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Thesis Abstract

The thesis addressed various strategies to regulate the photo-physical property and
applicability of carbon dots (CDs) by heteroatom (especially Nitrogen(N)) incorporation
approach. This thesis pursues a detailed analysis of the structural and optical properties of
newly developed N-doped CDs (NCDs). Till now, the source of emission property of CDs
is not explained properly, which is the main inspiration of the thesis to explore each detailed
photo-physical characteristic of synthesized NCDs and executed the same in the sensing

and biological platform.

In chapter 1, the systematic development of carbon-based quantum dots (carbon and
graphene quantum dots) as potential luminescent materials is discussed along with their
synthesis procedures, photoluminescent properties, and vast application. This chapter also
includes various modification and doping strategies to tune the optical properties of CDs
and their application in diverse fields. Chapter 2 provides a broad description of the various
materials, instrumental techniques, and experimental methodology. In chapter 3, the
specific detection of Pb?* and CIO™ by using surface-functionalized graphene quantum dot
(F-GQD) is successfully achieved. The surface modification of graphene quantum dot
(GQD) was done by a simple coupling reaction between 2,6-diaminopyridine moiety, and
GQD which is further applied to imaging and recognition of CIO™ in living cells and Pb?*
detection occurred by aggregation induced emission enhancement manner whereas the
CIO detection consists of energy migration through H-bonding network between amino
group of F-GQD and CIO . Chapter 4 refers to the hydrothermally synthesized highly blue-
emissive NCDs (quantum yield 22.7 % in an aqueous medium) from 3,6-diaminoacridine
hydrochloride and L-aspartic acid for the detection of two analytes i.e., vitamin-B1> and
bilirubin. Herealso, the mechanism of detection of two analytes are totally opposite in
nature. For vitamin-Bio, inner filter effect plays the key role for emission suppression,
whereas, H-bonding induced energy transfer was operated for detection of bilirubin.
Moreover, the NCD was further applied in living cell imaging and successfully recognize
vitamin-B12 in HeLa cells. In chapter 5, cover a brief detection strategy to recognize 4-
nitroaniline (4-NA) by two different emissive NCD-1 (blue) and NCD-2 (green). Here, the
sensing mechanism highly depends on the emission wavelength and solvent system.
Chapter 6, contains unique optical properties of newly developed NCD with three different
color emissions (blue, green, and red) under different excitation windows and their
application of Fe®* and ascorbic acid detection as well as logic gate preparation. In chapter
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7, we synthesized a dual-emissive N-doped carbon dot (NCD) for very specific ratiometric
detection of pH and Fe3* with a distinct ratiometric property. Furthermore, this NCD act as
pretty good anti-cancerous agent, and it was recognized intracellular pH as well as
exogenous Fe** in the breast cancer cell line (MCF-7). A solution-phase white light also
constructed by considering the emission property of NCD. Chapter 8 encompasses the

whole summary of the existing thesis and future scenarios of this thesis.
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6.4 (a) Fluorescence quenching titration of NCDs by Fe3* under 420 nm 122
excitation. (b) Intensity ratio (Fo and F are the FL intensities in the
absence and presence of Fe*, respectively). Inset graph shows S-V
linear plot. (¢) Turn-on FL intensity from by AA under excitation of
420 nm. (d) Intensity ratio plot (Fo and F is the FL intensity of
NCDs+Fe3* system and NCDs+Fe3*+AA systems respectively). (e)
CIE coordinates NCDs green emission (square green color),
NCDs+Fe3* (Square black color) and NCDs+Fe3*+AA (plus red
color). (f) photograph of the samples under 420 nm excitation
wavelength inside FL spectrometer: (1) NCDs-FL on state (FLg), (2)
NCDs+Fe3* (FL quenched state, FLg with 140 uM Fe®*") and NCDs+
Fe3*+AA (FL recovered state, with FLg, 140 pM Fe** and 600 uM
AA).

6.5 (a) Fluorescence quenching titration of NCDs by Fe® under excitation 123
of 500 nm. (b) Intensity ratio (Fo and F is the FL intensity absence and
presence of Fe®* respectively). Inset graph shows S-V linear plot. (c)
Turn-on FL intensity from by AA under excitation of 500 nm. (d)
Intensity ratio plot (Fo and F is the FL intensity of NCDs+Fe®" system
and NCDs+Fe*"+AA systems respectively). (¢) CIE coordinates NCDs
red emission (circle red color), NCDs+Fe®* (black circle shape) and
NCDs+Fe**+AA (plus purple color). (f) digital photograph under 500
nm excitation wavelength in FL instrument. (1) NCDs-FL on state
(FLR), (2) NCDs+Fe®*" (FL quenched state, with FLr and 250 uM Fe®*)
and NCDs+Fe**+AA (FL recovered state, with FLgr, 250 pM Fe®** and
1400 uM AA).

6.6 (a) Selectivity study of FLg in the presence of various metal ions (A, 124
B,C,D,EF G,H,IJ, Kare K", Ag", Cd?", Co?", Cr¥, Fe?*, Ni?*,
Pb?*, Zn?*, Ca?*, and H.0 respectively), (b) Selectivity study of FLG
in the presence of various metal ions (A, B, C, D, E, F, G, H, |, J, K
are K*, Ag*, Cd?*, Co?*, Cr®*, Fe?*, Ni?*, Pb?*, Zn?*, Ca®*, and H.0:
respectively, 1 represents Fe3*). (c) Selectivity study of FLg in the
presence of various competitive bio-analytes (A, B, C, D, E, F, G, H,
I, J, K, L, M, N, O, and P are glutathione, lysine, threonine, urea,
glutamic acid, cysteine, L-aspartic acid, dopamine, methionine,
glycine, citric acid, glucose, ascorbic acid, thiourea, urea, and histidine
respectively). (d) Selectivity study of FLr in the presence of various
metal ions (A, B,C, D, E,F, G, H, |, J, Kare K*, Ag*, Cd?*, Co?*, Cr¥,
Fe?*, Ni?*, Pb%", Zn?*, Ca?*, and H.0, respectively) (e) Selectivity
study of FLr in the presence of various metal ions (A, B, C, D, E, F,
G, H, 1,J, Kare K*, Ag*, Cd?*, Co?*, Cr¥, Fe?*, Ni?*, Pb%*, Zn?*, Ca?*,
and H20; respectively, 1 represents Fe3*). (f) Selectivity study of FLRg
in the presence of various competitive bio-analytes. (A, B, C, D, E, F,
G, H, 1,J, K, L, M, N, O, and P are glutathione, lysine, threonine, urea,
glutamic acid, cysteine, L-aspartic acid, dopamine, methionine,
glycine, citric acid, glucose, ascorbic acid, thiourea, urea, and histidine
respectively).
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(a) Absorption spectra of different vitamins. The selectivity study of
NCDs with different vitamins co-existing with Fe** under (b) 420 nm,
and (c) 500 nm excitation wavelengths. Here 1 represents Fe®*.

(@) Absorbance spectra of NCDs in the presence of different
concentrations of Fe**. (b) TEM images of the NCDs-Fe*" systems. (c)
Deconvoluted XPS spectrum of Fe 2p in NCDs-Fe*" system. (d)
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3 Synthesis, Photo-Physical Properties, and Applications of Nitrogen-doped Carbon Dots
1.1 Overview

Fluorescent nanomaterials usually denote the particular materials whose average size falls
on 1-100 nm in three-dimensional space. Over time, nanomaterials have now played a
supreme part in engineering and science fields. Nano-fluorescent materials include metal
nanoclusters, semiconductor quantum dots, and carbon-based quantum dots (carbon and
graphene). Carbon dots (CDs) are mainly carbon-based luminescent nanomaterial with
quasi-spherical shapes and narrow size distributions (1 to 20 nm).? It mainly contains a
carbogenic core (sp® and/or sp? carbon atom), various functional groups, and/or polymer
chains at the surface.? 2 While graphene quantum dot (GQD) is the subgroup of CD* which
can be obtained from graphene-like reacting materials and contain one or some few-layered
graphene.® In contrast to CD, GQD shows a more crystalline structure due to its graphitic
lattice plane.® 7 CDs and GQDs are bio- and eco-friendly and possess great potential in

various applications.

1.2 Discovery of Carbon and Graphene Quantum Dot

In 2004, Xu et al. first fortuitously discovered the CDs during the purification of single-
wall carbon nanotube (SWCNT).® Later, Sun et al. synthesized CDs through laser ablation
of a carbon target.” Another masterpiece synthesis was achieved by the Liu group through
combustion oxidation generating luminescent CDs (<2 nm) in 2007.1° Following the Xu et
al. work, Geim and Ponomarenko fabricated GQD in 2008.1! After that, both the GQD and
CDs fields gained intense limelight by researchers due to their enormous advantages.

1.3 Structural Analysis of CDs and GQDs

The CD and GQD contain two essential elements, carbon (C) and oxygen (O). As the base
is carbon and presents in large amounts (atomic percentage), it is called a "carbon dot".
There may be another important element, nitrogen (N), depending on starting precursors.
12 The contribution of each element depends on the synthesis procedure, precursors, and
reaction time. Carbon dots are zero-dimensional materials containing carbogenic core and
surface states. The intrinsic carbogenic core consists of sp? (C=C) or sp® (C-C) carbon
atoms and other functional moieties (-COOH, -OH, and -NH, etc.) present at the surface.
Although GQD also belongs to a class of carbon dots, there are some structural differences;

the core of GQD consists of sp? hybridized graphitic carbon atoms and other functionality
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Chapter 1: Introduction 4

present at the basal plane and edge sides. The epoxy (C-O-C) groups are mainly found at
the basal plane, and other groups (-COOH, -OH, -COR) are mainly situated at edge sites.*
CDs and GQDs have lattice spacing ranging from 0.18 to 0.25 nm, whereas the graphitic
interlayer spacing ranges from 0.32 to 0.40 nm.1*%° This interlayer spacing largely depends
on the degree of oxidation.*® The schematic illustration of carbon based quantum dots is

represented in Figure 1.1.
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Figure 1.1. Schematic illustration of carbon-based quantum dots.

1.4 Synthesis Procedure

For the preparation of CDs and GQD, many chemical and physical techniques are
developed in the last few decades. But overall synthesis procedures are classified into two
categories (1) top-down and (2) bottom-up approaches. The former involves disintegrating
the bulk carbon material into ultrasmall fluorescent carbon products. While the latter
produces CDs from a primary carbon source (glucose, small organic precursors, citric acid,
etc.) where dehydration and carbonization are the main routes.” Detail of the synthesis

route is represented in Figure 1.2.

The phrase "top-down" simply refers to "top"” to "down" movement by breaking down
bonds.'® Some large-size carbon precursors such as graphene, graphene oxide, carbon
nanotube, and carbon fiber are used as a starting material to produce nano-size luminescent
CDs via various methodologies, including laser ablation, chemical oxidation,
electrochemical oxidation, arc-discharge, and ultrasonication.® Sun group first pioneered
the laser ablation (Nd: YAG laser, 1064 nm, 10 Hz) method to synthesize the CDs from
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5 Synthesis, Photo-Physical Properties, and Applications of Nitrogen-doped Carbon Dots

carbon precursors using argon as the carrier gas with the existence of water vapor.® In the
electrochemical degradation, graphite was the working electrode, while platinum (Pt) and
Ag/AgCI were the counter, and reference electrodes, respectively, and several water-
soluble electrolytes, like, phosphate buffer (PBS), 1-butyl-3-methylimidazolium
tetrafluoroborate, and NaHPO. was used.?> 2* The first electrochemical approach of
synthesis blue emissive CDs from multi-walled CNTs was reported by the Ding group.'®
The green-emitting GQD was also prepared by electrochemical method in a high redox
potential (+1.5 to +3V) window with a size distribution of 3-5 nm.?? Chemical oxidation is
a widely used method to prepare CD and GQD. Dong et al. prepared GQDs by a chemical
oxidizing method, treating carbon black (CX-72) with concentrated nitric acid.?® The
several kinds of carbon soot obtained from candles, graphite flakes, etc. were also
chemically oxidized by strong nitric acid to produce luminescent CDs.1® 24 Like other
synthesis methods, ultrasonication is also adopted for the CDs and GQDs preparation. The
vibration of the solvent molecules during sonication is responsible for disintegrating the
large carbon source. Keep in mind that the top-down synthesis approach suffers from some
drawbacks, including hazardous conditions (strong acids) or some electrolytes, requiring a
series of extra purification and surface passivating agents to enhance fluorescence

properties.

» Top-down Processes » Bottom-up Processes
= Chemical oxidation Thermal
Pyrolysis
e Arc-discharge y y
microwave
| _aser ablation
Hydrothermal

— E|ectrochemical
oxidation

Figure 1.2. Schematic illustration of synthesis procedures of the carbon-based quantum dots.
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Due to the various obstacles of earlier discussed methods, the researchers tried synthesizing
CDs via the "bottom-up” approaches. Here, hydrothermal, microwave, and thermal
pyrolysis procedures are mainly involved. Among them, the most popular hydrothermal
method is one pot self-passivated and very simplistic technique for preparation of highly
fluorescent CDs which contain multiple heterogeneous functionalities induced by
precursors and solvent chosen. The main motif of hydrothermal reaction is the process that
occurs in elevated pressure and temperature. In 2011, the first hydrothermally synthesized
CDs were discovered by the Wang group.? Here, the monopotassium phosphate and
glucose were poured in deionized water in a particular molar ratio, and an additional
nitrogen source was further employed in that reaction mixture. After that, the whole mixture
was transferred into a Teflon-lined autoclave and placed in the hydrothermal oven at 200°
C for 12 h. After this, the journey of GQD and CDs expanded exponentially. The CDs with
tunable emission can also be prepared by varying only temperature.?® The CD synthesized
from citric acid and 2-Imidazolidinethione (2-1ZT) under 180° C and 200° C for 24 h
display blue and green emissions, respectively. The cause of spectral nature shifts with
reaction time variation was the amount of sulfur heteroatom. As the reaction time increases,
the atomic percentage of sulfur also increases from 6 % (blue) to 18 % (green), which
directly facilitates the formation of more H-bonding networks and leads to the shifting of
emission maxima in the green region. Moreover, solvent also played a crucial role in
hydrothermal synthesis.?’ By adjusting the type of solvent during hydrothermal synthesis,
the photoluminescence also varies for the CD. Lei’s research groups recently reported
multi-emissive CDs i.e., blue, green, and red using phenylalanine and o-phenylenediamine
as nitrogen and carbon source.?® The blue and green CDs were obtained in formamide, N,
N-dimethylacetamide, respectively, while red emissions were found when the precursor
mixture was treated with a mixture of concentrated sulfuric acid and water. Later, various
CDs are derived from various green sources i.e., lemon juice,?® beetroots,*® amino acids,*!
jute®? etc. to enhance their biocompatible nature. This synthesis procedure is comparably
considered green, cost-effective, and rapid for CD synthesis. The obtained CD becomes

more bio-friendly and sometimes possesses a high quantum yield.

Yang's research group revealed and confirmed the fascinating microwave method of CDs
synthesis.®® Here, saccharides (fructose and glucose, etc.) and PEG-200 (poly (ethylene
glycol)) were fully dissolved in deionized water, and then the whole transparent mixture

was placed in a microwave oven (500 W) for 2 to 10 min. As the heating time is changed
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7 Synthesis, Photo-Physical Properties, and Applications of Nitrogen-doped Carbon Dots

from 2 min to 10 min the average size was also altered from 2.57£0.45 nm to 3.65+0.6 nm.
There are numerous merits of this method like quick synthesis, low cost, homogeneous
radiation, etc.®* ** Another step CDs synthesis method is thermal pyrolysis which was
invented by Emmanuel P. Giannelis’s research group.®® Recently, the Gong group just
reported CDs obtained from pyrolysis of ionic liquid (1-butyl-3-methylimidazolium
chloride) in presence of both citric acid and o-phenylenediamine which emits blue, green,
yellow, and red emissions with different size distributions.®” All the above precisely

described the commonly utilized synthetic approach to produce CDs.

1.5 Origin of fluorescence

The origination of luminescence property of CDs is still under investigation. Several
precursors, synthetic approaches, and post-synthetic purification processes of CDs usually
have been taken to produce dissimilar luminescence features. As per the literature report,
the unique photoluminescence properties of CDs may be coined from the surface functional
moieties, degree of surface oxidations, molecular type fluorescence, quantum confinement

effect (QCE), and synergistic effect of QCE and surface states, etc.®

1.5.1 Surface functional moieties, degree of surface oxidations

A lot of studies disclosed that the luminescence of CDs results from their degree of surface
oxidation and surface functional groups which are directly linked up with the CDs. As the
increase of surface oxidative groups and various functional moieties, the defect sites
increase, leading to produce different energy levels of CDs. Liang's group demonstrated
multicolor nitrogen-doped CDs (NCDs) with various emission signals from blue to red to
even white emissions (Figure 1.3a).3° The full-color emission depended solely on surface
functional groups, not the surface oxidation since they found oxygen contents are the same
for every emissive NCDs. Recently, Li at al. synthesized CDs (CDs and GQDs) with the
same size distribution but different in nature of surface oxidation. With the upsurge of
surface oxidation, the wavelength of emission showed a red shift from 518 nm to 543 nm,

leading to the decrease of the band gaps (Figure 1.3b).%°

TH-3064_176122012



Chapter 1: Introduction | 8

(b)

WA
LUMO(x*) + 20h ‘
_
5 Oo Room temperature Carbon dots
|
| B
‘ HOMO(n,) |
‘ HOMO-1(n,) :
» e HOMO-2(7) Increasing degree of Green CNDs
° CDs ™ Core of CDs ° Surface states Surface oxidation W 5 i
Yellow GQDs

Figure 1.3. (@) Core and surface state emissions of carbon-based dots, Permission taken from ref 39.
Copyright 2017, Royal Society of Chemistry. (b) Surface oxidation dependent emission properties of carbon-
based dots. Permission taken from ref 40. Copyright 2017, Royal Society of Chemistry

1.5.2 Quantum confinement effect (QCE)

The quantum size of CDs also influenced the optical properties.** Choi et al. invented
GQDs with different sizes, ranging from 5 nm to 35 nm, with unlike morphologies, and
investigated size-dependent fluorescence and absorption spectra. As the size increases, the
absorption energy decreases, and the emission peak gradually undergoes red-shift
attributing to the QCE effect (Figure 1.4).4

Figure 1.4. Quantum confinement effect of carbon-based dots. Permission taken from ref 42. Copyright 2012,
American Chemical Society.
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9 Synthesis, Photo-Physical Properties, and Applications of Nitrogen-doped Carbon Dots
1.5.3 The synergistic effect of the quantum confinement effect and surface state

Presently, both the surface state and quantum confinement effect synergistically control the
emission of CDs.*® Pang et al. proposed that the surface states and QCE governed the
fluorescence property of CDs. A sequence of CDs with diverse emissions was produced by
changing the size, and degree of surface oxidation. The results showed that the increase of
surface oxidation or the m-conjugated electronic systems, leads to a smaller energy gap in

the CDs which is also influenced to shift the emission maxima in the red side.**

1.5.4 Molecular type fluorescence

Current studies demonstrate that during the synthesis, the formation of some emissive
impurities (called molecular fluorescence) also contributes to the emission of CDs. The
clarification the role of different molecular fluorescence in the spectral property of CDs,
Rogach's group prepared three types of citric acid-based CDs. The authors also proved that
the molecular fluorophores were not free in the solution, rather they are directly attached
to the CDs and influenced the optical properties.*> Baker's group evidently proved that the
emissive impurities formed as the side-products during CDs synthesis largely contribute to

the emission by eliminating the molecular fluorophores (Figure 1.5).4°
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Figure 1.5. Various emissive impurities of carbon-based quantum dots. Permission taken from ref 46.
Copyright 2012, American Chemical Society.

*J

1.6 Heteroatom doping

As discussed earlier, many synthesis approaches exist to synthesize CDs effectively.

However, some common drawbacks also persist for CDs; bare CDs show relatively low
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fluorescence quantum yield compared to quantum dots and organic fluorophores even
though various surface passivated or edge functional groups are present in CDs.*” To
overcome the challenges and enhance the biomedical applicability, most CDs and GQDs
need further functionalization or more passivating groups. Hence, doping is promising for
producing CDs and GQD with high emission efficiency (Figure 1.6). The doping method
can be categorized into two parts: metal-doping (selenium, cobalt, iron, etc.) and non-metal
doping (boron, nitrogen, sulfur, phosphorous, etc.). Moreover, effective surface
functionalization by more heterogeneous groups also improves their chemical and optical
properties and applicability. The percentage of dopant is also vital to modulate emission
efficacy. A linear response is usually found between dopant percentage and fluorescence
quantum yield.*® This thesis is mainly focused on non-metal doping and surface
functionalization in CDs and GQDs.

P | a

Improves quantum
yield |
[ | BN, S&P N
-| \Doped CD Changes CD’s
Band gap structure
Engineering Promote more defect
' sites

Figure 1.6. Advantages of heteroatom doping in carbon dots.
1.6.1 Nitrogen (N) doping

N doping is the most beneficial, significant, and commercially low-cost strategy. With the
positive mesomeric effect, the lone pair electrons of N atoms trim down the excitation
energy level (n*) of CDs and generate a more electronic environment, resulting in  and ©*
levels being close enough and emission signals coming from longer wavelength sides.
Simultaneously, N atoms can also modulate the decay time; the percentage of fast emission
decay in the intrinsic state increases and the percentage of slow emission in the surface
state decreases.*®*® Thus, a strong and effective emission signal can be achieved. The

doping of N mostly leads to three kinds of N-containing structures, i.e., pyridinic-N,
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11 Synthesis, Photo-Physical Properties, and Applications of Nitrogen-doped Carbon Dots

pyrrolic-N, graphitic-N, etc. Chen et al. synthesized blue emissive NCDs from
hydrothermally treating folic acid (used as both C and N sources) in 2014.% Several natural

sources and other organic compounds are used to dope the CDs.%*%*

1.6.2 Sulfur (S) doping

The Group 16 element S containing a vacant 3d orbital and a slightly larger size can also
be doped into CDs. It can also excellently tune the optical properties of CDs by inducing a
more electronegative effect which can modulate the electronic bandgap. It is not easy to
insert an S atom into a carbon framework.> In 2014, the S-doped CDs were reported by
straightforward hydrothermal synthesis, which exhibits 67 % quantum yield.> S-doped
GQD was also developed by Li's research via electrolysis of graphite in a solution of
sodium p-toluenesulfonate.®® Moreover, various sources of sulfur can be used for doped of

CDs, such as dimethyl sulfoxide, thiomalic acid, cysteine, glutathione, etc.>’-%

1.6.3 Phosphorus (P) doping

The n-type semiconductor, P, belongs to Group 15 and is relatively larger than the N atom.
It can provide much more defect sites on carbon lattice, which helps to tune the electronic
levels and photophysical properties of CDs. The fluorescent P-doped CDs were prepared
by Chandra et al. in 2011 by microwave treatment (100 W for 3 min 40 s) of sucrose and
phosphoric acid.®* Later, P-doped GQD synthesis was achieved using a graphite rod and
sodium phytate by an electrochemical technique.®> However, other P sources like phytic
acid, adenosine 5’-monophosphate, triethyl phosphonoacetate, and adenosine triphosphate
were also used for P-doping.5-%°

1.6.4 Boron (B) doping

Being a vacant P orbital, ‘B’ is a typical p-type semiconductor. As the B atom is smaller in
size, thus it is easily inserted into the carbon cluster. The effectiveness of p-type doping is
the opposite of n-type doping because of the generation of holes.>® Various B-containing
moieties (boric acid, borax, B,Os, BBrs, etc.) are used as boron sources.%® 7 In 2014, the
Feng research group reported blue emissive B-doped CD using BBrs and hydroquinone.®®
In this same year, the first-time blue emissive B-doped GQD was discovered from boron-

doped graphene sheets by hydrothermal method.®°
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1.7 Surface functionalization

There is another possible method that also helps to improve the heterogeneity, and
efficiently tune the energy levels of CDs/GQD and quantum vyield of the synthesized
materials called surface functionalization. In this method, the edge groups (-COOH and —
OH and NH2) of CDs and GQD can be functionalized by various organic moieties, bio-

molecule, metal nanoclusters, and polymers, etc.”®"
1.8 Optical Properties

1.8.1 Absorbance

Generally, the absorbance spectra of CDs and GQDs are very broad and extensive in nature.
Mostly synthesized CDs and GQDs have shown a very strong absorbance band in the range
230 nm to 290 nm (UV-region) due to the m to «* transition of C=C moieties. Moreover, it
may also have a broad and extended absorbance tail from 300 nm to 700 nm for n to ©*
transition of surface functional groups (C=0O, C=N, etc.). The absorbance spectra are

directly related to the bandgap; hence it can be directly governed by changing surface states.

