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PREFACE

Carbon nanodots (CNDs) are spherical carbon
nanoparticles with diameters typically ranging from 1-10 nm. They
are composed of carbon atoms arranged in a crystalline or
amorphous structure, often with functional groups attached to
their surface. They have gained significant attention in recent
years due to their unique properties such as inherent
luminescence, small size, tunable excitation/emission, high
photostability, chemical inertness, relatively low toxicity,
environment friendly nature and good biocompatibility. They
constitute a promising class of nanomaterials with a wide range of
applications in the field of bioimaging, sensing, optoelectronics,
energy storage, catalysis, environmental remediation, and

biomedicine and drug delivery.

This thesis explores the luminescence based applications of
carbon nanodots derived from p-phenylenediamine. It covers the
synthesis, characterization, and  applications of p-
phenylenediamine-derived carbon nanodots (PD-CNDs), focusing
on their luminescence properties. The thesis is structured into six
chapters. Chapter 1 provides a brief introduction to luminescent
carbon nanomaterials, with a particular emphasis on carbon
nanodots. It offers a general overview of the research, including
details on the synthesis, properties, and applications of carbon
nanodots. Chapter 2 presents the details on the materials and

methodologies used in the investigation.



Chapter 3 comprises a detailed discussion on the results of
the structural and optical characterization techniques, thereby
providing the physicochemical features of the obtained carbon
nanodots (PD-CNDs). The characterization techniques adopted
here include High Resolution Transmission Electron Microscopy
(HR-TEM) Analysis, X-Ray Diffraction (XRD) analysis, X-ray
photoelectron spectroscopy (XPS) analysis, Fourier Transform
Infrared (FT-IR) spectroscopy, Raman spectroscopy analysis, Zeta
potential analysis, UV-visible absorbance spectroscopy and

Fluorescence spectroscopy.

One of the most extensively explored applications of carbon
nanodots is sensing. Chapter 4 delves into the utility of
p-phenylenediamine derived carbon nanodots (PD-CNDs) as
sensor. The variation in the luminescence intensity of PD-CNDs in
presence of various analytes is monitored for the studies. This
chapter is divided into two parts based on the analytes. The first
part deals with metal ions. When Cu?* ions were present, the
photoluminescence intensity of the carbon nanodots (CNDs) was
observed to be quenched. This characteristic was utilized to create
a CND-based fluorescence sensor that detects Cu?* ions
quantitatively. An investigation into the mechanism underlying in
the process of luminescence quenching in the presence of this ion
led to the conclusion that these alterations are caused by static
quenching. The production of a black precipitate at higher
concentrations is attributed to the complex PD-CND@Cu, which
allowed further extension of the strategy into visual detection

approach. Despite the presence of other metal ions, the system



showed excellent selectivity for Cu?* ions. PD-CND-coated filter
paper strips were used to expand this detection capability to solid-
state application, that allows naked eye detection of cupric ions. In
the second part of the investigation, the photoluminescence
intensity of PD-CNDs is monitored in presence of nitroaromatic
compounds. It is quite interesting to note that the addition of picric
acid caused the luminescence intensity to gradually drop, whereas
none of the other chosen nitroaromatic compounds responded in
this manner. Detailed research is also done to trace the mechanism
underlying in this luminescence quenching. These results are also

supported by theoretical investigations.

The solvent relaxation (solvatochromism) based
applications of PD-CNDs are the main topics of the last working
chapter 5. This work explores the fluorescence solvatochromic
behaviour of PD-CNDs, which displayed distinct colours of
photoluminescence when dissolved in different solvents. These
studies present a novel approach to predict the solvent polarity
parameters. The dielectric constant value of binary solvent
mixtures, like the methanol-1, 4-dioxane system, is reliably
determined by the research. Using the solvatochromic nature, a
simple and accurate method is also suggested for quantitatively
detecting moisture in 1, 4-dioxane. A summary of the entire
research work is provided in Chapter 6, along with an outlook for

the future.
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CHAPTER 1

INTRODUCTION

Properties Applications

ﬁhis chapter provides a comprehensive introduction to
luminescent carbon nanoparticles, especially on carbon
nanodots (CNDs). It covers essential background
information, including their history and structural
characteristics. Additionally, the chapter summarizes
various synthesis methods, physicochemical properties, and

applications of carbon nanodots. Finally, it discusses the

/

significance and goals of the current research work.







