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Abstract

Carbon dots (C-dots), the tiny nano lights, have unfolded as an integral
part of nanomaterial family in recent years. Several advantages, such as
easy synthesis and purification methods from commonly available organic
molecules, tunable optical properties by doping with other heteroatoms
make C-dots a great biocompatible alternative to the traditional
semiconductor quantum dots owing to very low toxicity and high photo

stability.

In this work, we report the development of a one-pot synthetic strategy for
multicolor light emitting N-doped carbon dots with high quantum yields of
29% (blue c-dots), 61% (green c-dots) and 74% (yellow c-dots). These C-
dots with varying nitrogen content exhibited bright and stable
photoluminescence. C-dots were synthesized solvothermally from a
mixture of fumaric acid and o-phenylenediamine (0-PD) in one pot and
could be separated via silica column chromatography. The separated C-
dots showed emission over a large spectrum of visible light from violet,
blue, green, dark green, peach, light yellow and yellow fluorescence.
Among these multicolored Carbon dots, the three major components,
namely blue, green and yellow emissive C-dots were further characterized
by spectroscopic techniques like UV-Vis, FTIR, XPS, XRD and TEM.
Although the C-dots with variable emission were not different
morphologically (all the C-dots are approximately 2 nm in diameter), the
amount of nitrogen doping into the graphitic core varied. This resulted in
varied amount of ordered packing of the alkyl groups in the core and less
amount of hydrophilic surface functionalities. All the three differently
emitted C-dots were employed for the in vifro imaging of cancer cells

under a single-wavelength light source.
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Chapter 1

Introduction

1.1. General Background

Materials in the nanometer dimension (typically between 1-100 nm) have
found immense technological applications in various areas. The
application potential of the nanomaterials originates from the fact that
their optical, electronic, magnetic and surface properties vary considerably
to the same material with micron- or mm-scale dimension. Therefore
tremendous research efforts are paid towards generation of nanomaterials
with tunable opto-electronic properties and are used as the building blocks

for practical technology.

With the recent developments in the synthetic and technological tools,
research interests have been developed in nanoparticle based devices that

have led to their important applications in various fields.

1.2. The Nanocarbon family

Carbon has an ability to catenate that has resulted in the formation of a
variety of compounds. It forms covalent bonds with other atoms in
different hybridization states (sp, sp? sp®). The various allotropes of
carbon are diamond, graphite and buckminsterfullerene (Cgo) out of which
Ceso Was the first one to be isolated as carbon nanomaterial in 1985 [1].
Fullerenes have 20 hexagonal and 12 pentagonal rings and an icosahedral

symmetry closed cage structure [2].

The other forms of carbon like carbon nanotubes, graphite, graphene,
graphene oxide and carbon dots have also been extensively studied as
nano-dimensional material. Carbon nanotubes (CNTS) are tiny tubes made
of sheets of carbon arranged in hexagonal rings. Sumio lijima of Japan



explored these CNTSs as a material formed during carbon arc discharge [3].
In 2004, Novoselov et al. reported that graphene is a thin film of atomic
size graphite [4]. These carbon nanomaterials, because of quantum
confinement effect show interesting properties, which are not shown by
their bulk members like diamond and graphite [5-8]. The lack of
hydrophilic groups in these materials made their dispersibility in various
solvents a difficult task [9-11].
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Figure 1.1 Various forms of carbon (adapted from reference 12)

1.3. Carbon nanodots (CNDs)

Carbon Nano Dots (CNDs) or Carbon dots (CDs), as an important part of
carbon nanomaterial family have acquired massive research interests
because of their unique optical properties, high photo stability and low
cost that are lacking in other nano-allotropic forms of carbon [13-15].
Carbon dots are superior in terms of low toxicity and outstanding
biocompatibility when compared to the traditional semiconductor quantum
dots [16-18]. Xu et al. accidentally discovered these in 2004 while
purifying single walled CNTs [19].

Carbon dots (C-dots) are fluorescent carbonaceous nanomaterial that
contains oxygen, nitrogen or any other heteroatom functionalized groups

on the outer surface and the inner core of carbon is sp? and sp* hybridized
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carbon atom network [20]. These are usually below 10 nm in size and are

spherical shaped [21].

