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Chapter 1

Introduction

1.1. Nanoparticles

The term 'nanoparticle' is used to describe a particle with size in the range of 1 to 100 nm,
at least in one of the three dimensions. Because of this very small size scale, they possess
an immense surface area per unit volume, a high proportion of atoms in the surface and
near surface layers, and the ability to exhibit quantum effects. In this size range, the
physical, chemical and biological properties of the nanoparticle change in fundamental
ways from the properties of both individual atoms/molecules and of the corresponding
bulk material. Nanoparticles exist with great chemical diversity in the form of metals,
metal oxides, semiconductors, polymers, carbon materials, organics or biological. They
also exhibit great morphological diversity with shapes such as spheres, cylinders, disks,
platelets, hollow spheres and tubes, etc. Depending on the material they consist of,
nanoparticles can possess a number of different properties such as high electron density
and strong optical absorption (e.g. metal particles, in particular Au), photoluminescence
(semiconductor quantum dots, e.g. CdSe or CdTe) or phosphorescence (doped oxide
materials, e.g. Y,03), or magnetic moment (e.g. iron or manganese oxide nanoparticles).
The unique properties of these various types of nanoparticles give them novel electrical,
catalytic, magnetic, mechanical, thermal, or imaging features that are highly desirable for
applications in catalysis, biomedicines, and electronics, and environmental sectors.

1.2. Classification of Nanoparticles

Nanoparticles can be classified based upon their sizes, shapes, and materials, and with
various chemical and surface properties. There is a constant and rapid growth in this field
which adds to the basis of classification. However, the classes of nanoparticles listed below
are mainly based upon their constituent materials, and some of their basic properties and
current known uses are also described here.

1.2.1. Metal Nanoparticles

Noble metal nanoparticles, such as gold (Au), silver (Ag) and Cu nanoparticles and

nanorods, exhibits unique electric, photonic and catalytic properties like local surface
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plasmon resonance (LSPR) [1, 2], surface-enhanced Raman scattering (SERS) [3] and
surface-enhanced fluorescence (SEF) [4]. The strong plasmon resonance band of the noble
metal NPs in the visible region has been used in the development of biosensors for use in
colorimetric detection of analytes [5-7]. The light absorption by NPs is related to the
incident light interaction with the surface of the nanoparticle. When light of a specific
energy interacts with the surface of noble metal NP, an intense localized field is induced.
The coupling of the NPs conduction band electrons with the electric field of incident light,
at a resonant frequency, generates a localized plasmonic oscillation on the surface of the

NPs, designated by surface plasmon resonance (SPR) or localized SPR (LSPR) [8].
1.2.2. Metal Nanoclusters

Similar to metal nanoparticles, study of metal nanoclusters has also received considerable
attention in recent years because they bridge the evolution of properties from isolated
atoms to nanoparticles and even to the bulk [9, 10]. Providing the “missing link” between
atomic and nanoparticles behaviour in noble metals, the fluorescent, water-soluble metal
nanoclusters offer complementary transition energy size scalings at smaller dimensions.
Their robust, discrete, size-dependent emission makes them ideal fluorophores for single-
molecule spectroscopic studies. Their transition energies have been found to scale with the
inverse of the cluster radius based on the spherical jellium model [11], valid for metals
with free electrons such as gold and silver. Due to the similarity in electronic structure of
metal clusters and single atoms, the metal clusters are also called “multi-electron artificial
atoms” [12, 13].

According to the spherical jellium model, a metal cluster is represented as uniform,
positively charged sphere with electronic shells filled with free electrons. These free
electrons are provided by the valence electrons of metal atoms, and they delocalize and
form spherical electron shells surrounding the positively charged core. Due to a strong
electron screening effect, valence electrons of noble metal atoms are considered free after
neglecting electron-electron and electron-ion interactions [14]. Distinct from the electronic
structure of single atoms, cluster electron density is independent of the number of free
electrons in the metal clusters. However, analogous to single atoms, free electrons in metal
clusters are also delocalized for electronic shells surrounding the atoms and subject to the

Pauli Exclusion Principle. The jellium model predicts that the emission energy of metallic



nanoclusters follow a power law of the number of atoms in the nanoclusters with no
adjustable parameters by the simple scaling relation of Egmi/N'” in which Efmi is the
Fermi energy of bulk metal and N is the number of atoms in the nanoclusters. It has been
successfully applied to small gold nanoclusters [15], describing accurately the size-
dependent electronic structure and relative electronic transitions of the small clusters [11].
1.2.3. Magnetic Nanoparticles

Magnetic nanoparticles are of great interest for researchers from a wide range of
disciplines, including magnetic fluids [16], catalysis [17], biotechnology/biomedicine [18],
magnetic resonance imaging [19], data storage [20], and environmental remediation [21].
Two key issues dominate the magnetic properties of nanoparticles: finite-size effects and
surface effects which give rise to various special features. Finite-size effects result, for
example, from the quantum confinement of the electrons, whereas typical surface effects
are related to the symmetry breaking of the crystal structure at the boundary of each
particle. Magnetic nanoparticles can be utilized in versatile ways, very similar to those of
nanoparticles in general. However, the magnetic properties of these particles add a new
dimension where they can be manipulated upon application of an external magnetic field.
This property opens up new applications where drugs that are attached to a magnetic
particle to be targeted in the body using a magnetic field. Here, we briefly introduce
different kinds of magnetic nanoparticles.

1. 2.3. 1. Iron Oxides

Iron oxides have received increasing attention due to their extensive applications, such as
magnetic recording media, catalysts, pigments, gas sensors, optical devices, and
electromagnetic devices [22]. By definition, superparamagnetic iron oxide particles are
generally classified with regard to their size into superparamagnetic iron oxide particles
(SPIO), displaying hydrodynamic diameters larger than 30 nm, and ultra small
superparamagnetic iron oxide particles (USPIO), with hydrodynamic diameters smaller
than 30 nm. Among several crystalline modifications of anhydrous ferric oxides there are
two magnetic phases, namely, rhombohedral hematite (a-Fe,Os) and cubic maghemite (y-
Fe,0s). In the a-structure, all Fe*" ions have an octahedral coordination, whereas in y-
Fe,0; having the structure of a cation-deficient AB,O4 spinel, the metal atoms A and B

occur in tetrahedral and octahedral environments, respectively. The oxide a-Fe,Os is



antiferromagnetic at temperatures below 950 K, while above the Morin point (260 K) it
exhibits so-called weak ferromagnetism. Among all iron oxides, magnetite Fe3O4 possess
the most interesting properties because of the presence of iron cations in two valence
states, Fe’" and Fe’', in the inverse spinel structure. The cubic spinel Fe;Oy is
ferrimagnetic at temperatures below 858 K. This inverse spinel structure for magnetite was
first suggested to explain the fast electron hopping-continuous exchange of electrons
between Fe’™ and Fe’" in the octahedral positions at room temperature, rendering
magnetite an important class of half metallic material.
1. 2. 3. 2. Manganese Oxides
During the past few decades, manganese oxides have been widely exploited because of
their promising applications in many fields, such as catalysis [23], molecular adsorption
[24, 25], ion exchange [26], supercapacitors [27], magnetic applications [28], and
secondary batteries. Among the manganese oxides, the hausmannite Mn3;0Oy4 is the most
stable oxide at high temperature relative to other manganese oxides, such as MnO, and
Mn;0;. The compound is known to be an active catalyst for the oxidation of methane and
carbon monoxide [29], decomposition of waste gases, the selective reduction of
nitrobenzene [30], and the combustion of organic compounds at temperatures of the order
of 373-773 K. These catalytic applications provide a powerful method of controlling air
pollution. Most recently, hollow Mn3;O4 nanoparticles have been utilized as positive MRI
contrast agent (exploiting their room temperature paramagnetism) with enhanced relaxivity
attributed to an increased water-accessible surface area and the flexibility of further
functional surface modifications [31, 32]. Mn3O4 is also a starting material in the
preparation of soft magnetic materials, such as manganese ferrite for dioxy-magnetic cores
in transformers for power supplies [33], in the lithiation of Li-Mn—O electrode materials
for rechargeable lithium batteries [34], and in a corrosion-inhabiting pigment for epoxy-
polyamide-based and epoxy-ester-based primers and top coatings.

In recent years, mixed-valent perovskite manganese oxides of general formula
Ln; «AxMnO; (Ln and A are lanthanide and alkaline-earth cations, respectively) have
attracted much attention for their remarkable interrelated structural, magnetic and transport
properties induced by the mixed valence (3+ and 4+) of the Mn ions. In particular, they

exhibit very large negative magnetoresistance, called colossal magnetoresistance (CMR),



in the vicinity of metal-insulator transition for certain compositions. In the perovskite
structure, the MnO3z network of comer-shared MnOg octahedra is at the origin of an
incredible amount of spectacular physical properties which are driven by competition
between double-exchange ferromagnetism (DE-F) [35] and a natural tendency towards
orbital and charge ordering phenomena [36]. The Jahn-Teller (J-T) Mn’>Os octahedra,
with a ‘[2g3eg1 electronic configuration for Mn3+, can be either flattened or elongated
depending on the e, orbital filling, dxz_y2 or d.’, respectively. According to the super
exchange rules [37], depending on the orbital configurations, Mn’—0O-Mn’" is either
antiferromagnetic (AF) or ferromagnetic (F). Starting from LaMnOs, the creation of Mn*"
cations (tag’eq), which lie in much less distorted MnOg octahedra than Mn’'Og, can be
induced by Ln’", A*"; divalent substitution. This is responsible for the ferromagnetic
double-exchange, Mn*'~O-Mn"". In the La,Sr;MnO; series, the ferromagnetism becomes
metallic as soon as x > 0.15, [38] i.e. as the 3D percolation threshold is reached, and the
Curie temperature reaches a maximum T¢ = 371K value for x = 0.40 [38].

1.2.4. Quantum Dots

An important field of research, for the past fifteen years, quantum dots are typically
composed of combinations of Group II and IV elements or Group III and V elements of the
periodic table. They have been developed in the form of semiconductors, insulators,
metals, magnetic materials or metallic oxides. Semiconductor quantum dots (QDs) are tiny
light-emitting particles on the nanometer scale, and are emerging as a new class of
fluorescent labels for biology and medicine. QDs are nearly spherical semiconductor
particles with diameters on the order of 2—-10 nanometers, containing roughly 200-10,000
atoms. The semiconducting nature and the size-dependent fluorescence of these
nanocrystals have made them very attractive for use in optoelectronic devices, biological
detection, and also as fundamental prototypes for the study of colloids and the size-
dependent properties of nanoparticles [39]. Bulk semiconductors are characterized by a
composition-dependent bandgap energy, which is the minimum energy required to excite
an electron to an energy level above its ground state, commonly through the absorption of
a photon of energy greater than the bandgap energy. Relaxation of the excited electron
back to its ground state may be accompanied by the fluorescent emission of a photon.

Small nanocrystals of semiconductors are characterized by a bandgap energy that is



dependent on the particle size, allowing the optical characteristics of a QD to be tuned by
adjusting its size. In comparison with organic dyes and fluorescent proteins, QDs are about
10-100 times brighter, mainly due to their large absorption cross sections, 100—-1000 times
more stable against photobleaching, and show narrower and more symmetric emission
spectra. In addition, a single light source can be used to excite QDs with different emission
wavelengths, which can be tuned from the ultraviolet [40], throughout the visible and near-
infrared spectra [41], and even into the mid-infrared [42]. The group II-VI QD
nanocrystals such as CdSe, CdTe, CdS [43], ZnS [44], and ZnSe have been studied
extensively over the past decade, and QDs with a CdSe core and ZnS shell are currently
commercially available.

1.3. Synthesis of Nanoparticles

Nanoparticles can be synthesized by a variety of methods using gas, liquid or solid phase
processes. These include gas phase processes of flame pyrolysis, high temperature
evaporation, and plasma synthesis; microwave irradiation; physical and chemical vapor
deposition synthesis; colloidal or liquid phase methods in which chemical reactions in
solvents lead to the formation of colloids, molecular self-assembly, and, mechanical
processes of size reduction including grinding, milling and alloying.

Gas phase synthesis approaches are based on homogeneous nucleation of a
supersaturated vapour and subsequent particle growth by condensation, coagulation and
capture. The supersaturated vapour can be generated in many ways depending on the
chemical nature of the material, but typically by heating a solid and evaporating it into a
carrier gas phase.

Vapour deposition methods are based on forming a vapour by pyrolysis, followed
by reduction, oxidation and allowing the deposition of the vapour on a surface. Starting
from initial nuclei existing as islands on a surface, the growth is controlled by various
ways to produce nanoparticles. An important example of this approach is the production of
carbon nanotubes.

Colloidal methods are based on precipitation processes in solution. For example,
solutions of different ions can be mixed under controlled conditions of temperature and
pressure to form insoluble precipitates. By controlling the nucleation and growth kinetics,

particles of various sizes and morphologies can be produced. The method has been



implemented in bulk solutions and also in confined systems such as reverse micelles. To
control the process of nucleation, ultrasonic or sonochemical effects have also been
employed. A wide range of metal, metal oxide and organic nanoparticles have been
produced by colloidal wet chemical approach.

All of the above synthesis approaches start at the molecular level to build up or
create the nanoparticles. In the opposite direction, mechanical size reduction methods such
as grinding and milling have also been employed to generate nanoparticles. These methods
are the traditional approaches to produce fine particles and they have been able to generate
nanoparticles from minerals such as clay, coal and metals. To avoid particle aggregation in
the course of the size reduction process, the grinding and milling operations are often
carried out with colloidal stabilizers.

1.4. Surface Modification of Nanoparticles

Once the nanoparticles are produced and purified to a satisfactory level it is often
necessary to introduce surface modifications. The surface modifications can be for the
purposes of (a) passivating a very reactive nanoparticle, (b) stabilizing a very aggregative
nanoparticle in a medium (which may be a solvent or a polymer melt) where the
nanoparticles are to be dispersed, (c) functionalizing the nanoparticle for applications such
as molecular recognition, or (d) promoting the assembly of nanoparticles. Most commonly
used surface modification methods include grafting thiolated surfactants or polymers,
adsorption of charged surfactants, charged ligands or polymer brushes, attachment of
biological molecules such as DNA, peptides, proteins, antigens, streptavidin or coating a

continuous polymer film on nanoparticles.

1.5. Multifunctional Nanoparticles

The emerging fields of nanotechnology and nanoengineering provide a path to design and
fabricate nanoparticles for their diverse applications. Particularly, nanotechnology offers
tremendous potential for future biomedical technology. Due to their unique characteristics
including superparamagnetic or fluorescent properties, and small size comparable to
biomolecules, nanostructured materials have emerged as novel bio-imaging, diagnostic,
and therapeutic agents for the future medical field. The use of combinations of different

nanostructured materials will allow the development of novel multifunctional nanomedical



platforms for multimodal imaging, and simultaneous diagnosis and therapy. For example,
the combination of magnetic resonance imaging (MRI) contrast agent and fluorescent
organic dye can allow the detection of cancer through non-invasive MRI and the optical
guide of surgery. The encapsulation of MRI contrast agent and anti-cancer drug in a
nanostructured matrix has the potential to allow for simultaneous diagnosis and targeted
chemotherapy. There are many possible combinations of the various imaging and
therapeutic modalities, which make it possible to accomplish multimodal imaging, and
simultaneous diagnosis and therapy. Moreover, the conjugation of targeting moieties on
the surface of these multifunctional nanoparticles gives them specific targeted imaging and
therapeutic properties.

1.6. Scope and Objective

The interface of biology and inorganic nanoparticles represents one of the fastest growing
and most promising areas of nanotechnology. The innovative use of engineered
nanoparticles in medicine, be it in therapy or diagnosis, is growing dramatically. This is
motivated by the current extraordinary control over the synthesis of complex nanoparticles
with a variety of biological functions (e.g. contrast agents, drug-delivery systems,
transducers, amplifiers, etc.). Engineered nanoparticles are found in the bio-context with a
variety of applications in fields such as sensing, imaging, therapy or diagnosis [45]. As the
degree of control to fabricate customized novel nanoparticles evolves, new applications,
devices with enhanced performance or unprecedented sensing limits can be achieved. The
major applications of nanoparticles in the biomedical field can be mainly divided into
imaging and therapy. Most of the clinically used imaging and therapeutic modalities are
small molecules, such as the gadolinium complexes used as T; MRI contrast agents and
anticancer chemical drugs. The limitations of these small molecules are their very short
blood circulation time and non-specific biodistribution, which causes many unwanted side
effects. Nanostructured materials can be employed to overcome these limitations [46]. For
example, the blood circulation times can be increased significantly by the size control and
surface modification of nanoparticles and by conjugating targeting molecules, such as
antibodies and peptides, on their surface. However, several challenging issues still
circumvent widespread biomedical uses of advanced nanotechnology. For example, novel

multifunctional nanoparticles and improved treatment strategies are required to meet the



needs of real-time, non-invasive imaging in living subjects or humans, and those of
satisfactory drug delivery and therapeutic efficiency in vivo. Secondly, standardized
nanoplatforms to be applied to diagnostic or therapeutic investigations of various diseases
still have to be developed and formulated. The development of multifunctional
nanoparticles with precise biological/chemical functions having economic, healthcare and
environmental benefits are a key focus in nanobiotechnology and could have profound
impact on many research areas, ranging from molecular imaging to medical
diagnostics/therapeutics, chemical conversion and energy production. Several novel
nanoparticles have recently been described for their unique optical, magnetic, electronic
and structural properties. Considerable efforts have also been directed towards rational
surface modifications to modulate their complicated surface chemistry, high-specificity
and efficient targeting. However, despite recent advancement, much works still need to be
done in order to achieve, (i) hydrophilic and biocompatible nanoparticles that are
intrinsically luminescent, with surface chemistry adaptable to varied biological/chemical
applications, (ii) selective and specific labeling of live cells and biomolecules. Since,
nanoparticles can display distinct biological effects compared to bulk materials of the same
chemical composition, the physico-chemical characterization of nanoparticles and the
understanding of their interaction with biological media are essential for optimizing the
properties of nanoparticles. The ‘nano-bio’ interface comprises the dynamic
physicochemical interactions, kinetics and thermodynamic exchanges between
nanoparticles surfaces and the surfaces of biological components (for example small
biomolecule, protein, DNA etc.). Moreover, nanotechnology-based approaches are being
explored for a variety of biomedical applications such as for drug delivery, bioimaging,
tissue engineering, and biosensors. A substantial number of these approaches employ
nanoscale materials or bio-nanoparticles for developing unique functionalities required by
the biomedical systems. For this field to evolve, it is necessary to understand the dynamic
forces and molecular components that shape these interactions. The key focus of this thesis
is (a) to explore how the interactions between nanoparticles and biological systems modify
the fundamental forces that govern nanoparticle properties as well as their interactions, (b)
development of ligand functionalization approaches to control the surface chemistry of

nanoparticles in order to gain a better understanding of the origin of surface-induced



optical, magnetic and catalytic properties, since, subtle differences in ligand functional
groups or the structural position of the functional groups can dramatically change the
optical, magnetic and catalytic responses of the nanoparticles, (c¢) development of
multifunctional nanoprobes with precise biological functions along with novel reactivity
and selectivity towards a desired chemical transformation having direct biological and

medical significance.

In this thesis, we will present a molecular functionalization strategy to solubilize
one of the promising manganite nanoparticles La47Sr33MnOs; (LSMO) in aqueous
environments. The electronic structural modification of the NPs imparted through
functionalization and subsequent water solubilization reveals multiple absorption bands in
the UV-vis region. Using the absorption band of the functionalized nanoparticles, we have
monitored their interaction with other biologically important ligands such as 4-
nitrophenylanthranilate (NPA) and a DNA base mimic, 2-aminopurine (2AP). Forster
resonance energy transfer (FRET) of the covalently attached probe NPA with the capped
NPs confirm their attachment with the surface functional group (—OH) of the citrate ligand,
whereas, the FRET of 2AP, with the nanoparticles confirm the surface adsorption of the
2AP molecules. In another work, we have observed that surface treatment of the
tartrate/citrate functionalized highly water soluble LSMO nanoparticles, lead to the
emergences of multi-color photoluminescence (from blue to red region of the spectrum)
when it is addressed with different excitation wavelengths, where the respective excitation
wavelengths have a direct correlation with the observed UV-vis absorption bands. Using a
multitude of spectroscopic tools we have investigated the mechanistic insight behind the
origin of different absorption bands and emergence of multicolor photoluminescence from

the functionalized nanoparticles.

In the study on Mn3;Os nanoparticles, we have demonstrated their surface
modification induced multiple photoluminescence and room temperature ferromagnetic
activation. Moreover, employing a systematic variation of the ligands, their functional
groups and the structural position of the functional groups, we have identified the
necessary and sufficient structural requirement of the surface co-ordinating ligands, to

induce such unprecedented optical/magnetic responses from the nanoparticles.
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One of the challenges for using nanoparticles in biological studies is to design
nanoparticles which are water-soluble with surface chemistry adaptable to varied
biological applications. For this purpose, different ligands have been exploited to impart
biocompatibility and bioactive functionalities to nanoparticles through surface
modification with biomolecules. In this direction, in one of our studies, we have exchanged
TOPO (trioctylphosphine oxide) ligand of CdSe/ZnS core/shell quantum dots (QDs) with
an amino acid L-arginine (Arg) at the toluene/water interface and eventually rendered the
QDs from toluene to aqueous phase. We have studied the interaction of the water soluble
Arg-capped QDs (energy donor) with ethidium bromide (EB) labeled synthetic dodecamer
DNA (energy acceptor) using picosecond resolved FRET technique.

With respect to bulk materials, clusters are of fundamental interest due to their own
intrinsic properties but also because of their intermediate position between molecular and
materials science. Compared with common fluorophores such as organic dyes and
semiconductor quantum dots, where practical deployment can be limited by relatively poor
photostability (for organic fluorophores) or toxicity concerns (e.g., quantum dots),
fluorescent metal clusters are promising alternatives for the design of novel bioimaging
probes because of their ultrafine size, excellent photostability, and low toxicity. So, there is
a strong interest in the development of synthesis methods for highly fluorescent metal
clusters. In this regard, in one of our studies, we have demonstrated the synthesis and
characterization of novel super-paramagnetic iron clusters in hemoglobin matrix that are
highly luminescent, having quantum yield of ~10% at 565 nm. Using mass spectrometry,
we have tentatively assigned that the clusters synthesized in solution consist of 8, 10 and
13 number of Fe atoms. We believe that this new material holds promise for fundamental

applications like catalysis, imaging and sensing.
1.7. Summary of the Work Done:

1.7.1. Surface Modification of Nanoparticles for their New Functionality and Better

Acceptability in the Biophysical Studies:

1.7.1.1. Emergence of Multicolor Photoluminescence in Lage7Sro3:MnQO3

Nanoparticles [47]: In the present study, we report the emergence of multicolor
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photoluminescence in a mixed valence manganite nanoparticle Lag ¢7S1033:MnO3 (LSMO
NP), achieved through electronic structural modification of the nanoparticles upon
functionalization with a biocompatible organic ligand, sodium tartrate. From UV-vis
absorption, X-ray photoelectron spectroscopy (XPS), time-resolved photoluminescence
study and Raman spectroscopic measurements, it is revealed that ligand-to-metal charge
transfer transitions from highest occupied molecular orbital (HOMO, centered in tartrate
ligand) to lowest unoccupied molecular orbital (LUMO, centered in Mn>"*" of the NPs),
and d-d transitions involving Jahn-Teller sensitive Mn’" jons in the nanoparticles plays the
central role behind the origin of multiple photoluminescence from the ligand

functionalized LSMO nanoparticles.

1.7.2. Synthesis of Biocompatible Nanoparticles with Novel Optical & Magnetic
Properties and their Characterization:

1.7.2.1. Rational Surface Modification of Mn;O4 Nanoparticles to Induce Multiple
Photoluminescence and Room Temperature Ferromagnetism [48]: Surface
modification can have a significant influence on the materials behavior at the nanoscale
and can lead to nanostructures with novel properties. In the present contribution, we
demonstrate surface modification induced multiple photoluminescence and room
temperature ferromagnetic activation of Mn3O4 nanoparticles (NPs). Employing a
systematic variation of the ligands, their functional groups and the structural position of the
functional groups, we have identified the necessary and sufficient structural requirement of
the surface co-ordinating ligands, to induce such unprecedented optical/magnetic responses
from the NPs. Using a multitude of spectroscopic techniques, we have investigated the
mechanistic insight behind this emergence of multiple photoluminescence (PL), and it is
revealed that, the presence of a a-hydroxy carboxylate moiety in the ligands is necessary to
activate the Jahn-Teller (J-T) splitting of Mn®" ions on the NPs surface and the
corresponding d-d transitions along with ligand-to-metal charge transfer transitions
(LMCT, associated with Mn>"*"-ligand interactions) plays the deciding role. Whereas, the
presence of a carboxylate group in the surface coordinating ligands is sufficient to activate
the room temperature ferromagnetism of the NPs. Moreover, it has been observed that the
ligands induce smallest crystal field splitting energy (CFSE) resulted in the strongest

ferromagnetic activation of the NPs. Finally, the functionalized material has been
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identified as an efficient catalyst for the photo-degradation of a model cationic organic dye.
Apart from the fundamental scientific interest, these results represent a promising route for
the rational designing of Mn3;O4 NPs adaptable to diverse applications.

