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Introduction

This introductory chapter contains literature review of
various works that enthused me to work in this
specific area, a brief sketch of the entire work done by
me and theoretical aspects required to explain the
findings.
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1. Introduction

1.1 Nanomaterials

The advancement of science and technology has contributed significantly to the
evolution of human civilization. The humanity has passed through the industrial
and space revolution which is still continuing with the nano revolution since last
few decades. The impression of nanotechnology was first introduced by Richard
Feynman in his talk “There’s Plenty of Room at the Bottom™ in 1959, where he
described the potential to grow a system by manipulating individual atoms and
molecules. The researchers gained the capability to realize Feynman’s
prediction after 20 years later and started the new era of nanoscience and
nanotechnology with the invention of the scanning tunneling microscope (STM)
and high resolution transmission microscope (HRTEM). The understanding that
‘size reduction of materials affects the physiochemical properties significantly’
has opened the doors to an exciting field of nanomaterials. The field of
nanotechnology incorporates the synthesis, study and manipulation of particles
which are between 1 to 100 nanometres; where a nanometre is well-defined as

one billionth (or 10°°) of a metre.

1.2 Advantages of Nanomaterials

Simply the miniaturization of particles is not that what makes nanomaterials
(NMs) such an interesting area of research. At the nanoscale, some material
properties are affected by the laws of atomic physics, and so behave in an
unalike way or exhibit properties dissimilar those of the traditional bulk
material. Due to large surface area to volume ratio and quantum confinement,
NMs interact with each other, surrounding substances, light, electric, and
magnetic field in different way. Chemical reactivity, optical property, electronic
excitation, conductivity etc. of metal or semiconductors nanoparticles (NPs) are

found to be influenced significantly by their size. Due to the increased surface
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area to volume ratio of NMs, compared to bulk or even micron-scale particles,
nano-catalysts have demonstrated higher efficiencies or rates of conversion with
a smaller mass of material. These NMs are suitable for biological applications
due to their similar size comparable to that of most primitive biological
components such as proteins [1-4], while their unique optical, electrical and
physical properties arise from quantum mechanical effects. The properties of
NMs can likewise be customized by controlling self-arranging systems of their
nanoscale building block. The NMs having building blocks with same
composition but different morphology like sphere, cube, disc, rod, wire, tube,
film, etc exhibit different properties [5-6]. Fabricating nano-hollowspheres
(NHSs) are being the area of interest for researchers because of its hollow
interior which enhances its effective surface area. These hollow structures have
numerous applications such as in catalysis, controlled delivery, light fillers,
artificial cells, low dielectric constant materials, high density magnetic storage,
radar absorbing materials etc. The hollow core of NHSs can be used to
encapsulate drugs, proteins and DNA and also for their controlled release [7-
10]. Moreover, due to hollow interior and large effective surface area they have
low density, which prevents sedimentation in the colloidal form. As a
consequence of these superior properties, NMs have been utilized in a plethora

of applications [11-30].

1.3 Transition Metal Oxide Magnetic Nanomaterials

So far, 60 bio-minerals have been recognized as being essential for the correct
function of organisms, and among these more than 60% are reported to be
coordinated to either hydroxyl moieties or water molecules. Specifically, Metal
oxides are the fundamental stepping - stone for the development of functional
nanomaterials. The atmosphere of the Earth is an oxidative environment and

oxides are the lowest free energy states for most metals in the periodic table and
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demonstrate applications ranging from industries to bio-medicine. Magnetic
nanoparticles belong to the group of nanotechnology-based materials with an
Impact in fields of analytical chemistry [31-35], biosensing [36-40], and
nanomedicine [40-44]. Among the different types of ferrites, spinel ferrite
nanoparticles have been a subject of interest in recent years due to their
promising technological applications, especially in biomedicine applications.
Iron oxide particles such as magnetite (FesO,4) or its oxidized form maghemite
(v -Fe,05) are by far the most commonly employed for biomedical applications.
Cobalt ferrite (CoFe,O4) has specific properties which make it a suitable
candidate for different applications and recently in medical science. The main
reason for using the CoFe,O, for bio-medical applications is its high magneto-
crystalline anisotropy which originates from the spin—orbit (L—S) coupling in
crystal lattices. Manganese ferrites (MnFe,QO,4) serve as potential MRI contrast
agents with higher saturation magnetization among other ferrites. The low cost
of synthesis, high chemical stability and excellent magnetic, optical and

electrical properties of the spinel ferrites drew the attention.

1.4 Crystal Structure

3d transition metal oxide based magnetic NMs, spinel ferrites are a class of
compounds of general formula MFe,O, (M= Mn, Co, Fe etc). The word spinel
is derived from Italian spinella, diminutive of spine, thorn (from its sharply
pointed crystals). Spinel crystallizes in the cubic system, forming octahedral
crystals. In the MFe,O, formula, M is usually a divalent cation such as
manganese (Mn*?), nickel (Ni*?), cobalt (Co™®), zinc (Zn*?), copper (Cu*®), or
magnesium (Mg*?). M can also represent the monovalent lithium cation (Li*) or
even vacancies, as long as these absences of positive charge are compensated

for by additional trivalent iron cations (Fe*®). The general formula for spinel

ferrites is Mi?Fef3s[M;%sFe 235|072 octahedral sites are represented by
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square brackets and the cations prior to square brackets are that of tetrahedral
sites. o is degree of inversion which determines the classification of ferrites.
Depending on the cation distribution over different crystallographic sites, the

spinel compounds can be generally classified into three categories.

(1) Normal spinel structure: 0 =1

In normal spinel ferrites all M* ions occupy tetrahedral sites i.e. 8 bivalent
cations occupy 8 tetrahedral sites and 16 trivalent cations occupy 16 octahedral
sites. Structural formula of such ferrites is M*2[FeS3]0;2. Zinc ferrite

Zn*2[Fe}310;? belongs to this class.

(2) Inverse spinel structure: 6 =0

All M*? are in octahedral sites and Fe™ ions are equally distributed between
tetrahedral and octahedral sites in inverse spinel ferrites. The structural formula
of these ferrites is Fet3[M*2Fe*3]0,2. Fe;0,, NiFe,0, and CoFe,O, have

inversed spinel structure.

(3) Mixed spinel structure: 0<90 <1

If the bivalent cations (M*?) are present in both tetrahedral and octahedral sites,
the spinel is mixed spinel structure. Structural formula of such ferrites is
M{2sFef3[Mf?Fes35|05% MnFe,O, is an important candidate for this type of
structure and has an inversion degree of 6 = 0.2 and therefore it has structural

formula Md2Fef3[M{3Fef3]10;2.
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O Oxygen
Tetrahedral Sites(A)
® Octahedral Sites (B)

Figurel.1: Face centered cubic spinel structure (© Ristanovic. et al., SCI SINTER, 2015, 47,
3-14)

Spinel ferrites crystallize in the cubic system, in the space group Fd3m. There
are 8 units per cubic unit cell that contains 32 O anions in a face-centered
cubic packing (fcc). Inside the anion lattice, cations have 32 octahedral (B) and
64 tetrahedral (A) interstices available however only 24 of the total 96
interstices are occupied in a spinel lattice. A-site tetrahedra in spinel are isolated
from each other and share corners with neighbouring B-site octahedra. B-site
octahedra share six of twelve O-O edges with nearest neighbour B-site

octahedral, as shown in Figure 1.1.

1.5 Cation Distribution in Spinel Ferrite

Chemical and Physical properties of spinel ferrites are determined by the type
and concentration of various cations incorporated at tetrahedral and octahedral
sites. The ferrite unit cell consists of 56 atoms, among them 32 oxygen anions
are distributed in close-packed cubic structure and 24 cations occupy 8 of the 64
tetrahedral sites and 16 of 32 octahedral sites available [45]. The oxygen atoms
in ferrites are non-magnetic but play a very crucial role in regulating electrical

and magnetic properties. A wide variety of cations can occupy the interstitial

6
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sites. So the knowledge of cation distribution is an important criteria for
understanding of the expressed electrical and magnetic properties. The
distribution of cations is influenced by a number of factors namely synthesis
method, ionic radii, ionic charge, lattice energy, octahedral site preference

energy, crystal field stabilization energy [46].

The ideal tetrahedral site can fit in a cation with maximum radius of 0.30 A and
octahedral site can house a cation with maximum radius 0.55 A. Then again as
the transition metal ions such as Mg, Ni, Zn, Fe, Mn etc. are larger than the
ideal volume accessible at these sites, tetrahedral and octahedral sites undergo
expansion in order to accommodate larger ions. Octahedral sites always
experience lesser expansion compared to tetrahedral sites. Then oxygen ions are
forced to move outwards leading to increase in oxygen position parameter or

anion positional parameter, u [47].

The radii of ions on tetrahedral and octahedral sites, r, and rg respectively are,

Ty = (u — %) aV3 — r,-2 (1.1)

g = (g — u) a— Ty-2 (1.2)

Where, r,-2 is radius of oxygen ion and a is lattice parameter.

1.5 Surface Modification and Functionalization

A wide range of surface modification procedures is involved in nanofabrication

that is significant in many different areas of nanotechnology. To attain the
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desired physical, thermal, electrical, and mechanical properties of NMs, surface
functionalization techniques with various chemical approaches are required.
Surface modification and functionalization can also be applied to a variety of
different NMs for their target properties by designing appropriate chemical
reactions. Surface functionalization can be widely applied to tailor the optical,
magnetic and catalytic properties metal oxides NMs. The modification can be
done by different methods with a view to altering a wide range of characteristics
of the surface, such as: roughness, hydrophilicity, surface charge, surface
energy, biocompatibility and reactivity. Surface modification of NMs can be
done in different ways, such as (1) vapor deposition, (2) chemical

functionalization, (3) plasma sprayed coating.

Among the aforementioned processes, chemical functionalization primarily
aims to gain hydrophilic, hydrophobic, biocompatible, catalytic, conductive and
anti-corrosive properties. The results from experiments in earlier days have
suggested that functionalization of nanoparticles with some definite chemical
moieties results in multifunctional nanoparticles with enhanced efficacy, while
simultaneously reducing side effects, due to properties such as targeted
localization in tumors and active cellular uptake. The prerequisite for evolving
this area of research is the advancement of chemical methods to conjugate
chemical moieties onto NMs in a consistent method. Recently, a number of
chemical methods have been established to synthesize functionalized NMs
specifically for drug delivery, cancer therapy, diagnostics, tissue engineering
and molecular biology. Indeed, functionalization has been used to conjugate
drug molecules, polymers and organic groups to NMs. Furthermore,
functionalization has also been shown to prevent NMs against agglomeration
[48], stabilize the nuclei and control the growth of NMs in terms of rate, final

size or geometric shape.
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The biomedical applications of metal oxide NMs have increased in the last
decades due to their easy synthesis and optical properties. The targeted organs
can highly intake if proper ligand functionalization is used [49]. Metal oxide
NMs are excellent tool for tracing and therapeutic agents and can be easily
functionalized. The desired properties of NMs can be manipulated in an
anticipated way for the precise applications [50-51]. The processes used to
engender, control and set up functionalized nanoparticles (FNPs) provides new
prospects for the advancement of multifunctional tools to be used in biomedical
applications. Moreover, magnetic NPs have gained substantial attention in
diagnostic applications due to their magnetic properties, high surface area and
the possibilities of surface functionalization, which show a great versatility in
specialized fields such as medical diagnosis (MRl — magnetic resonance

imaging), therapy and targeted drug delivery [52-60].

There are two conventional approaches for functionalizing the NMs. The first of
these methods includes direct functionalization, where the whole functional
ligand is a bi-functional organic compound. In organic chemistry, when a
single organic molecule has two different functional groups, it is called a
bifunctional molecule . A bifunctional molecule has the properties of two
different types of functional groups, such as an alcohol (-OH), amide (-
CONH,), aldehyde (-CHO), nitrile (-CN) or carboxylic acid (-COOH). In this
approach, one of the functionally reactive groups is used to attach to the NMs
surface (complexing agent) and the second group contains the required active
functionality. Direct functionalization is preferred because it only requires a
single conjugation step. The second approach consists of planting chelating
agent on the surfaces of NMs and further the functional group moieties are
attached with the chelating agent. The second process is called the post-
functionalization. Other functionalization processes have also been used,

including the encapsulation with a polymer that possesses both the chelating
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and the functional group.

Organic Chelating
Ligands Agents

W

S
QQ Functional Functional
;A Groups Groups

I
Direct Functionalization Post-Functionalization

Figure 1.2: Schematic diagram of surface functionalization.

1.6 Consequences of Surface Modification on Metal
Ion

The surface of the NMs contains numerous uncompensated coordination
spheres due to broken bonds. Metal ions residing within those uncompensated
coordination spheres form complexes with the ligands upon functionalization,
resulting completely new optical, magnetic, catalytic properties. Orientation of
the d orbitals is shown in Figure 1.3. The d,2_,2 and d,2 axis are aligned along

the axis and the rests, d,.,, d,,, d,, are aligned in between the axis. According

xyr Yyz
to Ligand field theory, the interaction between a transition metal

10
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and ligands arises from the attraction between the positively charged metal
cation and negative charge on the non-bonding electrons of the ligand. The
theory is developed by considering energy changes of the five degenerate d-
orbitals upon being surrounded by an array of point charges consisting of the
ligands. As a ligand approaches the metal ion, the electrons from the ligand will
be closer to some of the d-orbitals and farther away from others, causing a loss
of degeneracy. The electrons in the d-orbitals and those in the ligand repel each
other as alike charges repel. Thus the d-electrons closer to the ligands will have
a higher energy than those further away which results in the d-orbitals splitting
in energy.

—

A

dy2_2 d,2

Figure 1.3: The directional characteristics of the five d orbitals are shown here. The shaded
portions indicate the phase of the orbitals. The ligands (L) coordinate along the axes in case

of octahedral complexes.

By merging the principles laid out in molecular orbital theory and crystal field
theory, ligand field theory was resulted, which describes the loss of degeneracy
of metal d orbitals in transition metal complexes. In ligand field theory, the
various d orbitals are affected differently when surrounded by a field of
neighboring ligands and are raised or lowered in energy based on the strength of

their interaction with the ligands.

There are two ways in which the effect of ligands on the d electrons on a metal
can be described. On the basis of simple electron-electron repulsion, donation of

a lone pair might raise an occupied d orbital in energy. Alternatively, bonding
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interactions between ligand orbitals and d orbitals can be taken into account.
Anyway, there are interactions between ligand electrons and d electrons that
generally results in raising the energy of d electrons. The effect depends on the
coordination geometry of the ligands. Ligands in a tetrahedral coordination
sphere will have a different effect than ligands in an octahedral coordination

sphere, because they will interact with the different d orbitals in different ways.

In octahedral co-ordination sphere, ligands approach from the direction of axes

resulting in destabilization of the orbitals along the axes (d,_, and d,-) and
stabilization of the orbitals lying in between the axes (d

d

Xy dyz, dXZ)' BUt |n

case of tetrahedral co-ordination sphere, d d,, orbitals are closer to the

xyr Qyz

direction of approaching ligands than the d,2_y2 and d 2 orbitals, so the reverse
situation is observed. Metal d orbitals split in the following manner as shown in

Figure 1.4.
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Figure 1.4: Energy levels of d orbitals in common stereochemistry.
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1.7 Strength of the Ligands

The difference in energy (A) between the sets of d orbitals (t,4 and e4) depends
on several factors, including the ligands and geometry of the complex. Ligands
that interact weakly will produce little change in the d orbital energy levels,
whereas ligands that interact strongly produce a larger alteration in d orbital
energy levels. The spectrochemical series is a list of ligands arranged in order of

their field strength.

Field strength increasing

5
>

I"<Br <S?<Cl <F <OH <RCOO <H < en < bipy < NO; <CN™ ~ CO

>
>

Larger A

Figure 1.5: Spectrochemical series of ligands in the increasing order of field strength.

The nature of ligands coordinated to the center metal is an important feature of a
complex compound along with other properties such as oxidation state of the
metal. Being more specific, the capability of the ligand to donate electrons to
the center atom or accept from the same, will determine the molecular orbitals.
The spectrochemical series shows the trend of compounds as weak field to
strong field ligands. Furthermore, ligands can be characterized by their n-
bonding interactions. This interaction reveals the amount of splitting between ty,
and ey energy levels of the molecular orbitals that ultimately dictate the strength
of field of the ligands. = donor ligands having occupied p orbitals tend to
donate m electrons to the metal ions along with the o bonding electrons,
exhibiting stronger metal-ligand interactions and an effective decrease of CFSE.
T acceptor ligands having vacant 7* with comparable energy to metal d orbitals,

can undergo © back bonding, resulting in increase of CFSE. The metal ions can
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also be arranged in order of increasing CFSE, as Mn™ <Ni" <Co" <Fe" <

+2 +3 +3 +3 +3
V <Fe <Cr <V <Co .

1.7 Tanabe-Sugano Diagrams

Tanabe-Sugano diagrams are used in coordination chemistry to predict
electromagnetic absorptions of metal coordination compounds of tetrahedral
and octahedral complexes. In Tanabe-Sugano diagram, the x-axis is expressed
in terms of the crystal field splitting parameter, 10Dq, or A,y Scaled by
the B Racah Parameter. The y-axis is in terms of energy of an electronic
transition, E, scaled by B. Racah parameter, B denotes the interelectronic
repulsion. Three Racah parameters exist, A, B, and C, which define various
aspects of interelectronic repulsion. Ais an average total interelectron
repulsion. B and C correspond to individual d-electron repulsions. As Ais
constant among d-electron configuration, it is not necessary for calculating
relative energies. Hence it is absent from Tanabe and Sugano's studies of
complex ions. C is necessary only in certain cases. B is the most important of
Racah's parameters in this case. Each line in the Tanabe-Sugano diagram
corresponds to each electronic state. The bending of certain lines is due to the
mixing of terms with the same symmetry. The relative order of energies is
determined using Hund's rules. Tanabe—Sugano diagrams (d*, d°, d°, and d")
also have a vertical line drawn at a specific Dg/B value, which corresponds to a
discontinuity in the slopes of the excited states' energy levels. This pucker in the
lines occurs when the spin pairing energy, P, is equal to the ligand field splitting
energy, Dg. Complexes to the left of this line (lower Dg/B values) are high-spin,
while complexes to the right (higher Dg/B values) are low-spin. There is no
low-spin or high-spin designation for d*, d°, or d®. For instance, Tanabe-Sugano

diagram of d® system is demonstrated in Figure 1.6.
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Figure 1.6: Tanabe-Sugano diagram of d® system.

1.8 Selection Rules

There are two spectroscopic selection or transition rules that govern the
electronic transitions within the d orbitals. First, the Laporte rule is a selection
rule formally stated as follows: In acentrosymmetric environment (i.e.
octahedral co-ordination sphere), transitions between like atomic orbitals such
as s-s, p-p, d-d, or f-f, transitions are forbidden. The allowed transition involves
change in parity. The orbitals possess either symmetry or antisymmetry with
respect to inversion centre — i.e., g (geared = even) or u (ungerade = odd). As
per the laporte selection rule, transitions involving g to g and u to u are
forbidden but g to u and u to g transitions are allowed.

The second one is spin selection rule, which states that transitions involving a
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change in spin multiplicity are forbidden. It follows that transitions in which
the spin "direction" changes are forbidden. In formal terms, only states with the

same total spin quantum number are "spin-allowed".

1.9 Charge Transfer Bands

In transition metal complexes a change in electron distribution between the
metal and a ligand gives rise to charge transfer (CT) bands when performing
Ultraviolet-visible spectroscopy experiments. Depending on the direction of
charge transfer they are classified as either ligand-to-metal (LMCT) or metal-to-
ligand (MLCT) charge transfer, shown in Figure 1.7.

1.9.1 Ligand to Metal Charge Transfer Bands

Ligand-to-metal charge transfer (LMCT) complexes arise from transfer of
electrons from molecular orbitals of ligand to molecular orbitals of metal. This
type of transfer is predominant if complexes have ligands with relatively high-
energy lone pairs (example S or Se) or if the metal has low-lying empty orbitals.
Many such complexes have metals in high oxidation states (even d°). These
conditions imply that the acceptor level is available and low in energy. If the
ligand molecular orbitals are full, charge transfer may occur from the ligand
molecular orbitals to the empty or partially filled metal d-orbitals. Ligand to
metal charge transfer results in the reduction of the metal.

1.9.2 Metal to Ligand Charge Transfer Bands

Metal-to-ligand charge transfer (MLCT) complexes arise from transfer of
electrons from molecular orbitals of metal to molecular orbital of ligand. This is
most commonly observed in complexes with ligands having low-lying z*
orbitals, especially aromatic ligands. The transition will occur at low energy if
the metal ion has a low oxidation number, for its d orbitals will be relatively
high in energy. Upon the absorption of light, electrons in the metal orbitals are
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excited to the ligand n* orbitals.
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Figure 1.7: Electronic transitions responsible for charge transfer spectra in metal complexes.

1.10 Nanocatalysis

Nanocatalysis is a rapidly growing field which involves the use of NMs as
catalysts for a variety of homogeneous and heterogeneous catalysis applications.
Since NMs have large surface to volume ratio compared to bulk materials, they
are attractive candidates for use as catalysts. Heterogeneous catalysis represents
one of the oldest practices of nanoscience; nanoparticles of metals, metal
oxides, semiconductors and other compounds have been widely used for
important chemical reactions. NM catalysts have a very large surface area,
which has a positive effect on reaction rate. Yet, there are structure- and shape-
based properties at the nanoscale, which can also affect the catalytic activity of

a material.

Homogeneous catalysts are used in the same medium as the reactants - for
nanoparticles this typically means a solution or suspension of nanoparticles in a

solvent. The most important issue to consider when designing a nanocatalyst for

17
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use in a solution is to prevent aggregation. Nanoparticles are naturally attracted
towards one another in these conditions, and will clump together to form larger
particles. If the agglomeration is not prevented, their large surface to volume
ratio and other benefits will be wasted. The most effective way to stabilize
nanoparticles in solution is to attach long chain molecules to the surface. These
make it impossible for the nanoparticles to get so close that they stick together.
However, they can also reduce the access to the nanoparticle surface for the
reacting molecules, decreasing overall catalytic activity. The other main concern
with homogeneous nanocatalysts is recovery. Nanoparticles are especially
difficult to remove from a solution, and the extra steps needed to do so could
completely negate the process simplification due to using the catalyst in the first
place. In homogeneous catalysis, nanoscaled structures in colloidal solutions are
used as catalysts. In this type of catalysis, the colloidal nanostructures are finely
dispersed in an organic or aqueous solution, or a solvent mixture. Metal
colloids are very efficient catalysts because a large number of atoms are present
on the surface of the nanoparticles. Heterogeneous catalysis (catalyst which is in
a different phase to the reactants) is always considered as more environmentally
friendly catalysis due to its high recoverability. The heterogeneous catalyst may
be usually a solid or immobilized on a solid inert matrix. In heterogeneous
catalysis, NSs are supported on various substrates like carbon, silica, alumina,
titania and polymers by chemical methods like grafting. Heterogeneous metal
nanocatalysts are prepared by adsorption of nanoparticles on to supports, which
involves functionalization of supports to adsorb nanoparticles on to them and,

fabrication of nanostructures on the supports by lithographic techniques.

Since nanocatalysts are made of nanoparticles or/and nanomaterials, as a metal
or metal oxide active phase or as a support or a combination of both,
nanoparticles and nanomaterials have been the object of an ever increasing

interest during recent decades [61-65]. The common goal is the development of
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well-defined nanoparticles/ nanomaterials displaying well-controlled properties
to get efficient and selective nanocatalysts for numerous relevant catalytic
reactions. The main objectives of research on nanocatalysis are to increase
activity and specificity, minimize the energy consumption and enhancing the
lifetime of catalysts. Advances in nanocatalysis in past few years with present
day’s developments open a new vision for nanocatalysis and its future aspects
such as inspired design, synthesis and formulation of industrially and

biologically important catalytic materials.

Figure 1.8: Advantages of nanocatalysis.

1.11 Adsorption on the surface

Adsorption is the adhesion of atoms, ions or molecules from a gas, liquid or

dissolved solid to a surface. This process creates a film of the adsorbate on the
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surface of the adsorbent. Adsorption is present in many natural, physical,
biological and chemical systems and is widely used in industrial applications
such as heterogeneous catalysts. The molecules of gases or liquids or the solutes
in solutions adhere to the surface of the solids. In adsorption process, two
substances are involved. One is the solid or the liquid on which adsorption
occurs and it is called adsorbent. The second is the adsorbate, which is the gas

or liquid or the solute from a solution which gets adsorbed on the surface.

® O ® Adsroption

—_— N

+ 000 ——
® ® ® Desroption

Adsorbent  Adsorbate Adsorption
—
A + B <—— AB
Figure 1.9: Schemaic representation of Adsorption process.

Depending upon the nature of forces existing between adsorbate molecules and

adsorbent, the adsorption can be classified into two types:

(1) Physical adsorption (physisorption): If the force of attraction existing

between adsorbate and adsorbent are Vander Waal’s forces, the adsorption is
called physical adsorption. It is also known as Vander Waal’s adsorption. In
physical adsorption the force of attraction between the adsorbate and adsorbent
are very weak, therefore this type of adsorption can be easily reversed by

heating or by decreasing the pressure.

20
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(2) Chemical adsorption (chemisorption): If the force of attraction existing

between adsorbate and adsorbent are almost same strength as chemical bonds,
the adsorption is called chemical adsorption, also known as Langmuir
adsorption. In chemisorption the force of attraction is very strong, therefore

adsorption cannot be easily reversed.

According to Le-Chatelier principle, the direction of equilibrium would shift in
that direction where the stress can be relieved. In case of application of excess
pressure to the equilibrium system, the equilibrium will shift in the direction
where the number of molecules decreases. Since number of molecules decreases
in forward direction, with the increases in pressure, forward direction of

equilibrium will be favored.

Freundlich Adsorption Isotherm

In 1909, Freundlich gave an empirical expression representing the isothermal
variation of adsorption of a quantity of gas adsorbed by unit mass of solid
adsorbent with pressure. This equation is known as Freundlich Adsorption

Isotherm or Freundlich Adsorption equation or simply Freundlich Isotherm.

X _ kpn (1.3)

m

where, X is the mass of the gas adsorbed on mass m of the adsorbent at pressure
P and k, n are constants whose values depend upon adsorbent and gas at
particular temperature. Though Freundlich Isotherm correctly established the
relationship of adsorption with pressure at lower values, it failed to predict
value of adsorption at higher pressure.

Langmuir Adsorption Isotherm

In 1916 Langmuir proposed another Adsorption Isotherm known as Langmuir

Adsorption Isotherm. This isotherm was based on different assumptions one of



Chapter 1

which is that dynamic equilibrium exists between adsorbed gaseous molecules
and the free gaseous molecules.
Adsorption
A(@+B(E) —— AB
desorption
where, A(g) is unadsorbed gaseous molecule, B(s) is unoccupied metal surface

and AB is Adsorbed gaseous molecule.