C-dots can be synthesized from various cost effective precursors following
simple methods that can result in a great variety of carbon dots with
functionalization, biocompatibility and low toxicity [14]. Most of the
carbon dots have chemical inertness and high stability along with
resistance to photo bleaching [14]. The synthetic routes for C-dots can be
classified into two main groups: top-down and bottom-up methods. A top-
down approach is mainly the breaking of larger carbon materials such as
graphite, coal, CNTSs, etc. to small nanoparticles which is carried out by
laser ablation, oxidative cutting, plasma treatment, chemical oxidation etc.
[22-24]. On the other hand, bottom-up method makes use of molecular
precursors that upon treatment lead to formation of C-dots [25,26]. The
resulting C-dots are purified and separated by various techniques. The C-
dots can be further functionalized or incorporated with other materials to
form nano-composites for different applications [27,28]. C-dots mainly
contain carbon, hydrogen and oxygen as their constitutive elements but
can be doped with other atoms like nitrogen, phosphorous and boron
depending on the precursors [29]. Doping of C-dots with different
heteroatoms is an effective method to tune their optical properties.

The variety of techniques (chemical, bottom-up, top down) adopted for the
production of C-dots from a variety of carbon precursors show that there
are limitations with respect to controlled particle size distribution of C-
dots, a main criteria for tunable optical properties.

1.4. Absorption and Photoluminescence of C-dots

The most interesting property of C-dots is their intrinsic
photoluminescence (PL) and exciting at different wavelengths can control
their emission. However, the fluorescence mechanism is not completely

understood yet. In most studies, the PL emission spectra of Carbon dots
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are broad with a maxima at certain wavelength implying that CDs have
non-homogeneous chemical structures or contains diverse fluorophores
which could be cither surface-located or core-embedded [20]. Because of
the different synthetic methods and ingredients, it is very difficult to
control the luminescence of C-dots and have an insight into the

mechanism [30-32].

In metal-based quantum dots, the fluorescence emission can be easily
tuned by changing the size of quantum dots but the PL mechanism in
carbon dots is complex. Till date, there have been only a few successful
reports of Carbon dots with tunable PL. For example, Hu ef al. produced a
sequence of C-dots by varying the reagents and observed that epoxides
and hydroxyls on the surface of C-dots were accountable for the red shift
of fluorescence emission [33]. Lin et al. synthesized blue, green, and red
emissive C-dots by solvothermally treating different isomers of
phenylenediamine and observed that the PL red shift was due to different
particle size and the nitrogen content of the C-dots [34]. Pang and
coworkers also prepared a sequence of C-dots by changing the synthetic
conditions and attributed that red shift in emission peaks was due to
quantum size effects and surface states [35]. Although C-dots with tunable
photoluminescence have been successfully obtained but the conclusion
and mechanisms are still unclear and doubtful. From the aforementioned
studies, it is clear that the PL mechanisms were not persuasive because

there were divergent factors controlling the emission of C-dots [36-39].



Chapter 2

Review of past work

2.1. Previous Reports

Recently, phenylenediamines [three isomers: o-phenylenediamine (o-PD),
m-phenylenediamine (m-PD), and p-phenylenediamine (p-PD)] have
emerged out as significant precursors for preparing nitrogen doped carbon
dots. For example, Liu and co-workers reported yellow fluorescent carbon
dots from o-phenylenediamine for detection of Fe’™ and H,0, attributing
the photoluminescent behavior to the amino or hydroxyl groups present on
the surface [40]. Lin et al. synthesized C-dots with blue, green, and red
emission from the different isomers of phenylenediamines and found that
the PL red shift was because of different particle size and nitrogen content
[34]. In 2016, Xiong et al. reported one pot hydrothermal synthesis of full-
color light emitting C-dots from blue to red with urea and p-PD ascribing

the shift in emission peaks to the oxidation of the surface groups [41].