1.7.3. Surface Functionalization of Nanoparticles and their Interaction with Small
Organic Molecules:

1.7.3.1. Functionalization of Manganite Nanoparticles and their Interaction with
Biologically Relevant Small Ligands: Picosecond Time-Resolved FRET Studies [49]:
In this study, we report molecular functionalization of one of the promising manganite
nanoparticles La ¢;St33MnO; (LSMO) for their solubilization in aqueous environments.
The functionalization of individual NPs with biocompatible citrate ligand as confirmed by
fourier transform infrared (FTIR) spectroscopy, reveals that citrates are covalently attached
to the surface of the NPs. UV-vis spectroscopic studies on the citrate functionalized NPs
revealing an optical band in the visible region. Uniform size selectivity (2.6 nm) of the
functionalization process is confirmed from high resolution transmission electron
microscope (HRTEM). In the present study we have used the optical band of the
functionalized NPs to monitor their interaction with other biologically important ligands.
Forster resonance energy transfer (FRET) of a covalently attached probe 4-nitrophenyl
anthranilate (NPA) with the capped NPs confirm the attachment of the NPA ligands with
the surface functional group (-OH) of the citrate ligand. The FRET of a DNA base mimic,
2-aminopurine (2AP), with the NPs confirms the surface adsorption of 2AP. Our study
may find its relevance to study interaction of the individual manganite NPs with the
drug/ligand molecules.

1.7.4. Synthesis of Amino Acid Modified Fluorescent Quantum Dots in Aqueous
Solution and their Interaction with Biological Macromolecules:

1.7.4.1. Preparation of Water Soluble L-Arginine Capped CdSe/Zns QDs and their
Interaction with Synthetic DNA: Picosecond-Resolved FRET Study [50]: In the
present contribution, we have exchanged TOPO (trioctylphosphine oxide) ligand of
CdSe/ZnS core/shell quantum dots (QDs) with an amino acid L-arginine (arg) at the
toluene/water interface and eventually rendered the QDs from toluene to aqueous phase.
We have studied the interaction of the water soluble arg-capped QDs (energy donor) with

ethidium (EB) labeled synthetic dodecamer DNA (energy acceptor) using picoseconds

13



resolved Forster resonance energy transfer (FRET) technique. Furthermore, we have
applied a kinetic model developed by M. Tachiya to understand the kinetics of energy
transfer and the distribution of acceptor (EB-DNA) molecules around the donor QDs.
Circular dichroism (CD) studies revealed a negligible perturbation in the native B-form
structure of the DNA upon interaction with arg-capped QDs. The melting and the
rehybridization pathways of the DNA attached to the QDs have been monitored by the CD
which reveals hydrogen bonding is the associative mechanism for interaction between arg-
capped QDs and DNA.

1.7.5. Novel Synthesis of Biocompatible and Highly Luminescent Metal Cluster and
their Characterization:

1.7.5.1. Atomically Precise Luminescent Iron Clusters in Solution [51]: Metal clusters,
composed of a few atoms at the core, exhibit unique properties and have potential
applications. Although atomically precise clusters of noble metals have been synthesized,
analogous systems of reactive metals, such as iron, have not been realized in solution due
to high reactivity. Here we report the synthesis and characterization of novel iron clusters
in hemoglobin matrix that are highly luminescent (quantum yield 10% at 565 nm). The
super-paramagnetic iron clusters, after successful ligand exchange from protein and phase
transfer from water to chloroform using tri-octylphosphineoxide (TOPO), were detected as
[Feio(TOPO);(H,0)]", [Feis(TOPO)y(H,0)]" and [Feg(TOPO)(H,0),]" by mass
spectrometry. This study lays the groundwork for exploiting unique properties of soluble
iron clusters.

1.8. Plan of Thesis:

The plan of the thesis is as follows:

Chapter 1: This chapter gives a brief introduction to the various kinds of nanoparticles,
their synthesis and surface functionalization, as well as the scope and motivation behind
the thesis work. A brief summary of the work done is also included in this chapter.
Chapter 2: This chapter provides an overview of the dynamical and steady-state tools, the
structural aspects of biologically important systems (proteins, DNAs) and probes used in
the research.

Chapter 3: Details of instrumentation, data analysis and experimental procedures have

been discussed in this chapter.
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Chapter 4: This chapter demonstrate the possibility of electronic structural modifications
of manganite nanoparticles (Lags7S1033MnO3, and thus the resulting novel optical
properties) by charge transfer through functionalization with small organic ligands.
Chapter S: Rational surface modification strategy to induce multiple photoluminescence,
room temperature ferromagnetism and novel photocatalytic property to a transition metal
oxide nanoparticle has been discussed in this chapter.

Chapter 6: This chapter deals with the molecular functionalization of a promising
manganite nanoparticle Lag7S1933MnO3; (LSMO) and their interaction with biologically
relevant small ligands.

Chapter 7: A convenient approach for preparing water-soluble, biocompatible QDs
following a liquid-liquid interfacial ligand exchange method has been discussed in this
chapter.

Chapter 8: This chapter offers the synthesis of highly luminescent and water-soluble Fe
quantum clusters, starting from Hemoglobin (Hb), a Fe-containing metalloprotein which

acts as the iron source as well as the protecting agent.
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Chapter 2

Overview of Spectroscopic Tools and Systems

In order to investigate the various processes involved in course of study on ultrafast
spectroscopy, synthesis, functionalization and potential application of the nanocrystals, the
different steady-state and dynamical tools that have been used are Forster Resonance
Energy Transfer (FRET) theory and kinetic model of Tachiya in donor-acceptor systems.
In this chapter, a brief discussion about these tools has been provided. A brief overview of
the various systems used has also been discussed.

2.1. Steady-State and Dynamical Tools

2.1.1. Forster Resonance Energy Transfer (FRET): Forster Resonance Energy Transfer
[1] is an electrodynamic phenomenon involving the non-radiative transfer of the excited
state energy from the donor dipole (D) to an acceptor dipole (A) (Figure 2.1a). FRET has
got wide uses in all fluorescence applications including medical diagnostics, DNA analysis
and optical imaging. Since FRET can measure the size of a protein molecule or the
thickness of a membrane, it is also known as “spectroscopic ruler” [2]. FRET is very often
used to measure the distance between two sites on a macromolecule. Basically, FRET is of
two types: (a) Homo-molecular FRET and (b) Hetero-molecular FRET. In the former case
the same fluorophore acts both as energy donor and acceptor, while in the latter case two
different molecules act as donor and acceptor.

Each donor-acceptor (D-A) pair participating in FRET is characterized by a
distance known as Forster distance (Ro) i.e., the D-A separation at which energy transfer is
50% efficient. The Ry value ranges from 20 to 60 A. The rate of resonance energy transfer
(kt) from donor to an acceptor is given by [3],

K, = L[&Jé @
Ty, \ T
where 1p is the lifetime of the donor in the absence of acceptor, Ry is the Forster distance
and r is the donor to acceptor (D-A) distance. The rate of transfer of donor energy depends
upon the extent of overlap of the emission spectrum of the donor with the absorption

spectrum of the acceptor (J(A)), the quantum yield of the donor (Qp), the relative
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orientation of the donor and acceptor transition dipoles (k”) and the distance between the
donor and acceptor molecules (r) (Figure 2.1b). In order to estimate FRET efficiency of the
donor and hence to determine distances of donor-acceptor pairs, the methodology

described below is followed [3]. The Forster distance (Ro) is given by,

R, =0.211k’n*Q J(.)|"* (in A) 2.2)
where n is the refractive index of the medium, Qp is the quantum yield of the donor and
J()) is the overlap integral. k* is defined as,

K’ = (coseT —3cos0, cosB, )2 = (sinODsinGAcoscp —2cosf,cos0 , )2 (2.3)
where Or is the angle between the emission transition dipole of the donor and the
absorption transition dipole of the acceptor, Op and 04 are the angles between these dipoles
and the vector joining the donor and acceptor and ¢ is angle between the planes of the
donor and acceptor (Figure 2.1b). k* value can vary from 0 to 4. For collinear and parallel
transition dipoles, k* = 4; for parallel dipoles, k> = 1; and for perpendicularly oriented
dipoles, k> = 0. For donor and acceptors that randomize by rotational diffusion prior to
energy transfer, the magnitude of «? is assumed to be 2/3. J(L), the overlap integral, which

expresses the degree of spectral overlap between the donor emission and the acceptor

absorption, is given by,

(a) (b)

Forster Resonance Energy Transfer
(FRET)

D
Excitation eD
N o),
Emission “)6 9A
\ A
Donor Acceptor \

Figure 2.1. (a) Schematic illustration of the Forster Resonance Energy Transfer (FRET) process.
(b) Dependence of the orientation factor k* on the directions of the emission and absorption dipoles
of the donor and acceptor, respectively.
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where, Fp(L) is the fluorescence intensity of the donor in the wavelength range of A to A
+d and is dimensionless. a()) is the extinction coefficient (in M'em™) of the acceptor at
L. If A is in nm, then J(1) is in units of M cm™ nm*.

Once the value of Ry is known, the efficiency of energy transfer can be calculated.
The efficiency of energy transfer (E) is the fraction of photons absorbed by the donor

which are transferred to the acceptor and is defined as,

E= ﬁ& (2.5)
T, +k; (r)
R6
or E= 0 +0R8 (2.6)

The transfer efficiency is measured using the relative fluorescence intensity of the donor,
in absence (Fp) and presence (Fpa) of the acceptor as,
F
E=1--2A (2.7a)

D

For D-A systems decaying with multiexponential lifetimes, E is calculated from the

amplitude weighted lifetimes <7:> = Zairi [3] of the donor in absence (tp) and presence

(tpa) of the acceptor as,

E=1_1bA (2.7b)
TD

The D-A distances can be measured using equations (2.6), (2.7a) and (2.7b). The
distances measured using Eq. 2.7a and 2.7b are revealed as R® (steady state measurement)
and R™ (time-resolved measurement), respectively. In one of recent studies from our
group [4], we have reported the potential danger of using Eq. 2.7a to conclude the nature of
energy transfer as Forster type. The study shows that the energy transfer efficiency E,
calculated from steady state experiment (Eq. 2.7a) might be due to re-absorption of donor

emission, but not due to dipole-dipole interaction (FRET).
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2.1.2. Tachiya Model: The excited state decay of the donor may be described by the

following kinetic model assuming a competition of the energy transfer with unimolecular

decay Processes:
p—bLp 2.8)
* nk
P, ——>PF, (2.9)

where P stands for excited state donor with n number of acceptor molecules attached,
while P, stands for ground state donor with n number of acceptor molecules attached. &y is

the total decay constant of the donor in excited state in absence of the acceptor molecule.
ky 1s the rate constant for energy transfer for one donor molecule. In this model, it is
assumed that the distribution of the number of acceptor molecules attached to one donor

follows a Poisson distribution, [5] namely:

p(n)=(m"/n!)exp(—m) (2.10)
where m is the mean number of acceptor molecules attached to one donor and
m=k[Al/k_ (2.11)

where k£, is the rate constant for attachment of a acceptor molecule to a donor, while k_ is
the rate constant for detachment of a acceptor molecule from the donor. [4] stands for the
concentration of acceptor molecule in the aqueous phase. Based upon the above model, the

equation for the total concentration P (2) of excited state donor at time t is given by [5]:

o L kk 4l kK[
P (t)=P (0)exp[—(k, + K +k )t ok +kq)2 {l—exp[—(k_+k, )t]}] (2.12)
If k. is much smaller than kg, Eq. (2.12) reduces to:
P’(t) = P"(0)exp{—k,t — m[1—exp(—k,1)]} (2.13)

In one of our study, we have used the Tachiya kinetic model where QDs nanocrystals and
EB-DNA molecules have been used as donor and acceptor respectively. In our system,
along with the acceptor EB-DNA molecules, there exist some unidentified traps on the
surface of the QDs and these are also taken into account. If the distribution of the number
of unidentified traps on the surface of the QDs follows a Poisson distribution with the
average number (m;), the decay curves of the excited state of QDs in the absence and

presence of dye molecules are described by [6]:
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P"(1,0) = P"(0) exp{—kyt — m,[1—exp(—k,,1)]} (2.14)

and  P'(t,m) = P"(0)exp{—kyt — m,[1 —exp(—k, )] — m[1—exp(—k t)]} (2.15)

b

where the quenching rate constant (k4) by unidentified traps may be different from that (k,)
by acceptor EB-DNA molecules. We have determined the values of the parameters m;, ky,
ko, m, and k, by fitting Eq. 2.14 and 2.15 to the decay curves in the absence and presence
of acceptor EB-DNA molecules.

2.2. Systems:

2.2.1. Molecular Probes: In this section, we will discuss about the different probe
molecules that have been used in the course of study.

2.2.1.1. 4-nitrophenyl anthranilate (4-NPA): 4-NPA (Figure 2.2A) is a well-known
probe having an anthranilate group as fluorescence moiety. 4-NPA, also has an active p-
nitro-phenyl ester group that can react with nucleophiles [7].

2.2.1.2. [3,8-diamino-5-ethyl-6-phenylphenanthridinium bromide], Ethidium Bromide
(EtBr): EtBr is a well known fluorescent probe for DNA, which readily intercalates into
the DNA double helix [8]. Its structure is given in Figure 2.2B. Compared to the case of
bulk water, the emission intensity and lifetime of EtBr increase nearly 11 times when EtBr
intercalates into the double helix of DNA. This remarkable fluorescence enhancement of
EtBr is utilized to study the motion of DNA segments, quenching of DNA bound EtBr by
various agents, and the interaction of DNA with surfactants and drugs [9]. The
photophysical processes of the fluorescence enhancement have recently been explored.
The emission intensity of EtBr is low in highly polar, protic solvents, such as alcohol and
water, compared to polar, aprotic solvents, e.g., acetone or pyridine. EtBr is insoluble in
nonpolar, aprotic solvents like alkanes or dioxane. Compared to the case of water, the
emission intensity and lifetime of EtBr increase nearly 5 times in acetone. Addition of
water to acetone is found to quench fluorescence of EtBr, while deuterated solvents
enhance emission of EtBr.

2.2.1.3. 2’-(4-hydroxyphenyl)-5-[5-(4-methylpiperazine-1-yl)-benzimidazo-2-yl-
benzimidazole], Hoechst 33258 (H258): The commercially available probe H258 (Figure
2.2C) is widely used as fluorescent cytological stain of DNA. Since it has affinity for the
double stranded DNA, H258 can affect transcription/translation, and block
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topomerase/helicase activities. The dye is also used as a potential antihelminthic drug. X-
ray crystallographic and NMR studies of the dye bound to a dodecamer DNA shows that
the dye is bound to A-T rich sequence of the DNA minor groove. The binding constant of
the dye [10] to double stranded DNA at low [dye]:[DNA] ratio is found to be 5x10° M.
The solvochromic properties of the dye can be used to report the hydration dynamics as
well as the dynamics of restricted systems [11].

2.2.1.4. 2-aminopurine (2-AP): 2-AP (Figure 2.2D), an analog of guanine and adenine, is
a fluorescent molecular marker used in nucleic acid research [12]. It most commonly pairs
with thymine as an adenine-analogue, but can also pair with cytosine as a guanine-
analogue [13]. For this reason it is sometimes used in the laboratory for mutagenesis.
2.2.1.5. 4',6-diamidino-2-phenylindole (DAPI): The dye DAPI (Figure 2.2E) is another
commercially available fluorescent cytological stain for DNA. Studies on the DAPI-DNA
complexes show that the probe exhibits a wide variety of interactions of different strength
and specificity with DNA [14]. The dye exhibits intramolecular proton transfer as an
important mode of excited state relaxation at physiological pH,[15] which takes place from
the amidino to the indole moiety. Supression of this excited state pathway leads to
enhancement of fluorescence quantum yield and hence the fluorescence intensity in
hydrophobic restricted environments.

2.2.1.6. Methylene blue (MB): MB is a heterocyclic aromatic chemical compound with
molecular formula: C;¢H;3CIN3S. It has many uses in a range of different fields. At room-
temperature it appears as a solid and is odourless and a dark green powder, which yields a
blue solution when dissolved in water. They are widely used as model water contaminant
[16]. Its structure is given in Figure 2.2F. When dissolved in water, the UV-vis spectrum of
MB showed three absorption maxima. The first band was observed at 246 nm and then 291
nm and more intensely 663 nm. The absorption maxima wavelength of MB (Amax = 663

nm) was used for the analysis during decolorization of MB dye.
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Figure 2.2. Molecular structure of the probes: (A) 4-NPA, (B) EtBr, (C) H 33258, (D) 2-AP, (E)
DAPI and (F) MB.

2.2.2. Protein:

2.2.2.1. Human Serum Albumin (HSA): Serum albumins are multi-domain proteins
forming the major soluble protein constituent (60% of the blood serum) of the circulatory
system [17]. Human Serum Albumin (HSA) (molecular weight 66,479 Da) is a heart-
shaped tridomain protein (Figure 2.3) with each domain comprising of two identical
subdomains A and B with each domain depicting specific structural and functional
characteristics [18]. HSA having 585 amino acid residues assumes solid equilateral
triangular shape with sides ~80 A and depth ~30 A [19]. Its amino acid sequence
comprises of 17 disulfide bridges distributed over all domains, one free thiol (Cys34) in
domain-I and a tryptophan residue (Trp214) in domain-IIA. About 67% of HSA is a-
helical while the rest of the structure being turns and extended polypeptides [19]. Each

domain contains 10 principle helices (h1-h10). Subdomains A and B share a common
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motif that includes h1, h2, h3 and h4 for subdomain-A, and h7, h8, h9, h10 for subdomain-
B. The non-existence of disulfide linkage connecting hl and h3 in subdomain-IA is an
exception. HSA is engaged with various physiological functions involving maintenance of
osmotic blood pressure, transportation of a wide variety of ligands in and out of the
physiological system. The protein binds various kinds of ligands [20] including
photosensitizing drugs [21]. The principal binding regions are located in subdomains ITA
and IIIA of which IIIA binding cavity is the most active one [19] and binds digitoxin,
ibuprofen and tryptophan. Warfarin, however, occupies a single site in domain-IIA. It is
known that HSA undergoes reversible conformational transformation with change in pH of
the protein solution [17, 22], which is very essential for picking up and releasing the drugs

at sites of differing pH inside the physiological system.

Figure 2.3. Schematic structure of Human Serum Albumin (HSA). Protein Data Bank ID-4K2C.
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At normal pH (pH = 7), HSA assumes the normal form (N) which abruptly changes to fast
migrating form (F) at pH values less than 4.3, as this form moves “fast” upon gel
electrophoresis [22]. Upon further reduction in pH to less than 2.7 the F-form changes to
the fully extended form (E). On the basic side of the normal pH (above pH = 8), the N-
form changes to basic form (B) and above pH = 10, the structure changes to the aged form
(A). Serum albumin undergoes an ageing process when stored at low ionic strength and
alkaline pH. The ageing process is catalyzed by the free sulthydryl group and involves
sulthydryl-disulfide interchange that results in the conservation of the sulfthydryl at its

original position.

Figure 2.4. Structure of hemoglobin. There are four subunits as shown by the various colors. The

heme groups are shown in predominantly gray. Protein Data Bank ID-4hhb.
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2.2.2.1. Hemoglobin: Found in red blood cells, hemoglobin (Figure 2.4) is globular
protein that ferry oxygen (O,) molecules and carbon dioxide (CO; molecules throughout
the body. Each hemoglobin protein structure consists of four polypeptide subunits, which
are held together by ionic bonds, hydrogen bonds, hydrophobic interactions, and van der
Waals forces, as well as four heme pigments, one in each of the subunits [23, 24]. These
heme groups contain positively-charged iron (Fe*") molecules which can reversibly bind to
oxygen molecules and transport them to various areas of the body [23, 24]. As the heme
groups bind or release their oxygen loads, the overall hemoglobin undergoes
conformational changes which alters their affinity for oxygen. Hemoglobin tetramers are
comprised of the four subunits, two a-globin chains and two B-globin chains all of which
take the form of alpha helices [23]. Found in each chain is a non-protein heme group,
which is an assembly of cyclic ring structures surrounding an iron ion that is tethered by
nitrogen atoms. The heme group, which is typically hidden within the various subunits, is
covalently bound to yet a different nitrogen atom that belongs to a nearby histidine group.
This histidine chain, combined with other hydrophobic interactions, stabilize the heme
group within each subunit. Oxygen molecules bind to the side of the iron ion that is
opposite of the proximal histidine. Located near this opposite side is a different histidine
chain, which serves two important function even though it is not directly bound to the
heme group [25].

2.2.3. Deoxyribonucleic Acid (DNA): Nucleic acids form the central molecules in
transmission, expression and conservation of genetic information. DNA serves as carrier of
genetic information [26]. The classic example of how biological function follows from
biomolecular structure comes from the elucidation of double helical structure of DNA by
Watson and Crick [27]. DNAs are polynucleotides with each nucleotide comprising of
deoxyribose sugar, purine and pyrimidine bases and phosphate groups. The main bases
whose intermolecular hydrogen bonding holds the DNA strands together are adenine,
guanine, thymine and cytosine. There are generally three forms of DNA: the A, B and Z-
form. Native DNA, however, exists in B-form. Native DNA is about a metre long and
comprises of hundreds of base pairs. The distance between two base pairs in B-DNA is 3.4

A [28]. In about 4 M NaCl, B-form is converted into Z-form. DNA structures consist of
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Figure 2.5. Schematic representation of a double stranded DNA. The DNA structure having
sequence CTTTTGCAAAAG was made by employing the WEBLAB VIEWERLITE program.

major and minor grooves and intercalation spaces through which DNA interacts with
ligands. There are two modes of interaction of DNA with ligands: (i) intercalation, where
the planar polycyclic heteroaromatic ligands occupy the space in between the base pairs of
DNA (Figure 2.5) and interact through m-m interaction [29, 30], and (ii) groove binding
where the ligands bind in the major and minor grooves of DNA [31]. The water molecules
at the surface of DNA are critical to the structure and to the recognition by other
molecules, proteins and drugs. In one of our study, a synthetic DNA oligomer having

sequence CTTTTGCAAAAG was used.
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Chapter 3

Instrumentation and Sample Preparation

In this chapter we will describe the details of instrumental setup and sample preparation
techniques used in our studies.
3.1. Instrumental Setup:
3.1.1. Steady-State Absorption and Fluorescence Spectroscopy: Steady-state UV-vis
absorption and emission spectra of the probe molecules were measured with Shimadzu
UV-2450 spectrophotometer and Jobin Yvon Fluoromax-3 fluorimeter, respectively.

Schematic ray diagrams of these two instruments are shown in Figures 3.1 and 3.2.

D2 lamp M
G
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' L
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Dot Reference cell S
Beam
HV/Amp E: Splitter
Circuit
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E
g
g
S
Data
output
| Computer |

Figure 3.1. Schematic ray diagram of an absorption spectrophotometer. Tungsten halogen (W1)
and Deuterium lamps (D2) are used as light sources in the visible and UV regions, respectively. M,
G, L, S, PMT designate mirror, grating, lens, shutter and photomultiplier tube, respectively. CPU,
A/D converter and HV/Amp indicate central processing unit, analog to digital converter and High-
voltage/Amplifier circuit, respectively.
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Figure 3.2. Schematic ray diagram of an emission spectrofluorimeter. M, G, L, S, PMT and PD
represent mirror, grating lens, shutter, photomultiplier tube and reference photodiode, respectively.

3.1.2. Circular Dichroism (CD) Spectroscopy: Circular Dichroism (CD) is a form of
spectroscopy based on the differential absorption of left and right-handed circularly
polarized light. It can be used to determine the structure of macromolecules (including the
secondary structure of proteins and the handedness of DNA). The CD measurements were
done in a JASCO spectropolarimeter with a temperature controller attachment (Peltier)
(Figure 3.3). The CD spectra were acquired using a quartz cell of 1 cm path length. For
proteins, the typical concentration used for CD measurements were within 10 uM while
that for DNA were about 20 uM. The secondary structural data of the CD spectra were

analyzed using CDNN deconvolution program.
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The working principle of CD measurement is as follows: when a plane polarized
light passes through an optically active substance, not only do the left (L) and right (R)
circularly polarized light rays travel at different speeds, ci#cr, but these two rays are
absorbed to a different extent, i.e. AL#Ar. The difference in the absorbance of the left and
right circularly polarized light, i.e., AA = Ai—Ag, is defined as Circular Dichroism (CD).
CD spectroscopy follows Beer-Lambert law. If I is the intensity of light incident on the

cell, and I, that of emergent light, then absorbance is given by,
IO
A =log,, 1 =ecl (3.1)

i.e., A is proportional to concentration (c) of optically active substance and optical path
length (1). If ‘¢’ is in moles/litre and ‘I’ is in cm, then ¢ is called the molar absorptivity or
molar extinction coefficient. In an optically active medium, two absorbances, A and Ar

are considered, where A, =log,,(I,/I,) and A, =log,(I,/I, ). At the time of incidence

on the sample, intensity of left and right circularly polarized light are same, i.e. I©=I;=Ix.
Any dicrograph passes periodically changing light through the medium, oscillating
between left and right circular polarization, and the difference in absorbances are recorded

directly.

AA=A -A; = loglo[%J —log,, [Il—zj =log,, G—‘zj (3.2)

or AA = (Ag)el 3.3)
As seen from Eq. 3.2, Iy does not appear in this final equation, so there is no need for a
reference beam. The instruments are, therefore, of single beam type. Most of the CD
spectropolarimeters, although they measure differential absorption, produce a CD spectrum
in units of ellipticity (0) expressed in millidegrees versus A, rather than AA versus A. The

relation between ellipticity and CD is given by,

2.303x180x (A, —Ay)
- 47

0

degrees (34)

To compare the results from different samples, optical activity is computed on a molar or

residue basis. Molar ellipticity, [0] is defined as,

[6]=— (3.5)

cl

37



where ‘0’ is in degrees, ‘c’ is in moles per litre and ‘1’ is in cm. The unit of molar

ellipticity is deg M™ em™.
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Figure 3.3. Schematic ray diagram of a circular dichroism (CD) spectropolarimeter. M1, M2, P1,
S, PMT, CDM, O-ray and E-ray represent concave mitror, plain mirror, reflecting prism, shutter,
photomultiplier tube, CD-modulator, ordinary ray and extraordinary ray, respectively.

