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Chapter 1  1 

CHAPTER 1 

1 INTRODUCTION 

1.1 Material Science 

The Science of Materials is a modern introduction to the structures and 

properties of solids.  Materials science [1,2] is the multidisciplinary field related to the 

studies on different aspects of materials. Materials science in a primitive form is one 

of the oldest forms of engineering and applied science. It is closely related to applied 

physics, chemistry and chemical engineering, biology and bioengineering, electrical 

engineering, civil engineering and mechanical engineering. In other terms, materials 

science is defined as the one which is concerned with the relation of composition, 

structure, and processing of materials to their properties. With significant media 

attention to nanoscience and nanotechnology in the recent years, materials science has 

been propelled to the forefront of research activities. We have just begun to see the 

impact of the materials revolution.  Materials science involves the preparation and 

characterization of materials to ensure that they have the properties required for a 

particular application. The central concept of materials science is relating the 

microstructure of a material to the properties one wants it to have. By working with 

the microstructure, one can tailor the central properties of that material. Materials 

scientists are generally employed by industry or in laboratories where the focus is on 

developing product-related technologies. Classes of materials include plastics, glass, 

ceramics, metals, and semiconductors. Key properties of materials include their 

mechanical behavior, electrical, magnetic optical and thermal characteristics, 

chemical stability and other physical properties such as density and grain structure. 

Other applications of materials science include studies of superconducting materials 

[3], graphite materials [4], integrated-circuit chips [5], and fuel cells [6]. 

1.2 Nanomaterials 

Good things come in small packages. A nanomaterial is one such thing. 

During the past decade, naonomaterials have attracted enormous interest of the 

research community worldwide. These materials, notable for their extremely small 

size, have the potential for wide-ranging industrial, biomedical and technological 

applications. Nanomaterials [7,8] can be metals, ceramics, polymeric materials or 
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composite materials. Their defining characteristic is a very small feature size in the 

range of 1-100 nanometers (nm). Nanoscience has become the focus of modern 

materials science because of the potential technological importance, which stems 

from the unique physical properties of nanomaterials [9].  At the nano level, some 

material properties are affected by the laws of atomic physics, rather than behaving as 

traditional bulk material properties. Because of the small dimensions, the 

nanomaterials posses exotic electronic, magnetic and optical properties, high chemical 

reactivity, extremely high surface/volume ratio. The spectrum of nanomaterial ranges 

from inorganic or organic, crystalline or amorphous particles, which can be found 

single particles, aggregates, powders or dispersed in a matrix, over colloids, 

suspensions and emulsions, nanolayers and films, up to the class of fullerenes and 

their derivatives. Also supramolecular structures such as dedrimers, micelles or 

liposomes belong to the field of nanomaterials.  

Nanomaterials have recently become one of the most active research fields in 

the areas of material science. The study of nanomaterials is one field with the earliest 

starting that obtained rich achievements in nanoscience and nanotechnology. 

Nanomaterials play a very important supporting role for applications of nanoscience 

and nanotechnology in the field of fabrication, such as information storage and 

technology, energy sources, environment, health and medical treatments. 

1.3 Magnetic Nanomaterials 

The unique properties of magnetic nanomaterials and structures on the 

nanometer scale have sparked the attention of materials developers [10,11]. 

Nanomagnetic materials [12] are made of particles with sizes going from a few 

nanometers to a few hundred nanometers.  Nanosized magnetic materials offer 

potential applications including information storage [13], color imaging, 

bioprocessing [14], magnetic refrigeration [15] and ferrofluids [16]. Many migratory 

animals and some microbes possess magnetic nanoparticles in their body that are 

utilized as a natural biomagnetic compass [17]. For example, salmon fish have a 

series of magnetic nanoparticles in the nasal capsules of their forehead, which are 

believed to respond to the geomagnetic field of the earth and help them reach their 

homes after journeys that can last tens of thousands of kilometres for three to four 
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years. Researchers have developed artificial magnetic nanoparticles through soft 

chemical routes [18]. 

1.3.1 Classification of Magnetic Nanomaterials 

Magnetic nanomaterials can be categorized in to various types [19]. A broad 

classification of nanomagnetic materials may be made as particulate nanomagnets, 

geometrical nanomagnets and layered nanomagnets. 

 Particulate nanomagnets: granular solids where one or more phases are 

magnetic nanograined layers grown on columnar films; quasi granular film 

made by heat treating multi layers of immiscible solids 

 Geometrical nanomagnets: columnar films or nanowires ; needle shaped 

particles in a matrix. 

 Layered nanomagnets: multilayers with metallic and/or other nanometer- thick 

films on a supporting substrate. 

 

Figure 1.1. Schematic representation of the different types of magnetic 

nanostructures. Type-A materials include the ideal ultrafine particle system, with 

interparticle spacing large enough to approximate the particles as noninteracting. 

Type-B materials are ultrafine particles with a core-shell morphology. Type-C 

nanocomposites are composed of small magnetic particles embedded in a 

nonmagnetic matrix. Type-D materials consist of small crystallites dispersed in a 

noncrystalline matrix [21].  
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D. Givord [20] explicates that magnetic nanomaterials fall in to two categories 

(a) Systems with nanometric dimensions (b) Systems with macroscopic dimensions, 

but made up of crystallites with nanometric dimensions. Again Pelecky et.al [21] 

defines a classification designed to emphasize the physical mechanisms responsible 

for the magnetic behavior as shown in Figure 1.1. 

1.4 Overview of Magnetism 

Magnetism [22] has been studied since the sixth century BC [23]. When the 

Greek philosopher Thales of Miletus noted the attraction of iron to lodestone; it is also 

at the vanguard of modern innovations in nanotechnology. The real birth of modern 

magnetism is in 1819 when Hans Christian Oersted discovered that an electric current 

produces a magnetic field.  In magnetic materials [24], the most important sources of 

magnetization are the electron’s orbital angular motion around the nucleus and the 

electron’s intrinsic magnetic moment. Five basic types of magnetism [25,26] have 

been observed, and classified on the basis of the magnetic behavior of materials in 

response to magnetic fields at different temperatures. These types of magnetism [27] 

are: paramagnetism diamagnetism, ferromagnetism, ferrimagnetism and 

antiferromagnetism. 

1.4.1 Diamagnetism 

Diamagnetism results from the fundamental principle of electromagnetism, 

known as Lenz’s law, which states that when a conducting loop is acted upon by an 

applied magnetic field, a current is induced in the loop that counteracts the change in 

the field. Diamagnetism can be modeled as if the orbits of the electrons were the 

current loop. The induced moment is small and opposite to the field when such a 

material experiences an applied field. A diamagnetic material has the magnetic 

susceptibility < 0, with typical values of the order of 10
-5

 to 10
-6

. 

1.4.2 Paramagnetism 

Paramagnetism is a form of magnetism which occurs only in the presence of 

an externally applied magnetic field. Paramagnetic materials are attracted to magnetic 

fields; hence have a relative magnetic susceptibility of > 0. In 1895, the French 



 

Chapter 1  5 

Physicist Pierre Curie first reported about the variation of paramagnetic 

susceptibilities with temperature. He stated that, mass susceptibility of a paramagnetic 

substance varies inversely with the absolute temperature and this is mathematically 

given by 

𝜒 =  
𝐶

𝑇
        (1.1) 

This equation is known as Curie's law, where C is the Curie constant. In this theory, it 

is assumed that individual magnetic moments do not interact with each other, but 

acted only by the applied magnetic field and thermal agitation.  

 

Figure 1.2. (a) Alignment of magnetic moments in different magnetic materials and 

(b) variation of the inverse susceptibility with temperature of para-, antiferro, ferro- 

and ferri-magnetic materials. 

1.4.3 Ferromagnetism 

Ferromagnetic materials exhibit a long-range ordering phenomenon at the 

atomic level which causes the adjacent magnetic moments to line up parallel with 
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each other in a region called a domain [28]. Within the domain, the magnetic field is 

intense, but in a bulk sample the material will usually be unmagnetized because the 

many domains will themselves be randomly oriented with respect to one another. 

Ferromagnetism is exhibited by certain metals, alloys, and compounds of the 

transition metal ions, rare earth elements in which, below a certain temperature called 

the Curie temperature, TC, the magnetic moments prefer to align in a common 

direction.  Ferromagnetic materials behave like paramagnets above the TC. In Curie’s 

law, it is assumed that individual magnetic moments do not interact with each other, 

but acted only by the applied magnetic field and thermal agitation. In 1907, Weiss 

modified this law by employing the idea of a molecular field `Hm'. This term is the 

internal field inside a material and acted in addition to the applied field H. Thus 

𝐻𝑚 =  𝛾𝑀      (1.2) 

where γ is the molecular field constant. Therefore, the total field in the material  

𝐻𝑡  = 𝐻 + 𝐻𝑚                    (1.3) 

Solving these equations and Curie’s law, Weiss postulated that 

𝜒 =  
𝑀

𝜌𝐻
=  

𝐶

𝑇−𝜌𝐶𝛾
=  

𝐶

𝑇−𝜃
    (1.4) 

This equation is known as the Curie-Weiss law, where θ is a measure of the strength 

of the magnetic interactions. For substances obeying Curie's law, θ =𝛾= 0. The 

alignment of magnetic moments and the variation of the ferromagnetic susceptibility 

with temperature are shown in Figure 1.2. 

1.4.4 Antiferromagnetism 

In antiferromagnetic materials the magnetic moments on the adjacent atoms 

align in opposite directions to each other, thereby leading to a net zero magnetic 

moment associated with the bulk material. They have small positive susceptibility at 

all temperatures, but their susceptibilities vary in a peculiar way with temperature. 

The theory of antiferromagnetism was developed by Neel [29]. Below a characteristic 

temperature, called as Neel temperature, TN, the two sublattices undergo spontaneous 

magnetic ordering as in case of ferromagnetic materials, but the net magnetization is 
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zero because of the opposing directions of the sublattices magnetizations. Under the 

influence of an externally applied magnetic field, a small net magnetization can be 

detected. Above the Neel temperature, antiferromagnetic materials behave like 

paramagnets. The alignment of the magnetic moments and the temperature variation 

of susceptibility of an antiferromagnetic material are shown in Figure 1.2. 

1.4.5  Ferrimagnetism 

Ferrimagnetism is a phenomenon in which there is partial cancellation of the 

adjacent magnetic moments. Ferrimagnetism is also called as uncompensated 

antiferromagnetism. Ferrimagnetic materials behave like paramagnetic materials 

above TC and can retain spontaneous magnetization below the Curie temperature like 

ferromagnetic materials. The general theory of ferrimagnetism was developed by 

Neel. The uncompensated sublattice magnetization give way to have ferrimagnetic 

materials with different magnetic characteristics. The temperature dependencies of 

magnetic moments on the two sublattices are different. So, the magnetization may 

even change sign with changing temperature. The temperature, at which the sublattice 

magnetizations just cancel, is called Tcomp 

1.4.6 Magnetic Anisotropy 

The magnetic properties of materials are strongly affected by one important 

property, called as magnetic anisotropy. This term simply means that the magnetic 

properties depend on the directions in which they are measured. There are several 

kinds of magnetic anisotropy such as, crystal anisotropy, shape anisotropy, stress 

anisotropy and exchange anisotropy. Anisotropy can also be induced by magnetic 

annealing, plastic deformation etc. Of these, the crystal anisotropy is intrinsic to the 

material. In crystalline materials the preferred directions of magnetization are called 

as magnetic easy axis or preferred axis. Because the applied magnetic field must do 

work against the anisotropy force to turn the magnetization away from the easy 

direction, there must be an energy stored in any crystal in the magnetization points in 

a non-easy direction. The anisotropy energy is defined as the amount of energy 

required to rotate the magnetization from a preferred or “easy" direction to a so called 

“hard" direction. In other words, crystal anisotropy can be regarded as a force which 

tends to bind the magnetization to directions of certain forms in the crystal [30]. In a 
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cubic crystal, if magnetization, Ms, makes angles a, b, c with the crystal axes, and α1, 

α2 and α3 be the cosines of these angles then, the anisotropy energy E, is given by, 

𝐸 =  𝐾0 + 𝐾1 𝛼1
2𝛼2

2 + 𝛼2
2𝛼3

2 + 𝛼3
2𝛼1

2 +  𝐾2 𝛼1
2𝛼2

2𝛼3
2 +  …. (1.5) 

where K0, K1, K2,.. are constants for a particular material and are expressed in 

erg/cm
3
. For example, here are magnetization curves for magnetite. 

 

Figure 1.3. Magnetisation curves for magnetite along hard and easy directions [30] 

Depending on the crystallographic orientation of the sample in the magnetic field, the 

magnetization reaches saturation in different fields. 

In magnetite, above 130 K, 

<111>  is the easy direction of magnetization 

<100>  is the hard direction of magnetization 

<110>  is the intermediate direction of magnetization. 
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For a sphere of magnetite, there will be six easy directions of magnetization 

corresponding to the three [111] axes. Magnetocrystalline anisotropy is the energy 

necessary to deflect the magnetic moment in a single crystal from the easy to the hard 

direction. The easy and hard directions arise from the interaction of the spin magnetic 

moment with the crystal lattice (spin-orbit coupling). In cubic crystals, like magnetite, 

the magnetocrystalline anisotropy energy is given by a series expansion in terms of 

the angles between the direction of magnetization and the cube axes. It is sufficient to 

represent the anisotropy energy in an arbitrary direction by just the first two terms in 

the series expansion. These two terms each have an empirical constant associated with 

them called the first- and second order anisotropy constants, or K1 and K2, 

respectively. At 300 K, K1 = -1.35x10
5
 ergs/cm

3
 K2 = -0.44 x10

5
 ergs/cm

3
. Magnetic 

anisotropy strongly affects the shape of hysteresis loops and controls the coercivity 

and remanence. Anisotropy is also of considerable practical importance because it is 

exploited in the design of most magnetic materials of commercial importance. 

1.4.7  Magnetic Domains 

In order to explain the fact that ferromagnetic materials with spontaneous 

magnetisation could exist in the demagnetised state Weiss proposed the concept of 

magnetic domains. Weiss built the theory based on the earlier work carried out by 

Ampère, Weber and Ewing suggesting the existence of domains. The findings of this 

work revealed that within a domain large numbers of atomic moments are 

aligned, typically 10
12

-10
18

, over a much larger volume than was previously 

suspected. The magnetisation within the domain is saturated and will always lie in the 

easy direction of magnetisation when there is no externally applied field. The 

direction of the domain alignment across a large volume of material is more or less 

random and hence the magnetisation of a specimen can be zero. 

Magnetic domains [31,32] exist in order to reduce the energy of the system. A 

uniformly magnetised specimen as shown in Figure 1.4(a) has a large magnetostatic 

energy associated with it. This is the result of the presence of magnetic free poles at 

the surface of the specimen generating a demagnetising field, Hd. From the 

convention adopted for the definition of the magnetic moment for a magnetic dipole, 

the magnetisation within the specimen points from the South Pole to the north pole, 

while the direction of the magnetic field points from north to south. Therefore, the 
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demagnetising field is in opposition to the magnetisation of the specimen. The 

magnitude of Hd is dependent on the geometry and magnetisation of the specimen. In 

general, if the sample has a high length to diameter ratio (and is magnetised in the 

long axis) then the demagnetising field and the magnetostatic energy will be low. 

The breakup of the magnetisation into two domains as illustrated in Figure 1.4 

(b) reduces the magnetostatic energy by half. In fact if the magnet breaks down into N 

domains then the magnetostatic energy is reduced by a factor of 1/N, hence Figure 1.4 

(c) has a quarter of the magnetostatic energy of Figure 1.4(a). Figure 1.4 (d) shows a 

closed domain structure where the magnetostatic energy is zero, however, this is only 

possible for materials that do not have a strong uniaxial anisotropy, and the 

neighbouring domains do not have to be at 180º to each other. 

 

(a) 

 

(b) 

 

(c) 

 

 

 

(d) 

 

Figure 1.4.  Schematic illustration of the breakup of magnetisation into 

domains (a) single domain, (b) two domains, (c) four domains and (d) closure 

domains. 

The introduction of a domain raises the overall energy of the system, therefore 

the division into domains only continues while the reduction in magnetostatic energy 

is greater than the energy required to form the domain wall. The energy associated a 

domain wall is proportional to its area. The schematic representation of the domain 
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wall, shown in Figure 1.5, illustrates that the dipole moments of the atoms within the 

wall are not pointing in the easy direction of magnetisation and hence are in a higher 

energy state. In addition, the atomic dipoles within the wall are not at 180º to each 

other and so the exchange energy is also raised within the wall. Therefore, the domain 

wall energy is an intrinsic property of a material depending on the degree of 

magnetocrystalline anisotropy and the strength of the exchange interaction between 

neighbouring atoms. The thickness of the wall will also vary in relation to these 

parameters, as strong magnetocrystalline anisotropy will favour a narrow wall, 

whereas a strong exchange interaction will favour a wider wall. 

 

 

Figure 1.5. Schematic representation of a 180º domain wall. 

A minimum energy can therefore be achieved with a specific number of 

domains within a specimen. This number of domains will depend on the size and 

shape of the sample (which will affect the magnetostatic energy) and the intrinsic 

magnetic properties of the material (which will affect the magnetostatic energy and 

the domain wall energy). There are many ways to observe magnetic domains. Each 

method has a different application because not all domains are the same. In condensed 

matter, domains can be circular, square, irregular, elongated, and striped, all of which 

have varied sizes and dimensions. Previous reviews and overviews on domain 

observation techniques can be found in the literature [33,34,35]. 
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1.4.8  Magnetic Hysteresis 

Understanding magnetic hysteresis is vitally important to the development of 

the science of magnetism as a whole and to the advancement of practical magnetic 

device applications. The basic magnetization process in ferromagnetic materials is 

shown in Figure 1.6. For a ferromagnetic material, the field dependence of 

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

constant and reaches a saturation value called as Ms. However, once saturated, the 

reversal of magnetic field to zero does not bring the magnetization M, to zero. It still 

possesses a finite magnetization called as remnant magnetization (MR). In order to 

bring the remnant magnetization to zero, a reverse field is required. The magnitude of 

this field is called coercivity (Hc). The M-H curve in the case of ferro/ferrimagnetic 

materials is called as hysteresis loop. The value of Ms, MR and Hc determine the 

magnetic nature of the material. The hysteresis loop represents the energy loss during 

the process of magnetization and demagnetization. During one complete cycle, this 

amount of energy (the hysteresis loss) is proportional to the area inside the loop. 

 

Figure 1.6. Magnetization process in ferromagnetic materials. 
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Figure 1.7. In nanometer scale, parameters such as size, shape, composition, and 

magnetocrystalline anisotropy strongly affect the magnetism (e.g., coercivity, 

saturation magnetization, remanence) of nanoparticles [17]. 

 

1.5 Magnetism in Nanoparticles 

Many new interesting phenomena were observed in magnetic nanoparticles 

from their bulk counterparts. The fundamental magnetic properties such as coercivity 

(Hc) and susceptibility (χ) are no longer permanent material characteristics and are 

susceptible to variations in their size, shape, and composition are shown in Figure 1.7. 

When the particle size of a magnetic material is reduced below a critical size limit, the 

thermal energy is not sufficient to overcome the coupling forces between the atoms, 

but is sufficient to change the direction of magnetization of the entire particle. This 

results in a fluctuating magnetization causing the magnetic moments to average to 

zero. Thus the material behaves in a similar manner to paramagnetism, except that 

instead of each individual atom being independently influenced by an external 

magnetic field, the moment of the entire particle is aligned with the field. These 

particles are called superparamagnetic particles. Superparamagnetism occurs when 

the particle size is generally in between 1-10 nm. Two key issues dominate the 

magnetic properties of nanoparticles, i.e., finite-size effects and surface effects. 

Finite-size effects result from the quantum confinement of the electrons, whereas 

typical surface effects are related to the symmetry breaking of the crystal structure at 

the boundary of each particle. 
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1.5.1 Finite Size effect 

The two most studied finite-size effects in nanoparticles are the single domain 

limit and the superparamagnetic limit. Large magnetic particles are composed of 

multidomain [21,36], where regions of uniform magnetization are separated by 

domain walls in order to reduce the magnetostatic energy. The formation of the 

domain walls is a process driven by the balance between the magnetostatic energy 

(∆EMS) which increases proportionally to the volume of the materials and the domain-

wall energy (Edw), which increases proportionally to the interfacial area between 

domains. If the sample size is reduced, there is a critical volume below which it costs 

more energy to create a domain wall than to support the external magnetostatic energy 

of the single-domain state. This critical diameter typically lies in the range of a few 

tens of nanometers and depends on the material. It is influenced by the contribution 

from various anisotropy energy terms. The critical diameter of a spherical particle, 

Dc, below which it exists in a single-domain state is reached when ∆EMS = Edw, which 

implies 

𝐷𝑐 ≈ 18
 𝐴𝐾𝑒𝑓𝑓

𝜇𝑜𝑀2       (1.6) 

where, A is the exchange constant, Keff is anisotropy constant, µo is the vacuum 

permeability, and M is the saturation magnetization. Typical values of Dc for some 

important spherical magnetic nanoparticles are reported by Xavier Batlle [37].  

A single-domain particle is a uniformly magnetized region with all the 

moments aligned in the same direction. The magnetization will be reversed by spin 

rotation since there are no domain walls to move. This is the reason for the very high 

coercivity observed in small nanoparticles [38]. The dependence of coercivity on 

particle size shows behaviour similar to that schematically illustrated in Figure 1.8. 
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Figure 1.8. Variation of the coercivity of magnetic particles with particle diameter, 

and comparison of magnetization curves of typical ferro, ferri and superparamagnetic 

substances. 

In this single-domain regime, the magnetic coercivity increases as the size of the 

nanoparticle increases with the relationship [39]  

   𝐻𝑐 =  
2𝐾𝑢

𝑀𝑠
[1 − 5(

𝑘𝑇

𝐾𝑢𝑉
1
2

]     (1.7) 

where Ms is the saturation magnetization, Ku is the anisotropy constant and V is the 

volume of the particles. Above the critical size (D > Dc), multidomain magnetism 

begins in which a smaller reversal magnetic field is required to make the net 

magnetization zero. Another source for the high coercivity in a system of small 

particles is the shape anisotropy.  

Saturation magnetization of nanoparticles is also strongly dependent on their 

size. Magnetic materials possess magnetically disordered spin glass [40] like layers 

near the surface due to the reduced spin–spin exchange coupling energy at the surface 

are schematically shown in Figure 1.9. In bulk material, the disordered surface layer is 

minimum as compared to the total volume of the material, such surface spin canting 

effects are negligible in case of bulk magnetic materials. For magnetic nanomaterial 

the surface canting effects play marked role in the saturation magnetization value 

(Ms), depicted as  

  𝑀𝑠 = 𝑀𝑠 𝑏𝑢𝑙𝑘 [
 𝑟−𝑑 

𝑟
]3                                               (1.8) 



 

Chapter 1  16 

where r is the size, Ms(bulk) is the saturation magnetization of bulk materials, and d is 

the thickness of disordered surface layer [41,42]. For very small nanoparticles less 

than ∼5 nm, such size effect on Ms is more noticeable, since internal spins of the 

nanoparticle also start to be canted as well as the surface spins due to increased 

interactions between the surface and internal spins [43].  Such size effects on 

magnetization have been well demonstrated in the case of magnetism-engineered iron 

oxide, Fe3O4, nanoparticles. As the size of magnetically engineered iron oxide 

nanoparticles increases from 4 to 6, 9, and 12 nm, the mass magnetization values 

change from 25 to 43, 80, and 101 emu/(g Fe), respectively as pointed out in Figure 

1.9. This result shows a linear relationship upon the plotting of Ms 
1/3

 vs r
-1

 as 

predicted in equation 1.8 

 

 

 

 

Figure 1.9. Size dependent saturation magnetisation value of magnetite nanoparticles 

and pictorial illustration of surface spin canting effect of nanoparticles [17]. 

The second important phenomenon is superparamagnetic limit which takes 

place in magnetic nanoparticles. The superparamagnetism can be understood by 

considering the behaviour of a well-isolated single-domain particle. The magnetic 

anisotropy energy per particle which is responsible for holding the magnetic moments 

along a certain direction can be expressed as follows 

𝐸 𝜃 = 𝐾𝑒𝑓𝑓𝑉 sin2 𝜃      (1.9) 

where V is the particle volume, Keff anisotropy constant and θ is the angle between the 

magnetization and the easy axis. The energy barrier KeffV separates the two 

energetically equivalent easy directions of magnetization. With decreasing particle 
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size, the thermal energy, kT, exceeds the energy barrier KeffV and the magnetization 

is easily flipped and is schematically shown in Figure 1.10.  

For kT>KeffV the system behaves like a paramagnet, instead of atomic magnetic 

moments, there is now a giant magnetic moment inside each particle This system is 

named as superparamagnet. Such a system has no hysteresis and the data of different 

temperatures superimpose onto a universal curve of M versus H/T. 

 

Figure 1.10. Energy diagram of magnetic nanoparticles 

Cooling of a superparamagnetic particle reduces the energy of thermal 

fluctuations, and, at a certain temperature, the free movement of magnetization 

becomes blocked by anisotropy. The temperature of the transition from the 

superparamagnetic to the ferromagnetic state is called the blocking temperature (TB). 

The blocking temperature is related to the particle volume and the anisotropy 

constant. The latter can be calculated as  

𝑇𝐵 =  
𝐾𝑒𝑓𝑓 𝑉

25 𝑘𝐵
        (1.10) 

The blocking temperature depends on the effective anisotropy constant, the 

size of the particles, the applied magnetic field, and the experimental measuring time. 

Such size-dependent magnetism changes has been observed in γ-Fe2O3 [44] and 

cobalt nanoparticles [45]. γ-Fe2O3 nanoparticles of 55 nm exhibit ferrimagnetic 

behavior with a coercivity of 52 Oe at 300 K, but smaller 12 nm sized γ-Fe2O3 

nanoparticles show superparamagnetism with no hysteresis behavior. For cobalt 

nanoparticles, ferromagnetic to superparamagnetic transitions occur at much lower 
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temperatures of 10, 20, 100, 180, and 370 K for nanoparticles with sizes of 2, 4, 6, 8, 

and 13 nm, respectively, in comparison to 1394 K for bulk cobalt and is pointed out in 

Figure 1.11. A simple and rapid way to estimate the blocking temperature is provided 

by dc magnetic measurements, in which zero-field-cooled and field-cooled procedures 

are employed. The sample is cooled from room temperature in zero magnetic field 

(ZFC) and in a magnetic field (FC). Then a small magnetic field is applied (about 50 

Oe) and the magnetization is recorded on warming. As temperature increases, the 

thermal energy disturbs the system and more moments acquire the energy to be 

aligned with the external field direction. The number of unblocked, aligned moments 

reaches a maximum at TB. Above the blocking temperature the thermal energy is 

strong enough to randomize the magnetic moments leading to a decrease in 

magnetization. A distribution of the particle sizes results in a distribution of the 

blocking temperatures. The same trend has been observed in oxide nanoparticles and 

by Zhang and co-workers [46] as shown in Figure 1.12  

 

Figure 1.11. Variation of blocking temperature with respect to particle size in cobalt 

nanoparticles [45]. 
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Figure 1.12. Magnetisation vs temperature of magnesium ferrite and cobalt ferrite 

nanoparticles [46]. 

As shown in Figure 1.13, the curve at room temperature (T > TB) shows 

typical superparamagnetic behavior. But below a certain temperature i.e. blocking 

temperature (TB), the particles do not have enough thermal energy to compete thermal 

equilibrium with the applied field during the time required for the measurement, and 

magnetic hysteresis appears. When small particles are cooled to a particular 

temperature, hysteresis will appear and superparamagnetism disappears, as shown for 

the curve for T < TB. Below blocking temperature magnetization will be stable. 

For superparamagnetic particles, no magnetic hysteresis is observed and a 

reasonable approximation is to regard these as individual spins and the Langevin 

equation [23] maybe applied, which is given by, 

𝑀

𝑀𝑠
= 𝐿 𝛼 =  𝑐𝑜𝑡ℎ𝛼 −  

1

𝛼
      (1.11) 

where 𝛼 =
𝜇𝐻

𝑘𝑇
 and µ is the magnetic moment of the particle and H, the applied 

magnetic field. 
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Figure 1.13. Magnetization curves of superparamagnetic iron oxide nanoparticles 

above and below TB 

1.5.2 Surface Effects 

As the particles size decreases, the surface area is increasing so that a large 

percentage of atoms are exposed to the surface in nanoparticles. Owing to this large 

surface atoms/bulk atoms ratio, the surface spins make an important contribution to 

the magnetization. This local breaking of the symmetry might lead to changes in the 

band structure, lattice constant and atom coordination. Under these conditions, some 

surface and/ or interface related effects occur, such as surface anisotropy and, under 

certain conditions, core–surface exchange anisotropy can occur. 

Surface effects can lead to a decrease of the magnetization of small particles 

with respect to the bulk value. This reduction has been associated with different 

mechanisms, such as the existence of a magnetically dead layer on the particles 

surface, the existence of canted spins, or the existence of a spin-glass-like behavior of 

the surface spins. Recently, Ghosh et al [47] synthesized CoO nanoparticles, which 

shows enhanced magnetic properties with decreasing particle size. Rao et al. [48,49] 

pointed out that magnetism may be a universal character of all inorganic oxide 
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nanoparticles with a high surface-to-volume ratio, although, without more detailed 

explanation. 

Another surface-driven effect is the enhancement of the magnetic anisotropy 

[50,51], Keff, with decreasing particle size.  This anisotropy value can exceed the value 

obtained from the crystalline and shape anisotropy and is assumed to originate from 

the surface anisotropy. In a very simple approximation, the anisotropy energy of a 

spherical particle with diameter D, surface area S, and volume V, may be described 

by one contribution from the bulk and another from the surface: 

                                                  𝐾𝑒𝑓𝑓 =  𝐾𝑣 +
6

𝐷
 𝐾𝑠                                               (1.12) 

where Kv and Ks are the bulk and surface anisotropy energy constants, respectively. 

Bødker et al. [52] have shown that Keff changes when the surfaces are modified or 

adsorb different molecules, which explains very well the contribution of the surface 

anisotropy to Keff. For uncoated antiferromagnetic nanoparticles, weak 

ferromagnetism can occur at low temperatures (Figure 1.14f), which has been 

attributed to the existence of uncompensated surface spins of the antiferromagnet. 

Since this situation effectively corresponds to the presence of a ferromagnet in close 

proximity to an antiferromagnet, additional effects, such as exchange bias [53], can 

result.  Hormes et al. [54] discussed the influence of various coatings (e.g., Cu, Au) 

on the magnetic properties of cobalt nanoparticles, and came to the conclusion that a 

complex interplay between particle core and coating determines the properties, and 

tuning may therefore be difficult. Organic ligands [55,56], used to stabilize the 

magnetic nanoparticles [57], also have an influence on their magnetic properties, that 

is, ligands can modify the anisotropy and magnetic moment of the metal atoms 

located at the surface of the particles.  A magnetic coating [58] on a magnetic 

nanoparticle usually has a dramatic influence on the magnetic properties. The 

combination of two different magnetic phases will lead to new magnetic 

nanocomposites, with many possible applications. The most striking feature which 

takes place when two magnetic phases are in close contact is the exchange bias effect. 