Based on his theory, he derived Langmuir Equation which depicted a
relationship between the number of active sites of the surface undergoing

adsorption and pressure.

KP
0 = 1+KP (1.4)

where, @ is the number of sites of the surface which are covered with gaseous
molecule, P represents pressure and K is the equilibrium constant for
distribution of adsorbate between the surface and the gas phase .The basic
limitation of Langmuir adsorption equation is that it is valid at low pressure

only.

At lower pressure, KP is so small, that factor (1+KP) in denominator can almost

be ignored. So Langmuir equation reduces to
0 = KP (1.5)

At high pressure KP is so large, that factor (1+KP) in denominator is nearly

equal to KP. So Langmuir equation reduces to

===

0 1 (1.6)



Chapter 1

BET adsorption Isotherm

BET Theory, put forward by Brunauer, Emmett and Teller explained that

multilayer formation is the true picture of physical Adsorption.

One of the basic assumptions of Langmuir Adsorption Isotherm was that
adsorption is monolayer in nature. Langmuir adsorption equation is applicable
under the conditions of low pressure. Under these conditions, gaseous
molecules would possess high thermal energy and high escape velocity. As a
result of this less number of gaseous molecules would be available near the

surface of adsorbent.

Under the condition of high pressure and low temperature, thermal energy of
gaseous molecules decreases and more and more gaseous molecules would be
available per unit surface area. Due to this multilayer adsorption would occur.
The multilayer formation was explained by BET Theory. The BET equation is

given as

P
VmOnO C(P_O)

(1-5)(1+¢(5-)-G)

Viotar = (1.7)
where, Viono e the adsorbed volume of gas at high pressure conditions so as to
cover the surface with a unilayer of gaseous molecules,

K
K

the ratio is designated C. K; is the equilibrium constant when single molecule
adsorbed per vacant site and K is the equilibrium constant to the saturated vapor

liquid equilibrium.
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1.14 Kinetics of Adsorption

In order to examine the controlling mechanism of adsorption such as mass
transfer, physisorption, and chemisorption; different kinetic models such as
intraparticle diffusion (mass transfer) model, pseudo 1st order (physisorption),
and pseudo 2nd order (chemisorption) models are applied to test the obtained
experimental data for different absorbent concentration. The amount of dye on
adsorbent is calculated from the following equation:

_ (CO _Ce)V
m

qe (1.8)

where, g, (mg/g) is the amount of dye adsorbed at equilibrium, C, and C,
(mg/L) are the liquid phase concentrations of dye at initial and equilibrium
points respectively. V is the volume of the solution and m is the mass of dry

adsorbent used.

Intraparticle diffusion model based on the theory proposed by Weber and
Morris [66] is tested to identify the diffusion mechanism. Adsorption is a
multistep process involving the transport of solute molecules from the aqueous
phase to the surface of solid particulates followed by diffusion into the interior
of pores. According to this theory, the rate expression for Intraparticle diffusion

model is,
Qe = kit1), +C (1.9)

hl/Z

where, k; (mg/g h™™), the intraparticle diffusion rate constant, is obtained from

the slope of the straight line of g, vs. ty, .

The pseudo 1st order rate expression of Lagergren [67] is:
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k
log(ge, = q¢) = l0gqe, — 53¢ (1.10)

where, g, and g, (mg/g) are the amounts of dye adsorbed at equilibrium and at
time t(h), respectively and k, (h™) is the adsorption rate constant. A straight

line of log(q., —q.) would suggest the applicability of this kinetic model.

The pseudo 2nd order [68] equation based on equilibrium adsorption data is

expressed as:

t 1 1
— = +—t 1.11
qc k20,  de, (111)

where, k, (g/mg h) is the rate constant for the pseudo second order adsorption

kinetics.

1.14.1 Equilibrium Modelling

The analysis of equilibrium sorption data by fitting them into different isotherm
models is an important step for the description of how adsorbate will interact
with an adsorbent [69]. The Langmuir equation is valid for monolayer
adsorption on a surface with a finite number of identical sites and is expressed
as [70]:

de N kKram dm

(1.12)

where, C, (mg/L) is the initial concentration of adsorbate and q, (mg/g) is the
amount of adsorbate adsorbed per unit mass of adsorbent at equillibrium. g, is
the maximum amount of the dye per unit mass of adsorbent to form a complete
monolayer on the surface at high C, (mg/L) and k; (L/mg) is a constant related

to the affinity of the binding sites.
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The empirical Freundlich isotherm [71] based on adsorption on a heterogeneous

surface is given by the following equation:

logq, = logky + %logCe (1.13)

1/n

where, kr (mg/g (L/mg)™") and n are Freundlich constants with n providing an
indication of how favorable is the adsorption process. kr is the adsorption
capacity of the adsorbent which can be defined as the adsorption or distribution
coefficient. It represents the quantity of dye adsorbed onto adsorbent for a unit
equilibrium concentration. The slope of 1/n ranging between 0 and 1 is a
measure of adsorption intensity or surface heterogeneity, becoming more
heterogeneous as its value gets closer to zero [72]. Value for 1/n below one
indicates a normal Langmuir isotherm while 1/n above one is an indicator for

cooperative adsorption [73].

1.15 Magnetic Properties of Nanomaterials

In cubic spinel structure ions are arranged in octahedral sites and tetrahedral
sites. lons on octahedral sites interact directly with each other with parallel spin
orientation, and they also interact with those on tetrahedral sites mediated by the

oxygen ions and the spins align antiparallel through super exchange interaction.
In inverse spinel ferrites, MFe,O,4 (where M = divalent ions of Fe, Co, Ni), the
Fe ions on tetrahedral sites are aligned antiparallel to those on octahedral sites,
so that there is no net magnetization from these ions. M ions having unpaired
electrons, tend to align their spins parallel with those of Fe™ ions on adjacent
octahedral sites, and hence with those of other M™ ions. This produces a
resultant ferromagnetic interaction for those ferrites where M ions have
unpaired electrons. In normal spinel, MFe,O,4 (where M = divalent ions of Zn),

the M ions enter the tetrahedral sites and magnetism arises due to the alteration
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of super exchange interaction.

Two main issues that govern the magnetic properties of NMs are finite size and
surface effects which give rise to various special features. Magnetic domains
have dimensions within the range of 10-1000 nm which is comparable to the
size of nanocrystals. So if the crystal size approaches to the single domain
dimension upon scaling down the particle size of ferromagnetic material, all the
spins get aligned to each other, so the demagnetization becomes difficult.
Generally, the surface anisotropy in NMs is found to be one order of magnitude
higher than the bulk value which is due to larger fraction of superficial ions in
smaller particles [74]. These surface spins are disordered because they reside
within an uncompensated coordination sphere due to broken bonds, vacancies,
and also due to bond formation with capping organic molecule [75]. Thus, the
surface anisotropy makes the surface layer magnetically harder than the core

region of NMs.

1.15.1 Saturation Magnetization

M; is the maximum possible magnetization of a magnetic material under a large
external field. Assuming each atom has the same magnetic moment; M is
dependent on the magnitude of atomic moment and also density of atoms. M of
NMs is found to be affected significantly by the size and their synthesis
procedure, as there is a large fraction of superficial ions in NMs. As particle size
moved from bulk to nanoscale, Mg decreases which may be due to different
reasons. According to Gangopadhay et al. [76], the Mg reduction is due to
formation of a disordered nonmagnetic shell layer over the magnetically aligned
core in NMs. According to other models this reduction in M; is owed to surface

spin canting due to quantum size effects.
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1.15.2 Hysteresis

Magnetic hysteresis loop is a plot of variation of magnetization under applied
magnetic field, which is the best possible way to represent the magnetic
property of a material. Hysteresis means the inability to trace back the same
magnetization curve and it is connected to the presence of magnetic domains
within the material. When the domains are magnetized in one direction, it needs
some energy to rotate the aligned spins and the area under the hysteresis curve
represents this energy. The most useful information obtained the hysteresis loop
IS maximum amount of work (maximum energy product) performed by a
magnetic material, which is the product of maximum field (Hmax) and maximum
magnetization (Myax). Coercivity (H.) is the field that is required to reduce
remanence (M,) to zero. It is a measure of how strongly a magnetic material can
oppose an external magnetic field. M, is the remaining magnetization of a
magnetic material when the external field is reduced to zero after its complete

magnetization.

Figure 1.10: Graphical representation of ferromagnetic hysteresis loop.
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1.16. Motivation and Objective of Thesis

As a vital branch in the burgeoning field of nanoscience, NMs possess a whole
range of new physicochemical properties and a wealth of potential applications.
Novel designs of nanostructures are emerging in intricate ways, while flexible
preparation techniques for nanomaterials are consistently being developed.
Particular emphasis is given to the investigation of the origin of the magnetic,
electromagnetic, optical, thermal, mechanical, chemical, acoustic, and
biological properties of the nanostructures. In addition, the low-cost mass
production and industrial applications of nanomaterials are strongly deliberated

as well.

The field of nanotechnology has led to the development of many innovative
strategies for effective detection and treatment of cancer, overcoming
limitations associated with conventional cancer diagnosis and therapy.
Multifunctional nanoparticle systems can integrate imaging, targeting and
treatment moieties on the surface and in the core, resulting in targeted
delivery of the imaging or treatment modalities, specifically to the tumor.
Multifunctional nanoparticles also enable simultaneous delivery of multiple
treatment agents, resulting in effective combinatorial therapeutic regimens

against cancer.

The main reason for the NMs to gain significance is their surface to volume
ratio which is much higher than that of the other materials, their efficiency to
adsorb and carry other materials. Magnetic nanostructures with intrinsic
fluorescence are in high demand. To be used in biomedical field, they should
possess criteria such as biocompatibility, monodispersity, dispersibility in
water, and non-toxicity. The commonly used procedure for synthesizing
magneto-fluorescent  nanomaterials involves processes like  making

nanocomposites with quantum dots (QDs) or coatings with fluorescent dyes. In
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order to make the nanomaterials biocompatible, surface modifications were
carried out with biomolecules like proteins, DNA, RNA, small organic ligands,
and polymers, but none of them were able to generate intrinsic fluorescence. In
addition, their applications towards the biomedical field are narrowed due to
chemical instability, photo bleaching of fluorescent dyes, and inherent toxicity
of QDs (due to the presence of heavy metals like Cd*?, Pb*?). Therefore, to open
up a wide applicability of the nanomaterials in biomedical field, a facile and
proper process for surface modification is highly required. The main purpose of
our present work is to design water dispersible 3d transition metal oxide based
magnetic nanostructures with intrinsic fluorescence for their applications in cell

Imaging as well as nano-carriers for targeted drug delivery.
The key features of the thesis are,
» We have synthesized transition metal oxide (NiFe,O4, CoFe,O, and

ZnFe,0,) base magnetic nanostructures.

» We have functionalized the nanostructures with organic ligands to make

them biocompatible.

> We have studied their optical properties and found multiple inherent

fluorescence.

» We have dissected the origin of multiple fluorescence of functionalized

nanostructures through various spectroscopic tools.

> Catalytic efficiency of functionalized nanostructures has been studied on

both environmentally and biologically harmful pigments.

» We have studied the loading and unloading of anti-cancer drug on the

functionalized nanostructures in different conditions.
» We have used the functionalized nanostructure as a cell imaging agent.

» We have studied the adsorption of malicious dyes in detail, by the
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nanostructures.

» By surface modification, we have developed multifunctional nanostructures

which are capable of various applications.

1.17. Organization of the Thesis

The entire thesis has been divided into 7 different chapters. A brief draft of the
chapters is given below.

Chapter 1 gives a brief introduction about transition metal based different
magnetic NSs, their crystal structure, magnetic and adsorption properties. Here
we have also discussed the necessity of surface functionalization of NMs along
with types, procedures, and consequences of surface modification on different
properties of NMs, particularly the enhancement of optical properties through
LFT. Moreover, the motivation of thesis work and the outline of work done are
also included.

Chapter 2 provides various facile synthesis procedures of different NSs, and
several characterization techniques including instrumental details and

experimental methods.

Chapter 3 describes the synthesis of functionalized NiFe,O, NPs through
reflux method in order to study their optical, magnetic and catalytic properties.
The multiple fluorescence of surface functionalized NiFe,O, NPs was the result
of d-d transition of Ni*? and the ligand to metal charge transfer band. Moreover,
they show a good catalytic and photocatalytic activity towards biologically and
environmentally harmful dyes.

Chapter 4 demonstrates the generation of multiple photoluminescence of
CoFe, O, NHSs by facile surface modification. Using the UV/Visible
spectroscopy and steady state photoluminescence spectroscopy, we found that
LMCT from the ligand to Co* and d-d transitions in Co* plays the key role for
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inherent fluorescence of functionalized CoFe,O, NHSs. Functionalized
CoFe,O4 NHSs showed enhanced photocatalytic activity towards the malicious

dyes.

Chapter 5 exhibits synthesis of CoFe,O, NHSs and the surface modification
with Sodium folate and Sodium tartrate. The anti-cancer drug was loaded on the
folate functionalized CoFe,O, NHSs and release efficiency was studied in
different conditions. The functionalized NHSs showed excellent catalytic
activity towards a certain organic transformation.

Chapter 6 exhibits origin of excellent dye adsorption behavior of CoFe,O,
NHSs which are synthesized by a facile template free solvothermal technique
and we investigate the influence of different anionic functional groups of the
dyes on their adsorption rate. The adsorption kinetics and isotherms of the
adsorbents are found to follow pseudo 1st order kinetics and the Freundlich
isotherm, respectively, implying heterogeneous physisorption of the dyes over
the NHS surface. CoFe,O4 NHSs can be regenerated through desorption of dyes
at higher pH and still exhibit high adsorption capacity even for 5 cycles of
desorption—adsorption.

Chapter 7 demonstrates the improvement of multiple fluorescence and drug
binding ability of folate functionalized ZnFe,O, NHSs. The UV/Vis absorption
spectroscopy and steady state photoluminescence spectroscopy revealed that the
LMCT from folate to unoccupied molecular orbitals of Fe** and d-d transitions
involving d orbitals of Fe* are instrumental behind the multicolor fluorescence.
The surface modified NHSs showed excellent drug loading and releasing
efficiency in different conditions.

Chapter 8 concludes the thesis with an idea about the scope for future work in
this direction.
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Chapter 2

Experimental Details

In this chapter we have discussed different synthesis
techniques of nanomaterials and also various
methods of characterization.
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2. Material Synthesis and Characterization
Techniques

2.1 Preamble

In this chapter, different experimental procedures such as wet chemical method
and solvothermal methods used to synthesize various 3d transition metal oxide
based magnetic nanostructures (NSs) are described. In addition, the
functionalization technigue which was employed for the surface modification of
the NSs is discussed here in detail. Moreover, the characterization procedures,
which are employed to study their physical, optical and magnetic properties, are

also presented here.

The phase and morphology of as-prepared NSs were studied using X-ray
Diffraction (XRD), Field Emission Scanning Electron Microscope (FESEM),
Transmission Electron Microscope (TEM), High Resolution Transmission
Electron Microscope (HRTEM), Energy Dispersive X-ray (EDX) Analysis and
Selected Area Electron Diffraction (SAED). The phase transition of the sample
was studied by the Differential Thermal Analysis (DTA). Spectroscopic
analyses are carried out through UV-Visible (UV-Vis) and Fourier Transformed
Infrared (FTIR) Spectrometer, steady state fluorometer and Fluorescence
microscope. In order to confirm the degradation of dyes, Liquid
Chromatography-Mass spectrometry (LC-MS) was carried out. The magnetic
Characterizations were carried out employing Vibrating Sample Magnetometer
(VSM).

2.2 Synthesis of Nanostructures

Nanostructures can be made in numerous ways. A broad classification divides
methods into either those which build from the bottom up, atom by atom, or

those which construct from the top down, using processes that involve the
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removal or reformation of atoms to create the desired structure. The various
synthesizing routes for the fabrication of different nanostructures can be
segregated into two simple groups, (1) top-down (i.e. bulk to nano) and (2)

bottom-up (i.e. atom to nano) approaches.

2.2.1 Top-Down Approach

The top-down approach is a process of miniaturizing or breaking down bulk
materials (macro-crystalline) structures while retaining the original integrity.
The top-down approaches are inherently simpler and rely either on the removal
or division of bulk material, or on the miniaturization of bulk fabrication
processes to produce the desired structure with the appropriate properties.
Attrition or Milling is a usual top-down method in making nanostructures. The
biggest problem with top-down approach is the imperfection of surface structure
and significant crystallographic damage to the processed patterns. These
imperfections in turn lead to extra challenges in the device design and
fabrication. But this approach leads to the bulk production of nano material.
Regardless of the defects produced by top-down approach, they will continue to

play an important role in the synthesis of nanostructures.

2.2.2 Bottom-Up Approach

In the bottom-up approach, atoms, molecules and even nanoparticles themselves
can be used as the building blocks for the creation of complex nanostructures;
the useful size of the building blocks depends on the properties to be
engineered. In this route smaller components of atomic or molecular dimensions
self-assemble together, according to a natural physical principle or an externally
applied driving force, to give rise to larger and more organized systems [1].
Methods to produce nanoparticles from atoms are chemical processes based on
transformations in solution e.g. sol-gel processing, chemical vapor deposition

(CVD), plasma or flame spraying synthesis, laser pyrolysis, atomic or molecular
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condensation. These chemical processes rely on the availability of appropriate
“metal-organic” molecules as precursors. A bottom up synthesis method implies
that the nanostructures are synthesized onto the substrate by stacking atoms
onto each other, which gives rise to crystal planes, crystal planes further stack
onto each other, resulting in the synthesis of the nanostructures. A bottom-up
approach can thus be viewed as a synthesis approach where the building blocks

are added onto the substrate to form the nanostructures.

Both the Top-down and Bottom-up approach are shown schematically in Figure
2.1.

TOP- — l
Down B @) powder
_ aaaee
— BB B B B Nanostructures
(J
e®o
Bottom- | __ oL .0.0 Clusters
Up o)
o
®
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Figure 2.1: Schematic representation of Top-down and Bottom-up approach.
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2.3. Formation of Nanoparticles in Wet Chemical

Method

In wet chemical synthesis, homogeneous nucleation occurs when nuclei form
uniformly throughout the parent phase, called supersaturation. This condition
can be attained by rationally controlling the reaction conditions such as solvent,
capping agents, temperature etc. The process of homogeneous nuclei formation
can be considered thermodynamically by looking at the total free energy (AG)
of a NP defined as the sum of the surface free energy and the bulk free energy.
The overall free energy change (AG), related with the homogeneous nucleation
process, is the total change in free energy between a small solid particle of a
solute and the solute in solution. The excess surface free energy, AGs, is the
excess surface energy between the NPs and the corresponding bulk material.
AGy, is the excess free energy between a very large particle and the solute in the
solution. Dependence of AGs and AGy on particle size with radius (r) can be
observed from Equation 2.1 and also depicted in the Figure 2.2 [2],

AG = AGs + AGy = 4mr?y + Zmr®AG, (2.1)

where, AG, is the free energy change per unit volume and vy is the interfacial

tension between the growing NP surface and the supersaturated solution.

AGT  AGs/
A Gerit= 4nr, 03/ 3
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Figure 2.2: Free energy diagram for nucleation process explaining the existence of a “critical
nucleus”. (© S. Kumar and T. Nann, Small, 2006, 2, 316)
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As AGs is always positive and AGy is always negative, it is possible to find a
AG for a stable nucleus having an optimum size (critical radius, r;) by
differentiating AG with respect to r and setting it to zero, which gives a critical
free energy as shown in Equation 2.2. The critical radius is defined in Equation
2.3. It is evident from Figure 2.2, that the total excess free energy, AG, passes

through a maximum, AGct, corresponding to the critical nucleus size, r,

= 8nar.y + 4nr2AG, =0 (2.2)
dr —
2y

From Equations 2.1 and 2.3, we can obtain the critical value of AG asr=r,

_16my3 amyrd

AG = AGerit = = (2.4)

3(4G,)? 3
r=r,

I.e. the minimum energy barrier that a nucleation process must overcome is
AGcyit, Which corresponds to the minimum size of a stable spherical nucleus (r.).
This critical radius corresponds to the minimum size at which a particle can

survive in solution without being redissolved.

The system and the reaction parameters are responsible for the crystal structure,
size, and morphology of the growing particles. The growth of NPs is dependent
on two mechanisms: the surface reaction and the monomer’s diffusion to the
surface. Different theories have been proposed to explain the nucleation and
growth mechanism of various reactions [3]. Such as, in the LaMer mechanism,
the process of nucleation and growth are divided into three portions. Firstly, a

rapid increase in the concentration of free monomers in solution, secondly, the
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monomer undergoes “burst nucleation” which significantly reduces the
concentration of free monomers in solution. The rate of nucleation is described
as “effectively infinite” and after this point, nucleation almost stops due to low
concentration of monomers and in third stage, the growth occurs under the
control of diffusion of monomers through solution. Ostwald and digestive
ripening mechanism say that, growth is caused by the change in solubility of
NPs which is dependent on their size. According to Ostwald ripening, due to
high solubility and surface energy of smaller particles within solution, they
redissolve and in turn allow the larger particles to grow even more. Digestive
ripening, described by Lee et al., is effectively the inverse of Ostwald ripening,
where smaller particles grow at expense of the larger ones by surface energy
controlled process [4]. The Finke-Watzky two step mechanism is a process of
nucleation and growth where both steps happen simultaneously [5]. The first is
a slow continuous nucleation as shown in Equation 2.5 and the second is the
autocatalytic surface growth which is not diffusion controlled, as shown in

Equation 2.6.
A—B (2.5)
A+B — 2B (2.6)

Shape of the crystallites occurs either in order to minimize the surface energy of
the particles or because of the kinetics of growth. If kinetics dominates, the
shape is then determined by the rate at which different crystal faces grow. In
thermal equilibrium, the crystal shape is determined by minimization of surface

energy.

2.4. Fabrication Methods of Different Nanostructures

2.4.1 Wet Chemical Method

Wet chemical method refers to a particular group of methods where generally
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nano- or ultra- dispersed inorganic materials have been produced in aqueous or
non- aqueous solutions. It is different from conventional solid state procedure in
respect to that it can only be done in liquid phase and more importantly it can
produce much smaller, monodispersed grains or crystallites usually at lower
temperature and have shorter duration of phase formation. It is mainly a
“bottom-up” method to synthesize NPs basically by chemical reduction of metal
salts, electrochemical trails or through controlled decomposition of different

metastable organometallic compounds.

2.4.1.1 Reflux Condensation Method

The reflux condensation method is carried out by dissolving the organometallic
compounds with component elements at appropriate ratio in aqueous or non-
aqueous solvents in a round bottom flask in the presence of suitable capping
agents, with condenser placed on the top of the flask, followed by a heating at
boiling point of the solvent. After the completion of reaction, the reaction
medium is cooled to room temperature. Then the product is precipitated by
changing the polarity of the medium, and washed several times to remove
impurities followed by drying. The condenser, which prevents the solvent
vapors from escaping the system, has an outer jacket through which a coolant
(usually chilled water) is circulated. The circulating water takes the temperature
off the solvent vapors and in turn the vapors condense and fall back into the
flask.

Through this method one can control the size, morphology and crystallinity of
the materials by varying parameters such as the reaction time, concentration of
precursors and the type of solvent employed. This method is employed
extensively in material science to synthesize nanoparticles [6], nanowires [7],
nanorods [8], nanourchins [9], core—shell nanostructures [10] and hierarchical

nanostructures [11] with high crystallinity, compositional homogeneity and
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better stoichiometry. The refluxing set up used for our experiment for
fabricating NiFe,O, is shown in Figure 2.3. The NiFe,O, nanoparticles were
synthesized by following a previously reported template free wet chemical
method, with slight modification [12]. We have used Nickel acetate, Iron
Acetylacetonate (organometallic moieties) as the precursors for the synthesis.
Di-phenyl Ether was chosen as the solvent. Oleic acid and Oleyl Amine were
taken as the capping agents. We had used Cetyl alcohol instead of 1,2-
hexadecanediol used by Sun et. al [12]. Then the precursors and the capping
agents along with Cetyl alcohol were dissolved in the solvent using
ultrasonicator. Further the three neck flask was placed on a heating mantle,
equipped with a condenser on the top of it. The mixture was then heated at
270°C for 1 hour. The reaction mixture was then poured into a beaker
containing alcohol. Due to the change in polarity precipitation occurs. Then the

precipitates were collected after washing them with alcohol for several times.

Water outlet

Condenser

Water inlet

Round bottom flask

Heating mantle

Figure 2.3: Reflux condensation set-up.
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2.4.1.2 Solvothermal Method

Solvothermal method is one of the most common and effective synthetic routes
to fabricate the nanomaterial with a variety of morphologies by controlling
temperature, pressure, capping agent, chemical composition, and duration of
reaction. If the reaction medium is non-aqueous, then it is termed as
solvothermal method; whereas, if water is used as the reaction medium, it is
known as hydrothermal process. Different polar solvents (like, water, ethanol
etc) or non-polar solvents (like Benzene, Ethylene Glycol, Ethylene di-amine
etc) are used under high pressure and temperature (generally above the boiling
point of solvent) to facilitate the interaction of different precursor molecules
during the synthesis procedure. The reactants are placed into an autoclave filled
with water or non-aqueous solvent to carry out the reaction under high

temperature and pressure conditions.

A sealed reaction container and a temperature which is above the boiling point
of the solvent are the key elements of solvothermal process. It helps to develop
an autogenous pressure [13]. Generally, Teflon-lined autoclaves are capable of
working at high temperature and pressure. In addition, it sustains alkaline media
and exhibits a strong resistance to hydrofluoric acid when compared to glass
and quartz autoclaves. Therefore, Teflon-lined autoclave is chosen as an ideal
container to perform the reaction under desired conditions. Precise control in
hydrothermal process is the key factor that enables the synthesis of various
nanostructured inorganic materials. The pressure within the sealed reaction
container is not only found to increase dramatically with temperature, but also
depend on other experimental factors, such as the percentage fill of the vessel,
any dissolved salts, and capping agents. The reaction mechanism of the
solvothermal method is dependent on the physico-chemical properties of the
solvent. A number of fundamental properties of solvents are greatly affected by

pressure and temperature. For example, the viscosity of water decreases with
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Increasing temperature, such as at 500°C and 10 bar, the viscosity of water is
only 10% of its magnitude under ambient conditions [14]. Thus, it is evident
that the mobility of dissolved ions and molecules is higher under solvothermal
conditions than at ambient pressure and temperature. Similarly, the dielectric
constants of solvents are considerably reduced above the critical pressure and
temperature; this can have major implications on the solubility of solid reagents
under reaction conditions. In this technique, precursors are dissolved in the
solvent by magnetic stirring or sonication, the homogeneous mixture is
transferred into Teflon lined stainless steel autoclave chamber, as shown in

Figure 2.4.

Stainless Steel Lid

Teflon Lid

Precursor Solution

Teflon Liner

Stainless Steel Autoclave

Figure 2.4: Schematic diagram of an autoclave and a Teflon chamber used in solvothermal

synthesis.