3.1.3. Time Correlated Single Photon Counting (TCSPC): All the picosecond-resolved
fluorescence transients were recorded using time correlated single photon counting
(TCSPC) technique. The schematic block diagram of a TCSPC system is shown in Figure
3.4. TCSPC setup from Edinburgh instruments, U.K. was used during fluorescence decay
acquisitions. The instrument response functions (IRFs) of the laser sources at different
excitation wavelengths have been mentioned in our original published articles [1, 2]. The
fluorescence from the sample was detected by a photomultiplier after dispersion through a
grating monochromator. For all transients, the polarizer in the emission side was adjusted
to be at 54.7° (magic angle) with respect to the polarization axis of excitation beam. In

order to measure fluorescence anisotropy decay, the fluorescence decays were taken with
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emission polarizer aligned in parallel and perpendicular directions with respect to vertical

polarization of excitation light.

Laser Laser
Sample Diode Diives
Polarizer
Monochromator | Delay
G
TAC
Start S
Q © top
\
M MCP-PMT
= g
HV Amp— CFD || Delay g

Data Acquisition/
Control Electronics

]
D Data Output

[Computer |

Figure 3.4. Schematic ray diagram of a time correlated single photon counting (TCSPC)
spectrophotometer. A signal from microchannel plate photomultiplier tube (MCP-PMT) is
amplified (Amp) and connected to start channel of time to amplitude converter (TAC) via constant
fraction discriminator (CFD) and delay. The stop channel of the TAC is connected to the laser
driver via a delay line. L, M, G and HV represent lens, mirror, grating and high voltage source,
respectively.

3.1.4. X-Ray Diffractometer (XRD): It is a popular and powerful technique for
determining crystal structure of crystalline materials. By examining the diffraction pattern,
one can identify the crystalline phase of the material. Small angle scattering is useful for

evaluating the average inter particle distance while wide-angle diffraction is useful for
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refining the atomic structure of nanoclusters. The widths of the diffraction lines are closely
related to strain and defect size and distribution in nanocrystals. As the size of the
nanocrystals decrease, the line width is broadened due to loss of long-range order relative

to the bulk.

l ] flrmmmmm s
Sample Powder —/ e

Figure 3.5. Schematic diagram of X-ray diffraction (XRD) instrument. By varying the angle 6, the
Bragg's Law conditions, nA = 2dsin6 are satisfied by different d-spacings in polycrystalline
materials. Plotting the angular positions and intensities of the resultant diffracted peaks of radiation
produces a pattern, which is characteristic of the sample.

This XRD line width can be used to estimate the size of the particle by using the
Debye-Scherrer formula,
0.91

D= Soosd (3.6)

where D is the nanocrystal diameter, 4 is the wavelength of light, A is the full width half-
maximum (fwhm) of the peak in radians, and @ is the Bragg angle. XRD measurements
were performed on a PANalytical XPERT-PRO diffractometer (Figure 3.5) equipped with
Cu Ka radiation (A = 1.5418 A at 40 mA, 40 kV). XRD patterns were obtained by
employing a scanning rate 0f0.02° s in the 20 range from 20° to 80°.

3.1.5. Fourier Transform Infrared (FTIR) Spectroscopy: It is a technique that can
provide very useful information about functional groups in a sample. An infrared spectrum

represents the fingerprint of a sample with absorption peaks which correspond to the
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Figure 3.6. Schematic of Fourier transform infrared (FTIR) spectrometer. It is basically a
Michelson interferometer in which one of the two fully-reflecting mirrors is movable, allowing a
variable delay (in the travel-time of the light) to be included in one of the beams. M, FM and BS1
represent the mirror, focusing mirror and beam splitter, respectively. M5 is a moving mirror.

frequencies of vibrations between the bonds of the atoms making up the material. Because
each different material is a unique combination of atoms, no two compounds produce the
exact same infrared spectrum.

Therefore, infrared spectroscopy can result in a positive identification (qualitative
analysis) of every different kind of material. In addition, the size of the peaks in the
spectrum is a direct indication of the amount of material present. The two-beam Michelson
interferometer is the heart of FTIR spectrometer. It consists of a fixed mirror (M4), a
moving mirror (M5) and a beamsplitter (BSI), as illustrated in Figure 3.6. The
beamsplitter is a laminate material that reflects and transmits light equally. The collimated
IR beam from the source is partially transmitted to the moving mirror and partially
reflected to the fixed mirror by the beamsplitter. The two IR beams are then reflected back
to the beamsplitter by the mirrors. The detector then sees the transmitted beam from the

fixed mirror and reflected beam from the moving mirror simultaneously. The two
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combined beams interfere constructively or destructively depending on the wavelength of
the light (or frequency in wavenumbers) and the optical path difference introduced by the
moving mirror. 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 which comes from the source.
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. A means of “decoding” the individual frequencies is
required. This can be accomplished via a well-known mathematical technique called the
Fourier transformation. This transformation is performed by the computer which then
presents the user with the desired spectral information for analysis. FTIR measurements
were performed on a JASCO FTIR-6300 spectrometer (transmission mode). For the FTIR
measurements, powdered samples were mixed with KBr powder and pelletized. The
background correction was made using a reference blank of KBr pellet.

3.1.6. Vibrating-Sample Magnetometer (VSM): A vibrating-sample magnetometer
measures the magnetic moment of a sample when it is vibrated perpendicularly to a
uniform magnetizing field. With this instrument, changes as small as 10” to 10 emu can
be detected, and a stability of one part in 10* can be attained [3]. The novel features of
this magnetometer are: first, sample motion perpendicular to the applied field; and
second, detection coil configurations, with effective area-turns non-symmetrically
distributed about the axis of vibrations, which permit this oscillating dipole field to be
observed. The sample is subjected to a sinusoidal motion (of frequency v) and the
corresponding voltage is induced in suitably located stationary pickup coils. The electrical
output signals of these pickup coils have the same frequency v. The schematic diagram of
the set-up is shown in Figure 3.7. The sample to be measured is cantered in the region
between the poles of an electromagnet which can generate a uniform magnetic field Ho. A
thin vertical nonmagnetic sample rod connects the sample holder with a transducer
assembly located above the magnet. The transducer converts a sinusoidal signal as drive
signal (generated by an oscillator/amplifier circuit) into a sinusoidal vertical vibration of
the sample rod. The sample is thus subjected to a sinusoidal motion in the magnetic field

Ho. Pickup coils made of copper and mounted on the poles of the magnet which pickup

42



the signal resulting from the motion of the sample. However, though the pickup coil
signal at the vibration frequency v is proportional to the magnitude of the moment of the
sample, it is also proportional to the vibration amplitude and frequency. Thus the moment
readings taken simply by measuring the amplitude of the signal are subjected to errors
due to variation in amplitude and frequency of vibration. In order to avoid this difficulty,
a nulling technique is introduced employing a vibrating capacitor for generating a
reference signal that varies with moment, vibration amplitude and frequency, in the same
manner as the signal from the pickup coils. When these two signals are processed in an
appropriate manner, it is possible to eliminate the effects of vibration amplitude and

frequency shifts. In that case one obtains readings that vary only with the moment of the
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Figure 3.7. Schematic diagram of the working principle of vibrating-sample magnetometer.

3.1.7. Superconducting Quantum Interference Device (SQUID): Superconducting
Quantum Interference Device (SQUID) magnetometry is one of the most effective and
sensitive ways of measuring magnetic properties. In particular, it is the only method
which allows to directly determine the overall magnetic moment of a sample in absolute
units. Following the equations established by Brian David Josephson in 1962, the

electrical current density through a weak electric contact between two superconductors
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depends on the phase difference A¢ of the two superconducting wave functions[4].
Moreover, the time derivative of A¢ is correlated with the voltage across this weak
contact. In a superconducting ring with two (Figure 3.8a, blue) weak contacts, Ao is
additionally influenced by the magnetic flux @ through this ring. Therefore, such a
structure can be used to convert magnetic flux into an electrical voltage. This is the basic

working principle of a SQUID magnetometer.
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Figure 3.8. (a) Schematic diagram of the working principle of SQUID (flux to voltage converter).
(b) The detection coils of the SQUID.
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To measure the magnetization of a sample, a field must be applied to the sample
to induce a net moment in the sample. The net moment induced in the sample induces a
current in the detector coils which are made from superconducting wire, the detector coils
are connected to the SQUID and the output voltage of the SQUID is directly proportional
to the current induced by the magnetization of the sample. Hence the SQUID acts as
current-to-voltage convertor and magnetization is measured from the induced voltage. In
Figure 3.8b the setup of the detection coils is shown. There are coils at the top and bottom
that are wound anti-clockwise and two central coils wound clockwise. This arrangement
of detection coils means that variations of the magnetic field induce opposing current in
the clockwise and anti-clockwise coils which cancel each other out, thus minimizing
noise in the detection circuit. The magnetization produced by the sample would not be
uniform across the sample space, with the detection coils measuring the local changes in
the magnetic flux density, in this way a current is induced in the detection coils by the

sample’s net magnetization. A cutaway view of the Quantum Design MPMS XL7 SQUID
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magnetometer used for the measurement of magnetization of T-LSMO NPs is shown in

Figure 3.9.
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Figure 3.9. Cutaway view of the MPMS SQUID VSM.

3.1.8. Transmission Electron Microscope (TEM): An FEI TecnaiTF-20 field-emission
high-resolution transmission electron microscope (HRTEM) (Figure 3.10) equipped with
an Energy Dispersive X-ray (EDAX) spectrometer was used to characterize the
microscopic structures of samples and to analyze their elemental composition. The size of
the nanoparticles was determined from the TEM images obtained at 200 kV. Samples for
TEM were prepared by placing a drop of the colloidal solution on a carbon-coated copper

grid and allowing the film to evaporate overnight at room temperature.
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Figure 3.10. Schematic diagram of a typical transmission electron microscope (TEM). After the
transmission of electron beam through a specimen, the magnified image is formed either in the
fluorescent screen or can be detected by a CCD camera.

3.1.9. Scanning Electron Microscope (SEM): Surface characteristics of Porous silicon
samples were done by scanning electron microscope FE-SEM; JEOL. Ltd., JSM-6500F. A
electron-gun is attached to SEM and the electrons from filament triggered by 0 KV to 30
KV. These electrons go first through a condenser lens and then through a objective lens,
then through a aperture and finally reach to the specimen. The high energy electrons go a
bit in the sample and back again give secondary electrons. The signal from secondary
electrons are detected by detector and amplified. The ray diagram of the SEM setup is
shown in Figure 3.11.
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Figure 3.11. Schematic diagram of typical scanning electron microscope (SEM).

3.1.10. Fluorescence Microscope: A fluorescence microscope is much the same as a
conventional light microscope with added features to enhance its capabilities. The
conventional microscope uses visible light (400-700 nanometers) to illuminate and
produce a magnified image of a sample. A fluorescence microscope, on the other hand,
uses a much higher intensity light source which excites a fluorescent species in a sample of
interest. This fluorescent species in turn emits a lower energy light of a longer wavelength
that produces the magnified image instead of the original light source. In most cases the
sample of interest is labelled with a fluorescent substance known as a fluorophore and then
illuminated through the lens with the higher energy source. The illumination light is
absorbed by the fluorophores (now attached to the sample specimen) and causes them to
emit a longer lower energy wavelength light. This fluorescent light can be separated from
the surrounding radiation with filters designed for that specific wavelength allowing the
viewer to see only that which is fluorescing. The basic task of the fluorescence microscope
is to let excitation light radiate the specimen and then sort out the much weaker emitted
light from the image. First, the microscope has a filter that only lets through radiation with
the specific wavelength that matches your fluorescing material. The radiation collides with

the atoms of the sample specimen and electrons are excited to a higher energy level. When
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Figure 3.12. Optical system of a fluorescence microscope.

they relax to a lower level, they emit light. To become detectable (visible to the human
eye) the fluorescence emitted from the sample is separated from the much brighter
excitation light in a second filter (Figure 3.12). This works because the emitted light is of
lower energy and has a longer wavelength than the light that is used for illumination. Most
of the fluorescence microscopes used in biology today are epi-fluorescence microscopes,
meaning that both the excitation and the observation of the fluorescence occur above the
sample. Most use a Xenon or Mercury arc-discharge lamp for the more intense light
source.

3.1.11. X-Ray Photoelectron Spectroscopy (XPS): XPS works on the principle of
photoelectric effect discovered by Heinrich Hertz in 1887. Upon radiation of appropriate
energy incident, electrons are emitted from the surface of the metal. The relation between
the energy of the excitation radiation, work function of the metal and the maximum kinetic

energy of the emitted electron as proposed by Einstein in 1905 is:
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hv=¢+KE, .« (3.7)

‘@’ is the work function of the metal, ‘hv’ is the energy of the radiation, ‘KE.’ is the
maximum kinetic energy of the emitted electron. For analysing the core electronic
structure (0 — 1300 eV) of elements, radiation of high energy were used like X-rays, hence

the corresponding spectroscopy is termed X-ray Photoelectron Spectroscopy (XPS) (Figure

3.13).
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Figure 3.13. Schematic diagram of a typical X-ray photoelectron spectroscopy (XPS).

Surface analysis by XPS is accomplished by irradiating a sample with
monoenergetic soft X-rays and analysing the energy of the detected electrons. Mg Ka
(1253.6 eV), Al Ka (1486.6 V), or monochromatic Al Ka (1486.7 eV) X-rays are usually
used. These photons have limited penetrating power in a solid of the order of 1 — 10 um.
They interact with atoms in the surface region, causing electrons to be emitted by the
photoelectric effect. The emitted electrons have measured kinetic energies given by:

KE =hv—BE - ¢ (3.8)
where ‘hv’ is the energy of the photon, ‘BE’ is the binding energy of the atomic orbital
from which electron originates, ‘@s’ is the work function of the spectrometer. The binding
energy may be regarded as the energy difference between the initial and final states after
the photoelectron has left the atom. Because there are a variety of possible final states of

the ions from each type of atom, there is a corresponding variety of kinetic energies of the
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emitted electrons. Moreover there is a different probability or cross section for each final
state.

Because each element has unique set of binding energies, XPS can be used to
identify and determine the concentration of the elements in the surface. Variation in the
elemental binding energies (the chemical shifts) arise from differences in the chemical
potential and polarizability of compounds. These chemical shifts can be used to identify
the chemical state of the material being analysed. In our studies, XPS were performed on a
Omicron ESCA probe spectrometer with polychromatic Mg Ko X-rays (hv = 1253.6 eV).
3.1.12. Refractive Indices Measurement: Refractive indices of the solutions were
measured by using a Rudolph J357 automatic refractometer. The instruments measures the
refractive indices using sodium D-line of wavelength 589.3 nm with accuracies +0.00004.
The measurement of the refractive index of the sample is based on the determination of the
critical angle of total reflection. A light source, usually a long-life LED, is focused onto a
prism surface via a lens system. Due to the focusing of light to a spot at the prism surface,
a wide range of different angles is covered. As the measured sample is in direct contact
with the measuring prism. Depending on its refractive index, the incoming light below the
critical angle of total reflection is partly transmitted into the sample, whereas for higher
angles of incidence the light is totally reflected. This dependence of the reflected light
intensity from the incident angle is measured with a high-resolution sensor array. From the

video signal taken with the CCD sensor the refractive index of the sample can be

calculated.
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Figure 3.14. Schematic representation of the refractometer.
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3.1.13. Thermogravimetric-Differential Thermal Analyzer (TG-DTA) Setup: The
thermogravimetric (TG) analysis was carried out using Diamond thermogravimetric (TG)-
differential thermal analyzer (DTA) from Perkin Elmer. The TG determines the weight
change of a sample whereas the DTA measures the change in temperature between a
sample and the reference as a function of temperature and/or time. The schematic of the
TG-DTA setup is shown in Figure 3.15. When a weight change occurs on the sample side,
the beam holding the platinum pans is displaced. This movement is detected optically and
the driving coil current is changed to return the displacement to zero. The detected driving
coil current change is proportional to the sample weight change and the output is the TG
signal. The DTA detects the temperature difference between the sample holder and the
reference holder using the electromotive force of thermocouples, which are attached to the

holders. This difference is measured as the DTA signal.
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Figure 3.15. The schematic representation of thermogravimetric-differential thermal analyzer (TG-
DTA) setup.
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3.1.14. Laser Raman Spectroscopy: Raman spectroscopy is a useful technique for the
identification of a wide range of substances: solids, liquids, and gases. It is a
straightforward, non-destructive technique requiring no sample preparation. Raman
spectroscopy involves illuminating a sample with monochromatic light and using a
spectrometer to examine light scattered by the sample.

At the molecular level photons can interact with matter by absorption or scattering
processes. Scattering may occur either elastically, or inelastically. The elastic process is
termed Rayleigh scattering, whilst the inelastic process is termed Raman scattering. The
electric field component of the scattering photon perturbs the electron cloud of the
molecule and may be regarded as exciting the system to a ‘virtual’ state. Raman scattering
occurs when the system exchanges energy with the photon, and the system subsequently
decays to vibrational energy levels above or below that of the initial state. The frequency
shift corresponding to the energy difference between the incident and scattered photon is
termed the Raman shift. Depending on whether the system has lost or gained vibrational
energy, the Raman shift occurs either as an up or down-shift of the scattered photon
frequency relative to that of the incident photon. The down-shifted and up-shifted
components are called, respectively, the Stokes and anti-Stokes lines. A plot of detected
number of photons versus Raman shift from the incident laser energy gives a Raman
spectrum. Different materials have different vibrational modes, and therefore characteristic
Raman spectra. This makes Raman spectroscopy a useful technique for material
identification. There is one important distinction to make between the Raman spectra of
gases and liquids, and those taken from solids-in particular, crystals. For gases and liquids
it is meaningful to speak of the vibrational energy levels of the individual molecules which
make up the material. Crystals do not behave as if composed of molecules with specific
vibrational energy levels, instead the crystal lattice undergoes vibration. These
macroscopic vibrational modes are called phonons.

In modern Raman spectrometers (LabRAM HR, Jobin Yvon), lasers are used as a
photon source due to their highly monochromatic nature, and high beam fluxes (Figure
3.16). This is necessary as the Raman effect is weak, typically the Stokes lines are ~10°
times weaker than the Rayleigh scattered component. In the visible spectral range, Raman

spectrometers use notch filters to cut out the signal from a very narrow range centred on
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the frequency corresponding to the laser radiation. Most Raman spectrometers for material
characterization use a microscope to focus the laser beam to a small spot (<1-100 pum
diameter). Light from the sample passes back through the microscope optics into the
spectrometer. Raman shifted radiation is detected with a charge-coupled device (CCD)
detector, and a computer is used for data acquisition and curve fitting. These factors have

helped Raman spectroscopy to become a very sensitive and accurate technique.
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Figure 3.16. Schematic diagram of a Raman spectrometer is shown.

3.1.15. Matrix-Assisted Laser Desorption Ionization-Time of Flight (MALDI-TOF)
Mass Spectrometry: It is an analytical technique used for measuring the molecular mass
of biomolecules (such as proteins, peptides, oligosaccharides and oligonucleotides) on the
basis of the mass (m)-to-charge (z) ratio (m/z) of charged particles, which tend to be fragile
and fragment when ionized by more conventional ionization methods. In MALDI-TOF
mass spectrometry (Figure 3.17), the sample molecules are bombarded with a laser light to
bring about sample ionization. The sample is pre-mixed with a highly absorbing matrix
compound for the most consistent and reliable results and a low concentration of sample to
matrix work best. The matrix transforms the laser energy into excitation energy for the

sample, which leads to sputtering of analyte and matrix ions from the surface of the
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mixture. In this way energy transfer is efficient and also the analyte molecules are spared

from excessive direct energy that may otherwise cause decomposition.
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Figure 3.17. Schematic diagram of matrix-assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF) spectrometer. MALDI is a soft ionisation method and so results
predominantly in the generation of singly charged molecular-related ions regardless of the
molecular mass, hence the spectra are relatively easy to interpret. Fragmentation of the sample ions

does not usually occur.

The ionized molecules are accelerated in an electric field and enter into a chamber
under vacuum that contains no electric fields (analyzer). The time-of-flight analyzer
separates ions according to their mass (m/z) ratios by measuring the time it takes for ions
to travel through a field-free region. A detector is positioned at the end of the analyzer to
measure the arrival time of ions. Ions of lesser m/z arrive first, followed by ions of greater
m/z. A plot of intensity or abundance versus time is made to show the arrival time
distribution of the ions detected. The plot of intensity versus time is calibrated and

replotted as intensity versus m/z. The method is used for detection and characterization of
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biomolecules with molecular masses between 400 and 350,000 Da. It is a very sensitive
method, which allows the detection of low (10™ to 10™® mole) quantities of sample with
an accuracy of 0.1-0.01%. MALDI MS studies were conducted using a Voyager-DE PRO
Biospectrometry workstation from Applied Biosystems. A pulsed nitrogen laser of 337 nm
was used for the MALDI MS studies. Mass spectra were collected in positive-ion mode
and were averaged for 100 shots. Sinapinic acid was used as the matrix for MALDI-TOF
MS.

3.1.16. Electrospray Ionization Mass Spectrometry (ESI-MS): The Electrospray
Ionization is a soft ionization technique extensively used for production of gas phase ions
(without fragmentation) of thermally labile large supramolecules. ESI uses electrical
energy to assist the transfer of ions from solution into the gaseous phase before they are
subjected to mass spectrometric analysis (Figure 3.18). Ionic species in solution can thus
be analyzed by ESI-MS with increased sensitivity. Neutral compounds can also be
converted to ionic form in solution or in gaseous phase by protonation or cationisation (e.g.
metal cationisation), and hence can be studied by ESI-MS. The transfer of ionic species
from solution into the gas phase by ESI involves three steps: (1) dispersal of a fine spray of
charge droplets, followed by (2) solvent evaporation and (3) ion ejection from the highly
charged droplets. Within an ESI source, a continuous stream of sample solution is passed
through a stainless steel or quartz silica capillary tube, which is maintained at a high
voltage (e.g. 2.5-6.0 kV) relative to the wall of the surrounding chamber. A mist of highly
charged droplets with the same polarity as the capillary voltage is generated. The
application of a nebulising gas (e.g. nitrogen), which shears around the eluted sample
solution, enhances a higher sample flow rate. The charged droplets, generated at the exit of
the electrospray tip, pass down a pressure gradient and potential gradient toward the
analyzer region of the mass spectrometer. With the aid of an elevated ESI-source
temperature and/or another stream of nitrogen drying gas, the charged droplets are
continuously reduced in size by evaporation of the solvent, leading to an increase of
surface charge density and a decrease of the droplet radius. Finally, the electric field
strength within the charged droplet reaches a critical point at which it is kinetically and
energetically possible for ions at the surface of the droplets to be ejected into the gaseous

phase.
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Figure 3.18. In ESI-MS, sample molecules are ionized directly in the analyte solution by passing
through a heated capillary device, spraying droplets of solution into a vacuum chamber containing
a high-strength electric field. The resulting ions pass through a mass analyzer and detector. ESI-MS

produces complex spectra with multiply charged ions.

The emitted ions are sampled by a sampling skimmer cone and are then accelerated into
the mass analyzer for subsequent analysis of molecular mass and measurement of ion
intensity [5].

3.2. Sample Preparation:

In this section the different sample preparation methods have been discussed. All the
aqueous solutions were prepared using deionized water from Millipore system. Human
serum albumin (HSA), tri-sodium citrate, tartaric acid, Hemoglobin (Hb), sodium
borohydride, tri-octylphosphine oxide (TOPO), Luminol, Rhodamine, chloroform,
Piperidine, malic acid, sodium hydroxide, 4-nitrophenyl anthranilate (NPA), 2-
aminopurine (2AP), MTT based cell viability kit, L- arginine hydrochloride, potassium
bromide (KBr), synthetic DNA oligomer, as well as all the acetates, nitrates and chlorides
of various metal ions of highest commercially available grade were purchased from Sigma-
Aldrich (USA). 4', 6-diamidino-2-phenylindole (DAPI), Hoechst (H33258), methylene
blue and ethidium bromide (EtBr) were obtained from Molecular Probes. Organic dye
COUMARIN 500 (C500) was obtained from exciton. Lake Placid Blue CdSe/ZnS
core/shell semiconductor nanocrystals (QDs) in toluene were purchased from Evident

Technologies (Troy, NY).

56



3.2.1. Synthesis of Lag¢Sro3:MnO; Nanoparticles (LSMO NPs): We have synthesized
the bulk LSMO nanoparticles following a reported procedure where a modified sol-gel
technique has been designed especially for the preparation of complex oxide nanoparticles
and the reaction mechanism was first given by Shankar et. al [6]. We have taken high
purity (> 99%) metal acetates (procured from Sigma Aldrich) and then dissolved in the
desired stoichiometric proportions in acetic acid and water. To this solution, an appropriate
amount of ethylene glycol (molecular weight = 62.07 gm/mol) was added and heated until
the sol was formed. The gel was dried overnight at 150°C. Pyrolysis was done at 350°C
and 450°C followed by a sintering at higher temperature to obtain the desired chemical
phase. For the manganites, phase pure samples can be obtained at temperatures as low as
650°C. Using this chemical solution deposition method precise control of the stoichiometry
can be achieved.