2.2. Objective of the Thesis

In the current study, we report a facile one pot solvothermal preparation of
multicolor photo luminescent C-dots having blue (QY=29%), green
(QY=61%) and yellow (QY=74%) as the major emission components
along with pink, dark green and peach from a mixture of fumaric acid and
o-PD as the precursor. The multi-emissive C-dot mixture showed
excitation dependent emission. The C-dots with various emissions could
be separated via silica column chromatography using ethyl acetate-hexane
as eluent. Due to different polarity of the C-dots, the separation was
feasible and the nanodots with narrow emissive distribution could be
separated. After purification, C-dots exhibit excitation-independent
luminescence from blue to peach, which is characterized by a single
excitation peak and a tri-exponential lifetime. The C-dots were
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successfully applied for cell imaging by virtue of their stable

photoluminescence and high quantum yield.

The cis-form of fumaric acid i.e. maleic acid was also experimentally
tested for the same solvothermal treatment with o-PD. Unlike fumaric
acid, maleic acid did not produce multicolor fluorescent spots on Thin

Layer Chromatography (TLC).

The purpose of the study was to understand the mechanism of excitation
dependent emission properties of nitrogen doped C-dots and to separate
the mixture into individual C-dots with narrow excitation-independent

emissive entities.



Chapter 3

Instrumentation and Experimental Section

3.1. Instrumentation

A Varian Cary 100 Bio spectrophotometer was used for UV-Visible
measurements. X- ray diffraction patterns (XRD) were obtained on a
Rigaku, Ultima VI powder X-ray diffractometer using thin films. FTIR
spectra were recorded in KBr pellet using a Bruker Tensor 27 instrument.
Emission spectra were recorded using a fluoromax-4p fluoro-meter from
Horiba (Model: FM-100). X-ray diffraction patterns (XRD) were obtained
on a Bruker D8 Advance diffractometer with a Cu Ka source (wavelength
of X-rays was 0.154 nm). A JEOL JEM-2100 microscope was used to
obtain the transmission electron microscopy (TEM) images at an operating
voltage of 200 kV. FTIR spectra were recorded in KBr pellet using a
Bruker Tensor 27 instrument. The time resolved fluorescence studies were
performed on Horiba Yvon (model: Fluorocube-01-NL), a nanosecond

time correlated single photon counting (TCSPC) system.

3.2. Instrumentation Techniques

3.2.1. UV-Visible Spectroscopy: It refers to absorption spectroscopy in
the ultraviolet-visible spectral region. The absorption in the visible range
directly affects the interpreted color of the chemicals involved. Absorption
measures transitions from the ground state to the excited state. A beam
source emitting light of multiple wavelengths is focused on a sample.
When the sample is striked upon, the photon that matches the energy gap
of the molecule is absorbed to excite the molecule.

3.2.2. Fluorescence Spectroscopy: In this spectrochemical method, the
analyte is excited with a certain wavelength and it emits the radiation of a
different wavelength. When a molecule absorbs excitation wavelength, the

molecule gets excited from the ground electronic state to a vibrational



level in one of the excited electronic states. From this excited state, the
molecule relaxes via several processes and one of these processes is

fluorescence that results in the emission of light.

3.2.3. Fourier Transform Infra-Red (FTIR) Spectroscopy: FTIR is
based on the fact that the bonds of the molecules absorb light in the
infrared region. The frequency range is measured over the range of 4000 —
600 cm'. The infrared spectrum of a sample is recorded by passing a
beam of infrared light through the sample. Absorption occurs when the

vibrational frequency of a bond is same as the frequency of IR.

3.2.4. X-ray Photoelectron Spectroscopy (XPS): Photo-ionization is the
basic principle of photoelectron spectroscopy. In order to study the
electronic states of the surface region, it analyses the kinetic energy
distribution of the emitted photoelectrons. Soft X-rays with a photon
energy of 200-2000 eV are used to examine core- levels. The emitted
electrons are dispersed by an electron energy analyzer according to their
kinetic energy and the flux of emitted electrons of a particular energy is
measured. This is done in a high vacuum environment so that the emitted

photoelectrons are analyzed without any disturbance.

3.2.5. X-ray Diffraction: In this technique, X-rays are used on thin films
for structural characterization of the material. The source of diffractometer
produces waves at a known frequency. XRD operates under the
assumption that the sample is randomly arranged. Upon striking of X-rays,
the atoms of the sample behave as a diffraction grating and produce bright
spots at particular angles. Diffraction allows for rapid and non-destructive

analysis of mixtures with multiple components.

