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CHAPTER-1

1.1. INTRODUCTION

The term ‘nano’, which is the most dominated, influential word in discussions, publications,
solution of scientific problems in research etc., in scientific community as well as in public life in
this century, refers to the range between 1 to 100 nm. It is explicitly associated with any object
that has at least one dimension in this range, which accomplish the common definition of
nanomaterial and more precisely nanoparticle (NP). The significance of the term ‘Nano’ lies in
properties at nanoscale level i.e. surface-to-volume ratio of a particle dramatically increases as
the size decreases that spawn to change physico-chemical and optoelectronic properties of the
nanomaterials. This fundamental transformation in properties engenders new properties which
could be tuned with size and shape and are distinctively different from bulk materials and which
are ideal for various applications in energy, the environment, food, catalysis, medicine, optics,
electronics, etc. Nanomaterials can be classified based on various properties and composition,
such as metal based nanomaterials, semiconductor quantum dots, and carbon based
nanomaterials. However, here I present a brief review of a few nanomaterials, with special

emphasis on the carbon based nanomaterials and their properties.

1.2. METAL BASED NANOMATERIALS

The structural components of metallic nanomaterial are metals, metal oxides, metal sulphides
etc., possessing <10° atoms bonded together resulting into intermediate state of matter [1-2].
This intermediate state provides more number of atoms at or near the surface or interface [3-4].
The dimensions of the materials results in difference from bulk materials in properties like
energy levels, electronic structure and reactivity [3-8]. In coinage metals (Cu, Ag and Au), a new
phenomenon emerges, which is called localized surface plasmon resonance (LSPR), originating
due to the collective oscillation of free electrons at the surface of spherical NP, following
interaction with electromagnetic field [8-10]. This results in fascinating optical properties,
depending on the size, shape, local environment as well as dielectric properties of medium, and
they display colors in visible light and have been utilized in various applications [11-14]. Another
advantage of having ‘nano’ size is in the form of magnetic property of NPs like in magnetite
(Fe;0,), maghemite (y-Fe.0s), Fe, Co and Ni. It has been found that a finite-size effect as well as
surface effect dominates the magnetic properties of the NPs and having a large magnetic
moment each nanoparticle works as giant paramagnetic atom to applied magnetic fields with

negligible remanence and coercivity [15-16]. These make them suitable for various applications

TH-1424 09612225 3



CHAPTER-1

like catalysis, biomedicine, data storage, nano-fluids, magnetic resonance imaging, and

environmental remediation.

1.3. QUANTUM DOTS

Quantum dots (Qdots) are an intriguing class of semiconducting nanomaterials having sizes
below 10 nm and smaller radii than the bulk exciton Bohr radius [17]. The interesting size-
dependent opto-electronic properties of Qdots have been attracting researcher from various
disciplines to work on a new class of materials since last 26 years [18]. The reasons behind the
exceptional properties of Qdots are the number of surface atoms/ions which are a large fraction
of the total atoms and quantum confinement of the electronic motion arises when size of the
particle is as small as the de Broglie wavelength of the electron wave function [17]. The
photoluminescence property of Qdot has been exploited in various biological applications and
they are often portrayed as alternative to organic dyes, due to their excellent resistance to photo-
bleaching, size tunable absorption and emission spectra and broad excitation spectrum with

narrow emission [19-21].

The use of Qdot as alternative of organic fluorophore started with successful cell labeling,
using CdSe-CdS core-shell, zinc sulfide—capped cadmium selenide Qdots by Alivisatos and Nie
groups in the year 1998 [19, 21]. Further, Alivisatos groups demonstrated the antigen detection
in fixed cellular monolayers using Qdots. After that, the implication of Qdots or Qdot-
bioconjugates as cell markers has been widely explored by different groups in vivo as well as in
vitro and in real-time tracking of molecules inside the cells [22-23]. They have emerged as a
potential imaging candidate for labeling plasma membrane proteins, cytoplasmic proteins,
nuclear proteins and cellular antigens in fixed cells [24-29]. In an elegant study, Akerman et al.
practically manifested the animal imaging in vivo using ZnS-capped CdSe Qdots [30]. However,
the unique photophysical and photochemical properties of Qdots were not restricted as imaging
agents; they have been also applied for optical biosensing applications such as immunoassays,
nucleic acid detection, biomolecule sensing, and catalysis monitoring [31-32]. On the other
hand, Qdots have become popular due to their promising applications as efficient and cheaper

photovoltaic cells, light emitting devices and photo-detectors [33-39].
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CdSe
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Figure 1.1. (a) The size dependent fluorescence properties of CdSe Qdots. (Reproduced with permission
from J. Phys. Chem. B, 1997, 101, 9463.) (b) Five-color QD staining of fixed human epithelial cells. Cyan
corresponds to 655 nm Qdots labeling the nucleus, magenta- 605 nm Qdots labelling Ki-67 protein,
orange-525 nm Qdots labeling mitochondria, green- 565nm Qdots labeling microtubules and red- 705nm

Qdots labeling actin filaments. (Reproduced with permission from Nature Materials, 2005, 4, 435.)

1.3.1. Quantum Dots Toxicity

In spite of tremendous success of Qdots in biomedical applications, there is also concerned
about the toxicity of Qdots and it became a critical question on the use of Qdots in living cells.
Currently, alleviation of toxicity of Qdots has been turned into an emerging research field for
clinical applications. Generally, chemical compositions (heavy metals like Cd, Hg, Pb, As, Pb) of
most of the Qdots are known to cause toxicities in vertebrates. However, Qdot toxicity
assessment is still an enigma and is complicated. Although, various reports suggested that the
toxicity originated from multiple reasons like surface capping agent specifically functional
groups of capping agents, Qdot size, surfactant molecule on surface of Qdots, leaching of metals
ions, chemical stability, oxidative and photolytic stability, bioaccumulation, abnormal local

concentration, and nanoscale effects of the particles and free radical generation [40-48]. As a
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result, various strategies have been developed to reduce the toxicity of Qdots, like coating
strategy which improved the biocompatibility and cadmium free Qdots synthesis such as III-V

(for example InP), Mn or Cu doped zinc chalcogenide, others material based QDots (for example

CulnS., CulnSe.,) [49-52].

1.4. CARBON BASED NANOMATERIALS

Nanostructured carbon materials are versatile, promising and popular nanomaterials used in
the modern interdisciplinary research. The Noble Prizes, in Chemistry for discovering
buckminsterfullerene Ceo (1996) and in Physics for graphene (2010) signify the importance as
well as potential of the nanostructured carbon materials or nanocarbons. The journey of
nanostructure carbon materials started with the discovery of buckminsterfullerene Ce, which led
to a new field of nanoscale carbon chemistry, other than naturally occurring three allotropes of
carbon- amorphous carbon, graphite, and diamond. The discovery of carbon nanotubes has also
generated a new era in nanotechnology. Nanostructured carbon materials could be classified as
zero-dimensional (fullerenes), one-dimensional (carbon nanotubes), and two-dimensional
(graphene) carbon materials [53, 54]. Fullerene possesses soccer ball like structure consisting of
12 pentagons and 20 hexagons. On the other hand, pure carbon nanotubes can be envisaged as a
single sheet of graphite rolled up into a nanoscale tube form, which is known as single-walled
carbon nanotube (SWCNT). If more than one SWCNT stacked one inside the other, it is called
multiwalled carbon nanotube (MWCNT). Generally, structure of graphene comprises of a single
layer of graphite with sp2 hybridized carbon atoms that are densely packed in a honeycomb
crystal lattice. The beauty of graphene reflects as mother of all graphitic form as well as building
block for carbon nanomaterials. They possess excellent mechanical strength, electrical and
thermal conductivity, and optical properties, which make them suitable materials for various
applications like renewable energy conversion system such as solar cells and fuel cells, energy
storage devices like super capacitors and batteries, and in catalysis, biomedical applications,
drug delivery etc. [53-57]. Recently, one more carbon based member is included to this family

which is known as carbon nanoparticles (CNPs).

1.4.1. Carbon Nanoparticles

The unique optical properties, photo-stability and resistant to metabolic degradation in bio-
applications of semiconducting Qdots have branded them as promising and potential candidates

for imaging and other biomedical applications and often depicted as alternatives of organic
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fluorophore [58-63]. In spite of several advantageous properties, conventional Qdots also have
some drawbacks since most of the Qdots are synthesized from heavy metals and thus are known
to be toxic to the environment as well as mammalian cells, at even relatively low concentrations.
In this regard, extensive efforts have been made to explore benign fluorescent nanomaterials to
replace Qdots. Recently, the discovery of a new type of carbon based potentially valuable
fluorescent nanomaterials, called as CNPs have generated enormous interest due to their low

toxicity, environmental adaptability and bio friendliness [58-63].

CNPs could be defined as discrete, quasi-spherical amorphous or crystalline fascinating
class of carbon based excitation tunable fluorescent nanomaterials [58, 62]. Generally; the
particles with size less than 10 nm of CNPs are called as carbon dots (Cdots). They possess
excellent water solubility, chemical inertness, low toxicity, eco-friendliness, ease of
functionalization and outstanding photo-stability [58-63, 214]. Thus, Cdots are emerging as
future ‘nanolight’ with potential applications in bioimaging, biolabeling, sensing, and
development of optoelectronic devices. Along with emission based applications, they have been

also exploited in nanomedicine, chemical sensing, photocatalysis and electrocatalysis.

Pang and co-workess (Wuhan Univ)

- L &t all (dax-Planck-Instint)
W0 and co-workers (Purdue Univ) CAlari. Covamiink 2088, 5116, Angew, Chem. jr, Ed. 2009, 45, 4596,

-‘-Iﬁew Chern i Ed. DOQT, 46, 6473 s
Lerivers and ca~warkers [Univ 5, Canolina) .' . ' - —— & &
LAm Chem. Soc. 2004, 128 12734,
m‘"“' Py S n i
....II
— .
- . - . . . “- -
r - - e
Al I AFFRET FOA
|

' _—
sun and co-warkers (Clemson Uiy} . .
L Am. Chem, Soc. 2006, 128, 7756 a . hiand ers {Fush Yang and co-warkers (Chin Acad S
i and ca-warkers {Fuzhau Uiniv) Chem, Commian. 2009, 5118
LAm Chem. Soc. 2009, 131, 4504
Giannelis and co-workers (Tarnell Univh
Chhem. Mater, 2008, 20, 4539,

Figure 1.2. Timeline covering the activity of Cdots found in literature till 2009. (Reproduced with

permission from Angew. Chem. Int. Ed. 2010, 49, 6726.)
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1.4.1.1. Brief History

Cdots were first discovered unexpectedly by Scrivens et al. at the time of purification of single-
walled carbon nanotubes (SWNTSs) in 2004 [64]. They isolated a fluorescent component through
preparative electrophoresis during purifying single-walled carbon nanotubes, derived from arc-
discharge soot and then this component had appeared and to be known as Cdots. This
observation inspired to search for nontoxic nanomaterials of similar optical properties and thus
first physical synthesis method of Cdots through laser ablation was reported by Sun and Co-
workers in 2006 [65]. Then Liu et al. demonstrated the preparation of Cdots using combustion
oxidation method in 2007 [66]. In the same year, Sun and his team successfully employed Cdots
for multiphoton bioimaging in the human breast cancer cells [67]. In the year of 2008, two new
synthesis methods of Cdots were developed, namely, by electrooxidation of graphite in aqueous
solution and thermal oxidation using citric acid as a precursor [68-69]. In an elegant study by
Sun group, they depicted the potential application of Cdots for the first time by using them in
optical imaging in vivo [70]. Further, microwave pyrolysis approach using carbohydrate as
precursor (2009) has opened new synthetic route of Cdots, which is a simpler, safer, eco-
friendly and cheap, encouraging interest in this emerging field [71]. After 2009, the field has

become more popular.

1.4.1.2. Synthetic Methods

The synthetic methods for preparing Cdots could be generalized in two categories- top-down
and bottom-up [58-63]. Normally, top-down methods are associated with breaking down of
larger carbon structure through arc discharge [64], laser ablation [65, 72] and electrochemical
oxidation process [68, 73-75]. On the other hand, bottom-up methods pertain to synthesis of
Cdots from molecular precursor via combustion/thermal treatments [66, 69, 76-77, 82-84],
supported synthesis [69, 78] and microwave/ultrasonic [71, 79-81] methods. Usually, a variety
of molecular precursors such as citric acid [69, 82-83], carbohydrates [71, 80, 84-85], amino
acid [86] polyethylene glycol [79] ethylenediaminetetraacetic acid [87], ethanol [88],

glucosamine [89] and ascorbic acid [90] has been used for the preparation of Cdots.

However, another scope for the Cdot synthesis is to develop large scale, greener and cost-
effective method and is free from complex instrumental set-ups or post-treatments [60, 62]. In
this regards, Cdots were prepared from biomass and bio-waste such as watermelon peels [91],
pomelo peels [92], paper ash [99], plant leaves [98] and also from orange juice [93], strawberry

juice [94], sugar cane juice [95], banana juice [100], egg shell membrane ash [101], organogel
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[06], gelatin [97], meat products [102], natural silk [103], bovine serum albumin [104], hair
fiber [105] and chitosan [106].

1.4.1.3. Composition

Generally, the fundamental compositions of Cdots are carbon, oxygen and nitrogen, depending
on the synthetic methods as well as precursors [58-59, 63, 213]. The ratios of these three
elements are not consistent; they may vary from synthetic route to route. However, to tune the
optical properties, doping has been done occasionally with several elements like boron,
phosphorus or chlorine. Unlike graphene, Cdots may contain sp2, sp3 hybridized carbon and also
they may or may not be structured like graphene. Also, they may be amorphous or crystalline in
nature. The surface of the Cdots is enriched with various functional groups like oxygenated
groups (C-0, C=0 and O-C=0), amide, C-N—C and —NH and this depends on the precursor as

well as synthetic methods.

1.4.1.4. Fluorescence Property

The beauty as well as popularity of these fascinating light emitting materials lay on their
wavelength tunable photoluminescence property, which is one of the most attractive
fundamental features of Cdots. However, the origin of their luminescence is not clearly
understood yet and needs further clarification [58-59]. It is believed that the cause of emission
of Cdots might be as a result of the quantum effect or emissive traps or radiative recombination
of excitons [58-59]. Very recently, Wang et al. unraveled the origin of green luminescence in
Cdots [107]. They claimed that the formations of special molecule-like states consisting of
several carbon atoms on the edge of carbon backbone and functional groups with C=0 (carbonyl
and carboxyl groups) in Cdots are mainly responsible for their green fluorescence. Zhao et al.
and Vinci et al. clarified the reason for the excitation tunable fluorescence and they found in
their separate investigations that the mixture of different sizes Cdots produced excitation-
dependent emission [108-109]. In this regard, it is also observed that the optical behavior of
Cdots can be associated with different emissive sites on each Cdot, irrespective of different sizes

in the sample [65].

In the perspective of potential applications of Cdots, higher quantum yields as well as
emissions at red and near-IR special regions are essential [59-60]. In this regard, various
strategies like precursors, synthetic methods, surface passivation, doping in the core and on the
surface have been adopted to improve the optical property of the Cdots. Sun and coworkers had

manipulated the brightness of the photoluminescence of Cdots using passivating agent with

TH-1424 09612225 9



CHAPTER-1

quantum yield from 4% to 10% [65]. Further, Liu et al. enhanced the quantum yield of Cdots up
to 14.7% using the same surface passivation technique of Sun and coworkers [66]. In doping
technique, Cdot cores were doped with nitrogen, sulfur, phosphorus, boron/nitrogen and also
the surfaces were doped with inorganic salts like ZnO, ZnS, or TiO. to get higher quantum yield
[110, 213]. However, synthetic strategies and precursor play significant role to tune the optical
property. For instance, Giannelis and coworker had succeeded to achieve 53% quantum yield for
hydrophobic Cdots by thermal pyrolysis and Zheng et al. reported 88.6% for water soluble Cdots
[61]. In both cases, carbon source precursor is citric acid but the synthesis methods are different
and higher quantum yield was obtained in comparison to previously reported methods with
averaged quantum yield at around 6% obtained using carbon source precursor other than citric
acid. Although, Cdots display fluorescence in the wide range of spectrum but emission of most of
the Cdots dominate the blue-green region [60-61]. Therefore, a few efforts also have been taken

to develop red and near-IR fluorescent Cdots, which is desirable for bioimaging.

It has been widely established that the luminescent property of Cdots remains unchanged
and stable in presence of a high salt concentration and in the wide range of pH [111]. They show
high photostability on continuous irradiation of UV-light as compared to any popular dye
molecule [58-63, 214].

a.u.)
S =
o 8

=]
S

Normalized Intensity (a.u.
o
o

=}
2

350 400 450 500 550 600
Wavelength (nm)

—325—350 —375—400 —425 — 450 —475—500 nm

Figure 1.3. Excitation dependent photoluminescence properties of Cdots. Reproduced with

permission from Sci. Rep. 2012, 2, 383.)
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1.4.1.5. Cytotoxicity

For the bio-applications of nanomaterials, a matter of concern is related to their toxicity and
biocompatibility. Therefore, there are many reports available on toxicity and biocompatibility
studies in vitro, but few in vivo and it has been reported that Cdots are lowly cytotoxic and
biocompatible [58-63]. Thus, Cdots have been accepted as non-toxic or lowly toxic
nanomaterials. In this regard, our laboratory has demonstrated the non-cytotoxicity of Cdots

synthesized from microwave heating of polyethylene glycol in mammalian cells (HT 29 cells) in

vitro [79].

1.4.1.6. Applications

Bioimaging, Drug delivery and therapy

The advantage of Cdots over semiconducting Qdots includes ease of synthesis, low or no toxicity,
biocompatibility, water solubility, chemical inertness, photochemical stability and ease of
modification. The properties make them viable alternatives to Qdots and ideal candidates for
bioimaging in vitro and in vivo [58-63]. Cdots are also exploited in drug delivery, photodynamic

therapy and photothermal therapy applications [60-63].

Sensor

Intrinsic luminescent property of Cdots has been employed for versatile applications i.e. in
chemical sensing and biosensing [62-63]. Cdots are able to detect various metal ions like Hg2+,
Cuz+,Fe3*,Pb2+,Cr(VI) and Ag*, anions like C,0,>, PO,3, CN-, F, S>, CIO- and I, organic
molecules like ascorbic acid, 4-nitrophenol, quercetin, 2,4-dinitrophenol and 2-amino-3,4,8-
trimethyl-3H-imidazo[4,5-f]quinoxalin, and sense pH and NO, gas. As biosensors, Cdots are
efficient to sense biomolecules like nucleic acid, thrombin, bacteria cells in sewage water, small

bioanalytes like anti-bacterial drugs amoxicillin, dopamine, ascorbic acid and glucose.

Apart from fluorescence based sensing, Cdots are capable of sensing NO,  and Coz2*, utilizing

chemiluminescence property, pentachlorophenol and Cu2*, using electrochemiluminescence

property [63].

Photocatalysis

Cdots have been used as photocatalysts in organic transformations as they have the ability to
harvest long wavelength light [62]. Therefore, they have been applied in various photocatalytic

reactions such as selective oxidation of alcohols to benzaldehydes using NIR light, green
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oxidation of cyclohexane to cyclohexanone, removal of organic pollutants, selective hydrocarbon

oxidation and photochemical production of H. from water by irradiation of visible light.

Electrocatalysis

Cdots are also emerging as electrocatalytic materials for oxygen reduction reaction, as an
alternative to platinum-based electrocatalysts because of their high stability and good electrical

conductivity [62].

Optoelectronics

Cdots are now becoming an alternative to Qdots in the field of optoelectronics [60]. They have
been used in electroluminescent devices resulting as light emitting diodes, based on electrically
exciting the Cdots and optical down-conversion based device resulting into color-conversion

light emitting diodes through their optical excitation.

1.5. MOTIVATION

In the introduction section of this thesis, various aspects of CNP are illustrated by identifying
the key areas of this field. CNP has been portrayed as an alternative of Qdots since its discovery.
But the question still remains - ‘Should CNPs be considered as safe-NPs?’ There is debate
prevalent among the researchers, regarding the immediate and long-term implications of
nanomaterials with regard to human health as well as the environment. So, the best solution is
to search for naturally occurring nanoparticles, especially those which have been either
consumed by human beings from long time or the ones which have been in contact with human
body and have not caused any major health concerns. We understood from the literature that
only heating of starting material at proper temperature is required to synthesize CNPs, which

inspired us to search CNP in various food and food products.