A recent review of exchange bias in nanostructured systems is given by Nogus et al 

[53]. The exchange coupling across the interface between a ferromagnetic core and an 

antiferromagnetic shell or vice versa causes this effect. Exchange bias is the shift of 
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the hysteresis loop along the field axis in systems with ferromagnetic (FM)–

antiferromagnetic (AFM) interfaces (Figure 1.14e). This shift is induced by a 

unidirectional exchange anisotropy created when the system is cooled below the Neel 

temperature of the antiferromagnet. This exchange coupling can provide an extra 

source of anisotropy leading to magnetization stabilization. The exchange bias effect 

was measured for the first time in cobalt nanoparticles surrounded by an 

antiferromagnetic CoO layer. There are numerous systems where the exchange bias 

has been observed, and some of the most investigated systems are: ferromagnetic 

nanoparticles coated with their antiferromagnetic oxides (e. g., Co/CoO, Ni/NiO), 

nitrides (Fe–Fe2N), and sulfides (Fe–FeS), ferrimagnetic– antiferromagnetic (Fe3O4–

CoO), or ferrimagnetic–ferromagnetic (TbCo–Fe20Ni80) nanoparticles. Exchange 

biased nanostructures have found applications in many fields, such as permanent 

magnets, recording media, and spintronics.  

 

Figure 1.14. The different magnetic effects occurring in magnetic nanoparticles. 

The spin arrangement in a) a ferromagnet (FM) and b) an antiferromagnet (AFM); 

D=diameter, Dc=critical diameter. c) A combination of two different ferromagnetic 

phases (magenta arrows and black arrows in (a)) d) An illustration of the magnetic 

moments in a superparamagnet (SPM). e) The interaction (exchange coupling; 

linked red dots) at the interface between a ferromagnet and an antiferromagnet 

produces the exchange bias effect. f) Pure antiferromagnetic arises net 

magnetization from uncompensated surface spins (blue arrows in (b)). This Figure, 

is a rather simplistic view of some phenomena present in small magnetic particles 

[59]. 
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1.5.3 Interparticle Interactions in Magnetic Nanoparticles 

The magnetic properties of samples of nanoparticles are often strongly 

influenced by interparticle interactions. In particular, interactions can have a 

significant influence on the superparamagnetic relaxation.  

The superparamagnetic relaxation time of a particle, τ, is given by the Nẻel-

Brown expression  

                                        𝜏 = 𝜏0  exp  (
𝐾𝑒𝑓𝑓 𝑉

𝑘𝐵𝑇
)                                                       (1.13) 

where kB is the Boltzmann’s constant, and τ0 ≈ 10
-9

 s.  In some cases, the interactions 

result in faster relaxation and, in other cases, they result in some suppression of the 

relaxation.  

The main types of magnetic interactions which can be present in a system of 

small particles are: a) dipole–dipole interactions, b) direct exchange interactions for 

touching particles, c) superexchange interactions for metal particles in an insulating 

matrix, d) RKKY (Ruderman-Kittel-Kasuya-Yosdida) interactions for metallic 

particles embedded in a metallic matrix.  

Depending on the strength of the interaction between the particles, such 

magnetic nanoparticles are known to change their superparamagnetic nature to spin 

glass-like nature [60]. Since these nanoparticles behave as if they are single domains, 

each particle can be considered to possess a huge, single spin called superspin [61, 

62]. The strongly interacting superspins are often known as super spin glasses [63] 

whereas weak interaction of superspins results in superparamagnetism [64]. It is 

important in the applications of these materials that these superspins are 

noninteracting or only weakly interacting. There are many recent reports available in 

the literature [65] which deals with the studies on interaction behaviour [66,67] of 

magnetic nanoparticles [68,69]. Similar to the dispersed magnetic nanoparticles, are 

the magnetic nanoclusters, which also behave individually like single domains or 

superspins. These superspins may again interact with one another and the interaction 

may be of dipolar nature or any other magnetic exchange types such as superexchange 
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or antisymmetric Dzyaloshinskii-Moriya interaction [70,71]. Besides, the interaction 

between superspins depend on the size, density and nature of the cluster.  

The physical concepts used for explaining the conventional spin glasses can be 

extended in the case of superspin glasses, due to the similarity of their response to 

magnetic field and relaxation behavior. Spin glasses are magnetic systems exhibiting 

both quenched disorder and frustration [72]. Such a behavior is observed below a 

temperature called spin-glass transition temperature (Tg) or freezing temperature (Tf). 

The spin glass phenomenon was first discovered in the magnetism of dilute alloys 

such as AuFe where RKKY interactions between the spins of magnetic atoms and 

conducting electrons play a major role. It is believed that in spin glasses, a localized 

pair of moments (spins) has equal probability of having a ferromagnetic or an 

antiferromagnetic interaction which results in frustration. The experimental and 

theoretical features of spin glasses have been discussed in detail Mydosh [73], and 

some important physical concepts about spin glasses are briefly explained as follows.  

The spin glasses are characterized by a remarkable thermomagnetic 

irreversibility and relaxation properties. Several theoretical models have been 

developed in order to explain the unusual behavior of these materials. The 

Sherrington-Kirckpatrick model suggests a mean field approach and considers an 

infinite range of coupling between the Ising spins to form infinite energy states [74]. 

Whereas, the droplet model by Fisher and Huse claims that the real, short-range 

systems, behave quite differently and the glassy phase being described by only two 

pure states, related by a global inversion of the spins, and no phase transition 

occurring in a magnetic field [75,76].  

The dynamic properties of a spin glass system are often experimentally 

studied by the aging, memory and chaos effects [77,78]. The relaxation of a spin glass 

material is logarithmically slow, and it depends on the time spent at low temperature 

which is otherwise known as aging. Aging at a temperature, T, is fully reinitialized by 

heating the sample above the Tg. It corresponds to the slow evolution of the system 

towards equilibrium, starting at the time of the quench below Tg. The peculiarities of 

aging and related magnetic effects in spin glasses are observed during the small 

temperature cycles within the temperature range of existence of spin glass features. It 

is important to note that aging at a higher temperature barely contributes to aging at a 
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lower temperature. Or in other words, the state formed at a higher temperature does 

not normally affect the aging at a lower temperature. This is explained by the chaotic 

aspect of the spin glass phase. Also, interesting memory effects are observed during a 

reverse thermal cycle. Or in other words, when the sample is heated back to the 

temperatures at which it has been previously aged, it remembers the state formed 

during aging. There have been various approaches derived from Parisi's solution of 

Sherrington-Kirckpatrick model. Here, the aging is described in terms of a random 

walk in the space of metastable states, and the memory and chaos (rejuvenation) 

effects in terms of a hierarchical organization of these metastable states, as a function 

of temperature. The physical picture is of the existence of a large number of nearly 

degenerate states at lower temperatures, these states merge again when the 

temperature is raised back. A droplet picture as mentioned previously, is also used to 

explain the aging, chaos and memory effects found in spin glasses in which at each 

temperature, the equilibrium spin glass state is considered to consist of a thermally 

activated droplet excitation of various sizes. 

The existence of glassy dynamics and memory effects are also observed in 

some ferroelectric materials, magnetic nanoparticles and dense, frozen ferrofuids [79, 

80]. They also show aging, chaos and memory effects similar to the spin glasses, but 

the effects are weaker in nanoparticles. The glassy nature is thought to be due to the 

interacting nature of magnetic nanoparticles. 

1.6 Materials Related to the Present Work 

This thesis deals with the studies on spinel type oxides such as Magnetite, 

Magnesium Aluminate and Zinc Aluminate. The structural and magnetic aspects of 

these materials are discussed in the following sections. 

1.6.1 Structure of spinels 

Spinels [36] are a class of chemically and thermally stable materials suitable 

for a wide variety of applications. The spinel lattice is composed of a close-packed 

oxygen arrangement in which 32 oxygen ions form a unit cell that is the smallest 

repeating unit in the crystal network. Between the layers of oxygen ions, there are 

interstices that may accommodate the metal ions. Now, the interstices are not all the 
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same; some which we will call A sites are surrounded by or coordinated with 4 

nearest neighbouring oxygen ions whose lines connecting their centers form a 

tetrahedron. Thus, A sites are called tetrahedral sites. The other type of site (B sites) is 

coordinated by 6 nearest neighbour oxygen ions whose center connecting lines 

describe an octahedron. The B sites are called octahedral sites. In the unit cell of 32 

oxygen ions, there are 64 tetrahedral sites and 32 octahedral sites. If all of these were 

filled with metal ions, of either +2 or +3 valence, the positive charge would be very 

much greater than the negative charge and so the structure would not be electrically 

neutral. It turns out that of the 64 tetrahedral sites, only 8 are occupied and out of 32 

octahedral sites, only 16 are occupied. If, as in the mineral, spinel, the tetrahedral sites 

are occupied by divalent ions and the octahedral sites are occupied by the trivalent 

ions. .Spinel-type oxides have the general formula AB2O4 where A and B are two 

different cations of comparable ionic sizes. However, the occupation of these two 

sites in the spinel-type oxides is decided by various factors, such as ionic size, 

cationic charge, electron distribution, electronic state, etc., so that no simple rule can 

predict the actual ionic distribution [81]. The degree of distribution or the relative 

distributions of A and B ions in the two sites, is determined by the competition 

between many of these factors. Therefore, spinels are of different types such as (i) 

normal spinel, where the A and B cations are distributed in the tetrahedral and 

octahedral sites, respectively; (ii) inverse spinel, where the A cations are in the 

octahedral sites and one-half of the B cations are pushed to the tetrahedral sites, and 

(iii) mixed spinel, where both the A and B cations are randomly distributed in both the 

sites [82]. Considering the distribution of cations in the two different sites, spinels are 

represented by the general formula (A1-xBx)[AxB2-x]O4 . In this formula, the brackets () 

and [ ] represent the tetrahedral and octahedral sites, respectively, and x denotes the 

inversion parameter or the degree of inversion. The variables x = 0 and x = 1 are for 

normal and inverse spinels, respectively [83]. 
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Figure 1.15. Structure of Spinel 

1.6.2 Magnesium Aluminate 

Magnesium aluminate comes under the category of normal spinels. In the 

original spinel, MgAl2O4, under equilibrium conditions, the A ion, Mg, is occupied in 

the tetrahedral sites and the B ion, Al, is occupied in the octahedral sites. Previous 

studies showed that MgAl2O4 has partially inverse spinel structure [84,85]. The 

disordered behavior of bulk MgAl2O4and the deviation of the structural parameters as 

a function of temperature have been studied by solid-state NMR [86], X-ray 

diffraction [87],  neutron diffraction [88],  ESR [89], and electrical conductivity 

measurements [90], A recent 
27

Al MAS NMR study, on MgAl2O4 precursor powders 

of very high specific surface area synthesized at low temperatures, has reported the 

presence of a five-coordinated Al site apart from the octahedral and tetrahedral Al 

coordinated sites [91]. 

1.6.3 Zinc Aluminate  

Zinc aluminate is also considered as a normal spinel where the tetrahedral site 

is occupied by Zn ion and octahedral sites are occupied by Al ion. Previously it has 

been reported that bulk ZnAl2O4 has very small amount of inversion and its 

dielectrical, thermo physical, elastic and structural properties have been studied [92]. 
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1.6.4 Magnetite 

Magnetite [93,94] is the black ferrimagnetic material having the chemical 

formula Fe3O4 containing both Fe
2+

 and Fe
3+

. It has the inverse spinel structure. They 

reflect the diversity of research for the past decades. Magnetite differ from most other 

iron oxides is that it contains both divalent and trivalent ions. The structure is that of 

an inverse spinel has the general formulae B[AB]O4 where A=Fe
2+

, B= Fe
3+

 and the 

bracket denotes octahedral sites. Magnetite has a face centered cubic unit cell based 

on oxygen arrangement in which 32oxygen ions form a unit cell that is the smallest 

repeating unit in the crystal network. The structure consists of octahedral and mixed 

tetrahedral/octahedral sites. Eight tetrahedral sites are distributed between Fe
2+ 

and 

Fe
3+

 ie, trivalent ions occupy both tetrahedral and octahedral sites. There are 8 

formula units per unit cell and the unit cell edge length is 0.839 nm. 

1.7 Magnetism of Iron Oxides 

Iron oxides are ferrimagnetic at room temperature. The exchange forces 

between the metal ions in a ferrimagnetic material will act through the oxygen ions by 

means of the indirect exchange mechanism, which is best known as the 

superexchange interaction. If there are n identical magnetic ions per unit volume, with 

a fraction x located on A site and a fraction y = (1-x) on B site with µA and µB as the 

average moments of A and B ions, respectively, in the the direction of the field at 

temperature T (µA ≠ µB, being different sites), then the total magnetization on the two 

sublattices is 

        M = MA +MB = xMa + yMb                                                        (1.14) 

The molecular field acting on the sublattice A is 

HmA = -γABMB + γAAMA                                                        (1.15) 

and molecular field acting on the sublattice B is 

HmB = -γABMA + γBBMB                                                        (1.16) 
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where MA and MB are the magnetization of the A and B sublattices, respectively. γAA 

and γBB define the strength of the A-A and B-B interactions and γAB defines that of the 

A-B interaction. In the equations 1.14 and 1.15, the molecular field coefficients γ are 

regarded as positive quantities and the negative sign corresponds to the antiparallel 

interaction between A and B ions, whereas the positive sign corresponds to the 

parallel interaction between the same site ions. The magnetization of each sublattice 

obeys the Curie law, 

𝑀𝐴 =  
𝐶𝐴

𝑇
(𝐻 + 𝐻𝑚𝐴 )                                                        (1.17) 

𝑀𝐵 =  
𝐶𝐵

𝑇
(𝐻 + 𝐻𝑚𝐵 )                                                        (1.18) 

Since the Curie constants CA and CB are not identical for the two different 

sites, the above equations are modified by introducing the term density of 

ferrimagnetic materials on the right hand sides and now putting the values of HmA and 

HmB in equations 1.16 and 1.17, the magnetization on the two different sites are 

obtained as 

𝑀𝐴 =  
𝜌𝐶𝐴

𝑇
 ( 𝐻 + 𝛾𝐴𝐴𝑀𝐴 −  𝛾𝐴𝐵𝑀𝐵  )                                                        (1.19) 

and 

𝑀𝐵 =  
𝜌𝐶𝐵

𝑇
 ( 𝐻 + 𝛾𝐵𝐵𝑀𝐵 −  𝛾𝐴𝐵𝑀𝐴  )                                                        (1.20) 

After solving this two equations, the mass susceptibility, χ, of a ferrimagnetic material 

is obtained as 

𝜒 =  
𝑀

𝜌𝐻
=  

𝑇

𝐶
+ 

1

𝜒0
−  

𝐾

𝑇−𝜃
                                                          (1.21) 

where C = CA + CB and K is a constant. Although θ has the dimension of temperature, 

it has no physical significance above the Curie temperature. Therefore, 

𝜒 =  
𝐶

𝑇−𝜃
                                                           (1.22) 
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Thus, from equation 1.20, it is concluded that above the Curie temperature 

ferrimagnetic materials obey the Curie-Weiss law [95,96]. 

Magnetization in ferrites occurs from the uncompensated antiferromagnetism, 

so the magnitude of magnetization depends on composition, cation distribution and 

the relative strength of the possible interactions. Since cation-cation distances are 

large in ferrites due to their crystal structure, direct exchange interactions are 

negligible. The major interaction occurs in ferrites is the superexchange interaction 

between octahedral and tetrahedral cations or A-O-B interactions. The next acceptable 

interaction is B-O-B superexchange. However A-O-A interaction [97] is not coming 

into picture, as it is very weak. The types of interactions in ferrite and the angle 

between them are shown in Figure 1.16 schematically. The strength of exchange 

interactions control the saturation magnetization and the Curie temperature of the 

ferrites and this exchange interaction is controlled by cation distribution. 

 

Figure 1.16. Different types of interactions for different types of lattice sites in spinels 

[36]. 

Magnetite is ferrimagnetic at room temperature and has a Curie temperature of 

850 K. The two different cation sites in the structure, tetrahedral (A) occupied by Fe
3+

 

and octahedral occupied by Fe
3+

 and Fe
2+

 as explained in the previous section. These 

sites form the basis for two interpreting magnetic sublattices. Below Tc, the spin on 

tha A and B sites are antiparallel and in addition, the magnitude of two types of spin 

are unequal. This results the ferrimagnetism. The main type of interaction is 

antiferromagnetic coupling via the 127
o
 FeA-O-FeB linkage and is stronger coupling 

on octahedral sites.  On the latter sites the electrons are thermally delocalised over the 
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Fe
2+

 and Fe
3+

 ions and it is this localisation that is responsible for the high 

conductivity of magnetite. The exchange constants are -28, -18, 3 J(K) for JAB, JAA, 

and JBB, respectively [94]. At 118 K ( the Vervey transition temperature), an ordered 

arrangement of Fe
2+

 and Fe
3+

 ions on the B sites exist a and this inhibits electron 

delocalistion. The preferred direction of magnetisation is along the 8[111] cube 

diagonals. Magnetite nanoparticles behave as superparamagnetic at room temperature. 

The distribution of the sizes, shapes, surface defects, and phase purity are only 

a few of the parameters influencing the magnetic properties, which makes the 

investigation of the magnetism in small particles very complicated.  

1.8 Synthesis of Iron Oxides Nanoparticles 

Iron oxide nanoparticles [98,99] with well-defined morphology have attracted 

considerable attention for their structural characteristics that endow them for a wide 

range of potential applications [100,101] However, it is a great challenge to develop 

simple and reliable synthetic methods for the synthesis [102] of magnetic materials 

with designed chemical components and controlled morphologies, which strongly 

affect the properties of magnetic materials. The first main challenge of the synthesis 

consists of defining experimental conditions, leading to a monodisperse population of 

magnetic nanoparticles of suitable size. The second critical point is to select a 

reproducible process that can be industrialized without any complex purification 

procedure. Numerous chemical methods can be used to synthesize magnetic 

nanoparticles such as microemulsions [103], sonochemical reactions [104], 

hydrothermal reactions [105], polymeric precursor method [106], and electrochemical 

synthesis [107]. These methods have been used to prepare particles with 

homogeneous composition and narrow size distribution. It is well known short burst 

of nucleation followed by slow controlled growth is critical to produce monodispersed 

nanoparticles.  However, the most common method for the production of iron oxide 

nanoparticles is the chemical coprecipitation method by using iron salts [108]. 

The first controlled preparation of superparamagnetic iron oxide particles 

using alkaline precipitation of FeCl3 and FeCl2 was performed by Massart [109]. In 

the original synthesis, magnetite (Fe3O4) particles were roughly spherical, and their 

diameter measured by XRD was 12 nm. The disadvantage of these aqueous based 
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syntheses is that the pH value of the reaction mixture has to be adjusted in both the 

synthesis and purification steps, and the process toward smaller monodisperse 

nanoparticles has only very limited success. It is well known that a short burst of 

nucleation and subsequent slow controlled growth is crucial to produce monodisperse 

particles. Controlling these processes is therefore the key in the production of 

monodisperse iron oxide magnetic nanoparticles. However, the synthesis of 

monodisperse magnetic oxide nanocrystals has recently been reported 

Recently Zhao [110] and co-workers synthesised magnetite nanoparticles of 

different morphology by polyol process. In this process, a precursor compound is 

suspended in a liquid polyol which act as a reducing agent as well as a stabilizer. The 

suspension is stirred and heated to a given temperature that can reach the boiling point 

of the polyol. By adjusting the concentration of KOH in polyol and iron source, Lijun 

Zhao and co-workers synthesised magnetite nanoparticles of various morphologies, 

which exhibit excellent magnetic properties. 

The synthesis of monodisperse, spherical particles with anisotropic 

superparamagnetic susceptibility and homogeneous biphasic geometry  was done by 

Yuet  and group [111], which shows promising applications ranging from 

fundamental studies on self-assembly to the development of photonic crystals and 

drug delivery systems  By considering Janus particles, the two functionalities in the 

same particle like the god in the roman religion represented with two heads placed 

back to back so that he might look in two directions at the same time.  This  Janus 

type superparamagnetic hydrogel was synthesised by microfluidic pathway. 

At the beginning of the last century, the controlled self assembly of iron oxide 

nanoparticles has become an area of increasing interest. Xinlei Huang [112] and  his 

team explored the templated self-assembly of brome mosaic virus (BMV) capsids 

around negatively charged iron oxide NPs leading to hybrid magnetic virus-like 

particles. The used phospholipid micelle approach is to obtain a magnetic nanoparticle 

template able to promote self-assembly of a protein cage and result in a virus like 

nanoparticles. He demonstrates a convenient and powerful way and the concept can 

be generalized to many types of nanoparticle assembly, such as colloidal 

crystallization, nanoparticle superlattices, and various types of interfacial mediation 

using nanoparticles. 
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The synthesis of magnetic nanoparticles, covering a wide range of 

compositions and tuneable sizes, has made substantial progress, especially over the 

past decade. Different kinds of monodisperse spherical nanocrystals with controllable 

particle sizes and compositions have been synthesized by a wide range of chemical 

synthetic procedures. However, mechanisms of nucleation and growth during particle 

formation are still challenges to be faced in the coming years.  An unavoidable 

problem associated with nanoparticles is their intrinsic instability over long periods of 

time. Such small particles tend to form agglomerates to reduce the energy associated 

with the high surface area/volume ratio of the nanosized particles. Consequently, it is 

crucial to develop coating strategies to chemically improve the stability of the 

magnetic nanoparticles. 

1.9 Stabilisation of Iron Oxides Nanoparticles 

The stabilization of the iron oxide particles is crucial to obtain magnetic 

colloidal ferrofluids that are stable against aggregation in both a biological medium 

and a magnetic field. The stability of a magnetic colloidal suspension results from the 

equilibrium between attractive and repulsive forces. Theoretically, four kinds of 

forces can contribute to the interparticle potential in the system. (a) van der Waals 

forces induce strong short-range isotropic attractions. (b) The electrostatic repulsive 

forces can be partially screened by adding salt to the suspension. The theoretical 

description of these two forces is known as the Derjaguin-Landau-Verwey-Overbeek 

(DLVO) theory [113]. For magnetic suspensions, magnetic dipolar forces between 

two particles must be added. These forces induce anisotropic interactions, which are 

found to be globally attractive if the anisotropic interparticle potential is integrated 

over all directions. Finally, steric repulsion forces have to be taken into account for 

coated particles [114]. Stabilization of magnetic particles can be achieved by playing 

on one or both of the two repulsive forces: electrostatic and steric repulsion. 

Controlling the strength of these forces is a key parameter to elaborate particles with 

good stability. The steric force is difficult to predict and quantify. It is quite well-

described theoretically for polymers. It depends, among other parameters, upon the 

molecular weight of the polymer and its density [115]. The electrostatic repulsion can 

be followed through the knowledge of the diffusion potential that may be very close 

to the zeta potential [116] and the Debye-Huckel length that mainly depends upon the 
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ionic strength and pH of the solution. A way to test electrostatic stability is to follow 

the aggregation kinetics of colloidal suspensions by varying the salt concentration. 

This can be achieved through the stability factor (W) that measures the effectiveness 

of the potential barrier in preventing the particles from aggregation. W is defined as 

the ratio of the number of collisions between particles and the number of collisions 

resulting in aggregation. It can therefore be expressed as 𝑊 =  
𝐾𝑓𝑎𝑠𝑡

𝐾
, where Kfast is the 

rate constant describing rapid aggregation (every collision leads to an aggregation) 

and K is the aggregation rate constant at the salt concentration used. This stability 

factor can be achieved through light scattering (static or dynamic) or turbidimetric 

measurements [117,118]. The stability factor as a function of added salt gives access 

to the critical concentration of coagulation. At this concentration, the double 

electrostatic layer is entirely suppressed and K= Kfast becomes independent of the salt 

concentration. 

In iron oxide, the surface iron atoms act as Lewis acids and coordinate with 

molecules that donate lone-pair electrons. Therefore, in aqueous solutions, the Fe 

atoms coordinate with water, which dissociates readily to leave the iron oxide surface 

hydroxyl functionalized. These hydroxyl groups are amphoteric and may react with 

acids or bases [119]. Dependent upon the pH of the solution, the surface of the 

magnetite will be positive or negative. The isoelectric point is observed at pH 6.8. 

Around this point [point of zero charge (PZC)], the surface charge density (Σ) is too 

small and the particles are no longer stable in water and flocculate. Playing on both 

electrostatic and steric stabilization is then necessary to obtain stable iron oxide 

nanoparticles.  The surface of iron oxide nanoparticles can be stabilised by using 

functional groups including carboxyates, phosphates, amines and sulphates [120] 

which binds to the surface through OH groups adsorbed on the surface. So many 

reports are available in the literature for the surface modification [121,122] of iron 

oxide nanoparticles [123,124].  
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Figure 1.17. Surface modification strategies for designing MNP probes with high 

colloidal stability [102]. 

1.10 Application of Iron Oxides Nanoparticles  

1.10.1 Biomedical Applications 

Magnetic nanoparticles (MNPs) can be used in a wide variety of biomedical 

applications [125], ranging from contrast agents for magnetic resonance imaging to 

the deterioration of cancer cells via hyperthermia treatment ensemble in Figure 1.18. 

Most of these promising applications require well-defined and controllable 

interactions between the MNPs and living cells. A novel and straightforward coating 

method was recently developed, enabling stable particle functionalization. 

Furthermore, this functionalization method allows the introduction of a tunable 

coating that can be specifically adapted according to the application, thereby ensuring 

more controllable cellular interactions, and paving the way to a bright future in 

medicine.    Superparamagnetism is particularly useful in applications such as 

externally guided drug delivery, hyperthermia, etc. 
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Figure 1.18. Tailored MNPs for molecular and cellular magnetic resonance imaging 

(MRI). a) Controlling the magnetism of the nanoparticles core, b) tailoring the surface 

ligands of the nanoparticle shell, c) the molecular targeting capability of biomolecule-

conjugated nanoparticles. d) High performance utilizations of nanoparticles for 

molecular and cellular MRI [102]. 
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1.10.1.1 Iron oxide nanoparticles for MRI 

 

Figure 1.19. The structure of MRI contrast agent based on nanoparticles [126]. 

The contrast mechanism is more complicated for MRI [127], where the 

contrast enhancement occurs as a result of the interaction between the contrast agents 

and neighbouring water protons, which can be affected by many intrinsic and 

extrinsic factors such as proton density and MRI pulse sequences.  The basic principle 

of MRI [128,129] is based on nuclear magnetic resonance (NMR) together with the 

relaxation of proton spins in a magnetic field. When the nuclei of protons are exposed 

to a strong magnetic field, their spins align either parallel or antiparallel to the 

magnetic field.  During their alignment, the spins precess under a specified frequency, 

known as the Larmor frequency. When a resonance frequency in the radio-frequency 

(RF) range is introduced to the nuclei, the protons absorb energy and are excited to 

the antiparallel state. After the disappearance of the RF pulse, the excited nuclei relax 

to their initial, lower-energy state . There are two different relaxation pathways. 

 Longitudinal or T1 relaxation  

 Transverse  or T2 relaxation  

Longitudinal relaxation is due to energy exchange between the spins and surrounding 

lattice (spin-lattice relaxation), re-establishing thermal equilibrium. As spins go from 

a high energy state back to a low energy state, RF energy is released back into the 

surrounding lattice. Transverse or T1 relaxation, involves the decreased net 

magnetization (Mz) recovering to the initial state. Under an applied magnetic field 
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(B0), a magnetic dipole moment m is induced in superparamagnetic nanoparticles. 

When water molecules diffuse into the periphery (outer sphere) of the induced dipole 

moment, the magnetic relaxation processes of the water protons are perturbed and the 

spin–spin relaxation time (T2) is shortened. Such changes result in the darkening of 

the corresponding area in T2- weighted MR images (Figure 1.20).The degree of the T2 

contrast effect is typically represented by the spin–spin relaxivity R2 (R2=1/T2), where 

higher values of R2 result in a greater contrast effect. 

 

Figure 1.20. MR contrast effects of MNPs. Under an external field (H0), MNPs are 

magnetized with a magnetic moment of m and generate an induced magnetic field 

which perturbs the nuclear spin relaxation processes of the water protons. This 

perturbation leads to MR contrast enhancement which appears as a darkening of the 

corresponding section of the image [102]. 

One important parameter for the MR contrast-enhancement effect of MNPs is 

their size. In the ideal case, all of the magnetic spins in a bulk magnetic material are 

aligned parallel to the external magnetic field. However, in the nanoscale regime, 

surface spins tend to be slightly tilted to form a magnetically disordered spin-glass-

like surface layer (Figure 1.9) [40]. Such surface spin-canting effects of MNPs have a 

significant influence on their magnetic moments and MR contrast-enhancement 

effects. This effect is size dependent and is well demonstrated in the case of 

magnetism-engineered iron oxide (MEIO, Fe3O4) nanoparticles, where the variation 

of their size from 4 nm, 6 nm, 9 mm, and 12 nm results in mass magnetization values 

of 25, 43, 80, and 101 emu per gram Fe, respectively (Figure 1.21) [130]. As the 

nanoparticle size decreases, the surface effect becomes more pronounced and is 
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reflected in the reduced net magnetic moment. Such size dependent magnetism 

directly influences the MR enhancement effect. The relaxivity coefficient (r2) 

gradually increases for 4 nm, 6 nm, 9 nm, and 12 nm sized nanoparticles, 

respectively, which is shown by the MR contrast changing from light gray to black. 

 

 

Figure 1.21. Nanoscale size effect of magnetite nanoparticles on magnetism and MR 

contrast effects [129]. 

 

  

Figure 1.22. Dopant dependent effect on magnetisation values and effect on MR 

contrast [17]. 

The magnetism of nanoparticles can be greatly influenced by doping with 

magnetically susceptible elements. This is demonstrated for MFe2O4 nanoparticles in 

which Fe
2+

 ions are replaced by other transition-metal dopants M
2+ 

where M=Mn, Ni, 

Co. These metal-doped MEIO nanoparticles can induce significant MR contrast-

enhancement effects. Under T2- weighted MR scans, MnFe2O4 (MnMEIO) shows the 
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strongest MR contrast effect than other ferrite nanoparticles was reported by Lee and 

co-workers [131] and is pointed out in Figure 1.22. 

1.10.1.2 Iron oxide nanoparticles for Magnetic fluid hyperthermia 

Magnetic fluid hyperthermia (MFH) cancer treatment involves injecting a 

fluid containing magnetic nanoparticles directly into tumors. When placed in an 

alternating magnetic field with frequencies similar to FM radio signals, the 

nanoparticles generate heat and destroy the tumours. This minimally invasive 

procedure, unlike laser, microwave, and ultrasound hyperthermia, prevents 

unnecessary heating in healthy tissues because only the magnetic nanoparticles absorb 

the magnetic field. The use of hyperthermia to treat cancer has been a recent topic of 

research. Magnetic fluid hyperthermia offers particularly promising capabilities for 

treating several types of cancer.  

The body maintains a normal temperature of 37°C. Healthy cells, however, 

can survive temperatures up to 42°C. According to the National Cancer Institute, 

hyperthermia cancer treatment kills cancerous cells by elevating their temperatures to 

the therapeutic temperature range, 42-45°C. This approach can destroy tumors with 

minimal damage to healthy tissues and, therefore, limit negative side effects. 

Currently, oncologists often use hyperthermia cancer treatment in combination with 

radiotherapy and chemotherapy. In addition to eliminating many cancerous cells, 

hyperthermia can make resistant cells more vulnerable to other treatments. 