1.8.2 Photoluminescence

The most enthralling part of CDs and GQDs is their photoluminescence. The observed
luminescence properties of the nanomaterials can be classified into three categories: (1)
excitation-dependent emission (Figure 1.7a), (2) excitation-independent emission (Figure

1.7b), and (3) step-wise emission under separate excitation windows (Figure 1.7c).
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Figure 1.7. (a) Excitation dependent emission, (b) Excitation independent emission, (c) Step-wise emissions
under different excitation windows.
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13 Synthesis, Photo-Physical Properties, and Applications of Nitrogen-doped Carbon Dots
1.8.3 Excitation-dependent emission

CDs mainly possess excitation-dependent emission characteristics, i.e., as the excitation
wavelength increases, the emission maxima continuously shift to the red side, gradually
decreasing the emission intensity. Many research groups suggested that this phenomenon
was observed due to (1) the quantum confinement effect, (2) size, and (3) largely distributed
surface emissive trap states.’® ’® When the particles size on a nanometer scale, the whole
electronic arrangement has influenced by grain boundaries which leads to the exhibit of
different characteristics like bandgap and the size-dependent energy relaxation dynamics.?
Another consequence is the size-dependent emission; as the size of synthesized
nanomaterials increases, the emission continuously shifts to the red end.® Li et al. prepared
CDs via the electrochemical method and purified the CDs by column chromatography. The
prepared CDs are different in size and emission properties; the small ones (1.2 nm) provide
UV light emission, the medium ones (1.5-3 nm) exhibit emission in the visible range, and
the large ones (3.8 nm) give near-infrared emissions.® Like CDs, different sizes of GQDs
were also prepared by Peng and his team with a size distribution of 1-4 nm (small), 4-8 nm
(medium), and 7-11 nm (large) with emission maxima changing from blue, green, and
yellow, respectively.8! Moreover, the effect of abundant surface functional groups cannot
be ignored. The various functional moieties produce several emissive trap states, each
containing a particular excitation wavelength. When the CDs or GQDs are excited through
the channel of wavelengths, the corresponding surface emissive trap becomes predominant,

resulting in an excitation-dependent red shift of emission maxima.

1.8.4 Excitation-independent emission

Another side of the photoluminescence behavior of CDs and GQDs is excitation-
independent emission, where the emission peak positions do not change with excitation
wavelength. The property may depend on narrow size distributions directly related to the
distinct separation of energy states.®? 8 Recently, research uses the chromatography
technique to separate the different emissive CDs depending on surface oxidation. Xiong et
al. reported various emissive CDs via silica column chromatography and found that as
surface oxidation increases, the emission shifts to the higher wavelength side (Figure 1.8a

and 1.8b).8* Later, much literature is reported on such kinds of emission properties.2>%7
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Figure 1.8. (a) Purification of CDs through column chromatography, (b) Schematic illustration of tunable
emissions of CDs with different oxidation. Permission taken from ref 84. Copyright 2012, American
Chemical Society.

1.8.5 Step-wise emission under particular excitation windows

Recently, researchers have found a different kind of luminescence property of carbon dot,
called step-wise emission. Here, CDs may possess a different emission position but a
distinct emission location at the particular excitation window, which is not dependent on
the excitation wavelength. This type of behavior may originate from inherent carbon-core
state emission and extrinsic surface state emission.® Naccache research group derived CDs
from glutathione and formamide, which exhibits dual fluorescent emission, blue and red
(Figure 1.9).%° The blue emission originated from the carbon-core state, and the red

emission signal came from various surface states.
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Figure 1.9. Two different emission centres of carbon dots, Permission taken from ref 89. Copyright 2012,
American Chemical Society.
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1.8.6 Up-conversion Properties

From conventional fluorescence down-conversion, the up-conversion technique is fully the

opposite phenomenon. Here, anti-stoke shifts are observed, i.e., the molecule excited at the
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higher wavelength and the emission signal comes at the lower wavelength region. In this
process, the absorption of multiple photons can lead to emission at a lower wavelength. It
was first invented by Cao et al. where CDs exhibit visible emission upon excitation of 800
nm laser pulse.®® This technique is very much useful in the biological platform as it can

effectively reduce auto-fluorescence and deep tissue permeability.%%: %2

1.9 Theory of fluorescence quenching

Basically, suppression of emission intensity happens only presence of a particular
quencher, i.e., effective interactions between nanoprobe and quencher may lead to
fluorescence quenching. In the quenching procedure, the determination of the rate of
quenching is an important factor®®. The quenching rate constant can be determined by
plotting the ratio of emission intensity against the concentration of the quencher which
mostly shows a linear plot, called the Stern-VVolmer (S-V) plot. This can be defined by the

following equation

F—l K
F_o_ + sv[Q]

Here, F and Fo are the emission intensities of synthesized nanoprobe before and after the

addition of quencher. Q is the concentration of the quencher. K, is called the S-V constant.

This plot also helps to determine the number of quenching mechanisms involved in the
process. If the plot is linear, then only one quenching mechanism is operating, and any
deviation from the linearity may indicate the involvement of two or more quenching

processes.

There are various mechanisms responsible for fluorescence quenching: ground-state
complex formation, Photo-induced electron transfer, Forster resonance energy transfer,

Inner filter effect, etc.%

1.9.1 Ground-state complex formation

A non-fluorescent ground state complex may form between fluorophore (F) and analytes
(A) which displays a distinguishable absorbance spectrum and undergoes some non-
radiative decay. Here, the emission intensity depends upon analyte concentration and also
temperature. As the temperature increases, the complex may break down; hence, the

association constant decreases (Kass). Here, the intensity ratio plot against quencher
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concentration shows linearity, and fluorescence lifetime also remains unchanged® (Figure
1.10a and 1.10b)

Kass

F+ A — [F - A] (nonfluorescent complex)

@) (b)
<3
N {
o o
<3 =
[Quencher] [Quencher]

Figure 1.10. (a) The ratio of emission intensity, and (b) The ratio of average lifetime vs. quencher
concentration plot.

1.9.2 Photo-induced electron transfer (PET)

The well-known fluorescence quenching mechanism, PET is generally occurred between
the donor (D) and acceptor (A) via complex formation.®> °® Mostly, excited nano-
fluorescent probes (CDs or GQDs) donate an electron to the ground-state acceptor
molecules (here metal ion) by forming [D*-A"] pair as depicted in Figure 1.11. This
complex reverted again into the ground state via non-radiative transitions. This is a major

phenomenon for fluorescence quenching by various metal ions.

D + A =, b + A

=) -

RN S oA

D* = Excited fluorophore D* = Quenched fluorophore
A = Quencher A"~ =reduced Quencher

Figure 1.11. Schematic illustration of PET process.
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17 Synthesis, Photo-Physical Properties, and Applications of Nitrogen-doped Carbon Dots
1.9.3 Inner filter effect (IFE)

IFE is another significant phenomenon in a spectrofluorometric area where the absorber or
quencher absorbs the emission and/or excitation energy of the nanoprobe.® %" The spectral
overlap between quencher absorption spectra and fluorophore emission-excitation spectra

is presented in Figure 1.12.

(@) (b) (c)

or
Absorbance
or
Absorbance
or
Absorbance

Normalised FL. Intensity (a.u.)
Normalised FL. Intensity (a.u.)

300 400 500 600 300 400 500 600 300

400 500 600
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Normalised FL. Intensity (a.u.)

Figure 1.12. Various conditions for IFE: the overlap of the absorption spectrum of the quencher with (a) the
excitation spectrum, (b) the emission spectrum and (c) both the excitation and emission spectra of the
fluorophore. [red line: Excitation spectra of fluorophore, green line: Absorption spectra of quencher, and blue
line: Emission spectra of fluorophore]

It is a straightforward process and did not involve nanoprobe-quencher interactions. IFE
can be divided into two subcategories (1) primary-IFE (P-IFE) and (2) secondary-IFE (S-
IFE). The former and later stem from absorption of the excitation and emission energy,
respectively. Various sensors have been developed by considering this theory. For IFE
calculation following formula is used®®

Feorrected _ 2.3dA oA ﬂ
Fobserved 1-— 10~ dAex 1 — 10—SAem

Here, F.orrected» Fobserved, Aex» aNd Agp,, are the corrected emission intensity after
removing the IFE, actual emission intensity, the absorbance value of nanomaterials at the
excitation wavelength, and absorbance value at emission wavelength, respectively. The ‘d’,
and ‘s’ are the is the thickness of the cuvette and the width of the excitation beam. The ‘g’

is the distance between the edges of the cuvette and the excitation beam.

1.9.4 Forster resonance energy transfer (FRET)

The mechanism of FRET is summarized in Figure 1.13. Here, the donor-fluorophore
molecule at first excited (D*), and while coming back to the ground state it releases energy.
By absorbing this energy, the acceptor molecule goes up to a higher energy level (A*).
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D + A SfRET . b 4+ a*

™~

- P ~»
D* = Excited fluorophore A* = Excited quencher

Figure 1.13. Schematic illustration of FRET process.

There are three main factors which are controlled the rate of this process (1) the distance
between the donor-acceptor pair, (2) the dipole orientation, and, (3) the extent of spectral

overlap i.e., the donor emission and acceptor absorption. The extent of overlap i.e.,

overlapping integral (J(1)) is calculated by the following formula®® 1%
* FpWe()A*dA
Overlapped Integral J(A) = fo ODO( )e?)
Jo Fo(M)da

here Fp(A) denoted for corrected FL intensity of the donor in the range A to A + Ak and &(A)
represented the molar extinction coefficient of the acceptor. The effective FRET efficacies

are also calculated by the following equation®

Tp-A

FRET Efficiency (E) = 1 — -
D

Here, tpand tp_denote the lifetimes of the quantum dots in the presence and absence of

a quencher.

The distance (ro) between the pair of donor-acceptor also governers for the FRET pair and

the effective Forster distance was also calculated using the equations

Forster distance (Ry) = 8.8 X 10725k?n"*¢ J(A) innm
1

b= 1+ (ro/Ro)®

(ro value in nm)

where «? is described as the orientation factor between the donor and the transition dipole
acceptor, ¢ is the measured quantum yield of synthesized nanomaterials, n is the refractive

index of the solvent, and J(A) stands for the overlapping integral.
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1.10 Application

CDs and GQDs have several applications in diverse filed. The utilization of these carbon-
based quantum dots in various platform is elucidated here.

1.10.1 Sensing

The sensing application mainly focuses on two criteria, i.e., transduction and recognition.
The specific analyte (which to be detected) interacts with the specific site of the sensor
(here CDs/GQDs) and the degree of this interaction largely depends on analyte
concentrations. By evaluating the alteration of the chemical or physical property of the
CDs/GQDs, the analyte concentration is determined. In another way, a method of
converting concentration variations into practical data is called signal transduction. In
chemical sensors, both the sensing analyte and signal transducer are incorporated together.
The photoluminescence-based optical sensors are highly superior owing to its fast, sensitive
spectral changes, cost-effective, and precise detection of analyte.!®® Depending on the
sensor-analyte interactions, the emission signal may vary mainly in three ways; (1) signal-
on (here, the emission intensity enhances manyfold by adding analyte, called ‘turn-on
sensing’), (2) signal-off (the emission intensity gradually goes down with changing analyte
concentration, called ‘turn-off” sensing), (3) ratiometric sensing (here either one emission
band increase and other decreases or remain constant. The nanoscale size, numerous
surface functional groups, and outstanding spectroscopic property allow the CDs/GQDs to

detect several kinds of analytes.

1.10.2 Metal ion detection

Every metal ion has some threshold limit, beyond that, it becomes very harmful for
physiological systems and environments. Hence, a CDs/GQDs-based good, simple, and
economical sensor is crucial to develop. Specific metal ion are binds only specific types of
carbon dots. Many metal ions can be detected using CDs/GQDs, such as Fe3* 102104 ppy2+ 105
ng+,106' 107 CU2+,108’ 109 Cr6+,11°’ 111 A|3+,112 AS3+,113’ 114 Zn2+,115' 116 Pb2+,105 AU3+,117 Po437’118
I 12 CN ' etc. Mostly, metal ion sensing is accomplished by complex formation with

GQDs/CDs, and electron transfer process.
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1.10.3 pH sensing

pH is extremely essential in the living organism for proper functioning physiological
processes. The different types of surface functional groups (-NH., -COOH, -OH, pyridinic-
N, etc.) or edge functionalization of CDs/GQDs helps to grow up pH-sensitive
performance.'?! Mainly protonation and deprotonation of surface functionality boosts the
pH dependent behaviour of CDs. For example, various N-doped GQD (NGQD) was
reported by Kurniawan et al. where they found that the combined effect of —OH and pyrrolic
N would be responsible for a wide range of pH sensing behavior (1.8 to 13.6) with the red
shifting of emission maxima.'?? In another report, a wide range of pH (1 to 9) and
intracellular pH recognition were reported by red emissive CDs. This pH-responsive

performance is achieved by aggregation-disaggregation of synthesized CDs materials.?®

1.10.4 Biomolecule detection

The biocompatible nature of CDs/GQDs endorses its applicability in the area of
biomolecule detection. Several kinds of biomolecules such as vitamins,*?* jaundice
biomarkers,'?® glutathione,'?® cysteine,'?’ adenosine triphosphate,*?® glucose,*?® uric
acid,'® etc. carbon-based quantum dot also able to bind with DNA which helps in the

treatment of life-threatening diseases.'3! %2

1.10.5 Other Sensing

Hitherto, the exceptional spectroscopic properties of CDs/GQDs have been expansively
used to design or develop new novel nanoprobe for recognizing various chemical regents
like dopamine,®* fingerprint,** valine,'® picric acid,'* 4-nitroaniline,*” nerve agents,*3®
H2S,'%  hazardous dye,'*® pesticides,*** H202,'%> moisture,’**  temperature,*

formaldehyde,* tetracycline,'*® reactive oxygen species (ROS)'*’ etc.
1.10.6 Bioimaging

CDs are a suitable candidate for bioimaging. The very low-cytotoxic behavior and
nanoscale range size make them appropriate nanoprobe for biological applications. Two
photon fluorescence microscopy have been used in 2007 by Cao et al. for cancer cell
imaging.®° Later CDs are introduced in mice model by Yang et al. at 2009 for showing the
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non-toxic behavior, and biocompatible nature.’*® Afterward, CDs are applied for the

150 151

specifically targeted living organs like mitochondria,**® lysozyme,**® and nucleus.

1.10.7 Drug delivery

The CDs/GQDs are promising materials for traceable drug release due to its bio-friendly
nature and very tiny size which helps to act as a nano-carrier for drugs. The plausible
reasons behind drug loading are the non-covalent interactions between drug and the surface
of CDs/GQDs.*® Sometimes hollow cavity presents at the center of the carbon-based dots
facilitating abundant space for drug molecules.’™? Recently, amino acid mimicking NIR-
emitting CDs was invented by Li et al. with many paired amino and a-carboxyl groups
present at the edge site which prompt multivalent interactions with large neutral amino acid
transporter 1 (LAT1).2® This CDs specifically detects and provides imaging of the
cancerous cell, tumor, and its locations. The aromatic domain of NIR-CDs helps to load
topotecan hydrochloride (TPTC) drug via n—r interactions and deliver the drug to the brain
tumors through penetrating the blood-brain barrier. Sung and his co-workers also develop
GQD-based drug delivery systems where docetaxel (DTX), a hydrophobic drug loaded
with GQD via sp?-sp? interactions (GQD/DTX). This system was further coated with large
pores mesoporous sponge-like silica and capping with Cetuximab (Ct) and RBC membrane
(named as Ct-RBC@GQD-D/NS). Finally, when Ct-RBC@GQD-D/NS reached the
tumor-targeted locations, GQD/DTX was discharged upon significant NIR radiation,

subsequent to tumor ablation.*>*

1.10.8 Solar cells

Carbon-based quantum dots can absorb the entire spectral region i.e., from UV to NIR.
This phenomenon can be utilized to devise photovoltaics such as solar cells. In this recent
times, various composites of CDs/GQDs are reported for dye-sensitized solar cells (DSSC),
and perovskite solar cells (PSCs), due to it can be enhanced the photovoltaic performance.
GQDs and CDs can applied as very efficient counter electrode (CE) for the dye dye-
sensitized solar cells (DSSCs) in replacement of Pt CE. The nanocomposite made with
reduced graphene oxide (rGO), MoS2, and N-doped graphene quantum dot can be used as
a potential CE for the DSSC devices and reveals very good power conversion efficiency
(PCE).'™ In another work, CDs is being dopped in the heterojunction of n-ZnO/p-NiO to

diminish the electron/hole potential barrier at respective edge of n-ZnO/Cdot and
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Cdot/pNiO.*® CDs and GQDs can also be utilized as a passivation additive for perovskite
solar cells. In a recent study, two different CDs with varied functional groups has been
utilized to passivate the MAPDI3z perovskite and carbon electrode interface. This surface
passivation strategy will enhance the defect states of perovskite and also enhance the
hydrophobicity of the layer that results in highly efficient and stable solar cell devices.*’
Novel GQDs can also be used as a passivation molecule to improve the device efficiency

and stability. 8

1.10.9 Catalysis

CDs are also used as an electrochemical and photocatalysis. Till now, many metal-based
catalysis and nano-composites are described to enhance the reaction kinetics. Due to the
complicated reaction technique of metal catalysis, CD-based compounds are incorporated
here as well. The bi-functional CDs are reported for measuring the electro-catalytic
behavior in an oxidation-reduction reaction.'®® The CD with 1 to 4 nm size was prepared,
which exhibited catalytic activity of conversion of alcohols to benzaldehyde in NIR
irradiation. The efficiency of conversion was reported at 92 % with almost 100 %

selectivity.

1.10.10 White Light generation

White light generation is a hot topic in the modern research world. As the CDs have broad
emission ranges, they can be successfully used to generate white light. For white light
production, various emission (blue, green, and red) colors are required to recreate the
visible spectral range (400-700 nm).*% Very recently, Chen et al. reported multicolor
emissive CDs/epoxy composite i.e, blue, green, and red CDs in some for making multicolor
LEDs. Furthermore, they mixed the multicolor emissive epoxy/CDs composite in a 1:2:2

(red: green: blue) weight ratio to produce a bright white light.*6*

1.11 Motivation

In the thesis, I am inclined to prepare several novel N-functionalized carbon dots and
investigate their optical properties and applications, considering the different fascinating
facets of carbon-based quantum dots discussed in this introduction section. Carbon dots
represent a highly flourishing research domain exposing versatile newer applications. As

the circle of time expands, the overall toxicity in nature increases; many hazardous
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chemicals and heavy metal ions are found at abnormal levels in the environment, causing
many serious health issues in the human body and aquatic animals. The primary motivation
of the thesis is to identify low levels of hazardous chemicals and metal ions by
implementing biocompatible N-doped/functionalized carbon dots as an excellent nano-
optical sensor. Detecting harmful analytes by the simple fluorometric method is also
challenging. So far, all the criteria of recognizing hazardous materials through switching of

emission signal can be easily achieved by N-doped/functionalized carbon dots.

1.12 Thesis Overview

This thesis emphasizes the facile synthesis of new and biocompatible N-doped carbon dots
with fascinating optical characteristics and robust sensing performance. This thesis

contains eight chapters, and a brief description of each chapter is given below.

Chapter 1 briefly introduces carbon dots, its classification, various synthesis techniques,
doping strategy, surface functionalization, photoluminescence properties, and enormous

applications.

Chapter 2 describes the details of materials and methods adopted during the synthesis. The
synthetic procedures and the instruments used for characterizing the nanomaterial are

thoroughly explained in this chapter.

Chapter 3 presents surface functionalized graphene quantum dot by 2,6-diaminopyridine
molecule (F-GQD) for the multimode detection of Pb?* and CIO™ via totally distinct
emission properties. The fluorescence quantum yield and surface heterogeneity increase
manifold by incorporating 2,6-diaminopyridine. For Pb?*, the emission signal was
amplified because of the aggregation-induced emission enhancement effect. However, a
turn-off fluorescence behavior was observed in the case of CIO . The mechanism for the
detection of CIO was unique in nature. In the presence of CIO , an H-bonding interaction
between —H from amine functionality and CIO leads to energy migration from
nanosensors to CIO . The effect of amine functionality in sensing performance was also
clarify undertaking only 2-aminopyridine functionalized graphene quantum dots. The
functionalized nanodot is further applied for detecting CIO in the HelLa cell line with

excellent outcomes.

Chapter 4 discusses multi-heteroatomic N-doped carbon dot (NCD) prepared from 3,6-

diaminoacridine hydrochloride and L-aspartic acid in a 1:1000 molar ratio. This nanodot is
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highly blue-emissive and has solid-state emission properties. The two well-known bio-
analytes, e.g., bilirubin and vitamin-B1> are easily recognized by the NCD with contrasting
detection mechanisms. The bilirubin detection consists of H-bonding induced energy
transfer from donor-NCD to acceptor-BR, whereas the inner filter effect was responsible
for vitamin-B1> detection. Furthermore, the NCDs show excellent biocompatibility and

detect vitamin-Bi2 in the living systems.

In Chapter 5, two different emissive (blue and green) NCDs were prepared by considering
two different precursors, 5-aminoisopthalic acid and 3,5-diaminobenzoic acid. With
increasing the atomic percentage of nitrogen from 8.3% to 15.8 % the emission center was
shifted from 430 nm (NCD-1; blue emission) to 490 nm (NCD-2: green emission). NCD-1
has solid-state emission and centre at 521 nm, which is 91 nm red-shifted from solution-
state. Both the NCDs recognize 4-nitroaniline (4-NA) with good sensitivity and selectivity.
The sensing mechanism depends on the emission wavelength and solvent system. In an
aqueous medium, the inner filter effect and electron transfer are primarily responsible for
sensing 4-NA by NCD-1, whereas both energy and electron transfer are responsible for 4-
NA detection by NCD-2. In DMSO medium, multiple mechanisms act together, e.g., inner
filter effect, electron, and energy transfer. A paper-strip-based 4-NA detection was also

achieved for fast on-site detection of 4-NA.

Chapter 6 reports a triple mode emissive N-doped carbon dot (NCD) synthesized from 3,5-
diaminobenzoic acid and hydrazine hydrate. Here, the NCD shows three different
emissions in three different blue, green and red emissions when excitation windows fall on
300-340 nm, 380-460 nm, and 500-540 nm, respectively. We established that the blue
emission arises from the carbon core, and the rest of the emission stems from surface states.
The surface-state emissions are very sensitive to Fe**, showing turn-off quenching, whereas
the off-state emission signals are restored after adding ascorbic acid. Finally, a multi-input
logic gate was established to transform the molecular information as fluorescence signal

outputs.

In Chapter 7, a dual-emissive N-doped carbon dot (NCD) was prepared from 3,4-
diaminobenzoic acid and hydrazine hydrate, where emission signal appears at 490, and 570
under 410 nm excitation. This NCD is highly sensitive to pH and Fe*" in a ratiometric
manner. As the pH increases from 2 to 7.6, the emission intensity gradually increases; after
that, it levels off (pH 8 to 12). The fluorescence decay profile depends on pH. For Fe3*, the

490 nm peak intensity gradually decreases while the 570 nm peak intensity increases in a
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distinct ratiometric manner. The complexation between various heterophilic surface
functional groups and Fe** plays a central role in such ratiometric sensing performance.
Moreover, the NCD shows a noteworthy anti-cancerous property. This bi-color emitting
NCD can effectively recognize the intracellular pH and exogenous Fe** in the breast cancer
cells (MCF-7). Finally, a solution-phase white light was also prepared by considering the

emission characteristic of NCDs.

Chapter 8 summarises the thesis and furnishes future perspectives for the works presented
in the thesis.
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2.1 Overview

In this chapter, we have thoroughly focused on the material used and synthesis technique
for the preparation of CD and GQD. Additionally, the instrumentation specifications for
characterizing the novel nano-fluorescent material are completely described. The surface
and morphological analysis are performed by transmission electron microscope (TEM),
atomic fluorescent microscope (AFM), X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, Fourier transformed infrared spectroscopy (FTIR), and powder X-ray
diffraction (p-XRD). For spectrofluorometric characterization, UV-visible absorption
(UV), steady-state fluorescence, and time-correlated single photon counting (TCSPC) are
used. Lastly, the confocal laser scanning microscope (CLSM) is used for biological

purpose.