Charcoal has been extensively used as a supporting material for catalysts like Pd, Pt etc. and
has great impact on catalysis. In view of this, CNP can also be used to enhance the catalytic
activity of catalysts as both have the same basic element - carbon. This analysis prompted us to

check the catalytic activity of gold NPs supported by CNP as an effective catalyst.

It has been found that most of the applications of Cdots are due to their optical properties,
especially photoluminescence. In this regard, bright emission is one of the most significant
parameters, and still most of the synthetic methods of Cdots are restricted to be performed
inside specialized laboratories with certain conditions like harsh reaction conditions, time

consuming, as well as lack of ease of large scale high quantum yield Cdot production. So there is
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a clear need to devise a simple synthesis method for highly luminescent Cdots. These bright
emissive Cdots could be employed in various applications as markers, sensors, etc. Also, the
logic operations of Cdots have still been unexplored, and the robust photo-physical properties of
Cdots could be exploited to construct various logic gates in multiphase like liquid and solid

phases.

Further, CNPs are also becoming popular because of their biological applications, as they
possess very low toxicity and the surface of CNP is enriched with various polar functionalities.
All these advantages have manifested into CNP being a suitable delivery vehicle in drug delivery
applications. However, there is still a scope of delivering metal ions into the cancerous cells
using the surface of CNP which is capable of forming complexes with metals, like various

anticancer metal-complexes.

1.6. OUTLINE OF THE THESIS

The thesis contains seven chapters. The first chapter (the current chapter) of this thesis is an
introductory chapter on nanomaterials especifically CNPs. It reviews the emergence of CNPs,
their general importance and key developments of various aspects such as advancement of
synthetic methods, composition, photoluminescence property, cytotoxicity, diverse applications

etc.

In Chapter 2, the finding of the presence of CNPs in different carbohydrate based food
caramels, viz. bread, jaggery, sugar caramel, corn flakes and biscuits, where the preparation
involves heating of the starting material is illustrated. The CNPs were amorphous in nature; the
particles were spherical having sizes in the range of 4-30 nm, depending upon the source of
extraction. The results also indicated that particles formed at higher temperature were smaller
than those formed at lower temperature. Excitation tunable photoluminescence was observed
for all the samples with quantum yield (QY) 1.2, 0.55 and 0.63%, for CNPs from bread, jaggery
and sugar caramels, respectively. The present discovery suggests possible usefulness of CNPs for
various biological applications as the sources of extraction are regular food items, some of which

have been consumed by humans for centuries, and thus they can be considered as safe.

Chapter 3 delineates synthesis of CNP supported Au NP starting with Au NP-chitosan
composite and its catalytic activity. The formation of the composite was established using UV-
visible spectroscopy, fluorescence spectroscopy, powder X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM) studies. In the

composite, the size of Au NPs was 4.9 +1.4 nm, while that of CNPs varied from 50 nm to 350
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nm. Then the catalytic activity was examined. The composite NPs efficiently converted
phehylboronic acid to biphenyl through homocoupling. In addition, a plausible mechanism
relying on the role of Au-NPs as the active site was proposed which rationalizes the solvent
dependent reactivity and selectivity of the reaction. The catalyst was stable and could be recycled

are important for its practical application.

Chapter 4 describes a new and facile method of synthesis of highly fluorescent Cdots using
a commercially available induction coil heater. The Cdots were produced when an aqueous
solution of citric acid and a diamine compound was heated at 100 °C for 12-15 min. The Cdots,
with an average size of less than 5 nm (being produced when ethylenediamine was used),
emitted blue light with high quantum yield, when excited by UV light. The quantum yield was
dependent on the nature of diamine and was as high as 73.5% for ethylenediamine. The as-
prepared Cdots could easily be converted into gel by mixing with chitosan biopolymer. The gel
could be used for filling up the refill of a ball-point pen and be used for UV-active marking, for
sensing of explosive compounds (such as picric acid and 2,4 —dinitrophenol) with high efficiency
and for other fluorescence based applications. The use of commercial induction coil heater,

scalability and high chance of commercial viability make the method especially appealing.

Chapter 5 also deals with luminescent Cdots (as mentioned in chapter 4), which could be
used to pursue cascade logic operations in two different phases. Basic and higher integrated
logic operations were achieved based on the changes of photoluminescence of Cdots through
interactions with metal ions and organic molecules in liquid dispersion as well as in the solid
phase. For example, in the presence of Fe3* ions, quenching of emission of Cdots was observed.
The emission could be recovered following treatment with ascorbic acid or cysteine. On the
other hand, emission quenched by picric acid could be recovered by using a phase transfer
process. We have also established a logic system using Fe2* and H,O. which could distinguish
Fes3* from Fe2* ions. Overall, the simple and complex logic systems, being capable of operating
in dual phases, offer applications in various analytical purposes as well as detection of important

elements in diverse environment.

Chapter 6 demonstrates that Cu2* embedded CNP (Cu-CNP) acts as an anticancer agent.
The fluorescent Cu-CNP was synthesized by using CNPs and copper salt at 50 °C (pH=9-11). The
formation of Cu-CNP was established using UV-visible spectroscopy, fluorescence spectroscopy,
IR spectroscopy, powder X-ray diffraction (XRD) and transmission electron microscopy (TEM)
studies. The average size of the Cu-CNP was found to be 92.7 £+ 49.8 nm. Then the anticancer
activity of Cu-CNP was carried out by standard MTT assay followed by cell cycle analysis and

caspase3 assay where it has been found to undergo apoptosis. In this regard, the inherent blue
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emission of Cu-CNP could be used to monitor the cellular uptake by confocal microscopy.
Overall, good biocompatibility, bright emission, cellular imaging application, and anticancer

effect of Cu-CNP will make it a promising candidate for future theranostic applications.

The last chapter (Chapter 7) deals with the future prospects of the key findings of the

research works carried out in this thesis.
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Highlights: e Cytotoxicity of nanomaterials; safe nanomaterials for biological

applications.

e Revelation of ‘nanolight’ CNPs in caramelized food items.

2.1. INTRODUCTION

The use as well as presence of nanoparticles (NPs) in food is a hotly debated area, owing to their
short and long term effects on human health and the environment [112—115]. The promise of
targeted and/or sustained release of drug, food colourants and flavours, while incorporated with
NP, makes the pursuit of understanding of their functioning and fate a worthy exercise [116—
118]. Although, substantial development in the engineering of consumable NPs [116—118] and
their effects in vitro and in vivo have taken place [119]; few biodegradable NPs have entered
clinical trials and have been marketed [120—121]. While NP formulations for topical applications
are accepted by majority of population [122], the idea of the consumption of these particles,
either for curing a disease or for having nutritional or flavouring benefit, creates an alarm for the
public. The reason behind this seems to be their potential effect on human health following
consumption, which has received little attention; and the lack of awareness, which has raised
concerns regarding the safety of nanomaterials in biological and food applications [112—115]. A
way around this problem, could originate out of direct derivation of nanomaterials from food
products, especially from traditional food items. These materials could be considered safe for
biological applications when there is no known toxicity and thus may possibly alleviate the

misapprehension that all NPs are toxic.

History of nanotechnology is replete with examples of use of nanomaterials dating back to
millennia [123—125]. The dye used in colouring hair to black, during the Greco-Roman period, is
now known to have been consisted of PbS nanocrystals (NCs) [123]. Romans exhibited their
mastery in technology in the Lycurgus cup by harnessing the optical properties of gold (Au) NPs
[124]. The extraordinary mechanical strength and a sharp cutting edge in Damascus sabre have
recently been attributed to the presence of carbon nanotubes (CNTs) and cementite nanowires
[125]. In all the cases mentioned above, while the technology based on nanomaterials were
known to different civilizations, the nanoscale nature of their functional constituents have only
been revealed recently. The ‘nano’ dimensionality is not only confined to engineered materials
or technology; nature also creates NPs or nanostructures which are present as functional
components in an organism; either in the form of enzymes which catalyze most of the biological

reactions or as ribosomes which act as the sites for protein synthesis. It was the invention of

The work contained herein is published in the peer reviewed journal [Sk et al. Sci. Rep. 2012, 2, 383.] Reproduced
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sophisticated microscopic and analytical techniques which has led to the discovery of these
nanostructures. In this regard, the idea of searching for nanomaterials within regular food items
cannot be inexplicit. This motivated us to search for NPs in food items, which can potentially be
used for biological application, where the concern of the origin and toxicity of the nanomaterials
can easily be waived off. In this chapter, I have described the presence of carbon nanoparticles
(CNPs) in regular carbohydrate based food caramels, such as in bread, jaggery, corn flakes and
biscuits. The CNPs have been found to be present in those samples, where the preparation of
food mainly involves heating of the starting ingredients in absence of water, leading to
formation of caramels. Arguably; this discovery revealed that human consumption of
nanomaterials in the form of food caramels has its history possibly from the period when human

for the first time started eating bread.

2.2. EXPERIMENTAL

Materials. Bread buns (Homa Bread, Guwahati, India), jaggery, cornflakes (Real Crunch
Corn flakes, India), biscuits (Britannia Marie Gold, India) and sugar (Daurala Sugar Works,
India) were purchased from the local market. Bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide was received from Sigma-Aldrich, USA. Milli-Q grade water with a

resistivity of 18.2 MQ.cm* was used in all the experiments.

Preparation and Extraction of CNPs. Bread buns were analysed to check the
presence of CNPs within it. The top brown layer of bread was carefully excised and 1 g of it was
dissolved in 20 mL methanol by sonicating it at 35 kHz in a bath sonicator (Elmasonic TI-H-5
Elma, Germany) for 10 min. Following sonication, the volume of the methanol was reduced to 3
mL in a rotary evaporator before further purification. Jaggery (prepared from sugarcane juice)
purchased from the market was heated following a traditional procedure which is as follows.
Initially, jaggery (say 50 g) was mixed with water (about 10-15 mL) to make it sufficiently moist.
The entire amount was then placed on a hot pan, which was being heated in the medium flame
of a commercial gas stove. The mixture was constantly stirred using a kitchen spatula. In about 5
min, when the color of the mixture turned dark brown, the entire amount was transferred to a
pan containing a thin layer of oil and brought to room temperature. The oil layer helped in
preventing aggregation of the mass and also in spreading the content over the pan. The jaggery
caramel, which was ready for use then, was dissolved in methanol and allowed to stand for a few

minutes to remove larger impurities. The sedimented particles from both the samples were
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removed by filtration. Centrifugation of the supernatant at 5000 rpm was performed further to
remove impurities of smaller size. The yellow coloured supernatant thus obtained was further
purified by column chromatography (using silica 60-120 mesh) with methanol:
dichloromethane (2:3) mixture and finally dialysis (using 1 KDa membrane) was carried out to
remove salts and other ions, if any. Similar procedures were followed for the extraction of CNPs
from commercially purchased cornflakes and biscuits. Caramel was also prepared in laboratory
by heating commercially available sugar. Sugar was taken in a glass vial and heated in an oil
bath at 200 °C for 10 min till the solid turned brown. The brown colored sticky mass was cooled
down to room temperature and was then dissolved in methanol, followed by purification using
column chromatography. The sample was then concentrated by evaporating the solvent in

rotary-evaporator and then it was dissolved in water and finally dialysed before further analysis.

Analytical Measurements. The extracted CNPs were characterized using TEM
(JEOL 2100 UHR-TEM), UV-vis (Perkin Elmer Lambda 25) and fluorescence
spectrophotometers (FluoroMax-4, Jobin Yvon). The TEM analysis was performed at an
accelerating voltage of 80 kV, unless otherwise mentioned, and the sample was prepared by
drop casting 5 uL of the respective sample on a 300 mesh carbon coated copper grids and
subsequent air drying before analysis. 3C nuclear magnetic resonance (*3C NMR, 100 MHz) of
the dispersion was carried out in a Varian 400 MHz FT-NMR using D.O as the solvent.
Thermogravimetric analysis (TGA) was performed in Q600 SDT Simultaneous DSC-TGA heat
flow analyzer and powder XRD study was done using a Brucker D8 Advanced X-ray diffraction
measurement system, with Cu Ka source (A =1.54 A). Sonication was done by Elmasonic TI-H-5

Elma, Germany.

Quantum Yield Calculation. The quantum yield (QY) was calculated using quinine
sulphate in 0.10 M H,SO, solution as a standard, at an excitation wavelength of 365 nm, and the

absorbance was kept below 0.15. The QY of the samples were determined according to the

QY =Q¥, (m—](”—]
Mg )\ Mk

Where, QY is the quantum yield, m is the slope of the plot of integrated fluorescence intensity vs

following formula:

absorbance and h is the refractive index of the solvent. For the aqueous solutions ns/nr=1. The
subscript R refers to the reference fluorophore i.e. quinine sulphate solution and S for the

sample. The values obtained are given in Table 2.1.
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Table 2.1. Quantum yield calculation

SN Sample Slope QY QY (%)

1 Quinine sulphate 1,87,63,45,623.23 | 0.54 (standard) | 54 (standard)
2 CNPs from bread 4,23,31,851.73 0.01218283 1.21

3 CNPs from jaggery 1,91,15,656.68 0.005501361 0.55

4 CNPs from sugar caramel | 2,21,22,160.83 0.006366613 0.63

In Vitro Cytotoxicity Assays. Hela cells were obtained from National Center for
Cell Sciences (NCCS), Pune, India and were cultured in Dulbecco’s modified Eagle’s medium
supplemented with penicillin (50 units mL?), streptomycin (50 mg mL+*), and 10% (v/v) fetal
bovine serum. Cells were maintained in 5% CO, humidified incubator at 37 °C. The cells were
seeded in a 96 well culture plates at a density of 5000 cells/well and were allowed to grow
overnight. The CNPs were then added into the wells in a concentration range of 50 ng/mL to 2
ug/mL and incubated in a humidified incubator for 24 h at 37 °C and 5% CO.. XTT (Bis(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) based cell viability assay was
carried out according to the manufacturer’s protocol, to determine the percentage of viable cells.
The assay is based on the metabolic activity of the cells to reduce the tetrazolium salt XTT to
orange colored compounds of formazan and the intensity of the dye is proportional to the
number of metabolically active cells. The percentage cell viability of the untreated cells (control)
was taken as 100%. All measurements were collected in triplicate and the values are expressed

as mean + standard error (SE). Statistical analysis for ANOVA was performed using Sigma Plot.

2.3. RESULTS & DISCUSSION

The CNPs isolated from the outer brown part of the bread bun and the caramels obtained from
commercially purchased sugar (following caramelization) and jaggery were analysed by UV-vis
and fluorescence spectroscopy. The UV-vis spectrum of each of the dispersions consisted of a

peak (marked with star) and a shoulder (marked with arrow) between 240 nm and 400 nm and
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is shown in Figure 2.1. In addition, there is the presence of a strong background till 540 nm. The
peaks and the background extinction are known to occur for CNPs and they are consistent with
the literature reports [58]. The exact assignment of the peaks is still not known and hence the

difference among the individual samples could not be explained.
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Figure 2.1. UV-vis spectra of CNPs extracted from bread, jaggery and sugar caramel.

Photographs of the original samples (bread, jaggery and sugar) which served as the
preparatory ingredients are shown in Figures 2.2A, 2.2B and 2.2C. The photoluminescence
spectra corresponding to the above dispersions (and other samples) are shown in Figures 2.2D-
2.21. The pictures of the dispersions in the presence of white light and UV light are represented
in Figures 2J-20. Under normal white light the dispersions have the characteristic caramel
colour whereas, under UV light (Ax=365 nm) it showed blue luminescence. All of the dispersions
exhibited excitation dependent emission spectra as shown in Figures 2G-2I, which were similar
to Cdots reported previously [58]. It was also observed that with increase in the wavelength of
excitation from 325 to 375 nm the luminescence intensity increased, the maximum emission
intensity being observed for the excitation wavelength of 375 nm, whereas, further increase of
the excitation wavelength resulted in the decrease of emission intensity. Additionally, along with
decrease in the fluorescence intensity with increasing excitation wavelength the emission

maxima showed red-shift, displaying the property of excitation tuneable emission. The
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excitation dependent emission is an intrinsic property of CNPs, which has been widely reported
by several research groups including us [79, 58, 64-66, 68, 71, 81]. The quantum yields (QYs) of
the CNPs obtained from different food sources were calculated using quinine sulphate as the
standard [71]. At an excitation wavelength of 365 nm, the QYs of the CNPs are summarized in
Table 2.1. The results indicated that these samples had QY typical of Cdots, which is on the order
of 1%; with the highest being observed for samples from bread (1.2%) and that from jaggery had
the lowest value (0.55%).
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Figure 2.2. (A, B, C) Photographs of commercial bread, jaggery and sugar. (D-I) Excitation wavelength
dependent emission spectra of CNPs from bread, jaggery and sugar caramel. (J-L) Photographs of
dispersions of CNPs from bread, jaggery and sugar caramel observed under white light and (M-0) the
same under UV light.
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Figure 2.3. (A, B, C) TEM images of CNPs extracted from bread, jaggery and sugar caramel and (D, E,

F) Corresponding particle size distributions of samples in that order.
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Transmission electron microscopy (TEM) images of the samples obtained from the
dispersions of different caramel sources (bread, jaggery and sugar) are represented in Figures
2.3A-2.3C, which showed the presence of uniform spherical NPs. The particle distributions
calculated from the images are shown in Figures 2.3D-2.3F. The average particle sizes as
calculated from the TEM images for samples from bread, jaggery and sugar caramel, were
determined to be 27.5 + 6.1, 20.3 + 7.5, 4.3 + 1.5 nm respectively. The results clearly indicated
that NPs were present in the dispersions extracted from bread, jaggery, and caramel of sugar.
While the sample from bread had the highest particle size, the particles from sugar caramel
produced at 200 °C had the lowest size and the particle sizes of the sample from jaggery were in
between the two. In addition, caramels from sugar, produced by heating at 180 °C for 10 min,

had particles of size 25.8 + 12.4 nm (Figure 2.4).

Figure 2.4. TEM image of CNPs prepared by heating sugar at 180 °C for 10 min.

CNPs were also extracted from commercially procured biscuits and corn flakes and the
corresponding spectroscopic data are shown in Figure 2.5. They also showed excitation tunable
emission like CNPs from bread, jaggery and sugar caramel. The samples from corn flakes and
biscuits indicated the presence of NPs having sizes of 10.5 + 2.8 nm and 3.9 + 1.3 nm

respectively (Figure 2.5).
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Figure 2.5. (A) Excitation wavelength dependent emission spectra, (B) TEM image and (C) particle size
distribution of CNPs extracted from corn flakes. (D) Excitation wavelength dependent emission spectra,

(E) TEM image and (F) particle size distribution of CNPs extracted from biscuits.
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Figure 2.6. Fluorescence spectra of CNPs isolated from the brown part of the bread and the dough used

for bread preparation.
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Figure 2.7. Effect of electron beam irradiation on the sample prepared from sugar solution. (A) TEM
image of sample from sugar solution drop cast on a TEM grid as observed under 200 KV electron beam.
(B) TEM image of the same portion of the sample observed after 5 min of irradiation of the beam at 200
kV. (C) TEM image of the dispersion obtained from the white part of the bread. (D) Fluorescence spectra
of dispersions obtained from white and brown parts of the bread having identical absorption at the

wavelength of 375 nm. The excitation wavelength was set at 375 nm.