Gilchrist [132] and others proposed the use of magnetic materials in 

hyperthermia in 1957. The particles used in hyperthermia exhibit ferro- or 

ferrimagnetic properties. Ferro- and ferrimagnetic particles display magnetism even in 

the absence of an applied magnetic field. Pankhurst and others [133] also describe 

heating in magnetic nanoparticles. Particles with diameters of 10 nanometers or less 

typically demonstrate superparamagnetic properties. The magnetic moments of 

superparamagnetic nanoparticles are randomly reoriented by the thermal energy of 

their environment and do not display magnetism in the absence of a magnetic field. 

Unlike ferro- and ferrimagnetic materials, they do not aggregate after exposure to a 

magnetic field [134]. Aggregation can hinder the body’s efforts to remove the 

nanoparticles. Therefore, superparamagnetic nanoparticles are ideal candidates for 
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hyperthermia cancer treatment. Magnetic fluids generally consist of magnetic 

nanoparticles dispersed in water or a hydrocarbon fluid. For medical applications, the 

biocompatibility of both the fluid and nanoparticles must be considered. The fluid 

must have a neutral pH and physiological salinity. The particles should remain evenly 

dispersed throughout the fluid, and must therefore be small enough to avoid 

precipitation due to gravitational forces. In addition, the magnetic material should not 

be toxic. The established biocompatibility of magnetite (Fe3O4) makes it a common 

choice. Magnetic fluid hyperthermia cancer treatments must maintain therapeutic 

temperatures in diseased tissues for approximately 30 minutes [132]. Excessive 

heating, however, can cause unwanted charring. Nanoparticles with low-Curie 

temperatures – defined as the temperature when the material loses its magnetic 

moment – heat until they reach the Curie temperature and then remain ineffective 

unless their temperature falls below the Curie temperature. Nanoparticles with Curie 

temperatures near the therapeutic range can efficiently maintain temperatures between 

42 and 45°C and therefore enhance magnetic fluid hyperthermia. These self-

regulating nanoparticles ensure diseased tissues reach the necessary temperatures 

while preventing excessive heating and damage to surrounding healthy tissues. Now a 

days, increased heating rates of magnetic fluids are an important challenge in order to 

minimize dosages of magnetic fluids needed to reach therapeutic temperatures in 

magnetic fluid hyperthermia (MFH) [135,136]. Possible approaches to increase 

heating rates of super- paramagnetic particles for MFH would be to increase the 

anisotropy of the nanoparticles (shape or magnetocrystalline) or increasing the field 

strength used for treatment. Lot of enchanting research articles are found in the 

literature regarding the use of iron oxide nanoparticles for magnetic fluid 

hyperthermia [137,138]. 

1.10.1.3 Iron oxide nanoparticles for the treatment of Osteoporosis 

Bone diseases (including osteoporosis, osteoarthritis and bone cancer) are of 

great concern to the medical world. These bone diseases has been studied for a 

number of years, no current effective prevention and treatment methods exist for this 

disease.  There are several major barriers that exist for the use of any pharmaceutical 

agents to stimulate new bone formation. First, the agents can cause non-specific bone 

formation in areas not desirable. This is because these agents are often delivered in 
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non-specific ways (such as through the mouth, directly into the blood stream, etc.). 

Second, if delivered locally to the tissue around the area of low bone density, they 

rapidly diffuse to adjacent tissues which limit their potential to promote prolonged 

bone formation in targeted areas of weak osteoporotic bone. For these reasons, 

researchers developed novel drug-carrying systems that will specifically attach to 

osteoporotic (not healthy) bone.  Moreover, some of these novel drug carrying 

systems will then distribute pharmaceutical agents locally to quickly increase bone 

mass.  

In order to be used effectively in fighting diseases, specific surface chemistry 

of the nanoparticles need to be tailored for their desired biomedical applications. 

Magnetic nanoparticles [139,140] are also of interest and the main interest for the use 

of magnetic nanoparticles in biomedical applications is that an inhomogeneous 

external magnetic field exerts a force on them, and thus they can be manipulated or 

transported to a specific diseased tissue by a magnetic field gradient. They also have 

controllable sizes, so that their dimensions can match either that of a virus (20–500 

nm), of a protein (5–50 nm) or of a gene (2nm wide and 10–100 nm long).  In 

addition, magnetic particles are of interest because they do not retain any magnetism 

after removal of the magnetic field.  

Recently Thomas Webster and his group [141] successfully synthesised iron 

oxide nanoparticles functionalised by calcium phosphate and found that these 

nanoparticles are suitable candidate for orthopaedic applications. Specifically in this 

study, efforts will focus on the prolonged release of bioactive agents to efficiently 

regenerate enough bone for a patient to return to a normal active lifestyle.  One 

potential advantage of formulating CP magnetic nanoparticles is that as the magnetic 

particles accumulate, e.g., in bone tissue, they can play an important role in detection 

through MRI to locate, monitor and control drug activities. 

1.10.1.4. Iron oxide for Drug targeting 

Drug targeting has emerged as one of the modern technologies for drug 

delivery. Superparamagnetic iron oxide nanoparticles in combination with an external 

magnetic field allow delivering particles to the desired target area and fixing them at 

the local site while the medication is released and acts locally (Magnetic drug 
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targeting). The mentioned new technologies using SPION allow the minimization of 

systemic side effects. 

Drug targeting [142] involves passive, active or physical targeting. In passive 

targeting the distribution of the drugs within the body occurs through drug and carrier 

properties that are unchanged. Active targeting is achieved with mechanisms that 

allow direct targeting of drugs and/or carriers to specific cells, tissues or organ 

systems through specific recognition mechanisms. Physical targeting allows 

distribution of drugs and carrier systems through external influences, such as magnets 

in the case of SPIONs.  

The use of colloidal systems, where substances with a very fine distribution 

and particle size between 5 and 300 nm are used as carrier systems, changes the 

distribution pattern of drugs within the body. Apart from nanoparticles, also 

microparticles [143], microemulsions [144], liposomes [145], niosomes [146] and 

pharmacosomes [147] belong to this group. A complete characterization of the 

particulate system is necessary to make a decision whether the use of a nanocarrier 

system is appropriate for a specific in vivo application. Nanoparticles can be 

described with the following physicochemical properties depending upon vital factors 

for their distribution within the body system: size of particles, toxicity, surface charge, 

capacity for protein adsorption, surface hydrophobicity, rate of loading, release 

kinetics, stability resp. degeneration of carrier system, hydration behavior, 

electrophoretic mobility, porosity, specific surface characteristics, density, 

crystallinity, contact angle and molecular weight. Size of particles, toxicity, surface 

charge and protein adsorption capacity are the most important features for use in vivo 

drug targeting. 

The size of particles usually refers to the total diameter of the particles 

including the iron core and the coating. Since the smallest diameter of capillaries in 

the body is 4 μm, larger particles will be mainly captured and withheld in the lungs 

results in causing emboli within the capillary bed of the lungs. Depending on particle 

size, uptake may be subdivided in phagocytosis (all sizes) or pinocytosis (particles 

<150 nm). Large particles will be only removed by cells capable of phagocytosis, 

whereas smaller particles can be removed by all types of cells through pinocytosis (all 

cells are capable of pinocytosis). If suspensions containing nanoparticles are used in 
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vivo, they should be hydrophilic and their pH should be close to 7.4. In addition, they 

should be degraded and eliminated by the body system without residues, otherwise 

they may accumulate in certain cell compartments, such as liposomes, or tissues from 

the phagocytosis system.  

 

Figure 1.23. Schematic representation of drug delivery using magnetic nanoparticles 

[102]. 

Now a day’s these type of research is moving into animal testing, involves 

injecting nanoparticles made of iron oxide into the body, where they flow through the 

bloodstream and enter tumors. Solid tumors must form new blood vessels to grow. 

But because this growth is so rapid in cancerous tumors, there are gaps in the 

endothelial cells that line the inside of the blood vessels which is pictorially shown in 

Figure 1.23. The nanoparticles can slip through these gaps to enter the tumors. Once 

inside the tumor, the nanoparticles can be triggered to group together by a mechanism 

designed by the MIT engineers [148,149]. Specifically, certain enzymes, or proteases, 

inside the tumors cause the nanoparticles to self-assemble or stick together. The 

resulting nanoparticle clumps are too big to get back out of the gaps. Further, the 

clumps have a stronger magnetic signal than do individual nanoparticles, allowing 

detection by MRI. 



 

Chapter 1  45 

The mechanism relies to inject nanoparticles that will self-assemble when they 

are exposed to proteases inside of invasive tumors, as reported by S. N. Bhatia [148]. 

When these nanoparticles assemble they should get stuck inside the tumor and be 

more visible on an MRI. This might allow for noninvasive imaging of fast-growing 

cancer 'hot spots' in tumors. The technique initially is being used to study breast 

tumors. Bhatia added that it eventually may be applied to many different types of 

cancers and to study the "triggers" that turn a benign mass in the body into a 

cancerous tumor. Nanoparticles also hold the promise of carrying medicines that 

could kill cancer cells, replacing radiation or chemotherapy treatments that cause 

negative side effects such as hair loss or nausea. 

1.10.2 Information storage 

Advances in information storage technologies since the 1950s have lead to 

tremendous progress in the preparation of magnetic nanoparticles with defined 

properties. These magnetic materials are employed in both the information storage 

media and in the 'write' and 'read' heads. At present, nanostructured materials 

dominate in both media and heads. In the future, it is likely that virtually all media 

and heads will be composed of nanostructured materials. Magnetic recording 

essentially involves detecting changes in the direction of magnetization in the storage 

medium. In order to store the magnetization transitions at high densities, several 

constraints are imposed on the storage media [150] and on the write and read heads. 

With a high storage density [151,152], the distance between magnetization reversals 

becomes very small. This produces strong demagnetizing fields on the stored 'bit'. For 

stable storage, the coercive force, Hc, must be high enough to withstand these 

demagnetizing fields. Another media consideration is a high remanence to ensure 

sufficient stray field for detection of the transition. This would suggest a high 

saturation magnetization, Ms, for the media; however, high Ms increases the 

demagnetizing field [153]. Thus, a storage medium with both high Hc and Ms would 

seem to be required. These media requirements must be matched by the head 

properties. The higher the Hc, the stronger the field needed from the write head to 

produce a transition. High permeability (for low write currents) and high data rates (> 

100 MHz) place additional constraints on the write head materials. All these 

constraints on media and heads are met by nano-sized structures. There are two types 
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of storage medium: particulate (e.g. tapes), and thin films (e.g. disks). In both these 

configurations, the basic magnetic entities are single magnetic domains, i.e. regions in 

which the magnetization is essentially uniform.  

In recent past Bachman [154] and co-workers synthesized well-defined, 

tunable, ordered Fe3O4 nanotubes  by atomic layer deposition techniques and enabled 

us to observe a strong size dependence in the magnetism of Fe3O4 nanotubes. They 

proposed that these arrays of pseudo-one-dimensional ferromagnetic nanostructure 

can be used in high-density data storage devices.  

1.10.3 Other Applications 

Magnetic nanoparticles have emerged as alternative soluble matrixes for 

supporting homogeneous organic reactions.
 
This is because when the size of the 

support materials is decreased to the nanometer scale, the surface area of 

nanoparticles will increase dramatically. As a consequence, nanoparticle supports 

could have higher catalyst loading capacity than many conventional support matrixes, 

leading to the improved catalytic activity of the nanoparticle-supported catalysts. In 

addition, catalysts are usually immobilized on the surface of nanoclusters. Reactants 

in solution have easy access to the active sites on the surface of nanoparticles, 

avoiding the problems encountered in many heterogeneous support matrixes where a 

great portion of catalysts are present deep inside the matrix backbones and reactants 

have the limited access to the catalytic sites. 

Superparamagnetic nanoparticles [155,156] are a new type of soluble matrix 

that potentially can address the isolation and recycling problems for immobilization of 

homogeneous catalysts. These magnetic nanoparticles [157] usually have a core/shell 

structure
 
consisting of a magnetic iron oxide core surrounded by a layer of lightly 

cross-linked polymeric shell wall. The organic polymer shells stabilize nanoparticles 

by preventing aggregation of inorganic cores and offer a platform for immobilization 

of catalysts.  These Iron oxide cores will respond to a magnetic field but retain no 

magnetization properties when the field is removed. The lack of magnetic remanence 

prevents nanoparticles from forming magnetized clumps in the reaction media. In 

addition, unusually high magnetization moments of “super”paramagnetic materials 

allow the use of low-field magnets to efficiently concentrate magnetic nanoparticles.  
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Iron/iron oxide core–shell nanoparticles (Fe@FexOy) are a versatile support for 

immobilizing catalytic metals was indrotuced by Veinot [158] and his group. He 

highlighted that Fe@FexOy decorated with Pd (Fe@FexOy/Pd) exhibits high catalytic 

activity toward Suzuki–Miyaura cross-coupling reactions in aqueous solution at room 

temperature. 

In this account we have discussed the aspects of magnetism and reviewed 

about the synthesis of magnetic nanoparticles, properties and their applications as 

demonstrated in biological and in electronics. However, there are a number of 

unsolved issues that remain to be addressed before these nanoparticles could reach 

industrial applications. For example in synthetic point of view, there are several 

research areas such as developing new chemical routes to achieve monodisperse 

magnetic nanoparticles directly without any size selection process. Most of these 

applications require monodispersed magnetic nanoparticles. All though the current 

understanding about magnetic properties of nanoparticles are limited, more studies 

and experimental exploration in this area can lead to significant advances in various 

fields of next generation applications.  

1.11 Objectives of the present work 

For all the proposed applications of the magnetic nanoparticles, detailed information 

on their magnetic behavior such as information on the magnetic exchange and dipolar 

interactions between the particles, magnitude of magnetization, superparamagnetism 

and superparamagnetic blocking temperature, etc. are very essential. Below the 

blocking temperature, the nanoparticles show magnetic hysteresis and therefore they 

are not useful for many applications. All these parameters vary when a single particle 

is coated with surfactants or made in to the form of fluids and also the properties will 

vary depending on the size and shape of the particles, dispersion, type of surfactant 

used and the properties of the medium of suspension in the case of ferrofluids. 

The objectives of the present work are: 

 Synthesis of magnetic nanoparticles of Fe3O4 by coprecipitation method 

and structural characterization by using XRD, IR, TEM, HRTEM, etc. 
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 Optimization of synthesis parameters to achieve smallest nanoparticles, 

with narrow size distribution and reproducibility, from the application 

point of view  

 Coating studies of these nanoparticles by using biocompatible molecules 

and detailed characterization 

 Detailed study of the dispersion and stability of these nanoparticles in 

aqueous media. 

 Studies on the interaction behavior of these nanoparticles by magnetic 

measurements.  

 Synthesis of non-magnetic materials having the same structure as that of 

the magnetic particles to understand the local structural changes taking 

place on particle surface.  

 Detailed characterization of these nanoparticles by solid state NMR. 

1.12  Organization of the thesis 

In this thesis we have focused on two areas in which chemistry and magnetism are 

inextricably linked: the synthesis of magnetic nanoparticles and fabrication of 

biocompatible magnetic nanomaterials and ferrofluids.  Moreover, we studied the 

physical aspects of the interaction behavior of these nanoparticles to differentiate and 

understand the superparamagnetic and superspin glass properties exhibited by the 

same material under different conditions. All these studies involve different kinds of 

magnetic measurements such as field dependence of magnetization, zero field cooled 

and field cooled magnetization, relaxation studies, etc. Solid state NMR studies have 

been made on nanoparticles of non-magnetic materials having the same structure as 

that of the magnetic particles to understand the local structural changes taking place 

on the surface of the particles when their sizes are reduced to few nanometers.  

The first chapter (this chapter) introduces the concept of nano science and various 

types of magnetic nanomaterials that have been synthesized for various applications. 

Also, a detailed discussion of the synthesis methods, magnetic properties and 

applications of magnetic nanomaterials is presented.  

The experimental methods and characterization techniques used in the present work 

are briefly discussed in the second chapter. 
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The third chapter describes the synthesis and magnetic properties of iron oxide 

nanoparticles. Fe3O4 nanoparticles have been synthesized by the reverse co-

precipitation method. The main advantage of the co-precipitation process is that a 

large amount of nanoparticles can be synthesized in a single batch. However, the 

control of particle size distribution is limited, because only kinetic factors are 

controlling the growth of the crystal. The mode of addition of Fe stock solutions to the 

base during the synthesis was found to be decisive in controlling the crystallite and 

particle size as well as distribution of the produced Fe3O4 nanoparticles. Lower 

temperature and higher degree of agitation were the favorable conditions for 

producing smaller particles with narrow distribution. The synthesis conditions for 

obtaining reproducible results were optimized by XRD and magnetic measurements. 

Fourth chapter of the thesis describes the synthesis and fuctionalization of Fe3O4 

nanoparticles by dextran and ascorbic acid. The work is focused on detailed studies on 

the magnetic properties of coated as well as uncoated magnetic nanoparticles. In the 

generation of magnetic nanoparticles for biological applications, the control over 

synthetic parameters influencing the particles' physicochemical properties are of great 

interest due to the strong influence of particle size and surface properties on biological 

applications. We have synthesized dextran and ascorbic acid coated iron oxide 

nanoparticles and systematically evaluated synthetic parameters that may influence 

the properties of these nanoparticles. In the present investigation, the structural and 

the magnetic properties of the nanoparticles were investigated. The influence of the 

non-magnetic shell on the magnetic dipole–dipole interactions between the 

neighboring particles was determined by low temperature magnetic measurements. 

Colloidal suspensions of magnetic nanoparticles, with biomedical application as 

contrast agents in magnetic resonance imaging, in mind, have been prepared by 

coating iron oxide nanoparticles with ascorbic acid. The T1 and T2 relaxation times 

are recorded by an NMR instrument using inversion recovery pulse sequence.  

Chapter five of the thesis deals with the comparison of the magnetic properties and 

the interaction behavior of coated and uncoated iron oxide nanoparticles. The 

magnetic properties of uncoated particles changes after coating with ascorbic acid and 

dextran. This was confirmed by zero field cooling, field cooling and memory 

experiments. The studies suggest the interacting and non-interacting behavior of 



 

Chapter 1  50 

uncoated and coated nanoparticles, respectively, giving rise to superspin glass and 

superparamagnetic characteristics.. 

Chapter six highlights the studies on non-magnetic spinel type oxide nanoparticles 

by solid state NMR, to understand the coordination and distribution behavior of the 

different metal ions in these nanoparticles. For magnetic nanoparticles, the exchange 

interactions at the surface of a particle will be different from those inside due to 

changes in the coordination behavior at the surface when the size of the particles is 

reduced to nanodimensions. Therefore, studying and understanding the coordination 

and distribution behavior of the different metal ions in the nanoparticles of spinel-type 

oxides is very important to understand the changes in the magnetic properties with 

size. Solid state NMR is a useful and important technique to obtain information on 

local structural variations. The degree of the distribution of the Al
3+

 ions in the 

tetrahedral and octahedral sites in the nanoparticles and changes in the coordination 

behavior with particle size of the nonmagnetic spinel MgAl2O4 and ZnAl2O4 having 

different particle sizes has been determined by 
27

Al magic-angle spinning (MAS) 

NMR spectroscopy. It has been observed that the inversion parameter decreases with 

increasing particle size. Apart from the usual tetrahedral and octahedral coordinations 

present in the bulk material, the presence of five coordinated Al sites has been 

observed in nanoparticles and a second octahedral coordination is observed for 

nanoparticles of larger sizes. 

 Chapter seven is an overall conclusion from the present studies on magnetic 

and non-magnetic spinel type oxide nanoparticles. The present results and future 

perspectives are discussed in this chapter. 
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CHAPER 2 

SYNTHESIS METHODS AND CHARACTERISATION 

2.1 Introduction 

This chapter discusses the methods used in this work for the synthesis 

nanocrystalline spinel oxides and various experimental techniques used for the 

characterization of materials. Such techniques involve the methods of synthesis of the 

spinel type oxides under study and characterization of the structure, morphology, 

magnetic properties, etc. The components which govern the properties of the 

nanomaterials under study are characterized as accurately and as broadly as possible, 

in order to better understand their particular characteristics. 

2.2  Synthesis 

There are several methods available for the synthesis of spinel type oxide 

oxide materials in the nanostructured forms such thermal decomposition, sol-gel, 

citrate precursor method, combustion, co-precipitation, etc [1]. In the present work, 

the different oxide materials are synthesized in nanocrystalline forms by using the 

conventional coprecipitation method and the glycine-nitrate autocombustion method.  

2.2.1 Coprecipitation method 

Coprecipitation of various salts (nitrates, sulphates, chlorides, perchlorates 

etc.) under a fine control of pH by using NaOH or NH4OH solutions yields 

corresponding spinel oxide nanoparticles [2]. Coprecipitation reactions [3] tend to 

exhibit the following characteristics:  (i) The products of precipitation reactions are 

generally sparingly soluble species formed under conditions of high supersaturation. 

(ii) Such conditions dictate that nucleation will be a key step of the precipitation 

process and that a large number of small particles will be formed. (iii) Secondary 

processes, such as Ostwald ripening and aggregation, will dramatically affect the size, 

morphology, and properties of the products. (iv) The supersaturation conditions 

necessary to induce precipitation are usually the result of a chemical reaction. As 

such, any reaction conditions influencing the mixing process, such as rate of reactant 

addition and stirring rate, must be considered relevant to product size, morphology, 
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and particle size distribution. Particle size of the coprecipitated material is strongly 

dependent on pH of the precipitation medium and concentration of the starting 

precursors. Consequently, adjusting the different parameters, particle size control can 

be easily achieved.  

Coprecipitation method offers some advantages. They are: 

 Simple and rapid preparation. 

 Various possibilities to modify the particle surface state and overall 

homogeneity. 

 Large scale production 

Coprecipitation method are classified into two types. They are direct or normal 

coprecipitation method and the reverse coprecipitation method. In the normal 

coprecipitation reaction, alkali solution is added to the metal salt solution where as in 

reverse coprecipitation method metal solution is added to the alkali solution. During a 

normal coprecipitation method, the pH value gradually increases, because alkali 

solution is dropped into the mixed metal solution. In the case of the reverse 

coprecipitation method, the mixed metal solution is directly dropped into an alkaline 

solution. In this case, there is not much variation in the pH of the alkaline solution and 

hence a constant pH can be maintained during the precipitation reaction. 

Consequently, it is expected that the nanoparticles, once formed, does not grow much 

in size in this reverse method as compared to the normal coprecipitation method. The 

reverse coprecipitation method is very effective for synthesizing fine nanoparticles of 

poly-metallic oxides [4].  

2.2.2 Glycine-Nitrate autocombustion method 

The autocombustion method of synthesis [5] of metal oxides using redox 

mixtures involves a mixture of oxidizing reagent such as nitrates of metals and a fuel 

such as glycine, urea, citric acid, hydrazine, glycerol, etc, which acts as a reducing 

reagent. The method is actually self-sustainable after the reaction is initiated and 

owing to the exothermic nature of the reaction, high internal temperature ensures the 

crystallization and formation of the oxides. The advantages of the autocombustion 
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process are that, one will get batches of yield (>96%) in a short time period. Some of 

the salient features of the process are: 

 It is an easy and fast process that uses relatively simple equipments. 

 Composition, structure, homogeneity, and stoichiometry of the products can 

be controlled. 

 Formation of high-purity products are ensured by this method. 

 High exothermicity of the metal nitrate–fuel reaction permits incorporation of 

desired quantity of impurity ions or dopants in the oxide hosts to prepare 

industrially useful materials like magnetic oxides, pigments and phosphors  as 

well as high-Tc cuprates, and M/oxide catalysts and tough materials.  

 Stabilization of metastable phases (γ-Fe2O3, t-ZrO2, anatase TiO2, etc.) is 

possible by this method. 

 Formation of products of virtually any size (micron to nano) and shape 

(spherical to hexagonal) can be achieved by this process. 

 This method involves lower costs of preparation compared to conventional 

ceramic methods. 

 It is economically attractive and easy to scale up. 

 Uniform distribution of the dopants takes place throughout the host material 

due to the atomic mixing of the reactants in the initial solution. 

In the present work, the synthesis method used is the glycine-nitrate process 

(GNP) where glycine is used as the fuel [6]. In the case of GNP, the low molecular 

weight amino acid, glycine (H2NCH2COOH), which act as a `zwitterion' or bi-dentate 

ligand, prevents elective precipitation of the metal ions from the solution. Glycine has 

a more negative heat of combustion (3.24 kcal/g) as compared to some other 

combustion fuels such as urea (2.98 kcal/g) or citric acid (2.76 kcal/g). It serves as a 

fuel for the combustion reaction and oxidized by the nitrate ions easily. In GNP, the 

glycine-to-nitrate ion (G/N) ratio can be adjusted to get product particles of different 

sizes, good particle morphology and homogeneity, because G/N ratio affects the 

flame temperature and combustion velocity or reaction time [6,7].  
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2.2.3 Surface coating of nanoparticles 

There are several factors of interest when considering a given synthetic 

approach: (1) thermal stability, (2) dispersability in diverse media, and (3) chemical 

compatibility and ease of chemical manipulation [8]. Here we focused on two 

different modes of capping of iron oxide nanoparticles 

a) Direct Method: In this mode of synthesis, surfactants are mixed with 

ammonia solution and then precipitate the iron oxide nanoparticles by using iron 

solution. The nanoparticles so produced are called capped nanoparticles or protected 

nanoparticles. A surfactant layer has a characteristic chemical affinity to the 

nanoparticles core, due to its specific atoms or groups. For example, in the case of an 

oxide nanoparticle, the metal at the surface can link with the surfactant either by 

physisorption or chemisorption. The chemical bond so formed gives thermal stability 

to the nanoparticle system This method is considered as the easiest way to synthesise 

monodispersed functionalised iron oxide nanoparticles.  

b) Indirect Method: In this method, iron oxide nanoparticles was synthesised 

by coprecipitation method and washed thoroughly in order to remove ammonia and 

dried. This dried sample was used for further functionalisation studies using a suitable 

capping agent.  

2.3 Characterization and Measurement Techniques 

2.3.1 Powder X-Ray Diffraction (XRD) 

The materials studied in the present work have been phase identified by the 

powder X-ray diffraction (XRD) method. X-ray diffraction is the most important and 

useful technique in the field of solid state chemistry. Powder XRD is used to 

determine the structure of the crystalline materials without the need for large single 

crystals. The XRD pattern is the finger print of a crystalline material [9] as this 

technique gives information on the structure, phase and purity of a material. The 

Bragg's law is used widely to treat diffraction from crystals. The Bragg's law is given 

as 
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𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃     (2.1) 

where d is the spacing between two adjacent lattice planes, λ is the wave length of the 

X-radiation, n is an integer (=1) and θ is known as the diffraction angle or Bragg's 

angle [10]. It is known that the width of a diffraction peak increases when the 

crystallite size is reduced below a certain limit (< 100 nm). Therefore, XRD patterns 

can be used to estimate the average size of very small crystallites, from the measured 

width of the peaks in the diffraction patterns. The commonly accepted formula for the 

determination of crystallite size from XRD line broadening is the Scherrer formula 

[10],  

𝑡 =  
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
     (2.2) 

where t is the thickness of the crystallites (in Å), λ is the X-ray wavelength, θ is the 

diffraction angle and β is the width of the diffraction peak (in radians). Generally, 

there will be a contribution to line broadening from the instrument due to various 

factors and this natural line width is corrected as 

𝛽2 =  𝛽𝑀
2 −  𝛽𝑆

2     (2.3) 

where βM is the measured peak width at half peak height and βS is the contribution 

from the instrumental line broadening, in radians. βS is obtained from the width of the 

XRD pattern of a standard bulk material. The thickness of the crystallite or the 

average crystallite size t is generalized as the average particle size in the following 

chapters. 

In the present study, the phase analysis of the samples was carried out using a 

Philips PW 1830 and Panalytical X‟pert Pro diffractometers, and using Ni filtered Cu 

Kα radiation. The wavelength of Cu Kα radiation is 1.5418 Ǻ. The diffractometer was 

calibrated with reference to standard Si wafer. For the general phase analysis the scan 

rate used was 4
o 

/minute. The lattice parameters and d-spacings were calculated using 

the computer program, PowderCell for Windows (PCW) [11]. The same program was 

used for the simulation of the XRD patterns from the known single crystal data of the 

different compounds. 
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2.3.2 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is an imaging technique whereby a 

beam of electrons is focused onto a specimen causing an enlarged version to appear 

on a fluorescent screen or a layer of photographic film, or to be detected by a CCD 

camera. TEM operates on the same basic principles as the light microscope but uses 

electrons instead of light. Virtually, TEM is useful for determining size, shape and 

arrangement of the particles which make up the specimen. Moreover, it is highly 

useful for determination of the lattice planes and the detection of atomic-scale defects 

in areas of few nanometers in diameter with the help of selected area electron 

diffraction (SAED) technique [12,13]. The d-spacing between lattice planes of 

crystalline materials can be calculated from a SAED pattern using the relationship, 

dr = λ L     (2.4) 

where L is the distance between the specimen and the photographic plate, λL is known 

as the camera constant and r is the radius of diffracted rings. It is easy to measure r 

directly from the photographic plate, and λL can be established from the instrument 

by calibrating it with a standard material (usually Ag), and hence one can easily get d 

values. Since each d value corresponds to a specific lattice plane for a specific crystal 

structure, a minimum description of the crystal structure of a crystalline specimen can 

be obtained from a SAED pattern. In some cases, SAED pattern is more helpful as 

compared to XRD, due to the limited detection limit of XRD instruments. 

In the present work, the TEM measurements were performed on a Jeol model 

1200 EX instrument and on model FEI Technai 30 system. Joel model operating at 

120 kV, camera length of 80 cm and field limited aperture of 100 µm whereas FEI 

Technai model operated at 300 kV. Prior to TEM measurements, the samples were 

dispersed in a suitable organic solvent (isoamyl acetate, acetone, toluene, etc.) and a 

drop of the solution was poured on carbon-coated TEM grids. The film formed on the 

TEM grids was allowed to dry for 2 minutes following which the extra solvent was 

removed using a blotting paper and the TEM measurements were performed. 
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2.3.3  Photon correlation spectroscopy  

Photon correlation spectroscopy (PCS) [14], also called dynamic light 

scattering (DLS), is a common technique to obtain nanoparticle size. The 

determination of the diffusion coefficient of the nanoparticles in solution gives access 

to the hydrodynamic radius of a corresponding sphere and the polydispersity of the 

colloidal solution. 

When light hits small particles, the light scatters in all directions (Rayleigh 

scattering) so long as the particles are small compared to the wavelength (below 

250 nm). If the light source is a laser, and thus is monochromatic and coherent, then 

one observes a time-dependent fluctuation in the scattering intensity. These 

fluctuations are due to the fact that the small molecules in solutions are 

undergoing Brownian motion and so the distance between the scatterers in the 

solution is constantly changing with time. This scattered light then undergoes either 

constructive or destructive interference by the surrounding particles and within this 

intensity fluctuation, information is contained about the time scale of movement of 

the scatterers. 