2.2  Materials and Synthetic Procedures

Graphite flake, 2-aminopyridine (2AP), 2,6-diaminopyridine (DAP), 3,6-diaminoacridine
hydrochloride, L-ascorbic acid, L-aspartic acid, vitamin B12, vitamin B1, vitamin B3,
vitamin B5, vitamin B6, vitamin B7, vitamin B9, vitamin B12, bilirubin, haemoglobin,
human serum albumin, bovine serum albumin, creatinine, lysine, histidine, threonine,
dopamine, urea, glutathione, cysteine, 5-aminoisopthalic acid, 3,5-diaminobenzoic acid
3,4-diaminobenzoic  acid, dialysis kits (MWCO 1000 Da), PBS tablet,
Tris(hydroxymethyl)aminomethane hydrochloride, and metal salts (Cr®*, Mn?*, Fe**, Co?*,
Ni%*, Cu?*, Zn?*, Hg?*, Pb?*, Cd?*, AI®*, Li*, Na*, K* Fe?*, SCN™, PO4* ", S;08? ,and CN")
were purchased from Sigma-Aldrich Chemicals. 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide (EDC), N-Hydroxysuccinimide (NHS), NaClO-5H,0, glucose, sucrose,
hydrazine hydrate were bought from Alfa Aesar. The absolute ethanol, other solvents
(DMSO, DMF, THF, and acetonitrile) concentrated H.SO4, and HNO3z were received from
Merck and used without any kind of purification. The aqueous solution was prepared using
Mili-Q deionized water (18.2 MQ ™).

2.2.1. Preparation of functionalized GQD

For chapter 3, GQDs were produced from non-emissive graphite flakes (GF) considering
an earlier reported literature. Briefly, the GF were poured into the mixture of concentrated
acid (HNO3:H2S04: = 1:3) and sonicated for 2 h. Then the mixture was heated at 120 °C
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for 24 h. After naturally cooling down to normal temperature, the full solution was
neutralized by adding an appropriate amount of NaOH solution in a dropwise manner with
continuous checking the pH of the medium. Then the solution was filtered by 0.22 um
PTFE membrane and dialyzed (using MWCO 1000 Da) against water (1L). After

lyophilisation, a brownish solid GQD powder was obtained.

For edge-modified GQDs (F-GQD) preparation, simple carbodiimide chemistry is
followed. In 2 mg/mL aqueous solution of GQD, 10 mM EDC and 10 mM NHS was added
and vigorously stirred 30 min for the activation of carboxylic acid groups present at the
GQD edges. After that, DAP solution (10 equivalents with respect to GQD) was added into
the activated GQD solution in a dropwise manner. The total mixture was simply stirred for
2 days and purified by adopting dialysis methods. The powder F-GQD sample was
achieved by lyophilising the solutions. The same synthetic process was followed by the
synthesis of 2AP-GQDs where instead of DAP, 2AP was used for edge functionalization.

2.2.2. Preparation of N-doped carbon dots (NCDs)

For the preparation of novel NCD in chapter 4, L-aspartic acid and 3,6-diaminoacridine
hydrochloride were preferred for the starting precursors where the molar ratio was
maintained at 1000:1 (L-aspartic acid; 3,6-diaminoacridine hydrochloride). In this molar
ratio of precursors were dissolved into 50 mL of absolute ethanol and placed in sonication
for 1 h followed by 30 min continuous stirring to produce a well homogeneous mixture.
The homogeneous solution was then moved into the Teflon-lined autoclave and transferred
in a hydrothermal oven at diverse temperatures ranging from 150 to 180 °C with variable
reaction times from 2 to 6 h. After cooling, the NCDs solutions were filtered with a 0.22
um poly(tetrafluoroethylene) (PTFE) membrane to remove unwanted by-products. Then,
each NCD solution was further dialyzed (MWCO 1000 Da) for 5 days and finally dried the
solution at 50 °C. On the basis of fluorescence emission intensity, it was found that the
maximum emission signal was noticed for the NCDs prepared at 170 °C and 5 h reaction

time.

2.2.3. Synthesis Procedure of two different emissive NCDs

In this chapter 5, two different types of NCDs were demonstrated i.e., NCD-1 and NCD-2
which were synthesized by considering two different starting materials i.e., 5-

aminoisopthalic acid and 3,5-diaminobenzoicacid, respectively. Each of the precursors was
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separately dissolved into 15 ml absolute ethanol followed by 30 min stirring and 1h
sonication process. The whole solution was shifted into a Teflon-lined autoclave inner
vessel and placed in an oven at 160 °C for 12 hours. All the resultant NCDs solution was
naturally cooled to room temperature and then filtered (0.22 um PTFE membrane) to
eliminate any large particles. After that, each NCD solution was poured into a dialysis tube
(MWCO 1000Da) for 3 days. Lastly, the solid purified product was gained after drying at
50 °C.

2.2.4 Synthesis of triple mode excitation-emission NCDs

Herein, in chapter 6 the NCDs were also prepared by accepting eco-friendly, cost-effective
hydrothermal techniques. In the 20 ml of absolute ethanol, 3,5-diaminobenzoic acid (100
mg) was poured and placed in ultra-sonication for 1 hour. Then, dropwise hydrazine
hydrate (100 pL) was added to the above mixture with continuous stirring. Afterward, the
full reactant mixtures were poured into an autoclave vessel and placed in an oven with a
temperature 170°C for 5 h. After finishing the reaction, the autoclave cooled to normal
temperature and the purified the full solution by following three procedures in a step-wise
manner (1) centrifugation (10000 rpm for 15 min), (2) fitration (0.22 wm membrane filter)
and (3) dialysis (MWCO 1000 Da). Ultimately, the clear brown color solid product of
NCDs was achieved via freeze-drying.

Here also, the same preparation technique was also followed for the preparation of CDgiank

where only 3,5-diaminobenzoic acid was considered as a starting precursor.

2.2.5. Synthesis of dual-emitting NCD

The well-known hydrothermal method was also used in chapter 7 for the preparation of
bright yellow emissive NCDs. In short, 100 mg of 3,4-diaminobenzoic acid and 100 pL of
hydrazine hydrate were firstly poured into absolute ethanol (20 ml) and treated in a
sonication method for 30 min. Then, the reactant mixture was heated in an autoclave at
170°C for 5 hours. After cooling the reaction, the complete solution was centrifuged for 15
min at 10000 rpm and dialyzed against deionized water. Next, the filtration technique for
more purification. In the end, a dark-brown color solid of yellow emissive NCDs was

obtained from freeze-drying.
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2.3  Biological Analysis

In chapter 3, cytotoxicity of nanoprobe F-GQD, the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay was performed using HeLa (human cervical cancer
cell line) cells. The freshly trypsinized cells were seeded in Dulbecco's Modified Eagle
Medium (DMEM) with 10% fetal bovine serum in 96-well flat-bottom plates and incubated
at 37°C in 5% CO> atmosphere. A range of concentrations of F-GQD (50 pug/mL to 400
png/mL) was accordingly introduced into the culture media and incubated for 24 h.
Afterward, 10 pl of MTT solution (stock solution of 50 uM MTT reagent in phosphate
buffer saline) was added over the cells. Following an incubation of 4 hours at 37°C, excess
MTT solution was discarded, and 100 pul of DMSO (dimethyl sulfoxide) was introduced
for dissolving formazan. Finally, the absorbance value was measured at 570 nm by using a
microplate reader for cell viability measurement. For the purpose of cell imaging, 1 x 10°
HeLa cells were seeded on clean and clear coverslips and incubated overnight at standard
conditions (37 °C and 5% CO2). A 200 ug/ml F-GQDs solution was subsequently
introduced into the culture media and incubated for 2 h at the same standard condition.
Thereafter, the cells are prudently washed two times with PBS buffer (pH 7) and fixed with
4% formaldehyde before mounting over a glass slide with glycerol. The fluorescence
images were captured using a confocal laser scanning microscope (CLSM) with an
excitation laser source of wavelength 405 nm. Here the emission range are fixed from 420
to 480 nm

In chapter 4, the method of evolution of cytotoxicity study and cell imaging of nanoprobe
NCDs is quite similar to earlier procedure. But there are some differences, here, range of
concentration of NCDs (50 pg/mL to 500 pg/mL) were consequently introduced into the
culture media and incubated for 24h to discover the cytotoxic behavior. For cell imaging
purpose, 200 pg/ml NCDs solution was subsequently introduced into the culture media and
incubated for 2h at the same standard condition. The fluorescence images were captured
using a confocal laser scanning microscope (CLSM) with an emission range 420 to 470 nm

and excitation laser source of 405 nm.

For chapter 7, the cell viability assay using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] was carried out on MCF-7 and HEK-293 cells (normal cell
line). Cells were seeded at a density of 5 x 10° per well into a 96-well plate and treated
with varying concentrations of NCD for 48 h. The control study was also done with the
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concentration of PBS not exceeding 0.1% in the cell culture medium. Following treatment,
an MTT assay was performed where the respiratory mitochondrial enzyme in the live cell
reduces MTT to an insoluble formazan product which when dissolved in DMSQO, can be
detected spectro-photometrically at 570 nm with the reference filter at 655 nm. The amount
of formazan formed is directly proportional to the number of live cells. The percentage (%)

of cell viability was calculated as follows.

(Abs 570 — Abs 655) treated cells
(Abs 570 — Abs 655) control cells

X 100 = % Cell viability

The inhibitory concentration, and ICso values were determined from the sigmoidal dose-
response curves, using the GraphPad Prism. (Version 6.0.0 for Windows, GraphPad

Software, San Diego, California USA, www.graphpad.com). The MCF-7 was treated with

three different pH solutions (3, 5.5, and 7), and a 450 pg/ml NCD compound was used for
cell imaging. For Fe*, 200 uM solution was added to the NCD-treated MCF-7 cell line,
and check the images under Leica DMi 8 confocal microscope at a laser excitation of 405
nm. The uptake study was carried out by treating the MCF-7 cells with NCD at the 1Csg
concentration and incubating for 7 h at 37 °C. The cells were viewed under a Leica DMi 8
confocal microscope at a laser excitation of 405 nm and emission at 490 nm and 570 nm.
To analyse the cell surface morphology, the treated and control MCF-7 cells were imaged
using FESEM. Cells were treated with the ICsp value of NCD. Both treated and untreated
cells were incubated at 37 °C for 12 h. Following that, cells were washed using PBS and
trypsinized. They were fixed with 4% formaldehyde followed by washing with PBS. The
final cell pellet was dispersed in deionized water. To an aluminium foil-covered glass slide,
20 pl of the diluted cells was drop-casted and air-dried overnight, following which images

were captured.
2.4  Sensing study

2.4.1. Fluorescence Assay of Pb?* and CIO™for chapter 3

Fluorescence studies were carried out for detection of Pb?* where various concentrations
of Pb?* were added to the Phosphate buffer solution (PBS, 10 mM pH 7), containing F-
GQD (20 pg-mL™). All emission spectra were recorded after mixing of CIO™ in1cm x 1
cm quartz cuvette. In PBS buffer, F-GQD has maximum absorbance located at 420 nm and

emission maximum was at 470 nm (hex = 420 nm).
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Fluorescence studies were carried out for detection of CIO  where various concentrations
of CIO were added to the Phosphate buffer solution (10 mM PBS buffer, pH 7), containing
F-GQD (50 pg-mL™). All emission spectra were recorded after mixing of CIO™ in 1 cm x
1 cm quartz cuvette in the dark. In PBS buffer, F-GQD has maximum absorbance located

at 420 nm and emission maximum was at 470 nm (Aex = 420 nm).

2.4.2. Fluorescence Sensing of Bilirubin (BR) for chapter 4

Bilirubin is not soluble in an aqueous medium, but it becomes soluble after adding an
adequate alkaline solution. Here, 2ml of 1mM of BR stock solution was prepared in PBS
buffer, including SuL of 1M NaOH solution. Fluorescence titration with BR (0 to 92uM)
was carried out in low light. For the selectivity experiment, 1ImM of analytes was
introduced into 2.5ml PBS buffer containing 80pg/ml NCD. Before recording each

spectrum, the fluorescence response time of NCD towards BR was measured.

2.4.3. Fluorescence Sensing of VB12 for chapter 4

For fluorometric detection of VB12, 2500uL of 80pg/ml NCD PBS solution (pH 7.4,
10mM) was thoroughly mixed with different concentrations of VB12, and the fluorescence
spectra were monitored at an excitation wavelength of 360 nm. The emission spectra are
recorded at room temperature with 2 min incubation time after each titration. Fluorescence
spectra were also measured with various other vitamins, amino acids, and some metal ions

to investigate the anti-interference adequacy and selectivity.

2.4.4. Fluorescence assay of Fe3* for chapter 6

250 pg/ml NCDs solution was used for performing the fluorescence assay in a Tris-HCI
buffer of pH 6. For Fe3* titration, different amounts (in pL) of 1 mM Fe3* stock solution
were injected into the 2 ml NCD solution to vary the Fe3* concentration. Similarly, 5 mM
AA stock solution was prepared, and different amounts (in pL) of the stock solution were
injected into the NCD+Fe®* solution to vary the ascorbic acid concentration. Emission

spectra were recorded under 420 nm and 500 nm excitation wavelengths.

2.4.5. Fluorescence assay of of Fe3* for chapter 7

100 pg/ml NCDs solution was used for performing the fluorescence assay in a Tris-HCI

buffer. For Fe®* titration. Different concentrations of Fe3* solution was inserted into the 2

TH-3064_176122012



45 Synthesis, Photo-Physical Properties, and Applications of Nitrogen-doped Carbon Dots

ml of NCD solution. All emission spectra were recorded under 410 nm excitation

wavelength.
2.5 Instrumentation

2.5.1. UV-visible spectroscopy

UV-absorption spectroscopy is one of most beneficial spectroscopic method which can
provides valuable evidence about the electronic transition of various functional moieties.
During all the experiments, UV-Vis spectra were recorded in Perkin-Elmer Lamda-750
spectrophotometers. The instrument consists of tungsten, deuterium, halogen light source,
high sensitivity R928 PMT and double holographic grating monochromator,

2.5.2 Steady-state fluorescence

Jobin Yvon Fluoromax4 is used for recording all the fluorescence spectra of all the
synthesized samples. Here is, the high-pressure 150 W xenon (ozone-free) arc lamp is used
as a light source. The emission signal is collected by placing the cuvette at a 90° angle with
respect to the incident beam and the emitted signal is identified through a monochromator
by an R928P photomultiplier (PMT).

2.5.3. Quantum yield

Quantum yield (QY) can be described as the ratio of the number of emitted photons and

the number of absorbed photons.

_ Number of photons emitted

f ™ Number of photons absorbed

QY of the synthesized nano-fluorescent material was taken in a relative manner with the

following formula.

QY= (I/lr) X(Ar/A) xn?/(nr? )*QYr--- (1)

Here QY is the calculated quantum yield of synthesized material. | and Ir are integrated
emission intensities of nanomaterials and the references, respectively. n_is the refractive
index of the solvent used. Ar and A is the optical density at the excitation wavelength of
the reference and the quantum dots. QYR is the reference quantum yield. While measuring

the QY, the absorbance was always kept below 0.1 at the excitation wavelength.
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For Chapter 3, rhodamine-6G in ethanol (Q= 95%), and chapter 4 to chapter 6, quinine
sulfate was used (QY =54.4% in 0.1 M H2SOg). In chapter 7, rhodamine-6G was used as

a reference (Q = 95% in ethanol).

2.5.4. Time correlated single photon counting (TCSPC)

The fluorescence lifetime of all newly developed materials is measured by a time-correlated
single-photon-counting (TCSPC) instrument which has a broad time resolution range from
picoseconds to nanosecond scale. In chapter 3, chapter 4, and chapter 5 DeltaDiode-375L
pulsed laser is used. The full width at half-maximum (FWHM) of these setups was typically
~100 ps measured using a liquid scatter. DeltaDiode-290, DeltaDiode-405 and
DeltaDiode-515 are used in chapter 6. In the chapter 7 only DeltaDiode-405 is used to

record the emission decay. All the decay curves are fitted into tri-exponential functions
-t -t -t
1) = Are /) + Ayl ) + Azel /)
Where 7 is the decay time of components and A, is the corresponding contribution.
The average lifetime is calculated in every chapter by the following formula.

Taverage = ATy + Azt + Az

2.5.5. Field Emission Transmission electron microscope (FETEM)

To know the formation of quantum dots, TEM measurement is a very powerful technique
which is accomplished by a JEOL JEM 2100 electron microscope with an operating voltage
of 200 kV. Every TEM sample was prepared by drop-casting a very diluted solution of CDs
to a copper grid and allowing it to dry in a cleaned desiccator. For analyzing the size of the
samples and calculation of ‘d’ spacing, Image-J software, and Gatan software are used,

respectively.

2.5.6. Fourier transformed infrared spectroscopy (FTIR)

The FTIR spectra of all samples are recorded in attenuated total reflectance or ATR mode
with a scanning range from 4000 to 400 cm with an average of 4 scans. Here, all the solid
samples are placed into the incident IR-light chamber followed by applying the force gauge
45 and recording the spectra. Here, the sample is directly in contact with the incident IR

beam which is very advantageous for detecting functional groups.
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2.5.7. Atomic fluorescence microscopy (AFM)

The roughness and surface area were thoroughly analyzed by AFM characterization. Here,
The AFM images of chapter 3, chapter 6, and chapter 7 were taken by the asylum cypher

oxford instrument.

2.5.8. X-ray photoelectron spectroscopy (XPS)

XPS is the most useful method for quantum dot-based nanomaterials for anticipating
chemical bonding via analyzing the binding energy values. In this thesis, all XPS
characterization was done by ESCALAB Xi+ (Thermo Fisher Scientific Pvt. Ltd., UK)
photoelectron spectrometer. For full range XPS measurement the pass energy 200.00 eV
and for high resolution XPS analysis pass energy was 50.00 eV. For the XPS
deconvoluting, XPSPEAKA4.1 software was used.

2.5.9. Powder X-ray diffraction (p-XRD)

The amorphous nature of synthesized quantum dots (chapter 3, chapter 4, and chapter 6)
was identified by Bruker D2 PHASER X-ray diffractometer with the generation of Cu—Ka
(L= 1.54 A) with a 9-kW power. The spacing (d) is calculated using the following formula

nA = 2dsin®
Here d, 6, and A are is the spacing between diffracting planes, the incident angle, and the

wavelength of the beam, respectively. The ‘n’ is the integer.

2.5.10. Raman Analysis

Raman spectroscopy is a commendable technique to study carbon-based dots. This analysis
can also be helpful for the prediction of some functional groups. All the Raman spectra of
the as-prepared materials (chapter 3, chapter 4, and chapter 5) were recorded in the Horiba
Jobin Vyon Micro Raman System (Model-LabRam HR) with the excitation laser source of
488 nm.

2.5.11. Field emission scanning electron microscope (FESEM)

For chapter 7, the FESEM of the biological sample was investigated by Zeiss (model-
Sigma 300) instrument with an operating voltage at 5 kV.
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2.5.12. Confocal laser scanning microscope

For confocal analysis, two different kind of instrument was used. For chapter 3 and chapter
4, the cell images are collected by using Zeiss, LSM 880 instrument. The Leica DMi 8
instrument was used in chapter 7 for the cell imaging study.
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Abstract

Recently, multimodal detection of analytes through a single nanoprobe has become an
eminent approach for researchers. Herein a fluorescent nanoprobe, functionalized-GQDs
(F-GQD), has been designed through edge functionalization of GQDs by 2,6-
diaminopyridine molecules. The fluorescence of F-GQD is quite sensitive to the pH,
making it a suitable pH sensor within the pH range 2—6. Interestingly, F-GQD shows dual
sensing of Pb?* and CIO™ via entirely dissimilar pathways; Pb?* exhibits fluorescence turn-
on performance while CIO™ triggers turn-off fluorescence quenching. The emission
enhancement of F-GQD may originate from the Pb?*-induced aggregation of the nanodots.
For CIO™, the detailed mechanistic investigations reveal that both dynamic and static
quenching effects simultaneously operate together. The dynamic quenching was attributed
to the energy migration from F-GQD to CIO™ through hydrogen bonding interaction (static
quenching) between the amine group at the F-GQD surface and CIO-. The limit of
detection (LOD) was also impressive, 1.2 uM and 12.6 nM for Pb?* and CIO~, respectively.
Moreover, the F-GQDs also serve as multicolor fluorescent probes for cell imaging; the

nanoprobe can easily permeate the cell membrane and successfully detect intracellular CIO™
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2.1 Overview

The heavy metal lead ion is a crucial environmental pollutant with an extreme
carcinogenic effect on human health via complexation with multiple heteroatomic groups
like, oxygen, sulfur, and nitrogen groups present in various bio-ligands' 2. The
complexation can break the hydrogen bond of proteins which accelerates the damage of
numerous tissues and inhibits their work-functions®. Several endogenous pathways and
oxidative stress are responsible for generating reactive oxygen species (ROS)*S. Any
abnormality of the ROS level can cause several diseases like arthritis, cardiovascular
irregularity, degeneration of neurons, stress production, chronic inflammation, cell
membrane, and DNA damage’. During cellular homeostasis, various oxygen-containing
ROS, e.g., hydroxyl radical (‘OH), singlet oxygen ('O2), hypochlorite (CIO ), and
superoxide anion (O2~) are generated®. Among these, hypochlorite (CIO ") is a powerful
oxidizer that has been applied extensively in various industrial processes such as
deodorization and disinfection of water, bleaching, sanitizing, etc® '°. High consumption of
hypochlorite can produce an extremely poisonous side product, trihalomethane!!, which
causes numerous diseases like infertility, renal disease, etc'?>. Endogenic Cl1O  is produced
by a catalytic reaction between chloride ions (Cl ) and hydrogen peroxide (H20.) catalysed
by myeloperoxidase (MPO)'?. Therefore, it is essential to develop a sensitive and selective
sensor for monitoring the level of Cl1O in water and its uptake level in living cells.
Significant advancements have been achieved for Pb?>* and C1O™ detection through various
techniques, such as atomic absorption'* and emission spectroscopy'’, electrochemical'®,
chemiluminescence!’, and chromatography'®. However, fluorescence-based methods
deliver the most promising results in several organisms with extraordinary sensitivity and
selectivity. So far, many fluorescent sensors have been reported for Pb*" and ClO™
recognition, including organic fluorophores, rare earth metal co-ordinate complexes',
metal-organic frameworks?’, and nanoclusters®!. However, these materials need a vigorous
time-consuming synthesis technique and cannot effectively penetrates into cell. Thus, it is
imperative to develop a fluorescence-based nanosensor for recognition of Pb?>" and C1O0 ™

with excellent sensitivity and low cytotoxicity.

Graphene quantum dots (GQDs) are the most suitable materials due to facile synthesis,
inexpensive precursors, large surface area, outstanding solubility, and biocompatibility??

23, Recently, functionalized GQDs, with improved photophysical and chemical properties,
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have attracted considerable attention.?* 2> Kwon et al. reported red, orange, and green-
emitting GQDs by effectively functionalizing the surface groups by 4-methoxythioaniline,
4-methoxyaniline, and 6-aminoquinoline.?® Tetsuka et al. synthesized various nitrogen-
functionalized GQDs to tailor the energy levels and emission colour for optoelectronic
devices?’. Moreover, sulphur-doped GQD was reported for the detection of Pb?* via
fluorescence quenching mechanism?. The surface of GQD modified by coupling with o-
phenylenediamine (0-PD) was successfully applied for the detection of CIO . The CIO
first oxidizes the aromatic amine promoting an effectual photo-induced electron transfer
(PET) from the excited-state of GQDs to the oxidized form of o-PD %°.

In this work, we adopt a two-step synthesis approach to develop a novel bluish-green
emissive fluorescent nanoprobe F-GQD, where the edge of GQD is successfully
functionalized by 2, 6-diaminopyridine moiety via a facile coupling reaction. This edge-
modification plays an essential role in enhancing quantum yield, improving heterogeneity,
controlling bandgap, physical-chemical characteristics, and pH regulation. This
functionalization allowed F-GQD to become a very superior nanoprobe for detection of Pb
(1) and CIO  through aggregation-induced emission enhancement (AIEE) and H-bonding
induced energy transfer (ET). The role of the amine group was further elucidated by
examining the sensing behaviour of 2-aminopyridine functionalized GQD (2AP-GQD).
Furthermore, F-GQD was applied for HeLa cell imaging, where the nanoprobe exhibits
negligible toxicity and multicolour emission depending on the excitation wavelength.