The precursor solution is poured in the Teflon liner and the Teflon liner in
placed in the autoclave. The autoclave is then sealed and heated to a certain
temperature in an oven. This method can be used to prepare different types of
NSs such as particles, wires, rods, hollow spheres etc. The advantageous feature
of the solvothermal synthesis route is products of intermediate state, metastable

state and specific phase are easily synthesized.

This template free solvothermal route synthesis of MFe,O, (M = Co and Zn)
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requires the temperature of 200°C. Iron (I11) chloride [FeCls, 6H,0] is common
in both of the synthesis, whereas Cobalt (Il) chloride [CoCl,, 6H,0] and Zinc
(1) chloride [ZnCl,] were used for synthesizing CoFe,O4 and ZnFe,O, NHSs
respectively. The metal salts were dissolved in a polar solvent, ethanol and non-
polar solvent, ethylene glycol, and heated for 20 h in case of CoFe,O, and 18 h
in case of ZnFe,O, NHSs, in presence of urea [CO(NH,),], oleylamine
[CH3(CH,);CH=CH(CH,);NH,] in a Teflon lined stainless steel autoclave.

2.4.2 Functionalization Procedure

The dried as prepared nanostructures were poured in a glass vial along with 0.5
M solution of Sodium tartrate or Sodium folate. Then the glass vial was place
on the top of a vibrator-rotor followed by rigorous vibration and rotation of the
glass vial for 12h at room temperature. The tartrate or folate solution was made
by taking 0.5 M solution of respective acids and then neutralizing them by drop
wise adding of NaOH. Figure 2.5 and 2.6 depict the structures of Tartaric Acid
and Folic Acid respectively. The non-solubilized larger nanoparticles were
filtered out using a syringe filter of 0.22um diameter. The colorless filtrate was
obtained and named as T-NiFe,O,. For nano-hollowspheres, we collected the
supernatant liquid without filtering and named as T-CoFe,0,4, F-CoFe,0, and F-
ZnFe,O4. In order to intensify their optical properties, the functionalized
nanostructures were heated at 70-80°C under continuous stirring and
maintaining the pH at 12 by the drop wise addition of NaOH. After the pH and
heat treatment, the functionalized nanostructures showed intense fluorescence
under the irradiation of UV light. The powder form of functionalized
nanostructured solution was prepared by dialysis (to remove extra ligands) and

lyophilization to study the magnetic and FTIR spectroscopic properties.
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Figure 2.5: Chemical structure of Tartaric acid molecule.
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Figure 2.6: Chemical structure of Folic acid molecule.

2.5. Phase and Morphology Characterization Methods

2.5.1. X-Ray Diffractometer (XRD)

X-Ray Diffractometer (XRD) is used to analyze the crystal structure of micro
and NSs, thin films, and bulk samples in a non-destructive way. In this method
of determining molecular and atomic structure of a crystalline material, atomic
planes of the material diffract incident X-rays in different specific directions
depending on their orientations. By measuring the angle and intensity of the
diffracted beams, a three dimensional idea of the density of electrons within the
specified crystal can be obtained. From this density of electrons, mean position

of the atoms in the crystal can be determined as shown in Figure 2.7.
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Diffraction Pattern

Figure 2.7: Schematic diagram of XRD.

In XRD instrument, a monochromatic beam of X-rays falls on a crystalline
sample as shown in Figure 2.8. Those X-rays are scattered elastically by the
electrons within the crystal planes. Then the scattered waves interfere
constructively in few specific directions that can be determined by Bragg’s law

given as Equation 2.7
2dsinf = nA (2.7)

where, d is the crystal plane spacing, 0 is the diffraction angle, n is an integer,
and A is the wavelength of incident light. The angle and the intensity of the
diffracted beams are processed and recorded electronically using a detector,

resulting in intensity vs. 20 plot for a specific sample.

Figure 2.8: Schematic diagram of diffraction of X-rays by a crystal.
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The grain size (d) of the sample can be calculated by observing the width of the
diffraction peaks and using the relation as given by Debye-Scherrer
Equation 2.8:

d=(091)/B cos 6 (2.8)

where, B is the full width at the half maximum of the diffraction peak at a
diffraction angle of 20. XRD patterns of our samples were obtained by applying
a scanning rate of 0.02° s
II diffractometer equipped with Cu Ko (A~1.54 A) radiation (at 40 mA and

40 kV).

in the 20 range from 20° to 80° by Rigaku miniflex

2.5.2. Energy Dispersive Spectroscopy (EDS)

Energy Dispersive Spectroscopy (EDS) is an analytical technique used for
elemental analysis or chemical characterization of a sample. It is based on the
investigation of a sample through interactions between electromagnetic
radiation and matter, analyzing X—rays emitted by the matter in response to
being hit with the electromagnetic radiation. Its characterization capabilities are
due in large part to the fundamental principle that each element has a unique
atomic structure allowing X—rays that are characteristic of an element's atomic
structure to be identified uniquely from each other. This technique is also

known as Energy Dispersive Analysis of X—rays (EDAX).

To stimulate the emission of characteristic X—rays from a specimen, a high
energy beam of charged particles such as electrons or a beam of X-rays, is
focused with the sample being studied. At rest, an atom within the sample
contains ground state (or unexcited) electrons in discrete energy levels or
electron shells bound to the nucleus. The incident beam may excite an electron
in an inner shell, ejecting it from the shell while creating an electron hole where
the electron was. A position vacated by an ejected inner shell electron is

eventually occupied by a higher energy electron from an outer shell and the
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difference in energy between the higher energy shell and the lower energy shell
may be released in the form of X—ray as shown in Figure 2.9. The amount of
energy released by the transferring electron depends on which shell it is
transferring from, as well as which shell it is transferring to. The number and
energy of the X—rays emitted from a specimen can be measured by an energy
dispersive spectrometer. As the energy of the X-ray is characteristic of the
difference in energy between the two shells, and of the atomic structure of the
element from which they were emitted, this allows the elemental composition of

the specimen to be measured.

Incident
electron ‘

Characteristic X-ray

Incident
electron

M shell

Kicked out
electron

Figure 2.9: Schematic diagram of EDS principle.

The positions of the peaks with appropriate energies give information about the

qualitative composition of the sample. The number of the X—ray quanta is the
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measure for the concentration of the elements (peak height). There is no linear
connection between quantum numbers and concentration portions of the

elements. The concentration calculation needs the net count rates.

2.5.3. Electron Microscopes

An electron microscope is a type of microscope with high magnification and
resolution, employing highly energetic electron beams in place of light and
using electron lenses it produces magnified image of the illuminated specimen.
We have used two types of electron microscopes to analyze as-synthesized

samples as described below.

2.5.3.1 Scanning Electron Microscope (SEM)

In a typical SEM either thermionically created or field emission electron beam
Is focused onto the sample. The electrons interact with atoms of the sample,
producing various signals containing information about the sample's surface
topography and composition, which are recorded and thereby an image is

formed pixel by pixel.
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Figure 2.10: Schematic diagram of SEM

SEM typically works within the voltage range of 2 to 50 kV. The interactions
which are responsible for an assembly of signal types are back scattered
electrons (BSEs), secondary electrons (SEs), X-rays, Auger electrons, and
cathodoluminescence. When an incident beam of electrons interact with the
electric field of sample’s electrons SEs are ejected from the k-shell of the
specimen atoms as a result of inelastic scattering. The energy of SEs is less than
50 eV. If the vacancy due to formation of SE is filled from a higher level
orbital, the characteristic X-ray of that energy transition is produced.
Backscattered electrons (BSES) are the reflected back electrons of the incident
electron beam, which change its direction without altering energy of the
electron significantly (<1eV), originating because of Elastic scattering between
the beam electron with the electric field of the nucleus of a specimen atom.
BSEs have energy in between 50 eV to the energy of incident beam. Basically,
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SEM image is formed by mapping of varying intensity of the signal produced
by SEs into image corresponding to the exact position of the beam on the
specimen. On the other hand the characteristic X-rays are used for elemental
analysis and this method is known as EDX (Energy Dispersive X-Ray)
Spectroscopy. Morphology of our samples was analyzed by FESEM (FEI
QUANTA FEG-250) operating at 5-10 keV. The schematic diagram of SEM is
shown in Figure 2.10.

2.5.3.2 Transmission Electron Microscope (TEM)

In TEM mainly two different types of interactions between the electron beam
and specimen is used for image formation; such as unscattered electrons
(transmitted beam) and elastically scattered electrons (diffracted beam).
Schematic diagram of a TEM is shown in Figure 2.11.
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Figure 2.11: Schematic diagram of TEM
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TEM image is formed by bright field imaging mode via creating dark and bright
contrast in image. In this process, incident electrons are transmitted through the
thin specimen without causing any interaction within the specimen. The
transmission of unscattered electrons varies inversely with the specimen
thickness. Areas of the specimen that are thicker will have less transmitted
unscattered electrons and so will appear darker; conversely the thinner areas

will have more transmitted and thus will appear brighter.

Electron diffraction is another important mode of TEM imaging. In case of
crystalline sample, the electron beam undergoes Bragg scattering according to
the Bragg’s law as given by Equation 2.7. All incident electrons having the
same energy (hence wavelength) enter the specimen perpendicularly to its
surface. Now, the electrons that are scattered by the same set of parallel planes
can be assembled using magnetic lenses to form a pattern of spots; each spot
corresponding to a specific atomic spacing (or crystalline plane). This pattern
can then produce information about the alignment, atomic arrangements and

phases present in the area being observed.

In case of HRTEM (High Resolution Transmission Electron Microscope) mode
we can attain a resolution around 0.2 nm, which is very efficient in observing
the lattice fringes and crystal structure of the specimen. As the electron beam is
transmitted through the thin section, different types of beam specimen
interactions take place that produce transmitted electrons, elastically and
inelastically scattered (energy loss) electrons, SEs, BSEs, Auger electrons and
X-ray photons. X-ray photons are used in TEM based elemental analysis
techniques in EDX and inelastically scattered electrons in electron energy loss
spectroscopy (EELS), and energy filtered TEM (EFTEM).

For TEM study, we prepared samples by drop casting the NSs in ethanol or

water on 300-mesh carbon coated copper grid and dried overnight in air.
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Particle size and morphology were studied from TEM micrographs and
elemental analysis was carried out from EDX spectrum recorded by a FEI

Tecnai TF-20 field-emission high resolution TEM operating at 200 keV.

2.6. Thermo-Analytical Characterization Methods

2.6.1. Differential Thermal Device

Differential thermal device measures the difference in temperature between a
sample and a thermally inert reference as the temperature is raised. The plot of
differential thermal analysis (DTA) provides the information on exothermic and
endothermic reactions taking place in the sample. The technique is routinely
applied in a wide range of studies such as identification, quantitative
composition analysis, phase diagrams, hydration-dehydration, thermal stability,
phase transitions and melting points. A DTA consists of a sample holder
comprising thermocouples, sample containers and a ceramic or metallic block, a
furnace, a temperature programmer, and a recording system as shown in Figure
2.12. The key feature is the existence of two thermocouples connected to a
voltmeter. One thermocouple is placed in an inert material such as Al,Os, while
the other is placed in a sample under study. As the temperature is increased,
there will be a brief deflection of the voltmeter if the sample is undergoing a
phase transition. This occurs because the input of heat will raise the temperature
of the inert substance, but be incorporated as latent heat in the material changing
phase. To estimate the loading of the tartrate functionalization, we performed
Thermogravime try (TG) on the T- NiFe,O, and bare NiFe,O, NPs using
PerkinElmer Diamond TG/DTA with the heating rate of 10°C/min.
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Figure 2.12: Schematic diagram of differential thermal device.

2.7. Optical Characterization Methods

2.7.1. UV-Visible (UV-Vis) Absorption Spectroscopy

UV-Vis spectroscopy is type of absorption spectroscopy in which light of ultra-
violet or visible region is absorbed by the molecule. The instrument operates by
passing a beam of light through a sample and measuring wavelength of light
reaching a detector. The wavelength gives valuable information about the
chemical structure and the intensity is related to the number of molecules,
means quantity or concentration. This tool is mostly used for the quantitative
determination of different organic and inorganic compounds in solution.

Absorption of the visible and adjacent (near-UV) regions of electromagnetic
(EM) spectrum result in the excitation of the electrons from the ground state to
higher energy state. Light is quantized into tiny packets called photons, the
energy of which can be transferred to an electron upon collision. However,

transfer occurs only when the energy level of the photon equals the energy



Chapter 2

required for the electron to get promoted onto the next energy state, for example
from the ground state to the first excitation state. This process is the basis for
absorption spectroscopy. Generally, light of a definite wavelength and energy is
irradiated on the sample, which absorbs a certain amount of energy from the
incident light. The energy of the light transmitted from the sample afterwards is
measured using a photo detector, which registers the absorbance of the sample.
UV-visible spectroscopy follows the Lambert-Beer Law. This law states that
whenever a beam of monochromatic light is passed through a solution with an
absorbing substance, the decreasing rate of the radiation intensity along with the
thickness of the absorbing solution is actually proportional to the concentration
of the solution and the incident radiation (shown schematically in Figure 2.13).
This law is expressed through this equation:

A = logo(lo/l) = &-C- | (2.9)

A stands for the absorbance, I, refers to the intensity of light upon a sample cell,
| refers to the intensity of light departing the sample cell, C stands for the
concentration of the absorbing species, | stands for the length of the sample cell
and ¢ refers to the molar absorptivity or molar extinction coefficient. The molar
extinction coefficient is a measurement of how strongly a chemical species
attenuates light of a given wavelength.

Incident Light (1) / Transmitted Light (I)

oncentratio
of
absorbing
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©

;Optical Path]
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i

Figure 2.13: Schematic representation of Lambert-Beer Law.
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UV-Vis absorbance spectra of our samples were obtained from a Shimadzu
Model UV-2600 spectrophotometer using a quartz cuvette of 1 cm path length.
The catalytic and photocatalytic study were also carried out by the above
mentioned UV-Vis spectrophotometer. Schematic diagram of UV-Vis
Spectrophotometer is shown in Figure 2.14.

Entrance Exit
Slit Slit Detector
‘
*‘
Source Dispersion Sample
Device

Figure 2.14: Schematic diagram of UV-Vis Spectrophotometer.

2.7.2. Catalysis and Photocatalysis

Biologically harmful pigment, Bilirubin (BR) was chosen for studying catalysis.
BR is an yellow-orange breakdown product of normal heme catabolism in
mammalian system. Molecular formula of BR is C33H3sN4Og and the chemical
structure is demonstrated in Figure 2.15. Both antioxidant and toxic properties
have been attributed to BR, which is normally conjugated with glucoronic acid
and then excreted in the bile. However, when it’s conjugation with glucoronic
acid is inhibited, as neonatal jaundice and in hereditary forms of congenital
jaundice, excess BR bind and deposit to various tissues, giving rise to severe
hyperbilirubinemia and neurotoxicity. Aqueous solutions of functionalized
nanoparticles were added to BR solution (pH 7), in a quartz cuvette placed in
dark with continuous stirring. The absorbance of BR was recorded periodically
using the UV-Vis spectrophotometer.
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COO COO

Figure 2.15: Chemical structure of BR.

For the photocatalysis purpose, methylene blue (MB), Rhodamine B (Rh B) and
Para-nitrophenol (4-NP) were chosen. The first two of the aforementioned
chemicals contain heterocyclic aromatic ring. MB and Rh B have the molecular
formula CgH1gCINsS and C,gH3;CIN,Os3 respectively and the chemical structure
Is shown in Figure 2.16. Both the dyes are widely used in textile industry and
are the common water contaminant. In order to study the photocatalytic effects
of the nanostructures, UV lamp of two different wavelengths (253 nm and 360
nm) from Philips were used. To the dye solutions, the functionalized
nanostructures were added and homogeneously mixed by continuous stirring in
dark. Absorbance of the dyes was recorded wusing the UV-Vis

Spectrophotometer.

Figure 2.16: Chemical structure of (a) MB and (b) Rh B.
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4-NP is the common hazardous product found in pharmaceutical waste. 4-
Nitrophenol and derivatives are employed in the production of fungicides,
herbicides, pesticides, in the synthesis of dyes and synthetic rubbers. However,
the toxicity reached by 4-NP is high even at trace levels in plants and
especially in some aquatic organism because it exhibit high solubility and
stability in the ecosystem. 4-NP has the molecular formula C¢HsNO; and the

structure is shown in Figure 2.17.

OH

NO,

Figure 2.17: Chemical structure 4-NP.

2.7.3. Photoluminescence (PL) Spectroscopy
Photoluminescence (PL) spectroscopy 1is a contactless, multipurpose,

nondestructive and powerful optical method of probing the electronic structure
of materials. Light is focused onto a sample, where it is absorbed and imparts
excess energy into the material in a process called photo-excitation. This excess
energy can be dissipated by the sample through the emission of light or
luminescence. In the case of photo-excitation, this luminescence is called
photoluminescence. Therefore photoluminescence is the spontaneous emission
of light from a material under optical excitation. This light can be collected and
analyzed spectrally, spatially and also temporally. The intensity and spectral
content of this photoluminescence is a direct measure of various important

material properties.
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Photo-excitation occurs due to the movement of electrons within the material to
allowed excited states. When these electrons return to ground state, the excess
energy is released and may include the emission of light (radiative process or
photoluminescence) or may not (a non-radiative process) as shown in Figure
2.18. The energy of the emitted light (photoluminescence) is equal to the
difference in energy levels between the excited state and the ground state, which
are involved in the transition. PL spectroscopy gives information only on the
low lying energy levels of the investigated system. The analysis of the PL
spectrum leads to the identification of specific defects or impurities and the
magnitude of the PL signal allows determining their concentration. PL spectrum
IS quite different from absorption spectrum in the sense that absorption
spectrum measures transitions from the ground state to excited state, while
photoluminescence deals with transitions from the excited state to the ground
state. The period between absorption and emission is typically extremely short.
An excitation spectrum is a graph of emission intensity versus excitation
wavelength which looks very much like an absorption spectrum. The value of
wavelength at which the molecules absorbs energy can be used as the excitation
wavelength which provide a more intense emission at a red shifted wavelength,

with a value usually twice of the excitation wavelength.
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Figure 2.18: Principle of Photoluminescence.



Chapter 2

A spectrofluorometer is an analytical instrument used to measure and record the
fluorescence of a sample. Figure 2.19 represents the schematic of a fluorescence

spectrophotometer.
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Figure 2.19: Schematic diagram of fluorescence spectrometer.

The fluorescence quantum vyield (QY) is calculated by following the relative
method, taking Rhodamine B (Rh B) as the standard fluorescent compound. The
guantum yield of fluorescence-modified T-NiFe,O, NPs was measured
according to A Guide to Recording Fluorescence Quantum Yields [15-16],

using to the following equation:

By= Dgp (G”“dx) (ﬁ) (2.10)

Gradgst nET

where, @y is the fluorescence quantum vyield of the test sample we are
measuring and @¢r is the quantum yield of the standard sample. Grad refers to
the gradient from the plot of fluorescence intensity against the absorbance. n is
the refractive index of the solvent, and the subscripts ST and X mean the

standard and test sample respectively.
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2.7.3. Fluorescence Microscopy

Fluorescence illumination and observation is the most speedily growing
microscopy technique employed today. A fluorescence microscope is an optical
microscope that uses fluorescence instead of, or in addition to, reflection and
absorption to study properties of organic or inorganic substances. The
"fluorescence microscope" refers to any microscope that uses fluorescence to
generate an image. The technique of fluorescence microscopy has become an
essential tool in biology and the biomedical sciences, as well as in materials
science due to attributes that are not readily available in other contrast modes
with traditional optical microscopy. The basic function of a fluorescence
microscope is to irradiate the specimen with a desired and specific band of
wavelengths, and then to separate the much weaker emitted fluorescence from
the excitation light. In a properly configured microscope only the emission light
should reach the eye or detector, so that the resulting fluorescent structures are
superimposed with high contrast against a very dark (or black) background. The
limits of detection are generally governed by the darkness of the background
and the excitation light is typically several hundred thousand to a million times
brighter than the emitted fluorescence. The effective separation and detection of
excitation and emission wavelengths are achieved in fluorescence microscopy
through the proper selection of filters to block or pass specific wavelength
bands in the ultraviolet, visible, and near-infrared spectral regions. In order to
generate sufficient excitation light intensity to produce detectable emission,
powerful compact light sources, such as high-energy short arc-discharge lamps
are necessary. The most common lamps are mercury burners, ranging in wattage
from 50 to 200 Watts and the xenon burners that range from 75 to 150 Watts.
The microscope arc-discharge lamp external power supply is usually equipped

with a timer to track the number of hours the burner has been in operation. Arc
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lamps lose efficiency and are more likely to shatter if used beyond their rated
lifetime (200-300 hours). A dichroic beam splitter or mirror is used to reflect
the excitation light to the sample and simultaneously transmit only the emitted
light from the sample back to the detector. The filter that narrows the
wavelengths of the incoming light to only those used to excite the sample is
called the excitation filter. A filter for emitted light that transmits only the
wavelengths of the emitted light from the sample and blocks all the light passed
through the excitation filter, called the emission filter. All the components are
schematically shown in the Figure 2.20. Olympus BX-53 and Leica DM 1000

were used to capture the fluorescence microscopy images.
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Figure 2.20: Schematic diagram of fluorescence spectrometer.
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2.7.4. Fourier Transformed Infrared Spectroscopy

(FTIR)

Infrared spectroscopy is an important technique in chemistry. It is an easy way

to identify the presence of certain functional groups in a molecule. Also one
can use the unique collection of absorption bands to confirm the identity of a
pure compound or to detect the presence of specific impurities. Analysis by
infrared spectroscopy is based on the fact that molecules have specific
frequencies of internal vibrations. These frequencies occur in the infrared region

of the electromagnetic spectrum: ~ 4000 cm ™ to ~ 200 cm ™.

When a sample is placed in a beam of infrared radiation, the sample will absorb
radiation at frequencies corresponding to molecular vibrational frequencies, but
will transmit all other frequencies. The frequencies of radiation absorbed are
measured by an infrared spectrometer and the resulting plot of absorbed energy
vs. frequency is called infrared spectrum of the material. Identification of a
substance is possible because different materials have different vibrations and
yield different infrared spectra. Furthermore, from the frequencies of the
absorption it is possible to determine whether various chemical groups are
present or absent in a chemical structure. In addition to the characteristic nature
of the absorption, the magnitude of the absorption due to a given species is

related to the concentration of that species.

Fourier Transform Infrared (FTIR) spectrometry was developed in order to
overcome the limitations encountered with dispersive instruments. The main
difficulty was the slow scanning process. A method for measuring all of the
infrared frequencies simultaneously, rather than individually, was needed. A
solution was developed which employed a very simple optical device called an
interferometer. The interferometer produces a unique type of signal which has

all of the infrared frequencies “encoded” into it. The signal can be measured
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very quickly, usually on the order of one second or so. Thus, the time element
per sample is reduced to a matter of a few seconds rather than several minutes.
Most interferometers employ a beam splitter which takes the incoming infrared
beam and divides it into two optical beams. One beam reflects off a flat mirror
which is fixed in place. The other beam reflects off a flat mirror which is on a
mechanism which allows this mirror to move a very short distance (typically a
few millimeters) away from the beam splitter. The two beams reflect off their
respective mirrors and are recombined when they meet back at the beam splitter.
Because of the path, that one beam travels is a fixed length and the other is
constantly changing as its mirror moves, the signal which exits the
interferometer is the result of these two beams “interfering” with each other.
The resulting signal is called an interferogram which has the unique property
that every data point (a function of the moving mirror position) which makes up
the signal has information about every infrared frequency coming from the
source. This means that as the interferogram is measured; all frequencies are
being measured simultaneously. Thus, the use of the interferometer results in
extremely fast measurements. Because the analyst requires a frequency
spectrum (a plot of the intensity at each individual frequency) in order to make

identification, the measured interferogram signal cannot be interpreted directly.

The basic components of an FTIR are shown schematically in Figure 2.21. The
infrared source emits a broad band of different wavelength of infrared radiation.
For the mid-IR region (5000-400 cm™), the most common source is a silicon
carbide element heated to about 1200 K. The IR radiation goes through an
interferometer that modulates the infrared radiation. For the mid-IR region, the
beam splitter is usually made of KBr with a germanium-based coating that
makes it semi-reflective. KBr absorbs strongly at wavelengths beyond 25 um
(400 cm™), so Csl is sometimes used to extend the range to about 50 um (200

cm Y).The interferometer performs an optical inverse Fourier transform on
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entering IR radiation. The modulated IR beam passes through the sample where
it is absorbed to various extents at different wavelengths by the various
molecules present. Finally, the intensity of the IR beam is detected by a
detector. Liquid nitrogen cooled mercury cadmium telluride (MCT) detectors
are the most widely used in the mid-IR. With these detectors an interferogram
can be measured in as little time as 10 milliseconds. The detected signal is
digitized and Fourier transformed by the computer to get the IR spectrum of the
sample. A JASCO FTIR-6300 spectrometer was used to carry out the FTIR
studies. For the FTIR measurements, powdered samples were mixed with KBr
powder and pelletized. The background correction was made using a reference

pure KBr pellet before every measurement.
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Figure 2.21: Schematic diagram of FTIR spectrometer.
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2.8. Analytical Characterization Methods

2.8.1. Liquid Chromatography-Mass Spectrometry
(LC-MS)

The Liquid Chromatography-Mass Spectrometry (LC-MS) technology involves

use of a High-performance liquid chromatography (HPLC), wherein the
individual components in a mixture are first separated followed by ionization
and separation of the ions on the basis of their mass/charge ratio. The separated
ions are then directed to a photo or electron multiplier tube detector, which
identifies and quantifies each ion. The ion source is an important component in
any MS analysis, as this basically aids in efficient generation of ions for
analysis. To ionize intact molecules, the ion source could be Atmospheric
Pressure Chemical lonization (APCI), Electronspray lonization (ESI), etc. to
name a few popular ones. The choice of ion source also depends on the

chemical nature of the analyte of interest i.e. polar or non-polar.

The major advantages of this technology include sensitivity, specificity and
precision as analysis is done at molecular level. Also, structural details of the
analyte can be deciphered. To confirm the degradation of MB and BR, Liquid
chromatography-Mass spectrometry (LC-MS) study of only MB solution and
the final reaction mixtures (MB+T-NiFe,O, and BR+T-NiFe,O4) were carried
out using Agilent 1260 Infinity Quaternary LC coupled to a 6000 series single
quadruple mass analyzer in electrospray ionization mode. The quadrupole
analyser consists of a set of four parallel metal rods. A combination of constant
and varying (radio frequency) voltages allows the transmission of a narrow
band of m/z values along the axis of the rods. Schematic diagram of LC-MS is

shown in Figure 2.22.
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Figure 2.22: Schematic diagram of LC-MS spectrometer.