Chapter 1

1.1. Luminescence

Luminescence is the emission of optical radiation by matter.
It occurs when electrons in a substance absorb energy and then
release that energy as light as they return to their ground state.
The term "luminescence” was coined by German physicist Eilhardt
Wiedemann in 1888. "Light" is what the Latin word "lumen”
signifies. The materials that display this characteristic are termed
as "luminescent materials" or "phosphors,” which are derived from
the Greek word "light bearer,”. The wavelength of the light emitted
is characteristic of a luminescent substance and not of the incident
radiation. This process can happen through various mechanisms,
each defined by the energy source that excites the electrons. The
main characteristic of luminescence is that the emitted light is an
inherent attribute of the object itself, stimulated by some internal

or external process. The main types of luminescence include:

1. Photoluminescence: Occurs when a substance absorbs

photons (light energy) and then re-emits them.

2. Chemiluminescence: Light is produced as a result of a
chemical reaction. A notable example is bioluminescence,
which occurs in living organisms like fireflies and certain

marine species that emit light due to chemical reactions.

3. Electroluminescence: Light is emitted in response to an
electric current or a strong electric field, utilized in devices

like light emitting diodes (LEDs).

p-Phenylenediamine Derived Carbon Nanodots for Luminescence Based Applications 1
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4. Cathodoluminescence: Light is emitted when a material is
struck by an electron beam, used in imaging and display

technologies such as cathode ray tubes (CRTs).

5. Thermoluminescence: Light is emitted when a material
that has absorbed energy from prior radiation exposure is
heated. This phenomenon is used in dating archaeological

artifacts.

6. Triboluminescence: Light is generated when a material is
mechanically pulled apart, ripped, scratched, crushed, or
rubbed. This can be seen when peeling adhesive tape or

crushing sugar crystals.

7. Radioluminescence: Light is emitted due to exposure to
ionizing radiation. This is often observed in glow in the

dark materials that use radioactive substances.

Each kind of luminescence has distinct properties and uses,
spanning scientific research, medical diagnostics, industrial
processes, and consumer products. The fundamental principle
behind all these types is the transition of electrons from a higher
energy state to a lower energy state, resulting in the emission of
light. Luminescence is a ubiquitous phenomenon widely present in
nature and living organisms, and it has been applied in diverse
research fields including material science, chemistry,
environmental science, life sciences, medical research, and more.

Research on luminescent materials is continuously advancing in

p-Phenylenediamine Derived Carbon Nanodots for Luminescence Based Applications 2
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both fundamental research and industry, due to their significant
potential in practical applications such as chemical sensors, data
encryption, cellular bioimaging, drug delivery, and light emitting

diodes.

Our discussion is centred on photoluminescence (PL). The
transitions usually accompanied by absorption of light by

materials, are illustrated by the Jablonski diagram (Figure 1.1).

53
IC LE!
S, : Se IC
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Figure 1.1 Jablonski diagram

As seen in Figure 1.1, upon absorption of a light photon, the
electron on the absorbing molecule may transition from the
ground state So to the singlet excited states Si, Sz, or S3. This is
dependent upon the energy of the light photon that was absorbed.
There is a triplet excited state (T1, T2 and T3) for every singlet

excited state. An activated molecule is one that is either in a singlet
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or triplet excited state. As a result, the activated molecule
dissipates its energy through the following kinds of processes to

return to the ground state:
(a) Non-radiative Transitions

The activated molecule returns to a level of same
multiplicity, without emitting radiation, and is referred as internal
conversion (IC). The energy of activated molecule is released as
heat through chemical collisions. This process takes less than 10-11
seconds. Inter system crossing (ISC) is another way by which the
molecule may lose energy. Transitions between states of different
multiplicities are a part of this process. Moreover, these transitions
don't emit radiation. Spectroscopically, these transitions are not

allowed. They do, however, progress at comparatively slow rates.
(b) Radiative Transitions