Moreover, the exogenic CIO  was also well recognized by F-GQD in HeLa cells.
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Scheme 3.1. The schematics of the synthesis procedure of F-GQD.
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3.2.  Results and Discussions

3.2.1 Characterization of F-GQD

Scheme 3.1 denotes the synthesis methodology of the target F-GQD nanoprobe, and details
are supplied in the supporting information. Morphological characterization and surface
functionality of F-GQD were investigated extensively using various analytical techniques
such as transmission electron microscope (TEM), X-ray photoelectron spectroscopy (XPS),
powder X-ray diffraction (pXRD), and Fourier-transformed infrared spectroscopy (FTIR).
The TEM images of F-GQD show well dispersed, spherical particles without any
agglomeration (Figure 3.1a). The lateral size of synthesized nanomaterial was 2.9 + 0.2
nm, which is quite bigger than the bare GQD (1.5£0.4 nm) (Figure 3.1b). The high-
resolution TEM (HRTEM) image reveals the interplanar distance of F-GQD is 0.24 nm
(inset of Figure 3.1a), indicating (1120) amorphous graphitic lattice fringes*®. The
functionalization was further confirmed by FTIR analysis. A broad spectral range from
3360 cm™! to 3200 cm! indicates the existence of ~OH/~NH> functionality (Figure 3.1c).
In contrast to GQD, some new peaks emerge at 1608 cm’!, 1554 cm™, 1494 cm™ and 1343
cm! relating to the stretching vibrations of the amide linkage, N-H bending, aromatic C-N
stretching, and single bond (C-N)?!- 32 stretching vibrations, respectively. Furthermore, the
Raman spectrum of F-GQD exhibits two sharp peaks at 1364 cm™ and 1572 cm’
symbolized as D and G bands, respectively, which account for the structural defects of sp?
carbon material and C=C in-plane phonon vibration (Figure 3.1d). The observed intensity
ratio of Raman-G and D band (I/ Ip) for F-GQD and GQD are 0.56 and 1.05, respectively,
suggesting that F-GQD contains a lower degree of the graphitic surface. Importantly, the
Raman-D band of F-GQD is blue-shifted by ~14 cm™ from GQD, suggesting distortion of
the lattice by introducing nitrogen functionality. In contrast to bare GQD, the deconvoluted
Raman spectra of F-GQD (Figure 3.1e) in the 1050-1820 cm™' range show a prominent
Raman peak at 1643 cm™! designated for C—N vibration®* 3. The results also imply that the
DAP molecule successively functionalized the surface of GQD. The pXRD diffractogram
of the synthesized nanodot shows a prominent sharp peak at 27.8°, attributed to (002)
Bragg’s reflection plane (Figure 3.1f).3°> The bare GQD exhibits a broad (002) plane peak
at 26.4°. Interestingly, the characteristic peak position of the (002) plane is slightly shifted
to a higher degree and became more prominent in F-GQD than in GQD, suggesting that the

interlayer spacing is much more compact in F-GQD. Moreover, the distance of two
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successive layers is found to be 3.2 A and 3.4 A, respectively, for F-GQD and GQD*®. The

variation of interlayer distance may be different due to strain®’.
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XRD pattern of F-GQD and GQD; (g-i) Deconvoluted XPS spectra: C 1s, N 1s, and O 1s of F-GQD.

All these features signify that the DAP molecule successfully functionalizes the edge
groups of GQD. XPS measurements add further support to the effective functionalization.
The XPS survey of F-GQD depicts three prominent peaks at ~284 eV, ~400 eV, and ~532
eV for C Is, N 1s, and O 1s, respectively (Figure A. 3.1a). The deconvoluted C1s spectrum
of F-GQD exhibits four characteristic peaks at 284.2 eV (C=C/C—C), 285.8 eV (C—N),
287.2 eV (C-0) and 288.4 eV (C=N)*® (Figure 3.1g). The high-resolution spectrum of N
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Is can also be resolved into three components- pyridinic-N (398.7 eV), C-N bond (399.8
eV), and amino-N (401.5 eV) (Figure 3.1h).*° Additionally, the high-resolution O 1s
spectrum reveals that F-GQD consists of O-H (530.9 eV), C-OH (532.1 eV), and C=0
(533.4 eV) functional groups (Figure 3.1i).% 4° Overall, the characterizations signify that

the DAP molecule successfully functionalizes the GQD-surface via amide linkage

formation.
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of GQD and F-GQD, (d) Normalised fluorescence spectra of GQD and F-GQD with 420 nm excitation. Inset
plot shows difference of emission intensity after functionalization of GQD, (e) Emission spectra at different
pH. Inset shows the ratio (F/Fo, where F represents FL intensity at particular pH and Fo, is FL intensity at pH
2) of FL intensity linearly fitted with change of pH. (f) pH dependent FL intensity ratio plot of F-GQD. Inset
plot shows cyclic switching of FL intensity of F-GQD under alternating pH 6 and pH 2.

3.2.2. Photophysical Properties of F-GQD

The photophysical properties of the synthesized nanoprobe were explored systematically
by UV-vis absorption, excitation, and fluorescence (FL) spectroscopy (Figure 3.2a). Two
prominent absorption bands at 365 nm and 430 nm denote the higher energy n-n* transition
of aromatic sp? domains and lower energy n-m* transition involving hetero-atomic surface
states containing C=0 and C=N moieties, respectively. The emission property of the

nanoprobe highly depends on the excitation wavelength (Figure 3.2b), indicating multiple
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centres arising from variations of the surface states. The F-GQD shows bluish-green colour
emission under UV lamp (365 nm, inset of Figure 3.2a). The maximum FL intensity occurs
at 470 nm wavelength when excited at 420 nm (inset of Figure 3.2b). The lowest energy
absorption band and FL spectrum of F-GQD were blue-shifted by ~14 nm and ~26 nm,
respectively, from the bare GQD (Figure 3.2c and 3.2d). Under the same excitation (420
nm), F-GQD shows ~3 times higher FL intensity than normal GQD (inset of Figure 3.2d).
The QY enhances from 4.7% (GQD) to 13.4% (F-GQD) upon the incorporation of the DAP
moiety at the surface of GQD. We also checked the pH sensitivity of the F-GQD in PBS
buffer (10 mM) by varying the pH from 2 to 12. The FL property is susceptible to pH
change; the fluorescence intensity gradually increases with an increase in the pH from
acidic (pH 2) to the neutral condition (pH 6) (Figure 3.2e). The intensity variation within
the pH range of 3 to 6.5 corresponds to an excellent linear fit with an R? of 0.982 (inset of
Figure 3.2e). Afterward, the FL intensity drops slightly at pH 7 and remains almost
invariant from pH 8 to 12 (Figure 3.2f). The pH-dependent fluorescence behavior may
arise from reversible deprotonation and protonation states of the surface functional groups
like pyridinic—N, —NH., and —OH. In addition, the fluorescence intensity of F-GQD shows
excellent reversibility against alteration of pH between 2 and 6, repeatedly (inset of Figure
3.2f). Thus, F-GQD can be a suitable pH sensor within this range. The emission property
of F-GQD remains almost invariant at temperature variations 5 °C to 90 °C (Figure A.
3.1b). Moreover, the measured zeta potential value of F-GQD is -9.93 mV.

3.2.3. Detection of Pb (1)

The exceptional photophysical properties of F-GQDs could be exploited to develop a
fluorescence-based sensing platform. At first, various metal ions (Na*, K*, Mg?*, Zn?*, Cu®*
Co?*, Ni%*, Cr®*, Fe?") were tested for any alteration of FL of F-GQD (Figure A. 3.2a).
Interestingly, the emission intensity of F-GQD becomes ~2.8 fold increased after the
addition 450 uM of Pb?* (Figure 3.3a) in PBS buffer medium (pH 7). Here, we optimized
the emission enhancement time in the presence of Pb?*. In Figure 3.3b, only 1 min response
time was sufficient for the FL intensity enhancement with addition 300 uM of Pb?*. The
ratio of FL intensity (F/Fo) was linearly fitted from 0 to 300 uM of Pb?* with R? value 0.996

(Figure 3.3c). The calculated detection limit was observed to be 1.2 uM.
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Figure 3.3. (a) Fluorescence enhancement of F-GQD with the gradual addition of Pb?*. (b) FL response time
of F-GQD with 300 uM Pb?*. (c) Linearly fitted FL intensity ratio plot (F/Fo, F, and Fo are fluorescence
intensities in the presence and absence of Ph?* respectively). The inset photographs show the visual change
of fluorescence of F-GQD and in the presence of 450 uM Pb?*,

2.2.4. Detection of Hypochlorite

For fluorometric recognition of CIO , pH becomes a crucial factor for experiments. As
specific organelle has particular pH in our cellular systems, it is essential to discriminate
ClIO for a wide range of pH from pH 4 to 8 (Figure 3.4a). Interestingly, quenching
efficiency was maximum at pH 5, suggesting that slightly acidic to neutral condition is
most suitable for detection of CIO . Nevertheless, considering the application in living
cells, pH 7 was preferred for further studies. Figure 3.4b demonstrates the FL kinetics
measurement of F-GQD with the addition of 15 uM ClO , where a significant reduction of
FL intensity (at 470nm) was achieved within 500 sec at pH 7. Therefore, 8 min incubation
time was chosen for recording each FL spectrum. Figure 3.4c depicts that the emission
intensity of F-GQD continuously decreases with the systematic addition of CIO up to 30
uM. The intense bluish-green emission of F-GQD is entirely faded out underneath the UV
lamp (inset of Figure 3.4c). The intensity ratio (F/Fo, where F and Fo are the FL intensity
after and before addition of CIO ) shows upward curvature nature against ClIO
concentration (Figure 3.4d) with a linear relationship from 0 to 8 uM with an R? of 0.994
(inset of Figure 3.4d). The obtain LOD value was 12.6 nM which is remarkable in nature.
The selectivity of F-GQD was further explored by taking other competitive analytes, ROS
(H202, ClO4 -OH, 0O27) and RNS (NO°, ONOQO") species. No obvious alteration of FL
property was witnessed in the presence of these analytes (Figure A. 3.2b). Hence, F-GQD

is highly selective and sensitive for CIO detection.
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Figure 3.4. (a) pH dependent FL quenching of F-GQD in the presence of CIO™ from pH 4 to pH 8. The red
line indicates FL intensity at a particular pH; the orange line shows FL intensity after the addition of 15 pM
CIO ™, and the blue line indicates quenching ability at a specific pH. (b) Time-dependent fluorescence kinetics
of F-GQD in the absence and presence of 15 uM CIO™. (c) FL spectra of F-GQD in the presence of various
concentrations of CIO™ (0 - 30puM). The inset shows the visual fluorescence of F-GQD and its complete
depletion in the presence of 30 uM CIO . (d) Ratio of FL intensity with different concentrations of CIO .
Inset Figure shows ratio of FL intensity linearly plotted with different concentrations of CIO .

3.2.5. Mechanism of Fluorescence Enhancement by Pb?*

Various spectroscopic measurements were executed to unravel the Pb?* triggered emission
enhancement. The absorbance centre at 430 nm of F-GQDs was slightly blue-shifted upon
the addition of Pb?" suggesting that aggregation may occur via the complex formation
(Figure 3.5a). For further elucidation of aggregation, TEM analysis of the F-GQD-Pb?*
system was carried out. The size of F-GQD increased considerably times after being treated
with Pb?* (Figure 3.5b). Moreover, fluorescence lifetime measurements were conducted
to check the Pb?* induced AIEE mechanism further. Figure 3.5c and Table A.3.1 denoted
a considerable increase in the average lifetime from bare F-GQD (1.74 ns) to F-GQD-Pb?*
system (2.29 ns). The complexation between Pb?'and F-GQD may generate rigid
conformation, which inhibits the free rotation of F-GQD moiety, resulting in the FL

enhancement. Here, the function of the amine group was justified by considering 2AP-
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GQD. The FL profile enhanced only 12% in the presence of Pb?* (Figure A. 3.3). Thus F-
GQD provides a better coordination site for Pb?* through the synergic effect of various
heterogenic groups. Thus, we conclude that F-GQD undergoes aggregation in the presence
of Pb?* through several intra-extra molecular interactions and complex formation, which

successively induced the emission enhancement activity of F-GQD.

1.0
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081 F-GQD+100 uM Pb?" - F-GQD
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Figure 3.5. (a) Absorption spectra of F-GQD in presence of Pb?*, (b) TEM image of F-GQD-Pb?* system
and (b) lifetime analysis of F-GQD and F-GQD-Pb?*.

3.2.6. Mechanism of Fluorescence Quenching by CIO

The absorption bands, n-7*(360 nm) and n- 7*(430 nm) become slightly red (375 nm) and
blue-shifted (418 nm), respectively, after the addition of CIO  (Figure 3.6a), suggesting
some interaction between F-GQD and CIO . Additionally, TEM analysis reveals that the
average diameter of F-GQD increases significantly from 2.9 £ 0.2 nm to 5.8 £ 0.6 nm upon
the addition of CIO (Figure 3.6b). Hence, F-GQD produces small aggregates in contact
with CIO . XPS analysis was conducted to prove further interaction between the nanoprobe
and quencher (CIO ) (Figure A. 3.4a). The deconvoluted Cl 2p XPS spectrum revealed
the formation of an organochlorine bond (Figure 3.6¢). Moreover, FTIR analysis shows
that the absorption peaks assigned for -OH/-NH; and N-H bending (1554 cm™ for F-GQD)
become broader upon the addition of CIO . The broadening indicates the formation of
hydrogen bonds in the F-GQD-CIO system. (Figure 3.6d). The upward curvature Stern-
Volmer plot (Figure 3.4d) mentioned earlier points towards the presence of both static and
dynamic mechanisms. FL decays were measured to delineate the contribution of the
dynamic quenching. The average lifetime of F-GQD reduces drastically with the gradual
addition of CIO (Figure 3.6e and Table A. 3.2). A linear fit to 1o/t vs. CIO concentration
reveals that the dynamic quenching constant is 1.42+0.07x10° M (Figure 3.6f). The
remarkably high value indicates that the dynamic quenching effect (DQE) is very efficient
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in F-GQD-CIO system. The energy transfer efficiency for the F-GQD-CIO system was
calculated by equation (1) and found to be 80% at 26 uM CIO .

T
Efficiency of DQE =1 — — equation (1)
0

The static quenching constant was estimated by following equation 1.4

[
TO = Kgy[Q]eVI¥ + 1  equation (2)

where [Q], Ksv, and V stands for quencher concentration, dynamic and static quenching
constants, respectively. The calculated V value is 8.837x10% M, which is too little
compared to the dynamic quenching constant. All the above observations suggest that
detection of CIO by F-GQD consists of two types of mechanisms, where dynamic
quenching (energy transfer) is predominant over the static one (H-bonding). Thus, amine
functionalization of F-GQD influences to form a H-bonded network (N—H: - -O—Cl) through
which the nanodot comes closer to form a nanoaggregate and triggers energy migration

from F-GQD to CIO .
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Figure 3.6. (a) Absorption spectra of F-GQD in the presence of CIO . The inset shows the spectral change
of F-GQD with the addition of CIO . (b) TEM images of F-GQD after addition of CIO , inset shows size
distribution with lognormal fitting. (c) Deconvoluted CI 2p XPS spectra after the addition of CIO™ (d) FTIR
spectra of F-GQD and F-GQD-CIO  system. (e) FL decays of F-GQD at various concentrations of CIO . (f)
The ratio of average lifetime linearly fitted against CIO™ concentration.
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We also examine the role of the amine group in the sensing process. The 2AP-GQD
nanodots show negligible FL quenching towards CIO (Figure A. 3.4b); only 14 %
quenching was observed in the presence of 100 uM CIO . Thus, the amine functionality
plays an essential role in producing the H-bonding network and enhances the CIO
quenching efficiency of F-GQD. In scheme 3.2, we represent the pathways for the sensing
of both Pb?* and CIO ™.
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Scheme 3.2. Sensing approach for multimode detection of Pb?* and CIO™.
3.2.7. Multicolour cell imaging application

The checked cytotoxicity of F-GQD in HeLa cells by MTT assay to explore its biological
application. For the cell viability study, the HeLa cells were cultured with different
concentrations of F-GQD (50 to 400 pg mL™). The F-GQD-treated cells exhibited more
than 80% viability at all concentrations of F-GQD after 24 h post-treatment suggesting
negligible toxicity to cells and good biocompatibility (Figure A. 3.5). We also want to
check the viability of the F-GQD as a potential multicolor cell imaging probe. For this
purpose, HeLa cells were incubated with 100 pg/mL F-GQD for 2 h. The treated cells
illuminate bright bluish-green, green, and orange emission under the different excitation
laser sources of 405, 488, and 561 nm, respectively (Figure 3.7a-d). The FL signal mainly
originates from the cytoplasm of the cells without changing any cell morphology. These
outcomes accounted that F-GQD could eventually be employed as multicolour fluorescent
probes for cellular imaging.
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Figure 3.7. Confocal microscopic images of HeLa cells after incubating with 100 pg/mL F-GQD for 2 h, (a)
bright field, (b) under 405 nm, (c) 488 nm and (d) 561 nm laser sources.

3.2.8. Recognition of CIO " in HeLa cells

After treating HeLa cells with 100 pg/mL F-GQD, cells reveal a bright bluish-green FL
when excited with a laser source at 405 nm in CLSM (Figure 3.8d-f). The FL response
significantly diminishes when the cells were treated with 10 pM CIO  and the emission
almost vanishes at 20uM CIO  (Figure 3.8g-i and Figure 3.8 j-I). These results suggest
that F-GQD can easily penetrate the cell membrane and successfully detect intracellular
Clo .

3.3. Conclusion

In summary, we synthesized a novel fluorescent nanoprobe F-GQD via a simple one-step
coupling reaction between GQD and DAP moiety. The heterogenous polar groups at the
edge makes it intrinsically pH-responsive. The nanoprobe shows multimodal sensing
behavior; it is a fluorescence turn-on sensor for Pb?>* whereas a fluorescence turn-off sensor
for C10 . The fluorescence amplification arises through the remarkable AIEE effect upon
complexation with Pb**. The ClIO ™ recognition mechanism consists of both static and
dynamic quenching effects. The dynamics effect arises by energy dissipation from F-GQD
to CIO via the N—H---O—Cl H-bonding network between amine group in F-GQD and
ClO . The amine group at the edge of F-GQDs is primarily responsible for the superior
binding ability to Pb** and ClO . Moreover, The F-GQD was used as an efficient FL

nanoprobe for multicolor HeLa cell imaging due to its excitation-dependent emission
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Figure 3.8. The decrease in FL intensity of F-GQD with CIO . (a)-(c) cell control (d)-(f) 100pg/mL of F-
GQD treated cells. (g)-(i) cells treated with F-GQD +10 uM CIO  and (j) to (1) cells treated with F-GQD +20
uM CIO . The excitation source was 405 nm laser, and the fluorescence signal was recorded in the emission
range of 420 nm to 490 nm

property. Besides, F-GQD can efficiently sense the exogenous CIO in HelLa cells. This
work affords an effective approach for designing efficient fluorescence probes based on the

functionalization of GQDs.
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Abstract

A N-doped carbon dot (NCDs) has been synthesized via a simplistic one-step hydrothermal
technique using L-aspartic acid and 3,6-diaminoacridine hydrochloride. The NCDs exhibit
a high quantum vyield (22.7%) and excellent optical stability in aqueous media.
Additionally, NCDs display good solid-state yellowish-green emission which is ~ 75 nm
red shifted from solution-state emission. The remarkable fluorescence (FL) properties of
NCDs were further applied to develop a multifunctional sensor for bilirubin (BR) and
vitamin B12 (VB12) via fluorescence quenching. We have systematically studied the FL
quenching mechanisms for the two analytes. The primary quenching mechanism of BR was
via the FRET pathway facilitated by the H-bonding network between the hydrophilic
moieties existing at the surface of BR and NCDs. In contrast, IFE was mainly responsible
for the recognition of VB12. The in vitro competency was also verified in the human
cervical cancer cell line (HeLa cell) with negligible cytotoxicity and significant
biocompatibility. This result facilitates the application of NCDs for bioimaging and

recognition of VB12 in a living organism.
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4.1 Overview

Over the past few decades, carbon dots (CDs) have magnetized tremendous attention across
various interdisciplinary research fields for easy and affordable synthesis, tiny structures,
bright and tunable fluorescence (FL), outstanding solubility in various solvents, excellent
photostability, low toxicity, and extraordinary biocompatibility.1®* Owing to these critical
properties, CDs become a forefront practical alternative to organic fluorophores and heavy
metal-based quantum dots requiring vigorous synthesis techniques, hazardous conditions,
highly toxic, and expensive chemicals.” 8 The superior characteristics of CDs have been
exploited in various fields such as electrochemical,® photovoltaics,° catalysis,** fluorescent
ink,'? analytical detections of various molecules,®®* drug-loading and photomedicine
fields.!* 1 Recently, non-metallic heteroatom (nitrogen, boron, or phosphorus) doping can
tremendously modulate the inherent properties like photophysical property, quantum yield
(QY), electronic structure, and surface defects which helps to expand their applicability. &
18 Several new applications have also been reported exploiting the improved physical and
chemical properties properties!®. Some non-metal doped CDs have the capability of sensing

multiple analytes.?® 2

The N-doped CDs (NCDs) have been explored for determining several analytes such as
metal ions,?* 2 biomolecules,?* %°, and other organic molecules.?® Recently, N-doped red-
emitting carbon dot has been synthesized from citric acid and neutral red to detect several
metal ions, such as Pt**, Au®* and Pd?*. Moreover, the carbon dots have been used for in
vivo and in vitro applications.?” Liu et al. synthesized N-doped carbon quantum dot from
poly(ethyleneimine) by simple hydrothermal technique.?® The blue FL of the quantum dot
was turned off in the presence of Cu?* by efficient electron transfer while the fluorescence
signal restores after the addition of L-cysteine. Chang et al. reported the hydrothermal
synthesis of blue emissive NCDs using two precursors, folic acid and citric acid.?® This
NCD was further applied for multiple detection platforms, e.g., pH sensing and Hg?*

sensing via photoinduced electron transfer.

The jaundice biomarker bilirubin (BR) is a side-product generated by the breakdown of
hemoglobin.® 3! The average concentration of free BR in human blood is ~25 pM. In the
case of jaundice, the concentration of free BR may exceed to 50 pM.3? 32 The yellowish
red-colored BR is excreted by the urine and bile. An excessive amount of free BR in human
blood serum can lead to hemolytic anemia and liver dysfunction.®* *® Anjana et al. applied
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CDs derived from citric acid and L-cysteine to detect BR.%® The fluorescence was
drastically reduced with the addition of Fe3* via static quenching, and subsequently, the
emission intensity was regained in the presence of BR. The lone pair electron in the pyrrole
ring of BR undergoes complexation with Fe®* which triggers restoration of the

fluorescence signal.*

Furthermore, vitamin-Bi> (VB12) is a crucial micronutrient for developing cells,
maintaining the nerve cell function, helping DNA restoration and metabolism of
macronutrients (such as carbohydrates, fat) in mammals.®” Our typical requirement of
VB12 is ~0.4 to 2.8 mg/day, while an overdose of VB12 can be harmful to the liver, kidney,
and lungs and causes several diseases like asthma, organ failure.®® Most importantly,
deficiency of VB12 can produce pernicious anemia, several neurological and heart
problems.3 40 Therefore, it is essential to develop an efficient technique for determining
VB12 levels precisely. Recently, safranine T and citric acid have been used to obtain
multifunctional CDs where safranine T acts as a guest inside the carbon sphere host created
by the carbonization of citric acid. This multifunctional CD was further used to detect VB12
by the inner filter effect (IFE) pathway.** Du et al. reported a novel CD using a
hydrothermal synthesis of two precursors 1,2-ethylenediamine and artemisia annua.*? The
CD was useful to detect VB12 and Co?* based on IFE and static quenching pathways,
respectively. Wang et al. developed a CD by a thermal reduction for the sensing of VB12
through Forster resonant energy transfer (FRET) ) mechanism.*® Ding et al. also reported
CD derived from citric acid to detect VB12 by the IFE mechanism.**

In the present work, we attempt a green hydrothermal synthesis of a highly blue fluorescent
NCD nanosensor using L-aspartic acid and 3,6-diaminoacridine hydrochloride as carbon
and nitrogen sources, respectively. The NCD displays admirable photostability, negligible
cytotoxicity, and excellent biocompatibility. The NCDs also show yellowish-green
emission in the solid-state, which is ~75 nm red-shifted from the solution state emission.
The blue emission of NCD in the solution state can efficiently disappear in BR and VB12,
resulting in good sensitivity and selectivity towards both the analytes. We found that NCD
follows a different sensing mechanism for the two analytes (Scheme 4.1). BR was detected
through the FRET mechanism via the formation of an H-bonding network between
hydrophilic moieties existing at the surface of BR and NCDs, whereas the IFE is mainly
responsible for VB12 detection. Furthermore, the NCD has been introduced for

fluorescence imaging of Hela cells and in vitro sensing of VB12.
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Scheme 4.1. Schematic representation of NCD for the detection of VB12 and BR.