2.9 Magnetic Measurement Technique

2.9.1 Vibrating Sample Magnetometry (VSM)

A vibrating-sample magnetometer (VSM) is a scientific instrument that
measures magnetic properties. In VSM, a sample is vibrated (usually in a
direction perpendicular to the coils) sinusoidally by placing it in a direct current
(DC) magnetic field (H) and as a result a voltage is induced in the pickup coil
due to variation of magnetic flux B. According to Faraday’s law of
electromagnetic (EM) induction, induced voltage V in a pickup coil with cross

sectional area A and N number of turns is
v=-NAZ (2.11)
dt
where, B= u,H (here 4, is permeability of vacuum)

Now, if test specimen placed in the pickup coil is of magnetization M, the total
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magnetic induction B can be written as
B= 1o (H+M) (2.12)

Therefore, the change in flux due to sample insertion is AB= x,M. Hence, the

Equation 2.11, can be rewritten as,

Vdt = —,NAM (2.13)

Intensity of the signal is proportional to the magnetic moment of the sample and
the frequency is the same as that of the sinusoidal vibration. A schematic
diagram of the sample holder and detection mechanism of a VSM is shown in
Figure 2.23. Magnetic measurement of our sample was performed in a Lake
Shore VSM equipped with an electromagnet, capable of generating field of up
t0 1.6 T at 300 K.
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Figure 2.23: Schematic diagram of VSM.
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2.10 Porosity Measurement Technique

2.10.1 Surface and Pore Volume Analyzer

Physical adsorption (physisorption) is used to measure surface area and pore
size. As more gas molecules are introduced into the system, the adsorbate
molecules tend to form a thin layer that covers the entire adsorbent surface.
Based on the well-known Brunauer, Emmett and Teller (B.E.T.) theory one can
estimate the number of molecules required to cover the adsorbent surface with a
monolayer of adsorbed molecules, N,. Multiplying N, by the cross-sectional
area of an adsorbate molecule yields the sample's surface area. Continued
addition of gas molecules beyond monolayer formation leads to the gradual
stacking of multiple layers (or multilayers) on top of each other. The formation
of multilayers occurs in parallel to capillary condensation. The latter process is
described by the proportionality between residual (or equilibrium) gas pressure
and the size of capillaries capable of condensing gas within them.
Computational methods such as, the classical one by Barrett, Joyner and
Halenda (BJH), or preferably state-of-the-art calculations like Density Function
Theory (DFT) allows the determination of pore sizes from equilibrium gas
pressures. One can therefore generate experimental curves (or isotherms)
linking adsorbed gas volumes with relative saturation pressures at equilibrium

and convert them to cumulative or differential pore size distributions.

The adsorption/desorption isotherms and pore volumes of the adsorbents were
determined by nitrogen adsorption—desorption isotherms, measured at 77 K
using Quanta chrome Autosorb 1C system (shown in Figure 2.24). The samples
were degassed at 200°C under vacuum before starting N,adsorption. Surface
area and pore volumes (or pore size distribution) were determined using the
Brunauer-Emmet—Teller (BET) equation, Barret-Joyner—Halenda (BJH) and
DFT methods respectively.
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Chapter 3

Surface Modification of NiFe>O4 Nanoparticles

In this chapter we have demonstrated facile
functionalization strategy of NiFe2O4 nanoparticles
with hydrophilic organic ligand to induce intrinsic

photoluminescence and excellent catalytic &

photocatalytic property.
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3. Facile surface modification of nickel ferrite
nanoparticles for inherent multiple fluorescence and
catalytic activities

3.1 Preamble

In this era, nanotechnology has widened the limit for innovators, producers and

consumers in almost all sectors, by facilitating the engineering of functional
systems at the molecular level. The horizon of nanotechnology is still
experiencing rapid expansion. An important trend is the development of
multifunctional nanoparticles—nanoparticles that are capable of accomplishing
multiple objectives such as imaging and therapy or performing advanced tasks
through incorporation or attachment of single or multiple functional groups. The
attachment of different functional groups on the surface of the Nanoparticles
(NPs) is of immense interest for various scientific disciplines requiring
multifunctionality at the nanoscale. The controlled manipulation of the external
surface of NPs is of paramount importance as it defines the interface between
the NP and its surroundings and strongly determines the overall performance of

the NP especially in biological environments [1-4].

With increasing applications, particularly in biomedical fields [5-9], the
multifunctional magnetic nanoparticles (MNPs) have attracted tremendous
attention due to their potential to be used in the ultrasound [10], optical and
fluorescence imaging combined with targeted drug delivery [11-14], separation
and purification of cells [15], tissue repairing [16], hyperthermia for cancer
treatment [17], as they result from biocompatibility, chemical stability and
controlled transport property. The MNPs are also useful in the field of catalysis
since they are efficient for specific chemical transformations. In addition they
are propitious economically and environmentally due to their elevated activity,
sufficient stability, controlled separation by an external magnetic field, low
price, and facile synthesis [18-24].
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MNPs with intrinsic fluorescence are in high demand. To be used in biomedical
field, they should possess criteria such as biocompatibility, monodispersity,
dispersibility in water, and non-toxicity. The commonly used procedure for
synthesizing magneto-fluorescent NPs involves processes like making
nanocomposites with quantum dots (QDs) or coatings with fluorescent dyes. In
order to make the NPs biocompatible, surface modifications were carried out
with biomolecules like proteins, DNA, RNA, small organic ligands, and
polymers, but none of them were able to generate intrinsic fluorescence. But,
their applications towards the biomedical field are tapered due to disadvantages
such as chemical instability, photobleaching of fluorescent dyes, and inherent
toxicity of QDs (due to the presence of heavy metals like Cd*?, Pb*?) [25].
Therefore, to stimulate the wide applicability of the nanoparticles (NPs) in
biomedical field, a facile and apt process for surface modification is highly
required. The main purpose of our present work is to design water dispersible
3d transition metal oxide based MNPs with intrinsic fluorescence for their

applications in cell imaging.

In this chapter, we have discussed the synthesis NiFe,O, NPs by wet chemical
method and development of NiFe,O, NPs as multifunctional nano-probes
bearing inherent multicolor photoluminescence by the simplistic way of surface
modification. Furthermore, we have utilized efficiently the developed MNPs in
photocatalysis and catalysis. Using ligand field theory (LFT), we have pointed
out the electronic transitions responsible for multicolored photoluminescence of
the functionalized NiFe,O, NPs. We tried the functionalized NPs as cell

Imaging agent and found them worthy to be used in imaging applications.
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3.2. Experiment

3.2.1 Materials Used

Iron acetylacetonate [Fe(acac)s], Oleyl amine and methylene blue (MB) were
obtained from from Sigma-Aldrich. Nickel Acetate [Ni(CH3CO,),], Diphenyl
Ether, Oleic Acid, Cetyl alcohol and bilirubin (BR) were purchased from Loba
Chemie. Tartaric acid and Sodium Hydroxide (NaOH) were bought from
Merck.

3.2.2 Synthesis and Experimental Procedure

We have synthesized NiFe,O, NPs with slight modification, by following a
template free wet chemical method previously reported by Sun et. al [26]. The
solution mixture of Iron (I11) acetylacetonate [Fe(acac)s], Nickel(ll) acetate
[Ni(CH3CO,),], Diphenyl ether, Oleylamine, and Oleic acid was heated to
270°C for 1 h in presence of Cetyl alcohol instead of 1,2-hexadecanediol used
by Sun et. al [26]. The as-synthesized NiFe,O, NPs were then washed by
ethanol and collected after centrifugation. The removal of the mother solution
was carried out by heating the NPs on a hotplate at a temperature of 80°C for 30

min.

The functionalization process of Nickel ferrite by tartrate ligand was carried out
using a vibrator-rotor. At first in a glass vial of Borosil, we took the solution of
Na-tartrate and solid as-prepared Nickel ferrite nanoparticles. Then the glass
vial was placed on the top of the vibrator-rotor and the mixture went under
vigorous vibration and rotation for 12 hrs. This process is called “cyclomixing”.
The non-solubilised NiFe,O, NPs were filtered by passing the functionalized
NP-solution mixture through a syringe filter of diameter 0.22 pm. We obtained
a clear solution of tartrate-functionalized NiFe,O4 NPs, called T-NiFe,O4 NPs.
The T- NiFe,O4 NPs were then further surface modified by heating the clear



Chapter 3

solution at 70°C for 42 h, while keeping the pH of the solution at 12 by adding
NaOH drop wise.

The X-ray powder diffraction (XRD) of as-prepared NiFe,O, NPs was carried
out using Rikagu miniflex Il diffractometer equipped with Cu K, radiation (at
40 mA and 40 kV) at the scanning rate of 3° per minute in the 20 range of 20°-
70°. A FEI Technai G2 TF-20 field-emission high-resolution transmission
electron microscope (TEM), operated at 200 kV was used to study the size
distribution, shape, morphology and to record the Energy-dispersive X-ray
analysis (EDX) spectrum of the as-prepared and functionalized NiFe,O,; NPs.
The Ultraviolet-visible (UV/Vis) absorbance spectra of T-NiFe,O4 NPs were
obtained on a Shimadzu UV-2600 spectrophotometer, using a quartz cuvette of
1 cm path length. A Horiba Jovin Yvon Model Fluorolog fluorimeter was used
to carry out the steady-state fluorescence emission and excitation study of T-
NiFe,O4 NPs. Fluorescence micrographs of T- NiFe,O, NPs were captured
using a Leica DM1000 LED fluorescence microscope.

To be sure of the attachment of tartrate molecules to the NPs’ surface, Fourier
transform infrared spectroscopy (FTIR) measurements were performed using a
JASCO FTIR-6300 spectrometer. For FTIR study, pellets were made after
homogeneous mixing of lyophilized T- NiFe,O4 powder samples with KBr. The
background was corrected using a reference KBr pellet. To estimate the loading
of the tartrate functionalization, we performed Thermogravimetry (TG) on the
T- NiFe,O,4 and bare NiFe,O, NPs using PerkinElmer Diamond TG/DTA with
the heating rate of 10°C/min. The magnetic measurements were performed
using a Lake Shore Vibrating Sample Magnetometer (VSM) under a magnetic
field of 14 kOe.

For cell culture tests, cells of the human osteosarcoma cell line Cal-72 were
ordered from the DSMZ (Leibnitz Institute DSMZ — German Collection of
Microorganisms and Cell Culture, DSMZ no.: ACC 439). The cells were
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cultivated in Dulbecco’s Modified Eagle Medium with a concentration of 10%
foetal bovine serum. After three days the medium was removed and replaced by
mixtures of culture medium and functionalized NPs at concentrations of 6, 2,
and 0.5 mg/ml. After one day those mixtures were removed and the cells were
fixed using 3% paraformaldehyde in Phosphate Buffered Saline (PBS).
Cytotoxicity was performed by watching the phenotype and condition of the
cells for several hours using a high resolution optical microscope. Images of the
cells along with NPs were taken using a Laser scanning Microscope (LSM).

3.2.3 Photocatalytic Study

In the photocatalytic study, an 8 W UV lamp with a wavelength of 253.7 nm
(UV-C) was used. The aqueous solution of T-NiFe,O4 NPs (50 pL, containing
0.06 mg NPs) and 5 uM aqueous solution of Methylene Blue (MB) (pH~3) were
uniformly mixed in a quartz cuvette for 1h in the dark. Then, the cuvette was
kept 2 cm away from the light source and the absorbance spectra of MB in
presence of T-NiFe,O, NPs solution was measured periodically by Shimadzu
UV-2600 UV/VIS spectrophotometer. The very first recorded set of data of
absorbance was marked as 0 minute. After 60 minutes of irradiation (first
cycle), we further added 5 pL. methylene blue solution to the reaction mixture
but the catalyst solution was not added for the second cycle. Similar procedure
was maintained up to 5 cycles.

To confirm the degradation of MB, Liquid chromatography-Mass spectrometry
(LC-MS) study of only MB solution and the final reaction mixture (MB+T-
NiFe,0,) was carried out using Agilent 1260 Infinity Quaternary LC coupled to
a 6000 series single quadruple mass analyzer in electrospray ionization mode.

In order to find the reaction pathway for the photocatalysis, we carried out the
degradation study of MB in the previously mentioned process with radical
scavenger (Ethyl alcohol/EtOH) and radical initiator (H,0,).
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3.2.4 Catalytic Study

In order to determine the catalytic activity of functionalized NPs, the aqueous
solution of T-NiFe,O4 NPs (50 mL, containing 0.06 mg NPs) were added to 15
uL of aqueous solution of bilirubin (BR) (pH~7) kept in a quartz cuvette under
continuous stirring in the dark. Then the absorbance spectra of BR in presence
of T-NiFe,O, NPs solution were recorded at times by using UV/Vis
spectrophotometer. The reusability study was carried out by the similar
procedure as we did for photocatalysis up to 3 cycles.

To get the confirmation of decomposition of BR, we carried out LC-MS study
of BR and the final reaction mixture (BR+T-NiFe,O,4) by the same instrument

used for determining the degradation in the photocatalytic study.

3.3. Results and Discussion

The XRD pattern as shown in Figure 3.1.(a) is consistent with the standard
inverse spinel face centered cubic structure of NiFe,O, (JCPDS Card No. 10-
0325).The EDX spectrum of NiFe,O, NPs in the inset of Figure 3.1.(a) affirms
the presence of nickel, iron and oxygen. To obtain the morphology and particle
size of as-synthesized NiFe,O4 NPs, we carried out TEM analysis, as shown in
Figure 3.1.(b). From Figure 3.1.(c), it is apparent that the NPs have a size
distribution with an average diameter of 6.8 nm. The high-resolution
transmission electron microscope (HRTEM) image, as shown in Figure 3.1.(d)
depicts the highly crystalline nature of the as-prepared NiFe,O, NPs. The
measured interplanar distance between lattice fringes is around 0.253 nm, which
corresponds to the distance between the (311) planes of the NiFe,O, crystal
lattice.
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Figure 3.1: (a) XRD of the as-prepared bare NiFe,O4 NPs. Inset of (a) EDX spectrum of the
NPs, indicating the presence of only Ni, Fe, and O.(b) TEM,(c) Size distribution graph, (d)
HRTEM of as-prepared NiFe,O, NPs. HRTEM image shows the crystallinity of the as-

prepared NiFe,O4 NPs.

To make the NiFe,O, NPs biocompatible and water-dispersible, we have
functionalized the as-prepared NPs with the aqueous solution of a small organic
ligand, Na-Tartrate. After surface functionalization, the size of the NPs was
found to remain almost unchanged with an average diameter of 6.6 nm, as
evident from Figure 3.2.(a) and the size distribution graph shown in Figure
3.2.(b). The HRTEM image (shown in Figure 3.2.(c)) of the functionalized NPs

(T-NiFe,O,) shows its crystalline nature.
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Figure 3.2: (a) TEM, (b) Size distribution graph, (c) HRTEM of water dispersible T- NiFe,0,4
NPs, (d) TEM of fluorescence modified T-NiFe,O4 NPs. Size distribution graph depicts that
the average particle diameter remains almost unchanged after surface modification.
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Figure 3.3 shows the UV/VIS absorption spectra of Na-tartrate, T-NiFe,O, NPs
(pH ~ 7) fluorescence modified (fl. mod.) T-NiFe,O; NPs (pH ~ 12). The
UV/VIS absorption spectra clearly shows a broad spectrum around 302 nm for
T-NiFe,O, NPs where such feature was found to be absent for Na-tartrate. This

clearly indicates the change in surface of the NPs’.
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Figure 3.3: UV/VIS absorption spectra of Tartrate, T-NiFe,O,4, and fluorescence modified T-
NiFe,O4 NPs.

After obtaining knowledge from the UV/VIS spectra of functionalized NiFe,0,
NPs, we have performed a photoluminescence study and have observed
photoluminescence at 412 nm (low intensity) on exciting the sample at
wavelength of 325 nm. To intensify the photoluminescence, we carried out
further surface modification by heating the functionalized NiFe,O4 NPs solution
for 42 h at 70°C and pH~12 which we call fluorescence modified (fl. mod.) T-
NiFe,O4 NPs. They were found to exhibit another absorption band at 365 nm in
addition to the band at 325 nm as shown in Figure 3.3. The surface modification
is found to result in three photoluminescence peaks with many fold increase in
overall intensity, upon excitation at proper wavelengths as shown in Figure
3.4.(a), the normalized steady state photoluminescence emission spectra of fl.
mod. T- NiFe,O, NPs. This is due to an increase in the strength of the

coordination between the functional groups of the ligand (-COO™ and —OH
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moieties) and the metal ion (Ni*?) which leads to three more photoluminescence
peaks as well as a huge increase in photoluminescence intensity of T-NiFe,O,4
NPs. Upon exciting with wavelengths of 325, 375, 450, and 503 nm, the NPs
solution gave rise to significant photoluminescence peaks at 412, 467, 530, and
603 nm, respectively. These bands are clearly distinguishable also in the
excitation study as shown in Figure 3.4.(b). The fluorescence micrographs of fl.
mod. T-NiFe,O, NPs show the photoluminescent colors like blue (Figure
3.4.(c)), green (Figure 3.4.(d)) and red (Figure 3.4.(e)) on excitation of at 375,
450, and 515 nm, respectively, by using proper filters for the excitation

wavelengths.

(a) 412 467 530 603 A_=325 nm (b) 325 375 450 § —
A =375 nm vy \ ;\’1‘
A_=450 nm }
A =503 nm N el

Normalized FL Intensity
Normalized FL Intensity

300 400 S00 600 700 800 250 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 3.4: (a) Normalized steady-state fluorescence emission spectra obtained from
fluorescence-modified T- NiFe,O, NPs after excitation at four different wavelengths, Aex
=325, 375, 450, and 503 nm.(b)Fluorescence excitation spectra of fluorescence-modified T-
NiFe,O, NPs at different emission maxima, that is, Aem= 412, 467, 530, and 603 nm.
Fluorescence images of fluorescence-modified T- NiFe,O, NPs powder under (c) UV (375
nm), (d) blue (450 nm), and (e) green (515 nm) light irradiation. The scale bars in all images

are 500 pm.
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The generation of multicolor photoluminescence can be proficiently explained
with the aid of The Ligand Field Theory (LFT). Based on the LFT a ligand co-
ordination with the NPs’ surface plays the key role, which yields the crystal
field splitting energy (CFSE) (A) generated from d orbital splitting with a
magnitude determined by the ligands and a given coordination symmetry. The
strength of the metal-ligand o bond increases as a function of increasing basicity
of the solution. As the basicity of the solution increases, the 2-carboxyl and 2-
hydroxyl groups become deprotonated resulting in larger interactions with the
metal ions and as an outcome, CFSE (A) associated with the ligand increases
which finally lead to an increased splitting between the previous degenerate d
orbitals. The emission peaks at 467, 530 and 603 nm can be attributed to 3A,,
(F) — 3Tig (P), 3Ay (F) — 3Tyy (F) and 3Ay (F) — 3Ty (F) transitions
involving d-d orbitals of Ni*? ions respectively, where these energy levels were
obtained from the Tanabe Sugano diagram of Ni*?, shown in the Figure 3.5.
These d-d transitions are formally spin allowed transitions. Note that d—d
transitions involving only Fe*® are not efficient for the development of such
intense fluorescence [27]. On the other hand, due to strong ligand to metal
charge transfer (LMCT) from HOMO (Highest Occupied Molecular Orbital,
centered on the ligand) to LUMO (Lowest Unoccupied Molecular Orbital,
centered on the metal ions), bonding interactions between the metal and the
ligand increases considerably. Therefore, the photoluminescence peak arising at
412 nm can be attributed to LMCT involving HOMO of tartrate ligand and
LUMO cantered over metal ion Ni**[28].
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Figure 3.5: The spin-allowed transitions of d® system (using Tanabe-Sugano diagram) that

results in fluorescence.

The fluorescence quantum vyield (QY) is calculated by following the relative
method, taking Rhodamine B (Rh B) as the standard fluorescent compound. As
shown in the Figure 3.6, the obtained QYs are 15.13% for the 412 nm band,
1.6% for the 467 nm band and the 0.15% for 530 nm band of fl. mod. T-
NiFe,O4 NPs. The quantum yield of fluorescence-modified T-NiFe,O, NPs was
measured according to A Guide to Recording Fluorescence Quantum Yields

[29-30], using to the following equation:

(pX: (pST (GradX) (n§(>

Gradst/) \nér

where, @y is the fluorescence quantum yield of the test sample we are
measuring and @¢r is the quantum yield of the standard sample. Grad refers to
the gradient from the plot of fluorescence intensity against the absorbance. The
n is the refractive index of the solvent, and the subscripts ST and X mean the

standard and test sample respectively.
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Figure 3.6: Fitting used to calculate the quantum vyield (QY) of fluorescence-modified T-

NiFe,O4 NPs dispersed in water. The Rhodamine B dye (Rh B) was used as a reference.
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Figure 3.7: (a) FTIR spectra of as-prepared NiFe,O4 and T-NiFe,O4 NPs together with Na-
tartrate alone, (b) TGA curve of as-prepared NiFe,O4 and T-NiFe,O4 NPs.

In order to verify the attachment of the tartrate molecules to the surface of
NiFe,O4 NPs, we performed the FTIR study of bare NiFe,O, NPs, T- NiFe,O,
NPs and pure tartrate ligand. For studying FTIR, we made FTIR pellets by well

mixing the KBr salt and the respective NPs followed by placing the mixture in



Chapter 3

the pelletizer. As depicted in Figure 3.7.(a), the peak arising at 587 cm™ is due
to stretching vibration of metal-oxygen bonds in NiFe,O,. The peak at 587 cm™
is absent in T-NiFe,0, NPs. Two sharp peaks arising at 1066 and 1112 cm™ in
the case of tartrate ligand are due to C—OH stretching modes [31] and two other
peaks at 1411 and 1621 cm™ are due to the symmetric and asymmetric
stretching of the COO™ [32]. In the case of T-NiFe,O, NPs, due to the
interactions between NPs surface and the functional group moieties of the
ligand, all the bands are distinctly perturbed along with the band at 3399 cm™
which arises because of the stretching vibrational modes of the O—H group [31].
This clearly indicates the involvement of —-COO and —OH group in the
functionalization. Thermogravimetric analysis (TGA) data of the as-prepared
and tartrate functionalized Nickel ferrite measured under nitrogen atmosphere
from 100 to 400°C and shown in Figure 3.7.(b). The amount of tartrate ligand
bound to the nanoparticle surface was calculated from the TGA data and found
to be ~ 1.88 wt% of the T- NiFe,O, NPs.
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Figure 3.8: (a) Plot of magnetization versus applied magnetic field (M-H) of as-prepared
NiFe,O4 NPs at 300 K, (b) M-H plot for T- NiFe,O4 NPs at 300 K.

The room temperature magnetic behavior of the as-prepared and T-NiFe,O4
NPs were studied using VSM. Figure 3.8 depicts the field dependent
magnetization (M-H loops) of both as-prepared and functionalized NiFe,O, NPs
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due to the application of 14 kOe field. From Figure 3.8.(a) and 3.8.(b) it is
found that the saturation magnetization and coercivity are reduced from 37.1
emu/g to 11.7 emu/g and from 0.04 kOe to 0.02 kOe, respectively, in case of T-
NiFe,O, NPs in comparison with as-prepared NiFe,O4 NPs. The tartrate ligand
contains both ¢ donor (-OH) and © donor(—-COQO") groups which results in
immense LMCT and spin pairing of Ni*? ions in T-NiFe,0, NPs, which reduces

the saturation magnetization [33].
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Figure 3.9: (a)The UV/Vis spectral changes of an aqueous solution of MB in the presence of
T-NiFe,O4 NPs with time, under UV irradiation, (inset of (a) fitted first order reaction rate),
(b) Plots of relative concentration of MB monitored at 660 nm versus time for five
consecutive cycles, showing reusability of T-NiFe,O4 NPs in MB degradation under UV
light, (c) The rate of photocatalytic degradation of MB (monitored at 663 nm) in presence of
Na-tartrate, NiFe,O4 and T- NiFe,O4 NPs.
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After efficiently incorporating the intrinsic fluorescence in NiFe,O4 NPs, we
inspected the optical excitation of the functionalized NiFe,O, NPs in
photocatalysis for waste water treatment. The T-NiFe,O, NPs were found to
own efficient photocatalytic properties (as shown in Figure 3.9.(a)). In case of
the degradation of MB, a frequently used dye in textile industries and a model
water-contaminant, a catalytic effect occur after UV light irradiation. We found
that the photodegradation of MB in presence of functionalized NiFe,O4 NPs at
pH~3 takes place exponentially with time following a first-order rate equation
(by fitting with equation A=A.e™) with a kinetic rate constant k = 2.82 x 107
min™. We also carried out a reusability test of the catalyst with 60 min of time
interval as shown in Figure 3.9.(b). We kept adding MB up to 5 cycles by
keeping the concentration of the catalyst same (by not adding more catalyst
after the 1st cycle). We measured the decomposition rate of the MB by
monitoring the absorbance at 663 nm by UV/Vis spectroscopy that had led to
conclude the reusability of T-NiFe,O, NPs as a catalyst. Only Na-tartrate was
not found effectual to degrade MB which can be seen in Figure 3.9.(c)., where
the comparative rate of degradation of MB by Na-Tartrate, bare NiFe,O, NPs
and T-NiFe,O4 NPs is shown.
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Figure3.10: LC-MS scan of MB (a) before and (b) after photocatalysis.

In order to confirm the decomposition of MB, we carried out LC-MS
experiment of the MB and the reaction mixture. The peak at m/z = 284 in the

Figure 3.10.(a) confirms to the presence of MB. The peaks in the Figure
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3.10.(b) show the results of LC-MS study on MB (after photocatalysis) and
correspond to the degraded products of MB after photocatalysis [34].
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Figure 3.11: Comparative study of degradation of MB (monitored at 663nm) in presence of
tartrate, T-NiFe,O,4, T-NiFe,0.@H,0,, and T-NiFe,O,@EtOH.