There are several ways to derive dynamic information about particles' 

movement in solution by Brownian motion. One such method is dynamic light 

scattering, also known as quasi-elastic laser light scattering. The dynamic information 

of the particles is derived from an autocorrelation of the intensity trace recorded 

during the experiment. The second order autocorrelation curve is generated from the 

intensity trace as follows 

𝑔2 𝑞; 𝜏 =
<𝐼 𝑡 𝐼(𝑡+𝜏)>

<𝐼(𝑡)>2
     (2.5) 

where g
2
(q;τ) is the autocorrelation function at a particular wave vector, q, and delay 

time, τ, and I is the intensity. At short time delays, the correlation is high because the 

particles do not have a chance to move to a great extent from the initial state that they 

were in. The two signals are thus essentially unchanged when compared after only a 

very short time interval. As the time delays become longer, the correlation starts to 

exponentially decay to zero, meaning that after a long time period has elapsed, there is 
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no correlation between the scattered intensity of the initial and final states. 

This exponential decay is related to the motion of the particles, specifically to the 

diffusion coefficient. To fit the decay (i.e., the autocorrelation function), numerical 

methods are used, based on calculations of assumed distributions. If the sample is 

monodisperse then the decay is simply a single exponential. The most important use 

of the autocorrelation function is its use for size determination. 

Researchers noticed that the hydrodynamic size values obtained by laser light 

scattering are often larger than diameters obtained from transmission electron 

microscopic (TEM) measurements and, for the same sample, the hydrodynamic size 

can change with the suspension conditions [15,16]. There are many theories regarding 

the nature of this discrepancy. One is the “hairy layer” model that attributes the larger 

apparent size to a hairy layer formed by surface molecular chains [17]. Another is the 

hydration model that uses surface hydration and the electric double layer to explain 

the observed difference [18,19]. Probably both phenomena give rise to this 

discrepancy because the water and coating electronic density are not surveyed by 

TEM and X-ray diffractions techniques. The discrepancy between the hydrodynamic 

size and the solid dimension of the particles poses a challenge regarding the reliability 

of applying only one technique as dynamic light scattering which is commonly used 

for stability studies. This effect is particularly relevant for superparamagnetic iron 

oxide nanoparticles because there is a great difference between their crystal and their 

hydrodynamic size.  

In the present work, the DLS measurements were carried out on the coated 

iron oxide samples using a Brookaven Particle Size Analyser by making aqueous 

solutions. 

2.3.4 Infrared (IR) spectroscopy 

IR spectroscopy [20] is a useful tool for the understanding of the functional 

group of any organic molecule. FT-IR [21] has been widely used to confirm the 

attachment of different functional groups in each step of functionalization. The atoms 

in a molecule do not remain in a fixed relative position and vibrate about some mean 

position. Due to this vibrational motion if there is a periodic alternation in the dipole 

moment then such mode of vibration is infrared (IR) active. The IR region of the 
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electromagnetic spectrum is 100 to 1µm wavelength. The vibrating molecule absorbs 

energy only from radiation with which it can coherently interact, i.e. the radiation of 

its own oscillation frequency. The appearance or non-appearance of certain bands in 

an IR spectrum at certain vibrational frequencies gives valuable information about the 

structure of a particular molecule. The frequency of vibration is given by the relation  

𝜗 =
1

2𝜋
 

𝑘

𝜇
     (2.6) 

where k is force constant and µ is reduced mass. 

In the present work, the IR studies were carried out on the iron oxide samples 

using a Perkin Elmer Spectrum-One FTIR Spectrometer in the frequency range 400 to 

4000 cm
-1

 by properly mixing the sample with spectroscopic grade KBr. 

2.3.5 Thermogravimetric Analysis (TGA) 

TGA [22] has been performed to get quantitative information on the amount of 

molecules coated on the surface of the nanoparticles and to confirm the coating 

formation (especially surfactants or polymers) to estimate the binding efficiency on 

the surface of magnetic nanoparticles 

In the present study, dynamic thermogravimetry (TG) 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 a variety conditions [23]. TG curves are usually recorded 

using a thermobalance.  

A Seiko 32 thermal analyzer was used to perform the thermogravimetric 

analysis (TGA) of various precursors and samples. Thermal analysis was carried out 

up to 1000 
o
C in flowing air, at a heating rate 10 

o
C /min. 
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2.3.6 UV-Visible Spectroscopy 

UV-Visible spectroscopy is the measurement of the intensity of absorption of 

near ultraviolet and visible light by a sample. Ultraviolet and visible light are 

energetic enough to promote outer electrons in an atom to higher energy levels. UV-

Vis spectroscopy is usually applied to molecules and inorganic ions or complexes in 

solution or solid samples [24]. The UV-Vis spectra have broad features that are of 

limited use for sample identification but it is a very useful technique for quantitative 

measurements. Moreover, UV-Vis spectroscopy is used to determine the optical band 

gap transitions of semiconductors.  

In the present study, UV-Vis spectroscopy measurements of the solid samples 

at room temperature were carried out on a Jasco UV-Vis spectrophotometer (V570 

UV-VIS-NIR) operated at a resolution of 1 nm. 

2.3.7 Magnetic measurements 

The magnetic characteristics of the different materials were measured on a 

Vibrating Sample Magnetometer (VSM), as a function of the applied field at different 

temperatures and as a function of temperature at different applied field strengths [25]. 

A VSM is a device in which a sample is vibrated in a uniform magnetic field, and the 

induced voltage in a properly positioned set of coils, which is proportional to the 

magnetization of the material, is detected. The instrument allows precise 

magnetization measurements to be made as a function of magnetic field strength, 

temperature, and crystallographic orientation [26]. 

An EG&G PAR 4500 vibrating sample magnetometer was used in the present 

work. The magnetometer was calibrated using a standard Ni sample. Field 

dependence of magnetization was measured up to a maximum field of 15 kOe. For the 

temperature variation of magnetization,  a constant magnetic field is applied and the 

magnetization is measured by varying the temperature at a constant heating rate of 2 

o
C/min. A closed cycle helium cryostat was used for low temperature measurements 

(12-300K). The sample holder used for room temperature and low temperature 

measurements is made of a non-magnetic polymer material, Kel-F 

(poly(cholorotriflouro)ethelene). For the zero field cooled (ZFC) measurements, the 
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sample was first cooled to the lowest possible temperature (12 K) in zero magnetic 

field and magnetization was recorded while warming the sample. In the field cooled 

(FC) magnetization measurements, the sample was cooled under an applied field and 

the magnetization was measured while heating in the same field. 

 

 

Figure 2.1. Schematic diagram of the VSM components [26]. 

Aging, rejuvenation and memory experiments were used for various samples 

which showed spin-glass type behavior and for magnetic nanoparticles. Here, two 

methods were employed, FC and ZFC protocols with temperature steps and cycling. 

The spin glass systems are known to show aging and memory effects. Recent interest 

in various magnetic nanoparticle systems also makes them important to study such 

closely resembling properties. For this, commonly multiple memory experiments are 

used. In the present work, single or double memory experiments are mainly 

employed. A typical memory experiment (by dc method) employed in the present 

work is as illustrated in Figures 2.2, (a) and (b) for FC and ZFC methods, 

respectively. The sample was initially cooled to a lower temperature below the 

existence of spin glass-like phase by FC or ZFC methods. Sufficient waiting time is 
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given at one or more temperatures during cooling. The magnetization was then 

recorded on heating. It is important that the heating/cooling should be in a controlled 

fashion and a heating/cooling rate of 2 K/min has been used in the present work. 

 

 

Figure 2.2. Typical memory experiments following (a) FC protocol and (b) ZFC 

protocol. T1 and T2 are two temperatures in the spin glass-like regime where the 

sample is aged or allowed for waiting times of tw(1) and tw(2), respectively. Field, 

H= 0 at the halts, but a finite value of H (say, 50 Oe) is maintained during cooling in 

the FC method. The measurement was carried out during heating by applying a low 

field (say, 50 Oe). 

2.3.8 Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR [27] is an extremely valuable analytical technique and the desire to 

develop it as a probe for solids and surfaces has been intense among researchers. 

Today NMR spectroscopists have at their disposal a huge battery of solid-state NMR 

experiments that allow the features of molecular structure and molecular dynamics to 

be determined. We can get information regarding molecular structure, inter molecular 

packing, inter nuclear distance, nature of interaction, molecular dynamics, molecular 
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degrees of freedom etc of a lot of polymers, catalysts and proteins, which are solid in 

nature. The excellent feature of this technique is that it can be used effectively even in 

inhomogeneous or amorphous systems. 

NMR [28] depends on the nature of nucleus of an atom. Most nuclei have the 

property of spin similar to electrons. Electrons have the spin quantum number of ½ 

and pair up with the antiparrellel spins in atomic orbital. Protons and neutrons 

(nucleons) are also spin ½ particles and arrange themselves in energy states somewhat 

similar to atomic orbital. If nucleus has both an even number of protons (Z) and even 

number of neutrons (N), then all the nucleon spin will be paired and there is no net 

spin. All other nuclei possess spin (such as 
1
H and 

13
C). The spin of the nucleus is 

usually given by the symbol I, called the spin quantum number. Since nucleon spin is 

quantized at ½, the net nuclear spin I is also quantized. 

The solid state NMR [29,30] experiments can be set up such that the 

anisotropic nuclear spin interaction, which vanishes in solution state NMR 

experiments, remains in force. Thus, the anisotropy of nuclear spin interactions such 

as chemical shift anisotropy, dipole-dipole interactions, and quadrupole interactions 

can all be used by the chemist to get quantitative information on molecular structure, 

conformation and dynamics. The spectral resolution used to be a problem in solid 

state NMR. There are several factors contributing to the breadth of the resonance lines 

in solid state NMR spectra such as dipole-dipole interaction, quadrupolar coupling 

etc. 

A deeper understanding to the origin of the limitations faced by sample 

spinning towards the removal of spectral broadening was achieved about decades ago, 

and lead to the development of Magic Angle Spinning. 

2.3.8.1 Magic angle spinning (MAS) 

 MAS is an invaluable line narrowing technique in solid state NMR. The 

spinning of sample about an angle θR with respect to the applied field in effect scales 

the anisotropy of any interaction by a factor (3cos
2
 θR –1). This factor is zero at the 

magic angle 54.74˚ but non-zero if the angle is mis-set. To set the magic angle, a 

sample is required which gives a good signal in a single scan, and which gives lots of 
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spinning side bands at moderately spinning rate i.e., observed nucleus should be 

affected by an inhomogeneous interaction with an anisotropy of an order of 100 kHz. 

The most commonly used standard for setting the magic angle is 
79

Br (I = 3/2) 

resonance in solid KBr.  

2.3.8.2 Multiple Quantum Magic-Angle Spinning (MQMAS) 

The MQMAS experiment was first proposed in 1995 for achieving high 

resolution for half integer quadrupolar nuclei while spinning the sample at just one 

angle, the magic angle, throughout the experiment. It is a two-dimensional experiment 

and achieves the resolution via refocusing of evolution during t1 period in a second 

period of precession kt1. In order to do this a change in transition frequency is needed 

between the two periods, which is done by changing the order of evolving coherences. 

In particular multiple quantum coherence corresponding to a symmetric +m→ -m 

transition evolves during t1. This is then converted to single quantum coherence, 

which evolves during kt1. 

Disregarding the anisotropic dipolar and chemical shift contributions and 

allowing only for isotropic chemical shielding υ
cs

iso the transition frequencies that will 

result for any symmetric –m ↔ +m transition upon subjecting HQ
2
 to fast spinning 

can be written as: 

υ(m,χ) = υ
cs

 iso 2m + υ
Q

0 C
I
0(m) P0cos χ + υ

Q
2 .(φ, θ)C

I
2(m) P2cos χ 

+ υ
Q

4(φ, θ) C
I
4(m) P4cos χ    (2.7) 

The spinning angle χ and quantum number m dependencies originated from 

{A2n} and Iz operators. (φ, θ) are powder angles orienting a given crystallite with 

respect to the rotor frame .The shielding and dipolar anisotropies can solely scaled by 

P2cos χ and susceptible to averaging by MAS, the second order nature introduces a 

new P4cos χ term. This again is consequence of quadratic dependence of HQ
2 

on the 

{A2n} elements. Although the individual P2 and P4 polynomials that scales the spectral 

broadening can be zeroed at particular choices of spinning axis, no single χ value can 

remove simultaneously υ2
Q 

(φ, θ), υ4
 Q 

(φ, θ) anisotropies. 
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Figure 2.3.   (A) Effects of the second-order frequency shifts Δ2(ϕ,θ) on the central 

transition spectrum arising from a static powder. Although much smaller than first-

order effects, these broadenings are still large enough to prevent the resolution of 

chemically-inequivalent sites in a sample. (B) Orientation dependence of the two 

Legèndre  polynomials {Pl(cosχ)}l=2,4 that define the line broadening of central 

transition quadrupolar patterns, showing the positions of their non-coincident roots 

and the consequent inability of χ = 54.7° magic angle) to average all broadenings 

away [30]. 

In MQMAS experiment the averaging is done by changing the order of 

evolving coherences. The multiple quantum coherence of order 2m is first excited and 

allowed to evolve during t1. The experiment is conducted under magic angle spinning 

which may be assumed to average to zero the second rank terms throughout the 

experiment .The only anisotropy in the evolution during t1 arises from P4cos χ. At the 

end of t1 second rf pulses transfer the remaining multiple quantum coherences to 

single quantum coherence associated with + ½ → -½ transition. The important point 
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is that the evolution of multiple quantum coherences during t1 is now „undone‟ by the 

evolutions of single quantum coherence during kt1associated with the central 

transition second order quadrupole broadening .The value of k is given by the ratio of 

co-efficient of second order quadrupole coupling term in frequency of multiple 

quantum coherence and the central transition R4(I, m). At the end of kt1, a normal FID 

is collected .A two-dimensional data set is collected. In MQMAS data, an echo 

analogous to the DAS is seen to shift in time with increasing t1 values. Fourier 

transformation results in a two-dimensional frequency spectrum in which the f1 

dimension exhibits an isotropic spectrum and the f2 dimension, the anisotropic powder 

patterns associated with central transition of different sites. The amplitude of multiple 

quantum coherence generated depends upon the strength of quadrupole coupling. 

All measurements were carried out on a Bruker AV 300 and A V 500 MHz 

NMR spectrometer. AV 300 MHz NMR spectrometer equipped with a 7.05 Tesla 

wide bore superconducting magnet. After inserting sample into the probe, it was spun 

at 12.5 kHz for reducing all the interactions, which causes broadening of the spectra. 

The probe was tuned to the required frequency using the wobbler mode.
  27

Al is 100٪ 

abundant nucleus and the spin of 
27

Al  is 5/2 .
 27

Al gives a resonance frequency of 

78.172 MHz. The samples were packed in 4 mm zirconia rotors. The spinning rates of 

12.5 k Hz are used. The free induction decay spectra were taken with a single 

excitation pulse. For 
27

Al, a short pulse of  0.6μs was used. Size of free induction 

decay was 32kilobites and number of scans used was 4000. The 
27

Al spectra were 

referenced to 0.1M aqueous solutions of Al2(SO4)3.  On the AV500 spectrometer, the 

samples were packed into 2.5-mm zirconia rotor and spun at the magic angle at a 

spinning speed of 34.1 kHz.
 

 27
Al MAS NMR resonances are typically broadened by non-negligible second-

order anisotropic effects. Recently experimental methods have been developed 

utilizing a combination of MAS and multiple quantum evolution which serves to 

provide a high resolution spectra of I = 5/2 spins. For 
27

Al MQMAS experiment, a 

standard two-pulse z-filtered pulse sequence (shown in the Figure 2.4) was used. The 

spinning rate was 12.5 kHz.  The length of the first pulse (MQ creation pulse) was 

3.4μs conversion pulse 1.1μs. The z-filter pulse was 22μs. The rf power for the MQ 

creation pulse and the conversion pulse were 78 kHz and that for the z-filter pulse was 
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5kHz. The size of fourier induction decay (FID) was 2048 and 420 number of scans 

were collected for each t1 point. Data was acquired and processed using states method 

and the data was shear transformed in the indirect dimension.  The quadrupole 

coupling parameters which includes the second order quadrupole effects SOQE =CQ 

(1+η
2
/3), where CQ is the quadrupole coupling constant and η is the asymmetry 

parameter and isotropic chemical shifts (δ iso) have been estimated for the analysis of 

the resonance position in the unsheared spectra. 

 

Figure 2.4. Pulse sequence and coherence diagram used 

3QMAS NMR method has been widely used in MQMAS NMR technique, 

because triple quantum coherence is most readily excited and converted to single 

quantum coherences. The used pulse sequence and coherence diagram are given 

above. This pulse sequence is designed to select the 3Q coherences after the first 

pulse. After the t1 evolution, the second pulse converts the 3Q coherence to the zero 

quantum coherence. After a short delay (20 μs), the z-filter pulse converts the zero-

quantum coherence to the observable single quantum coherence.  The results of the 

MAS as well as MQMAS experiments are discussed in chapter 5. 
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CHAPTER 3 

SYNTHESIS AND MAGNETIC PROPERTIES OF IRON OXIDE 

NANOPARTICLES 

3.1 Introduction 

Superparamagnetic iron oxide nanoparticles (SPIONs) of γ-Fe2O3  

(maghemite) or Fe3O4 (magnetite) are suitable candidates for many biomedical 

applications such as magnetic carriers for targeted drug delivery, magnetically 

mediated hyperthermia, separation of biochemical products, contrast enhancement 

agent for magnetic resonance imaging, etc. [1,2]. Apart from the biomedical 

applications [3,4], the iron oxide nanoparticles are of technological importance due to 

their applications in many fields including high density magnetic storage devices [5], 

ferrofluids [6,7], magnetic refrigeration systems, and catalysis [8,9]. Therefore, in the 

recent years, studies on nanometer-sized iron oxide magnetic particles have been the 

focus of intense fundamental and applied research, with special emphasis on the size-

dependent magnetic properties. In this respect, the synthesis of chemically stable γ-

Fe2O3 and Fe3O4 has become very important in modern research. For several decades, 

iron oxides have been used in various magnetic applications, such as in magnetic 

recording tapes and other devices. Therefore, study of this material has a long history, 

and the recent focus is on these nanosized particles, in view of the various 

technological and bio medical applications. 

Various methods are known for the synthesis of iron oxide nanoparticles such 

as co-precipitation [10,11], vaporization–condensation [12], microemulsion [13], 

thermal decomposition [14], thermolysis [15], sonochemical [16], hydrothermal [17], 

etc. Very recently, Bharde et al. reported microorganisms based synthesis of 

magnetite at ambient conditions, using bacteria and fungi [18,19]. Recently, several 

research groups [20, 21] have attempted to understand the factors that tailor particle 

size and influence of particle size on magnetic properties. Despite many modes of 

control, most studies [22,23] have achieved sizes in the 3–20 nm range and very few 

studies have shown particles with average diameters below 4 nm [24]. The most 

recent foci for attaining size control have been methods aimed at the separation of 

nucleation from growth processes. Recently, Sun et al. [25] have described the 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TXC-4MK0N6X-1&_user=433544&_coverDate=08%2F07%2F2007&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1403388917&_rerunOrigin=google&_acct=C000020739&_version=1&_urlVersion=0&_userid=433544&md5=54fbcf789edfd97027e2d302057f1eda#bib6
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TXC-4MK0N6X-1&_user=433544&_coverDate=08%2F07%2F2007&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1403388917&_rerunOrigin=google&_acct=C000020739&_version=1&_urlVersion=0&_userid=433544&md5=54fbcf789edfd97027e2d302057f1eda#bib10
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TXC-4MK0N6X-1&_user=433544&_coverDate=08%2F07%2F2007&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1403388917&_rerunOrigin=google&_acct=C000020739&_version=1&_urlVersion=0&_userid=433544&md5=54fbcf789edfd97027e2d302057f1eda#bib11
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TXC-4MK0N6X-1&_user=433544&_coverDate=08%2F07%2F2007&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1403388917&_rerunOrigin=google&_acct=C000020739&_version=1&_urlVersion=0&_userid=433544&md5=54fbcf789edfd97027e2d302057f1eda#bib12
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TXC-4MK0N6X-1&_user=433544&_coverDate=08%2F07%2F2007&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1403388917&_rerunOrigin=google&_acct=C000020739&_version=1&_urlVersion=0&_userid=433544&md5=54fbcf789edfd97027e2d302057f1eda#bib13
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TXC-4MK0N6X-1&_user=433544&_coverDate=08%2F07%2F2007&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1403388917&_rerunOrigin=google&_acct=C000020739&_version=1&_urlVersion=0&_userid=433544&md5=54fbcf789edfd97027e2d302057f1eda#bib14
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synthesis of magnetite nanoparticles by organic solution base decomposition of iron 

precursors which can lead to monodispersed nanoparticles. However, the processes 

associated with decomposition reaction and subsequent particle formation is 

extremely complex and ill-understood. One of the main drawbacks of such strategies 

is the low amount of sample produced in a single batch, which is probably the main 

limitation for further applications. Moreover, the materials used for this method of 

synthesis are quite expensive and carcinogenic as compared to the conventional 

coprecipitation method. Current or future synthetic routes based on controlled 

nucleation and growth phenomena will be probably more appropriate from the 

viewpoint of their yield and cost. 

The co-precipitation [26,27] technique is generally employed by various 

researchers for the synthesis of γ-Fe2O3 nanoparticles and this route involves the 

initial formation of Fe3O4 from a mixed solution containing Fe
2+

 and Fe
3+

 and the 

magnetite formed is oxidized to Fe2O3. Many papers report on the synthesis of fine 

Fe3O4 nanoparticles with 2–10 nm in diameter by the coprecipitation reaction. Some 

of these reports describe synthesis conditions for controlling the particle size in the 

range of 2–20 nm in diameter. None of these reports mention about the formation of 

uniform sized iron oxide nanoparticles obtained by coprecipitation method. Hence, it 

is a challenge to synthesise monodisperse iron oxide nanoparticles by coprecipitation 

method. The Massart process [28] describes the coprecipitation of Fe3O4 without 

molecules for stabilization. In the original synthesis, magnetite (Fe3O4) particles were 

roughly spherical, and their crystallite size measured by XRD was 12 nm. Many 

researchers have studied the influence of different parameters, including the iron 

media and the iron concentration, pH, temperature etc [29,30]. 

Various reports show that magnetite nanoparticles play interesting magnetic 

behaviour [31] which are not observed in bulk materials and the properties can be 

tuned by adjusting the particle size [32,33]. Wu et al [34] have studied the magnetic 

behaviour of iron oxide nanoparticles with average particle sizes ranging from 2 to 4 

nm. It was found that there is a contradiction between the magnetic properties 

reported for iron oxide nanoparticles in number of research articles [35,36]. A good 

example for this difference is obvious in the work reported by Wu et al [34] and Iida 

et al [37]. The superparamagnetic blocking temperature reported for 4 nm iron oxide 
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nanoparticles are different but the shape of the ZFC and FC magnetization curves 

remain same in both cases. Similarly, there is a difference in the saturation 

magnetisation for 9 nm iron oxide nanoparticles reported by Iida et al [37]. Hitherto 

there is no correct explanation for the arguments on size dependent magnetic 

properties of iron oxide nanoparticles. In almost all applications using magnetite 

nanoparticles, the preparation method plays a major role in determining the particle 

size, shape, the size distribution, the surface chemistry of the particles and 

consequently their magnetic properties which in turn depends on the cation 

distribution present in the sample.  It is therefore instructive to look into size 

dependent magnetic properties of iron oxide nanoparticles.  

One of the main intentions of this work is to develop a simple and 

reproducible route for the synthesis of iron oxide nanoparticles by modifying the 

existing coprecipitation method to achieve monodisperse iron oxide nanoparticles and 

tune the magnetic properties with respect to particle size. This is likely to be possible 

by adjusting the cooking parameters involved during the synthesis. In this chapter we 

describe studies on the synthesis of iron oxide nanoparticles by the simple reverse 

coprecipitation method. 
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Table 3.1. Comparison of the properties of iron oxide nanoparticles reported in the literature. LT – low temperature, RT – room 

temperature 

No. Synthesis method Type of 

magnetic 

measurement 

Particle size 

(nm) 

Ms 

(emu/g) 

Tb 

(K) 

Tirr 

(K) 

Measuring 

Field 

(Oe) 

Reference 

1. Thermal Decomposition LT 4 

13 

16 

 25 

185 

290 

 100 [13] 

2. Thermal Decomposition LT 4 

6 

8 

9 

11 

12 

13 

15 

 8 

30 

70 

100 

190 

200 

185 

280 

8 

30 

70 

100 

190 

200 

185 

280 

100 [21] 

3. Hydrolysis RT 8 

37 

46.7 

86.6 

  10000 [22] 

 

4. Coprecipitation RT 2.5 

3.6 

4.5 

5.3 

19.2 

16.8 

20.2 

24.1 

  40000 [34] 

LT 2.5 

3.6 

4.5 

5.3 

 60 

70 

150 

170 

60 

70 

220 

300 

100 

5. 

 

 

 

Reduction RT 4 

11.5 

47.7 

150 

31.8 

60.1 

65.4 

75.6 

   [36] 
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LT 4 

11.5 

47.7 

150 

 45 

107 

300 

50 

115 

400 

500G 

6. Thermal Decomposition RT 4 36.2   2000 [38] 

LT 4  

 

20 20 1000 

7. Thermal Decomposition RT 8 58.7   30000 [39] 

8. Microemulsion LT 1.9 

2.4 

3.6 

5.6 

7.3 

 45 

60 

75 

140 

210 

45 

60 

75 

140 

210 

5 [40] 

9. Solvethermal RT 12.7 84   50000 [41] 

LT 12.7  95 230 500 

10. Coprecipitation RT 8.9 

10.3 

13.5 

54.8 

62.3 

69.6 

  10000 [42] 

11 Coprecipitation RT 10.9 

4.9 

15.2 

11.5 

15.0 

6.6 

16.8 

24.6 

47.1 

59.4 

56.5 

56.3 

51.8 

62.2 

63.4 

67.9 

  10000 

 

[43] 
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3.2 Synthesis of Magnetite Nanoparticles 

Coprecipitation is a facile and convenient way to synthesize iron oxides (either 

Fe3O4 or γ-Fe2O3) from aqueous Fe
2+

/Fe
3+

 salt solutions by the addition of a base 

under inert atmosphere at room temperature or at elevated temperature. The size, 

shape, and composition of the magnetic nanoparticles very much depend on the type 

of salts used (e.g. chlorides, sulfates, nitrates), the Fe
2+

/Fe
3+

 ratio, the reaction 

temperature, the pH value and ionic strength of the media. With this method of 

synthesis, once the synthetic conditions are fixed, the quality of the magnetite 

nanoparticles is fully reproducible. The experimental challenge in the synthesis of 

Fe3O4 by coprecipitation lies in the control of the particle size and thus achieving a 

narrow particle size distribution.  

The main advantage of the coprecipitation process is that a large amount of 

nanoparticles can be synthesized in a single batch. However, the control of particle 

size distribution is limited, because only kinetic factors are controlling the growth of 

the crystal. In the coprecipitation process, two stages are involved: a short burst of 

nucleation occurs when the concentration of the species reaches critical super 

saturation, and then, there is a slow growth of the nuclei by diffusion of the solutes to 

the surface of the crystal. Particles prepared by coprecipitation, unfortunately, are 

polydisperse in nature. It is well known that a short burst of nucleation and 

subsequent slow controlled growth is crucial to produce monodisperse particles. 

Controlling these processes is therefore the key in the production of monodisperse 

iron oxide nanoparticles. 

We have explored the synthesis of magnetite nanoparticles over a range of 

particle size based on an underlying reaction scheme that relies on the reverse 

coprecipitation of iron solution by using ammonia. This type of approach is not 

established in nanoscale syntheses. By optimizing the reaction conditions, one can get 

reproducible formation of magnetite nanoparticles of desired particle size. Recently 

Alverez et al. [44] synthesised iron oxide nanoparticles by flow injection method in a 

capillary reactor. They obtained magnetite nanoparticles had a narrow size 

distribution in the range 2–7 nm. This synthesis strategy lead to well defined iron 

oxide nanoparticles, however, the yield of the product, reproducibility of the synthesis 
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method, cost due to capillary reactor, etc are not known.  Thus, there is an open 

avenue to the researchers for the synthesis of iron oxide nanoparticles. 

Although the coprecipitation method is the simplest and the most efficient 

chemical pathway to obtain magnetite particles, it has disadvantages such as large 

particle size distribution, aggregation and poor crystallinity, resulting in low 

saturation magnetization values. These disadvantages have led to the development of 

advanced methods of magnetite synthesis. Here we highlight the influence of the 

mode of addition of iron solution in the reverse coprecipitation reaction for the 

synthesis of iron oxide nanoparticles.  

As described in the LaMer diagram  [45], for homogeneous precipitation, as 

concentration increases to past saturation, a point is reached where nucleation occurs. 

Particle growth most likely transpires by a combination of diffusion of atoms onto 

nuclei and irreversible aggregation of nuclei. In order to produce monodisperse 

particles, nucleation should be avoided during the period of crystal growth. To control 

the particle size, three different schemes of addition of iron solution to the base were 

used such as addition of Fe solution using a burette (slow and controlled addition), 

addition of iron solution by separating funnel (fast and controlled addition), by direct 

pouring (very fast, uncontrolled addition) of Fe solution to ammonia. The sample 

codes are shown in table 3.2. The mode of addition is found to be influence on the 

particle size and particle size distribution and this was confirmed by PXRD, TEM and 

VSM studies. 

The coprecipitation reaction was carried out by taking 0.1 moles of FeCl2 and 

0.2 moles of FeCl3 in the 1:1 ratio. 20 ml of the mixture of Fe
2+

 and Fe
3+

 was 

precipitated by using 100 ml of 10N NH4OH. Then the mixture was stirred for 15 min 

at room temperature. Iron oxide nanoparticles were prepared by three different mode 

of addition of iron stock solution to ammonia solution in order to control the particle 

size. All the syntheses were carried out under argon gas passing through the solution 

media to avoid possible oxygen contamination during the operations. The precipitate 

was washed thoroughly, several cycles with distilled water, and then dried in an oven 

at 35 °C. 
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Table 3.2. Sample codes and mode of addition 

Sample Code Mode of addition 

Fe1 Burette addition 

Fe2 Separating funnel 

addition 

Fe3 Direct addition 

3.2.1  Addition of Fe stock solution by a burette 

In the burette addition method for synthesising magnetite nanoparticles, the Fe 

solution is added through the small orifice of the burette that leads to the formation of 

small droplets and controls the addition process. For confirming the reproducibility of 

the synthesis method, the iron oxide nanoparticles were synthesized in two different 

batches and are designated as Fe1a and Fe1b. Both samples are characterised by XRD 

and VSM. In order to get large amount samples for further surface functionalization 

studies, magnetite nanoparticles were synthesised by taking double the amount of the 

mixture of Fe
2+

 and Fe
3+

 was added to the double the volume of base by using a 

burette. This sample is named as Fe1c. 

3.2.1.1  PXRD Analysis 

The XRD patterns of the samples are compared with the simulated pattern of 

Fe3O4 in Figure 3.1. The XRD results indicate that observed patterns correspond to 

the Fe3O4 spinel structure with face-centered cubic lattice according to the standard 

JCPDS file No. 19-629. No impurities are detected in any of the samples. The 

broadness of the XRD peaks can be due to the small size of the particles. The average 

crystallite size is calculated from the XRD line broadening, using the Scherrer 

formula [46] . The XRD patterns are indexed to a cubic structure with space group 

Fd3m, and the calculated lattice parameter for the different samples are shown in 

Table 3.3 and the values are consistent with that reported in the literature [47]. 