4.2 Results and Discussions

4.2.1 Surface and morphological characterizations

In this work, NCDs were prepared by taking L-aspartic acid and 3,6-diaminoacridine
hydrochloride. The reaction was optimized by considering the emission intensity of as-
prepared NCD (Figure A.4.1a and A.4.1b). Here, the former acts as a carbon source, and
the latter helps to increase the heterogenicity at the surface by incorporating N-atom. The
microstructure of NCDs was examined by transmission electron microscopy (TEM).
Figure 4.1a reveals a spherical structure with excellent dispersive nature. High-resolution
TEM (HRTEM) depicts a lattice spacing of 0.21 nm (inset of Figure 4.1a), denoting the
presence of (100) graphitic plane of carbon material. The size distribution histogram shows
that the average size of NCDs was 3.8 = 0.9 nm (inset of Figure 4.1a). Fourier-transformed
infrared (FTIR) spectroscopy was also applied to access an overview of the chemical
functionality present in the NCD (Figure 4.1b). The broad stretching vibrations at 3585-
3420 cm™ and 3233-3185 cm* denote the presence of O-H and N-H groups, respectively.
Three vibration peaks at 1780 cm™, 1706 cm™ and 1667 cm™ were attributed to the
carbonyl group (carboxylic acid and amide C=0) and C-N bond, respectively.*> % The
characteristic absorption band at 1538 cm™ indicates N-H bending. The IR peaks at 1448
cm?, 1394 cm? (bimodal peak), 1266 cm™, 1185 cm?!, and 1100 cm™ stand for C=C
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aromatic frame, N-H, C-O, C-NH-C asymmetric stretching vibration, and C-O-C group at
the edge sites of NCD.*"*° Moreover, the peaks at 2980 cm™ to 2924 cm™ refer to C-H

stretching vibration.
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Figure 4.1. (a) TEM image, the upper inset shows size distribution profile, and the lower inset shows HRTEM
image depicting the lattice spacing; (b) FTIR spectra; (c) Full range Raman spectra; (d) Deconvoluted of
Raman spectra; (f) full range XPS spectra; High-resolution XPS spectra of C 1s (g), N 1s (h) and O 1s (i).

Raman spectroscopy is a potent tool to characterize the surface states and functionality
of carbon-based nanomaterials. Figure 4.1c depicts the full range Raman spectrum of the
synthesized nanodot. The spectrum in the range 1100—-1700 cm ' was deconvoluted into
six Lorentzian peaks (Figure 4.1d). The specification of each peak parameter is supplied
in Table A.4.1. After deconvolution, the D and G bands appear at 1389 cm™ and 1545 cm”
!, respectively, corresponding to defect sites of the carbon network and sp? hybridized
carbon framework. More precisely, peaks situated at 1320 cm™ and 1630 cm™! correspond

to the O=C-N and C-N bond vibrations arising from the amide functionality of NCDs.%" 3!
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The p-XRD diagram of NCDs exhibited a wide peak at 23.2° (Figure 4.1e), indicating a
disordered graphite structure.

XPS study was executed to validate further the results obtained from FTIR and Raman
analysis and understand the composition and various surface states of NCDs. Three
prominent peaks at ~284 eV, ~398 eV, and ~531 eV is for C 1s, N 1s, and O 1Is,
respectively, with atomic contributions of 58.61 % (C 1s), 38.67 % (O 1s), and 2.72 % (N
Is) (Figure 4.1f). The high-resolution XPS spectra of the same elements were further
deconvoluted for complete functionality analysis (Figure 4.1 g-i). In the deconvoluted C
Is spectrum, four apparent peaks at 284.6 eV, 285.1 eV, 285.8 eV, and 288.7 eV indicate
C-C / C=C, C-O, C-N, and C=O moieties.”* ** For N 1s spectrum, four binding energy
bands, are located at 398.6 eV, 399.2 eV, 401.1 eV, and 403.8 eV, which corresponds to
pyridinic-N, pyrrolic-N, amino-N (N-H), an oxidized form of N as N-O.%% > These
pronounced peaks confirm the existence of multiple N-related functional groups in NCD
nanoprobe. Additionally, deconvoluted O 1s spectra also reveal that the oxygen is present
in the form of C-O (531.2 eV), C-O-C / C-OH (533.3 V), and O-C=0 (534.6 eV).”* To
verify the structure of nanoprobe NCDs 'H NMR was taken in D>O solvent. Here, we
observed the chemical shift value from 1 ppm to 4.5 ppm suggesting some kind of
polyamide-polyester type of structure (Figure A.4.2). Furthermore, the chemical shift
values from 6.3 ppm to 7 ppm also signify the aromatic ring from 3,6-diaminoacridine

orange moiety.*

4.2.2  Photo-physical characterization

The photophysical properties of NCDs were thoroughly evaluated by UV-vis absorption,
fluorescence emission, and excitation spectroscopy. NCDs show a vast absorption
spectrum (Figure 4.2a), with two dominant broad absorption bands at 285 nm and 360 nm,
leading to the m-n* electronic transition of the C=C moieties of the carbon core and n-n*
transition of aromatic sp? domain consists of C=0 or C=N bonds. NCDs display emission

maximum at 450 nm when excited at 360 nm.
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Figure 4.2. (a) UV-vis absorption, fluorescence excitation (A,;= 450 nm), and emission (A¢, = 360 nm)
spectra of NCDs (b) Excitation wavelength-dependent emission spectra of NCDs from Aex from 340 nm to
470 nm with 10 nm interval. (c) pH-dependent fluorescence intensity ratio of NCD where F represents FL
intensity at particular pH and Fo represents FL intensity at pH 2. (d) Temperature-dependent FL spectra; inset
shows the ratio of FL intensity change with temperature. (e) Solid-state absorption-emission of NCDs. Inset
shows the photograph of the solid-state emission of NCDs under 365 nm UV lamp (f) FL decays of NCDs in
solution and solid-state.

The purity of NCDs was also clarified by taking absorption and emission spectra of the 3,6-
diaminoacridine molecule (absorption maximum at 445nm, emission maximum at 508 nm,
Figure A.4.3). In NCDs, no extra peak appears at the mentioned spectral range, confirming
the absence of any free 3,6-diaminoacridine molecule. The photograph of NCDs aqueous
solution was captured within a spectrofluorometer with an excitation wavelength (Aex) of
360 nm (inset of Figure 4.2a). Like other reported CDs, the emission maximum of NCD
also depends highly on the excitation wavelength. When Aex was varied from 340 nm to
470 nm, the fluorescence (FL) spectrum also shifts towards a higher wavelength indicating
the presence of several emissive trap states and size variation (Figure 4.2b). Quantum yield
(QY) of the blue-emitting NCD is found to 22.7 % in water at 360 nm excitation, using
quinine sulfate (QY =54.4 % in 0.1 M H2S0Os) as a reference. The significantly high QY
and Aex —dependent FL behavior may originate from the heterogenic functionality- (such as
amino, carboxyl, and hydroxyl groups) induced electronic states. We checked the optical
stability under different pH conditions from 2 to 10. We adjust the pH of the PBS medium
by adding a diluted solution of NaOH and H3PQO4. The ratio of FL intensity (F/Fo, where F
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represents FL intensity at particular pH and Fo represents FL intensity at pH 2) remains
almost invariable up to pH 8, but decreases by ~10% and ~17%, respectively, at pH 9 and
10 (Figure 4.2c), with no recognizable change in the emission maxima. This pH
dependency of NCDs may arise due to protonation/deprotonation of the surface functional
groups like -COOH/-OH or -NH2. The temperature-dependent FL performance of NCD
(Figure 4.2d), where we observe only a ~14% reduction of the FL intensity over the 5 —
90 °C temperature range. Thus, the NCD emission profile is quite stable in different
challenging environments. Thus, as-prepared NCD is a potential nanoprobe for biomedical
applications. Moreover, NCD also exhibits FL in the solid-state displaying absorption and
emission maxima at 466 nm and 525 nm, respectively (Figure 4.2e). In solid-state the
NCDs emit yellowish-green emission (inset of Figure 4.2e) which is red shifted by ~75 nm

from the solution state.
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Figure 4.3. Fluorescence response of NCDs toward varying concentrations of (a) BR and (b) VB12 in 10
mM PBS buffer of pH 7.4. Stern—Volmer plots (Fo/F where Fo and F denotes FL intensity before and after
addition of quencher) for the fluorescence quenching of (c) BR and (d) VB12.
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The average lifetime of the NCDs in the solution and solid-state are 4.6 ns and 2.0 ns,
respectively (Table A.4.2 and Figure 4.2f). The lower lifetime in the solid-state indicates
self-quenching, which may occur through the energy-transfer process within the n-n

conjugated framework. 5!

4.2.3 Detection of Bilirubin (BR)

The nanoprobe was further introduced for the detection of BR. We checked the time
dependence of the fluorescence response towards BR before recording the FL spectrum.
Figure A.4.4a and A.4.4b show intensity in every 1 min interval up to 10 min, where the
intense bluish emission intensity of NCD was diminished instantly after adding BR. The
emission intensity (at 450 nm) decreases steadily; quenches up to 24% at 6 uM BR, and
further quenches to 85% at 92 uM BR (Figure 4.3a). The emission maxima of NCDs were
gradually shifted towards a higher wavelength with consecutive additions of BR. The ratio
of FL intensity before and after the addition of BR was linearly fitted with Stern-Volmer
(S-V) equation up to 45 uM BR concentration (Figure 4.3¢). The slope obtained from
Figure 4.3c, denoted as Ky is found to be 4.69x10* M. The detection limit (LOD) was
89.07 nM obtained using the standard protocol, 36/K, where ¢ is the standard deviation of
FL intensity of three blank experiments and K represents the slope. This nanomaterial can

be utilized for instant detection of free BR.

4.2.4 Detection of Vitamin-B12 (VB12)

Furthermore, VB12 was also detected with the NCDs. The emission intensity (at 450 nm)
decreases with the subsequent addition of VB12 (0 to 70 uM) without any spectral shift
(Figure 4.3b). The fluorescence quenching efficiency can be obtained by linearly fitted S-
V up to 42 uM VB12 with R? value of 0.996 (Figure 4.3d). The S-V quenching constant
(Ksv) was found to be 6.56x10* M confirming that NCDs have very high sensitivity
towards VB12. The detection limit (LOD) is calculated to be 56.28 nM.

4.2.5 Selectivity Study

We thoroughly evaluated the selectivity of the nanosensor. In Figure 4.4a, the emission
signal of NCD remains unchanged after incorporating 1 mM of numerous metal ion (Pb*",
Ag', Hg**, Ni**, Cr¥*, Cd*", Co**, Cu*', Fe*', Fe*', Zn**, $,0s*", PO4*~, SCN-, CN"). For
BR, we chose a series of biomolecules BSA, HSA, dopamine, levodopa, ascorbic acid,

GSH, uric acid, urea, creatinine, hemoglobin, and glucose sucrose for interfering study
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(Figure 4.4b). The emission intensity of NCDs towards bilirubin co-existing with other
congeners (Figure 4.4¢). Each time the maximum quenching of fluorescence intensity was
displayed by free BR. For selectivity of VB12, various competitive vitamins (VB1, VB3,
VBS5, VB6, VB7, VB9) are checked, but no significant alteration of FL intensity was

observed (Figure 4.4d). Hence, the nanosensor NCDs was successfully used in the specific

recognition of BR and VB12 in the presence of various competitive analytes.
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Figure 4.4. (a) Interfering study of NCDs with various metal ions (b) Selectivity study of NCD conducted
with different biomolecules along with BR. (c) Fluorescence emission intensity of NCDs towards bilirubin
with co-existence of other congeners. (d) Selectivity study of NCDs with various vitamins along with VB12.

4.2.6

Several types of interaction between BR and NCDs may lead to FL quenching, such as
ground-state complexation, energy transfer, collision, or through IFE. UV-vis spectroscopy
may provide insight into the possibility of any ground-state complex formation between
the nanoprobe and quencher. Here, we did not observe any significant spectral change after

adding BR (Figure A.4.5).
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Figure 4.5. (a) Spectral overlap between the absorption spectrum of BR and the excitation and emission
spectra of NCDs. (b) Fluorescence decays of NCDs in the presence of various concentrations of BR. (¢) The
linear relationship between the ratio of the average lifetime (to/t) against the BR concentration. (d) FTIR
spectra of NCDs in the absence and presence of BR.

This result excludes the possibility of any ground-state complexation between NCD and
BR. Here, the broad absorption spectrum of BR shows maximum spectral overlap with the
emission spectrum of NCD rather than with the excitation spectrum (Figure 4.5a), which
is the main prerequisite for IFE and FRET to occur. Hence, fluorescence decays were
measured in the presence and absence of BR to determine the main reason for the
quenching. All decays were fitted in a tri-exponential function (discuss in chapter 1,

section).

Figure 4.5b and Table A.4.3 depict a substantial reduction of the average fluorescence
lifetime of NCD (tavg = 4.63 ns) in the presence of 45 uM of BR (tavg = 1.85 ns), suggesting
enhancement of non-radiative pathway or FRET in the NCDs-BR system. Moreover,
Figure 4.5c shows excellent linearity of the average fluorescence lifetime ratio (to/t) plot
against BR concentration. The slope obtained from the linear fitted plot represents the
dynamic quenching constant Kp. The value of Kp is 3.23x10* M which is remarkably
high, confirming that the dynamic quenching is predominant in the fluorescence
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suppression process. Bearing in mind the BR's structure, there could be either H-bonding
interaction of various hydrophilic groups present in BR moiety and NCD or n—x interaction
between NCDs and BR.%? FTIR analysis was conducted to investigate further molecular
interaction between NCDs and BR. The broad peak assigned for -OH and -NH> becomes
much broader in Figure 4.5d. The N-H bending and C-O-C bond vibrations at 1538 cm*
and 1100 cm become significantly blue-shifted by 16 cm™ and 12 cm™ respectively. The
shift indicates that the hydroxyl group of BR engages in H-bonding with the surface
functional groups of NCDs, which facilitates energy transfer from NCDs (donor) to the
acceptor (BR). The emission maxima also shift towards a longer wavelength due to the
presence of H-bonding interaction. Considering all the results, we conclude that BR comes
at the close proximity of nanoprobe NCDs, facilitating H-bonding between the hydrophilic
surface group of the donor-acceptor pair. The extent of overlap between the absorption
spectrum of BR and the emission spectrum of NCD was found to be 1.29x10'* M* cm?®
(formula discuss in chapter 1, section). Furthermore, the efficiency of FRET energy transfer
was 60.3% in the presence of 45 uM BR. The estimated Forster distance (Ro) and donor-
acceptor distance (ro) values are 4.21 nm and 3.92 nm (section, chapter 1), respectively.
The distance between donor-acceptor (ro) governs the whole FRET process, which falls in
the range of 1-10 nm.%2 These results hold an excellent agreement for the FRET process

occurring between nanosensor NCD and BR.

427 Mechanism of detection of VB12

We further used the nanodot for the detection of VB12. The fluorescence intensity was
promptly quenched with the subsequent addition of VB12. The UV-vis spectrum of NCD
did not alter significantly after adding VB12 (Figure 4.6a), nullifying any complex
formation between NCD and VB12. Moreover, there is an efficient overlap between the
excitation and emission spectra of NCD and the absorption spectrum of VB12 (Figure
4.6b), indicating the existence of either the IFE, FRET process, or both.%* 8 We measured
the fluorescence decays to discriminate between the two possibilities (Figure 4.6¢). The
fluoresce decays remain almost invariant in the presence of VB12. The average
fluorescence lifetime of the NCD changes from 4.66 ns in the absence of VB12 to 4.40 ns
at 70 uM VBI12 (Table A.4.4). Thus, we can exclude any possibility of FRET as the
contribution is only ~5%. Therefore, IFE is the only possible pathway for the quenching

mechanism. The ratio of F.qrrected/Fobservea 1S the correction factor (CF) which was
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estimated with various VB12 concentrations and summarized in Table A.4.5. The observed

quenching efficiency before and after correction of IFE is plotted in Figure 4.6d.
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Figure 4.6. (a) Absorption of NCDs, VB12, and NCDs with 10uM VBI12. (b) Spectral overlap between
absorption spectra of VB12, fluorescence excitation, and emission spectra of NCDs. (c) Fluorescence lifetime
curves of NCDs with different concentrations of VB12. (d) Suppressed efficiency (E%) of observed (red
curve) and modified (blue curve) measurements for NCDs after each addition of different concentrations of
VB12. (inside figure used for IFE equation; described in chapter 1 section).

4.2.8 Biological applications

For potential bio-application of NCDs nanoprobe, the cytotoxicity was vigilantly tested in
HeLa cells performing MTT assay. Prior to bio-application studies, the cells were exposed
to multiple concentration of NCDs (50, 100, 150, 200, 250, 300, 350, 400, 450, 500 pug/ml)
for 12 h for inspection of cell viability. The viability of HeLa cells reduced slowly with
increasing concentration of NCD; nevertheless, the overall cell viability remains more than
80% for NCD concentration as high as 500 ng/mL (Figure 4.7a). This observation evoked

that NCDs exhibit low cytotoxicity and commendable biocompatibility.
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Figure 4.7. (a) Cell viability study of NCDs in HeLa cell for 12 h. (b)Confocal image of HeLa cells in the
presence of NCDs (200 pg/mL) under 405 nm laser excitation source. (c) bright field image, (d) Merge image
of (b) and (¢) in scale bar 50 pm.

After incubating HelLa cells with 200ug/mL NCDs, the cells exhibit a bright blue
fluorescence signal when excited with the 405 nm laser excitation source in CLSM (Figure
4.7b). In Figure 4.7c and Figure 4.7d, it was evident that nanosensor NCDs get
preferentially localized into the cytoplasm as well as the nucleus of HelLa cells. When
NCD-treated HeLa cells (Figure 4.8 d-f) were incubated with two different VB12
concentrations, the fluorescence signal reduces sharply at 24 uM and almost wholly
disappears after treating 60 uM VB12 (Figure 4.8 g-i and Figure 4.8 j-1). Hence, the NCDs

are efficient fluorescent nanoprobes for the recognition of VB12 inside living cells.
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Figure 4.8. Reduction in fluorescence intensity of NCD with VB12. (a)-(c) cell control (d)-(f) 200 pg/mL
NCDs treated cells. (g)-(i) cells treated with NCD+24 uM VB12 and (j) to (1) cells treated with NCD+60 uM
VB12. The excitation source was 405 nm laser, and the fluorescence signal was recorded in the emission

range of 410 nm to 470 nm.

4.3 Conclusion

In summary, a -N functionality incorporated carbon quantum dot was synthesized by

adopting inexpensive and simple hydrothermal technique with L-aspartic acid and 3,6-
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diaminoacridine hydrochloride used as a precursor. The multifunctional group present at
the surface of NCD allows it soluble in both agueous and organic solvent. NCDs also have
solid state luminescence property for which it was applied as security ink application. The
NCDs exhibit low cytotoxicity and excellent resistibility under adverse circumstances (pH
treatment, UV-irradiation, temperature etc.). The NCD was successfully introduced for
very sensitive and highly selective recognition of VB12 and bilirubin in PBS buffer
medium; the bright blue fluorescence of NCDs was promptly diminished in the presence
of both VB12 and BR with detection limits 56.28 nM and 89.07 nM, respectively. The
fluorescence quench follows a very different mechanistic approach for the two analytes.
The VB12-induced fluorescence quenching is caused by the IFE phenomenon where BR
acts as a favorable FRET acceptor to quench the NCD fluorescence. Moreover, NCDs have

also manifested a great potential for cell-imaging in the biological platform.
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Abstract

Carbon dot (CDs) based fluorometric detection of the industrial pollutant, 4-nitroaniline (4-
NA), is a very challenging research arena. Herein, we designed two N-doped CDs (NCDs)
with distinct photophysical characteristics by varying the heteroatom percentage. The CD
emission color shifts from blue (NCD-1) to green (NCD-2) in water as the heteroatom
percentage increases from 8.3 % to 15.8 %. The NCDs also slightly differ in sizes with
diameters of 2.5 and 3.6 nm, respectively. In comparison to NCD-2, only NCD-1 exhibits
bright green luminescence (521 nm) in solid-state. Besides, the as-prepared NCDs showed
excellent solvent-dependent emission behavior; NCD-2 shows a higher spectral shift (76
nm) than NCD-1 (41 nm). NCD-2 displays blue emissions in DMSO and green emissions
in water. Both the NCDs perform excellently for discriminative recognition of 4-NA by
fluorescence quenching. Detailed investigation revealed that quenching mechanisms
depend on the distinct fluorescence properties of NCDs and the solvent medium. In water,
NCD-1 fluorescence mainly quenches through inner filter effect (IFE) and photo-induced
electron transfer (PET), while a combination of Forster resonance energy transfer (FRET)
and PET causes fluorescence quenching for NCD-2. In the DMSO medium, the primary
fluorescence quenching of NCD-2 was achieved by FRET, IFE, and a small contribution
of PET. Furthermore, an inexpensive portable paper strip was constructed for fast and easy
on-site sensing of 4-NA.
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5.1 Overview

With the rapid growth of chemical industries, secretion of industrial effluents has increased
magnificently and become a burgeoning concern for greenery protection and numerous
health issues. Organic amines are extensively preferred intermediate for a wide range of
chemical syntheses, such as rubber, dyes, pesticides, pharmaceuticals, and paint.'2 One of
the most abundant organic-pollutant, 4-nitroaniline (4-NA), has been found in wastewater
and is very poisonous for the aquatic environment, causing hazardous diseases like skin
cancer, liver damage, and methemoglobinemia.>® Hence, detection of the lethal 4-NA is
very crucial for controlling environmental pollution and several health problems, including

aquatic and human bodies.®

To date, carbon dots (CDs) are flourishing fluorescent nanosensors because of their tiny
size, tunable emission properties, variable solubility in solvents, good quantum yield, and
excellent biocompatibility.”*° Various heteroatom dopants (boron, nitrogen, and sulfur)
can improve their optical properties and quantum yield.1*** N-doped CDs (NCDs) are
efficient fluorescent nanosensors for various analytes such as metal ions, organic
molecules, and bio-molecules via different fluorescence mechanisms.®>*” Blue emissive
NCDs obtained from plant cytoplasm have been employed to recognize 4-NA by hydrogen
bonding effect.! Recently, CDs derived from oyster mushroom were applied to the
detection of nitroarenes, i.e., o-nitroaniline and 4-NA via fluorescence quenching via a
combination of different processes, i.e., PET (photo-induced electron transfer) inner filter
effect (IFE), PET and Forster resonance energy transfer (FRET).®

Herein, we have developed two different N-doped carbon dots with blue (NCD-1) and
green (NCD-2) emissions using a simple hydrothermal synthesis of single precursors- 5-
aminoisophthalic acid 3,5-diaminobenzoic acid, respectively (Scheme 5.1). The variation
of the —.COOH/-NH: ratio from 2:1 (NCD-1) and 1:2 (NCD-2) is a unique way to control
the N-content and the surface functionality. The NCD-1 shows substantial solid-state
luminescence with an emission maximum at 521 nm, which is ~91 nm red-shifted from the
solution state. In addition, NCD-2 possesses different color (green and blue) emissions in
two different solvents, water and dimethyl sulfoxide (DMSO). Further, the two nanodots
were introduced to recognize 4-NA in an agqueous medium. Most interestingly, the
detection mechanism highly depends on the solvent medium and fluorescence property of
synthesized nanodots. In NCD-1, the sensing mechanism consists of photo-induced
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electron transfer (PET) and the inner filter effect (IFE). However, FRET (Forster resonance
energy transfer) and PET were mainly responsible for the quenching of NCD-2 4-NA in
aqueous media. All three different processes (IFE, FRET, and PET) operate together for
the quenching of NCD-2 emission in the DMSO medium. Moreover, the two nanodots
showed excellent sensitivity and selectivity towards other competitive pollutants.