3.2.2. Functionalization and Further Surface Modification of LSMO NPs: We have
functionalized the as prepared LSMO NPs by the following procedure [7]. We have
solubilized the as prepared LSMO NPs into water by using the reactivity of hydroxyl (-
OH) and carboxylate (COO") groups of citrate/tartrate. First, we prepared 6 mL of 0.5 M
citrate/tartrate solution (pH~7) and then 200 mg as prepared LSMO NPs was added to the
solution followed by 6 hours of extensive mixing by cyclo-mixer. Finally, the non-
functionalized bigger sized NPs were filtered out (by a syringe driven filter of 0.22 um
diameter) and UV-vis optical absorption of the resulting greenish-yellow filtrate solution

was measured.

Next, we increased the pH of the resulting greenish-yellow Citrate/Tartrate-LSMO
solution from pH~7 to pH~12, by drop wise addition of NaOH. The greenish-yellow color
of the solution turns to yellowish-brown and the resulting solution was heated at 70°C
under vigorous stirring condition for 8 hours. After eight hours the solution became highly
fluorescence.

3.2.3. Incorporation of Tartrate-LSMO NPs into Human Oral Squamous Epithelial
Cells: Tartrate-LSMO NPs were incorporated into squamous epithelial cells by the
following procedure [7]. Primary squamous epithelial cells collected from the inner lining
of human mouth have been used. Prior to cell imaging, the cells were spread on glass

slides in presence of PBS (phosphate buffered saline) and NP solution (at a final
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concentration of 3x10° M) was added followed by 30 min of incubation. After incubation,
just before fluorescence imaging, the cells were washed twice with PBS to remove
unbound NPs.

3.2.4. Synthesis of Bulk Mn3;04 NPs: We have synthesized the bulk Mn;O4 nanoparticles
following a reported procedure where an ultrasonic-assisted approach has been used to
prepare colloidal Mn3;O4 nanoparticles at normal temperature and pressure without any
additional surfactant or template [8].

3.2.5. Functionalization of As-Prepared Mn3;O4 NPs by Different Ligands to Prepare
Ligand Functionalized-Mn3;04 NPs: We have functionalized the as prepared LSMO NPs
by the following procedure [9]. In all cases, first we have prepared 0.5 M ligands solution
in Milli-Q (from Millipore) water. Then we have adjusted the pH of the solutions at ~7 by
addition of 1 M sodium hydroxide (NaOH) solution. In the ligand solution of pH~7, we
have added as-prepared Mn3;O4 NPs (approximately 100 mg powder Mn3;O4 NPs in 5 mL
ligand solution) and followed by extensive mixing for 12 hours in a cyclo-mixer. Finally,
the non-functionalized bigger sized NPs were filtered out (by a syringe filter of 0.22 um
diameter) and the resulting filtrated solutions were used for our experiments.

3.2.6. Further Surface Modification of Tartrate-Mn3;04 (T-Mn304) NPs to Impart
High Photoluminescence: We have functionalized the as prepared Mn3;O4 NPs by the
following procedure [9]. We have increased the pH of the greenish-yellow T-Mn3;O4 NPs
solution from pH~7 to 12 by drop wise addition of 1 (M) sodium hydroxide (NaOH)
solution. The greenish-yellow color of the solution turns to yellowish-brown (indicating
conversion of surface Mn®" to Mn®", as in acidic/neutral pH, Mn®" ions are unstable and
tend to disproportionate into Mn®" and Mn*", whereas it is stabilized by the
comproportionation of Mn>" and Mn*" in alkaline condition [10]) and the resulting solution
was heated at 70°C under vigorous stirring for 10-14 hours. Finally, the solution became
highly photoluminescent. It should be noted that we have diluted the as prepared T-Mn3O4
NPs solution about 2-3 times by 0.5 M tartrate solution before high pH and temperature
treatment in order to avoid the precipitation of the solubilized NPs.

3.2.7. Preparation of Water Soluble Arginine Capped QDs: We have prepared the
water-soluble arginine capped QDs by the following procedure [11]. It the TOPO-capped

CdSe/ZnS core/shell QDs in toluene were rendered water-soluble by ligand exchange with
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L-arginine, following a simple process using the reactivity of the amine group (of L-
arginine) with the ZnS shell of the QDs. The addition of 5 ml of the QDs toluene
suspension into about 5 ml of the L-arginine aqueous solution (pH~9) under vigorous
stirring results in the formation of toluene-in-water microdroplets. The sample was stirred
overnight, settled for 3 hours and then the aqueous phase was separated and analyzed by
UV-vis, fluorescence spectroscopy and HRTEM.

3.2.8. Preparation of DNA Samples: We have prepared the DNA sample by the
following procedure [11]. To reassociate the single strand DNA into self-complimentary
double-strand DNA (CTTTTGCAAAAG),, thermal annealing was performed as per the
methodology prescribed by the vendor. The nucleotide concentration was determined by
absorption spectroscopy using the average extinction coefficient per nucleotide of the
DNA (6600 M ' ¢cm ™ at 260 nm). The EB-DNA complex solution was prepared by adding
the requisite amount of probe stock solution to DNA followed by 1 hour of magnetic
stirring. To ensure complete complexation of EB with the DNA, the probe concentration
was made much less (8§ uM) than that of the DNA (30 uM) ([EB-DNA] = 8 uM) for the
FRET studies.

3.2.9. Synthesis of the Protein-Incorporated Fe Quantum Clusters (Feqcs): In a typical
synthesis, first, 60 mg of Hb was dissolved in 5 mL Milli-Q water. 12 mL of piperidine
was then added to the protein solution to extract the iron from the protein. The solution
was then stirred for 15 min at room temperature. Second, 36 mg of 3 mL ice cold sodium
borohydride was slowly added to the solution under vigorous stirring. The reaction mixture
was then stirred for 24 hrs, resulting in the formation of a yellowish brown solution that
showed a strong yellow luminescence under UV lamp.

3.2.10. Ligand Exchange and Phase Transfer from Water to Chloroform: For phase
transfer, 0.01M of TOPO was taken in 3 mL of chloroform on the bottom of 3.0 mL (10
mg/ mL) of aqueous Feqc@HD solution. The mixture was gently stirred for §-12 hrs at 298
K. Exchange can be observed directly by visible color change of the organic phase from
colorless to reddish brown.

3.2.11. Evidence of “Zero Oxidation State” of Feqc in Hb Matrix, Detection
Procedure Using Chemiluminescence: Luminol solution was prepared (1g/mL) and

solution was kept in three test tubes (each contains 1 mL of 1g/mL luminol solution). 0.2
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mL of each sample [e.g., Feqc@Hb (2.2 mg/mL), Hb (2.2 mg/mL) and water] was added
to that luminol solution. Finally, 1 mL of 3% hydrogen peroxide was added and the
photographs were taken immediately.

3.2.12. Quantum Yield Calculation: The quantum yield was calculated according to the
equation [12]:

_ 1 )(OD; \[ n?
0-0/+| %) %) (3.9)
where Q and Qg are the quantum yield of the protein and reference, I and Ir are the
integrated fluorescence intensities of the protein and reference, OD and ODg are the optical

densities of the protein and reference at the excitation wavelength, and n and ng are the

refractive indices of the protein and reference solutions.
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Chapter 4

Surface Modification of Nanoparticles for their New
Functionality and Better Acceptability in the Biophysical
Studies

4.1. Introduction

The development of nanomaterials with intrinsic photoluminescence are a key focus in
nanotechnology for the rational designing of multifunctional nanoparticles and could have
profound impact on many research areas, ranging from fundamental physics to photo-
luminescence (PL) devices, catalysis, biological detections and therapeutics. Several novel
nanomaterials have recently been described, including quantum dots (QDs) [1-4], magnetic
nanoparticles (MNPs) [5, 6], magnetofluorescent nanoparticle [7-9] and metallic NPs [10].
Their unique optical, magnetic, electronic and structural properties have addressed a broad
spectrum of technological/biological applications [11-14]. Considerable efforts have also
been directed towards rational surface modifications in order to modulate their electronic
structure and complicated surface chemistry. However, despite recent advancement, much
works still need to be done in order to achieve hydrophilic and biocompatible NPs that are
luminescent, with surface chemistry adaptable to varied technological/biological
applications.

In this chapter, we demonstrate how one can modify the electronic structure of the
nanoparticles of functional mixed valance oxides by making a hybrid with an organic
molecule and thereby make excitation wavelength addressable multicolor
photoluminescent nanoparticles. The investigation has been done on nanoparticles (NPs) of
the perovskite manganite Lag ¢751033MnO3 (LSMO) which is known to display a number of
exotic properties like colossal magnetoresistance [15]. The functionality of the perovskite
manganites arise from mixed valence of Mn ions which in such system as LSMO have two
valence states Mn’" and Mn*". Presence of Mn®" ions lead to Jahn-Teller distortion around
Mn ions, while simultaneous presence of Mn*" leads to ferromagnetic double-exchange

interactions and metallic behavior.
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In recent times significant efforts have been made to exploit the room temperature
ferromagnetism of the perovskite manganite NPs for prospective applications in cancer
therapy involving the hyperthermal effect [16] and as dual imaging probes for magnetic
resonance imaging and fluorescence microscopy (after tagging an extermnal fluorescent
agent) [17]. Several experiments have also been focused to solubilize the manganite NPs in
aqueous solution by employing some biocompatible macromolecules, still, resulted only a
suspension of the NPs in solution [17-19]. However, in a recent attempt we have
functionalized individual manganite NPs with a small biocompatible ligand to solubilize
them into water and the functionalized NPs shows extremely high colloidal stability [20].

In this chapter, we report a new class of multifunctional nanoprobe based on
Lag67S1933Mn0O3 (LSMO) NPs, a mixed-valent manganite where Mn present in two
oxidation states, +3 and +4. We have demonstrated the novel optical properties of LSMO
NPs upon interaction with sodium tartrate, a dicarboxylate ligand used to solubilized the
NPs into water. UV-vis spectroscopic study of the tartrate functionalized LSMO (T-
LSMO) NPs reveals different absorption bands originated from various types of electronic
transitions involving ligands-NP interaction. One of the important discoveries associated
with this work is the observation that the resulting changes on electronic structures
(achieved by functionalization with sodium tartrate) can lead to the emergences of multiple
color photoluminescence from T-LSMO NPs when it is addressed with different excitation
wavelengths, where the respective excitation wavelengths have a direct correlation with the
observed UV-vis absorption bands. From X-ray photoelectron spectroscopic (XPS)
analysis and time-resolved photoluminescence lifetime measurements we have acquired
additional evidence supporting the proposed mechanism regarding the origin of different

optical properties of T-LSMO NPs.
4.2. Result and Discussion

4.2.1. Emergence of Multicolor Photoluminescence in Lag¢Sro33:MnQO3; Nanoparticles
[21]:

Figure 4.2a illustrates the UV-vis absorption spectrum of as-prepared LSMO, tartrate and
T-LSMO NPs (at pH ~7). In case of T-LSMO, it shows two peaks at 300 and 440 nm, a

shoulder descending into lower energies around 580 nm and a broad band at 758 nm. The
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n (Tartrate) Mn3*

Figure 4.1. Schematic presentation of the most likely events occurring when a photon hits a tartrate
functionalized LSMO NPs (T-LSMO): ligand-to-metal charge transfer transitions from HOMO
(centered in tartrate ligand) to LUMO (centered in Mn*”*" of the NP), and d-d transitions involving
Jahn-Teller sensitive Mn’* ions in the NP. Arrows show the transition involved upon excitation by
photon of different energy. Inset shows the photographs of T-LSMO NPs under visible light (a)
and under UV light (b).

peak at 300 nm could be assigned to one of the possible high energy charge-transfer,

+4+ - :
34 Interaction

ligand-to-metal charge transfer (LMCT) processes involving tartrate-Mn
[22]. The other expected LMCT band [22] at around 385 nm has not been observed in the
absorption spectrum presumably because the band has been masked by the more intense
300 nm absorption, however, is distinctly visible in the excitation spectrum at around 372
nm (Figure 4.2b). Other bands at 440, 580 and 758 nm are reasonably attributed to d—d

transitions of Mn>" in T-LSMO NPs, as the degeneracy of 5E, ground state term of d*
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(Mn”") high-spin octahedral environment, has been lifted by the Jahn-Teller effect, that
ultimately leads to a tentative assignment of the observed bands to the transitions 5Bz —
5E,, 5B, — 5By, and 5By, — 5Aj,, respectively [23, 24] (Figure 4.1). Any absorption
contribution from other metal ions (La and Sr)-tartrate interaction, tartrate ligand or as-
prepared LSMO itself, in the assigned peak positions has been nullified from control
experiments. Reflection of the UV-vis absorption patterns into the photoluminescence
excitation spectra (shown in Figure 4.2b) of the sample has been expected and indeed
observed. Which further supports the assignment of the electronic excited states those give

rise to multiple color photoluminescence.

e Tartrate-LSMO
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Figure 4.2. a) UV-vis absorption spectrum of as-prepared LSMO, tartrate and tartrate-LSMO NPs
(in aqueous solution at pH~7). b) Photoluminescence excitation spectra of tartrate-LSMO NPs at
different emission maximum (shown in Figure 2a) of 415, 470, 525 and 590 nm.

Figure 4.3a displays the normalized photoluminescence spectra of T-LSMO NPs at
room temperature. The four distinct emission bands starting from blue to red region
(maximum at 418, 470, 520 and 590 nm) of the spectrum, corresponding with four distinct
excitation wavelengths (300, 375, 425 and 570 nm) are clearly observed. The
photoluminescence as shown in Figure 4.3a may be assigned to originate predominantly
from the LMCT [tartrate — Mn’"*] excited states and ligand field excited states of the
metal (Mn®") d orbitals. Photoluminescence from either an intraligand or metal to ligand
charge-transfer (MLCT) excited states are considered unlikely. To represent qualitatively

the relationship between emission ‘bands’, we have shown the OD normalized PL spectra
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Figure 4.3. a) Normalized steady-state photoluminescence spectra collected from tartrate-LSMO
NPs with four different excitation wavelengths of 300, 375, 425 and 570 nm at pH~7. b)
Fluorescence microscopic images of tartrate-LSMO NP powder under irradiation of white light
(bright field) and light of three different wavelengths of 365, 436 and 546 nm. Scale bars in the
Figure are of 500 um. c) Picosecond-resolved photoluminescence decays transients of tartrate-
LSMO NPs in water measured at emission wavelengths of 415, 470 and 525 nm upon excitation
with laser source of 300, 375 and 445 nm wavelengths respectively.

of T-LSMO NPs in Figure 4.4a. Moreover, in order to confirm that the lower energy
emission spectra are not sub-sets of high energy emission tail, we have compared the
similar excitation wavelength dependent fluorescence emission of a well known organic
dye C500 having one emission maximum centered at 510 nm in water (Figure 4.4c). From
the figure, it has been observed that, unlike T-LSMO NPs, despite the change in excitation
wavelengths (from 320 to 470 nm), emission maxima of C500 (at around 510 nm) remains
same and so its fluorescence decay transients (Figure 4.4d). The observation clearly
indicates that the lower energy emission spectra are not sub-sets of high energy emission
tail of T-LSMO NPs.

The above speculation regarding the origin of photoluminescence (PL) is also

supported by the pH dependent PL measurements of T-LSMO NPs. As revealed from
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Figure 4.5 upon changing the pH of the T-LSMO solution from 12 to 3, its PL intensity
quenches significantly, however, almost totally recovered again, by changing the pH from
3 to 12. This phenomenon is consistant with the fact that, in acidic/neutral pH, Mn>" ions
are unstable and tend to disproportionate into Mn®" and Mn*", whereas it is stabilized by

the comproportionation of Mn*" and Mn*" in alkaline conditions [25]. Thus, reduction
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Figure 4.4. a) OD normalized PL spectra of Tartrate-LSMO NPs at pH~7. b) Picosecond-resolved
photoluminescence decays transients of tartrate-LSMO NPs in water measured at emission
wavelengths of 415, 470 and 525 nm upon excitation with laser source of 300, 375 and 445 nm
wavelengths respectively. c) Absorption spectrum and excitation wavelength dependent emission
spectra of C500 in water. The emission spectra show unique characteristics (position of the
emission peak and spectral width) independent of the wavelength of excitation. d) Picosecond-
resolved photoluminescence decays transients of C500 in water measured at emission wavelengths
of 475, 500, 525 and 550 nm upon excitation with a laser source of 375 nm wavelength. The
transients detected at various emission wavelengths show similar decay constants of 2.77 ns
(51.61%) and 4.37 ns (48.38%).
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Figure 4.5. pH dependent photoluminescence (PL) spectra of T-LSMO NPs. a), b) and c)
Represents the photoluminescence quenching and recovery of T-LSMO NPs by changing the pH of
the solution from 12 (blue spectrum) to 3 (red spectrum) and again reverse back to 12 (green
spectrum). d) Represents the change of PL intensity at different PL maximum with changing the
pH of the solution from 12 to 3 by drop wise addition of HCI. Solid lines are guide to the eye.
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Figure 4.6. Fluorescence microscopic images of as-prepared LSMO NPs powder under irradiation
of white light (bright field) and light of three different wavelengths of 365, 436 and 546 nm.

potentials of Mn>/Mn”" system in acidic and basic solutions (E°wn3+mm2+ = 1.51V at pH=0,
while E°Muz+mm+ = -0.25V at pH= 14) [26] play a crucial role in understanding the pH

dependent PL profile of the studied system. Tartaric acid possesses four protons (two
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carboxylic acid protons and two hydroxyl protons) which can be liberated depending on
pH. However, due to high pK, (11-12) values of the hydroxyl protons in comparison with
the carboxylic protons (pKa = 2.95 and pKa,= 4.25), they would not liberate at neutral pH
and only available at highly basic pH conditions [27]. Thus at higher pH, strong co-
ordination of tetravalent anionic tartaric acid with Mn®" facilitates both the LMCT and J-T
events, resulting maximization of PL intensity from T-LSMO NPs. However, upon
acidification a decrease in pH leads to the protonation of co-ordinated tartrate molecules
along with disproportionation of Mn®" ions, diminishes the overall PL intensity from T-
LSMO NPs. Figure 4.3b shows the fluorescence microscopic images of T-LSMO powder
under irradiation of white light (bright field) and light of different wavelengths (Figure 4.6
shows the fluorescence microscopic images of as-prepared LSMO powder under identical
conditions). Multiple color photoluminescence arising specifically from the functionalized
NPs (T-LSMO) upon different excitation are clearly evident from the photographs.
Photoluminescence quantum yields (QY) of the T-LSMO NPs at pH~12, were obtained by
using the comparative method of Williams et al.[28], which involves the use of well
characterized standard samples with known QY values. Photoluminescence QY of 1x107
(for 415 nm PL), 4x10 (for 470 nm PL), 8x10™* (for 520 nm PL) and 2.4x10™* (for 590 nm
PL) were obtained relative to the standards 2-amino-purine (2AP), 4', 6-diamidino-2-
phenylindole (DAPI), Hoechst (H33258) and ethidium bromide (EtBr), respectively.
Further insights into the nature of the photoluminescence can be obtained by
analyzing the luminescence lifetime decay transients of T-LSMO NPs in water, measured
by picosecond-resolved time-correlated single-photon counting (TCSPC) technique. Figure
4.3c shows the luminescence lifetime decay transients of the water soluble NPs at three
different emission wavelengths (415, 470 and 525 nm) corresponding with three different
laser excitation wavelengths (300, 375 and 445 nm) respectively. Although the origin of
415 and 470 nm emission is from the LMCT excited states, luminescence lifetime of 415
nm emission is much longer (<t> = 4.77 ns) than the 470 nm (<t> = 0.84 ns) emission.
Substantial shortening in the luminescence lifetime of 470 nm emission and its close
resemblance with the 525 nm emission lifetime (<t> = 0.64 ns, originates from ligand field
excited states of the metal d orbital’s) presumably due to enhanced radiative deactivation

of'the excited state by the close proximity with metal d-d states [29].
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Figure 4.7. XPS analysis of LSMO NPs before and after functionalization with tartrate (traces A

and B, respectively). (a), (b), (c) and (d) are Mn 2p, Sr 3d, La 3d and O 1s regions repectively, of
samples A and B.

In order to get supporting evidence regarding the origin of different optical
properties of T-LSMO NPs, XPS analysis has been carried out for LSMO NPs, before (as
prepared NPs) and after (T-LSMO) functionalization with sodium tartrate. Figure 4.7
represents the XPS data of as-prepared LSMO (traces A) and T-LSMO NPs (traces B). The
Mn 2p region is shown in Figure 4.7a. The peaks of Mn 2ps,,; are observed at 641.1, 642.2,
643.9 and 645.7 eV in both the samples. The Mn 2ps); features at 641.1 and 642.2 eV are
attributed to oxides of Mn’" and Mn*" respectively [30]. The peak position at 643.9 eV
may be due to the manganese in different coordination environment like other metal ions
such as La’" and S [30]. The peak position at 645.7 eV may be due to satellite peak [31].
In the T-LSMO a new feature peaking at 640.1 eV is noticed which is attributed to Mn*"
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[30]. The formation of Mn*" could be due to reduction of some of the Mn>/Mn*" species
with tartrate, as reduction of metal ions by tartrate/citrates is expected [32]. The Sr 3ds,
peaks at 132.7 and 134.0 eV (Figure 4.7b, trace A) are assigned to Sr*” in the bulk and
surface of the NPs, respectively [33]. In the case of T-LSMO, the Sr 3ds, is noticed at
133.0 eV which is also due to Sr in the divalent (+2) state [34]. The peaks of La 3ds, at
834.7 and 838.1 eV are due to La’" and satellite, respectively (Figure 4.7¢c) in both the
samples [35]. The O s peaks in LSMO NPs (Figure 4.7d) at 529.4 and 531.0 eV are due
to lattice oxygen O™ associated with Mn and surface oxygen associated hydroxyl ions,
respectively [30]. The peak at 532.6 eV is due to the O which is weakly bound to surface
[36]. The peak of O 1s at 533.7 eV in T-LSMO sample is due to carboxylate oxygen from
the tartrate [37]. So, from XPS study it is evident that, upon functionalization with tartrate
a partial reduction of Mn>" and Mn*" centers in the NPs occur and resulting the formation
of Mn*" ions, whereas, La>" and Sr** centers remains unaffected.

It is argued that the change in the valence states of Mn ions will lead to a
perturbation of Mn**-O-Mn*" bond. We do observe the postulated perturbation through
Raman spectroscopic investigation on T-LSMO NPs, as prepared LSMO NPs and tartrate.
As shown in Figure 4.8a, between the two characteristic peaks of LSMO NPs at 436 and
636 cm’” (corresponding with Aj,-like and Big-like vibrational modes involving Mn-O
stretching vibration modes of MnOs unit, respectively) [38], peak around 436 cm™
completely disappeared and the 636 cm™ peak becomes broadened (possibly due to mixing
of tartrate features) after their functionalization with tartrate. Hence, the disappearance of
Ajg-like stretching vibration mode that represents the extension and compression of Mn-O
bond pairs and is directly correlated with Jahn-Teller distortion, provides a strong basis for
the changes that occur at the level of MnOg octahedra which provides the physical basis for
the change in the optical properties of the NPs upon functionalization.

The direct bonding of tartrate ligands to the surface of the LSMO NP has been
confirmed by FTIR spectroscopy. Figure 4.8b represents the FTIR spectra of as-prepared
LSMO NPs, tartrate and tartrate functionalized LSMO NPs. In case of tartrate, the
appearance of two strong bands at 1412 and 1621 cm™ represent the symmetric and

asymmetric stretching modes of -COO™ ions (carboxylate) respectively [39]. Upon
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Figure 4.8. (a) Raman spectra of as-prepared LSMO NPs, tartrate-LSMO NPs and tartrate. (b)
FTIR spectra of as-prepared LSMO NPs, sodium tartrate and tartrate functionalized LSMO
(tartrate-LSMO) NPs, recorded with a KBr pellet. (¢c) TEM image of tartrate-LSMO NPs. (d) Size
distribution of the NPs in solution. (¢) HRTEM image of the crystalline structure of tartrate-LSMO

NPs.
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Figure 4.9. (a) Represents the TEM image of the as prepared LSMO NPs and the inset showing the
particle size distribution. (b) Shows XRD pattern of as-prepared bulk LSMO NPs and the
corresponding peak positions matched with the values reported earlier.

attachment with the NP surface these two bands become red-shifted and appear sharply at
1392 and 1596 cm™ respectively, clearly confirm the binding of carboxylate’s oxygen with
the NPs. Moreover, the significant broadening of the band representing O-H (hydroxyl)
stretching vibration mode [40] at 3396 cm” for tartrate-LSMO, also substantiate the
involvement of hydroxyl groups during the functionalization process.

As shown in Figure 4.8c, transmission electron microscopy (TEM) revealed that T-
LSMO NPs are nearly spherical in shape with an average diameter of around 4 nm (Figure
4.8d). Thus, tartrate ligands only solubilized the small sized particles out of a wide range
of particle size from ~2 to 30 nm in the as-prepared LSMO NPs (see Figure 4.9). The
HRTEM image (Figure 4.8¢) confirm the crystalline nature of the T-LSMO NPs having
interplanar distance of 0.267 nm, which corresponds to the (110) plane of the crystal lattice
(as shown in Figure 4.10b, similar interplanar distance have also been observed in case of
as-prepared LSMO NPs). Selected area electron diffraction (SAED) and energy dispersive
X-ray (EDAX) pattern of LSMO and T-LSMO NPs also provided supporting evidence
(Figure 4.10 and Figure 4.11).