 

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TXC-4MK0N6X-1&_user=433544&_coverDate=08%2F07%2F2007&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1403388917&_rerunOrigin=google&_acct=C000020739&_version=1&_urlVersion=0&_userid=433544&md5=54fbcf789edfd97027e2d302057f1eda#bib27
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Table 3.3. Sample codes and crystallite size of synthesized samples 

Sample Code Crystallite size 

(±1 nm) 

Lattice parameter 

(Ǻ) 

Fe1a 10 8.39 

Fe1b 10 8.36 

Fe1c 10 8.38 
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Figure 3.1. Powder XRD patterns of a) Fe1a, b) Fe1b, and c) Fe1c. The simulated 

pattern of Fe3O4 is shown at the bottom and indexed. 

3.2.1.2 TEM Analysis 

Transmission electron micrographs have been recorded by drop casting the 

dispersed magnetite nanoparticles in toluene, on a copper grid. Analysis of TEM 

images for all the samples showed that the samples consist of non-uniform sized 

particles with spherical shape and the particles are agglomerated because of the high 

surface energy of these particles. The TEM image of Fe1c is shown in Figure 3.2. The 

selected area electron diffraction pattern of Fe1c, shown in the inset of the Figure 3.2,  
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show diffuse rings, indicating nanocrystalline nature of the particles. The ED patterns 

correspond to that of magnetite phase, agreeing with the results obtained from XRD. 
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Figure 3.2 TEM micrograph of Fe1c sample (left) and TEM histogram of the particle 

size distribution 

3.2.1.3 Magnetic Measurement 

Figure 3.3 shows the field dependence of magnetization of Fe1a and Fe1c, 

measured at room temperature. Both curves are almost identical with similar shape 

and almost identical magnetization. Magnetic hysteresis is not observed for both 

samples and this indicates the superparamagnetic nature of the particles. 

The temperature dependence of magnetization is recorded in an applied 

magnetic field of 50 Oe for all the synthesised samples. Figure 3.4 shows the 

temperature-dependent magnetization measured at 50 Oe from 300 to 12 K. The zero-

field cooled (ZFC) magnetization curves of Fe1a anf Fe1b show a maximum at 99 K 

and drops below this temperature. For superparamagnetic particles, the maximum in 

the ZFC magnetization curve is observed at the blocking temperature (TB). Both 

samples show same blocking temperature of 99 K. Above the blocking temperature, 

the nanoparticles showed superparamagnetic behavior due to its single magnetic 

domain nature as evident from the ZFC measurements. The features of the ZFC 

magnetization curve such as the broadness of the curve, shape, blocking temperature, 

etc. are determined the size of the magnetic particles, particle size distribution, etc. 
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Since both Fe1a and Fe1b show almost identical features in the ZFC magnetization 

curve, the results indicate that the particle size and distribution are almost comparable 

and highly reproducible. 
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Figure 3.3 Field dependence of magnetisation of Fe1a and Fe1c samples, at room 

temperature. 
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Figure 3.4.  ZFC curve of Fe1a and Fe1b samples. 

Figure 3.5 compares the ZFC and FC magnetization curves of Fe1a and Fe1c. 

The two samples are prepared by taking different volumes of the starting chemicals. A 

striking feature is that both samples show almost identical magnetic characteristics. 

The FC magnetization remains almost constant below the blocking temperature 

indicating strong interaction between the particles [48]. The deviation between the FC 

and ZFC magnetization curves, for both samples, starts below ~230 K. However, the 

blocking temperature of Fe1c is obtained as 109 K, slightly larger than that of Fe1a. 

As the superparamagnetic blocking temperature is proportional to the particle size, the 

larger TB of Fe1c is indicative of probably the presence of slightly larger amounts of 

larger particles in Fe1c, with almost comparable distribution. The relatively larger 

size of the particles in Fe1c is also evident from the relatively larger magnetization at 

the peak temperature. The fact that the properties are reproducible for Fe1a and Fe1b 

indicates that the particle size and distribution can be reproduced using a particular 

concentration and volume of the starting chemicals. 
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Since it was found possible to synthesize magnetite nanoparticles with a 

particular average size and size distribution, Fe1c sample was used for further 

functionalisation studies by using dextran and ascorbic acid, as described in chapter 4. 

The temperature at which the ZFC peak is maximum, called blocking temperature 

which depends on particle volume, anisotropy and orientation with respect to the 

applied field.  The magnetic anisotropic constant is calculated from the value of 

blocking temperature using the relation KV ≈ 25kBTB. For Fe1a, K is calculated as 

6.5* 10
5
 erg/cm

3
from TB = 99 K and for Fe1c K is obtained as 7.1x 10

5
 erg/cm

3
. The 

differences in the values of TB and K for Fe1a and Fe1c are due to the difference in 

the particle size distribution present in the two samples.  
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Figure 3.5 Temperature dependent magnetisation curve of Fe1a and Fe1c samples,  

3.2.2 Addition of Fe stock solution by a separating funnel 

In this method, Fe solution was added to the base by using a separating funnel. 

This method is a relatively fast addition and is not a properly controlled addition of Fe 

solution due the higher diameter of the nozzle of the separating funnel as compared to 

the burette nozzle. The synthesis was repeated to compare the reproducibility of the 

results.  
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3.2.2.1 PXRD Analysis 

The crystallographic analysis of the samples was performed by powder X-ray 

diffraction (XRD). Figure 3.6 shows the XRD patterns of the magnetite samples 

synthesised in two separate batches. The diffraction peaks are very broad and the 

positions of the Bragg reflections match very well with the simulated pattern of 

magnetite. However, the broadness of the peaks is different for the two different 

samples, indicating that the synthesis does not yield reproducible results. Calculated 

crystallite sizes and lattice parameters are shown in table 3.4. This result was further 

supported by magnetic measurements. 

Table 3.4. Sample codes and crystallite size of synthesized samples 

Sample Code Crystallite size 

(±1 nm) 

Lattice parameter 

(Ǻ) 

Fe2a 7 8.38 

Fe2b 5 8.36 
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Figure 3.6 XRD pattern of a) Fe2a, b) Fe2b. The simulated pattern of Fe3O4 is shown 

at the bottom and indexed. 
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3.2.2.2 TEM Analysis 

 TEM image of Fe2a shows agglomerated nature of the sample because of the 

high surface energy of these particles. The results indicate that the Fe2a sample are 

spherical in morphology and narrow particle size distribution. The particle size 

obtained from TEM is in good agreement with XRD results. The selected area 

electron diffraction pattern, shown in the inset of the Figure 3.7 for the sample Fe2a is 

diffused, indicating nanocrystalline nature of the particles. The ED pattern correspond 

to that of magnetite phase, agreeing with the results obtained from XRD. 
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Figure 3.7 TEM micrograph of Fe2a sample (left) and TEM histogram of the particle 

size distribution. 

3.2.2.3 Magnetic measurements 

Figure 3.8 shows the 𝑀 (𝐻) measurement that were measured at room temperature in 

the range of approximately –15 to +15 kOe. The magnetization for sample 

synthesized demonstrates a typical superparamagnetic behavior with zero coercivity 

and zero remanence. Figure 3.9 shows low temperature FC and ZFC magnetisation 

curves of samples Fe2a and Fe2b, synthesised by the same method in two batches. 

The observed superparamagnetic blocking temperature, TB, for the samples are 72 K 

and 92 K. The magnetizations of the samples is low when compared to the 

magnetization measured at the same field for the Fe1 series of samples (burette 
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addition), indicating that the particle size is smaller compared to the previous batch. 

The result also corroborates with that from the XRD and TEM analysis. The 

temperature below which the bifurcation of FC and ZFC magnetizations is observed, 

Tirr, is different for the two different samples and this difference is due to the 

difference in the particle size distribution present in the samples. 
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Figure 3.8 Field dependence of magnetisation of Fe2a and Fe2b samples 

From the results, it may be concluded that the relatively faster addition of the Fe 

solution from a separating funnel gives rise to relatively smaller particles with wider 

particle size distribution with less reproducibility. 



 

Chapter 3  95 

 

0 50 100 150 200 250 300
0.0

0.5

1.0

1.5
(a)

ZFC

FC

 

 

M
 (

e
m

u
/g

)

T (K)

 

0 50 100 150 200 250

0.5

1.0

1.5
(b)

ZFC

FC

 

 

M
 (

e
m

u
/g

)

T (K)

 

Figure 3.9 Temperature dependent magnetisation curves of a) Fe2a and b) Fe2b 

samples  

3.2.3 Direct addition of Fe stock solution 

Previously reported coprecipitation method used drop wise addition with the 

aim of achieving a slow, continuous nucleation and growth process [17]. It is hard to 

achieve this for Fe3O4 because of the difficulty of controlling nucleation and growth. 

Initially, the iron precursors are hydrolyzed under alkaline conditions and then 

condensed into iron oxide nuclei. With increased nuclei concentration, Ostwald 

ripening process takes place and grows into large sized nuclei. The continuous drop 

wise addition of precursors yields different-sized iron oxide nanoparticles and hence 

gives rise to a broad size distribution. But in this scheme of synthesis, Fe solution was 

added by directly pouring the solution to the ammonia solution which results in the 

the formation of nearly monodispersed iron oxide nanoparticles, as there is not much 

time available for the growth of the particles. However, the method is unlikely to be 

reproducible due to the difficulty in controlling the time required to add the Fe 

solution in every batch of synthesis. To study the effect of reaction temperature on the 

particle size and distribution, the synthesis was repeated at a high temperature (80 
o
C), 

room temperature, and at a low temperature (10 
o
C). The sample was designated as 

Fe3a, Fe3c and Fe3d. For checking the reproducibility of the synthesis method, the 

synthesis was repeated at room temperature and the sample is designated as Fe3b. At 
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low temperatures the reaction rate and the diffusion of active species are expected to 

decrease, which narrows the particle size distribution. The reverse is expected at the 

high temperature. The effect of the reaction conditions was monitored by comparing 

the XRD and magnetic measurements.   

Table 3.5. Sample codes crystallite size, particle size and lattice parameter of 

synthesized samples 

Sample Code Reaction 

temperature 

(
o
C) 

Crystallite size 

(±1 nm) 

Lattice parameter 

(Ǻ) 

Fe3a 80 12 8.36 

Fe3b 35 5 8.35 

Fe3c 35 5 8.38 

Fe3d 10 3 8.35 

3.2.3.1 PXRD Analysis 

The powder XRD patterns of the different samples are compared with the 

simulated pattern Fe3O4 in Figure 3.10. All the peaks in the diffraction patterns of the 

different samples correspond to the peaks in the simulated pattern, indicating the 

formation of Fe3O4. No impurity peaks are observed for any of the samples.  The 

broadness of the XRD peaks can be expected due to the small size of the particles. 

The widths of the peaks decrease with increasing reaction temperature, indicating 

increase in the particle size. This is evident from the average crystallite size calculated 

using the Scherrer formula (Table 3.5).  The crystallite size decreases with decreasing 

reaction temperature from 80 
o
C to 10 

o
C. The variation of the crystallite size with 

temperature is shown in Figure 3.11a. 
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Figure 3.10 XRD pattern of a)Fe3a, b)Fe3b, c) Fe3c and d) Fe3d. The simulated 

pattern of Fe3O4 is shown at the bottom and indexed. 
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Figure 3.11. a) Change in the crystallite size with synthesis temperature b) Arrhenius 

plot of ln(D) against 1/T for the samples synthesised at different temperatures.  
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Activation energy for the growth of magnetite nanoparticles by the reverse 

coprecipitation method at different temperatures can be calculated using the Arrhenius 

equation [49, 50] 

𝐷 = 𝐶 exp 
−𝐸

𝑅𝑇
  

where, D is the crystallite size of magnetite nanoparticles, R the universal gas 

constant (1.98588 cal/mol), T is the reaction temperature in Kelvin, E is the activation 

energy and C is a constant which may depend on the initial value of crystal size. The 

change in the crystallite size, ln(D) is plotted against the reaction temperature 1/T for 

the samples prepared at temperatures in the range 10-80 
o
C and is presented in Figure 

3.10. Activation energy is calculated from the slope of the graph and is obtained as 

3.41 cal/mol. We believe that the high activation energy is due to non uniformity of 

morphology and wide particle size distribution. This activation energy is responsible 

for initiating the complex process of nucleation and Ostwald ripening process [51]. 

3.2.3.2 TEM Analysis 

Figure 3.12 shows transmission electron microscopy images of iron oxide 

nanoparticles obtained directly by single-shot addition at room temperature (Fe3c) 

and at low temperature (Fe3d). The average particle size obtained  is 4.5 nm for Fe3c 

and 3 nm for Fe3d  which are comparable with  the results obtained from XRD 

patterns. For both samples, the particle size distribution is slightly wide. The selected 

area electron diffraction patterns, shown in the insets of the Figure 3.12 for all the 

samples are diffused, indicating nanocrystalline nature of the particles.  
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Figure 3.12 TEM micrographs of a)Fe3c and b) Fe3d (left) and TEM histogram of the 

particle size distribution.  

3.2.3.3 Magnetic measurements 

Magnetic properties of the samples were measured at room temperature with a VSM. 

The plot is shown in the Figure 3.13. All the samples show superparamagnetic 

behavior. The saturation magnetization of synthesized samples seems to increase 

linearly with the increasing reaction temperature. This behavior may be attributed to 

the surface effects that are aroused by the distortion of the magnetic moments at the 

surface of the nanoparticles. 
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Figure 3.13 Field dependent magnetisation curves of a) Fe3a, b) Fe3b, c) Fe3c and d) 

Fe3d. 

Figure 3.14 presents the temperature dependence of the magnetization 

measured with zero-field cooling (ZFC) and field cooling (FC) procedures in an 

applied magnetic field of 50 Oe from 12  to 300 K. The temperature at which the 

maximum is observed in the ZFC magnetization curve is defined as the blocking 

temperature (TB). The correlation between TB and the volume of the nanoparticles 

was explained in chapter 1 of the thesis.  For 4.5 nm and 3 nm Fe3O4 nanoparticles, 

ZFC and FC curves clearly show divergence below the blocking temperature of 72 K 

and 61 K, respectively. This indicates narrow particle size distribution, because if 

larger particles are present, the divergence happens above the blocking temperature. 

Above the blocking temperature, the magnetization decreases sharply and presents 

superparamagnetic behavior. This sharp change not only reflects the size-dependent 

magnetic property, but also indicates the particle size distribution. Kim and co-

workers [17] reported the synthesis of 2-4 nm magnetite nanoparticles by co 

precipitation route. In this particular research paper, the blocking temperature 
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obtained for 3 nm is 60 K which is exactly matching with the result obtained in our 

synthesis  

0 50 100 150 200 250
0.5

1.0

1.5

2.0

2.5

3.0

3.5

ZFC

FC
(a)

M
 (

e
m

u
/g

)

T (K)

 

0 50 100 150 200

0.4

0.6

0.8

1.0

ZFC

FC (b)

M
 (

e
m

u
/g

)

T (K)

 

0 50 100 150 200
0.2

0.3

0.4

0.5

0.6

ZFC

FC

(c)

M
 (

e
m

u
/g

)

T (K)

 

 

Figure 3.14 Temperature dependent magnetisation curve of a) Fe3a, b) Fe3b, c) Fe3c 

and d) Fe3d.  

For samples Fe3a and Fe3b, the ZFC magnetization curves are very broad and 

the deviation between the ZFC and FC magnetization curves occur at a higher 

temperature than the corresponding blocking temperatures (180 K and 92 K). From 

these data, it can be inferred that Fe3a has a much wider particle size distribution than 

the Fe3b sample. Fe3O4 nanoparticles (Fe3b) with a mean size of 5 nm display a 
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higher blocking temperature of 92 K and a less pronounced decrease of the 

magnetization with increasing temperature owing to the larger particle size and the 

broader size distribution.  The blocking temperature (92 K) of the sample with the 

broader size distribution is much higher than that of the 4.5 nm particles of Fe3O4. 

This result indicates that the particle size distribution has an important effect on the 

measured blocking temperature, which is sensitive to the presence of even a small 

percentage of larger particles.  

3.3. Comparison of magnetic properties of magnetite nanoparticles with 

different particle size 

3.3.1 Field and temperature dependence 

The field dependence of magnetization recorded at room temperature for some 

of the samples synthesized by the three different mode of addition and the 

temperature dependence of magnetization for the same samples recorded in an applied 

magnetic field of 50 Oe are compared in Figure 3.15 and Figure 3.16. None of the 

samples are saturated up to 15 kOe. This behavior, typical of magnetite particles with 

diameters smaller than 15 nm, has been consistently reported in the literature [52,53] 

and arises from the difficulty for aligning the magnetic moments of the surface atoms 

[54,55] That is, the magnetically dead layer on the surface of the particles, which 

constitute the surface order/disorder interaction [56] of the magnetic spin moment and 

the disturbance in the spinel structure [57, 58]. This surface spin disorder arises from 

the broken bonds and reduced coordination on the particle surface. 

 There is no coercivity for the synthesised magnetite nanoparticles as 

compared to the bulk value of 115–150 Oe. This is due to the superparamagnetic 

behavior of nanosized magnetite particles. This behavior was expected because of the 

very small sizes of the particles. Superparamagnetism implies that the magnetic 

nanoparticles have essentially single domains, i.e., all magnetic moments in the 

particle are aligned in one direction [59], and as is well known, magnetic 

nanoparticles below 10 nm show single domain structure [60]. 
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Figure 3.15 (a) Room temperature magnetisation of (a) Fe1c, (b) Fe2a, (c) Fe3c (d) 

Fe3d.  

The blocking temperature, TB, is observed as the maximum in the ZFC curve 

in the case of Fe1c and Fe2a samples but in the case of Fe3c and Fe3d samples the 

blocking temperature is observed at the point of divergence between ZFC and FC 

curves.  This is because of particle size distribution present in the samples and is 

agglomerated in nature which was explained by TEM results.  It should be noted that 

FC curves remains almost constant below the blocking temperature for all of the 

samples, suggesting the presence of strong inter-particle interactions.  The decrease in 

blocking temperature with decreasing particle size is observed, as compared in Table 

3.6,  and is supported by the fact that the blocking temperature is directly proportional 

to the anisotropy energy barrier (E=KV).  
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Figure 3.16 (a) Temperature dependent magnetisation of (a) Fe1c, (b) Fe2a, 

(c) Fe3c (d) Fe3d.  
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Table 3.6 Magnetic data of samples with different particle sizes 

Sample 

Code 

Particle 

size (nm) 

TB (K) K (erg/cm
3
) Ms (emu/g) 

Fe1c 10 109 7.1* 10
5
 21 

Fe2a 7 77 1.4* 10
6
 18 

Fe3c 5 73 3.8* 10
6
 10 

Fe3d 3 61 1.5* 10
7
 6 

 

Considering that all the particles are spherical, anisotropy constant can be 

calculated by using the equation KV≈ 25kBTB. For spherical nanoparticles, the 

dominant anisotropy is the magnetocrystalline anisotropy [61] and there is no 

contribution from shape anisotropy.  The anisotropy constant, K, of the 

superparamagnetic particles for various samples are calculated and listed in Table 3.3. 

The variation of blocking temperature and crystalline anisotropy is displayed in 

Figure 3.17. K is decreased as the particle size increased and K for all samples is 

larger than that of bulk Fe3O4 (1.35x10
5
 ergs/cm

3
).  For smaller particles, because of 

the increased magnetocrystalline anisotropy [62], larger magnetic fields will be 

required to attain saturation. The larger anisotropy in the small particles is due to the 

surface anisotropy which becomes relatively more important in the smaller particles.  

The particle sizes are larger for the samples synthesized by burette addition 

when compared to the material obtained by direct addition at low temperature. The 

reason of this reduction in particle size is suggested to be due to the reduced growth 

kinetics of the particles. The particle size obtained for direct addition at low 

temperature is small as compared to the other schemes of synthesis. The addition rate 

can be varied to maintain required productivity of the system without affecting 

properties of the product. Among these synthesis procedures the sample synthesised 

by the addition of Fe solution to ammonia by using burette is found to be reproducible 

for several batches of synthesis. 
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Fig 3.17. Variation of blocking temperature and crystalline anisotropy with particle 

volume of magnetite nanoparticles.  

 

3.4 Conclusions 

Iron oxide nanoparticles are successfully synthesised by the reverse co-precipitation 

method, by varying the mode of addition of the mixed Fe solution to the base. The 

products in each case are characterised by structural, microstructural and magnetic 

measurements. It is found that the crystallite and average particle size of the Fe3O4 

nanoparticles depend on the mode of addition of Fe stock solution to ammonia 

solution. Slower addition leads to larger particles with narrow size distribution and the 

characteristics can be reproduced. On the other hand, faster addition leads to smaller 

particle size but with wider distribution of the size of the particles and it is found that 

the method is not reproducible. The difference in the magnetic properties for particles 

of comparable sizes, reported in the literature, can be explained based on the 

difference in the synthesis parameters. The iron oxide nanoparticles of size less than 
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10 nm do not show magnetic hysteresis at room temperature, which is usually 

considered as superparamagnetic characteristics. However, further detailed magnetic 

studies shows that there is strong interaction between the particles, leading to 

superspin glass nature of the single domain nanoparticles. 
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CHAPTER 4 

SURFACE MODIFICATION OF MAGNETITE NANOPARTICLES AND 

THEIR CHARACTERIZATION 

4.1 Introduction 

In recent years, studies on nanomagnetism emerged as a major area of 

research due to the potential applications of the nanosized magnetic materials.  

Magnetic nanoparticles are suitable for biomedical applications such as drug 

targeting, contrast enhancement in MRI, magnetic hyperthermia, and separation of 

biomolecules [1,2]. Among various magnetic materials, nanoparticles of magnetic 

iron oxides such as γ-Fe2O3 and Fe3O4 are the most studied for biomedical 

applications [3]. Superparamagnetic iron oxide nanoparticles, known as SPIONs, can 

be synthesized relatively easily without much precaution. The iron oxides can be 

easily coated with biocompatible molecules and can be further functionalized with 

drug or other molecules for appropriate applications. Therefore, much importance is 

given to the synthesis and studies of surface functionalized magnetic iron oxide 

nanoparticles. Applications in biology, medical diagnosis and therapy require the 

magnetic particles to be stable in water at neutral pH and physiological salinity.  

Recently, great efforts have been made in the direction of developing aqueous 

ferrofluids for their biomedical applications. For in-vivo applications, the magnetic 

particles must be coated with a biological polymer so as to prevent the formation of 

large aggregates. The polymer will also allow bonding of drugs by covalent 

attachment, adsorption or entrapment on the particles.  

Understanding the properties of magnetic nanoparticles is a subject of 

intensive research from the viewpoint of probing their magnetic behaviour related to 

size and surface effects as well as and applications [4]. Apart from the 

magnetocrystalline and magnetostatic anisotropies present in the bulk materials which 

are also operative in nanoparticles, other kinds of anisotropy contributions also come 

into picture in magnetic nanoparticles [5]. These are the surface anisotropy due to the 

changes in the coordination, broken bonds and magnetic exchanges at the surface of a 

particle. Since the surface area to volume ratio of a fine particle is larger than that of 

the bulk, the surface anisotropy contributions to the total anisotropy is considerable. 



 

Chapter 4  113 

 

Again, due to the smaller size of the particles, there will be considerable strain on the 

surface and this also contributes in the form of strain anisotropy. Finally, if the 

magnetic nanoparticles are closer together, there will be magnetic dipolar interactions 

between the particles and different types of magnetic exchange interactions at the 

interface between the particles. These two interactions also contribute to magnetic 

anisotropy. Hence, for magnetic nanoparticles, the additional magnetic anisotropy 

contributions determine the overall magnetic properties. Understanding the magnetic 

characteristics of the nanoparticles, especially after coating with suitable 

biocompatible molecules, is very important for various applications. 

This chapter describes the studies on surface modification of 

superparamagnetic iron oxide nanoparticles, prepared by co-precipitation method, by 

the biocompatible molecules dextran and ascorbic acid. The burette addition method, 

as described in the previous chapter is found to be effective in synthesizing magnetite 

nanoparticles with sufficient narrow distribution, with high reproducibility. Hence, 

this method is used to prepare the uncoated and coated magnetite nanoparticle. The 

materials are characterized by x-ray diffraction, thermal analysis, TEM, infrared 

spectroscopy, and magnetic measurements. There are not much studies reported in the 

literature on the comparison of the magnetic properties of uncoated and coated 

magnetite nanoparticles and the extent of inter-particle magnetic interactions. In this 

chapter, we report a direct comparison of the magnetic interaction behaviour of 

uncoated and surfactant coated magnetite nanoparticles. 

4.2 Synthesis and Magnetic Properties of Dextran Coated Magnetite 

Nanoparticles 

We have explored the synthesis of dextran functionalised magnetite 

nanoparticles, over a range of particle sizes, based on different reaction schemes that 

rely on the coprecipitation of iron oxide nanoparticles in the absence/presence of 

dextran as surfactants. The surfactants affect the chemistry of the synthesis and 

control nanocrystal nucleation and growth in their capacity as ligands that reduce the 

surface energy of the crystal. This type of approach is well established in nanoscale 

syntheses. By optimizing the reaction conditions, one can get very stable water 

dispersible ferrofluids. 
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Figure 4.1. Structure of dextran molecule 

Dextran and their derivatives are excellent candidates for coating on iron 

oxide nanoparticles [6] and for biomedical applications. Dextran is a long chain 

hydrophilic polymer of polysaccharides composed of glucose having alpha 1,6, 

glycosidic linkages. More than twenty years ago, Molday and Mackenzie [7] prepared 

iron oxide nanoparticles modified with dextran. Similar preparations were then 

repeated and studied by various researchers [8]. In aqueous solutions, dextran 

interacts with metals and covers their surface, yielding aggregates with hydrodynamic 

diameters between 20 and 150 nm as reported by Shen et. Al [9]. M. Carmen Bautista 

[8] and his group recently synthesised dextran coated iron oxide nanoparticles by laser 

pyrolysis method and has been shown to form aggregates of functionalised 

nanoparticles of hydrodynamic diameter 50 nm.  The high biological activity of these 

modified particles has been demonstrated and justified their extensive use as contrast 

agents for magnetic-resonance imaging (MRI) [10,11].  But none of reports are so far 

explained about the systematic study of dextran functionalised nanoparticles and their 

influence of cooking parameters with respect to particle size. Moreover, there are no 

studies reported in the literature on the comparison of the magnetic properties of 

uncoated and dextran coated magnetite nanoparticles and the extent of inter-particle 

magnetic interactions. Here, we describe a detailed account of the systematic study of 
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surface modification and magnetic properties of dextran coated magnetite 

nanoparticles.  

4.2.1  Synthesis 

The chemicals FeCl2.4H2O, FeCl3.6H2O (Fluka USA) and dextran (Fluka, 

USA) were used as-received. Aqueous dispersions of uncoated and dextran coated 

magnetic nanoparticles were obtained by the reverse coprecipitation route. Three 

different synthesis procedures are employed for functionalizing the magnetite 

nanoparticles with dextran. The primary synthetic goal is to synthesize coated 

magnetic nanoparticles with diameters of 3-5 nm. To avoid agglomeration and to 

improve chemical stability, the magnetic nanoparticles are usually coated with a 

suitable surfactant containing polymeric or functional groups. After coating, the 

magnetic nanoparticles acquire stability and improve their dispersion characteristics. 

Coating will also improve the biocompatibility of the particles and are used for 

biomedical applications such as targeted drug delivery, contrast agent for MRI, etc.  

4.2.1.1 Method 1 

The reaction was carried out by taking 0.1 moles of FeCl2 and 0.2 moles of 

FeCl3. 20 ml of the mixture of Fe
2+

 and Fe
3+

 was precipitated by using 100 ml of 10N 

NH4OH. Fe3O4 nanoparticles were obtained by adding the mixed Fe solution from a 

burette as described in the previous chapter. This dried precipitate is labeled as Fe1. 

This sample was then used for further functionalistion using dextran. The ratio of 

magnetite and dextran used for the synthesis is 3:5. 0.3 g of magnetite was dispersed 

in 100 ml of distilled water was mixed with 0.5 g of dextran dissolved in 100 ml of 

distilled water. dil. HNO3 (5N) was added drop-wise to the suspension to attain pH = 

3.5. The mixture was then stirred for 1 hr at 80 
o
C. The colloidal solution was cooled 

to room temperature and dialysed for 4 days  against distilled water and was dried at 

60 
o
C in an oven. The sample is designated as Fedx1 

4.2.1.2 Method 2 

Fe3O4 was precipitated from 20 ml of the solution containing stoichiometric 

amounts of Fe
2+

 and Fe
3+

 by using 100 ml of 10 N ammonia solution under argon 
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atmosphere. The suspension was continuously stirred for 15 minutes after 

precipitation and then 0.5 g dextran was added to the suspension and dil. HNO3 (5N) 

was added drop-wise to the suspension to attain pH = 3.5. The resultant suspension 

was kept at 80 
o
C for 30 min under magnetic stirring. The suspension was finally 

dialyzed for 4 days against distilled water and was dried at 60 
o
C in an oven.  The 

sample is designated as Fedx2 

4.2.1.3 Method 3 

Fe3O4 was precipitated from 20 ml of the Fe stock solution by using 100 ml of 

10 N ammonia solution containing 0.5 g of dextran under argon atmosphere. After 

precipitation, dil. HNO3 (5N) was added drop-wise to the suspension to attain pH = 

3.5. The resultant suspension was kept at 80 
o
C for 30 min under magnetic stirring. 

The suspension was finally dialyzed for 4 days against distilled water and was dried at 

60 
o
C in an oven and the sample is designated as Fedx3 

4.2.2 Powder XRD Analysis 

The synthesised dextran coated magnetite nanoparticles are characterized by 

powder XRD studies and the results are shown in Figure 4.2. A comparison of the 

XRD patterns of the different samples with the simulated XRD pattern of Fe3O4 

indicates that the peaks observed in the experimental patterns corroborate well with 

the simulated pattern and no extra peaks corresponding to any impurities are 

observed. All the reflections in the experimental patterns are very broad indicating 

nanocrystalline nature of the samples. There is an overall decrease in the intensities of 

the corresponding peaks of the dextran coated sample, indicating effective coating of 

the particles with dextran. The Scherrer equation [12] was used to calculate the 

crystallite size from the major peaks in the corresponding powder diffraction patterns 

and the calculated crystallite sizes are shown in Table 4.1. The broadening of the 

peaks and decreased intensity of the XRD pattern of Fedx1 are predominantly due to 

the decrease in the crystallite size on coating with surfactants. It is known that when 

the particle size decreases, the peaks are broadened and the intensities decrease. The 

extremely broad XRD peaks are due to the very fine nature of the nanoparticles.  
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Table 4.1 Particle size obtained from TEM, XRD and DLS 

Sample 

Code 

Crystallite 

size 

(±1 nm) 

TEM 

Particle size 

(±0.2 nm) 

Hydrodynamic 

size (nm) 

Lattice 

parameter 

(Å) 

Fe1 10 9  8.38 

Fedx1 6 6 68 8.36 

Fedx2 6 6 28 8.37 

Fedx3 4 5 10 8.36 
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Figure 4.2. XRD patterns of (a) Fe1, (b) Fedx1, (c) Fedx2, and (d) Fedx3. The 

simulated pattern of Fe3O4 is shown and indexed at the bottom.  
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4.2.3 TEM Analysis 

Figure 4.3 shows the TEM images of the different samples. The TEM image 

of the uncoated Fe3O4 shows that the sample consists of agglomerated particles 

whereas particles are well separated after coating with dextran. The average crystallite 

size calculated from X-ray line broadening and the particle size obtained from TEM 

are comparable for the dextran coated samples, indicating that the particles are well 

dispersed. The agglomerated nature of the uncoated particles (Fe1) is due to the strong 

magnetic interactions between the particles. TEM images point out that in the case of 

Fedx1 samples, a number of magnetite nanoparticles together, or clusters, are covered 

by dextran molecules. This will strongly influence the magnetic properties of the 

sample as described in section 4.2.7. In the case of Fedx2 and Fedx3, individual 

monodispersed particles are clearly seen, The particle sizes of synthesized samples are 

less than that reported in the literature [13].  
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Figure 4.3. Transmission electron micrographs (left) and the corresponding particle 

size distribution (right) of a) Fe1 b) Fedx1 c) Fedx2  

4.2.4 Dynamic light scattering Analysis 

Large difference is observed between hydrodynamic diameter and particle size 

obtained from TEM as well as XRD studies of the nanoparticles. The average 

hydrodynamic diameter of the dextran coated particles in the first case (coating of 

dextran after the magnetite particles are dried and further dispersed) is 68 nm and the 

value is larger than that obtained by insitu coating of the  particles (method 3) due to 

formation of aggregates of functionalised particles. The Fedx2 and Fedx3 samples are 
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nearly monodispersed in nature and the hydrodynamic diameter is found to be 29 and 

10 nm, respectively. The increased hydrodynamic diameter of dextran functionalised 

iron oxide nanoparticles is resulting from the size of the inorganic core and the 

dextran moiety that swells in a solvent increasing the nanoparticles diameter. By 

contrast, the magnetic nanoparticles are surrounded by a thin layer of the collapsed 

polymer and therefore their diameters obtained from TEM are smaller than the 

particle diameter obtained by DLS.  
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Figure 4.4.  DLS particle size distribution of a) Fedx1 b) Fedx2 c) Fedx3 
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4.2.5 FTIR Studies 

The effectiveness of the coating of the magnetite nanoparticles by dextran is 

studied by FTIR spectroscopy. Figure 4.5 compares the IR spectra of uncoated and 

dextran coated magnetite nanoparticles along with that of dextran. The spectrum of 

dextran shows the characteristic absorption bands of polysaccharide at 3316 cm
−1

 due 

to the O–H stretching and at 1652 cm
−1

 due to bending vibration of the water 

molecule [11]. These bands are absent in the dextran coated magnetite nanoparticles. 