To be assuring of the pathway of photocatalysis, we performed the MB
degradation study in presence of radical scavenger (EtOH) and radical initiator
(H,0,). The rate of photocatalytic degradation is expected to be slow down in
the presence of EtOH if the photocatalysis follows radical pathway, then, which
is a well-known radical scavenger. On the other hand, the rate of photocatalytic
degradation should increase in presence of H,0O,, a known radical initiator.
From the Figure 3.11, it is clearly evident that the radical initiator has facilitated
the decomposition of MB while the radical scavenger slowed down the reaction
rate. We found that in presence of H,O, the reaction rate is increased to 9.8 x
10 min™ and in presence of ethanol the reaction rate is dropped to 4.7 x 107
min™, which confirmed that the photocatalytic degradation of MB by T-NiFe,O,
NPs follows the Reactive oxygen species (ROS) pathway [35]. The mechanism
(shown in Figure 3.12) undergoes the following steps:
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Figure 3.12: Schematic diagram of degradation pathway of MB by T-NiFe,0,.
1. Absorption of photon by metal oxide
Metal Oxide + hv — e;g + hjp
2. Oxygen lonosorption
0,+ecg — 0,
3. Neutralization of OH™ groups by photoholes which produces OH' radicals
(H,0— H*+0OH" )H*+OH™ + hjzg —> H" + OH
4. Neutralization of O, by protons
0, + Ht — HO,
5. Transient hydrogen peroxide formation and dismutation of oxygen
2HO, — H,0, + 0,
6. Decomposition of H,0, and second reduction of oxygen
H,0,+e — OH + OH~
7. Oxidation of the dye via successive attacks by OH' radicals

R + OH — degradation products
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Figure 3.13: The UV/Vis spectral changes of an aqueous solution of MB in the presence of T-
NiFe,O, NPs with time, under UV irradiation at pH 7, (in the inset the fitted first order

reaction rate),

The degradation of Methylene blue (MB), which is a cationic dye, occurs
through the adsorption of the dye to the surface of the catalyst. The cationic dye
is easily attracted and attached to the surface of the catalyst as the NP’s are
functionalized by negatively charged tartrate ions. This attachment helps to
degrade the dye faster. As the catalytic property of the tartrate functionalized
nickel ferrite does not change significantly up to several cycles, we can infer
that no significant amount of tartrate leaching is occurred. From the Figure
3.13., it is evident that at pH 7 the rate of degradation is decreased significantly.
The rate of degradation was found (k) to be 2.59 x 10 min™, which is 11 times
slower than the rate in pH 3. At higher pH, the availability of OH" ions
increases, which in results competes with the electron reach dye to get attached
on the NP’s surface. Also the attachment of OH™ ions to the surface of NP’s
makes the surface negatively charged which obstructs the electron rich dye to

approach and results in the fall of the rate degradation happens.
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Figure 3.14: (a) The UV/Vis spectral changes of an aqueous solution of BR in the presence of
T- NiFe,O4 NPs with time, (inset of (a) fitted first order reaction rate) (b) Plots of the relative
concentration of BR monitored at 435 nm versus time for five consecutive cycles, showing
reusability of T- NiFe,O4 NPs in the degradation of BR, (c) The rate of catalytic degradation
of BR (monitored at 435 nm) in presence of Na-tartrate, NiFe,O4 and T- NiFe,O4 NPs.

Stimulated by the photocatalytic property of the functionalized NiFe,O, NPs on

MB, we have performed similar experiment on a biologically toxic pigment, BR

which is responsible for the occurrence of yellow coloration of skin in jaundice.
T-NiFe,O, NPs shows a good catalytic activity in the degradation of BR

without any photoexcitation at pH ~ 7 at room temperature as shown in Figure
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3.14.(a). The reaction follows first order kinetics with the reaction rate constant
k = 6.5 x 10 min™. We investigated the recyclability of the catalytic efficiency
of T-NiFe,O, for degradation of BR by adding the same amount of BR to the
reaction mixture in every 60 min up to 3 cycles, keeping the concentration of
the catalyst unchanged. We measured the fall in absorbance of the BR at 435
nm at regular intervals by UV/Vis spectroscopy. The plot of relative BR
concentration as a function of time for up to three consecutive cycles, as
demonstrated in Figure 3.14.(b), confirms the reusability of the NiFe,O, NPs
catalyst. Figure 3.14.(c) depicts the comparative rate of degradation of BR by
Na-Tartrate, bare NiFe,O, NPs and T-NiFe,O, NPs which indicates the
incapability of pure Na-tartrate to degrade BR.
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Figure 3.15: LC-MS scan of BR (a) before and (b) after catalysis.

To be assured of the degradation of RB, LC-MS experiment of the BR and the
reaction mixture was carried out. The peak at m/z = 594 in the Figure 3.14.(a)
corresponds to the presence of Bilirubin only. The peaks in the Figure 3.15.(b)
show the results of LC-MS study on BR (after catalysis) and correspond to the
degraded products of BR after catalysis [37]. The degradation pathway proceeds
through oxidation of BR via reactive oxygen species (ROS) [38-39].

101



Chapter 3

Figure 3.16: Osteosarcoma cells with T-NiFe,O, NPs at a concentration of 2 mg/ml cell
medium in (a), (c) bright field and (b), (¢) LSM with an excitation wavelength of 370 nm.

Figure 3.16 shows human osteosarcoma cells in the presence of culture medium
with a NP concentration of 2 mg/ml. From the Figure 3.16.(a) and 3.16.(c), it
can be deduced that the cells are alive and in a good condition indicating the
non-toxicity of the NPs. Figure 3.16.(b) and 3.16.(d) shows that NPs stick to
cells and fluoresce under illumination with light of appropriate wavelength and

intensity.
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3.4. Conclusion

Through easy surface modification of NiFe,O, NPs with Na-tartrate ligands, we
have prepared biocompatible multifunctional nanoparticles with intrinsic
fluorescence properties covering the whole visible region, ranging from blue,
and green, to red. The NPs are found to be efficient in cell imaging using this
inherent fluorescent property. Additionally, the T-NiFe,O4 NPs show good
catalytic and photocatalytic activity in the degradation of biologically and
environmentally toxic pigments [Bilirubin and Methylene blue] respectively. A
thorough experimental and theoretical study has revealed that the LMCT
transition from the highest occupied energy level of the tartrate ligand to lowest
unoccupied energy levels of Ni*? and d—d transitions centered over Ni*? jons on
the NPs’ surface play crucial roles in the generation of multicolor fluorescence
from the T- NiFe,O, NPs. We trust that the development of these
multifunctional T-NiFe,O, NPs will open new opportunities in the field of
diagnostics, such as bio-imaging, therapeutics and drug delivery, as well as in

wastewater treatment of contaminants.
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Chapter 4
Surface Modification of CoFe;Oq

Nano-Hollowspheres

This chapter demonstrates the improvement of
fluorescence and magnetic property upon surface
modification strategy of CoFe2O4 nano-hollowspheres
due to the hollow structure and incorporation of Co
within the system. Moreover, we have shown excellent
photocatalytic property of surface modified CoFezO4
nano-hollowspheres.
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4. Surface Modification of Cobalt Ferrite (CoFe,0,)
Nano-Hollowspheres for Intrinsic Polychromatic
Photoluminescence and Enhanced Photoatalytic
Activities

4.1 Preamble

Nanostructures (NSs), compared with bulk materials have distinctive and novel
properties and therefore offer great openings for development of new industrial
applications. Many nanostructures (NSs) are already in use or have potential to
be widely used in a range of applications [1-5]. From last two decades,
fabrication of magnetic nanostructures and design them to attain desired
morphology has become a subject of great interest. It has been found that
materials having building blocks with same configuration but different
morphology can have different properties. Throughout last few years, the
researchers have developed various synthesizing routes to synthesize different
nanostructures (NSs) such as sphere, rod, wire, chain, disc, tiles, etc., and they
have found different features for different morphologies. Recently, inorganic
hollow nanostructures with defined structure, composition, and tailored

properties have attracted substantial attention [6-8].

The magnetic nanomaterials, nano-hollow spheres (NHSs) are found to be very
promising because of their high magnetic saturation, large surface area, low
density, ability to withstand volume changes due to temperature and pressure
and large pore volume, which enable them to be used in wide varieties of
applications in the fields of biomedical research [9], energy storage [10], high
frequency magnetic devices [11] and chemical sensors [12]. The cavity inside
and large surface enhances their capability of capturing and delivering drugs
and other materials and their usability in Hydrogen evolution reaction [13],

oxidation of organic pollutants [14], super capacitors [15], Li ion battery [16-
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18], gas sensing [19-20], anti-bacterial activities [21] and in-vivo cancer
treatment [22-23]. Though by definition, the nanomaterials should have
dimensions <100 nm, in the field of drug delivery comparatively bigger (>100
nm) nanomaterials are desired for loading sufficient amount of drugs. NHSs
serve this purpose as they, with size >100 nm, may also behave like

nanomaterials because of their shell thickness <100 nm.

Functionalized nanostructures are very promising for applications in catalysis,
biolabeling, and bioseparation. Multifunctional nanomaterials with good
magnetic and fluorescent properties are in high demand in biomedical
applications. There are two methods frequently used for synthesizing magneto-
fluorescent nanomaterials, (i) by making nanocomposites with quantum dots
(QDs) and (ii) by coating the nanomaterials with fluorescent dyes.
Disadvantages like photobleaching properties of fluorescent dyes, chemical
instability and toxic effects of the QDs (owing to the presence of heavy metals
like Cd*™, Pb*?) [24], their applications are lessened towards the biomedical
application. In order to make the nanomaterials biocompatible, surface
modifications were done by biomolecules like proteins, DNA, RNA, and
polymers, but they failed to induce inherent fluorescence. However we
successfully developed biocompatible magnetic nanoparticles with intrinsic
fluorescence [25] but their magnetic properties were not up to the mark due to
their surface modification and small size. Therefore, in our present work, we
prepared of CoFe,O4 NHS (>100 nm) as a magneto-fluorescent material with
better fluorescence and magnetic properties compared to their solid particle

counterpart.

Among the all other ferrites, CoFe,O, got popularity because of its high
saturation magnetization, high coercivity, chemical and physical stability, which

give rise to the wide applications in the fields such as biomedical research,
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energy storage. We efficaciously generated inherent photoluminescence by
modifying the surface of CoFe,O; NHSs with Sodium tartrate ligand.
Additionally, we tested the photocatalytic capability of the surface modified
CoFe,O4 NHSs in the degradation of water contaminants like methylene blue
(MB) and rhodamine b (Rh B). Through the orderly investigations, we found
that ligand to metal charge transfer and d-d transitions are responsible for the
generation of multicolor photoluminescence which was explained by the ligand
field theory (LFT).

4.2. Experiment

4.2.1 Materials Used

Iron chloride hexahydrate [FeCl;.6H,0], Cobalt chloride hexahydrate [CoCl.,.
6H,0], Ethylene Glycol, Urea [CO(NH;),], Oleylamine are obtained from
Sigma-Aldrich. The dyes, methylene blue (MB) and rhodamine b (Rh B) are
also bought from Sigma-Aldrich. Tartaric acid, Ethyl Alcohol [EtOH] and
Sodium Hydroxide [NaOH] are purchased from Merck.

4.2.2 Synthesis and Experimental Procedure

We synthesized CoFe,O, NHSs by solvothermal method. A solution mixture of
Iron (I11) chloride hexahydrate, Cobalt (Il) chloride hexahydrate, Ethylene
Glycol, Urea, Ethanol and Oleylamine was heated in a Teflon lined stainless
steel autoclave at 200°C for 20 h in an oven. Then the as-prepared CoFe,04
NHSs were washed by ethanol and collected after centrifugation. The removal
of the mother solution was done by heating on a hotplate at a temperature of
80°-90°C for 30 min. The Ostwald ripening process has been proposed as a
template-free strategy and is used more and more to fabricate inorganic hollow

spheres.
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The basic principle of the inside-out Ostwald ripening process is that the larger
crystals grow from those of smaller size, which have higher solubility than the
larger ones. Within a colloidal aggregate, smaller, less crystallized, or less dense
crystallites will dissolve into the liquid phase as a nutrient supply for the growth
of larger, better crystallized, or denser ones. When the crystals grow in solution,
the concentration of growth units varies across the mother solution, due to the
size difference of resultant nanocrystals. With the driving force of the
minimization of surface energy, metastable nanoparticle aggregates occur first
due to the reduction of supersaturation in solution. Once the particles with
different sizes are attached to each other, the large particles begin to grow,
drawing from smaller ones. VVoids gradually form and grow in the cores of large
aggregates, and the shell thickness increases owing to the outward diffusion of

solutes through the permeable shell.

For the purpose of surface modification of the as-prepared CoFe,O4 NHSs with
tartrate ligands, we cyclomixed the NHSs with a 0.5M Na-tartrate solution
(pH~7) at room temperature for 12 h. We obtained a light brown solution of
tartrate-functionalized CoFe,O, NHSs, and named as T-CoFe,O, NHSs.

The X-ray powder diffraction (XRD) of as-prepared CoFe,O, NHSs was done
using Rikagu miniflex II diffractometer equipped with Cu Ka radiation (at 40
mA and 40 kV) at the scanning rate of 3° per minute in the 26 range of 20°-70°.
A FEI QUANTA FEG 250 field-emission high-resolution scanning electron
microscope (FESEM), operated at 5-10 kV was used to study the size, shape,
morphology, and size distribution and to record the Energy-dispersive X-ray
analysis (EDX) spectrum of the as-prepared and functionalized CoFe,O, NHSs.
The Ultraviolet-visible (UV/Vis) absorbance spectra of T-CoFe,O4 NHSs were
obtained on a Shimadzu UV-2600 spectrophotometer, using a quartz cuvette of

1 cm path length. To carry out the steady state photoluminescence excitation
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and emission study of T-CoFe,O4 NHSs a Horiba JovinYvon Model Fluorolog
fluorometer was used. Fluorescence micrographs of CoFe,O, NHSs were

captured using a Leica DM1000 LED fluorescence microscope.

FTIR (Fourier transform infrared spectroscopy) measurements were performed
using a JASCO FTIR-6300 spectrometer to ensure of the attachment of tartrate
molecules to the NHSs’ surface. For FTIR study, pellets were made by placing
the homogeneous mixture of lyophilized T-CoFe,O4 NHSs powder samples and
KBr (using the ratio 1:4 respectively) under the pelletizer. The background was
corrected using a reference KBr pellet. For magnetic measurements of as-
prepared CoFe,O, NHSs and T-CoFe,O4 NHSs, a Lake Shore VSM equipped

with an electromagnet was used.

Two UV lamps with different wavelength (253 nm and 360 nm) were used in
the photocatalytic study. The aqueous solution of T-CoFe,O, NHSs (50uL) and
10uM aqueous solution of Methylene Blue (MB) (pH~3) and Rhodamine B (Rh
B) (pH~3) were homogenously mixed in a quartz cuvette for 1h in the dark.
Then, the cuvette was kept 2 cm away from the UV light source and the
absorbance spectra of MB and Rh B in presence of T-CoFe,O4 NHSs solution

were measured from time to time by using UV/Vis spectrophotometer.

4.3. Results and discussion

Figure 4.1.(a) shows the XRD pattern of the as prepared CoFe,O, NHSs which
confirms that all the peaks perfectly match with the cubic inverse spinel
structure of CoFe,O, NHSs, as reported in the literature (JCPDS file no. 22—
1086). The EDX (energy dispersive X-ray) spectra in the Figure 4.1.(b)
confirms the presence of Co, Fe and O in CoFe,O4 NHSs. Crystallite size of the
particles (~ 40 nm) has been calculated taking three peaks from XRD using

Scherer formula, d = (k.A)/(B.cosB® ), where d is particle size, k is structural
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constant (0.94), A is working wave length, 3 is the FWHM of the selected peak

in radians, 0 is the peak angle in degrees.
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Figure 4.1: (aQ)XRD of the as-prepared CoFe,O, NHSs. (b) EDX spectra of as-prepared
CoFe,04 NHSs indicating presence of Co, Fe and O.
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For understanding morphology and size of the both as-prepared CoFe,O, NHSs
and T-CoFe,O, NHSs, A SEM (Scanning Electron Microscope) study was
performed. From Figure 4.2.(a) and (b), it is clearly evident that the as-prepared
CoFe,O, NHSs have narrow dispersity with an average diameter of 247 nm.
Figure 4.2.(c) and (d) show the uniform size distribution of the T-CoFe,O,

NHSs with an average diameter of 243 nm.

Frequency

230 240 250 260 270
Diameter (nm)

Frequency

230 240 250 260 270

Diameter (nm)

Figure 4.2: (a) SEM image of the as-prepared CoFe,O4 NHSs. (b) Size distribution graph of
as-prepared CoFe;O, NHSs. (¢) SEM image of the T-CoFe,O, NHSs. (d) Size distribution
graph of T-CoFe,O4 NHSs.

In order to solubilize the as-prepared CoFe,O, NHSs into aqueous medium, we
have functionalized the NHSs with Na-tartrate solution by putting the as-
prepared CoFe,O, NHSs and 0.5 M tartrate solution together in a Borosil glass
vial and placing it on to the top of a vibrator-rotor. By doing so, we also have
made the as-prepared CoFe,O, NHSs biocompatible. After surface
modification, the size of the T-CoFe,O, NHSs remains almost unchanged, as
shown in Figure 4.2.(c). Then we carried out the absorption analysis of both
tartrate and T-CoFe,O, NHSs. From Figure 4.3.(a) it is shown that the
functionalized CoFe,O, NHSs (pH~7) have different absorption property than
the only tartrate, indicating a distinct change in the surface electronic structure

of the NHSs. In the absorption spectra of the functionalized CoFe,O, (Figure

115



Chapter 4

4.3.(a)) the band near 320 nm is clearly visible. In order to see whether
fluorescence was present or not, we carried out a preliminary experiment by
putting the cuvette filled with T-CoFe,O4 NHSs under UV light of wavelength
253.7 nm (UV-C), shown in Figure 4.3.(b) and 4.3.(c).

2.0

Tartrate (a)
324 T-CoFe O, NHS

£ FL Modified CoFe O NHS

[
n
1

450

Absorbance
p—
.

o
9]
1

e —— \
300 400 500 600
Wavelength (nm)

0.0

Figure 4.3: (a) Absorption spectra of Na-tartrate, T-CoFe,O4 NHSs and fluorescence modified
CoFe,04 NHSs. T-CoFe,O4 NHSs are under (b) visible and (c) UV light.

After obtaining the information from the absorption spectra, we carried out
photoluminescence study of the functionalized CoFe,O, and observed
fluorescence at Ae= 406 nm while exciting the functionalized solution at Ae=
324 nm. In order to intensify the photoluminescence, further surface
modification was done by heating the functionalized CoFe,O, NHSs solution at
70°-80°C for 10 h and at pH~12, which is termed as fluorescence modified (Fl.
Mod.) CoFe,O4 NHSs. Three more photoluminescence peaks were generated
with greater intensity as a result of further surface modification, the
photoluminescence peaks at Agm= 445 nm, 488 nm and 560 nm were found upon
exciting the fl. mod. solution of CoFe,O, NHSs at Ae,= 365 nm, 420 nm, 530

nm respectively.
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Figure 4.4. (a) Normalized steady-state fluorescence emission spectra obtained from
fluorescence-modified T-CoFe,O4 NHSs after excitation at four different wavelengths, Aex =
324, 365, 420, and 530 nm.(b)Fluorescence excitation spectra of fluorescence-modified T-
CoFe;,0O4 NHSs at different emission maxima, that is, Aem= 406, 445, 488 and 560 nm.
Fluorescence micrographs of fluorescence-modified T- CoFe,O4 NHs powder under (c) UV
(375 nm), (d) blue (450 nm), and (e) green (515 nm) light irradiation. The scale bars in all
images are 200 um.

With the assistance of Ligand Field theory (LFT), the occurrence of multicolor
photoluminescence can be clarified. The photoluminescence peak at A= 406
nm for fluorescence modified CoFe,O, NHSs, resulting from exciting the
solution at Ae,= 324 nm (absorption peak seen in Figure 4.3.(a)), arises from
ligand to metal charge transfer (LMCT) involving the highest occupied energy
level of tartrate ligands and the lowest unoccupied energy levels of Co*?/Co* or
Fe*® metal ion centers on the NPs’ surface. In CoFe,O, NHSs Co* and Fe™ are
essentially present but Co* is more stable in aqueous medium than Co* [26]. It
is most probable that the Co*™ may take part in the generation of fluorescence.
The other three peaks at 445 nm, 488 nm, 530 nm may be ascribed to the
possible d-d transitions of the Co**/Co™ metal ions. As Fe**is d° system, the d-d

transitions are both spin and laporte forbidden, which concludes that Fe** is not
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responsible for the generation of the other three peaks. The three emission bands
with maxima at A.,= 445 nm, 488 nm and 560 nm can be described in terms of
spectroscopicterm symbols, due to transitions of “Ti, (F)—'A, (F),'T1g
(F)—"T14 (P), and “Tyy (F)— “T4 (F), respectively, where these energy levels
are obtained from the Tanabe Sugano diagram of Co** [18]. Additional
contributions for the emission peaks with maxima at 445 and 488 nm can be
interpreted by the d—d transitions (‘A —'T,y and *Ay,—'Ty,, respectively),
involving the energy levels of Co™ as obtained from the Tanabe Sugano
diagram [27]. The spin allowed transitions that are instrumental for the
multicolored photoluminescence, for both Co* and Co™ are shown in Figure
4.5.(a) and 4.5.(b) respectively. From the transitions the crystal field parameter
(Dq) and the Racah parameter (B) are calculated and found to be 1290 cm™ and
1217 cm™, which corresponds the octahedral structure of Co*? [28].

il Co™ (d9)
*Tyq (F) —>*T,, (F) —> RED 1 1 ‘
*Tyg (F) —>*T}, (P) —> GREEN A;e—> 'T;,—> GREEN
*Ty4 (F) —» Ty, (F) —>BLUE 1A;;—> 'T,,—> BLUE

Figure 4.5: (a) The schematic diagram of the spin allowed d-d transitions of Co** (d’ system),
(b) The schematic diagram of the spin allowed d-d transitions of Co* (d° system), that result
in three different colored fluorescence for fluorescence-modified T-CoFe,O, NHSs. The
transitions are shown using Tanabe Sugano diagram.
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Figure 4.6: FTIR spectra of as-prepared CoFe,O, and T-CoFe,O, NHs together with Na-
tartrate alone.

The FTIR study was carried for CoFe,O, NHSs before and after
functionalization with tartrate ligand and only tartrate ligand in order to check
the attachment of the ligand molecules to the surface of bare CoFe,O, NHSs. As
depicted in Figure 4.6, the peak arising at 590 cm™ is due to stretching vibration
of metal-oxygen bonds in CoFe,0, [29]. The peak at 590 cm™ is missing in the
case of T-CoFe,0, NHSs. Two sharp peaks arising at 1066 and 1112 cm™ in the
case of tartrate ligand are due to C—OH stretching modes [30] and two other
peaks at 1411 and 1621 cm™ are due to the symmetric and asymmetric
stretching of the COO™ [31]. Because of the interactions between the surface of
the CoFe,O4 NHSs and the functional group moieties of the ligand, all the bands
are distinctly perturbed along with the band at 3399 cm™ which corresponds the
stretching vibrational modes of the O—H group [30]. From this FTIR spectrum it
is evident that —COO" and —OH groups are actively involved in the

functionalization.
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Figure 4.7: (a) Plot of magnetization versus applied magnetic field (M-H) of as-prepared
CoFe,04 NHSs at 300 K, (b) M-H plot for T-CoFe,O4 NHSs at 300 K.

Figure 4.7.(a) and 4.7.(b) show the room temperature magnetic behavior of the
as-prepared CoFe,O, NHSs and T-CoFe,O, NHSs. To attain significant
magnetization we chose NHSs over NPs. From Figure 4.7.(a) it is found that
the saturation magnetization and the coercivity of the bare CoFe,O4 NHSs are
63.3 emu/g and 0.816 kOe, respectively. From Figure 4.7.(b) the saturation
magnetization of functionalized CoFe,O, NHSs is found to be 51.5 emul/g,
much greater than the saturation magnetization of functionalized CoFe,O4 NPs
which was 0.75 emu/g [32]. The coercivity of functionalized CoFe,O, NHSs
found to be 0.695 kOQe, as depicted in. We have successfully attained significant
saturation magnetization in functionalized CoFe,O, NHSs, which may be
beneficial. Here the coercivity for CFO NHSs and T-CFO NHSs are almost
same. The tartrate ligand consists of both ¢ donor (—OH) and © donor (—-COO-)
groups which lead to immense LMCT (ligand to metal charge transfer) and spin

*21*3 or Fe*® ions on the

pairing (i.e. quenching of magnetic moments) of Co
surface of T-CoFe,O4 NHSs, which reduces the net saturation magnetization
[33]. Due to both outer and inner spin layer disorder in functionalized CoFe,0,
NHSs around 250 nm, surface anisotropy increases, that suppresses saturation

magnetization compared to same size of functionalized CoFe,O, NPs. But for 5
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nm NPs, superparamagnetism works and Ms is much lower than that of
functionalized CoFe,O, NHSs.
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Figure 4.8: (a) The UV/Vis spectral changes of an aqueous solution of MB under 253 nm UV
irradiation in presence of T-CoFe,O, NHSs NPs with time, (inset of (a) fitted first order
reaction rate), (b) The UV/Vis spectral changes of an aqueous solution of MB under 360 nm
UV irradiation in presence of T-CoFe,O4 NHSs NPs with time, (inset of (b) fitted first order
reaction rate), (c) The UV/Vis spectral changes of an aqueous solution of MB under visible
light in presence of T-CoFe,O, NHSs NPs with time, (inset of (c) fitted first order reaction
rate) (d) Plots of the relative concentration of Rh B monitored at 663 nm versus time for six
consecutive cycles, showing reusability of T-CoFe,O4 NHSs in the degradation of MB.
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Bearing in mind the current advances in the field of nanocatalysis, we examined
the broad optical property of the T-CoFe,O4 NHSs in photocatalytic waste water
treatment. The T-CoFe,O, NHSs are found to own a good photocatalytic
activity towards the water contaminants. Figure 4.8.(a) and 4.8.(b) show the
gradual degradation of model water contaminant Methylene Blue (MB) in
presence of T-CoFe,O4 NHSs under two different UV light irradiations. In the
inset of the Figure 4.8.(a) the fitted (by fitting with equation A=A%™) first
order reaction rate of degradation of MB using the UV irradiation of 253 nm is
shown where the rate constant is found to be, k = 14.3 x 10 min™. Figure
4.8.(b) shows the degradation of MB using the less strong UV irradiation of 360
nm, where the rate of the reaction is, k = 4 x 10 min™".

Furthermore, we investigated the photodegradation of MB by T-CoFe,O,4 under
visible light, from Figure 4.8.(c) it is shown that the degradation pathway also
follows first order kinetics with the rate constant (k) = 14.25 X 10 min™.
Figure 4.8.(d) depicts the reusability of the catalyst using UV light, we added
same dose of MB (10ul) into the reaction mixture for up to 6 doses, keeping the
catalyst concentration unchanged (i.e., without adding further catalyst after 1
cycle). The MB degradation rates of the cycles were monitored by measuring
the fall of absorbance at 663 nm with UV-Visible spectroscopy.

We also tried the photocatalytic property towards another water contaminant
Rhodamine B (Rh B). Figure 4.9.(a) and 4.9.(b) show the periodical decrease in
Rh B concentration at 554 nm determined by UV-Vis spectroscopy versus
irradiation time of two different UV light in presence of T-CoFe,O, NHSs. We
found that the photodegradation of Rh B in presence of T-CoFe,O, NHSs at pH
~ 3 takes place exponentially with time following a first-order rate equation (by
fitting with equation A=A%™) with a kinetic rate constant k = 4.6 x 102 min™.
In Figure 4.9.(b), the degradation of Rh B under 360 nm UV light irradiation is
shown, where the rate constant is found to be, k = 7.7 x 10° min™.