The UV-visible and fluorescence spectra of the dispersion of CNPs extracted from different
food sources displayed features similar to those of Cdots synthesized chemically and thereby
suggesting the presence of CNPs in the samples. The fundamental mechanism of
photoluminescence of CNPs is still a major question; however, it is thought that the presence of
different surface trap sites could be one of the factors for the luminescence [58, 65]. The origin

of fluorescence from the obtained dispersion could only be attributed to the presence of CNPs
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because the analysis of the starting material for preparation of bread did not show any
significant fluorescence (Figure 2.6). Sugar is known to be a nonfluorescent material, but the
caramel prepared upon heating sugar showed the emergence of excitation tuneable
luminescence, further confirming the formation of CNPs. Additionally, it was observed that the
heating temperature for preparing the caramel had significant effect on the size of NPs formed.
Caramels prepared at 180 °C and 200 °C had the sizes of 25.8 + 12.4 and 4.3 * 1.5 respectively.
This indicated that smaller particles were possibly formed at the higher temperature. In other
words, the larger particle sizes of NPs obtained from bread and jaggery could be due to their
low heating temperatures whereas the smaller particles sizes of NPs obtained from sugar
caramel, corn flakes and biscuits could be due to higher heating temperatures. It may also be
mentioned here that there could be other factors, such as the rate and duration of heating and
chemical constituents of the samples, determining the sizes of the produced CNPs. The
possibility of the formation of CNPs while preparing and analysing the sample in electron
microscopy can be ruled out because when drop cast sample from sugar solution was observed
in TEM no such particle formation was detected, even under the exposure of a 200 kV electron
beam for several minutes. The images obtained at different time of irradiation, of the sample
from sugar solution, in the electron beam of TEM are shown in Figure 2.7 (A & B). It is worth
noting that similar extraction process was also used for determining the presence of CNPs, if
any, in the interior white part of bread. TEM analysis revealed the presence of inhomogeneous
particles (Figure 2.7C) which could be due to the suboptimal temperature in the inner zone. The
fluorescence intensity of this dispersion was significantly low compared to that obtained from
the brown part of the bread (Figure 2.7D). The sizes of the CNPs produced varied from sample
to sample, indicating the possibility of heating temperature as the primary factor determining
their sizes. However, it was interesting to observe that for all samples the particles produced
were nearly uniform and spherical. To have an idea of the amount of CNPs which can be
extracted from a food source, I analysed the amount of particles obtained from 1 g each of
jaggery and the brown layer of bread. It was observed that about 3 and 2 % w/w of CNPs, in the
respective samples were present. The calculation is based on the amount of the starting
ingredient taken for the isolation of CNPs and the sample recovered after purification. However,
the amount recovered from these materials cannot solely be attributed to CNPs as polymeric
layer will always remain surrounding these particles. Isolation of nude CNPs without the
polymeric layer has not been possible in the present condition; even then it can give an

approximate value about the fraction of particles extracted.
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Figure 2.8. (A) Thermogravimetric analysis of sugar. Powder XRD pattern of CNPs extracted from (B)
bread, (C) jaggery and (D) sugar caramel.

Thermogravimetric analysis of sugar indicated decomposition starting at below 200 °C with
steady decrease in weight till 350 °C (Figure 2.8A). Loss of weight signifies the dehydration
process of carbohydrate or formation of CO,[126]. Thus the NPs could possibly be produced at a
temperature even lower than 200 °C. Samples from bread, jaggery and sugar showed broad X-
ray diffraction (XRD) peak at about 20 = 18° (Figure 2.8B-D), with no clear signature for
crystalline nature of any of the samples. The above results indicated that NPs present in the
caramels of bread, jaggery, corn flakes, biscuits and sugar caramel possibly consisted of

amorphous carbon.
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Figure 2.11. 3C NMR spectrum of CNPs from sugar.
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Further, 13C NMR (nuclear magnetic resonance) spectra of samples from bread, jaggery and
sugar (Figures 2.9, 2.10 and 2.11) revealed the presence of peaks between § = 60 ppm and § =
105 ppm. The peaks clearly indicated the presence of carbohydrate unit in the extracted CNPs.
There were two additional *3C peaks observed in case of CNPs extracted from bread (6 = 216.951
ppm, 6 = 31.778ppm) and sugar (6 = 215.578 ppm, 6 = 30.428 ppm), depicting the presence of
keto (-C=0) and methyl groups in the surface functional moieties. The NMR studies revealed
that the CNPs were coated with hydrophilic carbohydrate units. No peaks corresponding to the
aromatic region was observed, which again supported the luminescence to be originating from

the CNPs present in the dispersion.
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Figure 2.12. Cytotoxicity analysis of the CNPs extracted from jaggery and bread (24 h post-treatment)

by XTT based cell viability assay. Results are presented as mean + standard error.

Further, in order to probe the extent of cytotoxicity of the extracted CNPs, we performed
XTT based cell viability assay at varying concentrations of CNPs. The plot of percentage viability
of cells to that of varying concentration of CNPs (0.05 mg/mL to 2.0 mg/mL) is shown in Figure
2.12. As is clear from the figure, no cytotoxicity was apparent even at the highest concentration
of CNPs (2.0 mg/mL) used. In addition, one way ANOVA showed that the difference in the
mean percentage viability of cells at different concentration of CNPs extracted from jaggery (F=

0.652, P= 0.689) and bread (F = 1.152, P = 0.384) were not statistically significant.
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2.4. CONCLUSIONS

In summary, my current work revealed the presence of CNPs in carbohydrate based regular food
caramels from bread, jaggery, corn flakes and biscuit. The excitation wavelength dependent
emission characteristics of the CNPs from food caramels were similar to those generated from
sugar; however, the particle sizes varied indicating temperature - dependent formation of CNPs
of different sizes. NMR spectroscopy revealed that the CNPs were coated with carbohydrate
units. It is interesting to note that for centuries these caramels containing CNPs have been
consumed by human beings with no known toxicity and thus it can be considered to have no or
minimum risk on human health and may be used as a safe nanomaterial. Our finding of the
presence of fluorescent CNPs in food caramels may also help their use in tracking and imaging

conjugated biomolecules and drugs in vivo without being imperilled.
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Highlights: e Design of CNP-based composite nanomaterial catalyst.

e Enhanced reactivity and selectivity in homocoupling reaction of
phenylboronic acid and plausible mechanism.

3.1. INTRODUCTION

Progress in catalytic chemical reactions — the mainstay of chemistry of new molecules or
pathways of reactions — depends on development of efficient, environmentally friendly and cost-
effective catalysts [127]. Although the tremendous growth that has taken place in this regard for
the last one hundred years or so seems to overwhelm any new attempt in this regard, there is
still plenty of opportunity for finding new catalysts, relook at old catalysts in a modified form or

for developing combination of catalysts in order to have the best of all worlds.

For example, charcoal-supported Pd or Pt metal catalysts have contributed greatly in
catalytic organic transformations [127-128]. Recent reports suggest that carbon nanoparticles
(CNPs) could provide better option, owing to their stability, sizes, ease of dispersion in liquid
medium and facile formation of composites — especially with catalytic metal nanoparticles (NPs)
[58, 79, 132]. In addition, CNP supported metal NPs have been used for photocatalysis [132] and
surface enhanced Raman spectroscopy (SERS) [130]. Further, porous carbon supported metal

NPs have been used extensively for reduction of nitroaromarotics [131-132].

Among the metal NPs, catalytic activity of Au NP, supported on the surfaces of various
organic and inorganic substrates, has made Au an alternative choice [133, 138-140]. For
example, carbon supported Au NPs have been used for performing reduction and oxidation
reactions [134-135]. However, it is also important to develop newer methods for pursuing
coupling reactions on supported Au NPs. A case could be the production of biaryls, which are an
important class of compounds being present as active moiety in pharmaceutically important
molecules, natural products and in advanced functional materials [136-137]. Transition metal
catalysed oxidative homocoupling of the arylboronic acid is a major pathway to achieve the
homomeric biaryls synthetically [138-146]. In this context, palladium based catalysis has
dominated the field [145-146]. However, several other metal catalysts as well as the reaction
conditions were varied to minimize the limitation and increase the efficiency of the parent
palladium catalysed coupling reaction. In one such case, cationic Au either supported on metal
oxides and polysaccharides or complexed with organic ligands is shown to serve as efficient
catalyst for self-coupling of arylboronic acid [138, 141, 147]. However, higher loading of 2.25 to

30 mole percent of the catalyst was required for high conversion and selectivity. It has also been

The work contained herein is published in the peer reviewed journal [Sk et al. Chem. Commun. 2013, 49, 8235.]
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demonstrated - although only in two instances - that Au NPs are efficient in catalyzing oxidative
coupling of aryl boronic acid. For example, PVP-stabilized Au NP catalyzes homocoupling
reaction under aerial condition [140]. Even though high conversion of starting material was
achieved, poor selectivity towards desired biaryl was observed. On the other hand, Mg-Al mixed
oxide supported Au NPs require high pressure of oxygen and higher temperature for higher
conversion and better selectivity [139]. Therefore, developing novel catalyst, in order to bridge
the gap between ambient reaction conditions and reactivity-selectivity, is desirable so that the

application potential of the reaction could be expanded further.

In this chapter I have demonstrated an easy and bio-friendly method of preparation of
composite of Au NPs and CNPs, which was used for carrying out facile homocoupling reaction of
phenylboronic acid to provide excellent conversion with high selectivity under aerial reaction
conditions. In the composite, the size of Au NPs was 4.9+1.4 nm, while that of CNPs varied
from 50 nm to 350 nm. In addition, a mechanistic proposal relying on the role of Au NP as the
active site is described, which rationalizes the solvent dependent reactivity and selectivity of the

reaction.

3.2. EXPERIMENTAL

Materials. Phenylboronic acid, hydrogen tetrachloroaurate (HAuCl,, 17% Au in HCI)
were purchased from Sigma-Aldrich. Sodium borohydride (95%) and glacial acetic acid (99-
100%) were purchased from Merck. Chitosan was procured from Marine Chemicals, India. All
were used as received without further purification. Elix grade water from a MilliQ purification

system was used in all the experiments.

Preparation of the Gold-Carbon Nanoparticle (Au-CNP) Composite.
First, 100 mg chitosan was taken in a round-bottom (RB) flask and then 20 mL of water was
added followed by addition of 100 uL acetic acid. The mixture was stirred until chitosan was
dissolved. After that 500 pL of 17.2 mM HAuCl, was added to the mixture and stirred vigorously
for 30 min at below 25 °C. Freshly prepared 0.25 M NaBH, (1 mL) was quickly added at room
temperature. Then color of the solution changed from pale yellow to dark red, indicating the

formation of gold nanoparticles and stirring was continued for another 30 min.

In second step, freshly prepared chitosan-stabilized Au NP was heated at 200 °C so that all
the water was evaporated and the mixture became dry. Then it was cooled to room temperature
and 10 mL of 0.15 M HCl was added to it. Again, it was heated at 200 °C for 2 h and at this point

the condenser (of the setup) was removed to evaporate all the water. To ensure the
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carbonization process, I waited for a minute and after that quickly removed it from oil bath and
cooled it to room temperature following addition of 5 mL of water. This was followed by
centrifugation of the above mixture at 5300 rpm and the supernatant was separated. The
supernatant was centrifuged at 5300 rpm following addition of acetone (5:1 V/V). The pellet
obtained from centrifugation was dried at 40 °C for 12 h before further use. The gold loading was

at 1.95 wt% as measured from ICP analysis.

Preparation of CNP. CNPs were prepared by the same process as the preparation of
Au-CNP. Here, 100 mg chitosan was taken in a 100 mL RB flask with 20 mL in it and then 100
uL acetic acid was added to the mixture. It was stirred until chitosan was dissolved. The rest of
the procedure was same as the 2m step of the Au-CNP preparation. It was purified by
centrifugation with acetone/water mixture (5:1) and keeping the centrifuged pellet at 40 °C for

12 h to dry.

Preparation of Au-Chitosan. Chitosan stabilized gold nanoparticle (Au-Chitosan)
was prepared by following the first step of the preparation of Au-CNP and the product was
purified by centrifugation at 5300 rpm followed by washing with acetone/water mixture (5:1).
Then the sample was kept for drying at 40 °C for 12 h. The Au loading was 1.86 wt% as measured

using ICP analysis.

General Procedure for Homocoupling Reaction. The aerobic homocoupling of
phenyl boronic acid was carried out in a 10 mL RB flask at 70 °C. Phenylboronic acid (0.3 mmol,
36.6 mg), K.CO; (0.425 mmol, 58.7 mg), Au-CNP (10 mg) were taken in a RB and then 0.5 mL
water and 1 mL toluene were added to the mixture. The mixture was heated at 70 °C with
constant stirring for 7 h, under open flask condition. The progress of the reaction was monitored
by TLC. After 7 h, the reaction mixture was extracted by ethyl acetate (3 x 15 mL). The combined
organic layer was concentrated and the crude product was purified by column chromatography,

using hexane as eluent to obtain biphenyl (19.8 mg, 86%) and phenol (3.4 mg, 12%).

Protocol to make Deoxygenated Condition. The concentration of dissolved
oxygen in water was reduced by the freeze - pump — thaw cycles which was performed for three
times. Then the reaction was performed under inert atmospheric condition with deoxygenated
toluene. The procedure was same as mentioned in the general procedure. The conversion of

starting material was 19% and 24% respectively for two different batches of experiments.

TH-1424 09612225 39



CHAPTER-3

Recycling of Catalyst. After completion of reaction, catalyst was recycled by
centrifugation, followed by washing with acetone/water mixture in a ratio of 5:1. In all cases, the

reaction condition was same as mentioned in the general procedure above.

Analytical Measurements. The Au-CNP composite was characterized using
transmission electron microscopy (JEOL 2100 UHR-TEM) operating at 200KV, UV-vis
spectroscopy (Hitachi U 2900spectrophotometer), photoluminescence spectroscopy (Horiba
Fluoromax-4 spectrofluorometer), powder XRD (Brucker D8 Advanced X-ray diffraction
measurement system) with Cu Ka source (A =1.54 A), particle size analysis (Malvern zeta size;
Nano ZS 90). Raman spectra were recorded by Horiba LabRAM HRS80o0. Also, X-ray
photoelectron spectroscopy (XPS) and inductive coupled plasma-optical emission spectrometer
(ICP) measurements were performed with PHI 500 Versa Probe II (ULVAC-PHI, INC, Japan)
and Thermo-iCAP 6000 Series, respectively.

Quantum Yield Calculation with respect to Quinine sulphate (QS) in 0.1
M H>S04. 1 have calculated Quantum yield with respect to quinine sulphate using the

formula:

ls A 715
Q. =Q, x> xR x-3
i " . A g

Where, Qs = quantum yield of sample; Qr = quantum yield of reference; Is = area under PL
curve of sample; Iz = area under PL curve of reference; Az = absorbance of the reference; As =

absorbance of the sample; ns = refractive index of sample; nr = refractive index of reference.
Q.Y. of quinine sulphate = 0.54, Refractive Index: water = 1.33

(The concentration of all samples and the reference quinine sulphate were adjusted so that the

optical densities of all samples were 0.10 + 0.03 at the excitation wavelength (350 nm)).

Turn Over Frequency (TOF)

mmol of product formed
mmol of catalystx time(h)

TOF =
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The result from experiment was as follows. Product = 0.129 mmol, catalyst = 0.000992 mmol

and time = 7 h.

3.3. RESULTS & DISCUSSION

Chitosan-stabilized Au NPs were synthesized by reduction of HAuCl, in the presence of NaBH,
and chitosan at room temperature. This was followed by heating the mixture at 200 °C for 2 h
which led to formation of a paste. The mixture was heated additionally for 1 min, during which
carbonization took place. The final dried powder was black in colour, which could easily be
dispersed in water by mild sonication. Photographs of the powder and the dispersion are shown
in Figure. 3.1 (A and B). UV-vis spectrum of the dispersion (Figure. 3.1C) consisted of three
peaks at 267 nm, 345 nm and at 522 nm. The peak at 267 nm and 345 nm are characteristic of
CNPs (imputed to the m—n" transition), whereas that at 522 nm is due to Au NPs [58, 79]. On the
other hand, as prepared chitosan —Au NP composite exhibited a single peak at 510 nm,
indicating the presence of Au NPs only. Further, photoluminescence property of the composite
resembled that of carbon dots. For example, as shown in Figure.3.1D. & 3.3B, the excitation-
tuneable emission peaks in the range of 325 nm to 500 nm of the composite resembled those of
CNPs. However, the quantum yield of luminescence was higher for the composite (0.54%) in
comparison to that of the CNPs (0.36%). Transmission electron microscopy (TEM)
measurements indicated the presence of distinct particles of average size 4.9 + 1.4 nm,
embedded in larger particles of sizes in the range of 50 nm to 350 nm (Figure. 3.1E, 3.1G, 3.2,
3.4). Also, a large number of Au NPs were embedded in each of the larger particles, as is evident
from TEM measurements. That the smaller particles were due to Au was confirmed from
selected area electron diffraction (SAED) measurement (Figure. 3.1F). Further, high resolution
TEM (HRTEM) measurements indicated the presence of planes owing to lattice spacing of 0.224
nm, which is due to (111) planes of metallic Au. On the other hand, the larger particles could be
CNPs. X-ray diffraction (XRD) measurements indicated the presence of four planes of Au,
namely, (111), (200), (220) and (311) leading to diffractions at 38.3°, 44.6°, 64.8°, and 77.8°
(JCPDS 4-0783), respectively (Figure.3.1H). A broad peak at 24.8 © is assigned to amorphous
CNPs.
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Figure. 3.1. Photographs of (A) dry composite and (B) that of the composite dispersed in water. (C)
Absorption spectra of Au-CNP composite and Au NP-chitosan. (D) Fluorescence spectra of Au-CNP
composite. (E) TEM image of Au-CNP composite with HRTEM image in the inset. (F) SAED pattern of
Au-CNP composite (G) Size distribution of Au NP present in the composite as calculated from TEM. (H)

Powder XRD data of Au-CNP composite images.
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Figure.3.2. Representative additional TEM images of the Au-CNP composite nanoparticles.
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Figure.3.3. (A) Absorption spectrum of CNPs produced following the process of preparation of Au-CNP.
(B) Fluorescence spectra of CNP.
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Figure. 3.4. Dynamic light scattering based particle size analysis of Au-CNP composite.

X-ray photoelectron spectroscopy analysis of the composite evidenced the presence of peaks
at 84.1 eV and 87.8 eV (Figure. 3.5), where the binding energies correspond to the 4f;. and 4f;/»
states of metallic gold i.e. Au°. Thus the presence of Au* or Aus+* species could be ruled out.
Further, analysis of peaks due to carbon species indicated the presence of C-C (284.9 ev), C-OH
or C-O-C (286.5 ev) and C=0 (287.9 ev) functional groups. On the other hand, inductive coupled
plasma (ICP) spectroscopy indicated 1.95% of Au loading in the composite. Additionally, Raman
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spectroscopy measurements indicated the presence of broad peaks at 1341 ecm™ and 1581 cm,

corresponding to D and G bands of sp2 carbon, signifying the formation of CNPs (Figure. 3.6).
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Figure. 3.5. X-ray photoelectron spectra of Au-CNP composite. (A) is for Au 4f and (B) is for C 1s.
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Figure. 3.6. Raman spectrum of the Au-CNP composite.

The above results indicated the formation of smaller Au NPs embedded in the larger
amorphous CNPs. Also, the absence of any oxidation states other than Au° makes the Au-CNP
composite ideal for studying the efficacy of Au NP catalyzed coupling reactions. It may be
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mentioned here that the smallness of the sizes of the CNPs (in the composite), as compared to
traditional charcoal support makes, the composite an ideal platform for microheterogeneous
reactions. It is important to mention here that catalytic reactions in microheterogeneous
medium is inherently advantageous over its heterogeneous counterpart, owing to the ease of

product diffusion, in addition to availability of large surface area for reactions.

Table 3.1. Au-CNP catalysed homocoupling of phenylboronic acid?