3.2.6. Transmission Electron Microscopy (TEM): In this, a beam of
electrons passes through the sample and it provides information on the
internal structure of the samples unlike SEM which gives idea about the

outer / surface morphology. It is based on transmitted electron or produces
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images by detecting primary electrons transmitted from the sample. TEM
can show many characteristics of the samples, such as morphology,
crystallization, stress or even magnetic domains whereas SEM only shows
the morphology of samples. TEM has a better resolution than SEM.

3.2.7. Time-Correlated Single Photon Counting (TCSPC): TCSPC
provides the information of lifetime of samples. We used a picosecond
TCSPC system. The repetition rate was 5 MHz. The signals were collected
at an angle (54.70°) polarization using the photomultiplier tube as the
detector with a dark count of less than 20 cps. The instrument response
function value of the setup is 140 ps. The fluorescence decay was

described as a sum of exponential functions:

D)= i a, exp(_tJ
i=1 T;

4

Where D(t) is the normalized fluorescence decay. t; are the fluorescence
lifetimes of various fluorescent components and a; are the normalized pre-

exponential factors. The amplitude weighted lifetime is given by:
1]
(r)=2 a7,
i=1

The fit was decided by reduced Chi square (x°) values and their
corresponding residual distribution. In order to obtain the best fitting in all

of the cases, y* was kept near to unity.

3.3. Experimental Section

3.3.1. Materials Required: Fumaric acid, o-phenylenediamine and
ethanol (UV and HPLC grade >95% pure) were purchased from Sigma
Aldrich.

3.3.2. Synthesis of C-dots: Fumaric acid (0.86 mmol, 100 mg) and o-

9



phenylenediamine (1.72 mmol, 186.3 mg) were dissolved in 10 mL of
ethanol and the reaction mixture was transferred into a Teflon-lined
stainless steel autoclave. The reaction was heated at 180 °C for 15 h and
then cooled to room temperature. The resultant solution was purified via
silica column chromatography using a mixture of ethyl acetate and hexane
as the eluent. The obtained fragments (C-dots) with different fluorescence

were dispersed in ethanol.

3.3.3. Separation of C-dots: Eight samples with marked fluorescence
features were collected after purification through silica column
chromatography. These exhibited colors ranging from blue to peach, when
excited under UV light of 365 nm. A slow flow rate was maintained so as
to avoid mixing of different C-dots and the polarity of the eluting solvents
was progressively increased. The purified Carbon dots were dried and
dispersed in ethanol for use. Three major samples exhibiting blue, green

and yellow fluorescence were selected for further characterization.

3.3.4. Quantum Yield Measurement: The quantum yield (QY) of all the

three C-dots was calculated using the following equation
® = Og * I/Ig * ODR/OD * n/ng°

Where ® and I are the quantum yield and measured integrated emission
intensity respectively, n is the refractive index and OD is the optical
density. The subscript R refers to the reference fluorophore of known
quantum yield. Quinine sulfate in 0.1 M H,SO,4 (quantum yield 54%) was
chosen as a standard for sample A excited at 320 nm. Fluorescein in
Ethanol (®=0.79) was chosen for sample B and excited at 440 nm. For
sample C, Rhodamine B with ®g=1.0 was taken as reference in ethanol
with excitation wavelength of 380 nm. In all cases, absorption was kept <
0.1

10



Chapter 4

Results and Discussion

4.1. Synthesis and Characterization of Carbon Dots

Carbon dots were synthesized from a mixture of fumaric acid or its isomer
maleic acid and o-phenylenediamine (0-PD) as the carbon and nitrogen
source respectively under high-temperature solvothermal conditions as
described in the experimental section. Then, the resulted products were
observed under UV light. The product solution of maleic acid and o-PD
pair emitted blue-green fluorescence. On the other hand, solvothermal
treatment of a mixture of fumaric acid and o-PD resulted in C-dots with
yellow-orange fluorescence in high yield (Figure 4.1.A). We further
controlled the molar ratio between fumaric acid and o-phenylenediamine
and at a ratio of 1:2, formation of yellow-orange C-dots were observed
which showed strongest fluorescence among all the combinations. At
other ratios like 1:1, 1:3 and 1:4, the fluorescence occurred at variable
colors from bluish green to pale yellow. In a similar way, the optimal
temperature and reaction time were found to be 180 °C and 15 h,

respectively.