Under visible light the photodegradation rate of Rh B by T-CoFe,O, NHSs falls,
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with the rate constant (k) = 7.2 X 10 min™. The photodegradation of Rh B
under white light is shown in Figure 4.9.(c). The reusability test was done same
way as done for MB using UV light, and found that T-CoFe,O, NHSs are
worthy up to 5 cycles. Figure 4.9.(d) demonstrates the plots of relative
concentration of Rh B versus time, for up to 5 consecutive cycles, indicating the
reusability of T-CoFe,O4 NHSs.
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Figure 4.9: (a) The UV/Vis spectral changes of an aqueous solution of Rh B under UV
irradiation in presence of T-CoFe,O, NHSs NPs with time, (inset of (a) fitted first order
reaction rate), (b) The UV/Vis spectral changes of an aqueous solution of Rh B under 360 nm
UV irradiation in presence of T-CoFe,O, NHSs NPs with time, (inset of (b) fitted first order
reaction rate), (c) The UV/Vis spectral changes of an aqueous solution of Rh B under visible
light in presence of T-CoFe,O, NHSs NPs with time, (inset of (a) fitted first order reaction
rate), (c) Plots of the relative concentration of Rh B monitored at 554 nm versus time for five
consecutive cycles, showing reusability of T-CoFe,O4 NHSs in the degradation of Rh B.
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MB under 253 nm UV Light
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Figure 4.10: The pH dependency of MB degradation under 253 nm UV light irradiation.

To study the effect of pH on the degradation of MB, we carried out the reaction
in three different pHs (3.0, 7.0, 9.2) using standard buffer solution. The
degradation was studied under the 253 nm UV light irradiation, shown in Figure
9. It is clearly evident that from the Figure 4.10 that with rising pH, the rate of
MB degradation falls. The rate constant at pH 9.2 was found to be, kg, = 7.8 X
10™ min™*, which designates that the reaction in pH 9.2 is 183 times slower than
in pH 3.0. The rate constant for pH 7.0, is k7o = 15.8 x 10 min™, that is 9 times
slower from the pH 3.0. The T-CoFe,Q, is found to be worthy as catalyst in the
lower pH.
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Rh B under 253 nm UV Light
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Figure 4.11: The pH dependency of Rh B degradation under 253 nm UV light irradiation.

The same pH dependency experiment was carried out for Rh B also. From the
Figure 4.11, we can infer that higher pH slower the rate of degradation of Rh B
under 253nm UV light irradiation using T-CoFe,0, as a photocatalyst. The rates
of Rh B degradation in pH 7.0 and pH 9.2 are found to be ks = 3.23 x 10 min
" and kg,= 2.04 x 10 min " respectively. The degradation reaction of Rh B in
pH 7.0 is 14 times slower and in pH 9.2 is 226 times slower than the

degradation in pH 3.0.

The degradation of Methylene blue (MB) and Rhodamine b (Rh B), by T-
CoFe,04 under UV light irradiation were found to be dependent of pH. As the
pH of the medium increases, the degradation rate of both of the dyes falls
significantly. Both the dyes are cationic dye, their degradation occurs through
the adsorption of the dyes to the surface of the catalyst. The cationic dye is

easily attracted and attached to the surface of the catalyst as the NP’s are
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functionalized by negatively charged tartrate ions. This attachment helps to
degrade the dye faster. At higher pH, the availability of OH ions increases,
which in results hinders the dye to get attached on the surface. Thus fall of the

rate degradation happens.

The mechanism of degradation (shown in Figure 4.12) proceeds through the

subsequent steps:

5 0,
Conduction Band €cp —
—— . : ; :
02 Active radical species
l Degraded
DYE
T > »
Valence Band @;B;ﬁ 0 H Active radical species

hv
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Figure 4.12: Schematic diagram of degradation pathway of MB by T-NiFe,0,.

1. Absorption of photon by metal oxide

Metal Oxide + hv — e;g + hjp

2. Oxygen lonosorption

0,+ecpg — 0y

3. Neutralization of OH" groups by photoholes which produces OH' radicals
(H,0— H*+0OH  )H*+OH™ + hjzg —> H" + OH

4. Neutralization of O, by protons

05y + H* — HO,
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5. Transient hydrogen peroxide formation and dismutation of oxygen
2HO, — H,0, + 0,

6. Decomposition of H, 0, and second reduction of oxygen
H,0,+e — OH +OH"

7. Oxidation of the dye via successive attacks by OH' radicals

R + OH — degradation products

4.4 Conclusion

In conclusion, magneto-fluorescent CoFe,O4 nano-hollow spheres have been
prepared by simple functionalization of their outer surfaces using small organic
ligand like tartrate. The developed multifunctional CoFe,O, NHSs possess
inherent multicolor fluorescence covering a broad visible region ranging from
blue, green to red, intrinsic ferromagnetic property. We have found that LMCT
and d-d transitions are instrumental behind the photoluminescence of
functionalized CoFe,O, nano-hollow spheres. As our developed magneto-
fluorescent CoFe,O, NHSs own biocompatibility and ligand induced intrinsic
photoluminescent property, we believe that our material may unfold new
prospects in the fields like bioimaging, drug delivery, and other biomedical
applications. Moreover, we have shown the admirable photocatalytic property
of functionalized CoFe,O, NHSs towards degradation of model water
contaminants like MB and Rh B, so we hope that our material will be beneficial

for the waste water treatment.
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Chapter 5

Developing Magneto-fluorescent
CoFe, 0, Nano-Hollowspheres
as Nanocarriers

This chapter exhibits the development of inherent
photoluminescence, drug loading, excellent catalytic
and photocatalytic property upon surface
functionalization of CoFe>O4 nano-hollowspheres
by hydrophilic organic ligand.
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5. Developing Multifunctional Magneto-fluorescent
CoFe,0, Nano-Hollowspheres through Simple Surface
Functionalization

5.1 Preamble

Magnetic nanostructures (NSs) are widely used in bio-medical applications in
the last few decades. Iron-based inorganic nanostructured materials have been
synthetized and studied for various applications in bio-medical field, such as
Imaging, hyperthermia treatments, tissue repair, immunoassay, detoxification of
biological fluids, cell separation, drug delivery, etc [1-5]. For these applications,
the NSs must have combined properties of high magnetic saturation,
biocompatibility and interactive functions at the surface. The surfaces of these
particles could be modified through the creation of few atomic layers of organic
moieties or inorganic metallic (e.g. gold) or oxide surfaces (e.g. silica or
alumina), suitable for further functionalization by the attachment of various
bioactive molecules [6-8]. One of the most challenging subject in nanomaterials
science and technology is the synthesis of magnetic NSs. Special properties of
the NSs required for biomedical applications imply a precise control of particle
size, shape, dispersion and conditions that affect these properties. Coating
nanomaterials with natural or synthetic polymers or surfactants is a method that
provides stability of the colloidal suspensions. Use of surfactants such as:
decanoic acid, oleic acid, hexaldehyde or sodium carboxymethylcellulose leads
to highly dispersed and high quality NSs with good biocompatibility and

smaller particle size [9-11].

In recent years, inorganic hollow nanostructures have attracted great interest
because of their unique properties that are substantially different from those of
bulk materials, such as low density, large surface area, surface permeability, and

special electric, magnetic and catalytic properties. Owing to their special
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properties, nano hollow spheres (NHSs) are widely used as artificial cells,
catalysts, fillers, and controlled release capsules for drugs and dyes [12-16].
The advantages of using these materials come not only from their improved
magnetic properties over nanoparticles, but also from a higher surface, that
provides higher sensitivity, better targeting and improvement of the colloidal
stability of the NHSs.

Among various ferrites, CoFe,O4 NHSs extensively studied due to their ability
to form an ideal magnetic system toward understanding and tuning magnetic
properties at the atomic level through chemical manipulation. CoFe,O, has large
anisotropy compared to other oxide ferrites [17-18]. Though they are proposed
for biomedical application their use in medicine is restricted due to numerous
problems such as toxicity due to the remarkable amount of cobalt release in
aqueous solutions, aggregation in solution, and poor accessibility of the surface
when surfactants are used. This problem can be overcome by surface coating of

CoFe,O, with a compatible, nontoxic, and hydrophilic material.

5.2. Experiment

5.2.1 Materials Used

Iron chloride hexahydrate [FeCls;.6H,0], Cobalt chloride hexahydrate [CoCl..
6H,0], Ethylene Glycol, Urea [CO(NH,),], Oleylamine are obtained from
Sigma-Aldrich. 4-Nitrophenol and Folic Acid were bought from Loba Chemie.,
Ethyl Alcohol [EtOH] and Sodium Hydroxide [NaOH] are purchased from
Merck.

5.2.2 Synthesis and Experimental Procedure

We synthesized CoFe,O, NHSs by solvothermal method. A solution mixture of
Iron (I11) chloride hexahydrate, Cobalt (Il) chloride hexahydrate, Ethylene
Glycol, Urea, Ethanol and Oleylamine was heated in a Teflon lined stainless
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steel autoclave at 200°C for 20 h in an oven. Then the as-prepared CoFe,0,
NHSs were washed by ethanol and collected after centrifugation. The removal
of the mother solution was done by heating on a hotplate at a temperature of
80°-90°C for 30 min. The Ostwald ripening process has been proposed as a
template-free strategy and is used more and more to fabricate inorganic hollow

spheres.

The basic principle of the inside-out Ostwald ripening process is that the larger
crystals grow from those of smaller size, which have higher solubility than the
larger ones. Within a colloidal aggregate, smaller, less crystallized or less dense
crystallites will dissolve into the liquid phase as a nutrient supply for the growth
of larger, better crystallized or denser ones. When the crystals grow in solution,
the concentration of growth units varies across the mother solution, due to the
size difference of resultant nanocrystals. With the driving force of the
minimization of surface energy, metastable nanoparticle aggregates occur first
due to the reduction of supersaturation in solution. Once the particles with
different sizes are attached to each other, the large particles begin to grow
drawing from smaller ones. Voids gradually form and grow in the cores of large
aggregates and the shell thickness increases owing to the outward diffusion of

solutes through the permeable shell.

2-8-0-O-
23

Figure 5.1: Formation mechanism of nano hollow spheres via Ostwald ripening.

For the purpose of surface modification of the as-prepared CoFe,O4 NHSs with
tartrate and folate ligands, we cyclomixed the NHSs with 0.1M Na-tartrate and
0.05M Na-folate solutions (pH~7) at room temperature for 12 h. We obtained
tartrate and folate functionalized solutions and named them as TCFO and FCFO
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NHSs respectively.

The X-ray powder diffraction (XRD) of as-prepared CoFe,O, NHSs was done
using Rikagu miniflex II diffractometer equipped with Cu Ka radiation (at 40
mA and 40 kV) at the scanning rate of 3° per minute in the 26 range of 20°-70°.
A FEI QUANTA FEG 250 field-emission high-resolution scanning electron
microscope (FESEM), operated at 5-10 kV was used to study the size, shape,
morphology, and size distribution and to record the Energy-dispersive X-ray
analysis (EDX) spectrum of the as-prepared and functionalized CoFe,O, NHSs.
Fluorescence micrographs of CoFe,O, NHSs were captured using a Olympus

BX53 fluorescence microscope.

FTIR (Fourier transform infrared spectroscopy) measurements were performed
using a JASCO FTIR-6300 spectrometer to ensure the attachment of the ligands
to the NHSs’ surface. For FTIR study, pellets were made by placing the
homogeneous mixture of lyophilized TCFO and FCFO NHSs powder samples
and KBr (using the ratio 1:4 respectively) under the pelletizer. The background
was corrected using a reference KBr pellet. For magnetic measurements a Lake

Shore VSM equipped with an electromagnet was used.

The Ultraviolet-visible (UV/Vis) absorbance spectra of 4-Nitrophenol (4-NP)
were obtained using a quartz cuvette of 1 cm path length on Shimadzu UV-2600
spectrophotometer. UV lamp with wavelength of 360 nm was used in the
photocatalytic study. The aqueous solution of FCFO NHSs (50uL) and 50uL
aqueous solution of 4-NP (0.01M) were homogenously mixed in a quartz
cuvette for 1h in dark. The cuvette was kept 2 cm away from the UV light
source and the absorbance spectra of 4-NP in presence of FCFO NHSs solution
were measured from time to time by using UV/Vis spectrophotometer. For
catalytic purpose 0.02g of powder CFO, 50uL of 4-NP (0.01M) and 20 pL of
freshly prepared NaBH, (1X10® M) were mixed in a cuvette and degradation of
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4-NP was measured periodically using the UV-VIS spectrophotometer.

5.3. Results and discussion

Figure 5.2 shows the XRD pattern of the as prepared CoFe,O, NHSs which
confirms that all the peaks perfectly match with the cubic inverse spinel
structure of CoFe,O4 NHSs, as reported in the literature (JCPDS file no. 22—
1086). The EDX (energy dispersive X-ray) spectra in the inset of Figure 5.2
confirms the presence of Co, Fe and O in CoFe,O4 NHSs. Crystallite size of the
NHSs (d ~ 50 nm) has been calculated from (311) peak of XRD pattern using
Scherer formula, d = (k.A)/(B.cos ), k is structural constant (0.94), A is working
wave length, B is the FWHM of the selected peak in radians and 9 is the peak
angle in degrees.
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Figure 5.2: XRD pattern of the as-prepared CoFe,O, NHSs. The inset shows EDX spectra of
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CoFe,04 NHSs indicating presence of Co, Fe and O.

For understanding morphology and size of the as-prepared CoFe,O; NHSs,
TCFO NHSs and FCFO NHSs FESEM (Field Emission Scanning Electron
Microscope) and TEM (Transmission Electron Microscope) study were
performed. From Figure 5.3.(a) and (b), it is clearly evident that the as-prepared
CoFe,0, have hollow structure. Figure 5.3.(c) shows narrow dispersity with an

average diameter of 200 nm.

(C) Avg. diameter=199 £ 2 nm

Frequency

185 190 195 200 205
Diameter (nm)

Figure 5.3: (a) FESEM image, (b) TEM image and (c) Size distribution graph of the as-
prepared CoFe,O4 NHSs.

In order to disperse the CoFe,O, NHSs into aqueous medium, we have
functionalized the NHSs with the two different organic acids, one is Na-tartrate
(0.1 M) solution and another is Na-folate (0.05 M) solution, via cyclomixing.
By doing so, we also have made the as-prepared CoFe,O, NHSs biocompatible.
After surface modification, the size of the TCFO and FCFO NHSs remain

almost unchanged, as shown in Figure 5.4.(c) and (f).
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(C) Avg. diameter= 200 = 2 nm
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Figure 5.4: (a) FESEM image, (b) TEM image and (c) Size distribution graph of TCFO NHSs
and (d) FESEM image, (e) TEM image and (f) size distribution graph of FCFO NHSs

respectively.
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Figure 5.5: FTIR spectra of (a) as-prepared CoFe,O,4, TCFO NHSs, Na-tartrate and (b) as-
prepared CoFe,04, FCFO NHSs, Na-folate.
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The FTIR study was carried for bare and tartrate functionalized CoFe,O, NHSs
and for only tartrate ligand in order to check the attachment of the ligand
molecules to the surface of bare CoFe,04 NHSs. As depicted in Figure 5.5.(a),
the peak arising at 590 cm™ is due to stretching vibration of metal-oxygen bonds
in CoFe,0, [19] The peak at 590 cm™ is missing in the case of TCFO NHSs.
Two sharp peaks arising at 1066 and 1112 cm™ in the case of tartrate ligand are
due to C-OH stretching modes [20] and two other peaks at 1411 and 1621 cm™
are due to the symmetric and asymmetric stretching of the COO™ [21]. Because
of the interactions between the surface of the CoFe,O, NHSs and the functional
group moieties of the ligand, all the bands are distinctly perturbed along with
the band at 3399 cm™ which corresponds the stretching vibrational modes of the
O-H group [20]. From this FTIR spectrum it is evident that -COO™ and —OH
groups are actively involved in the functionalization. The same study was
carried out to check the attachment of the Na-folate ligand molecules to the
surface of bare CoFe,0, NHSs showing 4 sharp absorption peaks ay 590 cm™,
1485 cm™, 1572 cm™ and 1690 cm™ as evident from Figure 5.5.(b) The peak at
1485 cm™ is due to absorption of Phenyl ring and peak at 1572 cm™ is appeared
due to N-H bond bending. C=0 stretching vibration is responsible for the peak
at 1690 cm™[22].

Drug loading efficiency for the NHSs was checked with the help of UV-Vis
absorption spectra taken for the Doxorubicin solution before (initial) and after
(final) loading the drug into the particles, shown in Figure 5.6.(a) and (b). The
absorption intensity was measured at 486 nm wavelength and observed that
about 40% of drug was loaded in case of TCFO and for FCFO it was 60%,
which was calculated using the Eqg. (5.1) as given below.

Loading efficiency = % X 100 (5.1)

0
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Where Ay is the initial absorbance and Ags is the final absorbance of the DOX

solution.

DOX release was calculated by following equation:

Cy

X100 (5.2)
0—Ay

DOX release % = 7

Where C, is initial concentration of DOX, C; is concentration of DOX at time t.
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Figure 5.6: Absorption spectra of Doxorubicin solution before and after loading on (a) TCFO
and (b) FCFO NHSs.

We implemented another way to load drug molecules onto the surface of NHSs
by submerging powder FCFO NHSs in Doxorubicin solution. In this process we
have taken 2ml of DOX solution and 0.15g of FCFO NHSs in a cuvette and
placed it undisturbed for 24 h on the top of a bar magnet. The drug loading and
releasing efficiency were measured in the aforementioned way. Only 50 % of
the drug was loaded in this process as shown in Figure 5.7.(b). As the loading
efficiency is lower in submerging process we further examined the drug release

study for the drug loaded NHSs in the cyclomixing process.
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Figure 5.7: (a) Schematic representation of the submerging process and (b) absorption spectra
of Doxorubicin solution before and after drug loading.
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Figure 5.8 depicts the fluorescence microscopic images of FCFO and DOX
loaded FCFO. Figure 5.8.(a)-(c) show the cyan, green and red fluorescence
while exciting the FCFO NHSs with UV, blue and green light respectively. The
generation of multicolor fluorescence in FCFO NHSs can be explained through
the ligand to metal charge transfer and d-d transition, as discussed in the
previous chapter [23]. By the same excitation the DOX loaded FCFO NHSs
show only red fluorescence shown in Figure 5.8.(d-f). This confirms the
attachment of DOX molecule onto the surface of FCFO NHSs.

2 um
el

Figure 5.8: Fluorescence micrographs of FCFO NHSs powder under (a) UV (375 nm), (b)
blue (450 nm) & (c) green (515 nm) light irradiation and of DOX-FCFO under (d) UV
(375nm), (e) blue & (f) green (515 nm). The scale bars in all images are 2 pm.
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Further we studied the drug release from drug loaded TCFO and FCFO NHSs at
37°C and pH 7.4. We found TCFO released only 37% of the loaded drug
whereas FCFO released 90% of the loaded drug. So we studied drug release in

different environment by drug loaded FCFO NHSs only.
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Figure 5.9: Release study of drug from (a) TCFO and (b) FCFO NHSs

After loading the particles with drug, they were undergone for drug release
study at two different pHs (i.e. pH 5 and pH 7.4) with respect to time, keeping
the temperature constant at 37 °C. 15 mg of this drug (DOX) loaded NHSs were
taken in 2 ml of different buffer solutions. The absorption of the released drug
was measured at different time interval with the help of UV-Vis spectrometer
as shown in Figure 5.10.(a). The drug release rate with time measured at two
different temperatures keeping pH at 7.4 were studied and shown in Figure
5.10.(b). The graphs clearly show that the release efficiency is undoubtedly
better at lower pH. Figure 5.10.(a) depicts that within 4 h, 99% of the drug was
released at pH 5 whereas in pH 7.4, release occurred up to 97% in 5h. This fast
release at pH 5 was attributed to the cleavage of hydrogen bond in acidic
condition. The attachment of Doxorubicin with folate molecule takes place
through hydrogen bonding between the -COOH groups of folate and the -NH,
groups of Doxorubicin [24]. In hydrogen bonding, -NH, of Doxorubicin forms
-NH;". In acidic conditions, the H" in solution would compete with the
hydrogen-bond-forming groups and then weaken the above hydrogen-bonding
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interaction. Thus the lower pH triggers the burst release of Doxorubicin. For the
temperature dependent release study we observed the FCFO NHSs released
93% of the loaded drug at 44°C in 5 h. At higher temperature drug release rate
was increased due to increase of thermal agitation, which in turn detached the
drug molecules from the FCFO NHSs surface [25]. Hence, we can conclude that
the FCFO magnetic nano-hollowspheres have potentiality to be used in both pH
and temperature triggered drug release, where controlled release of drug in a

noninvasive way is required.
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Figure 5.10: Drug release study (a) for different pH and (b) different temperature for drug
loaded FCFO NHSs.
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Figure 5.11: Plot of magnetization versus applied magnetic field (M-H) of (a) as-prepared
CoFe,04 NHSs and (b) FCFO NHSs at 300 K.
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Figure 5.11.(a) and (b) show the room temperature magnetic behavior of the as-
prepared CoFe,O, NHSs and FCFO NHSs. To attain significant magnetization
we chose NHSs over NPs. From Figure 5.11.(a) it is found that the saturation
magnetization and the coercivity of the bare CoFe,O4 NHSs are 56.9 emu/g and
64 Oe respectively. From Figure 5.11.(b) the saturation magnetization of
functionalized CoFe,O4 NHSs is found to be 30.9 emu/g. The coercivity of
functionalized CoFe,04 NHSs found to be 78 Oe, as depicted in Figure 5.11.(b).
We have successfully attained significant saturation magnetization in
functionalized CoFe,O, NHSs, which may be beneficial. Here the coercivity for
CFO NHSs and FCFO NHSs are almost same. The folate ligand consists of both
o donor (—NH,) and © donor (-COQ") groups which lead to immense LMCT
(ligand to metal charge transfer) and spin pairing (i.e. quenching of magnetic

+2/+3

moments) of Co or Fe* ions on the surface of FCFO NHSs, which reduces

the net saturation magnetization [23].
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Figure 5.12: (a) The UV/Vis spectral changes of an aqueous solution of 4-NP under 360 nm
UV irradiation in presence of FCFO NHSs with time, (inset of (a) fitted first order reaction

rate). 4-NP solution (b) before and (c) after the photocatalysis.

147



Chapter 5

Bearing in mind the current advances in the field of nanocatalysis, we examined
the photocatalytic property of the FCFO NHSs in photocatalytic degradation of
of 4-NP. The FCFO NHSs are found to own a good photocatalytic activity
towards the pharmaceutical waste 4-NP. Figure 5.12.(a) show the gradual
degradation of model water contaminant 4-NP in presence of FCFO NHSs
under UV light irradiation. In the inset of the Figure 5.12.(a) the fitted (by
fitting with equation A=A%™) first order reaction rate of degradation of 4-NP
using the UV irradiation of 360 nm is shown where the rate constant is found to
be, k = 5.39 x 10 min’. As we have seen in the previous chapter the
functionalized CFO NHSs are able to generate Reactive Oxygen Species (ROS),
the hydroxyl radicals generated during the irradiation are responsible for the
degradation of 4-NP [26].The organic pollutants got absorbed on surface of the
FCFO NHSs and *OH generated due to the irradiation of UV light, immediately

oxidize the absorbed pollutants and led to degrading products.

3
0 4-NP (a) .1* )
~ - : -: K=5.6 X 10-1 min-1
\;./ : ¢ iTin?e(mi(:]) JE 0 min fo — ! a
S
=
£ (©)
- B
-8 {
< S
0- = T = --; *:A
300 400 500 1

Wavelength (nm)

Figure 5.13: (a) The UV/Vis spectral changes of an aqueous solution of 4-NP with NaBH,4
solution in presence of CFO NHSs with time, (inset of (a) fitted first order reaction rate). 4-

NP solution (b) before and (c) after the catalysis.
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Furthermore, we investigated the catalytic property of CFO NHSs under visible
light using NaBH, as reducing agent in transformation of 4-NP. The reduction
of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) is a popularly studied model
reaction to evaluate the catalytic activity of metal nanoparticles. In Figure
5.13.(a) it is shown that the transformation of 4-NP to 4-NA occurred in just 10
minutes by NaBH, in presence of CFO NHSs as catalyst. The reaction follows
first order kinetics with the rate constant (k) = 5.6 X 10" min™. Though the
reduction of 4-NP to 4-AP using aqueous NaBH4 is thermodynamically
favourable, the presence of the kinetic barrier due to large potential difference
between donor and acceptor molecules decreases the feasibility of this reaction
[27-28]. BH4 ions and 4-nitrophenol co-adsorb on CFO NHSs surface. CFO
NHSs relay electrons from donor BH4 ions to the acceptor 4-nitrophenol to

catalyze the reaction.
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Figure 5.14: Plots of the relative concentration of 4-NP monitored at 400 nm versus time for
(a) CFO as catalyst up to 11 consecutive cycles, showing reusability of CFO NHSs in the
degradation of 4-NP, (b) FCFO as photocatalyst up to 5 consecutive cycles.

Figure 5.14.(a) depicts the reusability of CFO NHSs as catalyst. We added same
dose of 4-NP (50ul) into the reaction mixture up to 11 doses, keeping the
catalyst concentration unchanged (i.e., without adding further catalyst after 1%
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cycle). The 4-NP degradation rates of the cycles were monitored by measuring
the fall of absorbance at 400 nm with UV-Visible spectroscopy. The reusability
test was also carried out for FCFO NHSs as photocatalyst and found it worthy

up to 5 consecutive cycles, as shown in Figure 5.14.(b).

5.4 Conclusion

Uniform and hollow spherical cobalt ferrite magnetic nanostructures are
synthesized by an cost-effective solvothermal method. Through easy surface
modification of CoFe,O, NHSs with Na-folate and Na-tartrate ligands, we were
able to prepare biocompatible multifunctional nano-hollowspheres with intrinsic
fluorescence properties covering the whole visible region, ranging from blue,
and green, to red. We believe that our material may develop new prospects in
the field like bio-imaging. Moreover, the NHSs showed excellent pH and
temperature triggered drug release. The loading and pH-dependent releasing of
drug occurs due to the hydrogen-bonding interactions between the metal oxide
surface attached folate and Doxorubicin. Moreover, we found that the as-
prepared and folate functionalized NHSs have efficient catalytic and
photocatalytic property respectively towards the transformation of hazardous
pharmaceutical waste. In conclusion, this work has demonstrated an efficient
multifluorescent anticancer drug delivery system using folate functionalized

magnetic nano-hollowspheres.
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Chapter 6

Adsorption behaviour of CoFe2O4
nano-hollowspheres

This chapter demonstrates an extraordinary dye
adsorption efficiency of CoFe2O4, which leads to a
clean process for textile waste water treatment.
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6. Influence of functional group of dye on the

adsorption behaviour of CoFe,0, nano-hollowspheres

6.1 Preamble

The rapid growth of industry makes people be aware of the need to clean up
water effluents. A long term research has been carried out in finding new
innovative methods for reducing the environmental pollution caused by water
effluents. There are several types of waste materials that do not readily lend
themselves to standard methods of water treatment. Dye [1], a stable,
recalcitrant, colorant which has been extensively used in textile, paper, leather,
and cosmetic industry is one of them since they are very stable to light and
oxidizing agents. Dispose of dye effluents into water causes severe problems in
nature. It increases the biological and chemical oxygen demands which are very
dangerous to aquatic plants and animals. Moreover, it interrupts photosynthesis,
degrades soil quality, and affects the growth of plants. Due to carcinogenic and
toxic nature of dye, their release into environment poses serious aesthetical, and
health problems to human being. Thus, industrial dye effluents need to be

effectively treated before being discharged into the environment.