AU-CNP 70°C
B(OH), > + OH
H,O/Tolune
Entry Solvent Catalyst Oxygen Ph-Ph® | Ph-OHP | Conversion
1¢ Toluene/H.O Au-CNP atm. 86% 12% 98%
2 Toluene/H,O | ------—-- g, || ceemmeee || TSRS | R YN
3 Toluene/H,O Chitosan g, || cem—==== || cmmmmme= || e
4 Toluene/H,O CNP A -__eeml A B
5 Toluene Au-CNP afwn, || ————— | e ||
6 Toluene Au-CNP | balloon | ----—--—- | - [ = —mv
7 H.O Au-CNP atm. 68% 18.3% 86.3%
8 Toluene/H,0 Au-CNP free 19% (24%)
9 Toluene/H.O Au-CNP balloon 74% 26% 100%

aReaction Condition: 0.3 mmol phenylboronic acid, 1imL toluene, 0.5 mL water, 10 mg catalyst (Au
loading 0.66 mol%), 70 °C in open flask and 7h. bIsolated yields. ¢Gas-chromatographic analysis showed
the yield to be 88% (refer to page no. 51-57). From the GC data, internal response factor (IRF) was found
0.94 and also I calculated amount of biphenyl present in the reaction mixture. I found 20.4 mg biphenyl

i.e. 88.4%. I have added 19.8 mg naphthalene as internal standard in the reaction.
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Table. 3.2. Additional control experiments

1 MeOH Au-CNP atmospheric

2 MeOH/H.0O Au-CNP atmospheric | 20.3% | 4.6% 25%
3 Toluene/H.O Au-Chitosan | atmospheric | 49.3% | 14.5% 64%
4 Toluene/2eq H.O [  Au-CNP atmospheric

5 Toluene/2eq H.O | Au-CNP balloon

6 Toluene/H,O Au-CNP Closed flask | 84.8% | 10.6% 95.4%

In order to investigate the catalytic activity of the composite, the well-known C-C bond
forming homocoupling reaction of phenylboronic acid was pursued. Thus, phenylboronic acid in
a binary solvent mixture (2:1 V/V ratio of toluene and water) was allowed to react in the
presence of catalytic amount of the composite, under the aerial conditions at 70 °C, which was
found to be the best reaction temperature (Table 3.3.). A conversion of 98% of the
phenylboronic acid in 7 h, in the presence of only 0.66 mol% of the gold leading to the TOF (turn
over frequency) of 19 was observed. Biphenyl was isolated with yield of 86%, along with 12% of
phenol, a by-product of oxidation of phenylboronic acid, presumably by the H.O. generated in
the reaction. Control experiments (Table 3.1.) carried out in absence of catalyst and in the
presence of CNP or chitosan did not result in the product formation. Thus Au NPs in the
composite played key role in the catalytic conversion of phenylboronic acid to biphenyl. Further,
reaction involving chitosan-stabilized Au NPs lacked selectivity and had lower conversion
efficiency (Table 3.2, entry 3). Interestingly, when the reaction was carried out in toluene only
medium there was no product formation (Table 3.1. entry 5), even when gaseous O, was passed
through the reaction mixture. On the other hand, in the water (only) medium 86% conversion —
although with reduced selectivity — was observed. Interestingly, the extent of conversion was
reduced when deaerated water was used instead. Additionally, externally added oxygen
facilitated the reaction (Table 3.1. entry 9), where the reaction was completed in 3.5 h with a
TOF of 32. However, more amount of phenol was formed reducing the biphenyl to phenol

selectivity to ~3:1 from 7:1 (Table 3.1. entry 1).
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Table 3.3. Temperature-dependent experiments

Entry Solvent Catalyst Temperature Ph-Ph Ph-OH Conversion
1 Toluene/H,0O Au-CNP RT(35°C) | - | == 11%
2 Toluene/H,O Au-CNP 50 °C 14% 24% 38%
3" Toluene/H,O Au-CNP 100 °C 54% 14% 68%

* T observed removal of water (co-solvent necessary for the reaction) via evaporation. After 2.5h, 0.5 mL

water was added further into the reaction mixture. The reaction was stopped after 6.5h.

9 8 7 6 5 4 3 R ppm
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Figure.3.7. tH NMR of isolated product.
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Figure.3.8. 13C NMR of isolated product.
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Scheme 3.1. Proposed mechanism of aerobic homocoupling reaction of phenylboronic acid catalyzed by

Au-CNP composite.

Based on these experimental findings and the literature reports, a plausible mechanism of
Au-CNP catalyzed homocoupling reaction is depicted in scheme 3.1 [138-140, 147]. The surface
of the Au-NP is oxidized, by dissolved molecular oxygen [139-140, 148-150], to positively
charged species being associated with oxygenated ligands (e.g. 0.2, O," or OH"), in the first step
of the catalytic cycle. The electron rich nature of CNP probably facilitates the aerial oxidation of
Au NP, which is reflected in the enhanced catalytic activity of Au-CNP compared to Au-chitosan
[151-152]. The base-mediated activation of phenylboronic acid occurred, prior to the double
transmetallation on the charged Au surface. However, the ligand (coordinated to Au) induced
transmetallation could also be possible. In parallel, H.O, generated in situ from reduced oxygen
(super oxide and/or peroxide) could have oxidized phenylboronic acid to phenol [149]. Finally,
the reductive elimination with consequent product dissociation provided desired biphenyl,

returning the Au-nanoparticle in to the catalytic cycle for the next turn over.

The increase in the percentage of the phenol in the reaction in only water compared to that
in toluene-water mixture can be rationalized with the help of proposed mechanism, by

considering the comparative rate of transmetallation and oxidation of starting material. In
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contrast to the reaction in water, for the case of toluene-water mixture, biphenyl being
hydrophobic diffuses immediately after its formation to toluene and thus the catalytic sites
become ready for another cycle. However, due to higher amount of dissolved O, in only water or
in toluene-water medium with externally added oxygen, the formation of higher amount of
oxidizing species may lead to the larger amount of phenol formation. In contrast to the
mechanism proposed by Carrettin et al. using Au-CeO. [138], our mechanistic proposal relies on
the positively charged Au NP as the active catalyst for the homocoupling reaction of
phenylboronic acid. Furthermore, solvent dependent reactivity and the selectivity observed

experimentally are in accordance with the proposed mechanism.
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Figure.3.9. (A) Absorption spectra of supernatant of the reaction mixture collected following isolation
of the product. (B) Powder XRD pattern of the recycled catalyst (after first recycled). (C, D) TEM images
of recycled Au-CNP catalyst (of two different recycled samples). (C) The sample was prepared following

completion of the first cycle of reaction; (D) the sample was from the completion of the second cycle.
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The stability and the ability to recycle the catalyst were also investigated. Firstly, the
supernatant of the reaction mixture showed no significant absorbance above 300 nm (Figure.
3.9A.), thus excluding the presence of ionic Au species in the medium and at the same time
indicating the stability of the NPs. Moreover, TEM and XRD studies of the recovered catalyst
indicated the stability of the Au NPs in terms of their shape and size (Figure. 3.9). Accordingly,
the catalyst was successfully recycled twice without compromising the conversion (98%) of the

starting material as well as the yield (89%) of the desired product.

Table 3.4. Performance of Recycled Catalyst

Time %yields Conversion (%)
18t 89 99.5
. 89 99

3.4. CONCLUSIONS

In summary, I have developed a simple method to synthesize Au-CNP composite, which was
used for homocoupling reaction of phenylboronic acid. Importantly, selectivity of the reaction
in the presence of H,O and dissolved oxygen indicated the exceptional role played by Au NPs
being supported on CNP. That the catalyst was stable and could be recycled is important for its
practical application. This reaction may open new doors of metal-CNP composite towards
coupling reaction and production of fine chemicals and pharmaceuticals of industrial

importance.
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Gas-Chromatographic Analysis

a) GC of pure Biphenyl
. Qualitative/Quantitative Report
File: C:\TURBOMASS\OFN.PRO\Data\BP.raw
Acquired: 05-Jul-13 06:22:30 PM Printed: 06-Jul-13 11:08 AM
Description: GBPIC
GC/MS Method: GC: RAMP 10 METAHNOL.mth MS: RAMP10 METHANOL.EXage 1 of 2
Sample ID: GCM'S-0355—MeOH-APL Vial Number: 2
BP - Scan El+
100 e 1.0;::;
%_
0 T T T T T T T T T = T T T T —~Time
10.00 12.00 1400 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00
# RT Scan Height Area Area% | Norm % |Name
1 8.949 190 2,150,250 67,4107 0.125 0.16
2 9.854 371 625,540 44,032.1 0.082 0.10
3 14.006 1201 619,916 48,760.2 0.091 0.12
4 a4 1348 873,008 47,4348 0.088 0.11
5 14781 1356 1,244,000 55,1406 0.102. 0.13
T 6 15762 1552 813,776 40,939.8 0.076 0.10
I 2T Y7 1649 1,190,831 81,260.0 0.151 0.19
.8 16332 1666 1,436,381 87,517.7 0.162 0.21
9 16432 1686 1,197,350 47,817.0 0.089 0.11
10| 16622 1724 1,064,588 58,029.8 0.108 0.14
11 16.737 1747 1,226,305 82,042.2 0.152 0.19
12| 16.837 1767 1,004,482 42,9219 0.080 0.10
13| 21.039 2607 1,495,648 483172 0.090 0.11
14 21384 2676 1,129,492 52,639.4 0.098 0.12
15 21.439 2687 1,104,545 90,786.5 0.169 0.21
16 21614 27221 1,076,733,440 42,262,072.0 78.453 100.00
17, 21.959 2791 5,826,133 1,692,026.2 3.141 4.00
. 18] 23620 3123 3,621,632 151,488.8 0.281 0.36
19l 23685 3136 1,501,677 44,189.4 0.082 0.10
20]  23.740 3147 1,135,920 50,930.7 0.095 0.12
21 24865 3332 1,040,209 44,959.2 0.083 0.11
22 24710 3341 995,932 58,055.6 0.108 0.14

Inst() ACQUISITION
Oven: Initial temp 50°C for 2 min, ramp 10°C/min to 280°C, hold 5 min, InjAauto=290°C, Volume=1 pL, Split=50:1, Carrier
Gas=He, Solvent Delay=8.00 min, Transfer Temp=200°C, Source Temp=180°C, Scan: 50 to 600Da, Column 60.0m x 250pm
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b) GC of pure Phenol
N Qualitative/Quantitative Report
File: C:\TURBOMASS\OFN.PRO\Data\PHoh.raw .
Acquired: 05-Jul-13 06:56:45 PM Printed: 06-Jul-13 11:08 AM
Description: GBPIC
GC/MS Method: GC: RAMP 10 METAHNOL.mth ~ MS: RAMP10 METHANOL .EXPege 1 of 2
Sample ID: GCMS-0356-MeOH-APL Vial Number: 3
[PHoh - Scan E’II:J
100, 3 3.30e8
%
B @
< QW
b g
T T \AL“l T T T T IBSERAL T T T IN —Time
10.00 12.00 14.00 16.00 18.00 20.00 22.00 24,00 26.00 28.00 30.00
# RT Scan Height Area Area % | Norm % |Name
1 8.959 192 1,612,792 75,871.1 0.253 0.48
2 11.630 726 912,914 48,668.2 0.162 0.30
3 14.481 1296 328,981,632 15,965,426.0 53.229 100.00
4 14.906 1381 3,453,720 355,920.3 1.187 223
5 15.046 1409 2,864,162 99,778.9 0.333 0.62
e 15.076 1415 2,845,654 364,637.0 1.216 2.28
7 15.396 1479 1,376,706 50,756.9 0.169 0.32
8 15.421 1484 1,231,610 56,213.0 0.187 0.35
9 15.496 1499 1,022,989 62,669.3 0.209 0.39
10 15.737 1547 1,248,302 85,963.1 0.287 0.54
N 15.857 1571 947,092 52,607.8 0.175 0.33
12 15.912 1582 918,519 63,365.3 0.211 0.40
13 17.972 1994 849,631 69,939.2 0.233 0.44
14 22.309 2861 1,460,278 70,107.0 0.234 0.44
15 22.379 2875 1,227,275 78,819.1 0.263 0.49
16 23570 3113 1,022,833 59,783.2 0.199 0.37
17 23.645 3128 1,063,529 148,489.4 0.162 0.30
18 24.775 3354 1,444,880 70,167.7 0.234 0.44
’ L 24,815 3362 1,463,069 59,439.9 0.198 0.37
20 24.940 3387 1,451,284 101,937.8 0.340 0.64
21 25.045 3408 1,410,054 81,087.3 0.270 0.51
22 25.130 3425 1,403,078 115,087.9 0.384 0.72

Inst() ACQUISITION
Oven: Initial temp 50°C for 2 min, ramp 10°C/min to 280°C, hold 5 min, InjAauto=290°C, Volume=1 yL, Split=50:1, Carrier
Gas=He, Solvent Delay=8.00 min, Transfer Temp=200°C, Source Temp=180°C, Scan: 50 to 600Da, Column 60.0m x 250um

TH-1424 09612225
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¢) GC of pure Naphthalene (Internal Standard)

Qualitative/Quantitative Report

-

C:\TURBOMASS\OFN.PRO\Data\NP.raw

File:
Acquired: 05-Jul-13 05:33:59 PM Printed: 06-Jul-13 11:06 AM
Description: GBPIC :
GC/MS Method: GC: RAMP 10 METAHNOL.mth MS: RAMP10 METHANOL.EXfPage 1 of 2
Sample ID: GCMS-0353-MeOH-APL Vial Number: 1
P Scan El+|
100 3 TIc
S 8.67e8
%
& &
2 0
0 7 1 T T T LI H T LI T T T T T T T TWTime
L 10.00 12.00 14.00° 16,00 18.00 20.00 22.00 24.00 26.00 28.00 30.00
T # RT Scan Height Area Area% | Norm % |Name
1 8.944 189 3,282,364 131,405.9 0.232 0.39
2] 10259 452 1,331,204 83,138.0 0.147 0.25
3| 10379 476 1,388,476 " 85,572.1 0.151 0.25
4 10664 533 1,415,016 77,868.2 0.137 0.23
5 12325 865 1,295,374 88,123.0 0.156 0.26
6/ 12.995 999 1,447,451 856296 0.151 0.26
7 13.260 1052 | 1,984,392 110,347.6 0.195 033
8| 13436 1087 1,868,089 202,267.1 0.357 0.60
9| 13546 1109 1,851,910 114,201.4 0.202 0.34
10]  13.691 1138 1,787,562 148,476.1 0.262 0.44
11 14.226 1245 1,385,752 129,567.1 0.229 0.39
12| 14586 1317 1,393,417 77,040.9 0.136 0.23
13)  14.801 1360 1,611,823 103,431.1 0.183 0.31
14 15,031 1406 1,492,629 87,618.9 0.155 0.26
15| 15316 1463 1,649,913 88,861.8 0.157 0.26
16/ 15962] 1502 1,561,350 79,205.2 0.140 0.24
17| 16.287 1657 | 1,941,880 193,185.0 0.341 0.58
18]  16.402 1698 | 1,625,465 102,442.5 0.181 0.31
. 19] 16602 1738] 2,182,852 120,954.0 0.213 0.36
T 200 16777 1755 1,926,358 111,017.3 0.196 0.33
21 17.037 1807 2,123,106 1977875 0.349 0.59
2] 17432 1826 2,33099 | 1492088 0263 0.44
Inst() ACQUISITION

Oven: Initial temp 50°C for 2 min, ramp 10°C/min to 280°C, hold 5 min, InjAauto=280°C, Volume=
Gas=He, Solvent Delay=2.00 min, Transfer Temp=200°C, Source Temp=180

TH-1424 09612225
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1 yL, Split=50:1, Carrier
°C, Scan: 50 to 600Da, Column 60.0m x 250pm
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Qualitative/Quantitative Report

C\TURBOMASS\OFN.PRO\Data\NP.raw

File:
Acquired: 05-Jul-13 05:33:59 PM Printed: 06-Jul-13 11:06 AM
Description: GBPIC .
GC/MS Method: GC: RAMP 10 METAHNOL.mth MS: RAMP10 METHANOL.EXfage 2 of 2
Sample ID: GCMS-0353-MeOH-APL Vial Number: 1
| — T I
# RT Scan Height Area Area% | Norm % |Name |
L23§ 17357 1874 1,988,865 749033 04132 022 | |
24 17777 1955 1,561,179 96,165.8 0.170 0.29 1 |
/ 25| 18823 2164 863,561,728 ~ 33,578,664.0 59.261 100.00
26 18.948 2189 16,306,575 1,144,395.9 2.020 3.41 f
27 19.088] 2217 3286100 352,718.0 0.622 1.05
28] 20233] 2446 1,582,686 121,052.9 0214 0.36 T 1
290 20703 2540 1,947,480 75,164.7 0.133 T0.22 ‘ B
30 20764] 2552 1,828,210 1107,767.6 0.190 0.32 T
[ 31 21144 2628 1,695,966 78,197.6 0.138 0.23
’ 32 21604, 2720 1734812 101,224.5 0.179 0.30 |
| 33 21889 2777 2,091,191 1116889 0.197 0.33 f
| 34 21979 2795 1,852,552 " 88,872.0 0.157 0.26
’ 35 22139 2827 1,844,442 119,135.6 0.210 0.35 | 1
| 3 22284 2856 1,599,120 81,614.6 0.144 0.24
37 22.969 2993 1,442,264 86,609.2 0.153 0.26
f' 38| 23730 3145 2,259,611 1171066 0.207 0.35 ;‘
|39 25130 3425 1,773,386 12308711 0217 037
{ 40, 25525 3504 1,809,522 863054 0182 026 L
41 27.086 3816 1,603,168 95,973.4 0.169 0.29 j
T 42 2732 3864 2,991,741 95,8538 0.169 020] N R
43 27376 3874 2,562,157 75,663.7 0.134] 023
| a4 27418 3882 3,024,851 137,024.9 0.242 0.41
‘;45' 27.461 3891 3,162,228 90,663.3 0.160 0.27 g
46| 27.551 3909 2,037,596 79,5791 0.140 0.24 |
47 27771 3953 1,806,066 142,558.2 0.252 0.42
48] 27.861 3971 2,744,068  110,520.1 0.195 0.33
| 49| 28272 4083 7682229 3,012,434.8 5316 897 .
[‘ 50 28617 4122 1988032  92,666.7 0.164 | 0.28 ]
Inst() ACQUISITION

Oven: Initial temp 50°C for 2 min, ramp 10°C/min to 280°C, hold 5 min, InjAauto=290°C, Volume=
Gas=He, Solvent Delay=2.00 min, Transfer Temp=200°C, Source Temp=18

TH-1424 09612225
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1 uL, Split=50:1, Carrier
0°C, Scan: 50 to 600Da, Column 60.0m x 250pm



CHAPTER-3

d) GC of 1:1 mixture of Biphenyl and Naphthalene

C:\TURBOMASS\OFN.PRO\Data\BNP.raw

Qualitative/Quantitative Report

File: .
Acquired: 05-Jul-13 07:30:59 PM Printed: 06-Jul-13'11:08 AM
Description: GBPIC
GC/MS Method: GC: RAMP 10 METAHNOL.mth MS: RAMP10 METHANOL.EXRge 1 of 2
Sample-ID: GCMS-0357-MeOH-APL Vial Number: 4
BNP - - Scan E'E:
100 e e 6.06e8
%
0 T T T T T T e T 7 T T BB Time |
10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 3000 |
#  RT Scan Height Area Area% | Norm % |Name
1 8.959 192 2,074,527 65,956.2 0.121 0.28
2 9.014 203 1,111,343 36,188.6 0.066 0.15
3] 10.805 561 699,364 33,464.6 0.061 0.14
4 10850 570 636,025 38,016.6 0.070 0.16
5/ 11120 624 799,560 36,720.2 0.067 0.16
6 14771 1354 696,082 33,891.2 0.062 0.14
70 15122 1424 746,510 39,872.8 0.073 0.17
8| 15472 1494 667,800 38,647.4 0.071 0.16
9] 16542 1708 | 813,366 41,8919 0.077 0.18
10,  18.828 2165 584,523,264 22,135,654.0 40.518 94.37
11 18.963 2192 7,017,682 493,279.0 0.903 2.10
12| 19.148 2229 666,632 34,978.0 0.064 0.15
13| 20.909 2581 699,414 33,397.7 0.061 0.14
14, 21.039 2607 952,033 44,2492 0.081 0.19
15 21.604 27200 605,363,584 23,456,716.0 42.936 100.00
16 21.914 2782 1,527,879 ' 52,968.6 0.097 0.23
17)  21.989 2797 1,028,576 41,4306 0.076 0.18
18|  22.085 2816 688,347 37,3176 0.068 0.16
. 19) 23210 3041 828,050 35417.8 0.065 0.15
1 20] 23630 3125 1,956,983 131,663.7 0.241 0.56
21|  23.785 3156 962,191 45,584.9 0.083 0.19
22| 23.855 3170 1,042,600 51,462.2 0.094 0.22

Inst() ACQUISITION
Oven: Initial temp 50°C for 2 min, ramp 10°C/min to 280°C, hold 5 min, InjAauto=290°C, Volume=1 L, Split=50:1, Carrier
Gas=He, Solvent Delay=8.00 min, Transfer Temp=200°C, Source Temp=180°C, Scan: 50 to 600Da, Column 60.0m x 250um