——2300 nm
———320 nm
——340 nm

NA

400 nm

Intensity (a.u.)

300 400 500 600 700 800
Wavelength (nm)

Figure 4.1. (A) Digital images of the prepared reaction mixtures fumaric
acid with o-PD (left) and maleic acid with o-PD (right) under UV light.
(B) Fluorescence spectra of Fumaric acid and o-PD mixture when excited
at variable wavelengths.
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The C-dots obtained from a mixture of fumaric acid and o-PD showed
emission maximum at 343 nm, with several humps at 411, 430 and 569
nm (Figure 4.1.B). The C-dots also showed excitation dependent emission
properties and the maximum emission was observed while excited at 300
nm. The presence of multiple peaks in the emission spectra suggested that
the fluorescence was originated from multiple C-dots having variable
emission. This prompted us to investigate whether it will be possible to
separate the C-dots with different emission properties and study their

physio-chemical properties.

We first observed the separation of the C-dot solution by thin layer
chromatography (TLC). When the C-dots were run on a TLC plate using a
ethyl acetate-hexane mixture as eluent, various multi-colored fluorescent
spots including blue, green, dark green, pink, peach and yellow, could be
separated. This suggested that the synthesized C-dots were actually a
mixture of C-dots having different emission (Figure 4.2.). This prompted
us the fractionation of these carbon dots using silica column
chromatography by maintaining a slow flow rate to avoid the mixing of
carbon dots. The obtained carbon dots were dried and dispersed in ethanol
for further analysis. Three samples namely blue, green and yellow were
further characterized by FTIR, XPS, TEM and other spectroscopic
techniques. These samples were labeled as samples A, B and C

respectively.

Afterwards, maleic acid, fumaric acid and o-PD were put under the same
solvothermal conditions individually. The emission of both maleic acid
and fumaric acid was in the blue region whereas o-PD yielded green

fluorescence.
4.1.1. UV-Visible Absorption and Photoluminescence Spectra

The UV—vis absorption spectra of the three selected samples, as shown in

Figure 4.3., is almost similar in the region of 200—300 nm which

12



corresponds to the n—n* transitions of C=C and C=N bonds, from the
polyaromatic rings in the C-dots. The absorption is different in the lower-
energy region with bands located at 296 nm, 386 nm and 457 nm for A, B
and C respectively showing the presence of different surface states or
extended conjugation. The emission of the three samples was excitation-

independent (Figure 4.3.).

NH,

@)
A HONOH ©/ NH> solvothermal

180 °C, 15h

Figure 4.2. (A) Schematic representation of one pot synthesis and
purification path for C-dots with distinct characteristics. (B and C) The
purified eight samples under daylight and under 365 nm UV light.

421 nm

Intensity (a.u.)

——

T T T T
300 400 500 600 700
Wavelength (nm)

Figure 4.3. Digital image of samples A, B and C in ethanol under daylight
(left) and UV light (right). (A) PL spectra of sample A and absorption
(inset).
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Figure 4.4. B and C show the PL emission spectra under excitation with
different wavelengths and absorption curve (inset).
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Figure 4.5. (A) TEM and HRTEM (inset) image of sample A. The scale
bar represents 5 nm. (B) Histogram of the particle size distribution of
sample A.

4.1.2. Morphology and structure characterization

The morphology of CDs was studied using TEM. The images of sample A
reveal the presence of well-dispersed spherical carbon nanoparticles with
an average particle size of approximately 2 nm (Figure 4.5.). The high-
resolution (HR) TEM image provided in the inset show that the CDs
exhibited well-resolved lattice fringe with a spacing of 0.56 nm, which is

larger than that of the bulk graphite (0.33 nm).
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4.1.3. XPS analysis

XPS analysis was done to further investigate the surfaces of these three
samples. The full spectra presented in Figure 4.6. show three typical
peaks: C 1s (284.4 eV), N 15 (399.6 V), and O 1s (531.7 eV). This shows

that all the three samples consisted of same elements.