This observation indicates that the OH groups present in the glycosidic moieties play 

a vital role in the binding of dextran with magnetite nanoparticles [14]. The high 

binding affinity of OH groups present in dextran towards iron oxide surfaces results in 

a high particle stability.  The surface-grafted magnetite nanoparticles could be easily 

dispersed in water to form a uniform suspension and be stably preserved for several 

months, suggesting that the tendency for the aggregation of particles is considerably 

weakened, whereas the suspension made from the bare magnetic nanoparticles is 

completely precipitated from the solvent in only a few minutes without stirring. The 

IR bands of dextran at 2916, 1430 and 1360 cm
–1

 are due to the C–H  vibrational 

modes, bands at 1151 and 1036 cm
-1

 are due to C–O vibrations and the bands at 916, 

850 and 766 cm
−1

 correspond to the α-glucopyranose ring of dextran. These bands are 

present in the spectrum of the dextran coated sample, indicating that dextran is coated 

on the surface of the nanoparticles. Thus the IR spectroscopic studies confirm that 

dextran is effectively coated on the surface of the magnetite nanoparticles. 
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Figure 4.5. Infrared  spectra of (a) Fe1, (b) Pure Dextran,  (c ) Fedx3, (d) Fedx2, and  

e) Fedx1  

4.2.6 Thermal Analysis 

The dextran content in the coated magnetite nanoparticles were measured 

using thermogravimetric analysis in air atmosphere at the heating rate of 10 °C/min. 

The thermal decomposition curves of the dextran coated magnetite particles are 

shown in Figure 4.6 depicting the variations of residual masses of the samples with 

temperature [15]. The first weight loss stage (below 140 °C) can be ascribed to the 

loss of adsorbed water molecules from the samples, while the major weight loss above 

200 °C is due to the decomposition of dextran. The decomposition of pure dextran in 

air commences with the breaking of polymer bonds due to the thermal effect. The 

organic materials in the samples are completely burned to generate gaseous products 

and the magnetite is converted into Fe2O3 at elevated temperatures, respectively. The 

percentage weight loss is shown in Table 4.2. The percentage weight loss due to 

dextran in Fedx2 and Fedx3 is almost the same but more than that of Fedx1 which is 
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due to the less amount of dextran capped on the agglomerated particles. 

Thermogravimetric studies for Fedx1 indicated that approximately 60% of the weight 

of the coated sample is due to dextran. The magnetization of the Fedx1 sample at 15 

kOe is ~41% of that of the uncoated sample, in agreement with the results obtained 

from TG studies. 

Table 4.2 Sample codes and weight loss of dextran coated magnetite obtained from 

TGA 

Sample Code Weight loss (%) 

Fedx1 60 

Fedx2 76 

Fedx3 73 
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Figure 4.6. Thermograms of Fe1, Fedx1, Fedx2, and Fedx3.  
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4.2.7 Magnetic Measurements  

Figure 4.7 shows the magnetization of the uncoated and coated samples as a 

function of magnetic field, measured at room temperature. As expected, all samples 

show superparamagnetic behaviour with no magnetic hysteresis. [16]. Thus, the 

magnetic characteristics show that the uncoated and coated magnetite nanoparticles 

are superparamagnetic at room temperature. The lower magnetization of the coated 

sample at higher fields is due to the non-magnetic nature of the coated dextran, as the 

magnetization is calculated per gram of the whole sample.  
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Figure 4.7. Room temperature magnetic measurements of (a) Fe1, (b) Fedx1, (c) 

Fedx2, (d) Fedx3. 
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Figure 4.8. M-H Curves of (a) Fe1, (b) Fedx1, (c) Fedx2, and (d) Fedx3 based on 

weight loss of dextran (per gram of Fe3O4) 
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Figure 4.9. Normalised Curve of uncoated (Fe1) and dextran coated sample (Fedx1) 

The saturation magnetization is calculated by extrapolating M vs 1/H curve to 

1/H=0. All the samples have lower saturation magnetization values than the bulk 

Fe3O4 (~92 emu/g) and is shown in Figure 4.7.  This agrees with the known fact that 

magnetization of nanoparticles depends on particle size and their crystallinity. This is 

attributed to the increased surface effects with decreasing particle size which affects 

the magnetic properties of the particles due to the magnetically dead layer on the 

surface of the particles. The particle size variation of saturation magnetisation is 

depicted in Figure 4.10  
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Figure 4.10 Variation of saturation magnetisation with particle size  

Figure 4.11 shows the field cooled (FC) and zero field cooled (ZFC) magnetization 

curves of the uncoated and the different dextran coated samples from 12 K to 300 K at 

50 Oe. For the field cooled measurement, the sample is cooled from room temperature 

to 12 K in a magnetic field of 50 Oe and the magnetization is measured as a function 

of temperature in the same field while warming at a constant rate. For zero field 

cooled measurement, the sample is cooled to 12 K in zero magnetic field and then the 

magnetization is measured in a field of 50 Oe while warming. For Fedx1 the ZFC and 

FC curves are separated below 200 K. The ZFC curve shows a broad peak at 42 K 

indicative of the characteristic blocking temperature for superparamagnetic particle 

where as the uncoated magnetite particles (Fe1) shows the blocking temperature as 

109 K. The broad peak in the ZFC curve generally implies wide distribution in 

particle size and larger magnetic anisotropy of the nanoparticles. The broad nature of 

the ZFC peaks of Fe1 and Fedx1 could be ascribed to wide size distribution caused by 

the agglomeration of particles in order to reduce the surface energy of the particles. 
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As shown in the Figure. 4.2, the TEM study revealed that the size of agglomerated 

magnetic nanoparticles is ranged from 6-12 nm for uncoated and 4-7 for coated 

samples. FC behaviour of Fe1 sample shows interacting nature of the sample (as 

described in the previous chapter). On the other hand, the FC magnetization curve of   

Fedx1 increases continuously below the blocking temperature, and this indicates non-

interacting nature of the particles. Fe1, after coating with dextran shows decreased 

blocking temperature indicating decreased contribution of magnetic anisotropy.  

Similarly, for Fedx2, synthesized by a modified method, the blocking temperature is 

much lower than that of Fedx1 (24 K). The ZFC magnetization curve of Fedx2 is 

relatively narrow, the bifurcation between FC and ZFC curves is just above the 

blocking temperature and the FC magnetization increases sharply below the blocking 

temperature. These characteristics are indicative of narrower particle size distribution 

and reduced inter-particle interactions due to the effective capping of the particles 

with dextran. In-situ coating of the nanoparticles, as soon as the particles are formed 

(method 3) helps in reducing the particle size, as evidenced by the low blocking 

temperature (16 K) for Fedx3. The sharp peak in the ZFC magnetization curve of this 

sample and the bifurcation between FC and ZFC magnetizations below the blocking 

temperature are directly supporting this observation. 
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Figure 4.11 ZFC and FC magnetization curves of a) Fe1, b) Fedx1, c) Fedx2, and 

d)Fedx3 
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The blocking temperature for the different samples is compared in Table 4.3. The 

blocking temperatures of the uncoated and dextran coated particles are comparable to 

that reported for uncoated [17] and commercial dextran coated ferrofluids [18] having 

similar particle sizes. The decrease in the blocking temperature after coating with 

dextran is due to the decreased magnetic anisotropy contributions from inter-particle 

magnetic interactions [19]. The superparamagnetic blocking temperature of magnetic 

nanoparticles is given by KV ≈ 25 kBTB, [20] where K is the magnetic anisotropy 

constant, V is the volume of a particle, and kB is Boltzmann’s constant. Assuming that 

the particles are spherical, the anisotropy constant K was calculated.  

Table 4.3. Magnetic data of synthesised samples 

Sample name Crystallite 

size (nm) 

 Ms (emu/g)  TB (K) K 

(erg/cm
3
) 

Fe1  10 21  109 7*10
5
 

Fedx1 6 8  42 2.2*10
6
 

Fedx2  6 8  24 1.2*10
6
 

Fedx3  4 2 16 6.9*10
5
 

On the other hand, the FC magnetization curves increases continuously below the 

blocking temperature for the coated samples. It is known that the characteristics of the 

FC magnetization curve depend on the nature of the interaction between the particles 

[21,22].  

The magnetic characteristics of uncoated and dextran coated nanoparticles of 

magnetite (Fe3O4) studied to understand the effect of inter-particle magnetic 

interactions on the magnetic properties of the uncoated and coated samples. IR 

spectroscopic studies gave evidence for the effective coating of the magnetite 

nanoparticles by dextran. Comparison of the field dependent magnetization as well as 

the zero field cooled and field cooled magnetization measurements gave evidence for 

the suppressed inter-particle magnetic interactions in the dextran coated sample. 
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4.3 Synthesis and Magnetic Properties of L-Ascorbic Acid Coated Magnetite 

Nanoparticles. 

In this section, we report the studies on functionalising magnetite nanoparticles by 

vitamin C, a weak sugar acid and a good green reducing agent [23]. Vitamin C[24, 

25] is naturally occurring L-enantiomer of ascorbate and is present in blood plasma 

include the brain, spleen, adrenal glands etc.  For the functionalisation of vitamin C 

on magnetite nanoparticles, one must reckon the stereochemistry, binding functional 

groups, stability, most importantly prevention of particle agglomeration. It has been 

proved that hydroxyl group has strong affinity for the functionalisation of metal oxide 

nanoparticles in the case dextran, starch [26], etc. This is the first study which 

strongly illuminated the functionalisation of magnetite nanoparticles by L-ascorbic 

acid.   

4.3.1 Synthesis 

The ascorbic acid functionalised magnetite nanoparticles are synthesised by two 

different pathways 

4.3.1.2 Method 1 

In this synthesis method, magnetite nanoparticles was synthesised, washed and dried. 

This material is used for the functionalistion by using ascorbic acid. The sample Fe1 

was used for the functionalisation by l-ascorbic acid.  The neat magnetite 

nanoparticles and ascorbic acid were taken in 3:5 ratio. The 0.3 g of dried Fe1 sample 

was again dispersed in 100 ml of deionised water by ultrasonication. The pH of the 

solution is maintained by adding 10N ammonium hydroxide until the pH reaches 

12.87. The dispersed iron oxide nanoparticles are mixed with 0.5 g of vitamin C and 

the dispersion was heated at 80
o
C for 1 hr under magnetic stirring.  The product 

formed was dialysed for 4 days and dried. The sample was designated as FeAc1 

4.3.1.1 Method 2 

Aqueous dispersion of ascorbic acid coated magnetic nanoparticles was obtained by 

insitu co-precipitation method. The reaction was carried out by taking 0.1 moles of 

FeCl2 and 0.2 moles of FeCl3 and 0.5 gm of ascorbic acid. 20 ml of the mixture of 
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Fe
2+

 and Fe
3+

 was added to 100 ml of 10 N NH4OH and the mixture was stirred for 15 

min. The resultant suspension was kept at 80
o
C for 30 min under magnetic stirring. 

The suspension was finally dialyzed for 4 days against distilled water and was dried at 

60
o
C in the oven. The dried sample was designated as FeAc2 and are used for 

magnetic charecterisation, IR, TEM , XRD etc. 

4.3.2 PXRD Analysis 

The uncoated and ascorbic acid coated magnetite nanoparticles are 

characterized by powder XRD studies. Figure 4.12 shows the XRD patterns of the 

uncoated and coated samples. A comparison of the two patterns with the simulated 

XRD pattern of Fe3O4 indicates that the peaks observed in the experimental patterns 

corroborate well with the simulated pattern and no extra peaks corresponding to any 

impurities are observed. The cubic lattice parameter is calculated as 8.38 Ǻ for 

uncoated samples and 8.36 Ǻ for the coated samples, which is comparable to the 

value reported for Fe3O4. All the reflections in the experimental patterns are very 

broad indicating nanocrystalline nature of the samples. There is an overall decrease in 

the intensities of the corresponding peaks of the ascorbic acid coated samples, 

indicating effective coating of the particles with ascorbic acid. The average crystallite 

sizes of the uncoated and coated samples are calculated from XRD line broadening 

using the Scherrer formula. The average crystallite sizes are calculated as 10 nm for 

the uncoated, 6 nm for ascorbic acid coated sample by method1 (FeAc1) and 3 nm for 

insitu functionalized sample (FeAc2). The broadening and decreased intensity of 

XRD patterns of FeAc1 and FeAc2 are due to the decrease in crystallite size on 

coating with surfactants. Therefore, the broad peaks indicate the formation of 

nanosized Fe3O4 particles coated with ascorbic acid. 
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Figure 4.12. XRD pattern (a) Fe1 (b) FeAc1 (c) FeAc2. The simulated pattern of 

Fe3O4 is shown and indexed at the bottom.  

4.3.3 TEM Analysis 

Figure 4.13 show a comparison of the the TEM images of the uncoated and 

the two ascorbic acid coated samples. The TEM image of the uncoated Fe3O4 shows 

that the sample consists of agglomerated particles whereas group of particles are 

functionalized together in case of FeAc1 sample. Average particle size of 5 nm is 

obtained after coating with ascorbic acid for FeAc1. On the other hand, the particles 

in FeAc2 are well isolated, indicating that individual particles are coated by ascorbic 

acid. The average particle size is around 3 nm. Thus, the average crystallite size 

calculated from X-ray line broadening and the particle size obtained from TEM are 

comparable for the ascorbic acid coated sample. The agglomerated nature of the 

uncoated particles is due to the strong magnetic interactions between the particles. 

The particle size distribution from the TEM analysis results the nanoparticles are 

agglomerated for FeAc1 samples as compared to the FeAc2 sample synthesized by 
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method 2. The diffused ring patterns, shown in the inset of Figure 4.13,  indicate the 

nanocrystalline nature of both samples, which can be indexed to iron oxide 

nanoparticles. The result obtained from TEM is consistent with that of the XRD 

results. 

 

 
6 8 10 12

0

5

10

15

20

25

30

35

40

N
o

. 
o

f 
p

a
rt

ic
le

s

Particle sizes (nm)

 

 

3 4 5 6 7 8
0

10

20

30

40

50

N
o

. 
o

f 
p

a
rt

ic
le

s

Particle size (nm)

 



 

Chapter 4  136 

 

 

3 4 5
0

10

20

30

40

50

N
o

. 
o

f 
p

a
rt

ic
le

s

Particle size (nm)

 

Figure 4.13 Transmission electron micrographs (left) and the corresponding particle 

size distribution (right) of a) Fe1 b) FeAc1 c) FeAc2 

 

4.3.4 DLS Measurement 
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Figure 4.14 DLS particle size distribution of FeAc2 (left) and FeAc1 (right) samples 

The dissemblance between hydrodynamic diameter and particle size obtained 

from TEM and XRD was observed in synthesised nanoparticles. The average 
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hydrodynamic diameter of FeAc1 particles are 29 nm and are larger than FeAc2 

particles due to formation of aggregates of functionalised particles. The FeAc2 

nanoparticles are nearly monodispersed in nature and the hydrodynamic diameter is 

found to be 3nm which corroborates the results obtained from TEM and XRD. 

4.3.5 FTIR Studies 

O
O

HO OH

OH

H

CH2OH

1

2 3

4 5
6

 

Figure 4.15  Structure of ascorbic acid molecule 

The hydroxyl groups present on the surface of magnetite nanoparticles play vital role 

for the functionalisation strategies as reported in the literature [27]. When considering 

the coating of magnetite nanoparticles by L-ascorbic acid, the surface hydroxyl 

groups meld with the carboxyl groups present in ascorbic acid. This has been 

confirmed by IR investigation.   Based on the IR investigation [28], the four O-H 

bands observed in ascorbic acid can be assigned as follows: C(6)-OH (3540 cm
-1

),  

C(3)-OH (3425 cm
-1

), C(5)-OH (3330 cm
-1

), C(2)-OH (3232 cm
-1

) which was 

observed in the case of functionalized samples. The bands at 1760 cm
-1

 disappears in 

functionalised sample which attributes that the coordination with magnetite 

nanoparticles occurs through C=O group. Moreover, the reduced intensity of the Fe-O 

band due to Fe3O4, at ~600 cm
-1

, suggests the effective capping of the magnetite 

nanoparticles. 



 

Chapter 4  138 

 

4000 3000 2000 1000

(d)

(c)

(b)

(a)  

 

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Wave number (cm
-1
)

 

Figure 4.16 FTIR spectra  (a) pure ascorbic acid, (b) Fe1, (c) FeAc2, (d) FeAc1 

4.3.6 Thermal analysis 

The ascorbic acid content in the coated particles were measured by TGA carried out 

in air at the heating rate of 10°C/min. The thermal decomposition curves of the 

ascorbic acid coated samples are shown in Figure 4.27 depicting the variations of 

residual masses of the samples with temperature. The organic materials and magnetite 

of the samples were completely burned to generate gas products and converted into 

Fe2O3 at elevated temperatures. The decomposition of pure ascorbic acid in air 

commences with the decomposition of organic moiety. The first weight loss stage 

(below 140°C) can be ascribed to the loss of adsorbed water molecules in the samples, 

while the other stage beginning at about 200°C was due to the decomposition of 

ascorbic acid. The percentage weight loss in each case is shown in table 3.4. The 



 

Chapter 4  139 

 

percentage decomposition of dextran in FeAc1 is more than that of FeAc2 which is 

due to the ascorbic acid present in the aggregates of nanoparticles 

Table 4.4. Sample code and weight loss of ascorbic acid obtained from TGA 

Sample Code Weight loss (%) 

FeAc1 27 

FeAc2 64 

 

0 200 400 600 800 1000

0

20

40

60

80

100

 Pure Ascorbic acid

 FeAc1

 FeAc2

 Fe1

W
e
ig

h
t 
lo

s
s
 (

%
)

Temperature (
o
C)

 

Figure 4.17  Thermograms of   pure ascorbic acid, Fe1, FeAc1 and FeAc2.  

4.3.7  Reduction studies using ascorbic acid coated magnetite nanoparticles 

Ascorbic acid is a single electron reducing agent even though not a vigorous reducing 

agent and is capable of reducing many carbonyl compounds [29], heme proteins [30] 

etc. To study whether the ascorbic acid coated on the magnetite nanoparticles is active 
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for chemical reactions, the reduction behaviour of ascorbic acid functionalised on the 

magnetic nanoparticles is studied by using the well known magic blue bottle reaction 

[31, 32]. The famous blue bottle reaction is a redox reaction where the methylene blue 

dye act as an oxidising agent and the sugar act as a reducing agent. This reaction is a 

stupendous tool for launching the key concept of reduction and oxidation reactions. In 

this particular reaction ascorbic acid reduces methylene blue to luceo form of the dye 

as show below.  

S
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N(CH3)2N(CH3)2

O
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HO OH

OH

H

CH2OH
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H
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O
O

O O
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H

CH2OH

Methylene Blue
Ascorbic Acid

Leucomethylene Blue Dehydroascorbic Acid

 

The reduction reaction was carried out by using 1 g of ascorbic acid coated magnetite 

nanoparticles (FeAc1) and 10 ml of 10
-3

 M methylene blue solution. The mixed 

solution was shaken vigorously for 10 min until the solution became colorless. During 

shaking magnetite nanoparticles are well dispersed and after the reaction, the 

magnetite particles were separated using an external magnetic field. The resultant 

solution was used for UV spectroscopic studies. UV-visible spectra of ascorbic acid, 

methylene blue and the solution after reduction are shown in Figure 4.18. All UV–vis 

spectra were recorded at room temperature by using water as reference sample. A 

strong absorption peak of the ascorbic acid at approximately 237 nm indicates the π-

π* excitation of C=C double bond which is absent in the case of the leuco form of 

methlene blue[33]. This strongly reveals that ascorbic acid is not leached away from 

the surface of magnetite nanoparticles when dispersed in water and is as effective as 
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free ascorbic acid. This observed characteristic was supported by using FTIR studies. 

Figure 4.19 shows the FTIR spectra of ascorbic acid coated magnetite nanoparticles 

before and after reduction using methylene blue.  
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Figure 4.18 UV-Vis spectra of ascorbic acid and methlene blue before and after 

reduction with ascorbic acid coated magnetite nanoparticles.  
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Figure 4.19. FTIR spectra of FeAc1 a)after reduction, b) before reduction 

We may expect that this type of utile material can be used in synthesis of organic 

compounds especially in the reductive amination reaction. Recently Ying Yu etal [34] 

reported a facile method for the reductive amination of aryl boronic acid with nitroso 

aromatic group in presence of ascorbic acid as a reducing agent.  Instead of ascorbic 

acid we can use the ascorbic acid coated magnetite nanoparticle and the 

dehydroascorbic acid [35] formed during the reduction reaction can be easily removed 

in the presence of external magnetic field.  

4.3.8. Magnetic measurement 

Figure 4.20 shows the magnetization of the uncoated and coated samples as a 

function of magnetic field, measured at room temperature. Magnetic hysteresis is not 

observed for both the samples. Superparamagnetic nanoparticles are characterized by 

the absence of magnetic hysteresis.  Thus, the magnetic characteristics show that the 

uncoated and coated magnetite nanoparticles are superparamagnetic at room 

temperature. The lower magnetization of the coated sample at higher fields is due to 
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the non-magnetic nature of the coated ascorbic acid, as the magnetization is calculated 

per gram of the sample. Apart from this, it is observed that the magnetization 

continuously increases for the uncoated sample at higher fields where as 

magnetization is almost saturated for the coated sample. The normalized 

magnetization curves, shown Figure 4.22, indicate that the magnetization is higher at 

low magnetic fields for the coated sample. These observations can be explained in 

terms of the reduced magnetic anisotropy after coating, where the contribution of the 

anisotropy due to inter-particle magnetic interactions is suppressed.  Thus, smaller 

magnetic fields are sufficient to orient the magnetic moments in the direction of the 

applied field, whereas larger fields are required for the uncoated sample to attain the 

same value of magnetization due to the magnetic anisotropy. FeAc2 shows almost 

paramagnetic behavior at room temperature. This is due to the very small particle size 

of this sample.  
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Figure 4.20 Room temperature magnetisation curves of a) Fe1, b) FeAc1, c) FeAc2 

samples.  
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Figure 4.21 M-H Curve of (a) Fe1, (b) FeAc1, (c) FeAc2 based on weight loss of 

dextran (calculated per gram of Fe3O4) 
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Figure 4.22 Normalised Curve of uncoated and ascorbic acid coated (Fe Ac1) samples 

Figure 4.23 shows the field cooled (FC) and zero field cooled (ZFC) magnetization 

curves of the uncoated and coated samples. For the uncoated particles, the blocking 

temperature is obtained as 109 K where as this temperature is decreased to 70 K for 

FeAc1 after coating with ascorbic acid. On the other hand, the blocking temperature 

was found to be 16 K for FeAc2 where the particle size is very small. This sample 

showed almost paramagnetic behaviour at room temperature. The decrease in the 

blocking temperature after coating with ascorbic acid is due to the decreased magnetic 

anisotropy contributions from inter-particle magnetic interactions [14]. The 

superparamagnetic blocking temperature of magnetic nanoparticles is given by KV ≈ 

25 kBTB, where K is the magnetic anisotropy constant, V is the volume of a particle, 

and kB is Boltzmann’s constant. Assuming that the particles are spherical, the 

magnetic anisotropy was calculated and is depicted in the table 4.4. The FC 

magnetization also shows a broad maximum at the blocking temperature and the 

magnetization decreases slightly below this temperature and then remains constant as 
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the temperature is decreased. On the other hand, the FC magnetization increases 

continuously below the blocking temperature for the coated samples. It is known that 

the characteristics of the FC magnetization curve depend on the nature of the 

interaction between the particles. The dynamics of the nanoparticle systems are 

governed by the distribution of the relaxation times of the individual particles, arising 

from the particle size distribution.  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. In this case, the FC magnetization continuously increases below TB as the 

temperature is decreased whereas the FC magnetization remains constant or decrease 

slightly below TB depending on the strength of the interactions between the particles. 

Thus, the nature of the FC magnetization curve indicates that the magnetic 

interactions are completely suppressed after coating the magnetite particles with 

ascorbic acid. This information gives additional evidence for the effective coating of 

the particles. 

Table 4.5 Magnetic data of synthesised samples 

Sample name Particle 

size (nm) 

TB (K) K 

(erg/cm
3
) 

Fe1  10 109 7*10
5
 

FeAc1 5 70 3.7*10
6
 

FeAc2  3 24 2.4*10
6
 

The uncoated sample shows divergence between FC and ZFC magnetization 

curves below 250 K, much above the blocking temperature, with a broad maximum in 

the ZFC magnetization curve. Similar behavior is observed for the coated sample 

FeAc1 also. This is due to the wide particle size distribution. On the other hand, the 

divergence is observed below the blocking temperature for FeAc2 and the maximum 

in the ZFC magnetization is not very broad. This is indicative of narrower particle 

size distribution and effective coating of the individual particles, as compared to the 

coating of aggregates of particles in the case of FeAc1. 
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Figure 4.23 Temperature variation of magnetisation of a) Fe1, b) FeAc1 and c) FeAc2 

samples 

4.3.9 T1 and T2 measurements 

Since superparamagnetic Fe3O4 nanoparticles are good T2-type (negative) 

contrast agents in MRI [36], and vitamin C is a biocompatible molecule, the effect of 

vitamin C functionalised magnetic nanoparticles was investigated in terms of MR 

signal-enhancing property. An attempt to study the T1 and T2 relaxation of various 

concentrations of vitamin C functionalised Fe3O4 nanoparticles in water was shown in 

Figure 4.24. 
1
H relaxation time measurements were also done on a 400-MHz 

spectrometer. Spin lattice relaxation times of the dispersed iron oxide solutions were 

measured using the conventional inversion recovery sequence [37]. For this 

measurment, 8 scans were collected with a relaxation delay of 20s with τ delays 

varying from 0.5 ms to 20 s in a pseudo 2D mode. The data was analyzed with the 

help of Bruker T1/T2 analytical routine.  

It can be seen that the NMR signal intensity for the samples of different 

concentrations is not identical. With increasing nanoparticles concentration in water, 
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the NMR signal is enhanced significantly. The T2 relaxation process occurs because 

of the exchange of energy between protons in water molecules. In the presence of an 

externally applied magnetic field, superparamagnetic iron oxide nanoparticles [38] 

create in homogeneity in the magnetic field affecting the environment that results in 

dephasing of the magnetic moments of protons. The inhomogenities that the particles 

present lead to further decreased T2 relaxation times of the healthy tissue. The larger 

difference between the two T2 relaxation times leads to greater contrast between the 

healthy tissue and diseased tissue. 
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Figure 4.24. Plots of inverse relaxation times (a) 1/T1 and (b) 1/T2 as a function of 

iron concentration.  

FeAc1 sample was used for relaxation measurement. The longitudinal T1 and the 

transverse T2 relaxation times were first measured at four iron concentrations at room 

temperature. Inverse relaxation times (1/T1 and 1/T2) were then calculated and plotted 

as a function of iron oxide concentration was plotted in the Figure.  The straight line 

plot obtained for both cases are not comparable for that reported in literature [39,]. 

Several factors are influencing the contrast effect which depends on the size of the 

magnetite core, magnetisation, molecular weight of the biocompatible molecule, etc.  

As described in the literature, dextran-based iron oxide nanoparticles [37] have been 

applied to conventional clinical imaging and molecular imaging for the last 20 years. 

Dextran coated iron oxide nanoparticles [37, 40] show the r1 value of 10.1 mM
-1

S
-1

 

and r2 value of 120 mM
-1

S
-1

 which was not comparable for the obtained results.   

However further studies is required for ascorbic acid coated magnetite nanoparticles 
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to understand the discrepancies of the obtained results as well as the biocompatibility 

and their use in clinical applications. 

To summarize, we prepared highly water-dispersible vitamin c coated 

superparamagnetic iron oxide nanoparticles by a simple surfactant mediated 

coprecipitation route. The vitamin c was successfully functionalised on the surface of 

iron oxide nanoparticles and was confirmed by XRD, TEM and Magnetic 

measurement.