Since the tartrate ligand (contains two hydroxyl and two carboxylate groups) is

from the class of organic hydroxycarboxylates, we have used two more ligands which are
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close mimic of tartrate (trisodium citrate and sodium salt of malic acid) and of the same

class, for meaningful comparisons with the data obtained from tartrate.

i
{1l

2 4 6 8 1012 14
Energy (keV)

Figure 4.10. (a) The EDAX spectrum of as prepared LSMO NPs shows elemental composition of
the NPs. (b) HRTEM image of as-prepared LSMO NPs having interplanar distance of 0.263 nm
(which is similar with Tartrate-LSMO NPs shown in Figure 4.8¢) corresponding to (110) plane of
the crystal lattice. (c) SAED pattern of the as prepared LSMO NPs and the arrow head indicates the
diffraction ring originated from (104) plane of the crystal lattice.
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Figure 4.11. (a) The EDAX spectrum of Tartrate-LSMO NPs shows elemental composition of the
NPs. (b) SAED pattern of the Tartrate-LSMO NPs. Arrow head indicates the appearance of
diffraction ring from (104) plane, which have also been observed in case of as prepared LSMO NPs
shown in Figure 4.10c.

It has been observed that, both citrate and malate functionalized LSMO NPs exhibit
similar UV-vis absorption pattern (Figure 4.13a and 4.12 respectively) and excitation
wavelength-dependent multiple photoluminescence (in case of citrate-LSMO, Figure 4.13b
and 4.13c), which further substantiate the results obtained using tartrate (spectral position
of the observed absorption and photoluminescence peaks from these functionalized NPs
has been listed in Table 4.1). Due to the structural similarity of tartrate and citrate, their pH
dependent co-ordination behavior with the NP surface has been expected to be alike. It is
revealed that the ligand field of tartrate, citrate and malate can activate the Jahn-Teller (J-
T) splitting of Mn®" ions in the NPs and the corresponding d-d transitions along with
ligand-to-metal charge transfer transitions (LMCT) plays the crucial role for the emergence
of such novel optical properties from LSMO NPs upon functionalization.

In case of as-prepared LSMO NPs, simultaneous electron transfer between Mn**
and Mn*" ions via an oxygen ion (i.e. exchange between Mn®* and Mn*" ions, well known
as double exchange) plays the key role for the origin of their room temperature

ferromagnetism [41]. So, any perturbation to the parallel alignment of the spins of the two
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adjacent cations or if the Mn’"-O-Mn*" bond is bent, the electron transfer becomes more
difficult and the magnetic interaction decreases. The magnetization of T-LSMO NPs was
measured using superconducting quantum interference device (SQUID) magnetometry and
the NPs showed paramagnetic behavior at low temperature (upto 50 K), while they were
diamagnetic at around room temperature (shown in Figure 4.14). Thus, upon
functionalization with tartrate the magnetic behavior of LSMO NPs has been changed
dramatically from room temperature ferromagnetic to diamagnetic. This flipping of
magnetism could be due to small average size (~ 4 nm, see Figure 4.8d) of the T-LSMO
NPs (as tartrate only solubilized the small sized particles out of a wide range of particle
size from 2 to 30 nm in the as-prepared LSMO NPs) or due to any distortion of the Mn*'-
O-Mn"*" bond.
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Figure 4.12. UV-vis absorption spectrum of malate and malate-LSMO NPs in aqueous solution at
pH~7. Inset shows the absorption peak (LMCT) at around 304 nm obtained from diluted solution
of malate-LSMO NPs.
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Table 4.1. Spectral position of UV-vis absorption bands/peaks of tartrate, citrate and malate
functionalized LSMO NPs along with their photoluminescence peak positions (except Malate-

LSMO).
System Positions of UV-vis Position of
absorption bands/peaks, photoluminescence peaks,
Aabs (NmM) Aem (NM)
T-LSMO 300, 440, 580 and 758 418,470, 520 and 590
Citrate-LSMO 297, 430, 532 and 744 413,479, 518 and 610
Malate-LSMO 304, 423, 526 and 746 Not been performed

The observed phenomena that there can be multiple photoluminescence from the T-LSMO,
has been utilized for investigating possible in vitro cells imaging. Importantly, this has
been done by employing the intrinsic photoluminescent properties of T-LSMO NPs,
without further grafting of any biorecognition molecules (e.g., oligonucleotides,
antibodies, or peptides) onto the NP surface. In this study, a primary squamous epithelial
cells collected from the inner lining of human mouth have been used. Prior to cell imaging,
the cells were spread on glass slides in presence of PBS (phosphate buffered saline) and
NP solution (at a final concentration of 3x10°® M) was added followed by 30 min of
incubation. After incubation, the cells were washed twice with PBS to remove unbound
NPs. Figure 4.15 demonstrates the fluorescence microscopic images of the cell labeled
with T-LSMO NPs. Upper left image in the figure represent the bright-field images (black
arrows indicate the nucleus of the cell) and other three images represent fluorescence
images (employing 365, 436 and 546 nm excitation wavelengths respectively) of the T-
LSMO NP labeled cells. Our results show that in case of NP treated cells, all fluorescence
of the NPs (365, 436 and 546 nm excitation wavelength) are preferentially derived from
the nuclear region of the cells. To verify the sub-cellular localization of the NPs in the
cells, double labeling experiments using NPs and other fluorescent organelle marker in a
single set of cell was not possible, as the excitation wavelengths of the NPs matched with
that of the marker. Therefore, to circumvent this problem, we have done localization
experiments with NPs and fluorescent nuclear marker (DAPI) in separate sets of cells
(Figure 4.16). The comparative evaluation of the results from these two set of experiments

suggest that the particles were indeed in the nucleus.
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Figure 4.14. The M (moment)-H (magnetic field applied) magnetization plots of T-LSMO NPs at
different temperature. The M-H plot at different temperatures is shown in (a), (b), (c) and (d).

The control image (Figure 4.17) shows no fluorescence from untreated squamous epithelial
cells compared to those with incorporated T-LSMO NPs (Figure 4.15). The efficiency of
cellular internalization and subsequent nuclear localization of T-LSMO NPs has also been
revealed from time-dependent cellular uptake experiment (Figure 4.18) by monitoring
(using fluorescence microscope and excitation wavelength of 365 nm) a single set of cell
for 30 min after addition of the NPs. As shown in the figure, within 30 min, the NPs
become enriched inside the nucleus of the cells. Although, the cellular internalization of
untargeted negatively charged (due to carboxylate groups of tartrate) NPs is believed to
occur through nonspecific binding on cationic sites of the plasma membrane followed by
their endocytosis [42], the reason behind their efficient nuclear localization is unknown
and needs further rigorous investigation. However, taken together these multicolor

photoluminescence and efficient nuclear localization results suggest that the T-LSMO NP
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has the potential for multifunctional nanoprobe in terms of biological imaging and targeted
drug delivery. According to a recent study liquid extract of LSMO nanoparticles are not
toxic to the cells [43] and we have also found that T-LSMO NPs are nontoxic by a

standard MTT cell viability assay.

Figure 4.15. Representative fluorescence microscopic images of human oral squamous epithelial
cells labeled with T-LSMO NPs. Upper left image corresponds to the bright-field image of the cells
and the black arrows indicate the nucleus of the cells. The fluorescence images were taken using
365 (b), 436 (c) and 546 nm (d) excitations wavelengths. Selective nuclear localization of the NPs
is clearly evident from the multicolor photoluminescence images of the cell.
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Figure 4.16. (a) Bright-field image of human oral squamous epithelial cells and (b) fluorescence
micrographs (using an excitation source of 365 nm wavelength) of the same cells stained with
DAPL

Figure 4.17. The fluorescence microscopic images of squamous epithelial cells non-treated with T-
LSMO NPs: (a) bright field image; and fluorescence images collected upon excitation at (b) 365
nm, (c) 436 nm and (d) 546 nm wavelengths.

Figure 4.18. Time-dependent internalization of T-LSMO NPs into human oral squamous epithelial
cells. Fluorescence micrographs (taken using an excitation source of 365 nm wavelength) of a
single set of cells clearly indicates that the NPs become localized into to the nucleus of the cells
within 30 min of addition.

82



4.3. Conclusion

In the present study, we have demonstrated the possibility of electronic structural
modifications of manganites NPs (LSMO, and thus the resulting novel optical properties)
by charge transfer through functionalization with small organic ligands. The modified
electronic structure notably leads to multicolor photoluminescence from the functionalized
NPs when excited with different wavelength. We have also explored the mechanistic
insight into the origin of multicolor photoluminescence from the T-LSMO NPs. We
envision that, given the potentiality of the interaction of Mn®" (easy to convert into Mn>" at
high pH), Mn®" (J-T sensitive) and Mn*" towards hydroxycarboxylates (tartrate/citrate) and
the consequent origin of novel optical properties, a logical extension of this work would be
the functionalization of manganese oxides and various manganese doped nanoparticles
including manganese ferrites, ZnO, CdS etc. Also, the most challenging extension of this
work would be to design the nanoparticle as a multifunctional delivery vehicle for
therapeutic agents targeted to specific tissue or cell types and to understand how these NPs

are internalized into cells and modulate cell functions.
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Chapter 5

Synthesis of Biocompatible Nanoparticles with Novel
Optical &  Magnetic  Properties and  their
Characterization

5.1. Introduction

Over the past decade, magnetic nanoparticles (NPs) of the 3d transition metal oxides have
witnessed enormous interest due to their potential applications in various fields ranging
from catalysis [1, 2], energy storage [3] and magnetic data storage [4] to drug delivery and
biomedical imaging [5-7]. In particular, colloidal metal-oxide materials fabricated on
nanoscale can exhibit better optical, magnetic, thermal and electrical properties than bulk
materials [8-11]. Therefore, long-term endeavors have been focused on the morphology
controllable synthesis and functionalization of nanocrystals for their advanced
physicochemical properties and technological applications [12, 13].

As an important functional metal oxide, manganese oxides have attracted
considerable attention because of their potential applications in diverse areas, including
catalysis [14], rechargeable lithium ion batteries [15, 16], molecular adsorption, gas
sensing and in magnetics [17, 18]. Among them, Mn3;O4 has been demonstrated to be one
of the most inexpensive and earth-abundant catalyst exhibited excellent bifunctional
oxygen electrode activity [19] (similar to those of best known precious metal catalysts:
Platinum, Ruthenium, and Iridium), also an active catalyst for the oxidation of methane
and carbon monoxide [20, 21]. Most recently, hollow Mn3;O4 NPs have been utilized as
positive MRI contrast agent (exploiting their room temperature paramagnetism) with
enhanced relaxivity attributed to an increased water-accessible surface area and the
flexibility of further functional surface modifications [22, 23]. However, despite recent
advancement, to date, study of any synthesis/surface modification technique for achieving
Mn304 NPs having intrinsic photoluminescence and/or room temperature ferromagnetism
is sparse in the existing literature. In particular, the effects of capping ligands, especially
how they regulate the surface properties of Mn3;O4 NPs and subsequent appearance of

novel optical/magnetic properties, have not been studied thoroughly. Besides being of
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fundamental scientific interest, such an understanding is important for optimizing
nanoparticles properties. So, it would be of great interest to develop approaches to control
surface chemistry for better understanding the origin of surface-induced optical and
magnetic properties, as subtle differences in ligand functional groups or the structural
position of the functional groups can dramatically change the optical/magnetic responses.
In this chapter, we have used a procedure published by Lei et al [24] to synthesize
Mn3;04 NPs and carried out a series of surface modification studies by systematic variation
of the nature of surface-protecting ligands. We define how these NP-ligand interactions
modify the electronic properties of the NPs that ultimately govern multiple PL starting
from blue, cyan and green to near IR under mild conditions. Most importantly, in a logical
variation of the functional groups and their structural position, we have identified the
necessary and sufficient structural requirement of the ligands, to induce such novel
optical/magnetic responses from the NPs upon functionalization. Although, all the ligands
used in our study offer ligand-to-metal charge transfer transitions (LMCT), the presence of
a-hydroxy carboxylate moiety in the capping ligand appears to be necessary to activate the
Jahn-Teller (J-T) splitting of Mn*" ions in the NPs which corresponds to the d-d transitions
and plays the deciding role to induce the optical outcomes. Among all the ligands, we have
studied tartrate (having two a-hydroxy carboxylate moiety) functionalized Mn3O4 NPs
(will be referred as T-Mn3;0O4 NPs henceforth) in details as the optical responses induced by
tartrate have been optimal. Magnetic properties of the Mn3;O4 NPs have also been found to
be strongly ligand-dependent. We have shown that the presence of a carboxylate group in
the surface coordinated ligands is sufficient to activate room temperature ferromagnetism.
Moreover, a relationship between the nature of the surface bound ligands and magnetic
responses of the NPs upon functionalization has been demonstrated employing crystal field
splitting energy (CFSE) of the surface Mn®" ions. Uses of Mn;O, nanocrystals having
different morphologies as a catalyst for the degradation of cationic organic dye have been
reported recently; however, in all cases the degradation rate is very slow [25, 26]. We have
observed that our surface modified T-Mn3;Os; NPs have better photocatalytic activity
towards a model cationic organic dye (methylene blue) compared to other existing repotts,
thus, we infer that the increased surface reactivity and PL of T-Mn3;O4 NPs plays an

important role in enhancing the catalytic activity.
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5.2. Result and Discussion

5.2.1. Rational Surface Modification of Mn3;0Os Nanoparticles to Induce Multiple
Photoluminescence and Room Temperature Ferromagnetism [27]:

Functionalization of Mn3;O4 NPs with small organic ligands causes significant changes to
their surface electronic structures. Before intentional variation of the ligands, we have
examined the UV-vis electronic absorption pattern of the as-prepared Mn3;O4 NPs alone.
However, as revealed from Figure 5.1, it has no such characteristic absorption signature in
the UV-vis region. The absorption spectra recorded in Figure 5.2 for ligand functionalized
Mn;04 NPs exhibit distinct features depending upon the types of ligand functional groups
used. Figure 5.2a-f represent the absorption spectra of functionalized Mn3;O4 NPs where -
OH (hydroxyl group of glycerol), -OH & -NH, (hydroxyl & amine groups of ethanol
amine), -NH; (amine group of guanidine), -COO™ (carboxylate group of succinate), -COO
& -NH; (carboxylate & amine groups of glycine), and -COO™ & -SH (carboxylate & thiol
groups of thioglycolate) functional groups of the ligands have been chosen to functionalize
the NPs. In all cases, a characteristic absorption band (marked by arrows) between 300 and
360 nm has been observed. We assume that this high energy absorption band is the result
of the interaction between the ligand functional group and the Mn*/Mn’" onto the NPs
surface, therefore assigned as LMCT band. However, inclusion of a -OH group at the a
position with respect to -COQ" i.e. in case of lactate-Mn30Oy4 (Figure 5.2g and 5.3), the UV-

vis absorption spectrum results distinctly different features at the low energy region.
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Figure 5.1. UV-vis absorption spectrum of as- prepared Mn;O4 NPs thin film on quartz plate.
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Figure 5.2. (a)-(1) Represents the UV-vis absorption spectra of ligand functionalized-Mn;O4 NPs in
aqueous solution at pH~7. Different combinations of ligand functional groups have been employed
in order to activate the Jahn-Teller (J-T) splitting of Mn®" ions in the NPs surface and to bring out
optimal optical responses from the functionalized NPs. (a) -OH (hydroxyl) group of glycerol (b) -
OH & -NH, (hydroxyl & amine) groups of ethanol amine, (c) -NH, group of guanidine, (d) -COO
(carboxylate) group of succinate, (¢) -COO™ & -NH, groups of glycine, (f) -COO™ & -SH
(carboxylate & thiol) groups of thioglycolate, (g) -COO™ & -OH (at a position) groups of lactate,
(h) -COO™ & -OH (at a position) groups of serine and (i) -COO™ & -OH (two o hydroxyl groups)
groups of tartrate have been used respectively, to functionalize the as-prepared Mn;O,4 NPs. Upper
inset of Figure (a)-(h) show the corresponding HRTEM image of various ligand functionalized
Mn;04 NPs. Photographs under visible (left) and UV light (right) of various ligand functionalized

Mn;0,4 NPs have been shown in the lower inset.

Even more interestingly, on shifting the structural position of the -OH group from a to 3
with respect to -COO" i.e. in case of serine-Mn304 (although serine contains a a NH;
group, however, results of glycine-Mn304 could be considered as control study), those low
energy UV-vis bands vanishes. The observation clearly indicates that the origin of distinct
absorption features is a special case only for a-hydroxy carboxylate (like lactate) moiety
containing ligand functionalized Mn3;O4 NPs. To further corroborate this phenomenon, we

have employed tartrate ligands, having two a-hydroxy carboxylate groups, as a caping
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ligand. Akin to lactate-Mn304, T-Mn304 possesses LMCT band as well as distinct even
more pronounced absorption features at the low energy region. Thus, from the above
investigation we can infer that the presence of a-hydroxy carboxylate moiety in the surface
coordinating ligand is necessary to activate the observed distinct absorption features (detail
identification of the absorption bands is discussed later in the text). Upper insets of Figure
5.2a-h represent high resolution transmission electron microscopic (HRTEM) images of
the corresponding ligand functionalized Mn3O4 NPs showing their tentative diameters
within 3-5 nm. Lower insets of Figure 5.2a-i represent the photographs of various ligands
functionalized Mn3O4 NPs under visible (left) and under UV light (right), respectively. As
evident from the photographs, except thioglycolate-Mn304 and lactate-Mn3;O4 NPs, other
ligand functionalized NPs exhibit very bright photoluminescence under UV light.
Considering the optical responses obtained from T-Mn3;O4 NPs as optimal, we have
investigated only T-Mn3;O4 NPs in detail in order to gain insights of the origin of these
distinct absorption characteristics, bright PL under UV light and also the effect of further

surface modification.

0.6

—Lactate- Mn,O, (diluted)

Absorbance
o
N
" [

.
N
]

0.0

500 600 700 800
Wavelength (nm)

300 400

Figure 5.3. UV-vis absorption spectrum of diluted solution of Lactate-Mn;O4 NPs.
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Figure 5.4. (a) TEM image of T-Mn;O4 NPs. Inset shows the selective area electron diffraction
(SAED) pattern of the T-Mn3;O4 NPs. (b) HRTEM image of the crystalline structure of T-Mn3O4
NPs. (c) Size distribution of the T-Mn;O4 NPs.

TEM study has been carried out in order to characterize the water soluble T-Mn3;O4

NPs in details and also to substantiate the functionalization process. As shown in Figure
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5.4a, T-Mn304 NPs have a broad size distribution (1.5-5.5 nm) with an average diameter of
3.30£0.14 nm (Figure 5.4c) and nearly spherical in shape. The corresponding HRTEM
image (Figure 5.4b) confirms the crystallinity of the NPs. The interplanar distance between
the fringes is about 0.249 nm which corresponds to the distance between (211) planes of
Mn30s4 tetragonal crystal lattice. Selective area electron diffraction (SAED) pattern (inset
of Figure 5.4a) also indicates the crystalline structure of the NPs. Energy dispersive X-ray
(EDX) spectroscopic analysis of T-Mn3Os NPs (Figure 5.5) has confirmed that the

crystallites consist of solely manganese and oxygen.
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Figure 5.5. The EDX spectrum of T-Mn;O4 NPs shows the elemental composition of the NPs.
Inset shows the SEM image of the T-Mn3;O4 NPs sample. EDX maps of C K, O K, and Mn L lines
are also shown in the inset.
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Figure 5.6. Shows the fluorescence microscopic images of powder as-prepared Mn;O4 NPs under
irradiation of white light (I, bright field) and light of two different wavelengths of 365 (II) and 436
nm (III), respectively.

In Figure 5.21, the UV-vis absorption spectra of T-Mn3O4 NPs (at pH ~7) exhibits
two absorption peaks at 315 (shown in the inset) and 430 nm, a shoulder descending into
lower energies around 565 nm and a broad band at 752 nm. The observed peak at 315 nm
could be assigned to the possible high energy LMCT processes involving tartrate-
Mn*"/Mn*" interactions [28]. Other bands at 430, 565 and 752 nm are attributed to d-d
transitions of Mn®" in T-Mn3;O4 NPs, as the degeneracy of 5E, ground state term of d*
(Mn™) in high-spin octahedral environment has been lifted by the J-T effect, that leads to
the observed bands for the transitions of 5Bi; — 5Eg, 5By — 5By and 5Biy; — S5Aj,,
respectively [29, 30]. In case of as-prepared T-Mn304 NPs (at pH~7), LMCT excited state
has been observed to be strongly photoluminescent, whereas, PL from d-d excited states
have been found considerably weak. Thus, in order to make d-d excited states highly
photoluminescent, we have heat-treated as prepared T-Mn3;O4 NPs at pH ~12 and 70 °C for
12 hrs (details in experimental section). As evident from Figure 5.7a, the UV-vis
absorption spectrum of heat treated T-Mn3;O4 NPs changes from the initial spectrum of T-
Mn;04 NPs (Figure 5.21). Specifically, the peak at 430 nm and lower energy shoulder at
565 nm (both originate due to d-d transitions involving Mn’") are significantly perturbed
and blue shifted to 385 and 440 nm, respectively (justification later in the text). However,
the LMCT band at 315 nm and another d-d band at 758 nm remain almost unaffected. Inset
of Figure 3a shows the fluorescence microscopic images of powder containing T-Mn304
NPs (after treatment) under irradiation of white light (bright field, I) and light of two
different wavelengths (II-365 nm and I11-436 nm), respectively. Multi- color PL arising
from different excitation of the NPs are clearly evident from the photographs. Figure 5.6

shows the fluorescence microscopic images of powder consisting of as-prepared Mn3;O4
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NPs under identical conditions, showing no such PL. Figure 5.7b shows the normalized PL
spectra of T-Mn3O4 NPs at room temperature and pH ~12. Multiple PL of T-Mn304 NPs
starting from blue, cyan, green to near-infrared region (PL maximum at 417, 473, 515 and
834 nm) of the spectra against excitation at four different wavelengths (315, 370, 440 and
760 nm, respectively) are clearly evident from the figure. In the excitation spectra (Figure
5.7¢) of T-Mn304 NPs at their respective PL maxima, the observed peaks/bands have a
direct correlation with the absorption peaks/bands involving LMCT and d-d transitions
(Figure 5.7a).
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Figure 5.7. (a) UV-vis absorption spectrum of T-Mn3;O4 NPs after treatment (at pH ~12 and 70 °C
for 12 hrs). Inset shows the fluorescence microscopic images of the same under irradiation of white
light (bright field, I) and light of two different wavelengths 365 (II) and 436 (III) nm. Scale bars in
the images are of 500 um. (b) Normalized steady-state PL spectra collected from T-Mn;O4 NPs
with four different excitation wavelengths of 315, 370, 440 and 760 nm at pH~12. (c) Excitation
spectra of T-Mn3;04 NPs at different PL maxima of 410, 470, 515 and 834 nm. (d) Picosecond-
resolved PL transients of T-Mn;04 NPs in water measured at emission wavelengths of 410, 470
and 515 nm upon excitation with excitation source of 293, 375 and 445 nm wavelengths.
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Figure 5.8. Steady-state excitation and PL spectra (A.,=330 nm) collected from Succinate-Mn;O4
NPs.

Thus, the PL as shown in Figure 5.7b may be assigned to originate predominantly
from the LMCT [tartrate — Mn’ ] excited states and ligand field excited states of the metal
(Mn™") d orbitals. PL from either an intraligand or metal to ligand charge-transfer (MLCT)
excited states are considered unlikely. In case of other ligand functionalized Mn3;O4 NPs
having solely LMCT absorption band e.g. succinate-Mn3;O4, single PL with a maximum
(Amax) around 410 nm has been observed (Figure 5.8). PL quantum yields (QY) of the T-
Mn3;04 NPs at pH~12, have calculated by using the comparative method of Williams et
al.[31], which involves the use of well characterized standard samples with known QY
values. PL QY 0f4.20% (for 417 nm PL), 2.88% (for 473 nm PL), 0.54% (for 515 nm PL)
and 0.0018% (for 834 nm PL) were obtained relative to the standards 2-amino-purine
(2AP), 4', 6-diamidino-2-phenylindole (DAPI), Hoechst (H33258) and 2-[7-[1,3-dihydro-
1,1-dimethyl-3-(4-sulfobutyl)-2H-benz[e]indol-2-ylidene]-1,3,5-heptatrienyl] I,1-
dimethyl-3-(4-sulfobutyl)-1H benz[e]indolium hydroxide, inner salt, sodium salt (IR-125),
respectively. Except thioglycolate-Mn3;O4 and lactate-Mn;O4 NPs, the PL of other ligand
functionalized Mn3O4 NPs arises from LMCT excited state, exhibiting QY values between
4 to 7%.
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Picosecond-resolved PL decay transients of T-Mn3;O4 NPs have been collected to
further understand the origin of PL due to the functionalization of the NPs. Figure 5.7d
represents the PL decay transients of T-Mn3;O4 NPs at three different PL maxima of 410,
470 and 515 nm using three different excitation sources of 293, 375 and 445 nm
wavelengths, respectively. The observed differences in the excited-state lifetime of T-
Mn3;04 NPs at 410 nm PL compared to the lifetimes at 470 and 515 nm PL, suggest a
difference in the origin of the PL. The average lifetime (t) for 470 and 515 nm PL (upon
excitation by 375 and 445 nm sources, respectively) have been observed to be 1.13 and
0.78 ns respectively, whereas, relatively longer T of 5.32 ns has been observed for 410 nm
PL (Table 5.1). Moreover, distinctly different lifetime values of 470 nm PL upon
excitation using 293 (4.04 ns) and 375 (1.13 ns) nm source clearly differentiate the origin
of two excitation. Thus, the lifetime data and steady-state measurements clearly suggest
that LMCT excited states are responsible for PL at 417 nm, whereas the J-T excited states
lead to the PL maxima at 470, 515 and 834 nm.

Table 5.1. Lifetime values of picosecond time-resolved PL transients of T-Mn3;0,4 NPs, detected at
various PL. maxima upon excitation at different wavelengths. The Values in parentheses represent
the relative weight percentage of the time components.