The activated molecule returns to the ground state So from
the singlet excited state S1 and triplet excited state T4, resulting in
these transitions. Emissions occur in tandem with these
transitions. From a spectroscopic perspective, the shift from the St
to So states is permissible and happens in roughly 10-8 seconds.
Fluorescence is the name given to the radiation released during
this transition. Since it is a forbidden transition, the triplet excited
state Ti to the ground state So moves quite slowly.
Phosphorescence is the term for the radiation released during this

phase. The transition includes spin inversion, which takes time to
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occur, and hence phosphorescence has a substantially longer life

span of the order of 10-3 seconds or more.
(c) Chemical reactions

A chemical reaction may also cause the activated molecule
to lose energy. The singlet excited state of the molecule rapidly
returns to the ground state, avoiding any chemical reaction. The
ground state is attained by the triplet excited state molecule
somewhat slowly. This gives the activated molecule plenty of
chances to go through a chemical reaction. Therefore, the molecule
that undergoes a chemical reaction is the one that was in an

excited triplet state before.
1.2. Fluorescent carbon nanostructures

Fluorescent carbon nanostructures are a class of carbon
based materials that exhibit fluorescence. They can absorb light at
a particular wavelength and emit at another wavelength, typically

longer. These nanostructures include various forms, such as:

i. Carbon Nanodots (CNDs): Small, quasi-spherical
nanoparticles with sizes typically below 10 nm. They have
unique optical properties and are known for their bright

fluorescence, biocompatibility, and low toxicity.

ii. Graphene Oxide Quantum Dots (GQDs): Nanometer-sized
fragments of graphene with one or a few layers. Graphene

oxide quantum dots or graphene quantum dots (GQDs) are
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iil.

iv.

formed by the creation of edge functional groups on
graphene oxide (GO) through oxidative cutting and the
exfoliation of layers from the starting material under
external forces such as refluxing, hydrothermal treatment,
or electrochemical methods. GQDs exhibit size-dependent
fluorescence and possess excellent photostability, making

them useful in bioimaging and optoelectronics.

Carbon Nanotubes (CNTs): Cylindrical nanostructures
made up of rolled-up sheets of graphene. Certain single
walled carbon nanotubes can emit fluorescence in the near
infrared region, which is beneficial for deep tissue imaging
in biomedical applications. The first report on the
photoluminescence of carbon nanotubes (CNTs) was
published in 2000, by Riggs et al [1]. The origins and
mechanisms of PL in CNTs are complex, as the wide variety
of geometrical and chemical arrangements in nanotubes

significantly influence their PL properties.

Nanodiamonds (NDs): Diamond nanoparticles are also
reported to be fluorescent due to the presence of various
color centers, such as nitrogen vacancy (NV) centers in
doped nanodiamond systems [2]. The mechanism of color
center related photoluminescence (PL) in nanodiamonds
(NDs) is distinct from that of sp? hybridized carbon
allotropes. In NDs, the particle size does not significantly

impact the general optical properties of PL centers, as their
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light emission mechanism does not rely on quantum
confinement. Due to the high surface-to-volume ratio and
polydispersity of nanodiamonds (NDs), their surface
chemistry can significantly modulate the emission states of
their NV centers, much more than in bulk crystals. As a
result, nanosized photoluminescent NDs could be extremely
useful in sensors because of their high sensitivity to

changes in the nanoenvironment [3, 4].