Additionally, we have also subsumed paper strip-based detection of 4-NA.
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Scheme 5.1. Synthesis route and sensing pathways of 4-NA by NCD-1 and NCD-2

5.2 Results and Discussions

5.2.1. Surface characterization

NCD-1 and NCD-2 were synthesized from 5-aminoisophthalic acid and 3,5-
diaminobenzoic acid, respectively adopting a green hydrothermal procedure (see
supporting information). The nanodots were spherical with average diameters of NCD-1
and NCD-2 2.5 £ 0.5 nm and 3.6 = 0.3 nm, respectively, as revealed by transmission
electron microscopy (TEM) (Figure 5.1a and 5.1b). The HRTEM (high resolution-TEM)
image also reveals a lattice spacing of 0.24 nm for both the CDs, which denotes the presence
of (100) graphitic plane (inset of Figure 5.1a and 5.1b). XPS analysis reveals an overview

of the chemical composition of two nanodots. The nanodots showed dominant XPS peaks
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at 284 eV for C 1s, 399 eV for N 1s, and 534 eV for O 1s. The N percentage of NCD-2
(15.8%) is almost double of NCD-1 (8.3%) (Figure 5.1c and 5.1d). Detailed deconvolution
of high-resolution XPS spectra of C 1s, N 1s and O 1s (Figure 5.1e to 5.1j), shows that
both the NCDs have similar kind of chemical bonds (Table A.5.1 and A.5.2) namely C=C
(284.3 + 0.4 eV), C=0 (288.8 + 0.1 eV), C-N (285.1 + 0.4 eV), C=N (286%0.2 eV)1*%,
pyridinic-N (398.9 + 0.2 eV), amino-N (399.2+0.5 eV), pyrrolic-N (400+0.3 eV),?* % C-O
(531 eV), C-OH (533.3%0.1 eV), C-O-C (531.8+0.2 eV) and O-C=0 (534.1+0.2 eV).242°
In comparison to NCD-1, NCD-2 has a higher percentage of amino-N, C=C, and C-O-C

chemical bondings, suggesting more heterogeneity at the surface.
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Figure 5.1. (a) TEM image of NCD-1. (b) TEM image of NCD-2. Inset graphs are referred to size distribution
curve and HRTEM image.Full range XPS spectra of NCD-1 (c), NCD-2 (d). Deconvoluted XPS spectra of
NCD-1 (e) C 1s, (f) N 1s, (9) O 1s. Deconvoluted XPS spectra of NCD-2 (h) C 1s, (i) N 1s, (j) O 1s. (k) IR
spectra in the range from 1800-1000 cm™. (I) Raman spectra of NCD-1 and NCD-2.

The surface functionalities were further examined by Fourier-transformed infrared (FTIR)

analysis (Figure A.5.1 and Figure 5.1k). Two nanodots exhibit prominent peaks in the
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3436-3209 cm™ range for -OH/-NH, functional groups and 1691-1596 cm™ range for
carbonyl functionalities arising from -COOH and O=C-NH. The N functionality, i.e., C-N
and C=N stretching vibrations appear at 1464 to 1417 cm™ respectively, and the peaks from
1265 cm™ to 1033 cm™ appear because of C-O, C-O-C, C-NH-C bonds.?*° Thus, both
XPS study and FTIR spectral analysis hold good agreement about the edge functionality of
NCDs. For more endorsement about the structural composition, Raman analysis was
conducted (Figure 5.11). For NCD-1, the Raman-D and G bands were observed at 1370
cm™ and 1575 cm™ which denote various vacancy states and sp? hybridized carbon frames,
respectively. For NCD-2, Raman-D and G bands are located at 1385 cm™ and 1576 cm™,
respectively. In NCD-2, the Raman-D band is blue-shifted by ~15 cm™ from NCD-1,
indicating the rise of distortion of the lattice by increasing nitrogen functionality. Moreover,
some additional peaks appear at 1120 cm™, 1245 cm™ and 1680 cm™ which may be
assigned to C-H, C=0 and C=N functional groups.®
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Figure 5.2. (a) UV-vis absorption, excitation (A.,, = 430 nm), and emission spectra of NCD-1 in water
medium at different excitation wavelengths t. Inset shows a photograph of NCD-1 aqueous solution under
365 nm UV lamp. (b) UV-vis absorption spectra, excitation (A., = 490 nm) and excitation dependent
emission spectra of NCD-2 in the aqueous medium. Inset photograph of NCD-2 aqueous solution under 365
nm UV lamp. (c) Uv-vis absorption spectra, excitation (A., = 425 nm) and excitation dependent emission
spectra of NCD-2 in DMSO solvent. Inset photograph of NCD-2 DMSO solvent under 365 nm UV lamp. (d)
Absorption, excitation and fluorescence spectra of NCD-1 in the solid state under 360 nm excitation. (e)
Spectral shift between NCD-1 aqueous solution to solid-state. Inset photograph of NCD-1 solid under 365
nm excitation. (f) Fluorescence decays of NCD-1 in aqueous solution and solid-state.
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5.2.2. Photo-physical Properties

The optical properties of the synthesized two nanodots were thoroughly investigated by
various spectroscopic techniques- UV-vis absorption, excitation, and fluorescence (FL)
spectroscopy. In an aqueous medium, the lowest energy absorption bands of NCD-1 and
NCD-2 were located at 330 nm and 410 nm, respectively (Figure 5.2a and 5.2b), which
indicates n-n* transition of C=0, C=N heteroatomic moieties. Both nanodots show
excitation wavelength-independent emission behavior which is quite rare and only
observed for highly pure CDs. The emission maxima of NCD-1 and NCD-2 in aqueous

media were at 430 nm (Aex= 330nm) and 490 nm (Aex = 400nm), respectively.
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Figure 5.3. Solvent dependent spectral shift (a) NCD-1, (b) NCD-2. (c) UV-irradiation study, (d)
Temperature dependent emission stability study.

Interestingly, NCD-2 shows blue emission in DMSO media; the lowest energy absorption
band and the FL peak are centered at 350 nm and 425 nm, respectively (Figure 5.2¢). The
measured quantum yield for NCD-1 is 15.6 %, and NCD-2 is 14.7 % in an aqueous medium,
whereas NCD-2 shows 22.7 % quantum yield in DMSO.
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Interestingly, NCD-1 shows excellent solid-state emission. The solid NCD-1 exhibits green
emission at 521 nm when excited at 360 nm (Figure 5.2d), independent of excitation
wavelength. The FL maximum was dramatically red-shifted by ~91 nm (Figure 5.2e) and
the average lifetime (0.39 ns) is drastically reduced in comparison to the solution (2.47 ns)

state (Table A.5.3 and Figure 5.2f) due to aggregation caused quenching.3? 3

Both the CDs show solvent-dependent emission property; emission maximum undergoes
red-shift with increasing the solvent polarity from tetrahydrofuran (THF) to water. NCD-
1 depicts 41 nm, while NCD-2 shows a 76 nm emission shift (Figure 5.3a and 5.3b). This
solvent-induced spectral shift also inferred that NCD-2 is more polar, containing a more
heterogeneous surface than NCD-1. The stability of FL intensity is also verified by
changing temperature and UV-light treatment. The ratio of FL intensity remains almost
unchanged after UV-light treatment for 1 hour and varying temperature from 5 - 60 °C
(Figure 5.3c and 5.3d).

5.2.3. Detection of 4-NA

Following the excellent emission properties of the NCDs, their sensing abilities as a
fluorescent chemosensor have been investigated for a diverse range of organic amines such
as 4-NA, 3-nitroaniline (3-NA), 2-nitroaniline (2-NA), 2,4-dinitroaniline (DNA), aniline,
nitrobenzene, triethylamine (TEA) and ethylenediamine (EDA). The FL intensities of
NCD-1 and NCD-2 efficiently quench upon successive addition of 4-NA (Figure 5.4a and
5.4b). Since the nanodot NCD-2 displays very different emissions in water (green) and
DMSO (blue), we checked their sensing efficiency in both media. The sensing ability of
NCD-2 in DMSO medium is quite comparable to the aqueous medium (Figure 5.4c).

Accordingly, the FL intensity ratio of two nanodots (lo/l, where lo and | symbolize FL
intensity before and after addition of 4-NA) enormously increases with increasing
concentration of 4-NA (Figure 5.4d and 5.4e) in the aqueous medium. At lower
concentration, the Stern-Volmer (S-V) plot follows linearity against the concentration of 4-
NA (insets of Figure 5.4d and 5.4€). The Ksv (S-V constant) values are 1.4 + 0.2 x 10* M-
Land 2.9 + 0.1 x 10* M for NCD-1 and NCD-2, respectively. The Ksy value for NCD-2
is about double of NCD-1, accounting that NCD-2 is more sensitive towards 4-NA. The
detection limit is estimated to be 111.6 nM and 68.9 nM for NCD-1 and NCD-2,
respectively in the water medium. Now, the S-V constant for NCD-2 in DMSO medium is

2.7+0.1 x 10* M* which is almost comparable with after linear fitting of the ratio of FL
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intensity against concentration of 4-NA up to 48 uM for NCD-2 in DMSO medium (Figure

5.4f). The calculated LOD value is 36 nM which is lower than water medium.
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Figure 5.4. (a-c) Quenching of emission spectrum of (a) NCD-1 in aqueous medium, (b) NCD-2 in aqueous
medium and (c) NCD-2 in DMSO medium with gradual addition of 4-NA; (d-f) Variations of FL intensity
ratio (lo/l where lp and | refer to maximum intensity in the absence and presence of 4-NA) of (d) NCD-1 in
aqueous medium, (e) NCD-2 in aqueous medium and (f) NCD-2 in DMSO medium; insets show the linear
S-V fitting in the low concentration regime. (g-i) FL quenching plot of different competitive aniline
derivatives along with 4-NA and for (g) NCD-1 in the aqueous medium, (h) NCD-2 in the aqueous medium

and (i) NCD-2 in DMSO medium.
5.2.4. Selectivity Studies in agueous and DMSO medium

Several competitive aniline derivatives were examined under the same experimental
condition to ascertain the selectivity of the NCDs towards 4-NA. No considerable
deviations in the FL intensity of two nanodots were perceived for any derivatives except 4-

NA in the aqueous media. However, some derivatives can quench NCD-2 emission in the
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DMSO medium, which follows the order 4-NA> 2,4-DNA> EDA. The lo/l plots for other
competitive nitro-compounds are also estimated for the two nanodots (Figure 5.4g, 5.4h
and 5.4i), which cogently supports that both NCDs are highly selective and drastic
quenching of FL intensity was triggered only by 4-NA. Moreover, some other metal ions

which might coexist in water samples (e.g., Na*, K*, Mn?*, Zn%*, Cr®*, Co**,CN , I, Br ,
HCOs; , CO3?"), did not impinge the FL intensity of NCD-1 and NCD-2 in both media
(Figure A.5.2a to A.5.2c).

5.2.5. Sensing Mechanism in Aqueous Medium

Several mechanistic pathways such as Forster resonance energy transfer (FRET), photo-
induced electron transfer (PET), formation of ground-state complex, and inner filter effect
(IFE) commonly account for FL quenching. In an aqueous medium, the absorbance value
of NCD-1 and NCD-2 is only increased without the appearance of any new peak in the
whole UV-vis region (Figure A.5.3a and Figure A.5.3b). Hence, we may omit the
possibility of ground-state complex formation between the nanodots and 4-NA.

For NCD-1, both the excitation and FL spectra overlap markedly with the absorption
spectrum of 4-NA (Figure 5.5a), which is the utmost prerequisite for FRET or IFE to
operate. Fluorescence decays were subsequently measured to distinguish between the two
mechanisms. It is very clear from Figure 5.5b that the lifetime of NCD-1 remains almost
unchanged after the addition of 180 pM 4-NA (Table A.5.4). Thus, the possibility of FRET
between NCD-1 and 4-NA can be nullified. Hence, IFE should be a significant FL
suppression process in NCD-1 (Figure 5.5¢). However, IFE correction, suggests that its

contribution is ~55 % to the overall quenching process (Table A.5.5).

We evaluate the energy value by considering frontier molecular orbitals of the NCDs and
4-NA to determine the other possible quenching mechanisms. Density functional theory
(DFT) calculation was conducted for 4-NA and other targeted competitive organic
compounds (Figure A.5.4) to determine HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital) energies. The HOMO and LUMO energy
levels of NCD-1, and NCD-2, were obtained from UV-onset (Figure A.5.3d and Figure
A.5.3e) and cyclic voltammetry study (Figure 5.5d). A successful PET may occur from
LUMO of NCD-1 (-2.08 eV) to LUMO of 4-NA (-2.41 eV) (Figure 5.5e). Therefore, we
can conclude that there is an almost equal contribution of IFE and PET for diminishing the
FL intensity of NCD-1.
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Figure 5.5. (a) Spectral overlap between excitation, emission spectra of NCD-1 with absorption spectrum of
4-NA. (b) FL decays of NCD-1 in the absence and presence of 180 uM of 4-NA. (c) Suppressed FL efficiency
(E%) of observed (blue curve) and modified (orange curve) measurements for NCD-1 after each addition of
various concentrations of 4-NA. (d) cyclic voltametric study of NCD-1 and NCD-2 on glassy carbon electrode
using 0.1 M tetrabutylammonium hexafluorophosphate (TBAF6) as a reference electrolyte in acetonitrile
solution . (e) Pictorial representation of PET mechanism from NCD-1 and NCD-2 to LUMO level of 4-NA
LUMO level. (f) Spectral overlap between excitation, emission spectra of NCD-2 with absorption spectra of
4-NA. (g) Fluorescence decay curve of NCD-2 aqueous solution with addition different concentration of 4-
NA. (h) Linear fitted curve of ratio of changing average lifetime value (to/7) against 4-NA.

For NCD-2 in the aqueous medium, there is also a considerable spectral overlap (absorption

of 4-NA, FL emission, and excitation of NCD-2), as shown in Figure 5.5f. Interestingly,
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the average lifetime of NCD-2 decreases from 4.61 ns to 1.41 ns after the addition of 72
MM 4-NA (Table A.5.6 and Figure 5.5g). This observation points towards the FRET
mechanism. Detailed calculation shows that the involvement of FRET between NCD-2 and
4-NA is ~ 69%. The dynamic quenching rate constant (Kp) is 3.3 + 0.2 x 10* M obtained
by plotting ratio of the average lifetime (to/t, To, and t refer lifetime before and after addition
of 4-NA) against 4-NA concentration (Figure 5.5h). The IFE contribution is too
insignificant (2%) in this case (Figure A.5.3f and Table A.5.7). Furthermore, to elucidate
the remainder quenching effect, HOMO-LUMO calculations of this green emissive
nanodot and 4-NA are performed. The LUMO (-1.72 eV) of NCD-2 is lying above the
LUMO level of 4-NA (-2.39 eV), which also signifies a quite favorable electron transfer
from NCD-2 to 4-NA (Figure 5.5e). Hence, the quenching of NCD-2 by 4-NA is driven
by the FRET and PET combination. However, the PET contribution in quenching is slightly

less than the NCD-1 due to less effective energy level matching.

5.2.6. Sensing Mechanism of NCD-2 in DMSO

Like the aqueous medium, no apparent change of the absorption pattern of NCD-2 was also
noticed in DMSO after adding 4-NA (Figure A.5.3¢), eliminating the scope of ground-
state complex formation. Significant spectral overlap of the absorption spectrum of 4-NA
with the excitation and emission spectra of NCD-2 gives rise to the possibility of IFE and
FRET as possible quenching mechanisms (Figure 5.6a). Fluorescence decay
measurements showed that the average decay time regularly decreases from 4.93 ns (0 uM
4-NA) to 2.86 ns (112 uM 4-NA), elucidating the FRET possibility in DMSO solvent
(Figure 5.6b and Table A.5.8). The Kp value in the DMSO medium was found to be
5.9+0.4 x 10> M in Figure 5.6c, which is very low compared to the water medium.
Additionally, the IFE effect is also present in DMSO solvent. The estimated contribution
of IFE was ~ 37% (Figure 5.6d and Table A.5.9). Therefore, in DMSO solvent major FL
quenching effect came from FRET (~ 58%), IFE (~ 37%) mechanism, and remaining
quenching coming from PET pathways. For better understanding, we provided a table
containing solvent dependent detection mechanism pathways for the synthesized nanodot

(Table 5.1)
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Figure 5.6. (a) Spectral overlap between excitation, emission spectra of NCD-2 with absorption spectra of 4-
NA. (b) Decay profile of NCD-2 in DMSO with different concentration of 4-NA. (c) Linear fitted curve of
ratio of changing average lifetime value (to/t) against 4-NA. (d) Suppressed FL efficiency (E%) of observed
(sky-blue curve) and modified (orange curve) measurements for NCD-1 after each addition of various
concentrations of 4-NA.

5.2.7. Solid State Detection of 4-NA

The application of two nanodots was further extended for paper strip-based detection of 4-
NA. Several paper strips were uniformly coated by NCD-1 and NCD-2 aqueous solutions
and dried in a desiccator for 24 h. Afterward, 5 puL of several concentrations of 4-NA
ranging from 1078 M to 10~ M was dropped on the dried filter paper strips. In normal light
no spot is appear in the paper strips, while a visible dark spot appeared underneath the UV
lamp (365 nm) at the droplet position (Figure 5.7a to 5.7d). The dark spot can be visibly
recognized even at an ultralow concentration of 4-NA (10~" M). Therefore, this can be a

facile strategy for the rapid detection of 4-NA.
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Table 5.1. List of mechanism pathways followed by NCD-1 and NCD-2 in aqueous and DMSO medium.

Synthesized | Solvent | FL property Primary Secondary Additional
nanodots detection detection detection
mechanism mechanism mechanism
NCD-1 Water Excitation: IFE (~ 55%) | PET
(Blue 330 nm
emission) Emission: 430
nm
NCD-2 Water Excitation: FRET PET IFE (~2%)
(Green 410 nm (~ 69%)
emission) Emission: 490
nm
NCD-2 DMSO | Excitation: FRET IFE (~37%) | PET
(Blue 350 nm (~ 58%)
emission) Emission:
425 nm

Figure 5.7. (a) NCD-1 paper strips for solid-phase detection of 4-NA. (b) NCD-2 paper strips for on-site
recognition of 4-NA.

5.3 Conclusion

In this report, two nanodots NCD-1 and NCD-2, with varying N-content, have been
synthesized with blue and green emissions in an aqueous medium through a cost-effective,
one-pot hydrothermal method. The FL properties of the NCDs have different prospects;

NCD-1 has outstanding solid-state emission properties while NCD-2 exhibits different
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color emissions in water (green) and DMSO (blue). Both the NCDs act as excellent
fluorescence sensors for 4-NA in water by triggering strong quenching. Moreover, NCD-2
also demonstrates excellent sensing ability in DMSO solvent. Interestingly, the
fluorescence quenching mechanisms differ in each case; for NCD-1 in water, PET and IFE
dominate, whereas FRET and PET are crucial for NCD-2 in water, and all three FRET,
IFE, and PET operate together for NCD-2 in DMSO medium. Additionally, two NCD
systems were applied paper strip-based detection of 4-NA, revealing promising results.
Finally, it can be concluded that this approach will be very useful for the mechanistic
investigation of organic amine detection and a practical solution for the quick sensing of 4-
NA.
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Abstract

Carbon dots (CDs) have congregated massive opportunities in basic and applied research
streams owing to their versatile properties. Herein, a unique N-doped CD (NCD) was
synthesized via the hydrothermal technique using 3,5-diaminobenzoic acid and hydrazine
hydrate as precursors. The NCDs exhibit exceptional optical properties; they emit very
different colors under different excitation windows. The fluorescence maxima were at 404
nm (blue), 506 nm (green), and 605 nm (red), respectively, when the excitation wavelengths
fall within 300-340 nm, 380-460 nm, and 500-540 nm. The emission features were
drastically different from more straightforward CDs (CDgiank) prepared using 3,5-
diaminobenzoic acid only via the same hydrothermal route without hydrazine hydrate. We
found that the 506 nm and 605 nm emissions originate from various surface states, while
the 404 nm emission comes from the NCD core states. The triple emissive-NCDs were
implemented for sensing; Fe** effectively quenches the green and red emissions through
turn-off quenching, while ascorbic acid (AA) successfully recovers the quenched emission
in a turn-on manner. Both static and dynamic mechanisms were responsible for quenching
green and red emissions and were accounted for by complexation-induced aggregation and
electron transition from the electron-rich NCDs to the vacant d orbital of Fe3*, respectively.
The detection limits for the green and red regions were 7.9 nM and 12.2 nM, respectively.
The AA restores both the emission signals by reducing Fe** to Fe?*. The calculated
detection limits for AA recognition were 0.55 uM and 1.05 uM, respectively, for the green
and red emissions. Furthermore, a multi-input logic gate was constructed to convert the

molecular information as fluorescence signal outputs.
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6.1 Overview

In recent times, carbon dots (CDs) have engrossed incredible attention as a zero-
dimensional fluorescent nanomaterial. Outstanding properties including facile synthesis,
robust chemical and optical stability, excellent biocompatibility, low cytotoxicity, and good
bio-imaging capability propel their applications in vast research areas, such as
photocatalysis! 2, photosensitizer® 4, light-emitting diodes® °, sensing, anti-counterfeiting’,
and biological arena®°, Nowadays, tremendous interest has been developed in modifying
and engineering the optical property of CDs, and currently, the focus shifts from single
excitation-emission to multiple excitation-emission. The multiple excitation-emission
features are incredibly advantageous as multiple fluorescence (FL) emission centers are
present in one substance. The origin of multiple emission features of CDs is ambiguous,
whether it arises from the carbogenic core*™ 2, multiple surface states'3, solvent relaxation
effect’, supramolecular cross-linked enhanced emission (SCEE), trap carriers'®, or
surface fluorophore!’. Thus, a detailed experimental analysis is imperative to endorse the
unique luminescent properties of CDs. In a recent report, the dual fluorescence
characteristic was attributed to both carbon-core and molecular states'®. There are only a
few literature reports on multiple excitation-emission features. Some carbonized polymer
dots (CPDs) possess dual-channel excitation-emission in blue (Ex: 350 nm, Em: 445 nm)
and yellow (Ex: 440 nm, Em: 575 nm) regions *°. In another report, nitrogen-doped CDs
show distinct emissions at different excitation regions, e.g., blue (Ex: 298 nm; Em: 398
nm) and green (Ex: 404 nm: Em: 518 nm) emissions %°. These multiple excitation-emission

probes are incredibly beneficial for sensing applications.

Recognition of metal ions and bioactive molecules is critical for the environmental cause
and clinical analysis. Specifically, detecting the ferric (Fe®*) ion in drinking water is crucial.
A high Fe** content can cause gastrointestinal problems and loss of appetite?’. Contrarily,
an insufficient Fe®* is equally harmful and directly inflicts severe physical disorders and
biological damages, causing anemina?, arthritis, osteoporosis?, heart failure?*, liver
problems?®, and other difficulties?® 27, Ascorbic acid (AA) is a class of well-known
antioxidants, and vitamins used to treat various ailments like cold, infection, mental
sickness, and, most importantly, AIDS? 2. People are currently using AA enriched daily
diet to boost their immune systems. AA deficiency affects several physiological processes
and causes Parkinson’s disease, cardiovascular disease, and cancer®. Several recognition

techniques have been established for the dual-mode quantification of Fe®* and AA, such as
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electrochemical methods®" %2, atomic absorption spectrometry®, inductively coupled
plasma mass spectrometry®, fluorescence (FL) based detection®3’. However, the FL-
based detection techniques are more promising due to rapid, simple, sensitive, and visual
mode detection. Several FL-based probes, such as small organic molecules®®, lanthanide-
doped nanoparticles®®, metal-organic frameworks*® (MOFs), metal nanoclusters** (NCs),
carbon dots*>“® etc., have been reported for the detection of Fe** and AA. However, FL-
based probes often require complex synthesis conditions resulting in low sensitivity, poor
stability, and inherent toxicity. Therefore, it is indispensable to develop innovative FL-

based materials to recognize Fe** and AA better.
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Scheme 6.1. Schematic representation of the synthesis route of NCDs and the triple-mode excitation-emission
characteristics.

We establish a simple and innovative sensor for the dual-mode detection of Fe** and AA
using NCDs, which display outstanding triple-mode excitation-emission features having
emissions in three distinctive emission regions: blue (Ex: 300 nm, Em: 404 nm), green (Ex:
420 nm., Em:506 nm), and red (Ex: 500 nm, Em: 605 nm). To get more insight into the
origin of the tricolor emission, for example, whether it comes from the carbon core or
generated from molecular or surface states, we have synthesized a more straightforward
CD (CDgiank) from 3,5-diaminobenzoic acid only following the same preparation method.
The multi-emissivity feature may originate from the carbon core state and several emissive
surface states. We found that the surface-states emissions (green and red) are very sensitive
to Fe3*, which selectively quenches the respective emissions. Both static and dynamic

quenching mechanisms were responsible for the Fe®" induced quenching—the former
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mechanism results from the complexation of active surface functional groups with Fe3*.