System Nex PL peak, | t; (ns) T, (ns) 73 (ns) Tay (DS)
(nm) Aem (NM)
293 410 026 (11) | 1.05(29) | 837 (60) | 532
T-Mn;OsNPs | 293 470 | 0.54(29) | 143 (29) | 820 (42) | 4.0
375 470 | 043 (20) | 1.16 (74) | 3.09(6) | 1.13
375 515 [ 0.18(30) | 1.06 (62) | 3.93(8) |1.03
445 515 | 0.18 (47) | 0.87 (44) | 3.58(9) |0.78

In order to get supporting evidence regarding the origin of optical properties in T-
Mn;O4 NPs, XPS analysis has been carried out on Mn3Os NPs, before and after
functionalization (Figure 5.9) with sodium tartrate (Figure 5.10a traces A and B
respectively). In the high-resolution spectrum of Mn 2p of Mn304 (trace A), 2p3n-2pin
dublet has been observed to be at 637.61 and 649.31 eV respectively, with a spin—orbit
splitting (difference between the BE values of Mn 2ps3,, and Mn 2p;.; levels) value of 11.70
eV, which is in good aggrement with previous reports [32, 33]. The Mn 2ps, features at
637.61 and 641.383 eV are attributed to oxides of Mn*" and Mn®" respectively [34]. In case
of T-Mn304 NPs (trace B), similar spin—orbit splitting (11.69 eV) have been observed and
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in the deconvoluted Mn 2p;, spectrum the peak at binding energy of 640.00 eV, is
attributed to the +3 oxidation state of Mn, assuming the peak at 643.54 eV to be a shake up
satellite. The greater intensity of the shake-up satellite peak could be due to the
convolution of shake-up satelite plus the shoulder just in front of the 2p,, peak. So, the

presence of Mn®" in the T-Mn304 NPs further supports our arguments regarding the origin

of optical properties.
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Figure 5.9. XPS survey spectrum of T-Mn;04 NPs.

Raman spectroscopy, which is a sensitive probe to the local atomic arrangements
and vibrations, has been used to investigate any structural perturbation of Mn3;O4 NPs upon
their functionalization with tartrate. As evident from Figure 5.10b, we have observed a
substantial perturbation of the main characteristic Raman peak (at 650 cm™, represents the

Mn-O breathing vibration of divalent manganese ions in tetrahedral coordination [35]) of
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Mn;04 NPs [36] as a result of tartrate functionalization. Thus, the drastic perturbation of
symmetric stretching of tetragonal Mn3QO4 structure (corresponding to 650 cm” peak [37])
provides a strong physical basis for the origin of novel optical properties of the NPs upon
functionalization. Similar perturbation of 650 cm™ peak in case of glycerol-Mn;O4 NPs
further indicates that the decrease of the Raman peak has not been originated from J-T

splitting rather is the outcome of ligand functionalization.
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Figure 5.10. (a) XPS spectra of Mn 2p region for Mn;O04 NPs (trace A) and T-Mn;0,4 NPs (trace
B). (b) Raman spectra of as prepared Mn;O4, glycerol-Mn;O4 and T-Mn;O4 NPs. (c,d) FTIR
spectra of sodium tartrate, T-Mn3;O4 and as prepared Mn;O4 NPs recorded with a KBr pellet.

To obtain direct evidence of the covalent functionalization of Mn3;O4 NPs with
tartrate ligands, FTIR measurements have been performed on both as-prepared and tartrate
functionalized Mn3O4 NPs along with the tartrate itself. As shown in Figure 5.10c, bare as-
prepared Mn3;O, NPs exhibit three characteristic bands (in the range of 400-1000 cm™) at
630, 514 and 413 cm'l, which are associated with the stretching vibration of Mn-O and
Mn-O-Mn bonds [38, 39]. However, these bands are not distinctly visible after
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functionalization (i.e. in case T-Mn3;O4 NPs), suggesting a potent surface modification of
the NPs has taken place upon interaction with tartrate ligands. On the other hand, in case of
tartrate, the appearance of two sharp bands at 1066 and 1112 cm™ (Figure 5.10d) could be
reasonably assigned to C-OH stretching modes of tartrate [40, 41]. However, substantial
broadening of these two bands upon attachment with the NPs surface strongly indicates
their significant interaction with the surface of the NPs. Moreover, considerable
perturbation of the symmetric (1410 cm™) and asymmetric (1619 cm™) stretching modes of
carboxylate groups (COQ") of tartrate [42] in T-Mn3O4 NPs clearly confirms the covalent

binding of carboxylate’s oxygen with the NPs surface.
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Figure 5.11. Field dependent magnetization (M vs H) at room temperature (300 K) (a) glycerol-
Mn;0,, (b) guanidine-Mn;0y4, (c) tartrate-Mn;O4 and (d) succinate-Mn;O4 NPs. Inset shows the
same for as-prepared Mn;O, NPs. The distinct hysteresis loop observed in case of ¢ and d confirm
ferromagnetic activation of the NPs upon functionalization with carboxilate ligand.

To study the effect of surface bound ligands on the magnetic behaviour of Mn;O4
NPs, we have characterized both as-prepared and ligand functionalized NPs, where the

nature of the surface ligands was varied depending on their functional groups. Figure 5.11
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shows the applied field dependent magnetization measurements (M-H curves) at room
temperature (300 K). M-H curve (inset of Figure 5.11a) of as-prepared Mn3O4 NPs is
linear with the applied field and has no hysteresis loop at 300 K, indicating the
paramagnetic behaviour of the nanocrystals, which is as expected. However, at 300 K, the
M-H curve of each ligand functionalized-Mn3;O4 NPs represents a distinctly different
response of magnetization compared to the as-prepared NPs. Clearly, each ligand evokes
different magnitude of ferromagnetism to the as-prepared Mn;O; NPs upon
functionalization. While the room temperature ferromagnetism can be activated by
functionalization with glycerol and guanidine, it can be further enhanced by succinate and
tartrate (Figure 5.11a-d). Both succinate and tartrate functionalized Mn3;O4 NPs show well-
defined hysteresis loop with saturation magnetization and coercive field (Hc) of around
2x10” emu/g and 105 Oe, respectively. Several investigations showed that this kind of
room temperature ferromagnetism could be controlled by surface treatments of the
nanocrystals, although, most of these studies have been focused mainly on transition metal
doped ZnO and TiO; nanomaterial systems [43-45]. Unfortunately, the exact origin of such
room temperature ferromagnetic activation of Mn3O, nanocrystals is not known at the
present time. However, based on the correlation between crystal field splitting energy
(CFSE) of Mn’" ions upon interaction with the ligand fields and the increase in coercive
force from glycerol-Mn3;O4 to succinate-Mn3;O4 NPs, one might expect that the field
strength of the functional ligands is at play. According to ligand field theory, transition
metal ions having a larger d orbital splitting energy due to ligand coordination should have
a smaller spin-orbit coupling [46]. Any decrease in the spin- orbit coupling of surface
magnetic cations results a smaller surface magnetic anisotropy and subsequently the
coercivity of the NPs will be reduced [47]. It is also well known that ¢ donor ligands result
in larger CFSE than m donors [46]. Among the four ligands used for magnetic
measurements, glycerol (having -OH group) and guanidine (-NH») are in the class of o
donor, tartrate having both ¢ donor (-OH) and n donor (-COQ") properties, whereas,
succinate (having only -COQ") is a m donor ligand [46]. Thus, because of the higher CFSE,
glycerol and guanidine functionalized Mn3;O4 NPs show no coercivity, however, tartrate
and succinate functionalized NPs show coercivity of 97.5 and 109 Oe, respectively. Very

recently, Zhang et al. has also described similar regulation of magnetic behavior in the case
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of surface modified (using sodium bis [2-ethylhexyl] sulfosuccinate, AOT) Mn-doped ZnO
nanorods, on the basis of ligand field multiplet theory and the ligand-to-metal charge
transfer effects [48]. Their theoretical simulation results indicate that different surface
modifications induce alteration of the Mn>" (3d*)-ligand anions p orbital hybridization
strength and the density of a midgap state with strong O-2p character have been correlated
to the observed ferromagnetism. Since the XPS study confirms the presence of Mn®" ions
at the surface of the functionalized NPs and FTIR study substantiates the strong interaction
of carboxylate and hydroxyl groups with the nanoparticle surface (in case of T-Mn3;O4
NPs), we anticipate that, surface modifications induce alteration of the Mn®* (3d*)-ligand
anions p orbital hybridization strength can also play a crucial role in the observed
ferromagnetic activation of succinate and tartrate functionalized Mns;O4 NPs. This
observation of room temperature ferromagnetism is an important enabling result and

encouraging from fundamental perspective.
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Figure 5.12. Plots of relative concentration (C/C,) versus time for the photodegradation of MB
(monitored at 660 nm) alone and in presence of T-Mn;O, NPs, H,0,, T-Mn;04@H,0, and T-
Mn;04@H,0,@EtOH, are shown.
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Finally, considering the growing interest of manganese oxide based nanostructures
as catalyst [25]; photocatalytic activity of magneto-luminescent T-Mn3O4 NPs has been
evaluated by measuring the decomposition rates of methylene blue (MB) under irradiation
of UV light. MB is a common cationic dye in textile industry and also known to be an
excellent probe for the study of interfacial electron transfer in colloidal semiconductor
systems [49]. To measure the UV light-induced chemical processes with spectroscopic
precision, we have used a versatile fiber-optics based system for sensitive optical
measurements in strong ambient light [50]. The characteristic absorption of MB at 660 nm
has been chosen for monitoring the photocatalytic process with T-Mn3;O4 NPs under UV
light at room temperature. We have recorded the absorption spectra of MB at 30 second
intervals, using SPECTRA SUITE software supplied by Ocean Optics, and finally plotted
MB absorption at 660 nm with the time of photo-irradiation. Figure 5.12 shows the relative
concentration (Cy/Cy) of MB (in absence and in presence of T-Mn3;O4 NPs) in solution
plotted with UV irradiation time. The photodegradation curve of MB in the presence of T-
Mn;04 NPs has been found to follow a first-order exponential equation with kinetic rate
constant (k) of 5.23x107 s and a total photodegradation of 48% within 40 minutes of
irradiation. In photocatalytic reaction, major energy wasting step is the recombination of
photo-generated electrons and holes, leading to the low quantum yield of the process.
However, this recombination process is reduced as the particle size goes down and
consequently better transfer of the photogenerated electrons and holes to the surface bound
molecules increases the efficiency of photocatalysis [S1]. Moreover, this electron-hole
recombination could be prevented by adding a proper electron acceptor such as H,O» in to
the system. Acting as an electron acceptor and also a source of *OH radical, H,O, increases
the photocatalytic activity in both ways. We do observe this postulated fact by the addition
of a small amount of H,O, (final concentration of 415 uM) in to the MB@T-Mn304
reaction mixture. As observed from the figure, upon addition of H,O, the photodegradation
of MB enhanced significantly (with kinetic rate constant (k) of 7.25x107 min™ and total
photodegradation of 85% for the same 40 minutes of irradiation). In order to confirm the
involvement of *OH radicals in the photocatalytic process, we have examined the effect of
*OH scavenging agent (ethanol) and oxygen free environment (achieved by 2 hours of

Argon flow into the reaction mixture before UV irradiation) on the degradation process. As
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shown in the figure, in both cases, reduction of photocatalytic rate have been observed,
which validates the role of *OH radicals in the photocatalytic process. Zhan and co-
workers have recently demonstrated the degradation of methylene blue using Mn3;O4
nanocrystals at 80 °C and in presence of H,O,, however, in absence of HyO, no obvious
MB degradation has been observed for up to 3 hrs [26]. Thus, we infer that the small
average diameter, favorable surface functionalization (by tartrate) for cationic MB
attachment and most importantly the photoluminescence of T-Mn3;O4 NPs, plays the
beneficial role to accelerate the photocatalytic activity of Mn3;O4 NPs.

5.3. Conclusion

Surface modifications of Mn3O4 NPs with a series of small organic ligands provide a good
platform for studying the effects of surface chemistry on the optical/magnetic responses of
the NPs. In all cases, LMCT optical bands in the electronic spectra are present and found to
be almost independent of the nature of the ligands. However, among the wide variety of
ligands, only a-hydroxy carboxylate moiety containing ligands can activate the Jahn-Teller
(J-T) splitting of Mn>" ions. Apparently, the optical response of NPs to the surface
modification elucidates the quantum origins of multiple PL properties and which further
corroborated by time resolved lifetime studies. Convergent evidence from XPS, FTIR and
Raman analyses shows that the coordinating-capping ligand can greatly affect the surface
of Mn304 NPs. Moreover, the presence of a carboxylate group in the surface coordinating
ligands is found to be sufficient to activate the room temperature ferromagnetism of the
NPs. A correlation between the nature of the surface bound ligands and the magnetic
responses of the functionalized NPs has been demonstrated employing crystal field
splitting energy (CFSE) of the Mn®" ions. Finally, we have evaluated the photocatalytic
activity of T-Mn3;O4 NPs by monitoring the degradation of an organic pollutant under UV
irradiation and an enhanced photocatalytic activity of the NPs has been observed. We
believe that this work represents a step forward in the rational design of multifunctional
NPs and the approach developed to systematically alter surface chemistry could also be
applied more generally to the investigation of other manganese oxides and various

manganese doped NPs.
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Chapter 6

Surface Functionalization of Nanoparticles and their

Interaction with Small Organic Molecules

6.1. Introduction

Functionalization of magnetic nanoparticles is very crucial for their practical use in
nanobiotechnology [1-3]. Particularly, the use of properly functionalized magnetic
nanoparticles in clinical medicine has also intensified [4, 5]. With proper surface coating,
these magnetic nanoparticles can be dispersed into water, forming monodisperse water-
based suspensions [6-8]. Formation of nanoparticles involving biological macromolecules
is one of the very effective routes for the biocompatible magnetic materials [9-12]. Mixed-
valent manganites have been recognized to be very usefull magnetic materials for their
potentiality in colossal magnetoresistance [13, 14] and spintronics [15]. In recent times
significant efforts have been made to use the manganite nanoparticles for the prospective
application in cancer therapy involving the effect of hyperthermia [16]. In this regard
several attempts have been made to solubilize the manganite nanoparticles in aqueous
solution by biocompatible macromolecules including dextran, bovine serum albumin, fatty
amines, resulting a suspension of the manganite nanoparticles in the solution [17, 18].
However, till date no attempt has been made to functionalize individual manganite
nanoparticles with small biocompatible ligands. The individual functionalized
nanoparticles are important in order to study their interaction with other biologically
relevant ligand/drug molecules [19, 20].

In this chapter, we report the functionalization of one of the most promising
manganite nanoparticles (NPs), Lag;Sr3;sMnO; (called LSMO hereafter) with
biocompatible citrate ligand. The size selective solubilization of the functionalized NPs in
aqueous solution has also been demonstrated from HRTEM. The UV-vis spectroscopic
study on the functionalized NPs shows an intense peak at visible region as a consequence
of electronic interaction of the citrate ligand with the surface atoms of the NPs. In our
studies we have exploited the visible band of the functionalized NPs in order to study the

interaction of the NPs with small biologically relevant ligands namely 2-aminopurine
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(2AP) and 4-nitrophenyl anthranilate (NPA). Picosecond time-resolved Forster resonance
energy transfer (FRET) studies on the ligands with the functionalized NPs, confirm the
dipolar interactions of the ligands with the NPs and reveals the ligand binding sites of the
NPs in the aqueous solutions. The FRET distances from the attached ligand to the host
LSMO NPs also confirm the existence of the isolated functionalized NPs in the aqueous
solution.

6.2. Result and discussion

6.2.1. Functionalization of Manganite Nanoparticles and their Interaction with

Biologically Relevant Small Ligands: Picosecond Time-Resolved FRET Studies [21]:

To obtain direct evidence for the functionalization of LSMO NPs, FTIR measurements
were performed on both the as-prepared and functionalized samples. The FTIR spectra of
LSMO NPs, Citrate-LSMO conjugates and tri-sodium citrate were shown in Figure 6.1a.
For tri-sodium citrate the characteristic bands (centre of gravity at 1417 cm'l) corresponds
the symmetric stretching of -COO", at 1592 cm™ for the anti-symmetric stretching of -
COO" [22-25], and at 3455 cm™ due to stretching vibration of —OH [26] are clearly shown
in Figure 6.1a(I). When the citrate ligand bound to NPs surface (Figure 6.1a(Il)) the anti-
symmetric stretching of COO™ at 1595 cm™ almost remain same but the symmetric COO"
stretching mode of citrate become red-shifted and appears sharply at 1398 cm™. It has been
shown that Mn remains in the form of Mn™ at the surface of LSMO NPs [17]. The red-
shifted symmetric COO’stretching mode clearly confirms the bi-dentate binding of two
carboxylate oxygens with the surface Mn®" ions of LSMO NPs. In order to confirm that
Mn is the main interacting species, we have studied the interactions of the citrate ligands
with La,O3 and LaMnOs3, which reveals a visible band only for LaMnO;. Our observation
is consistent with the fact that Mn is the main interacting species which can interact with
the ligand. It is also evident that the position of —OH stretching vibration of citrate remains
same but become more broaden after interacting with the NPs surface. So, from FTIR
study it is evident that the COO™ functional group/groups present in citrate, covalently
bonded to the NPs surface and the remaining polar functional groups make the NPs water

soluble. Since LSMO is a stable oxide [27] in water and due to the presence of citrate as
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capping agent, there will be no change to the surface property of LSMO upon

solubilization into water.
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Figure 6.1. (a) Shows FTIR spectra of (I) pure tri-sodium citrate crystals, (II) functionalized
citrate-LSMO and (III) as-prepared bulk LSMO, recorded with a KBr pellet. (b) Shows UV-vis
absorption spectra of citrate and citrate functionalized LSMO NPs in solution.
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Figure 6.1b illustrates the UV-vis spectrum of the citrate capped LSMO. A high
intensity broad band centered at 430 nm is clearly shown, along with a smaller band
centered at 742 nm. The near visible absorption of Lag ¢Sty ;MnOs single crystal has been
reported in literature [28], to be at 1.75 eV (710 nm). The near visible band with a peak at
1.75 eV is attributed to an elg (Mn3+)-ezg (Mn®") transition between states split by Jahn-
Teller interaction. The smaller band at 742 nm for Citrate-LSMO arises because of the
above (d-d) transition and is shifted towards lower energy (compared to LagoSro i MnOs
single crystal at 710 nm) due to the presence of COO" (of citrate), which is a low field
ligand compared to [29] O* (of LSMO). The origin of the high intensity band at 430 nm is
attributed to, ligand (citrate) to metal (Mn®") charge transfer (LMCT), and the transition
occurs from filled ligand p; orbitals to empty metal (Mn”") 3d orbitals [29, 30].

Magnetic property of Citrate-LSMO was studied by using the standard field
dependent magnetization measurements. The starting as-prepared NP is a room
temperature ferromagnetic material [28]. The details magnetic measurements of the as-
prepared bulk NPs are described in the supporting information. The M (H) curve at room
temperature and at 80 K of the functionalized NPs in water shows a linear behaviour with
low magnetization values, indicative of paramagnetic behavior. So the ferromagnetic NPs
(as-prepared) become paramagnetic upon size selective (av. 2.6 nm) functionalization (see
below) and consequent solubilization by citrate ligand [27-31].

Figure 6.2a represents the TEM image of the solubilized Citrate-LSMO NPs. The
image reveals that the solubilized NPs are almost spherical in shape and follow a uniform
size distribution. The average sizes of the solubilized NPs as estimated from the TEM
image, has been found to be 2.6 nm. The corresponding HRTEM image (upper inset of
Figure 6.2a) confirms the crystallinity of the NPs in their structure. The interplanar
distance of the fringes is measured to be about 0.29 nm, corresponding to the distance
between (104) planes of the LSMO crystal lattice. The selective area electron diffraction
(SAED) pattern simultaneously obtained from the TEM measurements (lower inset of
Figure 6.2a) suggests single crystalline structure of Citrate-LSMO.

The elemental composition of the Citrate-LSMO conjugates was examined using
an EDAX spectrometer attached to TEM operated at 200 kV. EDAX spectrum (Figure

6.2b) of the solubilized NPs confirms the presence of La, Sr and Mn as elemental
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composition. The image in the inset of Figure 6.2b represents the corresponding fast

fourier transform (FFT) pattern.
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Figure 6.2. (a) TEM image of Citrate-LSMO NPs, upper inset shows a HRTEM image of the
crystalline structure of Citrate-LSMO NPs, lower inset shows the selective area electron diffraction
(SAED) pattern of the Citrate-LSMO NPs. (b) shows EDAX spectrum of the Citrate-LSMO NPs,

an FFT image of the funtionalized NPs is shown in the inset.
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The direct bonding of citrate ligands to the LSMO NPs surfaces ensured that the
overall size of the NPs remain small with a thin solubilizing shell. The —OH functional
groups of Citrate-LSMO were labelled covalently with 4-nitrophenyl anthranilate (NPA)
chromophore [32] and an efficient FRET occurs. The chromophore, NPA, has an active p-
nitrophenyl ester group that can react with nucleophiles [33]. NPA was reacted with the
hydroxyl groups of the citrate ligands anchored on the LSMO NPs surface, where the

hydroxyl groups have been used as the nucleophile.
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Figure 6.3. (a) Shows the spectral overlap between donor (Citrate-NPA) emission and acceptor
(Citrate-LSMO) absorption, (b) Shows quenching of the donors excitation lifetime in the presence
of the acceptor, inset shows steady-state quenching of the donor emission. Excitation wavelength
of 320 nm and 375 nm is used for steady state and time resolved experiments respectfully.
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Table 6.1. Fluorescence lifetimes (1;), FRET efficiency from time resolved experiment (Erz),
FRET efficiency from steady state experiment (Ess), donor—acceptor distance from time resolved
experiment (rrg) and steady state experiment (7ss ). Numbers in parentheses in the lifetime column
signify the relative percentage of the components in the total lifetime, <, is the average lifetime.

Systems Lifetimes (ns) Etr | rmr | Ess rss
(%) | (am) | (%) | (nm)

Citrate-NPA = 099 (21%), © = 7.16 |- - - -
(32%), 13 = 0.07 (46%). T oy =
2.53

Citrate LSMO-NPA | t; = 0.94 (20%), w2 = 5.14 | 70.00 | 2.51 | 80.00 | 2.31
(10%), 13 = 0.08 (69%), T ay =
0.75

Citrate-2AP 7, = 8.03 (100%) - - - -

Citrate- LSMO-2AP | t; = 10.50 (14%), ©, = 0.11 | 80.60 | 2.24 | 96.00 | 1.66
(86%), T oy = 1.55

Figure 6.3a reveals a huge spectral overlap between the emission spectrum of
Citrate-NPA (donor) and the absorption spectrum of Citrate-LSMO (acceptor) suggesting
an efficient FRET between the donor and acceptor. Inset of Figure 6.3b, represents the
steady state photoluminescence (PL) spectra of both Citrate-LSMO-NPA, and Citrate-NPA
and it is found that the NPA emission undergoes drastic quenching in presence of the
LSMO NPs, that clearly indicates the energy transfer occurs between the chromophore
(NPA) and the nanoparticles. We further confirm the FRET, measuring the excited state
lifetime of NPA from picosecond time-resolved study. Figure 6.3b shows the picosecond
time-resolved PL transients of Citrate-NPA and Citrate-LSMO-NPA at 450 nm. The
picosecond time-resolved fluorescence decay of Citrate-NPA (donor) revealed multi
exponential time constants of 0.99 ns (21%), 7.16 ns (32%), 0.07 ns (46%) giving an
average time constant (t,y) 0f 2.53 ns as shown in Table 6.1. For the donor-acceptor system
(Citrate-LSMO-NPA) the time constants obtained as 0.94 ns (20%), 5.14 ns (10%) and
0.08 ns (69%) giving an average time constant (t,,) of 0.75 ns (Table 6.1). The substantial
shortening in the NPA fluorescence lifetime upon conjugation with NPs indicates
conclusively that efficient FRET occurs from the NPA donor to the Citrate-LSMO
acceptor. We have estimated the extinction coefficient (3827.58 mole” cm™) of the
acceptor Ci-LSMO using the UV-vis absorption (at 430 nm) of the functionalized NPs in
water. Taking quantum yield of NPA [34] in absence of acceptor as 0.51 and based on the
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spectral overlap, we have estimated a FRET efficiency of 70% in our FRET system. The
calculated Forster distance Ry, for the NPA-(Citrate-LSMO) complex is 2.90 nm. The
calculated donor-acceptor distance (r) is 2.51 nm (Table 6.1). The distance is consistent
with the covalent attachment of NPA ligand with —OH group of the citrate at the surface of
LSMO NPs.