4.4 Conclusions 

Fe3O4 nanoparticles are coated with the biocompatible molecules dextran and ascorbic 

acid. The coated nanoparticles are characterized using different techniques to verify 

the effectiveness of coating. Thermogravimetric studies give information on the 

amount of coated molecules.  IR spectroscopic studies gave evidence for the effective 

coating of the magnetite nanoparticles by dextran. The magnetic characteristics of 

uncoated and dextran as well as ascorbic acid coated nanoparticles of magnetite 

(Fe3O4) studied to understand the effectiveness of coating as evidenced from the 

reduced inter-particle magnetic interactions on the magnetic properties of the 

uncoated and coated samples. Comparison of the field dependent magnetization as 

well as the zero field cooled and field cooled magnetization measurements gave 

evidence for the suppressed inter-particle magnetic interactions in the coated samples. 
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CHAPTER 5 

COMPARISON OF THE MAGNETIC PROPERTIES OF BARE AND SURFACE 

COATED MAGNETITE NANOPARTICLES 

5.1 Introduction 

As described in the first chapter, superparamagnetic particles are characterized by 

a maximum in the temperature variation of ac susceptibility and zero-field-cooled 

susceptibility measured in a small dc magnetic field. In the zero field cooled (ZFC) 

magnetic measurements, the sample is cooled to the lowest possible temperature in the 

absence of a magnetic field and measurements are made while heating the sample in the 

presence of a small dc magnetic field. The temperature at which a maximum is observed 

is at the superparamagnetic blocking temperature TB. The shape of the zero-field-cooled 

magnetization curve is determined by the particle size, shape and size distribution. Thus, 

it is possible to have the same TB for a fine particle system with wider or narrower size 

distributions but the shape of the curves will be different in the two cases; broader in one 

case and narrower in the other. Another measurement is called a field cooled (FC) 

magnetization measurement. In an FC measurement, a sample is cooled to the lowest 

possible temperature in the presence of a small magnetic field and measurements are 

made while cooling or heating in the same field after cooling. When the same sample is 

cooled under a magnetic field, the magnetization remains almost constant below the 

blocking temperature. Thus FC and ZFC magnetizations deviate below TB and overlap 

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

magnetization and the divergence of ZFC and FC magnetizations below TB are the 

characteristic features of superparamagnetism. Opening up of the magnetic hysteresis 

loop is also expected below the blocking temperature.  

The characteristics of the field cooled (FC) magnetization curve depend on the 

nature of the interactions between the particles [1]. 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. 

In this case, the FC magnetization continuously increases below TB as the temperature is 
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decreased whereas the FC magnetization remains constant or decrease slightly below TB 

depending on the strength of the interactions between the particles [2]. The dynamics of 

the nanoparticle systems are governed by the distribution of the relaxation times of the 

individual particles, arising from the particle size distribution.  

The magnetic characteristics of the un-coated Fe3O4 particles (see chapter 3) and 

that of the dextran coated and ascorbic acid coated particles (see chapter 4) are compared 

in detail to understand the changes that taking place when the Fe3O4 nanoparticles are 

coated with dextran and ascorbic acid and to study the effect of inter-particle magnetic 

interactions in deciding the magnetic properties of the un-coated and coated magnetite 

nanoparticles. Details of these studies are described in the following sections. 

5.2  Comparison of the magnetic properties before and after coating with 

dextran 

The ZFC and FC magnetization curves of the uncoated and dextran coated 

particles are shown in Figure 5.1. For the field cooled measurement, the sample is cooled 

from room temperature to 12 K in a magnetic field of 50 Oe and the magnetization is 

measured as a function of temperature in the same field while warming at a constant rate. 

For zero field cooled measurement, the sample is cooled to 12 K in zero magnetic field 

and then the magnetization is measured in a field of 50 Oe while warming. A maximum 

in the temperature variation of the ZFC magnetization is observed at 109 K for the un-

coated particles and this temperature is shifted to 42 K after coating with dextran. The 

temperature at which a maximum in the ZFC magnetization is observed is at the 

superparamagnetic blocking temperature, TB. Similarly, there are changes in the FC 

magnetization also after coating. For the uncoated particles, the FC magnetization 

decreases after going through a maximum as the temperature is decreased. In the case of 

the dextran coated particles, the FC magnetization is continuously increased as the 

temperature is decreased. This is evidence for coating of the nanoparticles and the 

changes are due to the decreased inter-particle magnetic interactions. The additional 

magnetic anisotropy arising from the inter-particle magnetic interactions and due to this, 
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the blocking temperature is decrease, as the anisotropy is directly proportional to the 

volume of the particles. 
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Figure 5.1 ZFC and FC magnetization curves of a) Fe1c and b) Fedx1 

The magnetic field dependence of the magnetization at different temperatures for 

uncoated and dextran coated nanoparticles are shown in Figure 5.2 and Figure 5.3. The 

magnetization is almost saturated for the dextran coated sample, as compared to the un-

coated sample. This is clearly evident from Figure 5.4 which compares the normalized 

magnetization curves of the two samples at 12 K. The coated particles show higher 

magnetization at lower fields, due to the lower anisotropy. The coercivity is also 

substantially decreased after coating. The coercivity is decreased by more than half after 

coating. The coercivities of the uncoated and coated samples, as a function of 

temperature are shown in Figure 5.5. There is considerable decrease in the coercivity of 

the dextran coated sample Fedx1 compared to that of the uncoated sample. This is again 

due to the decrease in the magnetic anisotropy contribution from inter-particle 

interactions.  
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Figure 5.2 Magnetisation curves of Fe1 at different temperatures 
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Figure 5.3 Magnetisation curves of Fedx1 at different temperatures. 
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Figure 5.4. Normalized magnetization curves of Fe1 and Fedx1 at 12 K. 
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Figure 5.5. Temperature variation of coercivity of coated and uncoated magnetite 

nanoparticles. 
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 There will be very strong inter-particle magnetic interactions between the 

particles when fine magnetic nanoparticles are densely packed. The strength of these 

inter-particle magnetic interactions depends on factors such as size and type of the 

particles, distance between the particles, surface characteristics, etc. [1]. These 

interactions are mainly due to dipolar and magnetic exchange interactions between the 

magnetic particles. Such magnetic interactions between the magnetic nanoparticles give 

rise to a collective behavior rather than the typical superparamagnetic behavior [3-7]. The 

random antiferromagnetic and/or ferromagnetic superexchange interactions between the 

adjacent particles give rise to magnetic frustration similar to that present in a spin glass. 

Therefore, the magnetic properties of such interacting magnetic nanoparticles give rise to 

superspin glass behavior because of the interaction between the individual single domain 

particles which are called superspins [2]. Because of these strong inter-particle 

interactions between the magnetic nanoparticles, such systems show a spin-glass-like 

magnetic state, which is commonly known as a superspin glass. The strong magnetic 

dipolar interactions are largely responsible for such superspin glass behavior. The 

collective dynamics in a superspin glass system give rise to magnetic relaxation and 

magnetic aging effects [2, 8-10]. It has been shown that aging and memory effects in a 

superspin glass are reflections of the interacting behavior of such nanoparticles. Field 

cooled (FC) and zero field cooled (ZFC) magnetization measurements have been widely 

used in aging experiments to evaluate the interacting nature of these nanoparticles [10–

16]. 

 

 

 



 

Chapter 5  161 

 

20 40 60 80 100 120

2.4

2.6

2.8

3.0

 Cooling curve

 Heating curve

 Reference

M
 (

e
m

u
/g

)

T (K)

 

20 40 60 80 100 120 140

0.50

0.55

0.60

0.65

 Cooling Curve

 Heating Curve

 Reference

M
 e

m
u

/g
)

T (K)

 

Figure 5.6. FC memory experiments of the un-coated Fe3O4 nanoparticles Fe1c (left) and 

Fe3c (right) samples (see chapter 3). Original FC curve (red); Cooling curve with 

magnetic field switched off at a constant temperature (black); Heating curve in the same 

magnetic field while the field is on (green) 
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 An important feature is reported for the field cooled magnetization (FCM) curve 

below TB, for the interacting and non-interacting magnetic nanoparticles system. FCM 

either remains constant below TB or slightly decreases after going through a maximum if 

the interaction between the magnetic nanoparticles is very strong. On the other hand, 

FCM slightly increases below TB if interactions are very weak [12, 17] and a large 

increase in FCM is observed for non-interacting particles. In the present case, for all 

samples, the FCM goes through a maximum and then decreases, suggesting that the inter-

particle magnetic interactions are very strong. The strength of these interactions also 

depend on the particle size. When the magnetic particle size is decreased, there will be 

more and more neighbouring particles in the vicinity of a given particle and therefore the 

overall strength of the inter-particle interactions will be enhanced. Therefore, a larger 

drop in the FCM below TB can be expected for smaller particles. This is directly obvious 

in the case of Fe3c, shown in Figure 5.6, where the size of the particles is less than that of 

the sample Fe1c. 

 There are some features common to conventional spin glasses and interacting 

magnetic nanoparticles. These are the aging, rejuvenation and memory effects they 

exhibit [12,18-23]. To observe these characteristics, the magnetization is measured under 

field cooled conditions. The sample is initially cooled in the presence of a small external 

field, as in the case of FC magnetization measurements and the magnetic field is reduced 

to zero at some fixed temperatures below TB  [19, 24]. The field is again switched on and 

the sample is further cooled to the lowest temperature. The magnetization is recorded 

continuously during the cooling cycle. The sample is then warmed in the same external 

field while recording the magnetization. If experiments are conducted under such 

conditions, sharp memory effects are expected during the final heating in the case of 

typical spin glasses or interacting magnetic nanoparticles at temperatures where the 

system was allowed a waiting time in the absence of field. 

Results of the memory experiment studies are shown in Figure 5.6 for Fe1c and Fe3c. 

The temperature dependence of the FC magnetization is measured during cooling under a 

H = 50 Oe. In the case of Fe1c,  the field is switched off (H = 0 Oe) at 60 K while cooling 
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for a waiting time of 5000 s. This is the aging process. The magnetic field is then 

switched on to 50 Oe and the sample is cooled again, to a lower temperature of 36 K, 

where a minimum is observed in the original FC curve. The aging process is repeated at 

36 K for the same waiting time. After this, the sample is cooled again to the lowest 

possible temperature after switching on the field. The magnetization is further recorded 

while heating back to room temperature after cooling to the lowest temperature. Similar 

experiments are conducted in the case of Fe3c also. The field is switched off at 40 K 

while cooling and sharp memory effect is observed at this temperature while warming up 

in a field of 50 Oe. 

 The cooling curves shown in Figure 5.6 show aging effects and very weak 

rejuvenation. Rejuvenation is the small increase or upturn in the magnetization while 

cooling when the field is again switched on after aging at 60 K and 36 K in he case of 

Fe1c and at 40 K for Fe3c. Also, sharp jumps in the magnetization, or memory effects, 

are observed at 36 K and 60 K for Fe1c and at 40 K for Fe3c, while warming up, as 

shown in Figure 3.16. These observations indicate the presence of strong interactions 

between the individual nanosized particles, leading to superspin glass characteristics [12]. 

Thus the magnetic properties iron oxide nanoparticle are similar to that of a spin glass 

system due to magnetic interactions between the particles, instead of ideal 

superparamagnetism expected for non-interacting particles. 
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Figure 5.7 Memory effect studies on the dextran coated magnetite sample Fedx1.  

The memory experiments on the dextran coated magnetite sample, Fedx1, are shown 

in Figure 5.7. The Fedx1 sample is derived from the uncoated sample Fe1c, whose 

memory characteristics are shown in Figure 5.6. The dynamics of the nanoparticle 

systems are governed by the distribution of the relaxation times of the individual 

particles, arising from the particle size distribution.  If the particles are well separated by 

proper surface coatings, the different types of interactions between the particles such as 

dipolar interactions or exchange interactions are suppressed. In this case, the FC 

magnetization continuously increases below TB. Very weak memory effect is observed 

when the FC magnetization is measured after the sample is cooled to the lowest 

temperature after the magnetic field is switched off at 20 K and a waiting time of 2 hrs at 

this temperature. Larger increase in the magnetization is observed after the waiting 

period, while cooling, when the field is switched on again. This larger rejuvenation is 
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another evidence for the decreased inter-particle interactions. Thus comparative studies 

on uncoated and dextran coated samples show that the uncoated sample behaves like a 

superspin glass system whereas the coated samples, due to the absence of inter-particle 

magnetic interactions, show ideal superparamagnetic properties, as reported in the 

literature [25,26]. 

5.3 Comparison of the Magnetic Behavior dextran coated powder and fluid 

samples 

 Ferrofluid of dextran coated magnetite nanoparticles is prepared by dispersing  2 

weight percent of the sample Fedx2 in water. This fluid was used for the magnetic 

studies. Usually, in a ferrofluid, there are two mechanisms for magnetization rotation. 

According to the Brownian mechanism [27,28] the magnetic moment is rotated together 

with the nanoparticle in the carrier liquid under the influence of an external magnetic 

field. One the other hand, in the Neel mechanism [27,28] the magnetic moment can rotate 

inside a nanoparticle. These two mechanisms of rotation are operative deoending on the 

particle size and sometimes both mechanisms can take place simultaneously and the 

measured magnetic moment will be the effective one. The variation of magnetization, 

with an applied field, for both the powder and fluid samples shows no magnetic 

hysteresis; that is, both the remnance and coercivity are zero (Figure 5.8). This indicates 

superparamagnetic behaviour as expected for nanoscale dimension of the particles. The 

magnitude of magnetization, calculated for per gram of the coated sample present in the 

fluid and the powder sample are comparable, suggesting that there is not much decrease 

in the anisotropy when the coated nanoparticles are dispersed in water. That is, for the 

powder sample itself, the coating is very effective to suppress the inter-particle 

interactions and there is no effect on the dilution of the sample by dispersion in water. 
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Figure 5.8  Field dependence of magnetisation of dextran coated magnetite samples 

(Fedx2) in the form of powder and fluid. 

 Results of the ZFC and FC magnetization measurements of the dried powder and 

fluid samples are shown in figure 5.9. The characteristic blocking temperature for both 

samples are at 24 K indicating that dextran is perfectly coated on the surface of iron oxide 

nanoparticles. Similarly, the fluid sample show almost identical memory and relaxation 

behavior compared to that of the dextran coated powder sample, as shown in Figure 5.10. 

Comparison of the magnetization of the powder and fluid samples is shown in Figure 

5.11. Both samples show almost identical behavior, with not much change in the 

coercivity, except for the diamagnetic contribution in the fluid sample, at higher fields. 
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Figure 5.9 ZFC and FC magnetization curves of dextran coated magnetite samples 

(Fedx2) in the form of powder and fluid in water. 
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Figure 5.10 Memory effect studies on the dextran coated magnetite sample in the fluid 

form Fedx2. 
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Figure 5.11 Magnetization as a function of magnetic field for the dextran coated 

magnetite nanoparticles (Fedx2), measured at different low temperatures, a) in the 

powder form and b) as fluid. 
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5.4 Comparison of the magnetic properties before and after coating with ascorbic 

acid 
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Figure 5.12 FC memory experiments of Fe1c (top) and FeAc2 (bottom) samples. Original 

FC curve (red); Cooling curve with magnetic field switched off at a constant temperature 

(black); Heating curve in the same magnetic field while the field is on (green) 
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 Figure 5.12 shows the comparison of the memory experiments on the uncoated 

and ascorbic acid coated samples. The characteristics of the uncoated sample are 

described in the previous section. Double memory experiment has been carried in both 

cases. The ascorbic acid coated sample shows rejuvenation effect after field is switched 

on from H=0 while cooling. Also, no memory is observed whole warming the sample 

back, at the temperatures where the field was switched off while cooling. Strong memory 

effect is observed for the uncoated sample. This again shows the ideal superparamagnetic 

characteristic of the coated sample, compared to the superspin glass behavior of the bare 

sample due to inter-particle magnetic interactions. 

5.5 Conclusions 

 The magnetic properties of uncoated and that of dextran coated as well as 

ascorbic acid coated Fe3O4 nanoparticles have been compared by performing field 

dependent and temperature dependent magnetization measurements. Higher 

magnetization at lower fields, continuously increasing magnetization below the blocking 

temperature, shift of the blocking temperature to lower temperatures after coating, etc., 

are found to be evidences for effective coating of the nanoparticles by dextran as well as 

ascorbic acid. These changes also suggest decreased inter-particle magnetic interactions 

due to the effective coating. For the coated powder and fluid samples, similar magnetic 

characteristics are observed. Relaxation and aging studies have been performed to 

understand the effect of coating. The uncoated nanoparticles show superspin glass  

behavior whereas superparamagnetic nature is observed for the coated nanoparticles. 
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CHAPTER 6 

SOLID STATE NMR STUDIES ON NANOCRYTALLINE ALUMINATE 

SPINELS 

6.1 Introduction 

Among the spinel-type oxides having the general formula AB2O4, ferrites, 

AFe2O4, are important oxides having many technological applications [1]. Because of 

the presence of Fe in different oxidation states such as Fe
2+

 and Fe
3+

 with many 

unpaired electrons, these materials are magnetic and generally they show 

ferrimagnetic properties at room temperature. Because of their peculiar electrical and 

magnetic properties and high Curie temperatures, the spinel-type ferrites are used for 

many high-frequency applications. The important properties of the spinel ferrites, 

such as magnetic and electrical properties, based on which the materials are used for 

different applications, are governed by the distribution of the cations A and Fe in the 

tetrahedral and octahedral sites of the spinel lattice. Apart from the general parameters 

controlling the distribution of the ions in the two crystallographic sites, the crystal 

field stabilization energy (CFSE) also determines the site preference of the different 

transition metal ions [2]. For example, in ZnFe2O4, the Zn
2+

 ions are always located in 

the tetrahedral sites, so that this ferrite is a normal spinel and not magnetic at room 

temperature, whereas in the case of NiFe2O4, the CFSE is less for Ni
2+

 in the 

octahedral coordination, and therefore, the ferrite forms an inverse spinel 

arrangement. Apart from all of these factors, the preparation and processing 

conditions also decide the cationic distribution [3]. 

There are numerous studies reported in the recent literature on nanometer-

sized particles of different ferrites. The importance of these studies is to understand 

the effect of finite size on the different properties of the ferrites[4,5], apart from the 

many potential applications. Ferrite nanoparticles [6,7] are potentially important in 

many areas, such as biomedical applications as contrast enhancement agents for 

magnetic resonance imaging [8], magnetically mediated hyperthermia [9], magnetic 

carriers for targeted drug delivery [10], catalysis [11], and so forth. Decreasing the 

particle size increases the surface area-to-volume ratio so that the number of ions on 

the surface will be more than that in the bulk for very small particles. This is likely to 
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change the coordination behavior at the surface of the particles [12,13]. Also, it is 

possible that the cationic distribution will be different in the nanoparticles as 

compared to that in the bulk. Therefore, decreasing the size of the ferrite particles to 

nanometer range will strongly influence the magnetic properties of this class of 

materials. This is because, the strength of the magnetic exchange interactions are 

mainly determined by the A-O-Fe angle and the nature of the A ion. If the 

coordination and number of A and Fe ions at the surface of the nanoparticles are 

different from that in the bulk, then considerable changes in the magnetic properties 

are expected. From many studies, it has been shown that unusual cation distributions 

in the octahedral and tetrahedral sites can be obtained in ferrite nanoparticles, so that 

normal ferrites become mixed ferrites, as in the case of ZnFe2O4 [14,15], or there is an 

enhancement in the Curie temperature, as observed in the case of MnFe2O4 [16],  

NiFe2O4 [17], and Ni0.5Zn0.5Fe2O4 [18]. The degree of distribution of the Fe ions in 

the ferrites, in the bulk as well as in the nanoparticle form, can be determined from 

Mössbauer spectroscopic studies [19]. However, Mössbauer spectroscopic studies do 

not give accurate estimation of the degree of distribution of the Fe ions in the 

tetrahedral and octahedral sites of the ferrite nanoparticles, due to the broad nature of 

the spectral features. Few recent Mössbauer studies indicated the presence of more 

than two different sites in the ferrite nanoparticles [20,21]. Also, no structural studies 

can give information on the local surface coordination in the nanoparticles. 

Solid state NMR is an important tool to get information on local structural 

variations [22,23]. However, it is difficult to analyze magnetic materials using NMR 

because the signal is usually broad and weak at room temperature, and high external 

magnetic fields are required at low temperatures to resolve the various hyperfine 

components [24,25]. One of the options is to synthesize nanoparticles of a 

nonmagnetic model compound having similar structure as that of the ferrites and 

study its structural characteristics using solid state NMR and then extrapolate the 

results to magnetic spinels. However, it may be noted that the extrapolation of the 

NMR results from nonmagnetic to magnetic spinels may not be that straightforward 

because there are other factors, such as the ionic radii and charge of the cations, 

crystal field stabilization energy which is cation dependent, etc., which control the 

local disorder as well as cation distribution in the tetrahedral and octahedral sites in 

the spinel lattice. Two spinel-type nonmagnetic oxides, magnesium aluminate 
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(MgAl2O4) and zinc aluminate (ZnAl2O4) are selected for such studies as the 
27

Al 

nuclei can be easily probed by NMR studies. The intention is to study the effect of the 

two different A ions, Mg
2+

 and Zn
2+

, whose ionic sizes are different, which influences 

the site preference in the spinel lattice.  

6.2 Solid State NMR Studies on MgAl2O4 Nanoparticles 

One of the suitable candidates for the NMR study is magnesium aluminate, 

MgAl2O4, which is the original spinel. In this case, 
27

Al nuclei can be easily probed 

by solid-state NMR. Previous studies have shown that MgAl2O4 has partially inverse 

spinel structure [26,27]. The disordered behavior of bulk MgAl2O4 and the deviation 

of the structural parameters as a function of temperature have been studied by solid-

state NMR [28], X-ray diffraction [29], neutron diffraction [30],  ESR [31], and 

electrical conductivity measurements [32]. A recent 
27

Al MAS NMR study, on 

MgAl2O4 precursor powders of very high specific surface area synthesized at low 

temperatures, has reported the presence of a five-coordinated Al site apart from the 

octahedral and tetrahedral Al coordinated sites [33]. Presence of five coordinated Al 

sites is also observed after irradiation of bulk MgAl2O4 and ZnAl2O4 with Kr ions and 

this has been assigned to amorphization [34]. A change in the inversion parameter is 

observed after irradiation. The effects of particle size on the degree of distribution of 

Al and the distorted coordination environments have not been studied so far. In this 

chapter, we describe a systematic study on the local structural variations in the spinel 

as a function of the particle size.  

6.2.1 Synthesis of MgAl2O4 nanoparticles  

MgAl2O4 nanoparticles were synthesized by the glycine-nitrate combustion 

method [44]. The starting materials, Al(NO3)3·9H2O (Merck Fine, AR), 

Mg(NO3)2·6H2O (Aldrich Chemicals), and glycine (Merck Fine, AR), were used as-

received without further purification. Normally, a metal-to-glycine ratio of 1:2 is used 

for the combustion synthesis of oxides using glycine. However, decreasing the 

amount of glycine reduces the flame temperature during combustion and, hence, the 

particle size of the resulting oxide [35, 36]. Stoichiometric amounts of magnesium 

nitrate and aluminum nitrate, in the 1:2 molar ratio and 0.25 moles of glycine per 

mole of metal ion were used for the synthesis. 4.75 g of magnesium nitrate, 13.93 g of 
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aluminum nitrate, and 1.04 g of glycine were individually dissolved in minimum 

amounts of distilled water and the individual solutions were mixed together in a large 

beaker. The final mixed solution was slowly evaporated on a water bath to form a 

honey-like viscous gel. The gel was then placed on a hot plate at 200 °C, and this 

allowed a rapid combustion reaction. During the reaction, ignition took place, 

resulting in a dry, white, and very fragile foam that easily crumbled into powder. The 

resulting powder was divided into several portions and annealed at 400, 600, 800, 

1000, 1200, and 1400 °C. The powder samples annealed at these temperatures are 

labeled as MA1, MA2, MA3, MA4, MA5, and MA6, respectively. The sample codes 

and the corresponding particle sizes are given in Table 6.1. 

Table 6.1. Sample codes, annealing Temperatures, and the particle sizes obtained 

from XRD and TEM 

 

Sample 

code 

Annealing 

temperature 

(°C) 

Lattice 

parameter (Å) 

Particle size 

TEM 

(±0.2 

nm) 

XRD 

(±1 

nm) 

MA1 400 8.1(1) 3  

MA2 600 8.1(1) 5  

MA3 800 8.0815(7)  18 

MA4 1000 8.0831(5)  32 

MA5 1200 8.0855(4)  60 

MA6 1400 8.0871(4)  98 
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6.2.2 Powder XRD Analysis 

All of the samples were initially characterized by powder X-ray diffraction to 

confirm the formation of magnesium aluminate and to compare the particle sizes after 

annealing at different temperatures. Figure 6.1 shows the powder XRD patterns of 

MgAl2O4 annealed at different temperatures. The simulated powder XRD pattern of 

MgAl2O4 is shown in Figure 6.1 (a) for comparison. The XRD pattern is simulated 

using the computer program PowderCell [37] for windows, with the unit cell lattice 

parameter a = 8.086 Ǻ. For the samples annealed at 400 °C (MA1) and 600 °C 

(MA2), only few and broad reflections are observed. This is due to the nanoparticle 

nature of the samples and overlapping of the group of reflections in the same 2θ 

region [38]. It is known that when the crystallite size decreases, the peaks are 

broadened and the intensities of the peaks decrease. Also, when nanoparticles are 

heated at higher temperatures, the individual particles grow in size at the expenses of 

others [39]. The positions of the two most intense reflections (311) and (440) are 

comparable to that of the bulk material for MA1. For MA2, the (400) reflection is 

clearly resolved, indicating an increase in the particle size. For the sample annealed at 

800 °C, all of the reflections are clearly resolved and all of the observed reflections 

correspond to that of magnesium aluminate.  

However, still all of the reflections are broad when compared to the sample 

annealed at 1400 °C. For the samples annealed above 600 °C, the intensities and 

positions of the different peaks observed in the experimental pattern are consistent 

with the simulated pattern. There are no additional peaks observed in the XRD 

patterns, indicating the absence of any impurities. This confirms the formation of 

single-phase MgAl2O4 by the present method of synthesis. For all of the samples, the 

XRD peaks are very broad, and the broadness decreases and the intensities of the 

peaks increase with increasing annealing temperature. The decreasing broadness with 

increasing intensities of the peaks indicates increasing crystallite size. 

The average crystallite size is calculated using the Scherrer formula, D = 

0.9λ/βcosθ, where D is the crystallite size, λ is the wavelength of X-rays, β is the full 

width at half-maximum of the individual peaks, and θ is the Bragg angle [40]. The 

crystallite size is calculated after correcting for the contribution from instrumental 
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broadening, β = βobs − βinst, where βobs is the observed line width and βinst is the 

instrumental contribution to line width. Apart from the contribution due to 

instrumental line broadening, strain is also another factor contributing toward 

broadness of the diffraction peaks. The contribution from strain is corrected using the 

Williamson−Hall analysis, βcosθ = 0.9λ/D + 4εsinθ, where ε is the strain. The 

contribution from strain is found to be very low (<0.2%). Due to the extreme 

broadness and overlapping of the reflections for the samples MA1 and MA2, their 

crystallite sizes could not be calculated from the XRD data. Crystallite sizes are 

calculated for the remaining samples and the calculated average crystallite sizes are 

shown in Table 6.1. Hereafter, the average crystallite size is considered as the particle 

size while comparing the results of different samples annealed above 600 °C.  

 

 

Figure 6.1. Power XRD patterns of MgAl2O4 nanoparticles annealed at different 

temperatures, MA1 − 400 °C, MA2 − 600 °C, MA3 − 800 °C, MA4 − 1000 °C, MA5 

− 1200 °C, MA6 − 1400 °C. The simulated pattern of MgAl2O4 (MA) is shown and 

indexed for comparison. 

MgAl2O4 crystallizes in the face centered cubic crystal system with space 

group Fd3m. The cubic cell parameter is obtained by least-squares refinement of the 

diffraction pattern using the computer program PowderCell [41] for windows. The 

lattice parameter could not be calculated for the samples MA1 and MA2 due to the 

broad nature and overlapping of the peaks. However, from the d values of the (311) 

and (440) reflections, the lattice parameter is obtained as 8.1 Å, which is very close to 
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the value for the bulk material (8.086 Å). The calculated values are given in 

Table 6.1. For the sample annealed at 1400 °C, the cubic cell parameter is comparable 

to that reported in the literature for MgAl2O4 (JCPDS PDF # 21−1152). The lattice 

parameter is slightly lower for the sample annealed at 800 °C (MA3) and increases 

with increasing crystallite size toward the bulk value.  

6.2.3 TEM Analysis 

The average particle sizes of MA1 and MA2 are obtained from TEM studies. 

TEM micrographs of the samples annealed at 400 °C (MA1) and 600 °C (MA2) are 

shown in Figure 6.2. Very small particles of average size of 3 nm are clearly seen in 

the TEM micrograph. The inset in Figure 6.2 shows the electron diffraction pattern 

from the particles. The pattern is highly diffused and showing rings indicating the 

polycrystalline nature of the fine particles. For the sample annealed at 600 °C, the 

average particle size is obtained as 5 nm from the TEM measurements. 

  

Figure 6.2. Transmission electron micrograph of the sample annealed at 400 °C 

(MA1) and 600 °C (MA2). The inset shows the corresponding electron diffraction 

pattern. 

6.2.4 Solid state NMR studies 

The objective of the 
27

Al MAS NMR experiment was to resolve and calculate 

relative populations of the different Al co-ordination environments. The 
27

Al MAS 

spectra of all the samples are shown in Figure 6.3 and Figure 6.4. Figure 6.3  shows 

the spectra recorded at a field of 7.04 T (AV 300 spectrometer) with a spinning speed 

of 12.5 kHz and Figure 6.4 shows the spectra recorded at a field of 11.7 T (AV 500 
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spectrometer) with a spinning speed of 34.1 kHz. The spectra contain a central region 

composed of three to four main resonances and a set of spinning sidebands of the 

central transition (−1/2,1/2) and the satellite transitions (±3/2, ± 1/2). The outer 

satellite transition (±5/2, ± 3/2) is not observed. In the case of the spectra at 7.04 T, 

the sidebands overlap the central transition since the spread of the central transition 

region is more than the sample spinning frequency of 12.5 kHz. Therefore, it was 

necessary to record the spectra at a higher spinning speed. A 2.5 mm probe capable of 

spinning with higher frequency was available only on a spectrometer with a higher 

field of 11.7 T (AV 500) and the spectra were recorded on this spectrometer at a 

spinning speed of 34.1 kHz. In Figure 6.4, the spinning sidebands are well separated 

from the central transition, and it is possible to extract quantitative information from 

these spectra. The dipolar interaction and the chemical shift anisotropy, which are of 

the order of a few kHz, are averaged out by the fast magic-angle spinning. Therefore, 

the line width of the central transition is due to the second-order quadrupolar 

interaction and the distribution in the isotropic chemical shift. 

For the samples MA1 and MA2 with particle size <10 nm, there are two main 

resonances observed in the range of 70−80 and 10−20 ppm and an additional broad 

resonance in the range of 40−50 ppm. For bulk MgAl2O4 (MA6), only two major 

resonances are observed in the 70−80 and 10−20 ppm regions. These two resonances 

are characteristic of Al in 4-fold (AlIV) and 6-fold (AlVI) coordinations in MgAl2O4 

[42]. MA3 clearly shows the contributions from the AlIV and the AlVI sites and also a 

broad shoulder in the 40−50 ppm region. However, a shoulder at 0 ppm appears on 

the right-hand side of the AlVI resonance peak of MA3, in Figure 6.3. The intensity of 

the second AlVI peak increases with increasing particle size. Also, a broadening is 

observed at the right-hand side of AlVI resonance peak in MA1 and MA2. Although 

the second peak is not observed in Figure 6.4, this feature is observed as an additional 

broadening on the right side of the AlVI resonance peak. All of the resonances have 

broad asymmetric line-shape with a steep low-field edge and a trailing high-field 

edge. These shapes arise due to a distribution of the electric field gradient (EFG) at 

the aluminum site which leads to a distribution in the quadrupolar coupling constants. 
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Figure 6.3. 
27

Al MAS NMR spectra of MgAl2O4 of different particle sizes, recorded 

on AV300 spectrometer at a sample spinning speed of 12.5 kHz. The sample codes 

are defined in Table 6.1. 
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Figure 6.4. 
27

Al MAS NMR spectra of MgAl2O4 of different particle sizes, recorded 

on AV500 spectrometer at a sample spinning speed of 34.1 kHz. The sample codes 

are defined in Table 6.1. 