Among fluorescent carbon nanostructures, carbon
nanodots (CNDs) have garnered significant attention due to their

inherent fine features including luminescence.
1.3. Carbon Nanodots

Over the past decade, the field of carbon nanodots (CNDs)
has opened up a completely new area of research in nanoscience
and technology due to their extraordinary optical properties and
diverse applications. Carbon nanodots (CNDs) are quasi-spherical
carbon nanoparticles with size < 10 nm. As already mentioned,
they have inherent luminescence, which makes them different
from other carbon nanostructures. The photophysical and
chemical properties of CNDs can be significantly altered by
adjusting their shapes and sizes and by doping them with
heteroatoms such as oxygen, nitrogen, phosphorus, sulfur, and
boron. Surface engineering is crucial for CNDs in various
applications, including explosive detection, chemical sensing, food

safety, bioimaging, drug delivery, energy conversion, and
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photocatalysis. Additionally, CNDs offer advantages over other
well recognized quantum dots due to their photostability, high
quantum yield, biocompatibility, low toxicity, water solubility,

good conductivity, and environmental friendliness.
1.3.1. Discovery of Carbon Nanodots

Carbon nanodots (CNDs) were discovered in 2004 during
the purification of single walled carbon nanotubes (SWCNTSs) by
Xu et al. [5]. The discovery was accidental, occurring during the
synthesis of SWCNTSs using laser ablation method. The researchers
noticed a strong photoluminescence emission from a sample that
was supposed to contain only SWCNTs. Further investigations
revealed that the PL emission was coming from tiny, spherical
carbon particles with diameters less than 10 nm, which were later,
termed carbon nanodots (CNDs). This serendipitous discovery
opened up a new field of research, as CNDs were found to possess
unique optical, electrical and chemical properties, making them
suitable for various applications. The discovery of CNDs has been
considered a significant milestone in the field of nanotechnology
and material science, and has led to a rapid expansion of research

in this area.

Two years later, in 2006, Sun et al. [6] synthesized stable
photoluminescent carbon nanoparticles of different sizes and
named them “carbon quantum dots” (CQDs). Within a year, Cao
et al. [7] reported water soluble CNDs passivated with poly-

(propionylethylenimine)-co-ethylenimine. These as prepared
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CNDs exhibited two photon induced luminescence spectra and
were used to detect human breast cancer MCF-7 cells. Since the
remarkable emergence of this new carbon material, researchers
from various fields have shown great interest due to its non-
toxicity and excellent photoluminescence properties. The number
of publications on carbon nanodots is increasing almost
exponentially every day. Significant milestones have been achieved
in the development of carbon nanodots till date, focusing on
improving their structure and photoluminescence. In 2010, Li et al.
[8] prepared the first crystalline carbon nanaodots with size
dependent photoluminescence from graphite using an
electrochemical process. Zhu et al. [9] synthesized polymer like
amorphous carbon nanodots, which were applied in sensing,
bioimaging, and as invisible ink. Chiral nanostructures based on
semiconductors are attractive materials for polarization enabled
optoelectronic devices. Suzuki et al. [10] introduced chirality into
graphene quantum dots by functionalizing them with D or L
cysteine molecules. Other notable work includes tuning the
photoluminescence of carbon nanodots through surface oxidation
and nitrogen atom doping. Optically tunable, differently shaped
carbon quantum dots with narrow band gaps have also emerged as
promising materials. Recently, hexagonal and triangular shaped
optically tunable graphene/carbon quantum dots have been

reported [11, 12].
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1.3.2. Structure of Carbon Nanodots