TH-1424 09612225
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e) GC of Reaction Mixture

s Qualitative/Quantitative Report
File: C:\TURBOMASS\OFN.PRO\Data\RXN-1.raw
Acquired: 05-Jul-13 08:39:21 PM Printed: 06-Jul-13 11:09 AM
Description: GBPIC
GC/MS Method: GC: RAMP 10 METAHNOL.mth MS: RAMP10 METHANOL.EXage 1 of 2
Sample ID: GCMS3-0359-MeOH-APL Vial Number: 6
RXN-1 N Scan EI+
- o
%
S
s
,%l \
0 T T T T T T T T MVABSREL T T —Time
10.00 12.00 14.00 16.00 1800 2000 2200 2400 2600 2800  30.00
# RT Scan Height Area Area % | Norm % |Name
1 8.959 192 1,779,218 62,1935 0.064 0.15
2 9.014, 203 954,004 47,707.0 0.049 0.12
3| 14471 1294 127,828,688 7,424,364.5 7.608 18.01
4] 14.891 1378 2,590,840 67,258.8 0.069 0.16
5/ 14.921 1384 1,927,404 57,874.9 0.059 0.14
6  14.961 1392 1,768,154 91,769.8 0.094 0.22
7| 15036 1407 1,620,464 48,638.2 0.050 0.12
8|  15.066 1413 1,580,716 48,2186 0.049 0.12
9|  15.001 1418 1,605,584 73,684.9 0.076 0.18
10/  15.141 1428 1,078,758 43,115.1 0.044 0.10
11 15.201 1440 1,238,295 " 54,169.9 0.056 0.13
12| 15.286 1457 1,051,482 47,280.3 0.048 0.1
13| 15.326 1465 917,108 47,7977 0.049 0.12
14| 15.977 1595 942,965 45,5826 0.047 0.1
15| 16512 1702 973,785 42,8718 0.044 0.10
16| 18112 2022 1,459,168 51,9416 0.053 0.13
17| 18.843 2168 968,315,136 37,540,484.0 38.470 91.05
. 18]  18.968 2193 9,252,244 441,9206 0.453 1.07
. 19,  19.078 2215 1,603,049 113,546.2 0.116 0.28
20 19.323 2264 1,285,585 455114 0.047 0.1
21 19.453 2290 1,127,537 432597 0.044 0.10
22| 21.049 2609 5,281,171 " 156,725.3 0.160 0.38
Inst)  ACQUISITION

Oven: Initial temp 50°C for 2 min, ramp 10°C/min to 280°C, hold 5 min, InjAauto=290°C, Volume=1 pL, Split=50:1, Carrier
Gas=He, Solvent Delay=8.00 min, Transfer Temp=200°C, Source Temp=180°C, Scan: 50 to 600Da, Column 60.0m x 250pm

TH-1424 09612225
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Qualitative/Quantitative Report

C:\TURBOMASS\OFN.PRO\Data\RXN-1.raw

File:
Acquired: 05-Jul-13 08:39:21 PM Printed: 06-Jul-13 11:09 AM
Description: GBPIC
GC/MS Method: GC: RAMP 10 METAHNOL.mth MS: RAMP10 METHANOL.EXaige 2 of 2
Sample 1D: GCMS-0359-MeOH-APL Vial Number: 6
# RT } Scan Height Area Area % | Norm % |Name

23| 21619 2723 1,087,373,824 41,231,036.0 42.252 100.00

24|  21.974 2794 1,220,029 64,314.5 0.066 0.16

25| 23620 3123 5,124,658 201,344.3 0.206 0.49

26/  23.705 3140 1,280,878 56,538.7 0.058 0.14

27| 24450 3289 805,167 51,006.9 0.052 0.12

28| 25240 3447 985,181 43,509.2 0.045 0.11

29 25405 3480 2,082,067 103,255.0 0.106 0.25

30 25470 3493 1,910,820 103,109.1 0.106 0.25

31 25.545 3508 1,759,299 90,186.6 0.092 0.22

32| 25590 3517 1,585,263 71,806.1 0.074 0.17

33| 25640 3527 1,498,001 43,030.1 0.044 0.10

34|  25.881 3575 1,681,034 50,199.5 0.051 0.12

35 25941 3587 7,354,811 446,605.5 0.458 1.08

36| 26516 3702 1,059,926 48,709.2 0.050 0.12

37| 26.716 3742 1,022,255 66,4953 0.068 0.16

38! 26.956 3790 869,194 49,348.6 0.051 0.12

39| 27.166 3832 1,463,915 64,733.0 0.066 0.16

40| 27.261 3851 1,108,254 46,353.4 0.048 0.1

41 27.446 3888 1,363,652 47,380.1 0.049 0.11

42|  27.981 3995 1,355,401 91,043.2 0.093 0.22

43| 28126 4024 1,220,337 42,128.9 0.043 0.10

44| 28297 4058 1,573,857 69,090.6 0.071 0.17

45 28.402 4079 1,994,600 86,911.4 0.089 0.21

46|  28.437 4086 1,480,823 57,8107 0.059 0.14

47| 28527 4104 5,507,447 328,098.3 0.336 0.80

48| 28612 4121 2,228,513 87,757.0 0.090 0.21

49|  28.667 4132 1,219,610 54,057.4 0.055 0.13

50|  29.162 4231 1,374,702 63,370.8 0.065 0.15
Inst() ACQUISITION

Oven: Initial temp 50°C for 2 min, ramp 10°C/min to 280°C, hold 5 min, InjAauto=290°C, Volume=1 L, Split=50:1, Carrier
Gas=He, Solvent Delay=8.00 min, Transfer Temp=200°C, Source Temp=180°C, Scan: 50 to 600Da, Column 60.0m x 250um

TH-1424 09612225
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Highly Fluorescent Carbon Dots as Invisible Ink and

Explosive Sensor
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Highlights: e Facile, large scale and environment friendly synthesis of high
quantum yield Cdots.

e Applications based on bright photoluminescence of Cdots: Invisible

ink & Explosive sensor

4.1. INTRODUCTION

Maturity of a technology is not only expressed by the extent of development in the field and in
applications but also by the degree of accessibility of the methods for fabrication and consequent
usage for a larger populace. In this regard, notwithstanding the recent rapid development of the
field of nanoscale science and technology, there is plenty of opportunity for new and
fundamentally different approaches in synthetic methodology. This is especially true for
colloidal nanomaterials where methods can be made simpler and easier for production at larger
scale, using commonly accessible materials and machines. In other words, synthesis of
nanomaterials is still the prerogative of specialized laboratories and is yet to reach the public
domain. Thus there is a need for development of synthetic methods which will be amenable to

commercial production. The method could also be based on traditional knowledge.

Synthesis of carbon nanoparticles (CNPs) in a large-scale is still challenging and requires
investigation, especially particles with important optical and chemical properties. The key issue
is to produce large quantities of CNPs with high quantum yield (QY) for photoluminescence

which demands newer methods could bring novelty and ease of production of CNPs.

Although carbohydrate and other polymer based molecules are known to produce
fluorescent smaller CNPs, more popularly known as carbon dots (Cdots), there are recent
reports which suggest that smaller molecules such as citric acid could be potential candidates for
producing Cdots with high fluorescent quantum yield (QY) [111, 153-155, 172-173]. In addition,
introduction of microwave-based methods of synthesis of Cdots has brought new results in
terms of tuning of wavelength of emission and also photoluminescence QY. However,
production of Cdots using these methods generally requires either harsh reaction conditions or
the process is time-consuming, with not necessarily resulting in products with high QY. Further,
lack of opportunity for use of solvent other than water, loss of materials during heating and
energy efficiency become major hurdles for commercial scale production. In this chapter I have
introduced a new method of synthesis of highly fluorescent Cdots from a mixture of citric acid
and nitrogen containing passivating agent such as ethylenediamine, using commercially

available induction coil heater. Induction heating is faster, safer and energy efficient in

The work contained herein is published in the peer reviewed journal [Sk et al. RSC Adv. 2014, 4, 31994.]
TH-142%efd86i2@R%h permission of The Royal Society of Chemistry.
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comparison to other commonly used heating techniques for performing chemical reactions
[156]. The current method produced small Cdots with high fluorescent QY. In addition, the
Cdots were coupled with chitosan polymer to produce a gel which could be used for UV-active
marking. Further, the fluorescence property of the Cdots was used for sensing nitroaromatic

phenol explosive with high sensitivity.

4.2. EXPERIMENTAL

Materials. Citric acid, ethylenediamine, and other chemicals were purchased from Merck
India. Chitosan was procured from Marine Chemicals, India. Dialysis membrane (dialysis
tubing, benzoylated) was purchased from Sigma-Aldrich. All were used as received without
further purification. Elix grade water was used in all the experiments. Induction cooker and
non-stick frying pan were procured from Philips (model no- HD4908, 220-240V AC, 50/60 Hz)

and Prestige respectively.

Preparation of Cdots. Firstly, 3 mM (630 mg) citric acid was taken in a non-stick
frying pan and then 50 mL water was added to the pan. The mixture was shaken until citric acid
was dissolved. After that 2 mM (134 uL) ethylenediamine was added to it and the mixture was
again shaken till a clear solution was obtained. The mixture was then placed on an induction coil
heater and temperature was set at 100 °C (500 W) and reaction time was kept for 12 min. After
completion of the reaction, the hot pan was cooled to room temperature either by placing on
water bath or was air-cooled. The final product was dark brown syrup. The product was
dissolved in 10 mL water followed by dialysis using 1 KDa (dialysis tubing, benzoylated) dialysis
membrane for 24 h. The weight percentage of yield was c.a. 63% with respect to the citric acid,
calculated following purification of product by dialysis. The sample was used for further

analyses.

For large scale synthesis, 5.040 gm (24 mM) citric acid, 1.064 mL (16 mM) ethylenediamine
and 50 mL water were taken in the frying pan. The rest of the procedure was same as above;
however, the heating time was kept at 15 min. The weight percentage of yield was c.a. 86 % with
respect to the citric acid as calculated before purification. Also, the weight percentage of yield
was c.a. 70% with respect to the citric acid and ethylenediamine as calculated prior to

purification.

I also performed the reaction at 130 °C (800 W) with 3 mM (630 mg) citric acid and 2 mM

(134 pL) ethylenediamine. But heating time was set at 8-9 min. It was observed that if heating

TH-1424 09612225 62
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was performed at 130 °C or higher temperature relatively lesser time was required for the

formation of Cdots than that at 100 °C.

Preparation of Cdot Gel Ink. 100 mg chitosan was taken in a beaker and 10 mL
water was added to it followed by the addition of 100 pL acetic acid. The mixture was stirred
until chitosan was dissolved i.e. a clear solution was obtained. Then desired amount of Cdot
dispersion was added to it and the mixture was stirred for 5 min. This led to the formation of gel,

which was ready for use as ink for gel pen.

For the sensing applications, Cdot ink (gel) was prepared by dissolving 100 mg chitosan in
20 mL water with further addition of 100 pL acetic acid and the concentration of Cdot was kept
at 0.01 mg/mL. Only 4 pL of Cdot ink was used for making spot on non-fluorescent paper and

then the spot was dried for sensing or other applications.

Preparation of Cdot Film. As-prepared carbon dot ink was spread on a watch glass
or polypropylene plate and was dried for 24 h at 50 °C. This led to the formation of a film which

could be easily lifted using forceps.

Optical Measurements. The titration of the Cdots with different molecules in DMF
solution (measured using fluorescence spectroscopy) were carried out by directly adding small
aliquots (10 pL) to the 3 mL of the DMF solution (containing 0.1 mg/mL carbon dots) in a

quartz cuvette (1 cm x 1 cm). Fluorescence was recorded at room temperature.

Analytical Measurements. Cdots were characterized using transmission electron
microscopy (JEOL 2100 UHR-TEM, operating at 200 KV), UV-vis spectroscopy (Hitachi U
2900  spectrophotometer), photoluminescence spectroscopy (Horiba Fluoromax-4
spectrofluorometer), powder X-ray diffraction (Brucker D8 Advanced X-ray diffraction
measurement system) with Cu Ka source (A =1.54 A), nuclear magnetic resonance spectroscopy
(Bruker, 600 MHz), Fourier transform infrared spectroscopy (Perkin Elmer IR spectrometer),
electron paramagnetic resonance (JEOL, Model: JES-FA200) spectrometry, time-resolved
photoluminescence spectroscopy (Eddinburg Instruments, Model: FSP920) and X-ray
photoelectron spectroscopy (PHI 500 Versa Probe II , ULVAC-PHI, INC, Japan).

63
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Quantum Yield Calculation. 1 have calculated Quantum yield with respect to

quinine sulphate (QS) in 0.1 M H,SO4, using the following formula.

I. A 772,
0, = 0, xS x 2t x s
B PR W

Where, Qs = quantum yield of sample; Qr = quantum yield of reference; Is = area under PL
curve of sample; Iz = area under PL curve of reference; Az = absorbance of the reference; As =

absorbance of the sample; ns = refractive index of sample; nr = refractive index of reference.
Q.Y. of quinine sulphate = 0.54; Refractive Index: water = 1.33

(The concentration of all samples and the reference quinine sulphate were adjusted so that the
optical densities of all samples were 0.020 + 0.003 at the excitation wavelength (365 nm)).

It is important to mention here that quantum yield results reported in Table 4.1 and 4.2
were obtained from single absorbance measurements. This was done to get the best sample
result. On the other hand, the quantum yield reported below for Cdots synthesized from citric
acid and ethylenediamine was calculated from the integrated fluorescence intensity versus

absorbance plot. Hence the difference would be due to methods used.

Quantum Yield Calculation of Cdots synthesized from Citric acid and
Ethylenediamine. Quantum yield was measured according to established procedure by

using quinine sulfate in 0.10 M H.SO, solution as the standard. Absolute values were calculated

according to the following equation:

Qs = Qr X (ms / mg) x (ns / ng)>?

Where, Q is the quantum yield, m is the slope of the plot of integrated fluorescence intensity vs
absorbance and n is the refractive index (taken here as 1.33, the refractive index of distilled

water). The subscript R refers to the reference fluorophore, quinine sulphate solution. In order

TH-1424 09612225 64



CHAPTER-4

to minimize re-absorption effects, absorbance was kept below 0.15 at the excitation wavelength
of 365 nm. The values ms = 5.19 and mgr = 3.81 were obtained from the plot of integrated
fluorescence intensity vs absorbance. The quantum yield of Cdots (obtained from reaction of

citric acid with ethylenediamine) was calculated to be 73.5 %.
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Figure. 4.1. Integrated fluorescence intensity versus absorbance of Cdots and quinine sulfate. The

sample was synthesized from the reaction of citric acid with ethylenediamine.

Table 4.1. Optimization of citric acid and ethylenediamine ratio for Cdots synthesis

SN Carbon Source Surface Passivation Agent Quantum Yield (%)
1 3 mM Citric Acid No 1.6
2 3 mM Citric Acid 1 mM Ethylenediamine 12
3 3 mM Citric Acid 2 mM Ethylenediamine 70.1
4 3 mM Citric Acid 3 mM Ethylenediamine 71.4
5 3 mM Citric Acid 4 mM Ethylenediamine 72.6
65
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Table 4.2. Quantum Yield of Cdots prepared under different reagent conditions

SN Carbon Source Surface Passivation Agent QY (%)
1 Citric Acid No 1.34 £ 0.37
2 Citric Acid Ethylenediamine 75.9 £ 7.3
3 Citric Acid 1,3- Diaminopropane 77.3 £ 5.6
4 Citric Acid N-(2-Aminoethyl)-1,2-ethandiamin 55.5

5 Citric Acid o-Phenylenediamine 38.25

6 Citric Acid p-Phenylenediamine 2.38

7 Citric Acid N,N-Bis(2-aminoethyl)-1,2-ethandiamin 56.7

8 Citric Acid Urea 12.90

9 Citric Acid Thiourea 6.50

10 | Citric Acid 4,7,10-Trioxa-1,13-tridecane diamine 12.8

11 | Alginate Ethylenediamine 1.63

12 | Glucose Ethylenediamine 0.41

13 | Glutamic Acid Ethylenediamine 11.56

14 | Aspartic Acid Ethylenediamine 17.16

4.3. RESULTS & DISCUSSION

Experimentally, when a mixture of citric acid and diamine (a reactant and passivating agent) in
water was heated at 100 °C, in a sauce pan placed on a commercial induction coil (500 W), for
12-15 min (depending on the nature of the passivating agent), a brown paste was obtained
(Figure 4.2a). The paste could easily be transferred to a vial for further analysis. The brown
paste could also be dried which appeared as black powder and several such samples could be
accumulated (Figure 4.2b). The powder when redispersed in water appeared brown in the
visible light; however, the dispersion appeared intense blue upon excitation by UV light (Figure
4.2¢). It may be mentioned here that the images in Figure 4.2 are from the product of reaction of
citric acid with ethylenediamine, which was found to yield product with high fluorescence QY
with an optimum molar ratio of 3:2, respectively (Table 4.1). In the subsequent sections, results

will be presented for the same sample unless mentioned otherwise.
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Figure. 4.2. (a) Photographs representing synthetic method for highly fluorescent Cdots. (b) Photogaph
of dried Cdots. (¢) Dispersion of Cdots in visible light and UV light (365 nm). (d) UV-Vis spectrum of

Cdots in water. (e) Wavelength-dependent emission spectra of Cdots in water.

The UV-vis spectrum of the dispersion consisted of two peaks — one at 242 nm, while the
other one appeared at 350 nm (Figure 4.2d). The peak at 242 is assigned to m-m* transition,
which could be due to a product having c-c ;t bonds [154]. On the other hand, the peak at 350
nm is typical of Cdots, which upon excitation with the light resulted in strong blue emission at
454 nm (Figure 4.2¢). The emission is assigned to surface states of Cdots [108, 111]. However,
the presence of defect states cannot be ruled out [157]. Since Cdots are known to have
wavelength tuneable emission, this was also pursued. It was observed that although the
emission did have wavelength tuneability, however, the extent was weak. For example, when the
dispersion was excited by light of wavelengths from 325 — 400 nm, there was considerable
change in intensity of emission and no discernible change in emission wavelength. On the other
hand, excitation beyond 400 nm resulted in weaker emission with no significant change in
wavelength of emission. One reason for this could be due to the production of uniformed sized
Cdots [110]. Further, QY for sample prepared from different passivating agents (in addition to

citric acid as the precursor) indicated that presence of ethylenediamine provided Cdots with QY

67
TH-1424 09612225



CHAPTER-4

as high as 73.5%. It may be mentioned here that QY of Cdots as high as 83 % has been reported
earlier [173]. The large QY resulted in easy observation of fluorescence from Cdots using an
ordinary chromatographic UV-lamp, at concentration as low as 1.0 pg/mL. All other compounds

resulted in products with lower or much lower QY. The details are available in Table 4.2.

Carbon Dots

Rhodamine 6G

0 25 50 75 100 0 1200 2400 3600
Time / ns Time / Sec

Figure 4.3. (a) Time-resolved fluorescence decay profile of Cdots in water. The excitation wavelength
was set at 375 nm and emission was probed at 450 nm. (b) The effect of photo-irradiation time on the

fluorescence intensity of Cdots and the organic fluorophore rhodamine 6G in water.

Time-resolved fluorescence decay profile of the Cdots dispersed in water could be fitted
with bi-exponential function. The average life time was calculated to be 13.3 ns (Figure 4.3a).
Interestingly, when Cdots were dispersed in dimethylformamide (DMF), average life time was
9.3 ns, again calculated using a bi-exponential function (Figure 4.11d and Table 4.3), and
indicating possible solvent dependence. Further, photoluminescence studies indicated that the
Cdots were stable and remained highly luminescent in the presence of high salt (KCl)
concentration (Figure 4.4), rendering them useful for versatile applications, especially in the
presence of high ionic strength. Studies of pH-dependent fluorescence of the Cdots revealed that
the emission intensity was nearly constant in the pH range of 4 to 11 (Figure 4.4), signifying
their potential utility in a wide pH range. Photostability experiments revealed that Cdots were
more stable (with a decay rate of 0.022%) in comparison to a popular dye such as rhodamine 6G

(having a decay rate of 0.45%, Figure 4.3b).
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Figure 4.4. Dependence of photoluminescence of Cdots on (a) pH and (b) ionic strength of the medium.
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Figure 4.5. (a) TEM image of Cdots. (b) High resolution TEM image and (c¢) SAED pattern of Cdots.
(d)Size distribution of Cdots as calculated from TEM images.
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Figure 4.6. (a) Powder XRD pattern of Cdots. (b) EPR spectrum of solid Cdots.
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Figure 4.7. FTIR spectrum of Cdots.