Figure 6.4a shows the spectral overlap between the emission spectrum of Citrate-
2AP (donor) and the absorption spectrum of Citrate-LSMO (acceptor) suggesting the
possibility of efficient FRET between the donor and the acceptor, when 2AP becomes
adsorbed at the surface of the Citrate-LSMO NPs. Inset of Figure 6.4b represents the
steady state photoluminescence (PL) quenching of donor (Citrate-2AP) in presence of
LSMO NPs. Picosecond time-resolved PL transients (Figure 6.4b) of both donor and
donor-acceptor systems monitored at 400 nm, shows significant shortening in the 2AP
fluoresence lifetime upon adsorption at the NPs surface. The picosecond time-resolved
fluorescence decay of Citrate-2AP (donor) revealed single exponential time constant of
8.03 ns. For the donor-acceptor system (Citrate-LSMO-2AP) the time constants are
obtained as 10.5 ns (14%), 0.11 ns (86%) giving an average time constant (t,y) of 1.55 ns
(Table 6.1). The extensive quenching in the 2AP fluorescence lifetime upon surface
adsorption conclusively indicates that efficient FRET occurs from the 2AP donor to the
citrate-LSMO acceptor. Taking quantum yield of 2AP [35] in absence of acceptor as 0.66
and based on the spectral overlap, here also, we have estimated a FRET efficiency of 80.6
%. The measured Forster distance, Ry, for the (Citrate-LSMO-2AP) complex is 2.84 nm.
The donor-acceptor distance (r) calculated is 2.24 nm (Table 6.1), which indicates a very
high efficiency of energy transfer and evidently supports that 2AP was at a close proximity
of the solubilized LSMO NP surface. Despite the fact that the area integral of donor-
acceptor overlap (J value) is much larger for NPA, 2AP is showing more efficient enregy

transfer. As the rate of energy transfer strongly depends upon the donor-acceptor distance

(kprprool/r ¢ ), 2AP (r = 2.24 nm) shows more efficient energy transfer with the
functionalized NPs than NPA (r = 2.51 nm). It has to be noted that the fluorescence
quenching mechanism of 2AP and NPA could be due to electron transfer in the system,
which normally demands surface to surface contact of the donor and acceptor [36-38].

However, in our system the donors are apart (~1 nm) from the surface of the acceptor NPs.
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Figure 6.4. (a) Shows the spectral overlap between donor (Citrate-2AP) emission and acceptor
(Citrate-LSMO) absorption, (b) shows quenching of the donors excitation lifetime in the presence
of the acceptor, inset shows steady-state quenching of the donor emission. Excitation wavelength
of 300 nm is used for both the experiments.

Moreover, there are several reports regarding the fluorescence quenching of 2AP caused
by charge transfer with other DNA bases, however, the associated fluorescence life times
are much shorter (21-35 ps) [35, 39, 40] compared to an observed value of 110 ps (Table
6.1). Again NPA is a well known resonance energy transferring probe [11, 34, 41] and

there is no report of electron transfer or charge transfer involving NPA. The overall picture
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that is revealed from our studies is schematically shown in Scheme 6.1. It has to be noted
that application of FRET model in the dye-nanoparticle systems is evidenced in number of
recent literatures [42-44]. In order to rationalize the non radiative energy transfer from
fluorescent ligands to the nanoparticles is also tricky as the measured distances are
comparable to the diameter of the nanoparticles, and more appropriate model is nano
surface energy transfer (NSET) [45]. However, the physical parameters [Fermi frequency
(wy) and Fermi wave vector (kf) of acceptor metal NPs] regarding this calculation is not

available in the published literature.

Scheme 6.1. Functionalization of the manganite nanoparticles (NPs) with citrate ligands is shown.
Covalent attachment of the fluorescent probe NPA and non-covalent adduction of one of DNA
base mimics 2AP are also shown. The efficient energy transfer (FRET) from the fluorescent
ligands to the NPs and corresponding donor-acceptor distances are also indicated.

6.3. Conclusion
In summary, we have functionalized individual LSMO nanoparticles (NPs) by using citrate
ligand as capping agents. While FTIR spectroscopy confirms the covalent attachment of

the citrate ligand with the surface of the NPs, the UV-vis spectroscopy reveals strong
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electronic interaction of the ligands with the electronic states of the NPs, resulting a strong
absorption band in the visible region. The uniform size selection (average diameter = 2.6
nm) upon functionalization of the LSMO NPs in the aqueous solutions has been confirmed
from HRTEM. The magnetic property of the NPs in aqueous solutions shows significant
change compared to that of the as-prepared material. The FRET from a covalently attached
ligand NPA to the core of the NPs reveals a distance of 2.51 nm indicating the covalent
attachment of the fluorescent ligand with the -OH functional group of the capped Citrate-
LSMO. Fluorescent analogue of adenine, 2AP also shows drastic quenching of its excited
state lifetime in presence of the solubilized NPs and the calculated FRET distance (2.24
nm) indicates its surface adsorption at the NPs. The functionalized manganite NPs may
find applications in the field of nano-biotechnology, as the solubilizing layer (citrate)
provides multiple functional groups (hydroxyl and carboxylic acids) for covalent
conjugation with other biological macromolecules such as small peptides, DNA, RNA and

biocompatible polymers etc.
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Chapter 7

Synthesis of Amino-Acid Modified Fluorescent Quantum
Dots in Aqueous Solution and their Interaction with

Biological Macromolecules

7.1. Introduction

Semiconductor quantum dots (QDs) have attracted great interest over the past decade due
to their unique optical properties, such as a bright, narrow and tunable fluorescence
signatures, broad excitation but specific emission spectra and good photochemical stability
[1-3]. Because of these distinct optical properties, QDs are being extensively explored with
respect to biomedical use as imaging contrast agents, traceable therapeutic vectors and for
energy applications including photovoltaic solar cells [4-7]. However, their advantageous
properties are undermined by the inherent insolubility of QDs in aqueous solution. While,
water solubilization of QDs is essential for many biological applications, it presents a
significant challenge. Use of mercaptoacetic acid ligands was one of the first strategies
applied to produce water soluble QDs [8]. Since then, a number of other thioalkyl acid
ligands have been used, including 3-mercapto-propionic acid [9, 10] and dihydrolipoic acid
[11]. These ligands form a self-assembly on the surface of the QDs that proceeds via a
metal-thiol affinity interaction and other polar groups of the ligands are exposed to the
surrounding aqueous solution [12]. Other approaches using non-thiol based organic ligands
have also been employed including 4-substituted pyridine, oligomeric phosphine, poly
(dimethylaminoethyl) methacrylate [13], polymers [14], amphiphilic polymers [15, 16] and
phospholipids [17]. There has been a growing emphasis on assembling biological
molecules to the water-soluble QDs through different types of interactions. In most cases
these interactions involve covalent conjugation or simple adsorption of the biological
molecules to the solubilizing layer around the QDs [8, 10, 14, 18]. In addition to these, the
formations of nanobioconjugates through various nonspecific interactions (electrostatic,
hydrogen-bonding interactions etc) between biological molecules and nanoparticles have

also been explored [1, 19-21].
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To date, CdSe/ZnS core/shell QDs remain among the best available for many
biological applications [6, 22, 23]. However, QDs synthesized in organic solvents contain
hydrophobic surface ligands such as trioctylphosphine oxide (TOPO), trioctylphosphine
(TOP) [24], tetradecylphosphonic acid (TDPA) or oleic acid [25]. As a result they are
insoluble in water and in other protic solvents namely methanol or ethanol [26]. So, their
biological applications are restricted, where water solubility is highly desirable. Hence, the
main challenge, to make quantum dots soluble in water for their further prospective
bioconjugate reactions, remains.

Amino acids are inherently biocompatible and among common amino acids L-
arginine along with lysine are positively charged. Upon functionalization of nanoparticle
with these amino acids, the nanoparticles become positively charged and their interaction
with the negatively charged biomolecules is much more efficient. However, in comparison
with lysine, due to the presence of a guanidyl group, arginine molecules can highly
facilitate the interaction of nanoparticle with biological macromolecules [27].

In the present chapter, we have exploited the toluene/water interface to replace the
original TOPO capping of CdSe/ZnS core/shell QDs dispersed in toluene, with a natural
amino acid L- arginine (Arg) using the reactivity of the amine groups. This allows a
dispersal of the QDs in aqueous solutions with a quantum yield of 14%. We have
confirmed the conjugation of arginine molecules with the QDs by using FTIR
spectroscopy. The structural integrity of the QDs upon water solubilization has been
confirmed with HRTEM. Using picosecond-resolved photoluminescence measurements,
we have explored an efficient ultrafast energy transfer from arg-capped CdSe/ZnS QDs
(donor) to ethidium bromide-labeled DNA (EB-DNA, acceptor) applying the sensitivity of
FRET. Employing the kinetic model developed by Tachiya (for the quenching of
luminescent probes), we have also analyzed the picosecond-resolved photoluminescence
measurement results to understand the kinetics of energy transfer with the dye labeled
DNA and the distribution of acceptor molecules around the donor QDs, as it is a driving
factor for efficient energy transfer and for the accurate donor-acceptor measurements. In
order to confirm any structural perturbation of dodecamer DNA in the nanobioconjugate,
circular dichroism (CD) studies have also been performed on both the DNA and DNA-QD

conjugate. To investigate in more details the type of interaction taking place between the
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QDs and DNA, using CD we have monitored the melting and rehybridization pathways of
the dodecamer DNA conjugated to the QDs. This reveals that hydrogen bonding is the
accompanied mechanism involved during the formation of this QD-DNA

nanobioconjugate.

Scheme 7.1. Trioctylphosphine oxide (TOPO) stabilized CdSe/ZnS quantum dots (QD) were
modified with L-arginine via ligand exchange. Phase transfer of arginine-modified QDs from
toluene phase into water was achieved by using the reactivity of amine group of arginine. Upon
replacement of the initial TOPO ligand with arginine the emission of the QDs is decreased.

7.2. Result and Discussion

7.2.1. Preparation of Water Soluble L-Arginine Capped CdSe/Zns QDs and their
Interaction with Synthetic DNA: Picosecond-Resolved FRET Study [28]:

As Scheme 7.1 illustrates, the addition of QDs toluene suspension into the aqueous
solution of L-arginine (pH~9) under vigorous stirring condition results in the formation of

toluene microdroplets, and the QDs in toluene get the chance to interact strongly with the

arginine molecules through the liquid-liquid interface [29, 30]. Photo images of the QDs
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under UV excitation before and after ligand exchange clearly indicate the successful phase
transfer of the QDs from toluene into the aqueous medium. Efficient ligand exchange
through this process is driven by an interaction between the amine group of the stabilizing
amino acid in the aqueous phase and the ZnS shell of the QDs in the toluene phase at the
interface [31, 32]. Computational studies have shown that primary amines have greater
surface binding energy than carboxylic acids, though lower binding energy compared to
TOPO and phosphonic acids [33-35]. However, primary amines have the advantage of
more complete surface coverage which can theoretically reach 100% - over TOPO (30%
coverage) due to reduced steric effects [36].

To obtain direct evidence for the arginine functionalization of QDs, FTIR
measurements were performed on both the free arginine molecules and arginine molecules
attached to the QDs. The FTIR spectra of arginine capped QDs and free arginine molecules
are shown in Figure 7.1. For arginine, the characteristic band at 3161 cm™ (Figure 7.1b)
corresponding to the N-H stretching mode [37], is broadened and red-shifted to 3152 cm™,
suggesting its interaction with the QD surface. Moreover, as shown in Figure 7.1a, the
significant perturbation of other characteristic bands of arginine at 790 cm™” (C-N-H
stretching), 847 cm™ (C-C stretching), 1095 cm™ (C-N stretching), 1174 e¢m™ (C-C-C
symmetric stretching) and 1406 cm™ (COO™ symmetric stretching) [37, 38] also confirm
the binding of arginine molecules to the QD surface. The direct interaction of arginine
molecules with the QDs surfaces ensured that the overall size of the QDs remains
unchanged, with a thin solubilizing shell. Inset of Figure 7.2a shows the HRTEM images
of arg-capped QDs in water, which reveal the diameters of the QDs to be 3.2 nm. The
existence of lattice fringes illustrates the highly crystalline nature of the QDs. We have
employed FRET to study the interaction of the synthetic dodecamer DNA (EB lebelled)
with the water soluble QDs (pH~7). Figure 7.2a shows the spectral overlap between the
emission spectrum of arginine capped QDs (donor) and the absorption spectrum of EB-
labeled DNA (acceptor) suggesting the possibility of efficient Forster resonance energy
transfer (FRET) between the donor and the acceptor, when EB-labeled DNA becomes
adsorbed at the surface of the arginine capped QDs. Figure 7.2b represents the steady state

photoluminescence (PL) quenching of the donor (arginine capped QDs) in presence of EB-
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Figure 7.2. (a) Spectral overlap between emission spectrum of arginine-capped CdSe/ZnS
core/shell QDs and the absorption spectrum of EB-labeled DNA (the extinction coefficient value is
for the acceptor, EB-labelled DNA). Inset shows the HRTEM image of QD in toluene. (b) Steady-
state fluorescence quenching of arginine-capped QDs in presence of the acceptor EB-DNA (c)
Picosecond-resolved PL transients of arginine-capped CdSe/ZnS QDs and (EB-DNA)-QD complex
monitored at A., = 485 nm. (d) Picosecond-resolved PL transients of arginine-capped CdSe/ZnS
QDs and (EB-DNA)-QD complex, fitted with Tachiya kinetic model. The fitted curves are shown
in black.

labeled DNA. Picosecond resolved PL transients (Figure 7.2c) of both donor
and donor—acceptor systems monitored at 485 nm, shows significant shortening in the QDs
fluorescence lifetime upon adsorption of EB-labeled DNA at the QDs surface. The
picosecond resolved fluorescence decay of arginine capped QDs (donor) in buffer revealed
multiexponential time constants of 0.08 ns (45%), 1.15 ns (25%) and 8.50 ns (29%) giving
an average time constant (<t>) of 2.80 ns. For the donor—acceptor system (arginine capped
QDs- EB labeled DNA) time constants are obtained as 0.09 ns (72%), 1.23 ns (18%) and

5.40 ns (8%) giving an average time constant (<t>) of 0.72 ns (Table 7.1). The substantial
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shortening in the QDs excited state lifetime upon conjugate formation indicates
conclusively that efficient FRET occurs from the QD donor to the EB-DNA acceptor.
Taking the calculated quantum yield of Arg-capped QDs in absence of acceptor as 0.14
and based on the spectral overlap, we have estimated a FRET efficiency of 74% using Eq.
2.7b. The measured Forster distance, Ry, for the QD-DNA nanobioconjugate is 2.88 nm.
The donor—acceptor distance (R) calculated using Eq. 2.6 is 2.42 nm (Table 7.1).

Table 7.1. Fitted decay time constants of QD and QD-(EB-DNA) complex from picosecond
experiments. Values in parentheses represent the relative weight percentage of the time
components.

System T1[ps] T2[ps] T3[ps] <t>[ps]
QD 85 (45) 1153 (26) 8527 (29) 2799
QD-EB-DNA 98 (73) 1239 (19) 5403 (8) 726

For better understanding of the energy transfer between the excited state of QDs
with EB-DNA, it is essential to know the distribution of acceptor molecules around the
QQDs because this is a governing factor that can influence the efficient energy transfer as
observed from the time resolved fluorescence studies. In this regard, we have applied a
kinetic model developed by Tachiya for the quenching of luminescent probes [39, 40]. We
have determined the values of the parameters m;,, ky;, ko, m, and k, by fitting Eq. 2.14 and
2.15 to the decay curves in the absence and presence of acceptor EB-DNA molecules.

Figure 7.2d shows the time resolved fluorescence transients of CdSe/ZnS QDs in
absence and presence of EB-DNA molecules and black curves represents the result of
fitting the curves with Eq. 7.7 and 7.8. The observed fluorescence transients were fitted

using a nonlinear least squares fitting procedure (software SCIENTIST™) to a function
(X(@®)= JZE (t")P(t—1t")dt") comprising of the convolution of the instrument response
function (IRF) (E()) with
exponential (P(t, m) = P(0)exp{—kyt —m,[1 —exp(—k,,t)]—m[l - exp(—kqt)]}). The purpose

of this fitting is to obtain the decays in an analytic form suitable for further data analysis.

As evident from the Figure 7.2d, the fitting of the decay curves according to the model is
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reasonably well. The quenching parameters are summarized in Table 7.2. The quenching
rate constant (k) due to unidentified traps on the surface of the nanocrystals are the same
even after addition of acceptor (EB-DNA) molecules, and this indicates the average
number of unidentified trap states to be the same. However, it is observed from Table 7.2
that the average number of unidentified traps state increases with addition of acceptor
molecules. Since, there are still many unknown parameters in the QDs excitation
dynamics, for an accurate interpretation of this observation a more complex model and a
larger data set is required. As summarized in Table 7.2, the mean number of acceptor (EB-
DNA) molecules associated with the QDs is 1.15 and the estimated rate constant for
energy transfer (k,) per acceptor molecules is 0.20 ns”. The energy transfer rate calculated
from conventional FRET model is found to be somewhat different (1.01 ns'l) from the
value obtained using Tachiya’s model (0.20 ns™). However, as shown in Table 7.1, the
contribution of the longer lifetime (8.52 ns) in the overall average lifetime of the donor is
significant. Other lifetime values of 1.15 ns and 0.08 ns could be associated with the
unidentified trap states on the QDs surface [41]. Thus, considering 8.52 ns to be excited
state lifetime of the donor QDs, the estimated energy transfer rate is found to be 0.33 ns™,

which is consistent with that from Tachiya model.

Table 7.2. Overview of the value of quenching parameters using a kinetic model.

System k,,[ns'l] my kq,[ns'l] m ky [ns'l]
QD 0.28 0.40 4.60 - -
QD-EB-DNA 0.28 1.06 4.67 1.15 0.20

In order to confirm any structural perturbation in the native structure of the
dodecamer DNA adsorbed onto the QDs surface, we have performed circular dichroism
(CD) studies. As revealed from Figure 7.3a CD spectrum, the hybridized DNA used in our
studies were in a B-form, evidenced by a negative band at 248 nm and a positive band at
280 nm [19, 42], also the structural integrity of DNA B-form is almost retained in the QD-
DNA nanobioconjugates. Figure 7.3b shows the overall secondary structure of the QD
conjugated dodecamer DNA at 20°C and 70°C temperatures. It is clear that both the peaks
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at 252 nm and 280 nm are affected by the temperature-induced melting of the QD
conjugated dodecamer DNA. The change in the molar ellipticity associated with the 252
nm peak has been monitored to construct the temperature-induced melting and
rehybridization profiles of the QD conjugated dodecamer DNA, as shown in Figure 7.3¢
(melting) and 7.3d (rehybridization). The melting of DNA is accompanied by structural
changes involving unwinding of the helix, destruction of major and minor grooves, and
finally the separation of the two strands resulting in the formation of two single strands of
complementary sequence. The melting and rehybridization temperatures have been
estimated to be 42.6°C and 41.0°C, respectively, for the QD conjugated dodecamer DNA

and this is in good agreement with the dodecamer DNA alone reported previously [43].
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Figure 7.3. (a) Circular dichroism (CD) spectra of dodecamer DNA and dodecamer DNA
conjugated to QDs. Structural integrity of the DNA in the QD-DNA conjugate is clearly evident.
(b) CD spectra of dodecamer DNA-QD conjugates at two different temperatures. (c) and (d) the
melting and rehybridization of dodecamer DNA conjugated to QDs. Solid lines are the fitted
sigmoidal curve.
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Figure (7.3c and 7.3d) show that the dodecamer is rehybridized into its original form
maintaining the same hysteresis as it follows during its melting, which indicates that the n
stacking interaction between the complementary base pair of the two strands is greater than
the electrostatic interaction of each strand with the QDs. Moreover, an eclectrostatic
interaction between the positively charged groups of the arg-capped QDs and the
negatively charged DNA dodecamer, could have changed its conformation as well as its
melting temperature and rehybridization pathway [44]. However, as revealed from the CD
study, all of its characteristic conformational features remain the same, before and after
conjugation with the QDs. So, it appears that hydrogen-bonding interactions (instead of
electrostatic interactions) are playing the dominant role in the adsorption of DNA onto the
surface of arg-capped QDs involving the protonated carboxyl surface groups of the thin
solubilizing layer of amino acids around the QDs [45].

7.3. Conclusion

In conclusion, we report on a convenient approach for preparing water-soluble,
biocompatible QDs following a liquid-liquid interfacial ligand exchange method, where L-
arginine acts as a capping ligand. The successful conjugation of arginine with the QDs has
been confirmed by FTIR spectroscopy. We have employed picosecond-resolved
spectroscopic measurements, to demonstrate a highly efficient FRET from arginine-capped
CdSe/ZnS QDs (donor) to EB-DNA (acceptor). The corresponding donor-acceptor
distance has been calculated to be 2.42 nm, which suggest an adsorptive interaction
between the dodecamer DNA molecules and arginine-capped QDs. From CD
spectroscopic studies it is found that the dodecamer DNA retained their structural integrity
upon conjugation with the QDs. Moreover, temperature induced melting and
rehybridization of the QD conjugated dodecamer DNA suggest that hydrogen-bonding
interaction could be the associated mechanism operating during the formation of QD-DNA
nanobioconjugates. Considering the spread in use of QDs and the number of applications
employing QD bioconjugates, understanding the interactions between QDs and
biomolecules is of considerable importance and multidisciplinary interest. So, it is

expected that this study may prove to be useful in making sensitive FRET-based sensors.
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Chapter 8

Novel Synthesis of Biocompatible and Highly

Luminescent Metal Cluster and their Characterization

8.1. Introduction

Atomically precise metal particles, comprising of only a few atoms with dimensions
comparable to the Fermi wavelength of electrons, are called quantum clusters (QCs). The
resulting quantum confinement produces unique optical, electronic and chemical properties
of QCs that are dramatically different from that of nanoparticles (NPs) which exhibit
plasmon absorption. Unusual properties of QCs make them attractive as novel systems of
choice for exploring a wide range of phenomena like catalysis, metal ion sensing,
bioimaging [1-4]. Several monolayer-protected noble metal QCs have been reported till
date and a few crystal structures are also known [5-8]. Current research in this area is
mostly limited to noble metals, especially Au and Ag, due to their inertness, stability and
ease of synthesis. Particularly, QCs of Au (Auqcs) have been well studied because of their
unusual stability at ambient conditions and wide spectral tunability, yielding diverse
optoelectronic properties [9-15]. Efforts to synthesize atomically precise Agqcs have been
limited due to their higher reactivity [16, 17]. Some Agqcs have also been crystallized [18].
More recently, a growing number of studies have reported Cuqcs and Ptocs [19, 20]. In
addition to the nature of the metal, nature of the ligand can also affect the stability and
properties of QCs. Macromolecular templates, where proteins act as ligands, are rather
recent entries in the field [21-23]. Several proteins have been used as ligands for such
cluster synthesis due to their biocompatibility and high photoluminescence quantum yield.
The general synthetic route is to first form a metal-protein adduct followed by reduction at
elevated pH where the protein acts as the reducing agent or by reduction using an external
reducing agent and confining the newly formed cluster core by the protein scaffold
simultaneously. These highly luminescent protein-protected clusters are being used as
sensors for environmentally hazardous metal ions and other sensitive molecules such as
explosives. A number of groups have used protein-protected luminescent QCs in

biolabeling [3, 24]. It is anticipated that noble metal QCs would be less toxic and more
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suitable as carriers of biological cargo [25]. However, therapeutic studies have shown that
they may not be completely free of side effects [26]. For this field to evolve, it is
imperative that newer QCs be explored with characteristics of noble metal QCs but with
better biocompatibility and newer properties. Apart from being better biocompatible and
cheaper, unique catalytic and magnetic properties of Fe make Feqcs important candidates
among the yet to be explored QCs. Since the first example of metallic Fe NPs (~100 nm)
[27], several attempts have been made to characterize them [28-30]. Although recipes to
synthesize metallic Fe NPs in the 3-100 nm window exist, new approaches are required for
synthesizing Feqc,. Nanometer sized Fe’ inherently suffers from instability because of easy
surface oxidation upon exposure to air and in presence of water, making the synthesis of
Fe-clusters difficult. Nevertheless, it is important to note that Fe-clusters are known in the
gas phase [31-34]. Obviously, suitable chemical procedures and appropriate protection
would enable their synthesis in the solution state.

In this chapter, we describe the first efficient synthesis of highly luminescent and
water-soluble Feqcs, starting from Hemoglobin (Hb), a Fe-containing metalloprotein which
acts as the iron source as well as the protecting agent. We have employed an efficient
ligand exchange strategy with a smaller ligand, trioctyl phosphine oxide (TOPO), and
subsequent phase transfer of the cluster from water to chloroform for detailed structural
characterization. A number of complimentary experimental techniques, including mass
spectroscopy, NMR, FT-IR and optical spectroscopy, were used to obtain the precise
molecular signature of the clusters in the solution phase. We believe this work will enrich
the area further and open a new window to the theoretical as well as the experimental
community to understand and evolve this system towards real applications.

8.2. Result and Discussion

8.2.1. Atomically Precise Luminescent Iron Clusters in Solution [35]:

Hemoglobin is a major component of blood that transports oxygen from the respiratory
organs (lungs or gills) to the rest of the body. It contains Fe ion, present either as Fe** or
Fe**, coordinated by four nitrogen atoms of porphyrin present in the protein. In this study,
we used Hb as a source of Fe ion as well as the protecting agent to make luminescent

Feqcs. The synthetic approach relies on the extraction of the porphyrin-bound Fe’'/Fe’” in
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Figure 8.1. (A) UV-vis absorption spectrum (yellow) of water soluble cluster indicates the
discrete, molecular like bands. Excitation (blue) and PL (red) spectra of Feqc@Hb in water where,
excitation wavelength = 530 nm and PL wavelength = 565 nm. (B). TEM image of Feqc@Hb
shows a core size of less than 2 nm. Several tiny particles of nearly uniform size are spread over
the grid. (C). MALDI-TOF mass spectra of Hb (blue) and Feqc@Hb (red) in the linear positive
mode using dihydroxybenzoic acid (DHB) matrix. (D). Upper panel: Bright field photographs of
luminal-hydrogen peroxide mixture after the addition of (i) Feqc@Hb (i) Hb and (iii) water
(control). Lower panel: Dark field photograph of luminol-hydrogen peroxide mixture after the
addition of (iv) Feqc@Hb (v) Hb and (vi) water (control). Note that, the chemiluminescence
observed for luminol-hydrogen peroxide mixture (vi) is very poor; however, increases several fold
in presence of Hb (e) because of the presence of Fe*" and Fe’". In case of Feqc@Hb, the solution is
not showing any chemiluminescence revealing that Fe is in zero oxidation state.