There are a large number of physical methods such as oxidation [2], coagulation
and flocculation [3], ultra chemical filtration [4], membrane separation [5],
catalysis [6], chemical treatments [7], and adsorption [8] for the removal of dye
from its aqueous solution. Among them, adsorption is one of the most
investigated techniques for dye removal, mainly due to its simplicity and high
level of effectiveness [9]. Various adsorbents including activated carbons [10],
zeolites [11], clays [12], and polymers [13] have been used for removing
different organic and inorganic dyes from the waste water of textile and dye

industries. However, they suffer from low adsorption capacity and separation
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inconvenience. In this regards, magnetic metal oxide nanostructures have
attracted tremendous attention due to their large specific surface area,
magnetism, and chemical stability which facilitate high adsorption, fast
magnetic separation after dye adsorption along with excellent recycling
capability. Wu et. al. [14] have reported enhanced selective organic dye
adsorption of magnetic CoFe,O,4 nanoparticles in terms of different electrostatic
interaction between the surface charges of adsorbents and adsorbates. Tan and
his research group have demonstrated CoFe,O,—graphene nanocomposite as a
potential candidate for uranium extraction [15]. Recently, researchers are very
much interested in developing super adsorbent for very rapid dye sequestration
from waste water. For example, Zhou et. al. [16] has reported the adsorption of
different organic dyes on carboxylic hyperbranched polyglycerol functionalized
iron oxide-silica dendritic magnetic nanoparticles within only 15 min. Chen and
co—workers reported polyacrylic acid [17] and carboxymethylated chitosan [18]
conjugated FesO4 magnetic adsorbents for efficient adsorption of basic and acid
dyes within 20-30 min respectively. Li et. al.[19] has fabricated magnetic
alginate beads with well dispersed polydopamine functionalized CoFe,QO,
nanoparticles which also exhibit excellent dye adsorption performance due to
composite effect, large surface area, and porous structure. However,
postgrafting of porous nanostructures with different functional groups in order
to have high adsorption capability is relatively complicated, cost—effective, and
also difficult for recycling. Therefore, development of nanostructures with very
high specific surface area is a promising route for fast and worthwhile removal
of contaminants from waste water and hollow nanostructures have drawn
tremendous attention of the researchers in this regard. Lie et. al. [20] has
reported the synthesis of hierarchical NiO-SiO, composite hollow microspheres
and their excellent adsorption affinity towards congo red in water. The double

interfaces and hollow interior of the micro—hollow spheres significantly
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enhance the effective surface area for dye adsorption. Moreover, its large pore
volume helps to encapsulate toxic material which is impervious for solid
particle configuration. The comparative dye adsorption studies between solid
and hierarchical porous ZnO microspheres [21] by Lie and his co-workers
further confirm that specific surface area, pore size, and pore volume

significantly determine the dye adsorption behaviour of adsorbents.

In this article, we have synthesised magnetic CoFe,O, nano-hollow spheres
(NHSs) of different diameter through one—pot simple template free
solvothermal method and highlighted the effect of different functional groups of
dye on their adsorption behaviour. For this purpose, we have chosen the dyes
named, fluorescein, bromophenol blue, and bromocresol green in which
fluorescein contains —-COOH and —OH groups whereas bromophenol blue and
bromocresol green contain —SO3zH and —OH groups. Moreover, bromophenol
blue and bromocresol green, having same functional groups helps to identify the
adsorption behaviour of CoFe,O, NHSs solely evoked by the steric hindrance
offered by the dye molecule. We have demonstrated an elucidative correlation
between the nature of dye and the adsorption properties of CoFe,O, NHSs in
terms of electronic density and complexity of the dye molecule. It is found that
the employment of CoFe,O, NHSs into the dye solution leads to its complete
decolourization within a very few minutes through heterogeneous
physisorption, a clean process for textile waste water treatment. Finally,
desorption of dyes from the NHS surface has been carried out at higher pH~11
in order to reutilize them as a potent magnetic nanodevice having high dye

adsorption efficiency.



Chapter 6

6.2. Experimental

6.2.1 Materials Used

For the synthesis of CoFe,O4 NHSs, the precursor salts, cobalt chloride (CoCl,,
6H,0) and ferric chloride (FeCls, 6H,0); the solvents, ethylene glycol and
ethanol; the base, urea; and the capping agent, oleylamine are purchased from
Sigma—Aldrich. For the investigation of dye adsorption efficiency of CoFe,0,
NHSs, the dyes fluorescein (C»H1,0s), bromophenol blue (C19H10Br,05S), and
bromocresol green (C,Hy4BrsOsS) are obtained from Merck. All laboratory
reagents are of analytical grade. Finally, the aqueous solution of dyes of desired

concentrations is prepared utilizing double distilled water.

6.2.2 Synthesis and Characterization

We have prepared CoFe,O4 NHSs by a facile template free solvothermal route
in which a mixture solution of CoCl,, 6H,0, FeCls, 6H,0, ethylene glycol,
ethanol, urea, and oleylamine was heated in a teflon lined stainless steel
autoclave at 180 °C for 12 hours as described in our previous report [22]. The
diameter of the CoFe,O, NHSs was varied from 100, 160, to 250 nm (NHS-
100, NHS-160, and NHS-250) only by reducing the amount of capping agent,
oleylamine from 6 to 4 ml while keeping all other parameters same. The key
role of oleylamine is to control the growth of CoFe,O, nanocrystals where
increasing amount of capping agent restricts the crystal growth more. Finally,
the as—prepared black precipitation was washed in alcohol and dried at 60 °C

overnight before characterization.

To investigate the phase of as—prepared samples, we have performed X-ray
diffraction (XRD) by Rigaku Miniflex Il desktop X-ray diffractometer using Cu
K. (A= 1.5418A) radiation. The morphology, crystallinity, particle size, and

elemental analyses of the nanostructures were carried out using transmission
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electron microscope (TEM) with model TECHNAI G? TF20, operating at 200
kV. The sample for TEM measurement was prepared by casting a few drops of
well dispersed alcohol solution of as—prepared sample on carbon coated Cu
grid, followed by drying in open air. The specific surface area and pore size
distribution of CoFe,O4 NHSs of different diameters were measured through N,
(Nitrogen) adsorption/desorption isotherms using Quantachrome Autosorb 1C
by utilizing Brunauere Emmette Teller (BET) and Barrete Joynere Halenda
(BJH) methods. The dye adsorption behaviour of CoFe,O, NHSs was recorded
through Shimadzu model UV-2600 spectrophotometer by using a quartz
cuvette of 1 cm path length. Finally, the interaction and the attachment of dye
molecules with the adsorbent surface were confirmed through Fourier
transformed infra-red (FTIR, JASCO FTIR-6300) and EDX spectroscopic
analyses. EDX is performed in field emission scanning electron (FESEM, FEI
QUANTA FEG-250), operating at 10 kV. For FTIR measurement, the pellets
were prepared after homogeneous mixing of pristine and dye adsorbed CoFe,0,
NHSs individually with KBr which is used as a reference and the samples for
EDX measurement were prepared in a similar manner as TEM except by drop
casting well dispersed water solution of dye adsorbed CoFe,O,4 nano-powder on

silicon wafer.

6.2.3 Dye adsorption

We have performed the dye adsorption experiments with three kinds of
adsorbate, namely (1) Fluorescein, (2) Bromophenol blue, (3) Bromocresol
green. Typically, 0.01 g of CoFe,O,4 adsorbent of different diameter was mixed
with 4 ml of dye solution at various concentrations ranging from 0.03-0.2 mg
ml™ at pH~7. After magnetic stirring at a rate of 120 rpm for 2 min, the mixture
solution was centrifuged and a small amount of liquid were taken to be analyzed
by UV-visible (UV-Vis) absorption spectroscopy where we monitored the

absorbance change at the wavelength of maximum absorbance. The amount of
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dye on CoFe,O4 NHSs was calculated from the following equation:

Co—Cp)V
qt — ( 0 t) (61)

m

where, g, (mg g™) is the amount of dye adsorbed at time t, Cyand C, (mg ml™)
are the dye concentrations at initial and any time respectively. ¥V (ml) is the
volume of dye solution, and V (g) is the mass of the adsorbent. All the

experiments were carried out at room temperature.

6.3. Results and discussion

Figure 6.1.(a) shows the XRD patterns for all as—synthesized CoFe,O, NHSs of
diameter 100, 160, and 250 nm. All the diffraction peaks exactly match with
face centred cubic inverse spinel structure (JCPDS card no. 22-1086) of
CoFe,0,4. From broadening of the peak (311), the crystallite size of all the
samples 1s calculated using Debye Scherrer’s equation and it is found to
increase with increasing diameter of the NHSs as mentioned in Table 6.1.
Energy—dispersive X-ray (EDX) spectroscopic analysis of CoFe,O, NHS-250,
as depicted in the inset of Figure 6.1.(a) confirms the presence of carbon (C)
and copper (Cu) which are due to carbon coated Cu grid in which well dispersed
alcoholic solution of CoFe,O, NHSs is drop casted. The presence of C may also
be due to the capping agent, oleylamine which is used as a surface stabilizer and
growth modifier during the synthesis of CoFe,O, NHSs. Finally, the existence
of elemental composition of Co, Fe, and O is as a result of CoFe,0, phase.
Figures 6.1.(b)—(c) indicate the transmission electron micrographs of CoFe,0,
NHS-100, NHS-160, and NHS-250 where the dark and bright contrasts
between the margin and the centre of the particle clearly indicate the hollow
interior of as—prepared nanostructures. The average diameter and the shell
thickness of the samples were calculated from these TEM images and listed in
Table 6.1.
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Figure 6.1: (a) XRD patterns of all CoFe,O4 NHSs of different diameters. Inset shows the
EDX spectrum of CoFe, O, NHS-250. TEM images of CoFe,O4, NHS— (b) 100, (c) 160, and
(d) 250.

Corresponding to the black rectangular area of CoFe,O, NHS-250, as shown in
Figure 6.2.(a), we have taken high resolution TEM (HRTEM) image which
confirms the high crystallinity of as—prepared sample, as shown in Figure
6.2.(b). The calculated inter—planar distance between the lattice fringes is about
0.251 nm, which corresponds to the distance between (311) planes of CoFe,0,
crystal lattice. Figure 6.2.(c) shows the selected area electron diffraction
(SAED) pattern of the same selected area of NHS-250. Figures 6.2.(d) and
6.2.(e) show the N, adsorption—desorption isotherms and BJH plots of all
CoFe,O4 NHSs of different diameters. The isotherms in Figure 6.2.(d) can be
categorized as type 1V, with a hysteresis loop in the range of 0.3-1.0 p/po. The
specific surface area and pore volume of CoFe,0, NHSs are found to vary from
584-948 m? g™ and 1.05-1.35 cm® g™ respectively whereas the average pore
sizes of the NHSs, as observed from BJH plots vary from 2.85-2.98 nm with
increasing NHS diameters from 100-250 nm as listed in Table 6.1. These pores
facilitate the diffusion which is essential for many applications such as sensing,
supercapacitor, immobilization support for enzymes, catalysis, and adsorption

studies.
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Figure 6.2: (a) TEM image of CoFe,O, NHS-250, (b) HRTEM image of the area selected by
black rectangle of NHS-250, (c) SAED pattern of that same selected area, (d) N
adsorption/desorption isotherms, (e) BJH plot of CoFe, O, NHS-100, NHS-160, and NHS—

250.

Table 6.1. List of average particle diameter, crystallite size, shell thickness, specific surface

area, pore size, and total pore volume of as-synthesized CoFe,O, NHSs of different

diameters.
. Surface . Total Pore
Sample Average Crystallite size §hel| area Pore size volume
diameter thickness
Name (nm) (nm) (nm) 2 1 (nm) 3 1
(m“g”) (cm>g™)
NHS-100 100+4 40.32 18 584 2.85 1.05
NHS-160 16045 42.57 38 603 2.92 1.18
NHS-250 250+7 44,19 43 948 2.98 1.35
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Considering the significant progress in waste water treatment through rational
engineering and manipulation of magnetic nanomaterials, we aimed to utilize
our developed CoFe,O, NHSs in the removal of different dyes such as
fluorescein, bromophenol blue, and bromocresol green. The molecular
structures of these dyes, as shown in inset of Figures 6.3.(a)—(c) indicate that the
dye, fluorescein contains the carboxyl group (-COOH) whereas bromophenol
blue and bromocresol green contain the sulfonyl group (-SOsH) in addition to
hydroxyl group (-OH). Figures 6.3.(a)—(c) show the comparative adsorption
studies of these dyes over time through UV-Vis spectroscopy in presence of
CoFe,0, NHS-250 at pH~7 with initial dye concentration 0.03 mg ml™. It is
found that CoFe,O4 NHSs exhibit an unprecedented efficiency in the removal of
these dyes. It adsorbs a total 95% of fluorescein, 32% of bromophenol blue, and
15% of bromocresol green dyes within only 2 min and reaches equilibrium in
about 4, 6, and 10 min respectively which ensure that the developed magnetic
adsorbent is a potential candidate for waste water purification. Figures 6.3.(d)—
(f) exhibit the EDX spectroscopic analyses of all dye adsorbed CoFe,O, NHSs,
indicating the presence of C in case of fluorescein and C, S, and Br for
bromophenol blue and bromocresol green dyes in addition to Co, Fe and O of
CoFe,0, phase. The peak of silicon (Si) is due to the substrate on which dye
adsorbed CoFe,O4 NHSs, dispersed in water through ultra-sonication was drop

casted.
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Figure 6.3: UV-vis spectral changes of aqueous solution of (a) fluorescein, (b) bromophenol
blue, and (c) bromocresol green with time in presence of CoFe,O, NHS-250 at pH~7
respectively. The inset shows the molecular structures of the corresponding dyes.EDX
spectrum of the (d) fluorescein, (e) bromophenol blue, and (f) bromocresol green adsorbed
CoFe,04 NHS-250, indicating the presence of the elemental composition of Co, Fe, and O of
CoFe,0,4 in addition the components of dye. Inset shows corresponding FESEM images of
dye adsorbed CoFe,O4, NHS-250 where arrow indicates hollow interior of NHSs.

In order to investigate the origin of excellent adsorption activity of as—prepared
CoFe,O, NHSs, we have studied the interaction between the adsorbate and the
adsorbent molecules through FTIR spectroscopy, as shown in Figure 6.4. The
peaks at 584 and 421 cm™* are attributed to the spinel structure of CoFe,O,
where two modes are due to the motion of oxygen with respect to tetrahedral
and octahedral cations in the spinel cell [23]. The complete FTIR spectrum of
CoFe,O, NHSs indicates that there exist all the characteristic peaks of
oleylamine. The low intensity peaks at 3001, 2932, and 2852 cm* are
attributed to the vibration of =C-H group, anti-symmetric and symmetric

stretching vibrations of —CH, group of oleylamine respectively [24]. Moreover,
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the shoulder at 1641 cm™ and the peaks at 1514 and 722 cm* are also the
characteristic of C=C and —NH, groups [25] of oleylamine respectively.
Therefore, the excellent dye adsorption of CoFe,O4 NHSs is derived from the
strong electrostatic interaction between the positive surface —NH, group of
adsorbent and the negative functional groups (-OH, —-COO", -SO;) of
adsorbate which is also visualized from the broadening and shifting of —NH,
peaks of dye adsorbed CoFe,O, NHSs. Further, the band around 3000-3600 cm’
! corresponding to the stretching vibrational modes of surface —OH group [26]
of CoFe,O4 NHSs is found to be broadened after dye adsorption. In general,
CoFe,0, nanomaterials contain surface OH groups due to atmospheric water
that can easily bond with other molecules. Therefore, the broadening of that
band for dye adsorbed CoFe,O, NHSs indicates the formation of hydrogen
bonding between the surfaces —OH groups of adsorbent and the functional -OH

groups of adsorbate molecules [27] which leads to outstanding dye adsorption.
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Figure 6.4: Comparative FTIR spectra of as—synthesised CoFe,O, NHSs and fluorescein,

bromophenol blue, and bromocresol green adsorbed CoFe;O, NHSs.
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To find the controlling mechanism of adsorption such as mass transfer,
physisorption, and chemisorption; we have employed different kinetic models
namely, intraparticle diffusion (mass transfer) model, pseudo 1% order
(physisorption), and pseudo 2™ order (chemisorption) models to the
experimentally obtained UV-Vis spectroscopic data. In case of intraparticle
diffusion model of Weber and Morris [28], the rate equation is expressed by

Equ. 6.2, where g, is the amount of dye adsorbed at time ¢ (min), k; (min™?

) is
the intraparticle diffusion rate constant. A straight line of g; vs. t'/2 graph and
the positive intercept suggest the applicability of this kinetic model in which
adsorption occurs due to mass transfer. The positive intercept is proportional to
the extent of boundary layer thickness of dye whereas negative intercept
discards the intraparticle diffusion model. For pseudo 1* order model [29], the
rate equation of Lagergren is given by Equ. (6.3), where q,_is the amount of dye
adsorbed at equilibrium and k, (min™) is the 1% order adsorption rate constant.
Herein, a straight line of log(qe1 — qt) vs. t graph suggests the applicability of
pseudo 1% order kinetic model where physisorption is the main mechanism for
adsorption. Similarly, a straight line of t/q, vs. t graph corresponding to the
pseudo 2" order rate equation of Langmuir [30] as shown in Equ. 6.4, where k,

(min™) is the 2" order rate constant indicates chemisorption.

g, = kit 2+ C (6.2)
k

log(qe, — q:) = l0gqe, — 5=t (6.3)

LA B 2 (6.4)

qr k208, Qe

The linearized plots of these models for initial dye concentration of 0.07 mg ml’
"and 0.01 g of CoFe,O, NHS-250 are shown in Figure 6.5.(a) — 6.5.(i). The

values of rate constant (k), amount of dye adsorbed on adsorbate at equilibrium
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(q.), and correlation coefficients (R? are calculated from these plots and
presented in Table 6.2. It is found that the values of R? for the intraparticle
diffusion and pseudo 1% order models are of the order of 0.99, and the

calculated g, and g, values are nearly equal to the experimental values, which

suggest that the adsorption process basically follows the intraparticle diffusion
and pseudo 1% order models. However, the intercepts (C) of intraparticle
diffusion model for bromophenol blue and bromocresol green dyes are found to
be negative, as listed in Table 6.2 which suggests inapplicability of this model
in which mass transfer is the process of adsorption. Hence, the adsorption of
fluorescein dye over the NHS surface is determined by both the mass transfer
and physisorption processes whereas other dyes follow physisorption only. The
FTIR study already confirms that there exists an electrostatic attraction and
hydrogen bonding between the adsorbate and the adsorbent which leads to
strong physisorption. In addition, meticulous analysis of Table 6.2 indicates that
fluorescein dye, having functional group of —COO" exhibits higher rate of
physisorption than the other dyes, containing functional group of —SO3" which is
also observed from UV-Vis spectroscopic analyses, as shown in Figure 6.3.(a)—
(c). It may be due to greater electron density of -COQO" group than —SO;" group
which strengthens the interaction of dye molecule with the NHS surface and
thus accelerates the process of physisorption. In addition, bromophenol blue is
found to exhibit higher rate of physisorption than bromocresol green in spite of
both having same functional groups (-OH and —SO3). It may be due to more
sterically hindered configuration of bromocresol green in contrast to

bromophenol blue.



Chapter 6

35 0.6] 20
- - 0.4 = 1.6
B 2.5 T 0.2 = 12
- < 0.0] E *
£ L5 = 0.2 =08
=0.5] @[S 04 (b T 04 (©
=1 C,;=0.07Tmg/ml| 001, =0.07mg/ml . 0.0 Cy=0.0Tmg/ml
0.00.51.01.5 2.02.5 3.0 01 2 3 4 01 %{3,4) 56
. 172 f (min min
I, (min ") ( )
isu'Bn:-muphcnul_ 1.6 Bromophenol| _ 1.2{Bromophenol
= 30 blue ?:: 1.2 blue | € blue
=11} N E 1.04
5 15 = 08 E o9
E,_lﬁ: o * (d) %':' 0.4 {E:I -g"‘-U-S' (n
=0 C=0.07mg/mi| 001 C;=0.07mg/ml T 071 €,~0.07mg/ml
Sl———————————— ) 7 | S —
012 3 4Ir'?5 [ 0 5 10 15 20 25 30 0 5 1015 2025 30 35
£ (min’”) £ (min) ¢ (min)
30 1.4 4.0
25 Bromocresol Bromocresol 38 Bromocresol .
i 20 green ,;;:_ 1.3 green|’s 3.6{ . green -
30 w12 E 34
En = ~32
s (@ [ 2 L1 M T30 (i)
o C,=0.0Tmg/ml| ~ 1 o] €,~0.07mg/ml > €,=0.07mg/ml
1 2 3 4 5 6 7 0 10 20 30 40 50 60 0 10 20 30 40 50 60
. 12 f (min f (min
'r]'/.? (min ) ( ) ( )

Figure 6.5 Intraparticle diffusion, pseudo 1% order, and pseudo 2" order kinetic models for

fluorescein, bromophenol blue, and bromocresol green adsorption over CoFe,O, NHS-250 at

room temperature.

Table 6.2. Intraparticle diffusion, pseudo 1% order, and pseudo 2™ order kinetic model

parameters for different dye adsorption over CoFe,O, NHS-250 at room temperature.

Intraparticle diffusion Pseudo 1% order Pseudo 2™ order
CoFe;04 Model model model
NHS Name of Dye 9eexp
: 1
250 (g) dye (mg mi™) (mgg™) qe/ kl C R? q81 kl R qez kZ R2
(mg g*) |(mg g* min™?) (mg g) | (min”) (mgg") | (@mg™* min)
Fluorescein 3.45 3.19 1.25 0.14 | 099 | 412 0.76 |0.98 3.7 0.52 0.97
Bromophenol
29.3 31.1 5.87 -3.16 | 0.98 | 383 0.13 |0.98| 714 3x10™ 0.94
0.01 blue 0.07
Bromocresol
245 23.0 4.78 -5.86 | 0.99 | 275 0.09 |0.99| -134 3x10° 0.17
green
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The linearized plots of pseudo 1% order kinetic model for CoFe,0, NHS-250 in
presence of bromocresol green with different dye concentration ranging from
0.03 to 0.2 mg ml™* are shown in Figure 6.5.(a) whereas Figure 6.5.(b) indicates
the same kinetic model for CoFe,O, NHSs of different diameters with a fixed
0.03 mg ml™* bromocresol green concentration. The values of rate constant (k),
amount of dye adsorbed on adsorbate at equilibrium (qge), and correlation
coefficients (R?) are calculated from these plots are presented in Table 6.3 and
Table 6.4. Table 6.3 indicates that with variation of initial dye concentration
from 0.03 to 0.2 mg/ml, a considerable increase in g values occurs and it ranges
from 11.49 to 68.22 mg g™ for 0.01 g of CoFe,0, NHS-250. It is mainly due to
the presence of more adsorbate for a fixed amount of adsorbent. Moreover, the
pseudo 1% order rate constants are found to decrease with increasing dye
concentration, indicating decrease in driving force with increasing initial dye
concentration. The size dependent study as shown in Figures 6.5.(b) reveals that
the amount of adsorbate absorbed per unit mass of adsorbent increases with
increasing size of the NHSs. Moreover, Table 4 points out that the physisorption
rate also increases with increasing size of the NHSs. These increasing
adsorption performances are attributed to increasing specific surface area and

nano—pore size of CoFe,O, NHSs with increasing size.
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A m=0.01g 104 * Cs=0.03 mg/ml
q Mk 0.8 "
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= = 044 .
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Figure 6.6: Pseudo 1% order adsorption kinetics of bromocresol green dye solution with (a)
different initial dye concentration and 0.01 g of CoFe,O, NHS-250, (b) fixed initial dye
concentration of 0.03 mg mI™ and 0.01 g of CoFe,0, NHSs of different diameter.
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Table 6.3. Pseudo 1% order kinetic model parameters for different initial bromocresol green

concentrations on CoFe,0, NHS-250 at room temperature.

Pseudo 1% order model
Name of qe,
Adsorbate (g) | Co(mg ml™?) eexp ”
adsorbate (mg g™ e, ! R?
(mg g™ (min)
0.03 11.49 13.48 0.43 0.96
CoFe,0,
0.01 0.07 24.55 27.48 0.09 0.99
NHS-250
0.2 68.02 67.59 0.004 0.99

Table 6.4. Adsorption capacity at equilibrium (Qe) of different CoFe,O4 NHSs for a given

amount of adsorbate and bromocresol green concentration in case of pseudo 1% order model.

Pseudo 1% order model
Size of Adsorbate
-1
Co (Mg ml™) 1 qe, K
CoFe, O, (g) Geexp (mg g ) - R?
(mg g% (min®)
NHS-250 12.00 13.48 0.43 0.95
NHS-160 0.01 0.03 0.018 0.018 0.18 0.98
NHS-100 0.017 0.017 0.08 0.98

The analysis of equilibrium sorption data by fitting them to different isotherm
models is another important step for the description of how adsorbate will
interact with the adsorbent. Figures 6.7.(a)—(c) show the equilibrium isotherms
of bromocresol green adsorption into three different models, named Langmuir
[31], Freundlich [32] and Dubinin Radushkevich [33] (D-R) and their
corresponding parameters are represented in Table 6.5. The Langmuir equation
is valid for monolayer adsorption on a surface of adsorbate with a finite number

of identical sites and is expressed as:
Ce 1

1
- +1lc
de amKi, dm

(6.5)

where, C, (mg ml™) is the initial concentration of adsorbate and g, (mg g*) is
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the amount of adsorbate adsorbed per unit mass of adsorbent. g, is the
maximum amount of dye per unit mass of adsorbent to form a complete
monolayer on the surface at high C, (mg ml™) and K, (ml mg™) is a constant
related to the affinity of binding sites. The Freundlich isotherm based on

adsorption on a heterogeneous surface is given by the equation:

logq., = logKy + %logCe (6.6)

where, Kz (mg g™ (ml mg™)*"

) and n are Freundlich constants which indicates
how favourable is the adsorption process. Ky is the adsorption capacity of the
adsorbent which can be defined as the adsorption or distribution coefficient and
represents the quantity of dye adsorbed onto CoFe,O, NHSs for a unit
equilibrium concentration. The slope of 1/n ranging between O and 1 is a
measure of adsorption intensity or surface heterogeneity, becoming more
heterogeneous as its value gets closer to zero. D—R isotherm [33] is represented

by the following equation:
Ing, = InQy — Kpge? (6.7)

where Ky (mol® ki?) is a constant related to mean adsorption energy and ¢ is
the Polanyi potential. The slope of the plot of Ing,vs. £2gives Kpg, and the
intercept yields the sorption capacity, Q, (mg g™). T is the absolute temperature
in Kelvin, and R is the universal gas constant (8.314 J mol™ K. Figure 6.7.(a)—
(c) indicates that equilibrium sorption data of bromocresol green on CoFe,O,
NHS-250 excellently fits to Freundlich adsorption isotherm model with highest
correlation co—efficient of 0.99. The 1/n value obtained from Freundlich
isotherm, as presented in table 6.5 indicates a moderate multilayer adsorption

intensity of dye molecule over the heterogeneous surface of CoFe,O4 NHSs.
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Figure 6.7: (a) Langmuir, (b) Freundlich, (c) D-R isotherm models for bromocresol green
adsorption on CoFe,O4 NHS-250.

