanoparticles, the surface 

has to be modified with amines, carboxyl etc. groups which enables covalent 

modification of the particle surface. Figure 3.14 clearly illustrates the capping of 

APTES on the surface of nanoparticle as indicated by presence of the intense band 

at 1100 cm–1, which arises due to the siloxane bonds in curve (a) and (b). A weak 

broad absorption peak around 1642 cm-1 could be attributed to that of the 

antisymmetric deformation of the NH3
+ group which may display the presence of 

the protonated amines. 20a This protonated amines is present in surface of particle as 

indicated by figure 3.15 of zeta potential measurement with zeta potential of 37.8 

mv. This possibly indicates that inially NH2 group of APTES attach to the surface 

of nanoparticle subsequently there is condensation with another APTES molecule 

leading to protonated amine supported by FTIR data and positve zeta potential. 

Scheme 3 summarises the reaction scheme and adsorption mechanism. 
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                                Figure 3.15: Zeta Potential of Fe-APT 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16: Field-dependent magnetization behavior of  (a) Fe-NMP, (b) Fe-

PEG and  (c) Fe-APT 

 

Figure 3.16 illustrates the magnetic properties of the nanoparticles, investigated 

with a quantum design physical property measurement system (PPMS). For the γ-

Fe2O3 nanoparticles , the magnetization does not saturate, even for the applied field 

of 20 kOe and no hysteresis is observed. The M-H characterstics are typical of 

superparamagnetic behavior for all the magnetic nanoparticles (see inset in figure 

3.16). The estimates of the room-temperature saturation magnetization (Ms) value 

for these samples are obtained by the extrapolation of M versus 1/H curves to the 
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limit 1/H curves to the limit 1/H → 0 . The room temperature saturation 

magnetization values obtained are 47.16 emu/g, 39.8 emu/g and 20.19.65 

respectively for Fe-NMP, Fe-PEG and Fe-APT nanoparticles. The saturation 

magnetization of these nanoparticls is less than the bulk values (80-85 emu/g) of γ-

Fe2O3. A substantial decrease in the saturation magnetization value is attributed to 

the reduced particle size and due to the existence of pinned surface spins. 26

 
 

 

Scheme 4 : Reaction scheme and adsorption mechanism of 11-AM over surface of  

Fe-AM 
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                       Figure 3.17: FTIR spectra of (a) 11-AM and (b) Fe-AM 

 

Figure 3.17 clearly indicates the capping of 11-aminodecanioc acid on the surface 

of nanoparticle. . The peak at 1712 cm-1, which is typical of the C=O stretch mode 

of the COOH group and the 3344 cm-1

 
                            Figure 3.18: Zeta Potential of Fe-AM 

 symmetric stretching mode corresponding to 

the N-H stretch of NH2 group are absent in curve (a) and (b) suggesting that the 

there is carboxylate anion and protonated amine. The carboxylatate anion binds to 

the surface of the nanoparticle and protonated amine hang on the surface as 

indicated by positve zeta potential of 9.15 mv in figure 3.18. Scheme 4 summarises 

the reaction scheme and adsorption mechanism.  
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Scheme 5 : Reaction scheme for attachment of APTES-FITC with the surface of  

Fe-AM. 
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Figure 3.19: FTIR spectra of (a) FITC, (b) Attached APTES-FITC to Fe-AM and 

(c) APTES 
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Figure 3.19 clearly indicate the attachment of APTES-FITC to free amine group of 

γ-Fe2O3 nanoparticles through amide bond.  The presence of the intense band at 

1100 cm–1
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, which arises due to the siloxane bonds in curve (b) and (c).  

 
Figure 3.20: UV-VIS spectra of (a) FITC, (b) APTES-FITC, (c) Attached APTES-

FITC to Fe-AM and (d) Fe-AM. Inset showing the absorption maximum of  (c) 
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       Figure 3.21: Photoluminescence (PL) spectra of Attached FITC to Fe-AM 
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The appearance of  peak around 1630-1695 cm-1 corresponds to stretching vibration 

of C=O and 1590-1650 cm-1 corresponds to bending vibration of NH(Primary-

amide), which is typically indicates the presence of amide bond, hence the 

attachment of APTES-FITC to surface of nanoparticle.31  

 

Further UV-Visible spectra of figure 3.20 indicates the appearance of λmax at 508 

nm in attached APTES-FITC to amine functionalized γ-Fe2O3 nanoparticles which 

is close to λmax at 501 nm of APTES-FITC in curve (b). The PL spectra as shown 

in figure 3.21 indicates the attached APTES-FITC to γ-Fe2O3 nanoparticles capped 

with 11-aminodecanoic acid shows fluorescence at 524 nm from the excitation 

wavelength at 488 nm. 24d,32 Scheme 5 summarises the reaction scheme and possible 

mechanism.  

 

The present investigtions is in progress for encapsulating this fluoresscent magnetic 

nanoparticle in silica shells to provide a protective, biocompatible, inert, and 

hydrophillic surface with excellent anchoring points for derivatizing molecules.33,34 

Moreover, incorporation of chromophores in the silica shell provides magnetic and 

luminescent core/shell nanocomposites with applications as contrast agents for 

molecular imaging.35,36 
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3-III CONLUSIONS 

 

In summary, this work demonstrates a simple strategy to achieve nearly 

monodispersed tunable surface functionalized γ-Fe2O3 nanoparticles by a modified 

thermal decompositon method utilizing a strong polar organic solvent, N methyl 2-

Pyrrolidone (NMP) at much lower temperature 200ºC.  The nearly monodispersed 

and spherical hydrophobic γ-Fe2O3 nanoparticles synthesized with equimolar ratio 

of oleic acid and oleyl amine can also be transferred  to water and coated with silica 

shell, the characterization of these silica coated magnetic nanoparticle is in 

progress. As a result, we suggest that they are appropriate for biomedical 

applications, such as contrast agents for magnetic resonance imaging and drug 

delivery. We successfully presented a one step simple strategy to obtain water 

dispersible nearly monodispersed γ-Fe2O3 nanoparticles with surface functionalities 

utilizing NMP, Polyethylene glycol (PEG) of Mn 10,000, 3-Amino propyl Triethyl 

silicate (APTES) and 11-Aminodecanoic acid. The nearly monodispersed and 

spherical amine functionalized γ-Fe2O3 nanoparticle was further decorated with 

fluorescent FITC molecule to obtain stable water dispersible fluorescent magnetic 

nanoparticles, which can be further exploited for potential biomedical applications. 

The work in this direction is in progress.  
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