In the high-resolution spectra, the C 1Is band contains four peaks,
corresponding to sp” carbons (C=C, 284.4 eV), sp> carbons (C—O/C—N,
286 eV), carbonyl carbons (C=0, 287.7 eV), and carboxyl carbons
(COOH, 289 ¢V) [41]. The N 1s band when deconvoluted, contains three
peaks at 398.3, 399.2, and 400.2 eV, showing pyridinic N, amino N, and
pyrrolic N, respectively. Interestingly, the yellow sample deconvoluted
into a peak of oxidized N at 406.4 eV. The O 1s band contains two peaks
at 531.7 and at 532.8 eV for C=0 and C—O, respectively.

The XPS intensity at 289 eV (-COOH) increased slightly from sample A
to sample C, suggesting an increment in the content of carboxyl groups on
the surface of CDs and hence increased hydrophilicity (green and yellow)
(Table 4.1.). Also, the intensity of the peak at 284.4 eV corresponding to
C=C/C—C decreased from sample A to C indicating that sample A has the
higher content nitrogen doped carbon atom network in the core. These
variations are believed to be responsible for the different PL

characteristics of the three CDs.

Samples | C=C/C—C C-0O/C—-N C=0 COOH
A 70% 25.8% 3.0% 1.2%
B 67.4% 25.3% 4% 3.3%
C 45% 31.3% 16.4% 7.3%

Table 4.1. XPS Data Analysis of the C s spectra of all 3 samples.
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Figure 4.6. (a) XPS spectra of the three selected samples. (b, c and d )
High-resolution XPS C 1s, N 1s, and O 1s spectra of sample A. (e, f and g)
C 1s, N Is, and O 1s spectra of sample B. (h, 1 and j) C 1Is, N 1s, and O 1s
spectra of sample C.
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Figure 4.7. (a) XRD pattern of A, B and C. (b) FTIR spectra of three
selected samples.

4.1.4. FTIR analysis

The Fourier Transform Infrared spectrum (FTIR) of the three carbon dots
showed prominent peaks at 736 cm™, 1265 cm™, 1459 cm™ and 1671 cm’
which can be assigned to the stretching vibrations of o-substituted
benzene, C-N, -C-N= and C=C respectively indicating the structures of
polyaromatic structures of CDs during reaction process. No significant
hydrogen bonded hydroxyl group was detected in any of the carbon dots
(Figure 4.7.b).
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A comparison of the FTIR spectra also shows that blue C-dots have
maximum intensity of CH, and CHj stretching vibrations at 2924 and 2852
cm’' respectively indicating presence of network of alkyl chains around
the surface imparting hydrophobic characteristic to C-dots. This
information is experimentally verified, as blue C-dots are least dispersible
in water. The FTIR results are consistent with XPS analysis and we can

conclude that the order of hydrophobicity is A>B>C.

4.1.5. X-ray diffraction pattern analysis

The diffraction peaks (Figure 4.7.a) of all the three CDs i.e. A (20 =
31.81°), B (20 = 24.14°) and C (20 = 23.24°) are weak and broad as
compared to the ordered structure of graphite (002 plane, 20 = 26.5°). This
signifies that sample A is highly amorphous as compared to B and C. The
high d value in A indicates that other functional groups introduced in the
synthetic process might have influenced in enhancement of the interlayer

spacing.
4.1.6. TCSPC experiments

Time correlated single photon counting (TCSPC) experiments revealed
that the average lifetime of blue, green and yellow samples were 0.997,

2.068 and 10.90 ns respectively (Table 4.2.).
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Figure 4.8. Fluorescence decay curves of sample A and B.
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Figure 4.9. Fluorescence decay curve of sample C.

Samples | & a3 Ty T T3 Tav X
(ns) | (ns) | (ns) | (ns)
A 0 096 | 0.04 0 1.23 | 2.51 | 0997 | 1.08

B 0.14 | 0.49 | 037 | 1.53 | 3.69 | 0.114 | 2.068 | 1.01

C 0.13 | 037 | 0.50 | 1.70 | 0.110 | 21.0 | 10.90 | 1.01

Table 4.2. Fluorescence lifetime studies of C-dots.