 

The observed NMR spectral features showing dependence on particle size 

clearly indicate that the coordination environment of Al in the spinel changes with 

particle size when the particles are of nanometer size. A resonance peak in the range 

of 40 ppm is reported for barium aluminum glycolate as well as andalusite [43] and 

rapidly quenched aluminosilicate glasses [44] and has been assigned to Al in 5-fold 

coordination. It has been reported that five-coordinated Al can be identified by a 

resonance peak at 35 ppm [45], midway between the resonance peaks for four 

coordinated and six coordinated Al, from NMR spectroscopy. In the case of ball-
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milled mullite [46], where the particle size is decreased on ball milling, it has been 

shown that Al in 5-fold coordination appears for smaller particles and the peak 

intensity for Al in 5-fold coordination increases with decreasing particle size. This is 

also associated with a decrease in the intensities of peaks due to tetrahedral and 

octahedral coordinated Al. The broad resonance peak at 40 ppm is previously 

observed for low-temperature synthesized magnesium aluminate powders with very 

high specific surface area and this peak is assigned to aluminum in 5-fold 

coordination. Therefore, the new resonance peak observed at 40 ppm for the smaller 

particles can be assigned to aluminum in the 5-fold coordination (AlV) which is not 

observed for bulk MgAl2O4. For the sample MA3, the peak due to AlV is not clearly 

visible. However, this sample shows a broad feature in the 40−50 ppm region, and 

therefore, it can assumed that AlV coordination is also present in this sample in lesser 

amounts. A second octahedral Al peak in the region of −10−0 ppm is reported in the 

previous 
27

Al MAS NMR studies on quenched bulk, as well as ball milled 

MgAl2O4 [42] due to the changes in the inversion parameter. The second peak 

observed at 0 ppm can be assigned to the contribution from an additional octahedral 

site. 

To estimate whether there is any change in the degree of distribution of the 

cations present in the spinel, with increasing particle size, apart from the changes in 

the contributions from the 5-fold and second 6-fold coordination environments, the 

line shapes of the experimental spectra (from AV 500 spectrometer) have been 

simulated. The integrated intensities of each line and the relative intensities of the 

different co-ordination environments are calculated from the simulated spectra. 

Figure 6.5 shows the simulated spectra of MA1, MA2, MA3, MA4, MA5 and MA6. 

Simulating the exact spectra is difficult since there is distribution of the isotropic 

chemical shift as well as a distribution in the quadrupolar coupling constants which 

arise from electric field gradient (EFG) at the site of the observed nucleus. Neuville et 

al. [47] have shown that, for glassy systems containing aluminum, which has a 

distribution of quadrupolar coupling constants, the Gaussian isotropic model (GIM) of 

the Czjeck distribution is the simplest and physically consistent. In this model, the 

EFG is assumed to follow a statistical disorder and the probability of a given CQ, 

ηQ pair [called the quadrupolar product CQ* = CQ(1 − ηQ
2
)
1/2

, where CQ is the 

quadrupolar coupling constant, and ηQ is the asymmetry parameter] can be computed. 
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The CQ* characterizes the EFG or the quadrupolar tensor which depends on a single 

parameter that is related to the quadratic mean of the quadrupolar product. 

The GIM distribution function has been incorporated into the DMFIT 

computer program developed by Massiot et al. [48], and this program is used for the 

line shape simulations. The line shape fitting procedure is as follows: The fitting is 

started from approximate line shape with guess parameters for isotropic shift (iso), the 

distribution of isotropic chemical shift (δiso) and the quadrupole product CQ* and then 

followed by iteration of the CQ* and iso, δiso and the amplitude to get a good match 

between the experimental and the simulated spectra. Comparison of the experimental 

and the simulated spectra for the samples MA1, MA2, MA3, MA4, MA5 and MA6 is 

shown in Figure 6.5. 

It can be seen that there is a very good match between the experimental and 

the simulated spectra. This procedure is repeated many times and was carried out on 

the spectra of all the samples and the results are summarized in Table 6.2. The 

distribution of Al in the different co-ordination environments is shown in Figure 6.6. 

Important observations from the fitted data shown in Table 6.2 and Figure 6.6 are that 

(i) the intensity of the peak from AlV decreases with increasing particle size and this 

peak is not observed for larger particles (>18 nm); (ii) there is a corresponding 

increase in the intensity of AlVI(2) peak and the intensity of this peak becomes almost 

constant for larger particles; and (iii) the intensity of the resonance peak due to AlIV 

decreases with increasing particle size, and there is a corresponding increase in the 

intensity of the peak due to AlVI(1). 
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Figure 6.5. Experimental and calculated 
27

Al MAS NMR spectra for the samples (a) 

MA1 (b) MA2, (c) MA3, d) MA4, (e) MA5 and (f) MA6. The bottom traces show the 

separate components for the different aluminum coordinations. 
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Although the AlV peak is not clearly visible in the spectra of the sample MA3, 

a comparison of the simulated spectra clearly indicated this feature for this sample. 

The presence of AlV can be attributed to the fact that the size of the particles in the 

samples MA1, MA2, and MA3 are very small (<18 nm). As the surface-to-volume 

ratio increases with decreasing particle size, the AlV contributions are likely to come 

from the surface. This is possible because decreased coordination environment is 

expected at the surface of the particles. The five-coordinated Al is likely to be formed 

on the surface due to the distortion of the octahedral coordinated sites from oxygen 

vacancies. This assumption is further supported by the decreased contribution from 

this five-coordinated surface Al species with increasing particle size. Presence of five-

coordinated Al sites has been recently reported in swift heavy ions irradiated bulk 

MgAl2O4 [34]. It has been concluded that these five-coordinated Al sites are 

associated with amorphous structures and they are considered as structural defects. In 

the present case also, it is possible that such amorphous structures are present on the 

surface of the MgAl2O4 particles synthesized by the combustion method, giving rise 

to reduced coordination. 

If the AlV species is formed at the surface due to the distortion of the 

octahedral coordination, then there are equal chances for a distorted tetrahedral 

coordination at the surface, leading to 3-fold coordinated AlIII species. There are few 

reports in the literature on the observation of three-coordinated Al in the 
27

Al NMR 

spectra [49] of some aluminosilicates and this is directly confirmed [50] from Al K-

edge XANES measurements. The NMR resonance peak due to the AlIII species is 

observed at a slightly higher chemical shift value when compared to that of the AlIV 

species or as a broadening of the AlIV peak [51]. 
27

Al NMR signal is very sensitive to 

the coordination environment around the Al atom and this is usually reflected in the 

line width. The normalized NMR spectra of MA1, MA2, and MA3 (the intensities are 

normalized with respect to the AlVI as well as the AlIV peaks) are compared in Figure 

6.7. It can be seen that there are no shifts in the peak positions of AlVI and AlIV. 

However, the AlIV peak is broader on the left side for MA1 and MA2 and this 

contribution is disappeared in the spectra of MA3. This is concomitant with the 

changes in the spectral intensity of the AlV peak indicating that the broader 

AlIV resonance peaks of MA1 and MA2 might include contribution from AlIII species 

also. 
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Table 6.2. NMR Parameters Obtained from the 
27

Al MAS Experiments, Using the 

DMFIT Program 

 

a Isotropic chemical shift, 
b
 Width of Gaussian distribution, 

c
 Quadrupolar product. 

d
 Inversion parameter is calculated assuming that AlV is derived from AlVI due to 

decreased coordination on the surface of the particles. The errors in the various 

parameters are estimated from the reproducibility of the simulation process as 

described in ref 34. 

Sample 

code 

Al site a
iso 

(ppm) 

b
dCSA 

(ppm) 

c
C

*
Q 

(MHz) 

Distribution 

( %) 

d
Inversion 

Parameter  

 

MA 1 

Al IV 

Al V 

Al VI-1 

Al VI-2 

79.6 

46.7 

13.1 

0.9 

10.6 

9.6 

6.5 

8.2 

6.6 

9.2 

3.8 

6.0 

34.1 

19.1 

34.9 

11.8 

 

0.68 

 

 

 

MA 2 

Al IV 

Al V 

Al VI-1 

Al VI-2 

78.7 

46.8 

12.1 

-0.8 

9.2 

9.2 

6.5 

9.2 

6.5 

8.9 

3.9 

7.0 

29.1 

11.2 

41.6 

17.9 

 

0.58 

 

 

 

MA 3 

Al IV 

Al V 

Al VI-1 

Al VI-2 

72.8 

46.2 

13.3 

-1.1 

8.1 

9.3 

9.4 

9.4 

4.2 

8.8 

4.2 

7.8 

16.3 

4.7 

58.2 

20.7 

 

0.33 

 

 

 

MA 4 

Al IV 

Al VI-1 

Al VI-2 

72.5 

12.9 

-1.1 

7.5 

10.5 

7.5 

3.6 

4.3 

7.9 

11.8 

64.1 

23.9 

 

0.24 

 

 

MA 5 

Al IV 

Al VI-1 

Al VI-2 

72.0 

13.4 

-2.4 

6.5 

10.5 

8.5 

3.8 

4.6 

8.3 

11.3 

65.7 

22.9 

 

0.23 

 

 

MA 6 

Al IV 

Al VI-1 

Al VI-2 

72.6 

12.6 

-2.5 

5.8 

10.5 

6.0 

3.8 

4.3 

8.3 

10.1 

67.8 

22.0 

 

0.20 
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Figure 6.6. Cation distribution in MgAl2O4 nanoparticles obtained from fitting the
27

Al 

MAS NMR spectra, plotted as a function of particle size. Note that the x-axis is not to 

scale. 

Observation of a second AlVI peak for larger particles is of further interest. 

From Table 6.2 and Figure 6.6, it can be seen that the contribution of the AlVI species 

initially increases and becomes almost constant as the particle size is increased (for 

MA4 to MA6). A similar but exactly reverse trend in the distribution of Al in the 

tetrahedral sites is observed. These results can be explained on the basis of a scenario 

of local structural distortion. It is possible that the second AlVI peak is likely to be due 

to local structural distortions in the octahedral sites. The AlO6 octahedra adjacent to 

the larger Mg
2+

 cations will be more distorted than the ones away from the Mg
2+

 ions. 

When the inversion parameter is decreased (less number of Mg
2+

 ions in the 

octahedral site), the relative number of such distorted octahedral sites will be more in 

the lattice as compared to the case of higher amount of inversion. Similar feature due 

to the isotropic chemical shift of the second octahedral Al peak in the region of −10−0 

ppm is reported in the previous 
27

Al MAS NMR studies on bulk MgAl2O4 [27]. It has 

been reported that the intensity of the second AlVI peak increases when bulk 

MgAl2O4 is heated at increasing temperatures and quenched to room temperature 

[27]. It has been concluded that cation disorder affects the local coordination 
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environments of both the 4- and 6-coordinated Al atoms. Further, it was shown that 

every cation exchange to the tetrahedral site causes 5- to 6-fold increase in the 

intensity of AlIV peak. This is explained based on the fact that six adjacent edge-

sharing octahedra are affected by the cation exchange between Al and Mg ions. 

Although the observation of a splitting of the AlVI peak is not commented, a decrease 

in the intensity of a second peak with decreasing inversion parameter is observed for 

MgAl2O4 after ball milling. 

 

 

Figure 6.7. Normalized AV300 
27

Al MAS NMR spectra of the MgAl2O4 samples 

MA1, MA2, and MA3. The intensities are normalized with respect to the (a) AlVI as 

well as the (b) AlIV peaks. 
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Figure 6.8. MQMAS NMR of MA2 (600 
o
C heated sample) 

 

The spectrum of the MA-2 sample, which is heated at 600
 o

C contains all the 

three sites corresponding to the AlIV, AlV and AlVI as confirmed by MAS experiment. 

This is also confirmed by the MQMAS spectrum (figure 6.8) which clearly shows the 

presence of all the three sites.  The presence of the AlV can be attributed to the fact 

that the particle size of this sample is very small (<10 nm) thus increasing the surface 

to volume ratio and the AlV contributions are coming from the surface. This is 

possible because decreased coordination environment is expected at the surface of the 

particles.  
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6.3 Solid State NMR Study on ZnAl2O4 Nanoparticles 

ZnAl2O4 is a normal spinel with Zn
2+

 in the tetrahedral site and Al
3+

 ions 

occupied in the octahedral site. However, it has been reported that bulk ZnAl2O4 has 

very small amount of inversion [52]. It is well known catalyst for various reactions 

like transesterification of vegetable oils [53], combustion of trichloroethylene [54], 

dehydrogenation of alkenes [55], etc. Similarly, optical properties of ZnAl2O4 are 

widely studied [56]. NMR studies on ZnAl2O4 reported that the preparation method 

has profound influence on the inversion parameter of zinc aluminate nanoparticles. 

[57, 58]. In the present work, the main focus is to explore the particle size dependence 

of the Al coordination environment in zinc aluminate nanoparticles. We have 

synthesized zinc aluminate nanoparticles by the glycine-nitrate combustion method 

and the samples are annealed at various temperatures for getting particles of different 

sizes.  

6.3.1 Synthesis  

ZnAl2O4 nanoparticles were synthesized by the glycine-nitrate combustion 

method. The starting materials, Al(NO3)3·9H2O (Merck Fine, AR), Zn(NO3)2·6H2O 

(Aldrich Chemicals), and glycine (Merck Fine, AR), were used as-received without 

further purification.  Stoichiometric amounts of zinc nitrate and aluminum nitrate, in 

the 1:2 molar ratio and 0.25 moles of glycine per mole of metal ion were used for the 

synthesis. 5.49 g of zinc nitrate, 13.93 g of aluminum nitrate, and 1.04 g of glycine 

were individually dissolved in minimum amounts of distilled water and the individual 

solutions were mixed together in a large beaker. The final mixed solution was slowly 

evaporated on a water bath to form a honey-like viscous gel. The gel was then placed 

on a hot plate at 200 °C, and this allowed a rapid combustion reaction. During the 

reaction, ignition took place, resulting in a dry, white, and very fragile foam that 

easily crumbled into powder. The resulting powder was divided into several portions 

and annealed at 400, 450, 500, 600, 800, and 1000 °C. The powder samples annealed 

at these temperatures are labeled as ZA1, ZA2, ZA3, ZA4, ZA5, and ZA6, 

respectively. The sample codes and the corresponding particle sizes are given in Table 

6.3 

 



 

Chapter 6  194 

 

Table 6.3. Sample codes, annealing temperatures, and the particle sizes obtained from 

XRD and TEM 

 

 

 

 

 

 

 

 

6.3.2 PXRD analysis 

The powder XRD patterns ZnAl2O4 samples annealed at different temperatures are 

shown in Figure 6.9.  For the heated samples the intensities and positions of the 

different peaks observed in the experimental pattern are consistent with the simulated 

pattern. This confirms the formation of single-phase ZnAl2O4 by the present method 

of synthesis. For all of the samples, the XRD peaks are very broad, and the broadness 

decreases and the intensities of the peaks increase with increasing annealing 

temperature. The decreasing broadness with increasing intensities of the peaks 

indicates increasing crystallite size. The crystallite size of zinc aluminate particles 

formed at 400 °C is 9 nm which is larger than the size of the  particles of magnesium 

aluminate formed at 400 °C.  The same trend is observed in the case of samples 

annealed at 800 and 1000 
o
C. This is due to the difference in the rate of diffusion of 

zinc and magnesium ions during the heating process which in turn depends on the size 

of the ions. The cubic lattice parameters of all samples were calculated by the least 

squares refinement method. The calculated lattice parameter is comparable to that 

reported for the bulk material (JCPDS No – 82-1043). 

 

ZnAl2O4 

Sample 

Code 

Annealing 

temperature 

(
o
C) 

Lattice 

parameter 

(Ǻ) 

Particle size 

TEM  

(±0.2 nm) 

XRD 

(±1 nm) 

ZA1 

ZA2 

ZA3 

ZA4 

ZA5 

ZA6 

400 

450 

500 

600 

800 

1000 

8.106 

8.089 

8.113 

8.089 

8.094 

8.085 

10 

 

20 

9 

21 

24 

44 

89 

100 
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Figure 6.9. Power XRD patterns of ZnAl2O4 nanoparticles annealed at different 

temperatures, ZA1 − 400 °C, ZA2 − 450 °C, ZA3 − 500 °C, ZA4 − 600 °C, ZA5 − 

800 °C, ZA6 − 1000 °C. The simulated pattern of ZnAl2O4 (ZA) is shown and 

indexed for comparison. 

 

6.3.3 TEM Analysis 

Figure 6.10 shows the TEM images of ZA1 and ZA3. The TEM images reveal the 

agglomerated nature of the particles  of ZA1 where as the agglomeration is reduced in 

the case of ZA3. The average particle size obtained from TEM studies is compared 

with the average crystallite size calculated from XRD patterns in table 6.3. The 

particle sizes are comparable to the average crystallite sizes calculated from the XRD 

patterns. Hence the crystallite size is considered as the average particle size for all 

samples. 
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Figure 6.10. Transmission electron micrographs of the samples annealed at 400 °C 

(ZA1) and 500
o
C (ZA3). The inset shows the corresponding electron diffraction 

pattern. 

6.3.4 Solid state NMR studies 

 Figure 6.11 and Figure 6.12 show the 
27

Al NMR spectra of different ZnAl2O4 

samples having different particle sizes. Figure 6.11 shows the 
27

Al MAS NMR spectra 

of ZnAl2O4 samples recorded at a field of  7.04 T  (AV300 spectrometer) with the 

spinning speed of 12KHz.  Figure 6.12 shows 
27

Al MAS NMR spectra of samples 

recorded at a field of 11.7 T (AV500 spectrometer) with a spinning speed of 34.1 

KHz.  

Even though ZnAl2O4 is considered as a normal spinel, some of the previous 

studies reported its inverted character [33] and the inversion depends upon the 

preparation method, particle size, etc. Figure 6.11 and Figure 6.12 clearly show that 

there is considerable amount of inversion for samples of low particle sizes. The 

different chemical shift regions in the spectra correspond to different Al coordination 

sites. The chemical shift regions at ~70 ppm, ~ 45 ppm, ~12 ppm and at ~ 1 ppm 

indicate the presence of tetrahedral ( AlIV), five-coordinated (AlV), octahedral (AlVI-1) 

and second octahedral (AlVI-2) aluminium coordinated sites, respectively. Second 

octahedral site is different from the normal octahedral sites due to its distorted 

symmetry and presence of this site in magnesium aluminate has been studied in the 

previous section. For the samples ZA1 (9 nm), ZA2 (21 nm) and ZA3 (24 nm), the 

four resonance peaks corresponding to AlIV, AlV, AlVI-1 and AlVI-2 coordinated sites are 

observed. The intensity of AlV coordinated site decreases from ZA1 to ZA3 and it is 
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totally disappeared for ZA4 (44nm). The octahedral site AlVI-2 is clearly observed as a 

second resonance peak at the octahedral region in the spectra recorded at low spinning 

speed and the intensity of this peak increases with increasing particle size. In the 

spectra which are recorded at high field, this second peak at octahedral region is not 

clearly visible. But the broadening at the right side of first octahedral site shows the 

presence of AlVI-2 coordination. The contribution from AlIV coordinated site decreases 

from ZA1 to ZA5 (59 nm) and is totally absent in ZA6 (100nm). It clearly shows that 

ZnAl2O4 tend to be a normal spinel at larger particle sizes. 
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Figure 6.11. 
27

Al MAS NMR spectra of ZnAl2O4 of different particle sizes, recorded 

on AV300 spectrometer at a sample spinning speed of 12.5 kHz 
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Figure 6.12. 
27

Al MAS NMR spectra of ZnAl2O4 of different particle sizes, recorded 

on AV500 spectrometer at a sample spinning speed of 34.1 kHz. The sample codes 

are defined in Table 6.3.  
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Figure 6.13. Experimental and calculated 
27

Al MAS NMR spectra for the samples 

ZA1 and ZA3. The bottom traces in both cases show the separate components for the 

different aluminum coordinations. 
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For getting the exact contribution of each Al coordinated site, the different 

spectra have been simulated. By this process, it is possible to calculate the relative 

intensities of each Al coordinated sites and its different parameters which determines 

the coordination behaviour. Different spectra are simulated as described in the case of 

MgAl2O4 and the results are tabulated in the Table 6.4. The simulated spectra and 

individual components in the spectra of two samples ZA1 and ZA3 are shown in the 

Figure 6.13.  
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Figure 6.14. Cation distribution in ZnAl2O4 nanoparticles obtained from fitting the 
27

Al MAS NMR spectra, plotted as a function of particle size. Note that the x-axis is 

not to scale.  
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Table 6.4. NMR Parameters Obtained from the 
27

Al MAS Experiments, Using the 

DMFIT Program 

 

a
 Isotropic chemical shift, 

b
 Width of Gaussian distribution, 

c
 Quadrupolar product. 

d
 Inversion parameter is calculated assuming that AlV is derived from AlVI due to 

decreased coordination on the surface of the particles. The errors in the various 

parameters are estimated from the reproducibility of the simulation process as 

described in ref 34 

Sample 

code 

Al site a
iso 

(ppm) 

b
dCSA 

(ppm) 

c
C

*
Q 

(MHz) 

Distribution 

( %) 

d
Inversion 

parameter 

 

ZA1 

Al IV 

Al V 

Al VI-1 

Al VI-2 

76.6 

45.3 

12.2 

3.3 

10.1 

7.5 

8.1 

5.2 

6.7 

11.1 

3.5 

6.4 

40.0 

23.2 

23.9 

12.8 

 

 

0.80 

 

 

ZA2 

Al IV 

Al V 

Al VI-1 

Al VI-2 

75.8 

45.2 

12.1 

2.9 

11.9 

11.1 

10.2 

5.2 

6.3 

10.4 

2.9 

5.7 

34.6 

22.5 

29.9 

12.9 

 

0.69 

 

 

 

ZA3 

Al IV 

Al V 

Al VI-1 

Al VI-2 

72.1 

45 

14.6 

2.5 

12.0 

6.0 

10.3 

3.7 

5.3 

10.0 

2.9 

5.7 

13.8 

5.8 

58.0 

22.4 

 

0.28 

 

 

 

ZA4 

Al IV 

Al VI-1 

Al VI-2 

70.2 

14.4 

2.1 

6.1 

8.6 

5.2 

3.8 

3.1 

6.3 

3.8 

76.9 

19.4 

 

0.08 

 

 

ZA5 

Al IV 

Al VI-1 

Al VI-2 

71.7 

12.6 

2.4 

1.4 

10.2 

5.0 

3.5 

1.8 

5.1 

1.7 

83.4 

13.9 

 

0.03 

 

 

ZA6 

Al VI-1 

Al VI-2 

12.2 

3.2 

9.5 

4.5 

1.2 

4.8 

88.5 

11.2 

 

~0 
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The distribution of Al in the different co-ordination environments is shown in 

Figure 6.14. Important observations from the fitted data shown in Table 6.4 and 

Figure 6.14 are that (i) the intensity of the peak from AlV decreases with increasing 

particle size and this peak is not observed for larger particles; (ii) there is a 

corresponding increase in the intensity of AlVI(2) peak and the intensity of this peak 

initially increases as the particle size is increased and then decreases for larger 

particles; and (iii) the intensity of the resonance peak due to AlIV decreases with 

increasing particle size, and there is a corresponding increase in the intensity of the 

peak due to AlVI(1). 

6.4 Conclusions 

27
Al MAS NMR studies on the nanoparticles of the spinel oxides MgAl2O4 and 

ZnAl2O4 having different particle sizes have been carried out to identify the 

contributions from the surface of the nanoparticles as well as the changes in the 

degree of distribution of the Al
3+

 ions in the tetrahedral and octahedral sites of the 

spinel lattice. Apart from these two coordination environments, direct evidence is 

obtained for Al ions in 5-fold coordination and indirect evidence for Al in 3-fold 

coordination in nanoparticles. The five- and three- coordinated Al ions are likely to be 

located on the surface of the particles and observed in the NMR spectra due to the 

large surface contribution when the particles are extremely small. It is observed that 

the degree of distribution (the percentage of Al ions in the tetrahedral sites) decreases 

with increasing particle size. Apart from the normal 6-fold coordination, evidence for 

an additional octahedral environment is observed in the NMR spectra, for larger 

particles. This additional octahedral site can be explained in terms of local structural 

distortion.  Thus, the present NMR studies give direct evidence for the changes in the 

coordination environments when the particle size of the spinel is reduced to 

nanometer scales. 

The present results have direct relevance and can be extended to spinel-type 

ferrites having the same structure as that of magnesium and zinc aluminates. In fact, 

there are some direct correlations with the present results and the results reported 

from 
57

Fe Mössbauer spectroscopic studies. Presence of an additional Fe
3+

 site, apart 

from the tetrahedral and octahedral sites, in some spinel-type ferrite nanoparticles 
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have been reported. This contribution from an additional site has been assigned to the 

surface contribution [59,60] or a second octahedrally coordinated site due to the 

displacement of some ions from the tetrahedral sites to the octahedral sites [61], 

resulting in a difference in the local environments. Even though ZnFe2O4 is a normal 

spinel and therefore, only paramagnetic at room temperature due to the Fe
3+

 ions 

located in the octahedral sites, nanoparticles of ZnFe2O4 have been shown to exhibit 

enhanced magnetization and ferrimagnetic nature due to presence of Fe
3+

 ions in the 

tetrahedral sites. The present NMR results on ZnAl2O4 directly support this 

observation. Large number of Al ions are located in the tetrahedral sites when the 

particles sizes are very small. The present results on 
27

Al MAS NMR ions in on 

MgAl2O4 and ZnAl2O4  indicate that both types of contributions, five-coordinated 

surface contribution (also 3-fold coordination) and the second octahedral contribution 

due to local structural distortion, are possible. Resonance peaks corresponding to the 

different coordination geometries are directly visible in the NMR spectra. Thus, the 

solid state NMR studies on MgAl2O4 and ZnAl2O4 give direct evidence for the 

changes in the coordination environments when the particle size of the material is 

reduced to nanometer range, due to the enhanced contributions from the surface of the 

nanoparticles. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE PROSPECTS 

 During the recent years, significant progress has been made in the synthesis 

and study of the structural and magnetic properties of iron oxide nanoparticles. New 

knowledge with respect to the properties of iron oxide nanoparticles lead to many 

industrial as well as biomedical applications. There are still myriad issues to address 

in the area of synthesis of iron oxide nanoparticles, a largely unexplored research area 

in the field of nanoscience. Though it is imperative to work out immediate large-scale 

solutions for these problems, the unimaginable technologies about to emerge in the 

next 100 years will lead on the fundamental research and innovative strategies 

developed today. 

 We have addressed some of these issues in the present thesis and the major 

accomplishments are summarized here. Magnetite nanoparticles have been 

synthesized using the reverse coprecipitation method. The crystallite and average 

particle size of the Fe3O4 nanoparticles depend on mode of addition of Fe stock 

solution to ammonia solution. It was found that faster addition leads to smaller 

particle size but with wider particle size distribution and the reproducibility is very 

poor. On the other hand, slower addition is found to give highly reproducible results. 

This new cooking parameters can be used in producing Fe3O4 nanoparticles with 

desired particle size and distribution. The magnetic properties of the nanoparticles 

synthesized by different addition methods have been compared by detailed field 

cooled, zero field cooled and filed dependent magnetization studies. The iron oxide 

nanoparticles of size less than 10 nm do not show magnetic hysteresis at room 

temperature, which is usually considered as superparamagnetic characteristics. These 

nanoparticles are useful for biomedical applications  

 Dextran and ascorbic acid are biocompatible molecules. Dextran coated and 

ascorbic acid coated magnetite nanoparticles are successfully synthesized by 

coprecipitation method. Although there are many studies reported on the synthesis of 

dextran coated magnetite nanoparticles, detailed studies on the difference in the 

magnetic properties of uncoated and coated particles are lacking in the literature. 

Moreover, this is the first study on the coating of magnetite with ascorbic acid. The 
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magnetic characteristics of the uncoated and coated nanoparticles of magnetite 

(Fe3O4) are studied to understand the effect of inter-particle magnetic interactions on 

the magnetic properties of the uncoated and coated samples. IR spectroscopic and 

magnetic studies gave evidence for the effective coating of the magnetite 

nanoparticles by dextran and ascorbic acid. Interesting changes in the magnetic 

properties have been observed after coating the nanoparticles. The results have been 

explained in terms of the reduced inter-particle magnetic interactions. Some memory 

experiments have been carried out to understand the effect of coating on the magnetic 

relaxation processes. Similarly, some preliminary studies have been made on the 

application of the ascorbic coated magnetite nanoparticles for MRI applications and 

the results are found to be promising.  

 Decreasing the size of the particles to nanometer size will increase the surface-

to-volume ratio and this will strongly influence the physical and chemical properties 

of these materials. For magnetic nanoparticles, the exchange interactions at the 

surface of a particle will be different from those inside due to changes in the 

coordination behavior at the surface. Therefore, studying and understanding the 

coordination and distribution behavior of the different metal ions in the nanoparticles 

of spinel-type oxides is very important. Solid state NMR is a useful and important 

technique to obtain information on local structural variations. The degree of the 

distribution of the Al
3+

 ions in the tetrahedral and octahedral sites in the nanoparticles 

of the nonmagnetic spinel MgAl2O4 and ZnAl2O4 having different particle sizes has 

been determined by 
27

Al magic-angle spinning (MAS) NMR spectroscopy. It has been 

observed that the inversion parameter decreases with increasing particle size. Apart 

from the usual tetrahedral and octahedral coordinations present in the bulk material, 

the presence of five- and three-coordinated Al has been observed in nanoparticles and 

a second octahedral coordination is observed for nanoparticles of larger sizes. Thus, 

the solid state NMR studies on MgAl2O4 and ZnAl2O4 give direct evidence for the 

changes in the coordination environments when the particle size of the material is 

reduced to nanometer range, due to the enhanced contributions from the surface of the 

nanoparticles.  

 The results presented in this thesis are believed to be useful for the 

development of functionalised iron oxide nanoparticles with biocompatible molecules 
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and to tune the magnetic properties according to the applications. More detailed 

investigations in terms of biomedical applications may shed more light ono the 

importance of these investigations, especially for the ascorbic acid coated 

nanoparticles..  

 Future research on iron oxide nanoparticles will be focused on developing 

alternative synthesis pathways to yield smaller size particles. Although nanoparticle 

cores such as iron-oxide with biocompatible molecules naturally lend themselves to 

dual-imaging and therapeutic applications, the combination of imaging and other 

functionalities using other nanoparticle cores can be challenging. An alternative 

strategy to consolidate multiple functionalities onto a single particle is to use core-

shell architecture. In this case, an outer shell with one functionality such as targeting 

may be unveiled to reveal an inner core that performs a secondary function such as 

drug release. However, to custom-design multifunctional iron oxide nanoparticles 

with desirable magnetic properties, it is important to develop large scale production of 

these nanoparticles which can help to the future applications. 
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