The emission can be selectively restored by ascorbic acid (AA). The strong binding affinity

of AA with Fe** accounts for the fluorescence intensity recovery of NCDs. Hence, NCDs

served as “on-0ff-on” sensors for the dual-channel detection of Fe** and AA. In addition,

the “on-off-on” strategy successfully attributes designing a multi-input molecular logic

gate, which can be very useful for constructing the fluorescence-based smart molecular

device.
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and NCDs.
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6.2 Results and Discussions

6.2.1 Surface characterization

The synthesis procedure of the N-doped triple-emitting CDs is represented in Scheme 6.1.
It was synthesized via the hydrothermal method with 3,5-diaminobenzoic acid and
hydrazine hydrate in an ethanol medium at 170 °C for 5 hours. Figure 6.1a reveals the
perfectly monodispersed sphere-shaped morphology of NCDS with an average diameter of
4.1 £ 0.7 nm. The synthesized CDs exhibit 0.28 nm lattice space (inset of Figure 6.1a),
belonging to the (002) plane*®, which is revealed by HRTEM images. Figure 6.1b depicted
powder XRD depicted a distinct peak at 26.6° corresponding to the (002) plane. The AFM
images of NCDs reveal typical topographic heights ranging from 2.5 to 6.5 nm (Figure
6.1c). The investigation of various chemical components was carried out by Fourier-
transformed infrared (FTIR) spectroscopy. The full FTIR spectrum is represented in Figure
A.6.1a. The characteristic stretching vibration from 3350 cm™ to 3319 cm™ indicates the
presence of N-H/O-H functional groups. The other characteristic vibration band located at
2450 cm, 1623 cm?, 1560 cm™, 1521 cm?, 1398 cm™ implied for N=C=0, C=0 in amide
linkage, C=N bending vibration, C-N stretching band of amide-11, C-N bond, respectively
(Figure 6.1d). Moreover, FTIR band ranging from 1301 cm™ to 1147 cm™ belongs to the
C-0O bond of -COOH, C-0-C groups, etc. The C=0 of amide linkage of CDgiank (1685 cm"
1) was shifted to a lower wavenumber than in NCDs (1623 cm™). Another noticeable
observation is that no peak appears at 2450 cm™ and in the range of 1250 to 1287 cm™ in
NCDs*"#°, These observations suggested that the addition of hydrazine hydrate changes

the surface functionality of NCDs, which are distinctly different from CDgiank.

The XPS is the utmost essential characterization for determining the chemical composition
of NCDs. Three typical peaks at 283.6 eV, 398 eV, and 530.3 eV are clearly located in the
full range XPS scan (Figure 6.1e), and the contribution of each element are 64.77 %, 19.27
%, 15.97 % for C 1s, N 1s, and O 1s, respectively (Figure A.6.1b). Figure 6.1f-6.1h
demonstrated high-resolution XPS spectra of C 1s, N 1s, and O 1s, respectively. The high-
resolution C 1s XPS scan is fitted into five peak parameters: C=C (284.5 eV), C-N (285.7
eV), 0=C-0 (287.1 eV), C=0 (288.8 eV), (291.8 eV)** . Similarly, high-resolution N 1s
and O 1s XPS scan entirely deconvoluted into five and four peak parameters which show
the existence of numerous surface functionalities like pyridinic-N (398.9 eV), pyrrolic-N
(399.7 V), amino-N (400.6 eV), graphitic-N (401.6 eV), N-O (405.6 eV), C-O (531.1 eV),
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C-OH (532.2 eV), O-C-O (533 eV) and O-C=0 (534.1 eV)°*3, The contribution of each
bond was thoroughly calculated and presented in Table A.6.1 and A.6.2. The percentage
of graphitic-N and oxidized N in NCDs is much higher than in CDgiank (Figure A.6.1c).
Hence, the FTIR and XPS analyses show good concurrence about the chemical constituents
of newly synthesized NCDs. Furthermore, Raman spectroscopy is a unique characterization
technique for CD-based materials. The Raman-D and Raman-G bands emerge at 1367 cm ™
and 1563 cm™, respectively (Figure 6.1i), arising due to the surface defect and Ezq
vibration mode of graphite related to the vibration of sp? carbon atoms present in a
hexagonal lattice. In contrast to CDgiank, both the Raman-D and G band is red-shifted by
15 cm™ and 12 cm™, respectively, suggesting alteration of the electronic environment by
hydrazine hydrate. Moreover, the Raman intensity (Io/lg) ratio of the D and G bands
increases from 1.08 in CDgiank to 1.19 in NCDs, revealing that the NCDs have a much
higher degree of Raman active sites and subsequent increase of the amorphous nature of
the NCDs.

6.2.2 Photo-physical Properties

The photophysical properties of newly developed CDs were thoroughly investigated with
different optical techniques such as absorption, excitation, and emission spectroscopy.
Interestingly, the CDs exhibit a unique tri-color emission when excited with three different
excitation channels. As depicted in Figure 6.2a, the CDs reveal a broad absorption
spectrum from 400 nm to 600 nm along with a high energy band allocated at 310 nm due
to n-n* and n-n* electronic transitions, respectively, which arise from various heteroatomic
surface functionalities (C=N, C=0, etc.) and sp? bonded C=C carbon core, respectively.
The emission spectra of CDs were recorded in three different ranges of excitation
wavelengths: 300-360 nm, 370-460 nm, and 500-540 nm. Three distinct emission spectra
with maxima at blue (404 nm), green (506 nm), and red (605 nm) wavelengths were
observed with no apparent excitation-dependent emission with the specific excitation
windows (Figure 6.2b, 6.2c, and 6.2d). Moreover, Figure 6.2e also clearly shows that
emission maxima are independent of excitation wavelengths within the specified range.
Here, we denote the blue, green, and red emission spectra as FLg, FLg, and FLg,
respectively. The tricolor emission may originate from the carbon core or generate from
the surface state. To get further insights, we have synthesized CDs (denoted as CDgiank)
from 3,5-diaminobenzoic acid only following the same preparation method. The TEM

images of CDgiank are displayed in Figure A.6.2a and A.6.2b.
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Figure 6.2. (2) The absorption spectrum of NCDs. Excitation and emission spectra of NCDs in the range of
(b) 300 nm to 360 nm, (c) 370 nm to 460 nm, (d) 500 nm to 540 nm. (e) Various emission maxima plotted
against their excitation wavelength, (f) Comparison of the absorption spectra of NCDs, and CDgjank. (Q)
Comparison of FL spectra of NCD’s green and red region with the corresponding FL spectra of CDgjank under
420 nm and 500 nm excitation. (h) Shifting of CIE coordinate of CDgjank and NCDs multiple emissions. (i)
pH stability study of NCDs. Blue lines indicate stability under 300 nm excitation, the green line indicates
stability under 420 nm excitation, and the red line indicates stability under 500 nm excitation. Fo is FL
intensity at pH 2, and F is FL intensity at other pH values.

The absorption profile of CDgiank (Figure 6.2f) is distinct from the NCDs, with no broad
absorption band in the range of 400-550 nm. Interestingly, the emission diagram of CDgiank
only shows two distinct emission wavelengths: blue (A7:2*= 405 nm) and green (A7:2*= 485

nm) (Figure A.6.2c), but no emission signal appeared on the red side. Furthermore, as we

introduced hydrazine hydrate into the reaction medium, the green region peak (Ex: 420 nm)
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was shifted to 11 nm higher wavelength side from CDgank, which is shown by normalized
FL spectra (Figure 6.2g). However, under 500 nm excitation CDgjank and FLr emission
maxima are located at 540 nm and 605 nm, respectively. This observation is also evident
by calculating CIE coordinates. The green ((0.25, 0.52), green square) and red ((0.57, 0.42),
red square) regions of NCDs show a distinct shift from the green ((0.17, 0.39), green circle)
and red ((0.38, 0.60), orange circle) regions of CDgiank. But the coordinates of the blue
region of NCDs and CDgiank remain exactly the same ((0.15, 0.05), blue square and circle)
(Figure 2h). Recent work reported that with an increase in the N-functionality, the emission
wavelength shifts to the red side®* *°. The XPS shows that the graphitic-N percentage
increases from CDgank to NCDs, shifting the FL maximum to a higher wavelength °6. Thus,
we can conclude that both the green and red emissions may originate from multiple surface
functional states of NCDs, while the blue emission emanates from the graphitic sp2-network

carbon core of NCDs.

Furthermore, the photobleaching analysis accomplished the accreditation of the surface
state and core state emission as the photostability of as-prepared NCDs is related to their
different FL origins®. The intensity of both the green and red components was reduced
significantly to 48 % and 40 %, respectively, compared to the negligible reduction of the
blue part (3 %) in Figure A.6.2d. To further evaluate the emission origin, emission spectra
of the different regions (blue, green, and red) were recorded by varying pH. The multiple
hydrophilic surface functionalities present on the surface of carbon dots may show a better
ability pH-dependent FL performance via protonation/deprotonation®® 5°. As expected, the
surface state emissions (green and red) are more pH-sensitive rather than the core state
(blue) emissions. The intensity of both FLg and FLr increases markedly with pH increment,
but the intensity FLg does not change much with pH (Figure 6.2i). The robust resistance
against photobleaching and pH supports that the blue component arises from the carbon-
core states or hole-electron recombination, while green and red emissions originate from
the surface states. The assignment agrees with the former reports that the carbon-core states
typically exhibit a shorter emission wavelength than the surface-state emission?8 %61 The
calculated quantum yields of the NCDs are 27.5 %, 31.9 %, and 10.4 %, respectively, for
the blue, green, and red emissions. We also checked the effect of temperature (Figure
A.6.2¢); emission intensities of all the three regions do not show any robust changes with
alteration of temperature. The FL lifetimes of the different emission regions of NCDs were
quite distinct (Figure A.6.2f and Table A.6.3). These special spectral features comprising
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triple mode-excitation to triple mode-emission allow NCDs to generate unique research

interests.
6.2.3 Dual-mode detection of Fe(l11) and AA

The potential of the newly synthesized CDs having multiple heterogeneous functional
groups was tested for the FL-based metal ion sensing. Initially, the FL quenching efficacy
of FLs, FLg, and FLr was evaluated by adding 100 uM Fe®*. In contrast to FLg, the higher

wavelength emissions (FLg and FLg) were much more sensitive to Fe** (Figure 6.3a-c).
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Figure 6.3. Differential quenching efficacy of NCDs in three different emission regions toward a specific
concentration (100 uM) of Fe3*: (a) blue region (Ex: 300 nm) (b) green region (Ex: 420 nm), and (c) red
region (Ex: 500 nm).

Since the blue emission is less susceptible to Fe**, we have performed the rest of the studies
considering only green and red-channel emissions. Figure 6.4a shows that the
luminescence intensity (Ex: 420 nm, Em: 506 nm) gradually decreases upon sequential
addition of Fe** and ~82 % of the initial fluorescence was quenched at 140 uM Fe**. The
strong quenching makes CDs effective “turn off” sensors for Fe**. The plot of the emission
intensity ratio (Fo/F) against Fe®'concentration diverges from linearity at higher
concentrations (Figure 6.4b), while the low concentration region (0 to 25 uM) follows a
linear Stern-VVolmer pattern (inset of Figure 6.4b). The calculated S-V constant (Ksv) value
was 1.43 + 0.08 x 10* M. The calculated detection limit (LOD) was 7.9 nM.

Now, the fluorescent of CDs was successfully reestablished with the addition of AA to the
Fe3*-induced quenched-state. Figure A.6.3a-b demonstrated that only 3 min incubation
time is sufficient for recovering the green FL intensity, establishing an effective “turn on”
FL-based approach for recognizing AA. Figure 6.4c depicts the increment of green FL

intensity with the gradual addition of AA from 0 to 600 uM from the FL off-state of the
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FLs-Fe3* system. The linear relationship was obtained at low concentration regimes (0 to
120 uM) (Figure 6.4d). The detected LOD value is 0.55 uM. The CIE coordinates of FLg,
FLo-Fe** and FLg-Fe**-AA are represented in Figure 6.4e ((0.25, 0.52), green color),
((0.26, 0.45), black color) and ((0.24, 0.0.47), red color) respectively. The quenched and
recovered FL intensity is detectible in the naked eye under the same 420 nm excitation

wavelength (Figure 6.4f).
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Figure 6.4. (a) Fluorescence quenching titration of NCDs by Fe3* under 420 nm excitation. (b) Intensity ratio
(Fo and F are the FL intensities in the absence and presence of Fe®*, respectively). Inset graph shows S-V
linear plot. (c) Turn-on FL intensity from by AA under excitation of 420 nm. (d) Intensity ratio plot (Fo and
F is the FL intensity of NCDs+Fe®* system and NCDs+Fe®*+AA systems respectively). () CIE coordinates
NCDs green emission (square green color), NCDs+Fe3* (Square black color) and NCDs+Fe®*+AA (plus red
color). (f) photograph of the samples under 420 nm excitation wavelength inside FL spectrometer: (1) NCDs-
FL on state (FLg), (2) NCDs+Fe®** (FL quenched state, FLg with 140 uM Fe®") and NCDs+ Fe**+AA (FL
recovered state, with FLg, 140 pM Fe®* and 600 pM AA).

Similarly, the red emission intensity (Ex: 500 nm, Em: 605 nm) was also sensitive towards
Fe3* and resulted in the quenching of FL intensity. The addition of Fe3* up to 250 uM
concentration entirely diminishes the luminescence intensity (Figure 6.5a). Also, Fo/F vs.
Fe3* concentration plot shows a slightly concave upward instead of a straight line at higher
concentrations (Figure 6.5b). The S-V plot fitted to a straight line from 0-100 uM
concentration of Fe®" leads to Ksy value of 1.83 + 0.02 x 10* M (inset of Figure 6.5b).
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The calculated LOD value of 12.2 nM is comparable with the green emission region.
Furthermore, the addition of AA to FLgr-Fe** system also recovered the FL intensity (turn
on) of NCDs. As shown in Figure 6.5c, the FL intensity effectively recovered with a
substantial addition of AA up to 1400 pM. The straight line was fitted from 0 to 144 uM
concentration of AA (Figure 6.5d). From Figure 6.5¢, the obtained CIE coordinates for
red channel are ((0.58, 0.42), red colour), ((0.53, 0.46), black colour) and ((0.57, 0.42), blue
colour) which stands for FLg, FLr-Fe** and FLr-Fe3*-AA, respectively. For the red-
emission, the calculated LOD value of AA was 1.05 pM.
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Figure 6.5. (a) Fluorescence quenching titration of NCDs by Fe®** under excitation of 500 nm. (b) Intensity
ratio (Fo and F is the FL intensity absensce and presence of Fe®* respectively). Inset graph shows S-V linear
plot. (¢) Turn-on FL intensity from by AA under excitation of 500 nm. (d) Intensity ratio plot (Fo and F is the
FL intensity of NCDs+Fe®* system and NCDs+Fe®*+AA systems respectively). (e) CIE coordinates NCDs
red emission (circle red colour), NCDs+Fe®*" (black circle shape) and NCDs+Fe®*+AA (plus purple colour).
(f) digital photograph under 500 nm excitation wavelength in FL instrument. (1) NCDs-FL on state (FLR),
(2) NCDs+Fe®** (FL quenched state, with FLr and 250 puM Fe®) and NCDs+Fe**+AA (FL recovered state,
with FLg, 250 uM Fe?* and 1400 uM AA).
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Figure 6.6. (a) Selectivity study of FL¢ in the presence of various metal ions (A, B, C,D, E, F, G, H, I, J, K
are K*, Ag*, Cd?*, Co?*, Cr®, Fe, Ni?*, Pb?", Zn?*, Ca?* and H,O; respectively), (b) Selectivity study of
FLg in the presence of various metal ions (A, B, C, D, E, F, G, H, I, J, K are K*, Ag*, Cd?*, Co?*, Cr¥, Fe?*,
Ni?*, Pb?*, Zn?*, Ca?* and H,O; respectively, 1 represents Fe3*). (c) Selectivity study of FLg in the presence
of various competitive bio-analytes (A, B, C, D, E, F, G, H, I, J, K, L, M, N, O, and P are glutathione, lysine,
threonine, urea, glutamic acid, cysteine, L-aspartic acid, dopamine, methionine, glycine, citric acid, glucose,
ascorbic acid, thiourea, urea, and histidine respectively). (d) Selectivity study of FLg in the presence of
various metal ions (A, B, C, D, E, F, G, H, |, J, K are K*, Ag*, Cd?*, Co?, Cr®, Fe?*, Ni**, Pb?*, Zn?*, Ca®*
and H,O, respectively) (e) Selectivity study of FLr in the presence of various metal ions (A, B, C, D, E, F,
G, H, I, J, K are K*, Ag*, Cd?*, Co?*, Cr¥, Fe?*, Ni?*, Pb?", Zn?*, Ca?" and H,0, respectively, 1 represents
Fe®). (f) Selectivity study of FLg in the presence of various competitive bio-analytes. (A, B, C, D, E, F, G,
H, I, J, K, L, M, N, O, and P are glutathione, lysine, threonine, urea, glutamic acid, cysteine, L-aspartic acid,
dopamine, methionine, glycine, citric acid, glucose, ascorbic acid, thiourea, urea, and histidine respectively).

6.2.4 Selectivity Study

Specificity is highly recommended for a good nanosensor. Therefore, a comparative
analysis was executed by taking 10 metal ions (K*, Ag*, Cd?*, Cr3*, Ni?*, Zn?*, Co?*, Fe?*,
Pb?*, Ca?"), and each of the ion’s concentration was kept at 180 uM and some vitamins
were selected for green channel. The effect of metal ions and co-existing effect of Fe** in
presence of other competitive metal-ion and some biomolecules are investigated (Figure
6.6a, 6.6b, and 6.7b). For AA, 15 competitive analytes were chosen (700 UM concentration
of each analyte) for performing the selectivity study. No noticeable alteration of FL was
observed for any of the metal ions other than Fe3*, while glutathione and cysteine can

relatively recover the FL intensity to some extent, but maximum increment was noticed for
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AA (Figure 6.6¢). For red region, 300 uM of each metal ion and 1500 uM of each
competitive analyte was used added to check the interfering effect (Figure 6.6d to 6.6f).
Here also, cysteine and glutathione affect recovery, which is very nominal responses.
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Figure 6.7. (a) Absorption spectra of different vitamins. The selectivity study of NCDs with different
vitamins co-existing with Fe3* under (b) 420 nm, and (c) 500 nm excitation wavelengths. Here 1 represents
Fes*.

The effect of some vitamins [vitamin B1 (VB1), vitamin B3 (VB3), vitamin B5 (VB5) and
vitamin B6 (VB6)] on emission signal was also examined. Figure 6.7a depicted absorbance
spectra of the considered vitamins. Figure 6.7b-c shows that no noticeable FL signal
alteration in green and red region was witnessed. Hence, both the green and red channels

of NCDs effectively serve as good sensor for dual recognition of Fe** and AA.

6.2.5 “Turn-Off” mechanism of FLc-FLRr by Fe(ll1):

The major plausible reasons behind diminishing fluorescence of a nanosensor are (1)
complexation via coordination between various surface functionalities and positively
charged metal ion, which may lead to aggregation, (2) electron transfer from the electron-
rich NCDs to positively charged metal ions, (3) Forster resonance energy transfer (FRET)
and (4) inner filter effect (IFE) where metal ion has absorption spectrum overlapped with
the excitation of the emission spectrum of NCDs. The heteroatomic surface moieties of
NCDs play a great role in sensing metal ions. The fluorescence quenching mechanism was
thoroughly evaluated by UV-Vis absorption and lifetime analysis and further supported by
TEM and XPS to detect accompanied structural and composition changes of the NCDs.
Figure 6.4b and 6.5b indicates that the quenching mechanism is not entirely static or

dynamic but a combination of both.

TH-3064_176122012



Chapter 6: Dual channel sensing and logic gate application 126

NCDs

NCDs+5 uM Fe®*
NCDs+15 pM Fe®*
NCDs+20 pM Fe**
NCDs+30 pM Fe**
NCDs+50 pM Fe®*
NCDs+70 pM Fe®*
NCDs+100 pM Fe®*

(@)

(C) — NCD
— NCD+Fe**

Fe 2p

Absorbance
Counts

1200 800 400

300 400 500 600 700 | 0
Binding Energy (eV)

Wavelength (nm)

@ Raw Data = Prompt =— Prompt
(d) — Fitted line <> Flg (e) > Flg (f)
— Background 1k <= FLg+ 120 pM Fe** - FLg+200 uM Fe**
" . Fe2+ 0
= | Fe* o e 1k
=) E BE 5100 3
@] Fe*t
; 10 100
| ' - Iy | -
740 730 720 710 0 10 20 30 40 012345¢%67
Binding Energy (eV) Time (ns) Time (ns)
y =
|
o 0
S . -1.09 eV
_1_ I
e 1
>
Bojzauey Iy
3+ 2+
u:_| 1 v Fe /Fe
-1 1.25 eV
e N 2=
20 22 24 26

0 2
Energy (eV) Binding energy (eV)

Figure 6.8. (a) Absorbance spectra of NCDs in the presence of different concentrations of Fe®*. (b) TEM
images of the NCDs-Fe®* systems. (c) Deconvoluted XPS spectrum of Fe 2p in NCDs-Fe®* system. (d)
Fluorescence decays of FLg and FLg-Fe** (hex = 405 nm, Aem = 506 nm). (e) Fluorescence decays of FLr and
FLr-Fe** (hex = 510 nm, Xem = 605 nm). (f) Pictorial representation of excited-state electron transfer
phenomena from NCDs to Fe®*.

The absorption spectra of NCDs in the presence of several concentrations of Fe** showed
that the longer wavelength broad absorption band of NCDs shifts to the red-side, and a new
prominent peak at 540 nm emerged, signifying the complexation between Fe3* and
heterogeneous surface functionality (Figure 6.8a). TEM analysis of the NCDs-Fe3* system
was carried out to check any kind of complexation-induced aggregate formation. Figure
6.8b revealed that the average size (4.12 £ 0.7 nm) of NCDs increased about 3.2 times from

the initial size supporting the aggregation. Moreover, the complex formation mechanism
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was further verified by XPS analysis. XPS characterization of the NCDs-Fe®" system
accounted a distinctive peak of which can be deconvoluted into Fe** (714.2 eV, 728.2 eV)
and Fe?* (709.8 eV, 723.2 eV) in Figure 6.8c and 6.8d °2. After treatment with Fe**, peak
positions of the amino-N, oxidized-N shift to lower binding energy side by 0.4 and 0.3 eV.
Moreover, the characteristic peak for C-OH and O=C-O also shift to lower binding energies
by 0.3and 0.5 eV (Figure A.6.4a-f and Table A.6.4). This spectral specification evidenced
that some Fe3* ions reduce to Fe?* after complexation with NCDs via electron transfer,
reflecting the dynamic quenching process. The FL decays were monitored in the presence
and absence of Fe®* for both the regions (green and red) separately using 405 nm and 510
nm excitation diodes to decipher the involvement of the dynamic quenching in the overall
FL suppression process (Figure 6.8e and 6.8f). For FLg, the average lifetime decreased
from 2.4 ns to 0.6 ns, and a similar trend was also observed for FLr, where the FL lifetime
declined from 0.7 ns to 0.2 ns (Table A.6.5 and Table A.6.6). For more exploration of
mechanism, we measured the bandgap (Eg) and valence band (Eve) of NCDs from Tauc
plot and XPS, respectively (Figure 6.8g and 6.8h), and put them in the renowned equation
(2) to get the value of conduction band (Ecs).

Ecs = Evs-Eq -—-- (2)

The obtained conduction band energy is -1.09 eV. The excited electrons from NCDs
initially go to the conduction band and are then transferred to unfilled d orbital of Fe3*,
ensuing suppressing the FL property as depicted in Figure 6.8i. Therefore, the above
observations clearly proved that the combination of static-dynamic quenching processes

are responsible for the “turn off” fluorescence in both emission regions (green and red).
6.2.6 “Turn-on” mechanism of FLc-FLr by AA

It is well known that Fe** can bind strongly with AA via complexation, which can further
lead to the redox reaction. To validate the oxidation-reduction occurring between Fe®* and
AA, 1,10-phenanthroline was introduced in NCDs-Fe3* and NCDs-Fe**-AA systems. The
photographs display obvious reddish-orange color in the NCDs-Fe**-AA system because
of the complexation of Fe?* with 1,10-phenanthroline (Figure 6.9a). Hence, fluorescence
recovery from the quenched state might be ascribed as a redox reaction. Besides, two more
competitive reducing agents, glutathione (GSH) and L-cysteine (L-cys), were added to the
NCDs-Fe3* system, but no substantial color difference was recognized by the interfering
materials (Figure 6.9a). For further support the redox reaction, absorption spectra were
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taken in the presence of AA in NCDs-Fe®*" system (Figure 6.9b). The absorption peak
positioned at 540 nm due to NCDs-Fe** complexation gradually faded out and finally
enforced the reoccurrence of the NCDs absorption spectrum. The XPS spectra also
evidenced that after addition of AA to NCD-Fe3+ system, the Fe 2p peak is entirely
diminished (Figure 6.9c). These observations completely support that the AA consumes
Fe3* via its good binding and reducing ability. The very strong reducing and binding
capability of AA in contrast to other competitive interference, allows it to bind
straightforwardly to Fe** for which NCDs become free and the FL signal is restored.
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Figure 6.9. (a) Digital photographs NCDs+ Fe®* (1), 1,10-phenanthroline-Fe?* (2), NCDs+ Fe®* + AA +1,10-
phenanthroline (3), NCDs+ Fe®* + GSH + 1,10-phenanthroline (4), NCDs+ Fe3* + L-cysteine + 1,10-
phenanthroline (5). (b) Absorbance spectra of NCDs, NCDs+ Fe®* and NCDs+ Fe®** + 500 uM AA and
NCDs+ Fe®* + 1400 uM AA.