Exact identification of the chemical structure of carbon
nanodots (CNDs) is implausible to determine due to the variety of
precursors utilized, techniques employed, and post-chemical
treatments. It is generally accepted that the structure of CNDs is
made up of a carbogenic core that harbours a number of functional
groups, primarily oxygen-bearing groups such as carboxyl,
carbonyl, and epoxy functionalities and amine or hydroxyl
functionalities. This variability results in completely distinct
intrinsic architectures for the CNDs, as the surface and the core
structure are extremely sensitive to the synthesis pathways and
the reaction settings. Thus, it is nearly hard to compare several
CNDs qualitatively. Despite this uncertainty, there have been some
intriguing attempts in the literature to systematically classify the
most likely basic structures and morphologies of CNDs. In general,
the core structure of CND is evaluated using various
characterization tools, including High-Resolution Transmission
Electron Microscopy (HR-TEM), X-ray Diffraction (XRD) analysis,
Atomic Force Microscopy (AFM), and Raman spectroscopy. The
attached surface groups are primarily analyzed using Fourier-
Transform Infrared (FT-IR) spectroscopy and X-ray Photoelectron
Spectroscopy (XPS).

Numerous reports in the literature suggest an
extraordinary amorphous core structure for CNDs based on

meticulous analysis of their XRD patterns and Raman spectral
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profiles. Notably, the peaks around 1350 and 1600 cm-! in the
Raman spectra of CNDs indicate the presence of disordered sp?
carbon and crystalline graphitic carbon. Hu et al assigned a
diamond-like orientation to the core structure of CNDs based on
the SAED pattern and ring radius ratio. The presence of sp2
graphitic clusters within the oxygen containing amorphous carbon
matrix of CNDs is further confirmed by the HR-TEM images and
Raman spectrum in several reports. An arrangement of
functionalized graphite layers are envisaged in the system (Figure
1.2 (a)) and Figure 1.2 (b) shows a representative structure for

CNDs.

OH CONH,

Figure 1.2 (a) Functionalized graphite layers on CNDs, (b)
representative structure for CNDs.

Valcarcel et al. [13] conducted a rational and systematic
classification of carbon nanodots (CNDs) based on their nature,
crystalline structure, and quantum confinement. According to their
classification, amorphous quasi-spherical nanodots that lack

quantum confinement are termed carbon dots/carbon nanodots
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(CNDs), while spherical quantum dots with quantum confinement
and crystalline structures are referred to as carbon quantum dots
(CQDs). The m-conjugated single sheets are known as graphene
quantum dots (GQDs). These different types of CNDs are formed
depending on the precursors and synthesis methods used during
their fabrication. In 2018, the concept of carbonized polymer dots
(CPDs) was proposed, emphasizing their formation process,
structure, and photoluminescence mechanism. CPDs possessed a
unique core-shell nanostructure [14, 15]. All these categories of
CNDs exhibit comparable photoluminescence properties.
Classification of CNDs based on their core structure is represented

in Figure 1.3.

Carbon Nanodots
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Figure 1.3. Classification of CNDs
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1.3.3. Origin of luminescence in Carbon Nanodots

The origin of the luminescence in carbon nanodots has been
a perplexing issue ever since CNDs were discovered, and has never
had a satisfactory answer. One major issue that the researchers
face is the suggestion of a universal mechanism for fluorescence
which could be applicable for a broad range of CNDs. The synthesis
of CNDs from various precursors using different methods results
in complex structures and diverse surface functionalities. The
differing optical and structural properties exhibited by various
CNDs complicate comparisons and make it challenging to develop
a unified theory [16]. Despite the various mechanistic assumptions
proposed to explain the fluorescence of CNDs, the actual
mechanism still remains a topic of debate among researchers.
Currently, the most widely accepted photoluminescence
mechanisms include (i) quantum confinement effect/core state
emission, (ii) surface state emission, and (iii) molecular
fluorescence. In the first one, the fluorescence originates from
spherical-like core formed by stacking multiple graphene
fragments in an ordered or disordered manner. The second is the
luminescence originating from the presence of rich functional
groups distributed on the surface of CNDs. The third one,
molecular fluorescence mechanism attributes the property to
molecules that are associated with CNDs in solution. Figure 1.4
suggests the major sources of luminescence in CNDs. Details on

these three aspects are discussed below.
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Figure 1.4 Luminescence origins in CNDs