Transmission electron microscopy (TEM) revealed that as-synthesized Cdots were nearly
spherical with average particle size of 4.6 + 1.2 nm (Figure 4.5a). The size distribution of Cdots
as calculated from TEM images is shown at Figure 4.5d. The amorphous nature of the particles
was established by lack of observation of clear lattice fringes in the high resolution TEM as well

as any clear pattern in selected area electron diffraction (Figure 4.5b, ¢). X-ray diffraction (XRD)

TH-1424 09612225 70



CHAPTER-4

pattern consisted of a broad peak at 26 = 17°, suggesting the formation of amorphous carbon
structure (Figure 4.6a). Elemental analysis confirmed that the Cdots contained 39.76% C, 6.31%
H, 10.03% N and 43.90% O (as calculated). Further, 3C NMR spectroscopy (Figure 4.8)
revealed that sp2 as well as sp3 carbons were present in Cdots. The sp2 carbons were carbonyl in
nature (with peaks in the range of 170-185 ppm), which could be due to the presence of
carboxylic or amide groups. The peaks around 30- 45 ppm are attributed to the presence of
aliphatic sp3 carbon atom. Another peak at 72 ppm suggested that alcoholic or C-O-C aliphatic
sp3 carbon atoms were present. Also, Fourier transform infrared (FTIR) spectrum confirmed the
presence of -OH, C=0, C-N-C and -NH groups in the Cdots (Figure 4.7). The appearance of the
peak at 1709 cm instead of the peak of carbonyl group of citric acid at 1731 cm indicated the
formation of amide bond [159]. Further, the nature of bonding of carbon in the Cdots was
confirmed by X-ray photoelectron spectroscopy (XPS) (Figure 4.9) [111, 154, 160]. The XPS
result of Cy is attributed to the presence of C-C or C=C (284.8 eV), oxygenated carbon or C-N
(286.2 V) and amide carbonyl group or C=0 (287.9 eV) functional groups. The Nys spectrum of
Cdots contained two peaks at 399.9 eV and 401.5 eV, which correspond to the C-N-C and N-H
respectively. Also, the O,s spectrum showed two peaks at 531.6 eV (C=0) and 533.2 eV (C-0).
Interestingly, electron paramagnetic resonance (EPR) spectroscopy studies (Figure 4.6b)
indicated the presence of one or more singly occupied electron orbitals in the ground state (with

g = 2.012451), suggesting electron donation and acceptance properties of the Cdots [161-163].

-
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Figure 4.8. 3C NMR spectrum of Cdots.
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Figure 4.9. (a) X-ray photoelectron spectra of Cdots. (b) is for C;s, ¢) is for N;s and d) is for Oss.

It is important to mention here that the Cdots were not only dispersible in water but also in
organic solvents such as in N, N-dimethylformamide and dimethylsulfoxide, and weakly in
methanol. Further, it was observed that the product formation could easily be scaled to higher
amount primarily by using higher amounts of starting materials. The merit of high
photoluminescence QY, scalability and ease of dispersion in various solvents, make the case for
high application prospects of the Cdots. A versatile application could be in the form of UV-active
ink, which would otherwise be undetectable to visible light. For this purpose, a gel was prepared
using the so synthesized Cdots and chitosan biopolymer. The gel ‘ink’ was then used to fill up an
ordinary ball-point pen refill, the images of which - under visible and UV light - are shown in
Figure 4.10a-c. The refill could then be used to sketch images of different size and shapes on
non-fluorescent currency notes. A few of these images, which were recorded in the presence of
UV light, are shown in Figure 4.10b. Importantly, the ink adhered to the paper well such that
following washing with water and then with detergent solution the imprint was still clearly
discernible (Figure 4.10c). Further, as shown in Figure 4.10f, the gel could be converted into

highly fluorescent film. An important application of the water dispersible Cdots could be to
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follow water flow in fields. For this gram was incubated in the dispersion for 24 h, following
which it was exposed to UV-light for imaging. As is clear from Figure 4.10d, the Cdots percolated
into the gram with high efficiency and gave rise to clear fluorescent image in comparison to

control sample kept in water.

69E 19B

Figure 4.10. (a) Cdots filled ballpoint pen refill under visible light and UV light, respectively. (b)
Sketches drawn using Cdot ink which were discernible in UV light. (¢) UV-active sketch and its
appearance following washing with water and then by soap solution. (d) Image of uptake of Cdots by
gram (right) with control on the left. (€) Quenching of fluorescence of Cdot ink (concentration 0.1 mg /
mL) marked on non-fluorescent paper before (left panel) and after addition of various analytes (2 pl of 1.0
mM) on the spots. 1. picric acid, 2. 2,4- dinitrophenol, 3. 4-nitrophenol, 4. nitrobenzene, 5. 1,4-

benzoquinone, 6. 4-methoxybenzoic acid). (f) Appearance of Cdot film under daylight and UV light.

Finally, the highly fluorescent gel was also used for efficient detection of nitroaromatic
phenols such as picric acid and 2, 4-dinitro phenol, the primary constituents of explosives. The
Stern—Volmer binding constants (Ksv) for picric acid and 2, 4-dinitro phenol were found to be
3.72 x 104 M and 3.23 x 104 M, respectively, which are comparable with previously reported
values [163-171]. The results are shown in Figure 4.11a-b, 4.12. The detection limit of picric acid
was observed to be 75.6 ppb. I was also interested in finding the nature of quenching of
luminescence of Cdots by picric acid. This was pursued by time-resolved photoluminescence

(TRPL) studies which revealed that there was no change in average life time of Cdots in DMF

73
TH-1424 09612225



CHAPTER-4

upon addition of picric acid (conc. range from o to 100 uM), suggesting static quenching (Figure
4.11d & Table 4.3). Additionally, I observed that the quenching efficiencies of picric acid and 2,
4-dinitro phenol were much more than benzoquinone or 4-methoxy benzoic acid, indicating
selectivity of the process (Figure 4.10e & 4.11c). This is evident from the difference in

luminescence intensities of the spots of Cdots in the presence of the above reagents, as shown in

Figure 4.10e.
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Figure 4.11. (a) Quenching of fluorescence of Cdots (0.01mg / mL) by picric acid (o to 120 pM) in DMF
(Aex=365 nm). (b) Stern-Volmer plot of the quenching of fluorescence (conc. of picric acid used was up to
a maximum of 13.3 uM). (c¢) Extent of quenching of fluorescence of Cdots (0.01 mg/ml in DMF) following
addition of various analytes up to the concentration of 120 uM. (PA= picric acid, DNP= 24-
dinitrophenol, NP= 4-nitrophenol, NB= nitrobenzene, PH= phenol, QN= 1,4-benzoquinone and MSA= 4-
methoxybenzoic acid). (d) Time-resolved fluorescence decay curves of Cdots in DMF in absence and

presence of gradually increasing concentration of picric acid. The excitation and emission (probe)

wavelengths were set at 375 nm and 450 nm respectively.
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Table 4.3. Decay parameters of the fluorescence of carbon dots in DMF in absence and

presence of gradually increasing concentration of picric acid.

Conc. (UM) A (%) T: (ns) A (%) T- (ns) <t> (ns)
(6} 23.14 1.431 76.86 9.642 9.3
16.6 22.09 1.426 77.91 9.66 9.3
33.3 22.11 1.428 77.89 9.628 9.3
50 22.6 1.417 77.4 9.59 9.25
66.6 37.88 1.415 62.12 9.612 8.94
83.3 23.33 1.401 76.67 9.513 9.2
100 26.96 1.355 73.04 9.483 9.1
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Figure 4.12. Quenching of fluorescence of Cdots (0.01 mg / mL) by 2,4-dinitrophenol

(with

concentration varying from o to 120 pM) in DMF (Aex=365 nm). Stern-Volmer plot with respect to the

quenching of fluorescence (conc. of 2,4-dinitrophenol used was up to 26.6 pM).

4.4. CONCLUSIONS

In conclusion, I have demonstrated a new and facile method of synthesis of highly

photoluminescent Cdots. The use of commercial induction heater not only made the process fast

and efficient but also may help the process commercially viable. While preparations using

microwave oven have similar simplicity, induction coil heater offers unique advantages of

TH-1424 09612225
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uniform solvent evaporation, workability under different solvent conditions and ease of control
of temperature of heating of the sample. Further, the formation of a gel using chitosan
demonstrated the ease and versatility of the application as UV-active marker as well as sensor
for common explosives. The simplicity, scalability, generality and commercial viability of the

process may lead to important applications of the highly fluorescent Cdots.
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Dual Phase Logic Operations using luminescent
Carbon Dots

TH-1424 09612225



CHAPTER-5

Highlights: e Exploitation of photoluminescence property of Cdots in simple and

complex logic operations.
e Dual phase (in liquid & solid) logic system.

e (Cdots based logic structure for versatile applications.

5.1. INTRODUCTION

Complex decisive logic systems prevail ubiquitously in nature [174]. However, the effective
understanding and implementation of these logical operations in artificial systems have only
been used seriously only after the success of semiconductor based electronics. Regardless of the
growing demands and existing advantages of conventional silicon based technology, these
sublime naturally prevailing logical operations perfected over the course of evolution remain
essential for smooth functioning of everyday life [175-176]. Importantly, molecule-based
electronics — which promises significant improvement in computation power and speed — can
adopt or learn from some of the key concepts of these nature-based logic operations. This may
also help realize multifunctional ‘lab-on-a-molecule’ [177]. The inaugural works of de Silva and
co-workers [178] have inspired recent developments in molecular computations using “bottom-
up” approaches, based on organic and bio molecules, polymeric materials, molecular
assemblies, quantum dots, nanoclusters, nanoparticles and other nanomaterials [179-187, 197-
198]. Some of the key features of these low dimensional materials include structural tuneability
of the function [188], fast processing [176], liquid phase operation [179-182, 184-187],
environmental friendliness [187] and their ability to work in varied environment [182, 189].
However, an important requirement for their practical applications is the ability for complex
operations, which could be based on cascading of simpler individual processes. In addition, the
system would be more robust if it could be used in both liquid and solid phases. Interestingly,
although there are a large number of proposed devices which work in single phase (mostly in
liquid), multi-phase operative molecular logic systems are scarce [190-192]. To the best of our
knowledge, except for a gel based systems [193], the solid phase depiction of integrated logical

systems has not been demonstrated.

Herein I propose and demonstrate that carbon dot (Cdot) could be an important candidate
for cascade logic operations independently in two phases. This would be based on interactions of
molecular species with Cdot, leading to changes in photophysical properties (especially
luminescence) of its liquid dispersion and dried solid particles. More importantly, my

observations suggest that photophysical properties of Cdots are equally affected by molecular

The work contained herein is published in the peer reviewed journal [Sk et al. ChemPhysChem, 2015, 16, 723.]
Reproduced with permission of John Wiley and Sons.
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species both in their aqueous dispersions and solid phase. My experiments also suggest that
these properties make Cdot an ideal candidate for the development of multi-phase (medium)
molecule based computational material. Interestingly, except for a single example of a few logic
gate operations, the functionality of Cdots in complex computation has not been demonstrated
[194].

In this chapter I have developed basic logic gates like NOT, YES, AND, OR, IMPLIES;
universal gates NOR, NAND and molecular switch using Cdot as fluorophore and picric acid,
Fes3*, Fe2* and hydrogen peroxide as luminescence tuning inputs. I further constructed higher
order logic structures through appropriate integration of the chemical inputs. Also, a typical
demonstration of integration by cascading two individually functioning simple logic gates was
made for detection of Fe3* ions. These logic structures are not only good for operation in the
liquid medium but also are engineered to be operative in a simple solid phase, i.e., typically on a
non-fluorescent paper. For the demonstration of various logic functions, photoluminescence of
the Cdot was considered to be the logical output. When the output luminescence crossed the
marked threshold, the logic was considered high (1) and on the other hand when it failed to do
so, it was considered to be low (0). The excitation wavelength for all the logic functions was set
at 365 nm, while the emission wavelength was taken as 443 nm. The luminescence in solid
phase was monitored using a commercially available digital photographic camera while the

sample was under the UV radiation.

5.2. EXPERIMENTAL

Materials. Citric acid, ethylenediamine, CoCl,, CuSO,, NiCl,, HgCl,, ZnCl,, FeCl., KCl,
NaCl, PbSO,, Al,(SO,);, CaCl,, MgSO,, MnCl,, Cetyl trimethylammonium bromide (CTAB),
picric acid, ascorbic acid cysteine were purchased from Merck. FeCl; and 1KDa dialysis
membrane were procured from Aldrich. Chitosan was obtained from Merine Chemicals, India.
All were used as received without further purification. Milli-Q grade water was used in all the
experiments. Induction coil heater and non-stick frying pan were bought from Philips and

Prestige (India) respectively.

Synthesis of Cdots. Cdots were synthesized by our previously reported method as
discussed in chapter-4, where a mixture of 50 ml of 60 mM aqueous solution of citric acid was
taken in a non-stick frying pan and then 134 pl ethylenediamine (final conc. of ethylenediamine

was 40 mM) was added to it. Then the solution was heated using induction heater at 100 °C
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(500W) for 12 min which eventually led to the formation of Cdots. The product was dialysed by

1KDa dialysis membrane. The quantum yield of the Cdots was measured to be 73.5 %.

Optical Measurements. Optical measurements of Cdots were carried out by directly
adding aliquots of different molecules and metal ions in a quartz cuvette containing 3.0 mL Cdot
(0.01 mg/ mL) aqueous dispersion (measured using fluorescence spectroscopy, Horiba

Fluoromax-4 Spectrofluorometer). Fluorescence was recorded at room temperature.

Emission Quenching Phenomena of Cdots with Picric acid. The quenching
of photoluminescence of Cdots by picric acid has already been discussed in chapter-4. For
reversibility of emission, phase transfer process was introduced where Cdot-picric acid
dispersion was taken in a test tube. To this, a mixture of acetonitrile and ethyl acetate in a ratio
of 1:1.5 was added and then the mixture was shaken, coupled with addition of small amount of
sodium chloride. Then the organic layer which was yellowish in colour was separated from the
colourless aqueous layer by decanting. Then the fluorescence of aqueous layer was recorded.

This behaviour can be used to construct a molecular switch as shown in Figure 5.1.

Quenching of Emission of Cdots by Metal ions. The titration of the Cdots with
different metal ions in water medium (measured using fluorescence spectroscopy) was carried
out by directly adding aliquots of metal ions to the 3 mL of the dispersion (containing 0.01
mg/mL carbon dots) in a quartz cuvette, at room temperature. The excitation wavelength was
365 nm and emission was set at 443 nm. The relative luminescence emission is shown in Figure
5.2. In particular, the effect of Fe3* ions on Cdots was studied since they were found to be much
responsive, as shown in Figure 5.3. The reversible recovery of emission following quenching by
Fe3+ was obtained by simply adding of 50 pL of 0.1 M ascorbic acid or cysteine. After immediate
adding of 50 uL of 0.1 M ascorbic acid or cysteine to the Cdots - Fe3* mixture, 71% and 47%
emission revival was observed, respectively. But, after 30 min, there was almost 75% and 69%

revival of emission, respectively.

Logic Implementation on Non-Fluorescent Paper. For constructing logic
structures on non-fluorescent paper, Cdot ink (gel) was prepared by dissolving 150 mg chitosan
in 20 mL water with further addition of 100 uL acetic acid, keeping the concentration of Cdot at
0.01 mg/mL. Cdot ink (5 uL) was used for making spot on non-fluorescent paper, which was
then dried at room temperature or at 60 °C.

For hardware system, the inputs are same as in liquid phase unless until mentioned here. 5

uL of Cdot ink was used for making spot on non-fluorescent paper and also 2 uL picric acid
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(1mM), 5 uL FeCl; (1 mM) were used to quench the luminescence where needed and then the
paper was dried. In a particular case of OR logic system, 5 uL citric acid or mercaptopropionic
acid (0.2 M) was used as an input in place of ascorbic acid (as done in liquid media) with
another input as cysteine (5 uL, 0.1M). I found ascorbic acid was not suitable for solid phase
logic system but it was good for the reversibility of emission in solution phase logic system. Also,
for the case of AND or integrated logic system, phase transfer process which was used in
solution phase logic system was found to be not suitable and recover was achieved alternatively
by pouring 4 uL. CTAB (0.1M) on the spot where needed and was very gently wiped using tissue
paper or washed with a mixture of acetonitrile/ethylacetate (1:1.5) after drying the spot. Also,
cysteine was used as an input in place of ascorbic acid for AND logic system. For NAND logic
system, 5 uL FeCl, (1 mM) and 5 uL hydrogen peroxide (1%) were used. Except for phase

transfer process, in all other cases the spot was dried after addition of analyte.

5.3. RESULTS & DISCUSSION
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Figure 5.1. Molecular Switch. (a) The inherent fluorescence of the Cdots could be quenched through the
exposure to picric acid (OFF condition). The fluorescence can be revived (ON condition) through the

phase transfer process. (b) Switching of fluorescence (on and off) for six cycles.
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Molecular Switch. An aqueous dispersion of the as-synthesized Cdots showed optical
emission at 443 nm upon excitation at 365 nm. This inherent photoluminescence of the Cdots
can be quenched, by exposure to picric acid, which is based on static quenching mechanism as
discussed in chapter-4 [163]. I observed that the fluorescence could easily be recovered by
transfer of the quencher (picric acid) to organic phase (Figure 5.1). The reversible change in
luminescence could be used to build molecular switch. The OFF condition is achieved by
interaction of Cdots with picric acid (no fluorescence) and the ON condition is through the

phase transfer of the acid.
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Figure 5.2. Relative photoluminescence emission of Cdots (0.01 mg/ml) following addition of various

ions with final concentration of 100 uM for each ion.
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Figure 5.3. (a) Quenching of emission of Cdots (0.01 mg / mL) by Fe3+ ions (with FeCl; concentration
varying from o to 100 uM) in water (Aex=365 nm). (b) Stern-Volmer plot with respect to the quenching of

luminescence (conc. of FeCl; used was up to 10 uM). Stern-Volmer constant (Ks,) was calculated to be

3.46 x 104 M1,

Basic Gates. The as-synthesized luminescent Cdots were considered as the initial system
for demonstration of NOT logic. On exposure to picric acid (input logic 1), the
photoluminescence was quenched (output logic 0). When picric acid was absent (input logic 0),
the inherent emission had remained (output logic 1). The behaviour suits the logical NOT
operation as shown in Figure 5.4a. However, the same demonstration can also be made with
Fe3+ input - as shown in the Figure 5.4a - in place of picric acid. It has been established that
photoluminescence of Cdots can be quenched through the interaction with metal ions [111]. The
relative variations in emissions when the Cdots were treated with metal ions is shown in the
Figure 5.2 & 5.3. The Cdots were found to be highly responsive to Fe3+ ions as evident from the
figures. Literature reports suggest that quenching of Cdot emission by metal ions could be due

to dynamic quenching based on the ultrafast electron-transfer between the two species [111].
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Figure 5.4. Basic and Universal Gates. (a) The NOT gate was constructed by probing the carbon dot
luminescence with picric acid or Fe3+ as the input. (b) OR logic was obtained using a composite system
comprised of Cdots and Fe3+ with ascorbic acid and cysteine as inputs. (¢) AND logic behaviour was also
obtained using a composite system constructed with Cdots, picric acid and Fe3+. The inputs for this logic
were chosen to be the phase transfer process and ascorbic acid. (d) The as synthesized Cdots functioned
as NOR gate in presence of inputs Fe3+ and picric acid. (e) The Cdots functionality could be tuned with

Fe2+ and H,0, to develop NAND logic structure. (Aex = 365 nm, Aem = 443 nm)

Interestingly, when Fes+-treated Cdots were subsequently exposed to cysteine, the recovery

of luminescence could be observed. This is possibly due to the formation of Fe3*-cysteine
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complex [195], which led to the removal of Fes+ attached to the Cdots. The quenching of
fluorescence in the presence of Fe3* ions and then recovery following treatment with cysteine
could be considered as cascading of two NOT gates, resulting in the formulation of YES gate as

shown in the Figure 5.5.
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Figure 5.5. Basic Gates. (a) The basic logic gate YES was built from the composite system of Cdots and
Fe3+ with cysteine as the input. The system is non- fluorescent in the absence of the input Cysteine (input
logic 0) but is luminescent only in the presence of the input (input logic 1). (b) The other basic logic
structure IMPLICATION could be constructed by probing the Cdots with the inputs Fe3+ and ascorbic
acid. The logic table can be found in the Table 5.1(refer to page no. 94).

As mentioned earlier, the fluorescence of the composite system of Cdots and Fe3* is absent
or considerably low below the threshold. However, the fluorescence can be generated back upon
treatment with either ascorbic acid or cysteine or both. While ascorbic acid reduces Fes* to Fe2*,
cysteine forms complex with Fe3* leading to the recovery of fluorescence [195-196]. This
composite system of Cdots and Fe3* with ascorbic acid and cysteine as inputs suits OR logic, as

shown in Figure 5.4b. When both the inputs were absent (input logic 00), the luminescence
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intensity was low (output logic 0). On introduction of any one of the inputs (input logic 01, 10)

or both the inputs (input logic 11), the luminescence recovered (output logic 1).