Hb-matrix using piperidine followed by the reduction of Fe*"/Fe’” with NaBH, at room
temperature (details in 3.2.9). After ~12 hrs of incubation with NaBHy, the solution turned
yellowish brown and showed strong yellow luminescence under UV light (Figure 8.2),

indicating a change in the oxidation state of Fe atom in Hb-matrix. After
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Figure 8.2. Photographs of (A) Hb (left upper panel) and (C) Feqc@HD (left lower panel) in water-
piperidine solvent and their corresponding photographs (B) (right upper panel) and (D) (right lower
panel) under UV light. Change in colour (A to C i.e., brown to yellow) under visible light indicates
the change of Fe oxidation state.

lyophilization and re-suspension of the product in water, the aqueous solution exhibited the
same yellow luminescence under UV light (inset of Figure 8.1 A). The aqueous phase also
showed discrete bands centered at 344 (3.60), 420 (2.95), 507 (2.45) and 639 nm (1.94 eV)
(Figure 8.1A). Such molecule-like discrete bands are unique to QCs [6]. The absence of
any characteristic band corresponding to Fe NP (at 360 nm) [30] further confirmed that the
Feqcs present in the aqueous phase were nearly pure in the as-synthesized form and were
mostly free of large NPs. The Feqcs showed luminescence band at 567 nm (2.19 eV) upon
photo-excitation at 530 nm (2.34 eV) (Figure 8.1A). The quantum yield (QY) of Feqcs in
water (at 565 nm) was determined to be 10%, using Rhodamine 6G (QY = 95% in
CH3;CH,OH) as the reference.

It is well known that the intrinsic fluorescence of proteins, due to aromatic amino acids
like tryptophan, can show a tail in the blue region. Furthermore, Hb consists of four
porphyrin moieties which are well-known to be red emitting. To rule out potential artifacts,
we conducted several control experiments by taking account of all potential products that
might have formed after the reaction of NaBH4 and piperidine, in presence of specific
proteins (Figure 8.3-8.10). First, we considered apo-myoglobin, as Hb contains four

myoglobin units. The observed excitation as well as the emission peaks (Figure 8.3)
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Figure 8.3. Excitation (left) and PL (right) spectra of Apo-myoglobin after the addition of
piperidine and sodium borohydride indicates that 440 nm emission peak (blue) is originate from
protein. Arrows indicate the excitation peaks. The peak at 280 nm is attributed to the tryptophan
residues in Apo-myoglobin. The other peak at 320 nm is originated from the protein (Apo-
myoglobin), which may be attributed to the photoproducts of some aromatic amino acids.
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Figure 8.4. Excitation (blue) and PL (red) spectra of Hemato-porphyrin after the treatment with
piperidine and sodium borohydride.

clearly rule out the possibility of any photoluminescence (PL) due to protein residues
peaking at 565 nm. Second, we considered hemato-porphyrin as a prototype of the

porphyrin unit present in the protein and performed the same experiment. Upon the
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treatment of NaBH, and piperidine, the PL peaks of hemato-porphyrin remained
unchanged (Figure 8.4). The observation indicates that porphyrin moiety is not responsible
for the 565 nm PL peak. Finally, hemato-porphyrin was attached to apo-myoglobin as a
mimic of Hb (without iron) and treated with NaBH4 and piperidine. Binding of apo-
myoglobin with hemato-porphyrin was checked with lifetime measurements (Figure 8.9).
The figure indicates that the decay is slower compared to hemato-porphyrin after the
treatment. In Figure 8.5, absence of the 565 nm peak justifies the role of Fe in the yellow
luminescence. Our control experiments rule out the possibility of any kind of PL
contribution from the protein matrix and support the formation of a new type of material in
the protein environment. The occurrence of visible luminescence in a material composed
of iron is intriguing. Why should a non-noble metal like Fe show such unique optical
properties is still unclear at this time and detailed theoretical studies are needed to establish
the precise origin of the optical bands.

Transmission electron microscopic (TEM) images indicated the presence of a large
quantity of tiny particles with good uniformity (Figure 8.1B). However, conventional
HRTEM is not a reliable technique for evaluating the size distribution of QCs due to
electron beam-induced coalescence [36]. Although X-ray crystallography is the best

method to understand the structure and composition of any material in detail, till date no
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Figure 8.5. Excitation (left) and PL (right) spectra of Apo-myoglobin-Hemato-porphyrin complex
after the addition of piperidine and sodium borohydride. Absence of any yellow luminescence
justifies the role of Fe ions for the generation of 565 nm PL peak.
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protein-protected clusters could be crystallized. Mass spectroscopy is a robust technique
for characterizing proteins and metal clusters. Matrix-assisted laser desorption ionization
mass spectrometry (MALDI MS) and electrospray ionization mass spectrometry (ESI MS)
are better suited to study the composition of QCs. MALDI MS of Hb, using DHB as
matrix, showed two peaks at m/z 15,230 and 15,990 due to a-globin chain (MW: 15126.4
Da) and B-globin chain (MW: 15867.2 Da) of Hb. These peaks were shifted to m/z values
15,760 and 16,500, respectively in the case of Feqcs@Hb (Figure 8.1C) confirming
successful cluster formation. This mass difference corresponds to 7-10 Fe atoms and the
composition can be roughly assigned as Fes.;o@Hb. However, due to resolution limitations
at higher mass range, exact number of Fe atoms, determined from the mass difference, may
not be correct. This problem was circumvented by a ligand-exchange strategy with a small
ligand, tri-octylphosphineoxide (TOPO) (see later in the text). The ligand-exchanged
clusters were characterized using ESI MS analysis, a more accurate technique for assigning

composition of molecules containing multiple isotopes.

Figure 8.6. Photographs of Hemato-porphyrin, Apo-myoglobin and Holo-myoglobin (from left to
right; after the addition of piperidine and sodium borohydride) under visible (upper panel) and UV
light (lower panel). The photographs show the difference of PL under same excitation (365 nm UV
light).

The oxidation state of Fe was investigated by a number of techniques. X-ray photoelectron
spectroscopy (XPS) is the most appropriate method to confirm the oxidation state of the
core for atomically precise noble metal clusters. In the present study, although we
attempted to obtain the XPS spectrum, due to inherent poor signal intensity of Fe 2p in

XPS as well as low density of cluster in the protein, we could not establish the oxidation
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state of Fe in cluster. Instead, we have performed an indirect method to verify the
oxidation state of Fe that we refer as “luminal experiment” (details in 3.2.11). Briefly, Hb-
bound Fe*’/Fe’” in blood is a catalyst for the chemiluminescence reaction that causes
luminol to intensely glow blue in presence of peroxide [37]. During this reaction, Fe*"/Fe’"
is reduced with the concomitant oxidation of H>O, to O,. However, if Fe is already in
‘zero’ oxidation state, it cannot catalyze the chemiluminescence reaction. Unlike the case

with Hb, Feqc@Hb could not induce a blue glow in a mixture of luminol and H,O, (Figure
8.1D) suggesting that the as-prepared QCs are in metallic state.

Normalised Intensity

—

300 400 500 600 700 800

Wavelength (nm)

Figure 8.7. PL spectra of (a) Feqc@TOPO in chloroform, (b) Feqc@Hb and (c) Apo-myoglobin-
Hemato-porphyrin complex after the addition of piperidine and sodium borohydride. Excitation
wavelengths are 280 nm for pink, 330 nm for blue, 450 nm for yellow and 580 nm for red. The
spectra clearly notify that 565 nm peak is due to Feqcs, not from any protein residues.

Although water-soluble, protein protected Feqcs showed evidence of high stability and
quantum efficiency, but a major problem was the accurate molecular identification from
MALDI MS analysis. To work in a lower mass range, we chose TOPO (tri-
octylphosphineoxide), an organic ligand, for ligand exchange as well as for transferring the
Feqcs into chloroform (details in 3.2.10). TOPO-capped Feqcs (Feoc@TOPO) in
chloroform also exhibited discrete, molecule-like bands at 355 (3.49), 402 (3.09), 516
(2.40), and 570 (2.18 eV) (Figure 8.11A).
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Figure 8.8. Picosecond-resolved fluorescence transients (Y axis is in In scale) of Hemato-
porphyrin, after the addition of piperidine and sodium borohydride, collected at 612 nm (blue) and
675 nm (red) respectively. Excitation wavelength was 375 nm in both cases. Note that the
transients of Feqc@HDb or Feqc@TOPO (See Figure 2¢ in the manuscript) were faster than these PL
decays (Table 8.1) indicating the origin of 565 nm PL from different species in the Feqc samples
apart from porphyrin unit. Base lines are shifted for clarity.
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Figure 8.9. Picosecond-resolved fluorescence transients (Y axis is in In scale) of Apo-myoglobin-
Hemato-porphyrin complex, after the treatment with piperidine and sodium borohydride, collected
at 620 nm (red) and 680 nm (blue), respectively. Excitation wavelength was 375 nm. The decay
transients are found to be slower after the treatment compared to Hemato-porphyrin suggesting the
binding of Hemato-porphyrin to Apo-myoglobin. Base lines are shifted for clarity.
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Figure 8.10. Picosecond-resolved fluorescence transients (Y axis is in In scale) of (a) Apo-
myoglobin-Hemato-porphyrin complex, (b) Hemato-porphyrin and (c) Feqc@Hb, collected at 650
nm respectively. Excitation wavelength was 375 nm. (All the decays have been taken after the
treatment of sodium borohydride in water-piperidine mixture). Decay of Feqc@Hb is different
from treated Hemato-porphyrin and Hemato-porphyrin-Apo myoglobin complex, suggesting that
the peak at 647 nm originates from the QC’s.

The bands were shifted from the corresponding bands of Feqc@HDb in aqueous medium
(Figure 8.1A). Note that during ligand exchange, phase transfer was partial which
indicated that only a part of the clusters is present in the aqueous phase. Excitation and
photoluminescence (PL) spectra of Feqc@TOPO in chloroform are shown in Figure 8.11B.
'H-NMR experiments showed the chloroform layer, containing TOPO, to be free of Hb or
piperidine (Figure 8.12). The presence of tiny Feqcs in the chloroform layer was verified
from TEM images and energy dispersive spectroscopy (Figure 8.13). The clusters
aggregated upon long-time electron beam irradiation forming nanoparticles (Figure 8.13),
as seen before in the case of Au clusters [36]. Therefore, it is fair to conclude that the 565
nm peak originates solely from Feqc@TOPO. We note that the PL peak remained constant
during phase transfer while the absorption spectra changed. For Au clusters, Negishi et a/
have shown that when the core size changes from Aujy to Aujg the lowest energy
absorption peak changes from 330 nm to 570 nm, whereas the PL maximum remains

constant at 1.5 eV [14]. Akin to the Au clusters, we anticipate that iron
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Figure 8.11. (A). UV-vis absorption spectrum of Feqc@TOPO in chloroform after solvent
correction. Arrows indicate the absorption bands. (B). Excitation and PL spectra of Feqc@TOPO in
chloroform solution. Inset shows the photograph of the cluster solution in chloroform under (I)
visible and (II) UV light. (C). Photoluminescence decay of Feqc@Hb and Feqc@TOPO with
instrument response function (IRF) ~ 60 ps. Standard error of decay time components is ~ 10 %.
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Figure 8.12. 'H-NMR spectra of piperidine, TOPO, Feqc@TOPO and the control sample in CDCls
solution. For control, phase transfer has been performed by taking 3 mL of chloroform on the
bottom of 3.0 mL (10 mg/ mL) of aqueous Feqc@Hb solution. The mixture was gently stirred for
8-12 hrs at 298 K. Finally, the solution in chloroform was lyophilized and CDCI; was added to
perform the NMR experiment. From the figure it is clear that Feqc@TOPO is free from piperidine
and protein residues.

clusters with different core sizes present in chloroform could have similar luminescence,
however, with different extinction compared to the clusters present in water. The solution
of Feqc@TOPO was brown under visible light but exhibited a bright yellow color when
irradiated with a UV light (Figure 8.11B inset). Using Rhodamine 6G as the reference, the
QY of the Feqc@TOPO was determined to be 12%. Figure 2C shows the decay transients
of the Feqcs before and after phase transfer. Luminescence lifetime values of the Feqcs,
obtained from luminescence transients observed at 565 nm were 0.08 (64%), 0.91 (22%),
and 3.90 (14%) ns in water and 0.11 (43%) and 1.14 (38%), and 3.60 (19%) ns in
chloroform. The observed differences of the transients are not very significant and
probably arise due to reduction of the non-radiative decay in non-polar chloroform [38].
The luminescence transients were found to be almost invariant as a function of excitation
wavelength (375, 409 and 445 nm), which provided strong evidence that the observed
clusters have similar luminescence profile (Figure 8.14).

In order to obtain more definite mass spectral signatures, we performed ESI MS analysis of
TOPO capped Feqcs in 9:1 chloroform:acetonitrile in positive ion mode, in the m/z range

0f' 100-4000. TOPO showed an intense peak at m/z 387 due to its molecular ion peak. The
152



lh,

aaaaaaa
Diameter (nm)

Zo

C Energy1 ?keV)

Figure 8.13. TEM image (A) of Feqc@TOPO shows the presence of tiny QCs. Inset shows the size
distribution of the QCs. The scale bar in the TEM image is 20 nm. (B) TEM image of iron cluster
aggregates upon 20 min electron beam irradiation. Crystal lattice of the one grown particle is
shown by lines. Inset shows the corresponding SAED pattern. (C) EDS spectrum shows the
presence of iron.
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Figure 8.14. Picosecond-resolved fluorescence transients of Feqc@TOPO (A) at 409 nm excitation
and (B) 445 nm excitation, show the lifetime profiles are independent of the excitation wavelength.
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TOPO dimer and other fragments were also observable in the lower mass region (m/z
<800). In the region beyond m/z 800, specific peaks due to clusters appear while the lower
mass region is dominated by ligand peaks (Figure 8.15). In this figure, expanded cluster
region shows the presence of multiple cores namely, [Fey(TOPO)(H,0).]",
[Fe1o(TOPO)3(H,0)3]" and [Fe13(TOPO)(H,0)]". It is to be noted that, unlike several Au
clusters [39], we have not seen any multiple charged species and all the compositions were
verified with theoretically calculated isotope patterns. Along with the major peaks
observed as discussed above, several small intensity peaks are also visible in the range
studied. Most of the peaks are fragments of the above mentioned peaks. One can envisage
three different ways of fragmentation, as observed in the present study: a) direct loss of
TOPO, b) loss of water (one or multiple) molecule, and c) loss of a TOPO fragment
namely, the octyl group. For instance, the peak at m/z 1131 is a TOPO-devoid fragment of
[Fe13(TOPO),(H,0)]". Similarly, the peak at m/z 1386 corresponds to the TOPO-devoid
fragment of [Fejo(TOPO);(H,0);]". The m/z 1257 peak is assigned as
[Fes(TOPO),(H,0),]" and hence, the m/z 870 peak is probably due to [Fes(TOPO)(H,0),]"
, arising after the loss of one TOPO moeity. These are examples of direct loss of TOPO
moeity from the parent cluster. The fragmentations were ascertained by extensive MS/MS
studies (see later). Loss as well as of addition of water molecules were also observed in
some cases. Two peaks, at m/z 1368 and m/z 1404, accompanying the m/z 1386 peak
(assigned as [Fe;o(TOPO),(H,0);]"), arise due to the loss / gain of one water molecule as
[Feio(TOPO)3(H,0),]" and [Fe;o(TOPO)3(H,0)4]" respectively. Water loss was also
observed in the case of [Fes(TOPO),(H,0),]", where loss of two water molecules and one
ligand lead to bare Feg" core (see Figure 8.16). The peak centered around m/z 1660 is due
to the loss of an octyl group from TOPO from the parent ion [Fe;o( TOPO)3(H,0);]", which
confirms the presence of the third type of fragmentation pattern.

Another kind of fragmentation could be the loss of Fe. This fragmentation pattern is seen
for [Fe;2(TOPO)3(H,0)3]". Presence of Fej, core was confirmed from the MS/MS data,
where the parent peak, [Fe;2(TOPO);(H,0)3]" shows the loss of two two Fe atoms yielding
[Feio(TOPO),(H,0);]" along with [Fep(TOPO),(H,0);]" (Figure 8.15i). The same
[Fe1o(TOPO),(H,0);]" fragment was seen in the MS/MS of [Fe;o(TOPO);(H,0)s]" (see
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Figure 8.15. ESI MS of TOPO and Feqc;@TOPO in the mass range m/z 800-2000 showing the
presence  of [Feg(TOPO)(H,0).]", [Feio(TOPO);(H,0):]",  [Feo(TOPO)(H,0);]”  and
[Fe;3(TOPO),(H,0)]". Inset i) is showing MS/MS of [Fe,5(TOPO);(H,0)s]” where ligand as well as
Fe loss is also observable. A) and B) [Fe;(TOPO),(H,0)s]" and [Fe,o(TOPO)(H,0);]" are
compared with the theoretically calculated isotope patterns of these species.

Figure 8.16), where the parent cluster loses one ligand molecule to generate the observed
fragment. Figures 8.15A and 8.15B clearly show that the calculated and the experimentally
observed isotope patterns match very well. Although the mass of two Fe atoms and that of
one octyl group are nearly identical, the mismatch in the observed isotope pattern in the
case of [Feo(TOPO),(H,0);]" rule out the presence of the octyl group. Extensive MS/MS

studies were performed to understand the cluster compositions.
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Figure 8.16. (A) ESI MS/MS of 1) [Fe;s(TOPO),(H,0)]" (black), 2) [Fe;o(TOPO);(H,0);]"
(magenta) and 3) [Fe,;o(TOPO);(H,0);]" (green), showing subsequent ligand losses. For all the
cases, parent ions are marked with stars and for fragments, the compositions are indicated.
[Fei2(TOPO);(H,0)s]" shows two Fe losses also. In this case, intensity of the parent peak has been
multiplied by 50 to make it visible. (B) [Fe;3(TOPO),(H,0)]" spectrum is compared with the
calculated spectrum. Rest of the spectra are compared in supporting information (Figure S25). (C)
MS/MS spectra of each peak in the [Fe;s(TOPO),(H,0)]" envelope, with a mass width 1 Da.
Fragment peaks after ligand loss are expanded in the inset, showing isotope distribution, principally
due to iron. The parent ion chosen for MS/MS is mentioned above the isotope pattern observed.
(D) ESI MS/MS of [Feg(TOPO),(H,0),]" showing ligand as well as water losses to give bare [Feg]”
core.

Collision energy dependent MS/MS study of the clusters showed consecutive ligand losses
for all the clusters investigated (Figure 8.17-8.21). In Figure 8.16A, MS/MS data for
[Fe1o(TOPO)3(H,0):]", [Fen(TOPO);(H,0)3]" and [Fe;3(TOPO),(H,0)]"™ are shown,

keeping all experimental parameters and collision energies identical. In all the cases, ligand
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800-2000, marked with dotted rectangle is expanded in the inset. Major peaks are labelled. Other
peaks are fragments from these peaks, as confirmed from MS/MS. The peaks labelled * are
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Figure 8.18. ESI MS/MS of [Fe;o(TOPO);(H,0);]" with increasing collisional energy (CE)
showing multiple ligand losses.
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Figure 8.19. ESI MS/MS of [Fe;3(TOPO),(H,0)]" with increasing collision energy (CE) showing
multiple ligand losses.
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Figure 8.20. ESI MS/MS of [Feg(TOPO)(H,0),]" with increasing collision energy (CE) showing
ligand as well as water losses.
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loss can be seen with good isotope distribution, matching with the calculated spectrum
(data for [Fei;3(TOPO),(H,0)]" is shown in Figure 8.16B). Presence of Fe was also
confirmed by conducting MS/MS on each peak in a given envelope for the isotopes. For
example, in the case of [Fe;3(TOPO),(H,0)]", peaks in the range m/z 1514-1522 were
chosen with an isotope width of 1 Da and MS/MS was performed (Figure 8.16C). Each
peak yielded a distribution of peaks that arose principally due to the presence of Fe. For
[Fes(TOPO)(H,0),]", ligand as well as water loss could be observed, producing a bare
[Fes]” core (Figure 8.16D and Figure 8.20). Presence of water, bound to the cluster core,
was also observed in the MS/MS study for Fe;; core, where, upon higher collision energy,
[Fe13(TOPO),(H,0)]" loses two ligands to yield [Fej;3(H,0)]" (Figure 8.19). This study
proves the presence of attached water to the cluster core, which may act as ligand. We
observed the loss of TOPO in most of the cases, which could be a reason behind the less
than expected number of observed ligands attached to the core. It is possible that before we
could detect the ion in ESI MS, the cluster might have already lost some ligands which was
seen in the case of [Feg(TOPO),(H,0),]" (Figure 8.21). Another reason for the discrepancy
might be that the steric hindrance due to the presence of three octyl chains present in a
single TOPO molecule acted as a deterrent to attachment of more TOPO ligands. However,
only a detailed theoretical study on the position and conformation of the ligands and

structure of the cluster core can sort out this puzzle.
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[Feg(TOPO),(H,0),]*
TOPO
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Figure 8.21. ESI MS/MS of [Feg(TOPO),(H,0),]" showing ligand loss.
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Figure 8.22. FT-IR spectra of TOPO and Feqc@TOPO show the presence of water vibration bands
marked with dotted circles.
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Figure 8.23. Vibrating sample magnetometer (VSM) data of Feqcs show the super-paramagnetic
behaviour of the QCs (plotted after subtracting the diamagnetic background from the sample

holder).

Bound water molecules have been reported earlier for dendrimer capped Aug nanodots by
Dickson et al [40]. However, the presence of three water molecules bound to Fe, a metal
much more reactive than Au, was totally unexpected. The MS data was complemented by

the solid-state FT-IR studies of TOPO and Feqc@TOPO where it was found that both
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Figure 8.24. 'H-NMR spectra of TOPO (blue) and Feqc@TOPO (red). Bound water resonances for
both the samples are marked with dotted circles. Broadening of the Feqc@TOPO-bound water
resonance is shown in the inset.

the nature of water in TOPO and Feqc@TOPO, 'H NMR studies were performed on
TOPO and Feqc@TOPO in CDCl;. Superimposed 'H-NMR spectra of TOPO and
Feqc@TOPO are shown in Figure 8.24. Except for one singlet resonance (2.32 ppm for
TOPO and 1.69 ppm for Feqc@TOPO samples), the two spectra are identical and are in
agreement with the previously published spectrum of TOPO [41]. The unique singlet peaks
in each spectrum, distinct from pure water signal in chloroform (7.24 ppm), could be
attributed to TOPO/Feqc@TOPO bound water since the peaks disappeared upon addition
of D,O. This is consistent with the presence of bound water molecules associated with
Feqc@TOPO (from ESI MS and FT-IR) and TOPO (from FT-IR). If the water signal in
Feqc@TOPO indeed corresponds to molecules bound to Fegcs, then the super-
paramagnetic Feqc-center (Figure 8.23) is expected to induce faster relaxation and an
upfield chemical shift of the Feqc-bound water resonance. Compared to that in TOPO, the
water signal in Feqc@TOPO showed an upfield shift (0.63 ppm) and faster relaxation, both
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Table 8.1. Lifetime values (excitation at 375 nm) of the control experiments have provided the
evidence of formation of Feqcs in the protein matrix. Values in parentheses represent the relative
weight percentage of the time component with a standard error of ~ 10%.

System Wavelength Lifetimes (ns) (Percentage) Average
Amax (NM) Lifetime
(ns)
Feqc@Hb 450 0.05 (78%) | 0.67 (16%) | 3.84 (06%) 0.39
565 0.08 (64%) | 091 (22%) | 3.90 (14%) 0.80
650 0.07 (49%) 1.02 25%) | 4.79 (26%) 1.53
Hemato- 612 0.14 (20%) 1.24 (13%) | 14.78 (67%) 10.15
porphyrin
650 0.16 (24%) 1.4 (20%) | 13.77 (56%) 7.98
675 0.125 21%) | 1.25(16%) | 14.06 (63%) 9.00
Feqc@Holo- 450 0.05 (88%) | 0.10 (05%) | 4.78 (02%) 0.21
Myoglobin
565 0.17 (52%) | 0.84 (39%) | 3.04 (09%) 0.70
650 0.14 (37%) 1.16 (34%) | 4.08 (29%) 1.63
Apo- 620 - 1.13 (09%) | 15.29 (91%) 14.06
Myoglobin
&Hemato- 650 0.15 (19%) 1.40 (17%) | 14.07 (64%) 9.30
porphyrin
complex 680 - 103 (13%) | 1478 (87%) | 13.03

in terms of spin-lattice relaxation time T; (2.54 s in TOPO and 1.13 s in Feqc@TOPO) and
line width or 1/T»* (0.019 ppm in TOPO and 0.034 ppm in Feqc@TOPO). Presence of
upfield shifted and broadened water peak (Figure 8.24) in the background of all other
proton peaks (due to TOPO) establishes a strong interaction of water molecules on the

cluster surface.
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8.3. Conclusion

In summary, we have devised a facile synthetic route for preparing atomically precise and
highly luminescent Feqcs. These clusters synthesized in solution have been detected as
[Fes(TOPO)(H20).]", [Fe1o(TOPO)3(H20)3]", [Fe12(TOPO),(H,0)3]" and
[Fe13(TOPO)y(H,0)]", with well-defined and unique isotope distribution in ESI MS. The
cluster contains water molecules as revealed from our MS/MS analysis which was
corroborated by FT-IR and NMR spectroscopic studies. It is anticipated that a theoretical
study will provide further insights on the structure, stability and conformation of the
cluster. We believe that this new material holds promise for fundamental applications like

catalysis, imaging and sensing.
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