(i) Quantum confinement effect/core state emission

Nanoparticles have potentially useful applications across
various fields of science and technology due to their enhanced
optical, electrical, and electronic properties compared to their bulk
counterparts. This enhancement is largely influenced by their size,
which falls within the quantum confinement regime [17, 18]. It has
been established that as the size of a particle decreases to
dimensions smaller than the exciton Bohr radius, the quasi-
continuous electronic levels near the Fermi energy level shift to
discrete energy levels. This transition results in the strictly
confined motion of carriers, leading to size dependent optical and
electronic properties known as the Quantum Confinement Effect
(QCE). In the case of CNDs, the quantum confinement effect of
conjugated m electrons in the carbon core structure is significant.
The carbon core state fluorescence results from the band gap

transition of conjugated m electrons within the m domains of the
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carbon structure. In the carbon core structure, sp? carbon clusters
are dispersed within the sp3 carbon skeleton. Consequently, the
optical properties of CNDs are determined by the m-electron state
of the sp? carbon clusters [19, 20]. As the particle size increases,
the size of the conjugated m domains also grows, resulting in a
decrease in the band gap. This decrease in band gap causes a red
shift in the emission. Therefore, by controlling the size of the

carbon core m domains, the fluorescence of CNDs can be tuned.

Numerous studies have evidenced the occurrence of QCE in
carbon nanodots. Kim and colleagues investigated the impact of
carbon nanodot size on their optical properties by measuring
fluorescence and absorbance in CNDs. Their findings revealed that
the absorption peak energy of CNDs decreases with increasing
size, supporting the presence of QCE [21]. CNDs synthesized from
citric acid and urea using various solvents such as water, glycerol,
and DMF exhibited emissions ranging from blue to red. The
different solvents influence the dehydration and carbonization
process during synthesis, resulting in CNDs with varying sizes of it
domains [22]. Li and colleagues further elucidated the size-
dependent fluorescence emission by conducting optical studies on
CNDs of varying sizes (1.2 to 4 nm), separated using column
chromatography techniques [8]. Additionally, numerous studies in
the literature demonstrate the size dependent absorbance and
emission profiles of CNDs [21, 23]. These studies show multi-color

emissions from CNDs of different sizes, having identical chemical

p-Phenylenediamine Derived Carbon Nanodots for Luminescence Based Applications 15



Chapter 1

composition, suggesting that QCE may be a major contributor to

the observed fluorescence characteristics of CNDs.
(ii) Surface state emission

Surface state in CNDs refers to the boundary region or
spherical shell distinct from the core structure [23]. Surface state
fluorescence encompasses factors such as surface oxidation level,
emissive traps, and surface functional groups. Increased surface
oxidation primarily induces red-shifted fluorescence in two main
ways. Firstly, higher surface oxidation enhances the presence of
surface defects, which can act as emissive centers by trapping
exciton energy, leading to red-shifted emission. Secondly, elevated
oxygen content on the CNDs surface decreases the band gap, also

contributing to red-shifted emission.

(a) Surface oxidation: It has been suggested that the surface
oxygen content in CNDs plays a crucial role in longer wavelength
emissions. Higher degrees of surface oxidation correspond to
increased surface defects. Many studies in the literature emphasize
that the luminescence characteristics of CNDs are exclusively
determined by the degree of surface oxidation [23-25]. Liu et al.
[25] explained the effect of surface oxidation on the red-shifted
emission of CNDs in their work. They prepared CNDs from
polyethyleneimine and glutaraldehyde with varying compositions,
reporting that changes in the degree of surface oxidation were the
primary reason for tunable emission. Ding et al. [16] synthesized

CNDs with 35% fluorescence quantum yield (QY) from a mixture
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of urea and p-phenylenediamine using a hydrothermal method,
resulting in reddish-yellow fluorescence. After separating the
CNDs by silica column chromatography, the fractions exhibited a
gradient of colors from blue to red, all with similar particle size
distribution and excitation-independent emission spectra. The key
difference was the extent of surface oxidation, leading the