Another composite system consisting of a mixture of Cdots, picric acid and Fe3+ ions
exhibits no fluorescence emission as it is collectively quenched by picric acid and Fe3+*. The
recovery of fluorescence of this composite system can only be achieved if the effects of both
picric acid and Fe3+ ions were nullified. The effect of picric acid can be negated with the transfer
of the quencher (picric acid) to organic phase (Figure 5.1). On the other hand, addition of
ascorbic acid reduces the Fe3* ion to Fe2* ion thus eliminating the quencher’s effect. Hence, to
revive the fluorescence (output logic 1), both the inputs are essential (input logic 11) and cannot
be achieved (output logic 0) with no input (input logic 00) or single input (input logic 10 or 01).
Thus, the system demonstrated the capability of the AND logic operation as shown in Figure
5.4c.

Another basic logic, i.e. IMPLICATION could be achieved by probing the Cdots with inputs
Fe3+and ascorbic acid as shown in Figure 5.5b. The output of this logic stays low (output logic 0)
i.e. absence of luminescence above threshold, only when the first input, i.e. Fe3+ is solely present
(input logic 10). In all other cases, i.e. input logic (00), (01) and (11), the output is high. The logic
tables for the basic gates are illustrated in the Table 5.1 (refer to page no. 94).

Universal Gates. The universal gate i.e. NOR logic gate was built using the as-
synthesized Cdots. The inputs for this gate were chosen to be picric acid and Fe3*. The system
exhibits inherent fluorescence (output logic 1) when inputs are absent (input logic 00).
Introduction of picric acid or Fe3+ (input logic 10 or 01) or both (input logic 11) quenched the
luminescence of Cdots (output logic 0) as illustrated in Figure 5.4d justifying the logic of NOR
gate. Another universal gate, NAND is presented in Figure 5.4e. Here, the system was
constructed with synthesized Cdots using inputs as Fe2* and hydrogen peroxide. It is observed
that the luminescence of Cdots was present (output logic 1) in all three cases of inputs, i.e. either
both inputs were absent (input logic 00) or any one of the inputs was present (input logic 10 or
01). But when both Fe2+ and H.O. were introduced (input logic 11), H,O. oxidized Fe2* to Fe3+
which eventually resulted in quenching of fluorescence (output logic 0). The logic tables for the

universal gates are illustrated in Table 5.2 (refer to page no. 94).
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Figure 5.6. Higher Logical Systems. A hierarchical logic system was built using a three input system

or four input system to obtain higher logical function such as,

(a) (Picric Acid + PhaseTransfer) - Fe**

) (Picric Acid +PhaseTransfer) - (Fe_3+ + Ascorbic Acid)

TH-1424 09612225 88



CHAPTER-5

Construction of Higher Logical Functions. Evidently from above, the
luminescence of Cdots could be tuned with different inputs. I observed that the combination of
the inputs could also be used effectively in constructing higher order logic systems through
effective integration. Thus, construction of two integrated structures were demonstrated with
Cdots as initial system as shown in Figure 5.6. In both the proposed logic, the inputs must be
provided in sequential order; i.e., picric acid, phase transfer, Fe*3 and ascorbic acid are to be
given in that sequential order. The first integration, as shown in Figure 5.6a, was done using
three inputs, while the second one was achieved with four inputs as shown in Figure 5.6b. In the

first of the integrated systems, picric acid, the phase transfer based recovery of Cdots and the

Fe3* ions were used as inputs. The function that was achieved is (Picric Acid +PhaseTransfer)- Fe™

While picric acid was used in the first stage, the phase transfer process was carried out in the
next level. Following this, Fe3+ ions were introduced as shown in Figure 5.6a. The Cdots were
inherently luminescent in the absence of all the inputs (input logic 000). The introduction of
picric acid or Fe3* separately or collectively (input logic 001, 100, 101) quenched the
luminescence of the Cdots. Further the system possesses the capability to reset the effect of
picric acid through phase transfer (input logic 110, 111). The logic table for the function is shown

in Table 5.3 (refer to page no. 95).

In the second integrated structure, in addition to the above mentioned inputs, another input

in the form of ascorbic acid was added in the last stage, as shown in Figure 5.6b. The logical

function which was achieved this way iS(PICFIC Acid + PhaseTransfer) - (Fe”" + Ascorbic ACId). The

introduction of individual inputs, i.e. picric acid and Fes*, either separately or collectively
quenched the luminescence as earlier (input logic 1000, 1010, and 0010). However, the system
further possesses the capability to reset the individual or combined effects of picric acid and Fes+
inputs through the other inputs, i.e. phase transfer process and ascorbic acid (logic input 1100,
0011, 1111). The logical output and the sequencing of gates are shown in Figure 5.6b. All the

logical combinations are illustrated in Table 5.4 (refer to page no. 95).
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Figure 5.7. Cascading of Simple gates for Complex Logic Formulation. Here, two independently
functional gates, i.e., the basic gate NOT in the first stage and the universal gate NAND in the second
stage were cascaded in the third stage to be logically ANDed to obtain the function, Fe¥':(Fe™H,0,)
Through this formulation, Cdots could be used to probe Fe3+ over Fe2* using H,0s. (Aex = 365 N, Aem =

443 nm).

Cascading of Individual Gates for Higher Logical Functions. A deeper
investigation revealed the possibility of cascading the above mentioned simple logic gates (basic,

universal) into higher logical functions. Here, the ones demonstrated could achieve the logic

3+ 2+
Fe™-(Fe™-H,0,) through cascading of basic gate NOT and universal gate NAND,

function,
which were demonstrated earlier in Figure 5.4. The inputs can be added in any order to achieve
a particular input combination. The starting system for this integration was the as-prepared
Cdots. The basic gate NOT was operated in first stage and the universal gate NAND was
operated in second stage. Finally, the outcome of those two stages (gates) was combined with
logic operation AND in the third stage. This is an important logical function particularly in

biological environment[111], which identifies that the Cdots were responsive towards Fe3+ alone
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(input logic 011,100,101,110,111) and not Fe2* (input logic 001, 010) as shown in Figure 5.7. This
logic system is typically useful to detect Fe3* over Fe2+. Thereby, Cdots could be used as a probe
to discriminate Fe3* and Fe2* using hydrogen peroxide. The detection of Fe2* ion was made
possible through the oxidation of Fe2* to Fe3* using hydrogen peroxide as the oxidizing agent.

The logical combinations for the cascaded system are given in Table 5.5 (refer to page no. 96).

Solid Phase Simple, Integrated and Cascaded Logic Systems. One of the
important requirements of molecular electronics for its future development is the ability to
function in versatile environment. It would be even more useful if the functional components
behave in a similar fashion in environment such as in different phases. For example, if the
properties of the Cdots were similar in liquid and solid phases, with respect to interactions with
molecular species, then the same principle could be used for computation. I report here that
photoluminescence properties of Cdots with respect to interactions with molecular species as
mentioned above were identical when they (Cdots) were dispersed in water or in the solid phase.
More importantly, the logical structures, including integration to higher levels, could be
achieved following deposition of the Cdots on non-fluorescent paper. In other words, the Cdots
drop-cast on non-fluorescent paper exhibited similar change in emission in the presence of the
above mentioned species. The solid phase depiction of these logic systems under UV excitation

is shown in Figure 5.8.

The procedure to construct these logical structures is described in experimental section.
Typically, starting with the liquid ink spotted on the non-fluorescent paper, the initial system for
a particular logic is defined by the dried spot. The inputs (in the liquid phase) are placed on the
dried spot one after the other as per combination and dried. The presence of blue spot under UV
illumination suggested the existence of fluorescence (output logic 1) for that particular input
combination listed above/below the spot. On the other hand, absence of the blue spot suggests
the lack of fluorescence (output logic 0). The corresponding truth tables for the denoted logic is
given in Table 5.1-5.5 (refer to page no. 94-96). It is worth mentioning here, that the substrate —
a non-fluorescent paper - did not get affected even after achieving four-level-integration. More
importantly, sequential addition of chemical species provided exact reproduction of emission
behaviour of the Cdots as in the liquid phase. Such unique behaviour of Cdot based logic
systems offers great scope in construction of logic based bioassays and environmental logical
sensors. Thus the robust solid state bio-friendly logic systems could demonstrate not only
simple but also cascaded and integrated higher logic. They offer a bright prospective to develop
systems akin to conventional silicon based electronics to be able to operate in places where the

conventional electronics might fail.
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Basic Logic Gates
OR AND IMPLICATION

Universal Logic Gates
NOR NAND

Higher Logic Functions

Three Input Logic Structure Three Input Logic Structure (Cascade)

Four Input Logic Structure

Figure 5.8. Solid Phase Logic Implementation on a Non-Fluorescent Paper. The logic, both simple and
complex could also be performed in solid form of the substrate in addition to being in the liquid media.
The demonstration of logic in solid state was achieved on typical non-fluorescent paper. The output logic
was monitored under the UV illumination. The output logic 1 is indicated here through the fluorescence
(blue dot) and the absence denotes the output logic o for a particular combination of inputs as indicated
in liquid phase (refer to Logic Table, Table 5.1-5.5, refer to page no. 94-96). (Aex = 365 nm, Aem = 443

nm)
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5.4. CONCLUSIONS

In conclusion, I constructed a series of basic logic gates, universal logic gates, molecular
switch and also integrated basic structures to higher levels through introduction of Cdots in the
molecular logic family, in order to provide further advances in molecular logic systems. The
system is robust and could operate in dual phases, i.e., in both liquid media as well as in the
solid phase. Building such dual phase operative simple and complex logic systems offers various
applications for analytical purposes in biological system, such as detection of hazardous
materials in environment, implementation of solid state logic for detection of chemicals. This
work is expected to draw attention towards constructing logical systems - in terms of both
simple and complex - which are functional in multiple phases and would operate in diverse

environment.
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Logic Tables

The initial system for the logic is indicated below the respective gate name. The inputs used are
also indicated for each gate. Output 1 denotes the existence of luminescence crossing the
threshold.

Table 5.1. Logic table of Basic Gates.

YES NOT
Cdots and Fe3* Cdots
Input Input
Output Output
Cysteine Picric Acid or Fe*
0 o 0 1
1 1 o | 0
Cdots and Fe?* Cdots, Fe** and Picric Acid Cdots
Input 1 Input 2 Input 1 Input 2 Input 1 Input 2
Output Output Output
Ascorbic Acid Cysteine Phase Transfer  Ascorbic Acid Fe** Ascorbic Acid
0 0 0 0 0 0 0 0 1
1] 1 1 1] 1 o 0 1 1
1 0 1 1 0 (1] 1 0 0
1 1 1 1 1 1 1 1 1

Table 5.2. Logic table of Universal Gates.

cdots Cdots
Input 1 Input 2 Input 1 Input 2
Output Output
=, Aot q
Fe Picric Acid FeZ* H,0,

0 0 1 0 0 1
0 1 0 0 1 1
1 0 0 1 0 1
1 1 0 1 1 0
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Table 5.3. Integration to Higher Logic (3 Input Logic Function).

3 INPUT COMPLEX LOGIC

Input 1

Picric Acid

Cdots

(Picric Acid + Phase Transfer)- Fe'*

Input 2 Input 3
Output
Phase Transfer Fe¥*
0 1] 1
0 1 0
1 1] 1
1 1 0
0 0 0
0 1 0
1 0 1
1 1 0

Table 5.4. Integration to Higher Logic (4 Input Logic Function).

4 INPUT COMPLEX LOGIC

Input 1 Input 2
Picric Acid  Phase Transfer
0 0
0 0
0 0
0 0
0 1
0 1
0 1
0 1

TH-1424 09612225

Input 3

Fe*

Cdots

(Picric Acid + Phase Transfer)-(Fe** + Ascorbic Acid)

Input 4 Input 1 Input 2
Ascordic O piericAcd  Phase Transter
0 1 1 0
1 1 1 0
0 0 1 0
1 1 1 0
0 1 1 1
1 1 1 1
0 0 1 1
1 1 1 1

95

Input 3 Input 4

Fe3* Ascorbic Acid

0 0
0 1
1 0
1 1
0 0
0 il
1 0
1 1
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Table 5.5. Integration to Higher Logic through Cascading of Individual Gates.

3 INPUT COMPLEX LOGIC

Cdots

Fe'" - (Fe'" -H,0,)

Input 1 Input 2 Input 3
Output
Fe* Fe* H,0,
0 0 0 1
0 0 1 1
0 1 0 1
0 1 1 0
1 0 0 0
1 0 1 0
1 1 0 0
1 1 1 0
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Cu2* - embedded Carbon Nanoparticle as an
Anticancer Agent
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Highlights: e Design of CNP based fluorescent anticancer agent.

e ‘Apoptosis’ mode of cell death due to ROS generation.

6.1. INTRODUCTION

Metal-complexes offer a different platform for therapeutics [199-201]. In this regard, the clinical
success of anti-cancer drug cisplatin (a Pt-complex) could be considered to have been a
precursor to search for other complexes as more potent drugs, with improved pharmacological
properties, for cancer and other diseases. Thus complexes of copper, gold, titanium and
ruthenium have been synthesized for cancer therapy with increased pharmacological values
[201]. Copper complexes are more popular as the metal is endogenous and thus less cytotoxic;
also, there are sequestering agents available for removal of excess copper from human body
[199]. Importantly, it has been reported that copper complex can alter the metabolism of cancer
cells as well as induce apoptotic cell death [199]. Further, recent reports on the use of copper
oxide nanoparticles (CuO; x=1,2) and copper nanoclusters suggest generation of reactive
oxygen species (ROS), leading to DNA damage [202-205]. It may be that the dissolution of
copper ions (from the nanomaterials) and the redox activity of the surface ions are responsible
for ROS generation in biological and environmental media [204]. Thus the use of copper ions as
a drug itself may be of significance. However, an important challenge would be to deliver copper
ions to target sites with high efficiency and with minimum circulation loss [199-201, 207]. In
addition, efficient cellular uptake of copper related nanomaterials or metal-complexes is vital to
their potential for practical usage [202, 204, 206]. A conventional option is to develop suitable
delivery vector for the materials [208- 211]. On the other hand, it could also be possible through
designing a new system where metal-complexes are formed on the surface of appropriate

carriers to deliver metal ions. An ideal carrier could be made out of carbon nanoparticle (CNP).

In this chapter I have presented an easy and bio-friendly method of synthesis of Cu2+
embedded in CNP (Cu-CNP) in aqueous medium, which was used as an effective anticancer
agent for killing cervical cancer HeLa cells. The average size of the Cu-CNP was 92.7 + 49.8 nm.
The size was chosen so that the Cu2*-containing CNPs could be used for practical application
using enhanced permeation and retention (EPR) effect. Further, the inherent blue emission of
CNP could be used to monitor the cellular uptake using a confocal microscope. The cell viability
study in presence of Cu-CNP was carried out by standard MTT assay followed by cell cycle
analysis, where it has been found to undergo apoptosis. Further, evidences suggest that the

generation of ROS in the cells might have led to apoptosis.
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6.2. EXPERIMENTAL

Materials. Citric acid, ethylenediamine, NaOH and CuSO,.5H.O were purchased from
Merck, India. The dialysis membrane (dialysis tubing, benzoylated) was purchased from Sigma-
Aldrich, India. All the materials were used as received without further purification. Elix grade
water was used in all the experiments. The induction cooker and non-stick frying pan were
procured from Philips (model no. HD4908, 220-240V AC, 50/60 Hz) and Prestige, India,

respectively.

Preparation of Carbon Nanoparticlecs (CNP). CNP were synthesized by slight
modification of a previously reported method from the laboratory as discussed in chapter-4. In
brief, 50 mL aqueous solution containing mixture of 630 mg citric acid and 134 pL
ethylenediamine (in 3:2 molar ratio) in a non-stick frying pan was heated using induction heater
at 100 °C for 15 min. Then the dark brownish syrup was purified by dialysis method using 1 KDa
dialysis membrane. TEM image of the particles synthesized is shown at Figure 6.3(e). The
longer heating time possibly made the sizes of CNP bigger than those reported earlier in

chapter-4.

Preparation of Cu?+ embedded Carbon Nanoparticlecs (Cu-CNP). The
whole amount of purified aqueous CNP was taken in a round bottom flask and the final volume
was made up to 12 mL. Then, solid NaOH (~ 80 mg) was added to it with stirring to ensure the
pH of the solution to be in between 9-11. After 5 min of stirring, 100 mg CuSO, (0.4 mM) was
added to it and the mixture was stirred for 2 h at 50 °C. The color of the reaction mixture turned

greenish.

Purification of Cu-CNP. The as-synthesized Cu-CNP was purified by centrifugation.
The reaction mixture was centrifuged at 12000 rpm for 10 min using acetone (the ratio of
reaction mixture and acetone was 3:1). The dark greenish pellet was isolated but not used for
further application as the quantum yield of redispersion of the dark greenish pellet was low
(15.9%). On the other hand, the supernatant was separated out and centrifuged at 25000 rpm
using acetone (the ratio of reaction mixture and acetone was 11:1) and the final centrifuged Cu-
CNP was then dried at 40 °C for 12 h. The greenish dry pellet was redispersed in water prior to
further use as well as for characterizations. The redispersion of Cu-CNP appeared brownish
orange in visible light (with a photoluminescence quantum yield of 27.9%, the details of which

are mentioned below).
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Analytical Measurements. The products were characterized using transmission
electron microscopy (JEOL 2100 UHR-TEM, operating at 200 KV), UV-vis spectroscopy
(Hitachi U 2900 spectrophotometer), photoluminescence spectroscopy (Horiba Fluoromax-4
spectro fluorometer), powder X-ray diffraction (Brucker D8 advanced X-ray diffraction
measurement system) with Cu Ka source (A=1.54 A), nuclear magnetic resonance spectroscopy
(Bruker, 600 MHz), Fourier transform infrared spectroscopy (Perkin Elmer IR spectrometer),
electron paramagnetic resonance (JEOL, Model: JESFA200) spectrometry, particle size analysis
(Malvern zeta size; Nano ZS 90). Inductive coupled plasma optical emission spectrometer-
optical emission spectrometer (ICP-OES) measurement was performed with Thermo-iCAP
6000 Series. Cell cycle was analyzed by FACS (fluorescence-activated cell sorting) Calibur, BD
Biosciences. Field Emission Scanning Electron Microscope (FESEM) analysis for untreated and

treated Cells was done with Zeiss (Sigma) FESEM.

Quantum Yield Calculation with respect to Quinine sulphate (QS) in 0.1 M

H.SO0,. I have calculated Quantum yield with respect to quinine sulphate using the formula:

0, = 0 xx2nx
Iy As 1

Where, Qs = quantum yield of sample; Qr = quantum yield of reference; Is = area under PL
curve of sample; Iz = area under PL curve of reference; Ar = absorbance of the reference; As =
absorbance of the sample; ns = refractive index of sample; nr = refractive index of reference.
Q.Y. of quinine sulphate = 0.54, Refractive Index of water = 1.33

(The concentration of all samples and the reference quinine sulphate were adjusted so that the

optical densities of all samples were 0.100 + 0.003 at the excitation wavelength (365 nm).

Cell Based Experiments:

Cell Culture. Hela cells (human cervical carcinoma) were acquired from National
Centre for Cell Sciences (NCCS), Pune. For growing HeLa cells Dulbecco’s Modified Eagle’s
Medium was used which was purchased from Sigma Aldrich along with L-glutamine (4 mM),

penicillin (50 units/mL), streptomycin (50 mg/mL) which were mixed with the medium. Into
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that, 10% (v/v) fetal bovine serum was added, which was procured from PAA Laboratories,

Austria. The cells were grown in CO, incubator with 5% CO, at 37 °C.

Cell viability assay. To quantify the viable cells following the 48 h treatment with Cu-
CNP, the cell viability assay was carried out. In this regard, approximately 1x105 cells/well were
seeded in 96-well micro plate and was kept for overnight incubation, in the presence of 5% CO,
at 37 °C. The grown cells were then treated with various concentrations of Cu-CNP with copper
concentration of (0.75 ppm — 2.5 ppm), along with various CNP concentrations separately (20-
80 ppm), under identical conditions for 48 h. After the treatment, the number of viable cells was
estimated by performing MTT assay. For MTT reaction 7 pl of [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] was added and incubated for 2 h in the above mentioned
condition wherein respiratory mitochondria reduced MTT into color formazan. After the
incubation, the medium was discarded and the absorbance of formazan was measured at 550
nm by adding 70 ul of DMSO, which provides the number of viable cells. All the experiments

were carried out in three sets with 100% number of viable cells for each experiment.