Table 6.5. Isotherm model parameters of bromocresol green adsorption on CoFe,O;, NHS—
250.

Name Langmuir Isotherm Freundlich Isotherm D-R Isotherm
CoFe,0, Um K. R’ Ke 1/n R’ Qo Kor R?
NHS-
250 85.91 193.35 0.98 464.94 0.49 0.99 121.098 6.791 0.98

The regeneration capability of the adsorbent is very important from the view
point of industrial applications. It is found that all the adsorbed dye can be
completely desorbed from the surface of CoFe,O, NHSs at pH~11 and
therefore, these magnetic nanostructures can be used very efficiently for
multiple times. Desorption of dyes from the CoFe,O, NHSs surface in the pH
range of 8-11 is shown in Figure 6.8, indicating that desorption efficiency
increases with increasing pH of the solution. At pH~10, the desorption
efficiency of fluorescein, bromophenol blue, and bromocresol green is found to
vary in the range of 95-98% and at pH of 11, almost 100% desorption is
achieved from the CoFe,O4 NHSs surface for all the dyes. The relative average
adsorption efficiency of CoFe,O, NHSs for the dyes is found to be ~94%, 81%,
71%, and 65% for second, third, fourth, and fifth cycle respectively, where the
average adsorption efficiency of 1% cycle was taken as ~100%. This indicates
CoFe,O4 NHSs are versatile and robust adsorbent with both magnetic property

and very high adsorption capacity for dyes containing negative functional
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groups (—OH, —COQ", and -SO53") with multi—cyclic efficiency.

1004 Bromocresol green
{ Bromophenol blue

954 Fluorescein

Figure 6.8: Percentage desorption of fluorescein, bromophenol blue, and bromocresol green
from CoFe,O, NHS-250 at different pH. The inset shows the multi—cyclic percentage
adsorption efficiency of the same.

6.4. Conclusion

In summary, we have synthesised CoFe,O4 NHSs of different diameter through
facile solvothermal technique and demonstrated their excellent adsorption
activity in the removal of fluorescein, bromocresol green, and bromophenol
blue dyes. The nanoscale particle size, hollow porous nature, and the presence
of -NH, and —OH functional groups on the surface of CoFe,O4; NHSs show
favourable adsorption for all these anionic dyes through electrostatic interaction
and hydrogen bonding, as confirmed from FTIR analysis. The CoFe,O4 NHSs
are found to exhibit higher rate of adsorption for fluorescein than bromocresol
green and bromophenol blue due to difference in strength of electrostatic
interaction between the cationic surface functional group of NHSs and anionic
functional group of dyes. Moreover, the comparative adsorption rate analysis of

bromocresol green and bromophenol blue dyes, both having same functional

173



Chapter 6

group (—-SO; and —OH) reveals that steric hindrance offered by the dye
molecule plays an important role in adsorbing the dye molecule on CoFe,O,
surface. The adsorption kinetics and isotherm of CoFe,O, NHSs are found to
excellently fit to pseudo 1% order kinetics and Freundlich isotherm model
respectively, indicating heterogeneous physisorption of dyes over the NHS
surface. The process adsorption is also investigated by varying the initial dye
concentration and the size of the CoFe,O, NHSs which indicates that the
amount of dye adsorbed on the surface of CoFe,O, NHSs increase with
increasing size of the NHSs and initial dye concentration. Moreover, these
adsorbed dyes can be completely desorbed from the surface of CoFe,O, NHSs
at pH ~11 and show significant multi—cyclic adsorption efficiency. We believe
that the excellent adsorption efficiency of CoFe,O4 NHSs in removal of dyes
along with multi-cyclic efficiency can be significantly utilized for their

potential application in waste water treatment.
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Chapter 7

Fabricating Multifunctional ZnFe>O4
nano-hollowspheres

In this chapter we have demonstrated brilliant
photoluminescence consequent to surface
modification of ZnFe;O4 nano-hollowspheres
by organic ligand. Moreover, their
efficiency as nanocarriers of drug
has also been exhibited.
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7. Folate functionalized ZnFe,0, nano-hollowspheres
for drug delivery and intrinsic fluorescence

7.1 Preamble

Magnetic nanostructures (NSs) have grown great interest in the bio-medical
field because of their controllable size ranging from few nm to 100 nm, which
enables them to ‘get close’ to certain biological entities such as a cell (10—
100um), a protein (5-50 nm), a virus (20—450 nm), or a gene (2 nm wide and
10-100 nm long). They can be coated with biological molecules to make them
interact with or bind to a biological entity, thus providing a controllable means
of ‘tagging’ or addressing it. Moreover, the magnetic nanostructures can be
controlled by an external magnetic field, which opens up many applications
involving the transport of magnetic nanostructures, or of magnetically tagged
biological entities. Thus the magnetic NSs can deliver a package, such as an
anticancer drug, or radionuclide atoms, to a targeted region of the body, such as
a tumor [1-8]. Magnetic nanostructure-based targeting can decrease or eradicate
the side effects of conventional chemotherapy by reducing the systemic

distribution of drugs and lower the doses of the cytotoxic compounds [9-11].

It has been accepted that targeted delivery is very necessary for anticancer drug
delivery system, as most of the commonly used anticancer drugs have serious
side effects due to unspecific action on healthy cells. Moreover, targeted
delivery would enhance the therapeutic efficacy. Magnetic targeting could
enable drug delivery systems to reach the targeted organs or tissues quickly, but
it could not effectively enhance cell uptake of drug delivery systems by cancer
cells. It has been believed that cellular targeting by utilizing antibodies or
specific ligands to selectively bind to the cell surface to enhance the efficiency
of cell uptake of drug delivery systems, which could significantly enhance the

therapeutic efficacy. Folic acid, a small-molecule vitamin, is essential for the
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human body. It is an important coenzyme in DNA synthesis and serves as a co-
factor in the synthesis of several enzyme systems. Folic acid (FA), which is a
water-soluble form of vitamin B, targets tumors. This is because FA has a high
affinity for folate receptors (FRs), which are overexpressed in various types of
human tumors but generally are absent in most normal tissues. FA has several
advantages over macromolecules as a tumor-targeting ligand: (1) easy
availability; (2) low cost; (3) applicability over a wide range of tumors, such as
laryngeal, ovarian, endometrial, colorectal, breast, lung, renal-cell, and
neuroendocrine carcinomas, (4) ease of cytosolic delivery when combined with
magnetic NPs (5) potential for repeated administration, because of its small
size, as compared to other targeting ligands. Due to this reasons, FA is most

commonly used in targeted drug delivery purposes nowadays [12-16].

Zinc ferrite nanoparticles received a great deal of attention in nanomedicine due
to the lesser toxicity of Zn* and its permissible RDI (Reference Daily Intake)

doses 15 mg/day, which is much higher than any other biocompatible material
[17]. Complexation between metal ions and ligands is an acid-base reaction

that is driven primarily by electrostatic interactions. The binding of ligands
depends on the nature of the atom donor, e.g., oxygen, nitrogen and sulfur,
many of the ligands obey the Irving—Williams series, which forecasts that the
association binding constants for the divalent transition metals are in the
following order: Mn*’<Fe*’< Co*’<Ni**<Cu*2<Zn** [18]. The higher the
association constant, the higher complexation occurs. The ferrites have
molecular formula of AB,O., where A is the tetrahedral voids and B is the
octahedral sites. Here, A™ is the divalent metal ions and B** are the trivalent
ions of Fe. The Zn*? ions have ionic radius of 74 A and thus they occupy the
tetrahedral (A) sites in the spinel structure which results in a normal spinel [19].
We have synthesized ZnFe,O, Nano-hollowspheres (NHSs) and made them

biocompatible with Sodium folate ligand, which in turn generated inherent
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multiple fluorescences. Additionally, the NHSs were tested as nano-carriers for
pH responsive drug delivery using low concentration of Doxorubuicin and

found to be worthy.

7.2. Experimental

7.2.1 Materials Used

Iron chloride hexahydrate [FeCl;.6H,0], Zinc chloride [ZnCl,], Ethylene
Glycol, Urea [CO(NH,).], Oleylamine and Doxorubicin hydrochloride are
obtained from Sigma-Aldrich. Ethyl Alcohol [EtOH] and Sodium Hydroxide
[NaOH] are purchased from Merck. Folic Acid is bought from Loba Chemie.

7.2.2 Synthesis and Characterization

ZnFe,0,4 (ZFO) NHSs were synthesized using solvothermal method. A solution
mixture of Iron (I11) chloride hexahydrate, Zinc (11) chloride, Ethylene Glycol,
Urea, Ethanol and Oleylamine was heated in Teflon lined stainless steel
autoclave at 180°C for 18 h in an oven. Then the as-prepared ZnFe,O, NHSs
were washed by ethanol and collected after centrifugation. Further, the as-
prepared ZnFe,O, NHSs were dried by heating on a hotplate at a temperature of
80°-90°C for 10 min.

In order to modify surface of the as-prepared ZnFe,O, NHSs with folate ligands
we cyclomixed the NHSs with 0.05M Na-folate solution (pH~7) at room
temperature for 12 h. We obtained a light yellowish solution of folate-
functionalized ZnFe,0, NHSs, and named as FZFO NHSs.

The X-ray powder diffraction (XRD) of as-prepared ZnFe,O4 NHSs was done
using Rikagu miniflex II diffractometer equipped with Cu Ka radiation (at 40
mA and 40 kV) at the scanning rate of 3° per minute in the 26 range of 20°-70°.

A FEI Technai G2 TF-20 field-emission high-resolution transmission electron
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microscope (TEM) and A FEI QUANTA FEG 250 field-emission high-
resolution scanning electron microscope (FESEM), were used to study the size,
shape, morphology, and size distribution and to record the Energy-dispersive X-
ray analysis (EDX) spectrum of the as-prepared and functionalized ZnFe,0,
NHSs. The Ultraviolet-visible (UV/Vis) absorbance spectra of FZFO NHSs
were obtained using a quartz cuvette of 1 cm path length on Shimadzu UV-2600
spectrophotometer. To carry out the steady state photoluminescence excitation
and emission study of FZFO NHSs a Horiba Jovin Yvon Model Fluorolog
fluorometer was used. Fluorescence micrographs of FZFO NHSs were captured

using Olympus BX53 fluorescence microscope.

FTIR (Fourier transform infrared spectroscopy) measurements were performed
using a JASCO FTIR-6300 spectrometer to ensure of the attachment of folate
molecules to the NHSs’ surface. For FTIR study, pellets were made after
homogeneous mixing of lyophilized FZFO NHSs powder samples with KBr.
The background was corrected using a reference KBr pellet. For magnetic
measurements of as-prepared ZnFe,O, NHSs and FZFO NHSs, a Lake Shore

VSM equipped with an electromagnet was used.

7.2.3 Loading of Drug molecule

In order to study the drug loading Doxorubicin on to the surface of FZFO
NHSs, we prepared Doxorubicin solution of 5 X 10 M using D.l water (pH 7).
For loading of the drug, the Doxorubicin solution was cyclomixed with Na-
folate functionalized ZnFe,O, for 1 hour at 25°C. Further the drug loaded NHSs
were magnetically separated and dried. The drug loading percentage was

measured using UV/Vis Spectrometer.

7.3 Results and Discussion

The XRD pattern shown in Figure 7.1 confirms that all the peaks perfectly
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match with the normal spinel structure of ZnFe,O4 NHSs, as reported in the
literature (JCPDS file no. 89-1010). The EDX (energy dispersive X-ray) spectra
in the inset of Figure 1 confirms the presence of Zn, Fe and O in ZnFe,0,
NHSs.
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Figure 7.1: XRD of the as-prepared ZnFe,O, NHSs. Inset shows the EDX spectra of as-
prepared ZnFe,O4 NHSs indicating presence of Zn, Fe and O.

For understanding morphology and size of the both as-prepared ZnFe,O, NHSs
and FZFO NHSs, TEM (transmission Electron Microscope) and SEM
(Scanning Electron Microscope) studies were done. From Figure 7.2.(a) and (b),
it is clearly evident that the as-prepared ZFO NHSs have hollow structure and
Figure 7.2.(c) confirms the narrow dispersity with an average diameter of 200
nm. Figure 7.2.(d) shows SAED pattern of the as-prepared ZFO NHS.
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Figure 7.2: (a) SEM and (b) TEM image of the as-prepared ZnFe,O, NHSs. (c) Size
distribution graph of as-prepared ZnFe,O, NHSs. (d) SAED pattern of as-prepared ZnFe,O4
NHSs indicates high crystallinity.

In order to solubilize the as-prepared ZFO NHSs into aqueous medium, we have
functionalized the NHSs with Na-folate solution. As the result of
functionalizing, we also have made the as-prepared ZFO NHSs biocompatible.
After surface modification, the size of the FZFO NHSs remains almost

unchanged, that is evident from Figure 7.3.(a).
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Figure 7.3: (a) SEM and (b) TEM image of the folate functionalized ZnFe,O4 NHSs. (c) Size
distribution graph of folate functionalized ZnFe,O4 NHSs.

Further we carried out the absorption study on folate functionalized ZFO
(FZFO) NHSs and from Figure 7.4.(a), it was found that the functionalized ZFO
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NHSs (pH~7) have different absorption property than the only tartrate,
indicating a distinct change in the surface electronic structure of the NHSs. In
the absorption spectra of the functionalized ZFO (Figure 7.4.(a)) the bands
around 300 and 360 nm is clearly visible along with the 280 nm band which is
characteristic absorption band for folate. In order to examine the
photoluminescence property, we carried out a pilot experiment by placing the
cuvette filled with FZFO NHSs under UV light of wavelength 253.7 nm (UV-
C), shown in Figure 7.4.(b). The FZFO NHSs showed a bright cyan color under
UV light irradiation. In order to intensify the photoluminescence, further surface
modification was done by increasing the pH of the FZFO NHSs t010 and again
carried out the absorption study. After the second surface modification, the
bands at 305 and 363 nm become distinct along with the band at 256 nm, shown
in Figure 7.4.(a).

256 " 280 F-ZFO pH 10
\ F-ZFO pH7
Na-Folate

Absorbance (a.u.)

250 300 350 400
Wavelength (nm)

Figure 7.4: (a) Absorption spectra of Na-folate, FZFO NHSs at pH 7 and 10. (b) FZFO
NHSs (pH 7) are under UV light.

After acquiring the information from the absorption spectra, we carried out
photoluminescence study of the FZFO, and observed fluorescence at Agm= 358

nm while exciting the functionalized solution at A= 258 nm. Three more
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photoluminescence peaks were generated with greater intensity as a result of
further surface modification, the photoluminescence peaks at Aeny= 417 Nm, 475
nm and 620 nm were found upon exciting the fl. mod. solution of ZFO NHSs at
Aex= 310 nm, 393 nm, 508 nm respectively. With the assistance of Ligand Field
theory (LFT), the occurrence of multicolor photoluminescence can be clarified.
The photoluminescence peak at A= 358 nm for fluorescence modified ZFO
NHSs, resulting from exciting the solution at A= 258 nm (absorption peak seen
in Figure 7.5), arises from ligand to metal charge transfer (LMCT) involving the
highest occupied energy level of tartrate ligands and the lowest unoccupied

energy levels of Fe* metal ion centers on the NPs’ surface.
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Figure 7.5: (a) Normalized steady-state fluorescence emission spectra obtained from FZFO
(pH 10) NHSs after excitation at four different wavelengths, Aex = 258, 310, 393, and 508 nm.
(b)Fluorescence excitation spectra of FZFO (pH 10) NHSs at different emission maxima,
that is, Aem= 358, 417, 475 and 620 nm. Fluorescence micrographs of FZFO (pH 10) NHs
powder under (c) UV, (d) blue, and (e) green light irradiation. The scale bars in all images are

2 pm.
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It is most probable that the Fe** may take part in the generation of fluorescence.
The other three peaks at 417 nm, 475 nm, 620 nm may be ascribed to the
possible d-d transitions of the Fe™ metal ions. As Fe*® is d° system, the d-d
transitions are both spin and laporte forbidden, however, they can have
considerable strengths due to the relaxation of selection rules by lattice
distortion and spin-orbit coupling as discussed in other Fe** (d°) materials [20-
21]. The three emission bands with maxima at A= 445 nm, 488 nm and 560
nm can be described in terms of spectroscopic term symbols, due to transitions
from °Ayy to “Tyy “Tog and *Ay, transitions involving d-d orbitals of Fe™ ions,

respectively, due to the crystal field splitting.

--------------------- > 417 nm band

——————————————————— > 475 nm band

—————————————— > 620 nm band

Figure 7.6: The schematic diagram of the spin allowed d-d transitions of Fe*® (d° system),
that result in three different colored fluorescence for FZFO (pH 10) NHSs. The transitions are

shown using Tanabe Sugano diagram.

In order to see the effect of higher pH and to establish the data we have found
on further surface modification, we carried out the photoluminescence study at
three different pH scales. The folate ion has o donor (NH, group) and = donor
(COO group). With increasing basicity, both donor groups get deprotonated
and the deprotonated o donor groups interacts with the metal much more
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efficiently in basic medium than in neutral medium. The increased interaction
causes more splitting in the d orbitals. In case of acidic and neutral medium, the
donor groups get protonated which in turn hinders the folate molecules to attach
on the metal surface. Thus, as the pH of the solution increases the interaction of
the metal and the ligands increases which in turn results in the higher intensity
fluorescence bands. The intensification of the bands at 358 nm and 417 nm with

increasing pH, can easily be seen from the Figure 7.7.(a) and (b).
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Figure 7.7: Normalized steady-state intensity comparison spectra of (a) 358 nm and (b) 417
nm band of FZFO NHSs at 3 different pH scales.

The FTIR study was carried out for ZFO NHSs before and after
functionalization with folate ligand and for Folic acid, in order to inquire about
the attachment of the ligand molecules to the surface of bare ZFO NHSs. As
depicted in Figure 7.8, the peak arising at 420 cm™ and 574 cm™ are attributed
to stretching vibration of metal-oxygen bonds in ZnFe,O, due to Zn** and Fe**
ions respectively [22] The peaks at 420 cm™ and 574 cm™ are not
distinguishable in the case of FZFO NHSs. The sharp peak arising at 1485 cm™
Is the characteristic band for phenyl and PT ring. Two other peaks at 1411 and
1621 cm™ are due to the symmetric and asymmetric stretching of the COO . The
peak at 1690 cm™ is attributed to stretching vibration of C=0, whereas at 1450

cm™ peak is due to folate amide bond [23]. Because of the interactions between
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the surface of the ZnFe,O, NHSs and the functional group moieties of the

ligand, all the bands are clearly perturbed.
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Figure 7.8: FTIR spectra of as-prepared ZFO and FZFO NHSs together with Na-folate.

Drug loading efficiency for the particles was checked with the help of UV-vis
absorption spectra taken for the Doxorubicin solution before (initial) and after
(final) loading the drug into the particles, shown in Figure 7.9. The absorption
intensity was measured at 486 nm wavelength and it was observed that about
78% of drug was loaded, which was calculated using the Eq. (7.1) as given

below.

Ao—Af

Loading efficiency = X 100 (7.1)

Ao

Where A, is the initial absorbance of the DOX solution, and A is the final
absorbance of the DOX solution. DOX release was calculated by following
equation (7.2):

Cy
0—Ar

DOX release % = 1 X100 (7.2)


https://www.sciencedirect.com/science/article/pii/S0304885316329651#f0035
https://www.sciencedirect.com/science/article/pii/S0304885316329651#eq0010
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where C; is concentration of DOX at time t.
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Figure 7.9: UV-visible spectra of initial drug solution and finally after drug loading by the
FZFO NHSs.

After loading the particles with drug, they were undergone for drug release
study at two different pHs (i.e. pH 5 and pH 7.4) with respect to time. 12 mg of
this drug (DOX) loaded particles were taken in 2 ml of different buffer solutions
and these experiments were carried out at 37 °C. The drug release intensity was
measured at different interval of time with the help of UV—Vis spectrometer.
The representative graphs on relative drug release rate with time measured at
two different temperatures are shown in Figure 7.10. The graphs clearly show
that the release efficiency is undoubtedly better at lower pH. Figure 7.10
depicts that within 4 h, 99% of the drug was released at pH 5 whereas in pH 7.4,
release occurred up to 95% in 5h. This fast release at pH 5 was attributed to the
cleavage of hydrogen bond in acidic condition. The attachment of Doxorubicin
with folate molecule takes place through hydrogen bonding between the -
COOH groups of folate and the -NH, groups of Doxorubicin. In hydrogen
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bonding, -NH, of Doxorubicin forms -NH; *. In acidic conditions, the H™ in
solution would compete with the hydrogen-bond-forming groups and then
weaken the above hydrogen-bonding interaction. Thus the lower pH triggers the
release of Doxorubicin. Hence, we can conclude that the ZFO magnetic nano-
hollowspheres have potentiality to be used in pH triggered drug release, where

controlled release of drug in a noninvasive way is required.
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Figure 7.10: Time dependent drug release graphs of DOX loaded FZFO NHSs in two
different pHs.

The room temperature magnetic behavior of the Doxorubicin loaded FZFO
NHSs along with the as-prepared and functionalized ZFO NHSs were studied
using VSM. Figure 7.11 depicts the field dependent magnetization (M-H loops)
of the three afore mentioned samples due to the application of 14 kOe field.
From Figure 7.11.(a), 7.11.(b) and 7.11.(c), it is found that the saturation
magnetization is gradually decreased from as prepared ZFO NHS to

Doxorubicin loaded FZFO NHSs. Due to the extensive charge transition from
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folate to the d orbitals of Fe*®, the saturation magnetization of the FZFO NHSs
falls to 39.9 emu/g from 47.8 emu/g. Further the diamagnetic capping of the
drug molecules, saturation magnetization further drops to 10.15 emu/g for
Doxorubuicin loaded FZFO NHSs. The coercivity of the FZFO and
Doxorubicin loaded FZFO NHSs got increased due to the diamagnetic layer on
the magnetic ZFO NHSs [24].
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Figure 7.11: (a) Plot of magnetization versus applied magnetic field (M-H) of as-prepared
ZnFe,;04 NHSs at 300 K. M-H plot for (b) FZFO and (c) Doxorubicin loaded FZFO NHSs at
300 K.
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7.4 Conclusion

In conclusion, by easy surface modification of ZnFe,O, NHSs with Na-folate
ligands, we have prepared biocompatible multifunctional nano-hollowspheres
with intrinsic fluorescence properties covering the whole visible region, ranging
from blue, and green to red. We believe that our material may develop new
prospects in the field like bioimaging. Moreover, the NHSs showed excellent
pH triggered drug release. The loading and pH-dependent releasing of drug
occurs due to the hydrogen-bonding interactions between the metal oxide
surface attached folate and Doxorubicin. In conclusion, this work has
demonstrated an efficient multifluorescent anticancer drug delivery system

using folate functionalized magnetic nano-hollowspheres.
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Chapter 8

Conclusion and Future Scope

This chapter concludes the whole work and gives an
idea of imminent possibilities in diverse fields.
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8.1. Epilogue

In this thesis, we have primarily focused our work on the synthesis of transition
metal oxide (NiFe,O4, CoFe,O,4, and ZnFe,O,4) based magnetic nanostructures
(nanoparticles (NPs) and nano hollow spheres (NHSs) by two different
chemical synthesis procedure (Reflux-condensation and Solvothermal Method)
followed by functionalization in order to tune their optical properties. Very
promisingly, the surface functionalized NSs are found to exhibit excellent
optical properties. The nano-hollowstructures (NHSs) exhibit higher coercivity

in comparison to its solid configuration of same diameter.

We have used the organic ligands such as tartaric acid and folic acid in order to
functionalize the surface of NSs. We have found that surface modified NSs
showed brilliant multicolor photoluminescence, ranging from UV to visible
scale, which in turn can be beneficial for targeted cell imaging. The multicolor
fluorescence can also be used in bio-marking for cancer cells. The ligand to
metal charge transfer and the d-d transition of the metal electrons, are
responsible the polychromatic fluorescence. We have applied the tartrate
functionalized NSs in Osteosarcoma cell line and found that the NSs got
absorbed in the cells and showed brilliant blue coloration with UV light

irradiation.

To resolve the challenges of environmental pollution due to mismanagement of
pharmaceutical waste, industrial dye waste need to be effectually treated before
being discharged into the environment. Due to large specific surface area,
chemical stability, excellent magnetic property, facile separation and low cost of
synthesis, ferrite NSs have attracted incredible attention in this regards. We
have studied the catalytic and photocatalytic property of functionalized and as-
prepared NSs on different environmentally and biologically hazardous materials

such as MB, RhB, 4-NP, BR respectively. Thorough studies have revealed that
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the UV irradiation on the surface of NSs generate electron hole pair, which in
consequence generates Reactive Oxygen Species (ROS) and the ROS are
instrumental behind the degradation of the harmful chemical entities. In case of
catalytic studies, the as-prepared NSs surface acts as a mediator to transfer the

electron from acceptor to donor, which facilitates the reaction.

Further, we have studied the NHSs as the nano-carriers of the anticancer drugs.
We have found that NHSs are efficient in loading the anti-cancer drug
Doxorubicin in room temperature, while the release study was carried out in
different situations. Usually the cancer cells have lower pH than the normal
cells and we found that the NHSs show excellent drug release ability in lower
pH due to the breakage of H-bonding between the surface attached folate group
and Doxorubicin. In the higher temperature release, the thermal agitation helps

to release the Doxorubicin from surface of folate functionalized NHSs.

8.2. Future Scope

The advanced inherent multicolor fluorescent magnetic nanostructures can
simultaneously be used in imaging, MRI, and targeted drug delivery. We are
planning in vitro experiments for dual imagining of MRI and fluorescence along
with vigorous toxicological study of NSs on different cell lines. Moreover, the
folate functionalized magnetic nanostructures can be used as nano-carriers in

targeted drug delivery and also in bio-marker for cancer cells.

The excellent catalytic property of the both as-prepared and functionalized NSs
towards the noxious chemical entities can be extended to variety of

environmentally harmful dyes.