Plausible formation mechanism: Fumaric and maleic acid are
stereoisomers. In fumaric acid, the two carboxylic acid groups are in trans

configuration, wheras they are in cis form in maleic acid.

Solvothermal (ethanol) reaction at higher temperature favors the formation
of different amide analogs between fumaric acid and o-phenylenediamine.
Further condensation between —NH; and -COOH generates fused pyrrolic
ring system. This phenomenon incorporates nitrogen into the graphitic
core hence forming N-doped carbon dots (Figure 4.11.). Since, both —-NH,

and —COOH are involved in the water elimination, only a small amount of
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surface functionalities from amines or carboxyl are detected in FTIR
spectra. The formation of such polyaromatic alkyl network core doped
with nitrogen imparts the hydrophobic character to the C-dots. Due to the
difference in the number of conjugated double bonds, the PL emission

varies from blue to peach.

In case of maleic acid, formation of fused pyrrolic ring system is hindered
due to the proximity of both carboxylic acid group (Figure 4.10.). Hence,
this pair did not generate a wider range of multicolor C-dots. The results
suggest that the choice of precursors plays a critical role in the opto-
electronic properties of the synthesized C-dots. It is generally believed that
the surface functional groups contribute immensely into the emission
behavior of the C-dots, as observed for several C-dots used for sensing of
metal ions. However, we believe that in the present case, the amount of
condensation between the fumaric acid and o-PD leading to the formation
of carbon core, was instrumental in tuning the emission behavior. As
observed, the condensation process was not homogeneous, leading to

variable amount of nitrogen doped C-dots and alkyl chains in the core.

5

sterically hindered system,
difficult to generate

COOH N H,oN Solvothermal, EtOH
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COOH H,N

ZTZ2

Figure 4.10. Plausible mechanism of hindrance in case of maleic acid

(cis-isomer) and o-PD.
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Figure 4.11. Possible mechanism for formation of N-doped C-dots.
4.2. Application of CDs: cell-imaging
4.2.1. Cell Culture

The HeLa cells (cervical cancer cell line) purchased from National Centre
for Cell Science (NCCS), Pune, India were grown in DMEM culture
medium with 10% heat-inactivated fetal bovine serum (FBS) and Pen-

Strep solution (100 units/ml penicillin and 100units/ml streptomycin).
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Media, FBS and Pen-strep solution were obtained from Life Technologies
(Gaithersburg, MD, USA). HeLa Cells were seeded in 35 mm cell culture
plates at a density of 3x104 cells/mL and were incubated at 37°C in a 5%

CO» humidified incubator for 2 h. Confocal images were acquired using

laser scanning confocal microscopy (FV 1000, Olympus).
4.2.2. Cell imaging

The newly synthesized Carbon dots (blue, green and yellow) were further
evaluated by performing in vitro studies using laser scanning confocal
microscopy on HeLa cell lines (Figure 4.12.). After incubation for 2 h, the
HeLa cells emitted strong blue, green and yellow fluorescence under
illumination at a single wavelength of 488 nm. 10 pL of carbon dot was

added to each well.
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Figure 4.12. Panel (i) Bright field (DIC) image of HeLa cells for control
experiment; Panel (iv), (vii), (x) bright field (DIC) image of HeLa cells
with carbon dots (A, B and C) after 2h incubation; (ii) confocal image of
control experiment at 488nm; Panel (v), (viii), (xi) uptake study by
Confocal microscopy of HeLa cells with Carbon dots (A, B and C) after
2h incubation; Panel (iii), (vi), (ix) and (xii) represent the overlay images.
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Chapter 5

Conclusion

In this thesis, a facile approach for the preparation of nitrogen doped
carbon dots with high quantum yield is reported. The emission of the
isolated C-dots is independent of the excitation wavelength and difference
in the PL emission is proposed to be resulted from the difference in
conjugation in the graphitic network containing N-atoms. Sized at
approximately 2 nm, these C-dots show hydrophobic behavior as inferred
from FTIR and XPS. Finally, all the three C-dots were applied for cell
imaging with strong blue, green and yellow fluorescence emitted by HeLa
cells. Overall, multi-color light emitting C-dots with high quantum yield
and biocompatibility are prepared with potential application in bioimaging

probes.
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