FACS Analysis for Reactive Oxygen Species Generation. Generation of
reactive oxygen species was analysed by fluorescence based assay in FACS with the help of 2, 7-
dichlorofluoresceindiacetate (DCFH-DA) dye. For this, the overnight grown cells (2 x 10°in 6
well plates) were treated with ICs;, value dose of Cu-CNP and CNP for 3 h, prior to the
incubation with 10 pL of 1 mM DCFH-DA at 37 °C for 10 min. DCFH-DA a non-fluorescent dye
after its diffusion inside the cell is deacetylated by cellular esterase and is oxidized by ROS into
2, 7-dichlorofluroscein (DCF), which has high fluorescence with absorbance at 480 nm and
emission at 530 nm. To determine the fluorescence, the treated cells were trypsinized and
redispersed in fresh 1 mL. DMEM medium and analyzed in a flow cytometer (FACS Calibur, BD
Biosciences). The fluorescence data were recorded in cell Quest Program with fixed 15000 cells
for each sample and was collected in Fl-1 channel (530/30), which corresponds to green

fluorescence.

FESEM Analysis for Untreated and Treated Cells. For FESEM analysis cells
were grown in 35 mm culture plate for 12 h followed by treatment with ICs, dose of Cu-CNP for
24 h in case of treated sample. After trypsinization, the cells were fixed with 4% formaldehyde
and kept for 10 min incubation at 37 °C.The cells were collected after centrifuging at 670 rcf for
6 min and immediately redispersed in chilled 70% ethanol. Then 20 pL of the sample was drop

casted on a clean glass side with aluminum foil over it.
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Cell Cycle Analysis by Propidium Iodide. Cell cycle analysis in FACS was carried
out by using propidium iodide (PI) dye. For this 2 x 10° cells were seeded in 6 well culture plates
for 12 h, in the same condition as mentioned above. The Cu-CNP at ICy, dose as well as CNP
(separately) was added and kept for 48 h. After trypsinization, the cells were fixed with chilled
70% ethanol and kept for 1 h incubation at -20 °C. The fixed cells were re-dispersed in 1 mL PBS
and were incubated in water bath at 37 °C with 100 ug/mL of RNase A for 45 min, followed by
addition of 10 uL of PI under dark condition. After 30 min of incubation the PI fluorescence data
for 15000 cells were analyzed in FACS Calibur by using cell quest program. PI binds with DNA

and gives red emission which is collected at FL-2 channel (band pass filter 585/42nm).

Caspase 3-Assay. To further study apoptosis caspase 3-assay was conducted. The 6
well plates were seeded with 2x10° cells and were kept for 12 h as mentioned earlier. The cells
were treated in a same manner as mentioned in other experiments and were incubated for 24 h.
The cells were trypsinized and were fixed with 0.1% (v/v) formaldehyde and kept in dark for 10
min. To permeabilise the harvested cells, 0.5% Tween20 was added along with 1 mL of PBS.
This was followed by two repetitive washing with PBS buffer and finally 8 uL of Caspase 3 (PE
conjugated antibody) was added with 500 uL PBS buffer under dark condition. After 30 min the
data were collected in FL-2 channel (band pass filter 585/42nm) with the help of cell quest
program in FACS.

ICP-OES Analysis for Untreated and Treated Cells. Metal concentration
inside the cells was determined by an ICP-OES. To carry out these experiments 6 well plates
with 1x10° cells in 1.8 mL medium for each was incubated. The cells were than treated with IC,
dose of Cu-CNP or CNP for 4 h. After treatment and washing, the cells were treated with 3%
sub-boiled HNO; for 2 h at room temperature. Afterwards the solutions were collected 15 mL
tubes and prepared for ICP measurement. For the untreated cells the same procedure was

repeated (in the absence of any nanoparticles).
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6.3. RESULTS & DISCUSSION
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Scheme 6.1. Schematic representation of the (a) synthesis of Cu-CNP and (b) possible mode of uptake of
Cu-CNP, leading to apoptotic cell death.

The synthesis of CNP was carried out based on a slight modification of a method developed
in the laboratory as discussed in chapter-4 and using an induction coil heater. The Cu-CNP
composite was synthesized using CNP and CuSO, in basic aqueous medium (pH=9-11) with
constant stirring for 2 h, at 50 °C and the product was purified prior to further use. The
brownish orange aqueous solution of dispersed Cu-CNP was used for further characterizations.
The UV-visible spectra of the dispersed CNP and Cu-CNP are shown in Figure 6.1(a). The UV-vis
spectrum of CNP consisted of a clear peak at 342 nm. On the other hand, the presence of Cu2*
led to significant change with a hump at the same peak position. The change in the UV-vis
spectrum could be attributed to complex formation between Cu2* and CNP. Further, the
dispersion of Cu-CNP in water exhibited weak wavelength tunability in its emission (Figure.

6.1b). This is in consonance with earlier observations of emission of CNP as discussed in
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chapter-4 prepared similarly. On the other hand, the photoluminescence quantum yield of the
Cu-CNP was observed to be lower (27.9%) than that of the CNP (45.6%). This could be due to

the quenching of the luminescence of CNP in the presence of Cu2* as found in chapter-5.
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Figure 6.1. (a) Absorption spectra of the CNP and Cu-CNP in water. (b) Wavelength-dependent
emission spectra of Cu-CNP in water. (¢) TEM image of the Cu-CNP in a scale of 50 nm. (d) High
resolution TEM image of Cu-CNP in a scale of 5 nm. (e) EPR spectrum of solid Cu-CNP.

It has been established that CNPs consist of different surface functional groups such as —OH,
C-N-C, —NH, C=0 and amide carbonyl group as discussed in chapter-4. Therefore, the surface
functional groups of CNP could be reactive to metal ions, leading to the formation of inorganic
complex. In the current context, the evidence of complexation of Cu2* on the surface of the CNP
was confirmed by Fourier transform infrared (FTIR) spectroscopy, the results of which
indicated carbonyl stretching frequency shifts from 1709 cm for the free amide carbonyl group
on surface of the CNP to 1647 cm™ upon complexation with Cu2* (Figure 6.2). However, the peak
at 1704 cm?* of Cu-CNP may be due to the free amide carbonyl group not involved in

complexation with Cu2* on the surface of Cu-CNP.
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Figure 6.2. (a) FTIR spectra of CNP and Cu-CNP and (b) expanded view of the same for the region

1200 — 2100 cm.

The oxidation state of copper in the complex was established by electron paramagnetic
resonance (EPR) spectroscopy (Figure 6.1e). The Cu-CNP powder showed characteristic four-
line X-band EPR spectrum for Cu2* for the sample measured at room temperature [212]. The
four-line hyperfine splitting pattern of Cu-CNP suggested the coupling of the unpaired electron
and the 3Cu nucleus (I = 3/2) and also revealed that there was complexion on the surface
of CNP. On the other hand, atomic absorption spectroscopy (AAS) confirmed the loading of Cu2+
on the surface of CNP, which was found to be 8.1 wt%. Transmission electron microscopy (TEM)
revealed the formation of nearly spherical Cu-CNP particles with average size of 92.7 + 49.8 nm
(Figure 6.1c and Figure 6.3a-c). However, the dynamic light scattering (DLS) based particle size
analysis study of Cu-CNP showed the average size of 172.2 + 23.8 nm (Figure 6.3d). This
difference in average size could be explained based on the presence of the polymeric layer
surrounding these particles (in addition to the measured property being the hydrodynamic
diameter). Thus TEM which could image the CNP only revealed a smaller size than the particles
would have in the presence of polymeric surrounding. It is worthy of mentioning here that the
TEM analysis of Cu-CNP ruled out the possibility of formation of NPs of copper or its oxide on
the surface of CNP. This was further supported by the high resolution TEM (Figure 6.1d) and X-
ray diffraction (XRD) studies (Figure 6.4). The lack of any peak except a broad background
centered at 20=17.1° in the XRD pattern indicated the absence of any copper related NPs.
Additionally, the as-prepared Cu-CNP was found to have zeta potential of —7.43 mV, indicating
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sufficient stability in the aqueous dispersion. The results presented above point towards the

formation of a Cu2+*-complex on the surface of the CNP.

d) © e
=
o
9 307
@
e
> 20 - x
& % - &
[ #* "
g .
£ 101 3 )
0 J 50 nm
0 200 400 600 800 1000
Size (d.nm)

Figure. 6.3. (a, b & c¢) Representative additional TEM images of the Cu-CNP. (d) Dynamic light
scattering based particle size analysis of Cu-CNP. (e¢) TEM image of CNP.
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Figure 6.4. Powder XRD pattern of Cu-CNP.
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Figure 6.5. (a) Effects of Cu-CNP and CuSO, after 48h treatment on HeLa cancer cell lines viability
determined by the MTT assay. Experiments were carried out in triplicate. Statistical significance has been
determined by one-way ANOVA where *p<0.05; ***p<0.001; ****p<0.0001. (b) Cytotoxicity analysis of
the CNPs (24h post-treatment) by MTT based cell viability assay. Results are presented as mean +

standard error.

In order to probe the anticancer activity of Cu-CNP, I performed cell viability assay using
human cervical carcinoma (HeLa) cells. It was observed that the Cu-CNP showed significant
cytotoxic activities towards HeLa cells (Figure 6.5a). In addition, cells were also treated with
various concentrations of CNP (20 ppm— 80 ppm) for control experiments. However, no
apparent cytotoxicity was observed for only CNP, as is evident from the Figure 6.5b. Thus it can
be concluded that the cytotoxicity of Cu-CNP originated due to the presence of Cu2* on the
surface of CNP. Further, 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT)
assay confirmed the inhibition of cell proliferation by Cu-CNP (Figure 6.5a). In this regard, cells
were incubated with Cu-CNP (with the range of copper concentrations from 0.75 ppm - 2.55
ppm in Cu-CNP and the concentration range of Cu-CNP composite was 9.26 ppm — 31.4 ppm) at
37 °C for 48 h. Further, IC;5, value of Cu-CNP was found out to be 2.55 ppm, which denotes the

copper concentration in the Cu-CNP.
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Figure. 6.6. Confocal microscopic images of HeLa cells treated with Cu-CNP, recorded after 6 h of
incubation. (a) Image under bright field and (b) Fluorescence image of HeLa cells showing blue

emission. Scale bar is 10 pm.

The theranostic potential of Cu-CNP was tested by using the luminescence of the CNPs
following cellular uptake, which was probed by confocal microscopy (Figure 6.6). Intense blue
emission was observed when HeLa cells were incubated with Cu-CNP for 6 h. Additionally,
inductively coupled plasma — optical emission spectroscopy (ICP-OES) measurements were
made to find out the concentration of copper inside the cells. For this, 105 HeLa cells (105) were
incubated with Cu-CNP at the concentration of ICs, value (i.e. Cu concentration at 2.55 ppm in
the composite) for 4 h. The control cells were not treated with any agent. The results showed the
copper concentration in the treated cells to be 0.0221 ppm as opposed to 0.0079 ppm in the
control HeLa cells. Thus the presence of Cu in the composite might have led to the observed
cellular cytotoxicity. The results presented above revealed the cellular uptake of copper through

Cu-CNP and role of CNP as a transport vehicle for delivering copper into the cells.
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Figure 6.7. (a) Flow cytometric analysis of ROS production in HeLa cells: untreated cells (black line)
and cells treated with Cu-CNP (red line). (b) Cell cycle analysis by FACS of PI-stained cells: quantitative
analysis of Sub G1, G1, S and G2/M. Sub G1 populations of treated cells was 10.05% where control cell
populations 0.34% which confirmed the apoptotic cell death. (¢) FESEM image of a control cell (d)
FESEM image of a cell treated with Cu-CNP indicating the apoptosis mode of cell death.

An important aspect of the copper based nanomaterials is their ability to generate reactive
oxygen species (ROS) in the cellular environment. The ROS could be produced by dissolution of
copper ions (Cu* or Cu2*) into the medium and as highly redox active species they can generate
hydroxyl radicals via Fenton type reactions or by heterogeneous reactions at the particle

surfaces [204]. Hence ROS production and subsequent oxidative stress generated in the cellular
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environment could be the reason behind the toxicity of copper related nanomaterials. That Cu-
CNP is also capable of generating ROS inside the cells was proved through flow cytometric
studies of the HeLa cells treated with Cu-CNP for 3 h. The cytometric probe for ROS study is
carried out by staining the cells with cell permeable flurogenic dye DCFH-DA (2’,7-

/ -

Dichlorodihydroflurescin diacetate), which gets oxidized by intracellular ROS to DCF (2" ,7
dichlorofluorecein) having green fluorescence. Increase in fluorescence intensity due to DCF
formation for the Cu-CNP treated cells indicated enhanced level of ROS (Figure 6.7a) as
compared to control cells. In order to distinguish between live and dead cells AO/EtBr (acridine
orange / ethidium bromide) dual staining was performed after treatment of the cells with Cu-
CNP for 24 h and was then observed under fluorescence microscope. AO stains the nucleus of
live cells and gives green emission, when excited with blue light, whereas EtBr stains the dead
cells and gives red fluorescence upon excitation with green light. Treatment with Cu-CNP at IC;,
turned more cells red as compared to control cells (Figure 6.8). The results clearly established
the killing of cancer cells by Cu-CNP. Control experiments involving CNP did not result in the

significant killing of the cancer cells.

Figure 6.8. Dual staining (acridine orange / ethidium bromide) of HeLa Cells treated with (a) Cu-CNP
and (b) CNP.

To investigate the mode of cell death, cell cycle analysis was carried out by using propidium
iodide (PI), which is a membrane impermeant dye. It gets inside the cell after the cell is
damaged and intercalates between base pairs of dsDNA and gives fluorescence emission

maximum at 617 nm. This property is exploited to evaluate the DNA content of cells at different
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stages of cell cycle, such as sub G1, G1, S and G2/M by flow cytometric analysis. On treatment
with Cu-CNP significantly, higher sub G1 population was found (10.05%) which denotes the
apoptotic population (Figure 6.7b, 6.9-6.10, refer to cell cycle analysis on page no-113). At the
same time, in case of untreated and cells treated with CNP, sub G1 population was found to be
0.34% and 1.76% respectively, which are much lower as compared with cells treated with Cu-
CNP (Figure 6.11, refer to cell cycle analysis on page no-114). Higher percentage of sub G1
population in case of Cu-CNP treated cells supports apoptosis as the primary mode of cell death.
To further support the above results, Caspase 3 assays on the above mentioned samples were
carried out. Caspase 3 is a caspase protein which exists as inactive proenzymes in cells. During
the early phase of apoptosis it gets activated by proteolysis or by cleavage by some other
proteases. In Cu-CNP treated HeLa cells, 10.84% cells were found to be apoptotic after 24 h of
treatment, whereas there was no apoptosis for the cells treated with CNP, as shown in Figure
6.12-6.14, refer to cell cycle analysis on page no-114-115. This was substantiated by field-
emission scanning electron microscopy (FESEM) measurements. FESEM image of the control
cell did not show the formation of apoptotic bodies, whereas the treated cell clear showed their
formation (Figure 6.7d). Thus it can be concluded that Cu-CNP induced apoptotic cell deaths in

the cancerous HeLa cells.

6.4. CONCLUSIONS

In conclusion, I have developed a new and easy method for the synthesis of anticancer agent
Cu2+ embedded in carbon NPs (Cu-CNP). To the best of our knowledge, this is for the first time a
CNP based anticancer agent is being reported. Good biocompatibility and high
photoluminescence for cellular imaging of the CNP, and anticancer effect of Cu-CNP will make
the composite a promising candidate for future theranostic applications. That the copper
complex formation on the surface of carbon NPs could be used for anticancer activity provides a

new and potent use of carbon based nanomaterials.
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Figure 6.9. Cell cycle analysis by FACS of PI-stained HeLa cells (control).
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Figure 6.10. Cell cycle analysis by FACS of PI-stained HeLa cells treated with Cu-CNP.
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Figure 6.11. Cell cycle analysis by FACS of PI-stained HeLa cells treated with CNP.
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Figure 6.12. Caspase 3 assay of control HeLa cells.
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Figure 6.13. Caspase 3 assay of Cu-CNP treated HeLa cells.
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Figure 6.14. Caspase 3 assay of CNP treated HeLa cells.
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7.1. SUMMARY OF THE THESIS

The works presented in the thesis adress several of the issues related to carbon nanoparticles
(CNPs). In particular, the first work of the thesis (chapter-2) provides the best solution to a
prolonging ambiguity on whether or not nanomaterials are suitable for biological applications.
As reported in the chapter, carbon nanoparticles (CNPs)- were isolated from bread, sugar
derived jaggery, biscuits and cornflakes, some of which human beings have been eating for
centuries. These particles are amorphous in nature and non-toxic to mammalian cells. They
have wavelentgh tunable fluorescence. The surface of CNPs contains polymeric layer of sugars.
This paradigm espouses the non-toxicity of CNPs and thus brings in an important application

aspects in healthcare.

CNPs have been found as good support material for catalyst similar to charcoal-supported
Pd or Pt metal catalysts as reported in chapter-3. Synthesis of Au NPs supported on CNPs made
the composite catalysts and their catalytic acitivity in homocoupling reaction of phenylboronic
acid have been demonstrated. The composite catalyst showed potentiality in terms of efficiency,

selectivity as well as recyclability .

A new synthetic method for production of Cdots, with high photoluminescence quantum
yield, based on traditional knowledge has been developed in chapter-4. Cdots were produced
using faster, safer and energy efficient induction coil heating replacing existing microwave or
hydrothermal heating techniques. Then their pH and ionic strength independent bright
emission properties were employed as marker and selective sensor for explosive like picric acid.
However, a gel was prepared using Cdots and chitosan for the above mentioned applications. In
addition, Cdots were introduced as fluorescent probe to design basic and higher integrated logic
gate in chapter-5. These logic systems are able to work in two phases such as liquid and solid,

through interactions with metal ions and organic molecules.

Further to previous chapter, larger sized CNPs have been used as carrier of Cu2+ for
cancerous cells which is illustrated in chapter-6. Synthesis of Cu2* embedded CNP (Cu-CNP) has
been described in this chapter, where complexion between Cu2+ and surface functional groups of
CNP was confirmed. Then the anticancer activity of Cu-CNP was investigated in HeLa cells. The
results indicated that Cu-CNP acts as potential anticancer agent generating reactive oxygen
species and following apoptosis mechanism. Also, the emission property of Cu-CNP was used for

cellular imaging.

All the works discussed in the thesis are connected with promising applications of CNPs, which

is the main theme of the thesis and thus justify the title of the thesis.
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7.2. FUTURE PROSPECTS OF THE THESIS

The works which have been described throughout the thesis have considerable contribution in
the area of CNP research. In this regard, various aspects of CNPs are yet to be explored and thus
a large number of future scopes can be envisaged, based on the work presented in this thesis. All

the possible scopes for future work are being presented chapter-wise.

Chapter-2

The CNPs which were derived from various daily eating foods are considered as safe
nanomaterials. So, they could be potentially safe to use for biomedical applications replacing
inorganic toxic nanomaterials such as quantum dots. They could be exploited in drug delivery
applications in vivo, when conjugated with biomolecules and drugs and also in imaging as well

as tracking applications.

Chapter-3

The work provides new opportunity to modify the existing catalyst or design new catalyst with
CNPs. This catalyst could be used for the large-scale production of fine chemicals,
pharmaceuticals of industrial importance and in polymerization reactions of materials

importance.

Chapter-4

The facile and energy efficient synthesis method of highly fluorescent Cdots can easily be
extended to produce large-scale Cdots for commercial purposes. The robust optical and
biocompatible property of Cdots could be applied in agriculture science. The gel could be used as

invisible ink for security purposes and in paper based sensor.

Chapter-5

The study may open new doors to construct Cdots based logic system for further advances in
molecular logic family. These biphasic logic systems could be used for various analytical
applications in diverse environments. Even it may be possible to distinguish Fe2* and Fe3* using
higher integrated logic system. These logic operations could serve as the basis of small devices

for analytical application purposes.

Chapter-6
The concept of Cu-CNP may encourage researcher for designing metal based anticancer agent
on the surface of CNPs for future theranostic applications. Detailed studies will be required to

develop anticancer agents for practical applications.
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