Scheme 6.2 demonstrates the FL quenching-restoring steps by Fe** and AA where FL
quenching occurs via complexation-induced aggregation assisted by excited-state electron
transfer from NCD to Fe3* and reestablishment of emission intensity occurs by the redox

reaction between Fe®* and AA.

Electron transfer
& complexation

Scheme 6.2. Schematic representation of whole sensing mechanism of Fe3* and AA by NCDs.
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6.2.7 Design of Molecular Logic gates

The impact of various chemicals like Fe** and AA on the FL spectra of NCDs prompted
the designing of molecular logic gate. For developing multiple input single output logic
gates, we have considered simple chemistry that in presence of H,O, the Fe?* is oxidized

to Fe®* via Fenton reaction in equation (3)
Fe** + H,0, — Fe** + OH' - (3)

We have utilized this knowledge and the effect of Fe?*, (Fe?*+H202), and (Fe?*+ H.02+AA)
on the NCD emission signal was thoroughly investigated.

- — FLg — FLq
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Figure 6.10. (a) and (b) are the emission spectra of NCD in the presence of Fe?, (Fe?* and H;0,), and
(Fe?*+H,0,+AA) under 420 nm and 500 nm excitation, respectively.

From Figure 6.10a and 6.10b it can be seen that the generation of Fe®* from the direct
addition of Fe?* and H20; leads to the FL quenching, however, the subsequent addition of
AA on the NCD-Fe?*-H,0 solution recovers the FL intensity.

The state of the analyte defines the input signal; the presence of the analyte is “1”, and the
absence of the analyte is “0”. The output signal designates the fluorescence state; the
normal fluorescence intensity represents “1”, and the quenched fluorescence signifies “0”.
A single-input NOT gate is designed when only a single analyte Fe®* is considered as input,
and the FL intensity of the NCDs is taken as output (Figure 6.11a and 6.11b). The presence
of Fe** analyte in the NCDs system (input *“1°”) converts the logical negation “*1”’into *“0”’,
and the absence of the analyte (input ‘°0’”) leads to an output ‘“1’°. Recalling that AA
addition can recover the fluorescence of the NCDs-Fe3* system, a two-input logic gate is
constructed where the input-1 is Fe®* and input-2 is AA (Figure 6.11c and 6.11d).

TH-3064_176122012



Chapter 6: Dual channel sensing and logic gate application 130

(@) (b) Input Output

FotimPPpo——  [F

Output [,

0
(IC=) " (d)  Input Output
" — . Fe AA
AA Output 0 0 ]
1 0 0
0 1 1
1 1 1
()
Fe2 () Input Output
F32+ HzOz
H,O; Output 0 0 :
| 0 1
0 1 1
| 1 0

Figure 6.11. (a) NOT GATE with a single input. (b) Corresponding truth table from (a). (c) Two input logic
gates by considering Fe®* and AA. (d) Corresponding truth table from (c). (¢) NAND input logic gate by
considering Fe** and H.O,. (f) Corresponding truth table from (e).

The presence of only Fe** (input “1 0”) reveals a low output (output *0°*), and for all other
inputs, the output fluorescence remains high (output ““1°’). Another molecular logic gate
was designed with Fe?* and H20; as two inputs that provide information regarding the
oxidation process of Fe?* to Fe3*. In the presence of only Fe?* or H,0,, NCD fluorescence
remains unchanged but quenches severely when both are present due to the formation of
Fe3*. According to the outputs, a NAND gate can be constructed as shown in Figure 6.11e
and 6.11f. Furthermore, a triple input logic gate is designed using Fe®* as the 1% input, Fe?*
as the 2" input, and H20; as the 3 input (Figure 6.12a). The corresponding truth table is
shown in Figure 6.12b which reveals that the fluorescence probe (NCDs) is highly

sensitive towards Fe** and insensitive to Fe?*. This can evidently differentiate Fe3* and Fe?*.
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Figure 6.12. Construction of three input (Fe®*, Fe?* and H,0,) logic gate. (b) Corresponding truth table from
(a).

Finally, a four-input logic gate is designed with Fe3*, AA, Fe?*, and H20z as 1%, 2", 3"
and 4™ inputs (Figure 6.13a). The corresponding fluorescence results are presented as a
truth table in Figure 6.13b. The multi-input logic gate can be beneficial for designing

fluorescence-based smart molecular devices.

Input Output
Fe* AA Fe** H,0,

Fe3* T 0 0 0 0 1
0 0 0 1 1

0 0 1 0 1

jatput 0 o 1 ! 0
0 1 0 0 1

0 1 0 1 1

0 1 1 0 1

0 1 1 1 1

1 0 0 0 0

1 0 0 1 0

1 0 1 0 0

1 0 1 1 0

1 1 0 0 1

1 1 0 1 1

1 1 1 0 1

1 1 1 1 0

Figure 6.13. (a) NCDs-based four-input molecular logic gate with Fe*, AA, Fe?*, and H,O; act as inputs. (b)
Truth table corresponding gate.
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6.3 Conclusion

In summary, we reported a unique NCD displaying triple mode excitation-emission
features. The NCDs exhibit emission at three diverse ranges depending on specific
excitation wavelengths. The NCDs exhibits blue (A™2*: 404 nm), green (472*: 506 nm)

7 g,

and red (A7:2*: 600 nm) emissions when excited at 300-340 nm, 380-460 nm, and 500-540
nm, respectively. We also synthesized a carbon dot (CDgiank) Without the additional
nitrogen source (hydrazine hydrate), which shows much simpler photophysics than the
NCDs. From a detailed comparison between the NCD and CDgiank emission characteristics,
we proposed that the blue emission from NCDs originates from the carbon-core, while the
other two emission centers arise due to multiple surface functional groups. The assignment
was further evaluated by a group of experiments, including pH variation and photostability
of different emission colors. Furthermore, the NCDs serve as a potential nanoprobe for the
rapid dual-mode detection of Fe** and AA. The surface-states emissions (green and red)
are highly susceptible to quenching by Fe** through synergic static and dynamic quenching
processes. The static quenching effect was mediated by aggregation via complexation
between NCDs and Fe3*. The dynamic quenching, manifested by the decrease of the
average lifetime, occurs through electron transfer from NCDs to vacant d of Fe*. The
quenched emission of NCDs was restored by AA addition by the redox reaction process
between Fe** and AA. Moreover, a multi-input molecular logic gate is also constructed
from the obtained fluorescence results, which opens up the possibility of designing

fluorescence-based smart molecular devices.

TH-3064_176122012



133 Synthesis, Photo-Physical Properties, and Applications of Nitrogen-doped Carbon Dots

References

1. N.-N. Chai, H.-X. Wang, C.-X. Hu, Q. Wang and H.-L. Zhang, J. Mater. Chem. A,
2015, 3, 16613-16620.

2. D. Han, M. Ma, Y. Han, Z. Cui, Y. Liang, X. Liu, Z. Li, S. Zhu and S. Wu, ACS
Sustain. Chem. Eng., 2020, 8, 534-542.

3. S. Deshmukh, A. Deore and S. Mondal, ACS Appl. Nano Mater., 2021, 4, 7587-
7606.

4. P. M. Olmos-Moya, S. Velazquez-Martinez, C. Pineda-Arellano, J. R. Rangel-
Mendez and L. F. Chazaro-Ruiz, Carbon, 2022, 187, 216-229.

5. X. Wang, B. Wang, H. Wang, T. Zhang, H. Qi, Z. Wu, Y. Ma, H. Huang, M. Shao,
Y. Liu, Y. Li and Z. Kang, Angew. Chem., Int. Ed., 2021, 60, 12585-12590.

6. T. Yuan, T. Meng, P. He, Y. Shi, Y. Li, X. Li, L. Fan and S. Yang, J. Mater. Chem.
C, 2019, 7, 6820-6835.

7. J. Guo, H. Li, L. Ling, G. Li, R. Cheng, X. Lu, A.-Q. Xie, Q. Li, C.-F. Wang and S.
Chen, ACS Sustain. Chem. Eng., 2020, 8, 1566-1572.

8. I. Srivastava, S. K. Misra, S. Bangru, K. A. Boateng, J. A. N. T. Soares, A. S.
Schwartz-Duval, A. Kalsotra and D. Pan, ACS Appl. Mater. Interfaces, 2020, 12, 16137-
16149.

9. S. Anwar, H. Ding, M. Xu, X. Hu, Z. Li, J. Wang, L. Liu, L. Jiang, D. Wang, C.
Dong, M. Yan, Q. Wang and H. Bi, ACS Appl. Bio Mater., 2019, 2, 2317-2338.

10. M. J. Molaei, RSC Adv., 2019, 9, 6460-6481.

11.  X. Miao, D. Qu, D. Yang, B. Nie, Y. Zhao, H. Fan and Z. Sun, Adv. Mater., 2018,
30, 1704740.

12. F. Yuan, T. Yuan, L. Sui, Z. Wang, Z. Xi, Y. Li, X. Li, L. Fan, Z. a. Tan, A. Chen,
M. Jin and S. Yang, Nat. Commun., 2018, 9, 2249.

13. F. Yuan, Y.-K. Wang, G. Sharma, Y. Dong, X. Zheng, P. Li, A. Johnston, G. Bappi,
J. Z. Fan, H. Kung, B. Chen, M. I. Saidaminov, K. Singh, O. Voznyy, O. M. Bakr, Z.-H.
Lu and E. H. Sargent, Nat. Photonics, 2020, 14, 171-176.

14, S. Khan, A. Gupta, N. C. Verma and C. K. Nandi, Nano Lett., 2015, 15, 8300-8305.

TH-3064_176122012



Chapter 6: Dual channel sensing and logic gate application 134

15. L. Vallan, E. P. Urriolabeitia, F. Ruipérez, J. M. Matxain, R. Canton-Vitoria, N.
Tagmatarchis, A. M. Benito and W. K. Maser, J. Am. Chem. Soc., 2018, 140, 12862-128609.

16. L. Xiao, Y. Wang, Y. Huang, T. Wong and H. Sun, Nanoscale, 2017, 9, 12637-
12646.

17.  Y.-P.Sun, B. Zhou, Y. Lin, W. Wang, K. A. S. Fernando, P. Pathak, M. J. Meziani,
B. A. Harruff, X. Wang, H. Wang, P. G. Luo, H. Yang, M. E. Kose, B. Chen, L. M. Veca
and S.-Y. Xie, J. Am. Chem. Soc., 2006, 128, 7756-7757.

18. J.-R. Macairan, T. V. de Medeiros, M. Gazzetto, F. Yarur Villanueva, A. Cannizzo
and R. Naccache, J. Colloid. Interf. Sci., 2022, 606, 67-76.

19.  Y.-T. Gao, B.-B. Chen, L. Jiang, J. Lv, S. Chang, Y. Wang, R.-C. Qian, D.-W. Li
and M. E. Hafez, ACS Appl. Mater. Interfaces, 2021, 13, 50228-50235.

20.  O. Xu, S. Wan, Y. Zhang, J. Li and X. Zhu, Sens. Actuators B Chem., 2021, 340,
129904.

21.  Z.Huang, W. Song, Y. Li, L. Wang, N. K. Pandey, L. Chudal, M. Wang, Y. Li, L.
Zhao, W. Yin and W. Chen, J. Mater. Chem. C, 2020, 8, 12935-12942.

22. R. D. Baker, F. R. Greer and T. C. 0. Nutrition, Pediatrics, 2010, 126, 1040-1050.
23. H. Cai, H. Xu, H. Chu, J. Li and D. Zhang, J. Mater. Chem. B, 2021, 9, 767-782.
24. Y. Shizukuda and D. R. Rosing, J Arrhythm, 2019, 35, 575-583.

25. Y. W.Kim, S. M. Lee, S. M. Shin, S. J. Hwang, J. S. Brooks, H. E. Kang, M. G.
Lee, S. C. Kim and S. G. Kim, Free Radic. Biol. Med., 2009, 47, 1082-1092.

26.  X.Wang, H. Wang and S. Feng, Sens. Actuators B Chem., 2017, 241, 65-72.
27. R. Cui, K. Zhang, X. Wu, H. Zhang and C. Wang, ACS Omega, 2019, 4, 9918-9924.

28.  A.S.Pires, C. R. Marques, J. C. Encarnagdo, A. M. Abrantes, A. C. Mamede, M.
Laranjo, A. C. Gongalves, A. B. Sarmento-Ribeiro and M. F. Botelho, Eur. J. Cell Biol.,
2016, 95, 208-218.

29. M. Fiorani, C. Azzolini, A. Guidarelli, L. Cerioni and O. Cantoni, Pharmacol. Res.,

2014, 84, 12-17.

30. C. Li, J. Zeng, D. Guo, L. Liu, L. Xiong, X. Luo, Z. Hu and F. Wu, ACS Appl.
Mater. Interfaces, 2021, 13, 49453-49461.

TH-3064_176122012



135 Synthesis, Photo-Physical Properties, and Applications of Nitrogen-doped Carbon Dots
31. L. R. Kindra, C. J. Eggers, A. T. Liu, K. Mendoza, J. Mendoza, A. R. Klein Myers
and R. M. Penner, Anal. Chem., 2015, 87, 11492-11500.

32. Z. Wang, M. Shoji and H. Ogata, Analyst, 2011, 136, 4903-4905.

33.  B.Paz-Rodriguez, M. R. Dominguez-Gonzalez, M. Aboal-Somoza and P. Bermejo-
Barrera, Food Chem., 2015, 170, 492-500.

34.  A. Spolaor, P. Vallelonga, J. Gabrieli, G. Cozzi, C. Boutron and C. Barbante, J.
Anal. At. Spectrom., 2012, 27, 310-317.

35. X. Luo, W. Zhang, Y. Han, X. Chen, L. Zhu, W. Tang, J. Wang, T. Yue and Z. Li,
Food Chem., 2018, 258, 214-221.

36.  S. Lunvongsa, M. Oshima and S. Motomizu, Talanta, 2006, 68, 969-973.

37.  Z.-Q. Liang, C.-X. Wang, J.-X. Yang, H.-W. Gao, Y.-P. Tian, X.-T. Tao and M.-
H. Jiang, New J. Chem., 2007, 31, 906-910.

38. L. Long, L. Zhou, L. Wang, S. Meng, A. Gong and C. Zhang, Anal. Chim. Acta,
2014, 812, 145-151.

39. L. Zhang, B. Ling, L. Wang and H. Chen, Talanta, 2017, 172, 95-101.

40. L. Guo, Y. Liu, R. Kong, G. Chen, Z. Liu, F. Qu, L. Xia and W. Tan, Anal. Chem.,
2019, 91, 12453-12460.

41.  S. Zhang, C. Zhang, X. Shao, R. Guan, Y. Hu, K. Zhang, W. Liu, M. Hong and Q.
Yue, RSC Adv., 2021, 11, 17283-17290.

42. M. Shamsipur, K. Molaei, F. Molaabasi, M. Alipour, N. Alizadeh, S. Hosseinkhani
and M. Hosseini, Talanta, 2018, 183, 122-130.

43. Y. Huang, N. He, Q. Kang, D. Shen, X. Wang, Y. Wang and L. Chen, Analyst,
2019, 144, 6609-6616.

44,  C. Wang, H. Lin, Z. Xu, Y. Huang, M. G. Humphrey and C. Zhang, ACS Appl.
Mater. Interfaces, 2016, 8, 6621-6628.

45, X. Sun, Q. Zhang, K. Yin, S. Zhou and H. Li, Chem. Commun., 2016, 52, 12024-
12027.

46.  J. Weerasinghe, J. Scott, A. D. K. Deshan, D. Chen, A. Singh, S. Sen, P. Sonar, K.
Vasilev, Q. Li and K. Ostrikov, Adv. Mater. Technol., n/a, 2100586.

TH-3064_176122012



Chapter 6: Dual channel sensing and logic gate application 136

47. V. D. Dang, A. B. Ganganboina and R.-A. Doong, ACS Appl. Mater. Interfaces,
2020, 12, 32247-32258.

48. F. Arcudi, L. Pordevi¢ and M. Prato, Angew. Chem., Int. Ed., 2016, 55, 2107-2112.
49, N. Nandi, P. Sarkar and K. Sahu, ACS Appl. Nano Mater., 2021, 4, 9616-9624.

50. I.-A. Baragau, Z. Lu, N. P. Power, D. J. Morgan, J. Bowen, P. Diaz and S. Kellici,
Chem. Eng. J., 2021, 405, 126631.

51. N. Nandi, S. Gaurav, P. Sarkar, S. Kumar and K. Sahu, ACS Appl. Bio Mater., 2021,
4,5201-5211.

52. N. Nandi, S. Gaurav, P. Sarkar, S. Kumar and K. Sahu, ACS Appl. Bio Mater., 2021,
4, 7605-7614.

53. Y. LiuandP. Wu, ACS Appl. Mater. Interfaces, 2013, 5, 3362-3369.
54, L. Zhu, D. Shen, C. Wu and S. Gu, Ind. Eng. Chem. Res., 2020, 59, 22017-22039.

55. S. Sarkar, M. Sudolsk&, M. Dubecky, C. J. Reckmeier, A. L. Rogach, R. Zbofil and
M. Otyepka, J. Phys. Chem. C, 2016, 120, 1303-1308.

56. K. Hola, M. Sudolska, S. Kalytchuk, D. Nachtigallova, A. L. Rogach, M. Otyepka
and R. Zboftil, ACS Nano, 2017, 11, 12402-12410.

57. M. Shamsipur, A. Barati, A. A. Taherpour and M. Jamshidi, J. Phys. Chem. Lett.,
2018, 9, 4189-4198.

58.  J. Xia, S. Chen, G.-Y. Zou, Y.-L. Yu and J.-H. Wang, Nanoscale, 2018, 10, 22484-
22492.

59. M. Moniruzzaman and J. Kim, Sens. Actuators B Chem., 2019, 295, 12-21.

60. W. Wang, C. Damm, J. Walter, T. J. Nacken and W. Peukert, Phys. Chem. Chem.
Phys., 2016, 18, 466-475.

61. L. Bao, Z.-L. Zhang, Z.-Q. Tian, L. Zhang, C. Liu, Y. Lin, B. Qi and D.-W. Pang,
Adv. Mater., 2011, 23, 5801-5806.

62. X.-Y. Zhang, Y. Li, Y.-Y. Wang, X.-Y. Liu, F.-L. Jiang, Y. Liu and P. Jiang, J.
Colloid. Interf. Sci., 2022, 611, 255-264.

TH-3064_176122012



Fe3* detection

Manuscript: Nilanjana Nandi, Konika Choudhury, Priyanka Sarkar, Neha Barnwal,
Kalyanasis Sahu, “Dual-emitting anti-cancerous N-doped carbon dots for ratiometric
detection of pH, Fe* and white-light generation”. (ACS Appl. Nano Mater. 2022, 5, 11,
17315-17324)

TH-3064_176122012



Chapter 7: Ratiometric detection of pH, Fe** and white-light generation 138

[This page was intentionally left blank]

TH-3064_176122012



139 Synthesis, Photo-Physical Properties, and Applications of Nitrogen-doped Carbon Dots

Abstract

Carbon dots (CDs) with dual emission features are highly desirable for various applications.
Nitrogen-doped carbon dots (NCDs), synthesized hydrothermally, adopting 3,4-
diaminobenzoic acid and hydrazine hydrate as precursors, display dual emissions, green
(490 nm) and yellow (570 nm), which depend markedly on pH. The ratio of the two bands
changes upon changing the pH from 2.1 to 7.6, favoring ratiometric detection of pH, and
color variation can be visualized under UV light. Moreover, NCDs can effectively
recognize Fe3* in a ratiometric manner. The green emission drops gradually with
simultaneous amplification of the yellow emission by adding Fe** due to complexation
occurring between NCD and Fe3*. The color change from light green to bright yellow with
increasing Fe** concentrations was evident under a UV lamp. The NCDs show anticancer
properties and effectively recognize pH and Fe" inside breast cancer cells (MCF-7). By
exploiting the bi-color emissions of the nanoprobe, a solution-phase white light emitter was
devised by incorporating another blue emissive carbon dot. Thus, the newly prepared NCDs

are promising nanomaterials for versatile applications.
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7.1 Overview

Fluorescence-based ratiometric chemo and biosensors have engrossed immense attention
in modern research offering extraordinary advantages such as improved accuracy,
detectability of low levels of analytes, and high reliability.!* Ratiometric sensing provides
the advantage of visual detection because one emission band grows up at the expense of
another band. The self-calibration is due to the double emission at the different
wavelengths, dramatically reducing interference and increasing sensitivity.> © Still,
obtaining a ratiometric fluorescence probe is challenging as it requires suitable

fluorophores with varied emissions at the same excitation wavelength.

Carbon dots (CDs) have demonstrated widely distributed excitation-emission wavelength,
high solubility in the aqueous phase, chemical-physical inertness, and excellent
biocompatibility.”® These excellent photophysical properties mainly stem from the
presence of the heterogeneous surface-passivated states.!®'? These CDs can be
functionalized with other CDs*®, metal nanoclusters,** metal-organic frameworks (MOF),°
or other fluorophore units'® to generate a ratiometric fluorescence property for the detection
of pH, temperature, metal ion, and biomolecules.*”-?* Moreover, CDs are also often useful
for anticancer agents,???* antibacterial activity,?> ?® and cell labeling.?” However, it is
scarce that a simple CD can ratiometrically detect metal ions and pH and act as an anti-

cancerous agent.

In this report, we have synthesized a simple dual emitting NCD from 3,4-diaminobenzoic
acid and hydrazine hydrate through the hydrothermal technique. The novel NCDs is
endowed with multiple features, (1) highly pH-responsiveness, (2) visual detection of Fe®*
through ratiometric sensing, and (3) efficient destruction of the cancerous cell. The
intensities of the two emission bands (490 nm and 570 nm) are gradually increased when
the pH value is varied from 2 to 12. The multiple nitrogens and oxygen-containing
heterogeneous functional groups are responsible for the pH switching behavior of NCDs.
A reverse trend was observed for Fe®* detection; the 490 nm emission decreases, and the
570 nm peak intensity increases gradually with the addition of Fe3'. Additionally, a
solution-phase white light can effectively be produced by simply tuning the emission of
NCD by adding another blue-emitting CD. Moreover, NCDs also have remarkable

anticancer activity and can successfully detect pH and Fe®" inside the MCF-7 cell line.

TH-3064_176122012



141 Synthesis, Photo-Physical Properties, and Applications of Nitrogen-doped Carbon Dots

FL intensity (a.u.)

;_.
L — L
#= Ethanol

7o »

.170°C, 5h

(o
e

500 600 700
Wavelength (nm)

Scheme 7.1. Schematic representation of the synthesis route and various applications.

7.2 Results and Discussions

7.2.1 Surface characterization

The synthesis procedure of the N-doped dual-emitting CDs is represented in Scheme 7.1
where the novel bi-color emitting NCDs was synthesized from 3,4-diaminobenzoic acid
and hydrazine hydrate via hydrothermal methodology. The diameter of NCDs falls in the
range of 3.5 to 10.5 nm, with an average diameter of 7.1+ 0.9 nm (Figure 7.1a). The
HRTEM (high-resolution TEM) shows a well-resolved lattice plane of a typical graphitic
core with 0.27 nm spacing (Figure A.7.1a). The AFM characterization (Figure 7.1b)
confirms the overall quasi-spherical morphology with a height distribution pattern
corroborating the TEM analysis. XPS and FTIR studies further ascertained the chemical
composition and multiple functionalities. The FTIR spectra (Figure 7.1c) shows peaks at
1612 cm?, 1512 cm?, 1434 cm®, 1364 cm™, and 1290 to 1140 cm™ corresponds to
stretching vibration of amide linkage (NH-C=0), C=N, C=C. N-H, and C-O related
functional groups.?* 2-3 The XPS (Figure A.7.2) disclosed three main elements C, N, and
O, with the peak positioned at 284, 399, and 530 eV, respectively, with atomic percentages
66.0 (C1s), 19.2 (N1s), and 14.8 (O1s). The deconvoluted XPS peaks of C1s were at 284.4,
285.2, 286, 287.9, and 289.8 eV, which linked to C-C/C=C, C—N, C=N, C=0, and O-C=0
respectively (Figure 7.1d).3® The deconvoluted XPS spectrum for O1s exhibited well-
defined peaks at 530.8, 531.3, 532.1, 533, and 533.8 eV corresponding to O-C/C-O-C,
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0=C-N, C=0, C-OH, and O-C=0 bond, respectively (Figure 7.1€).3% 34 Similarly, the
high-resolution N1s spectrum reveals the existence of four kinds of N-functionality?® 3 -
pyridinic-N (398.8 eV), pyrrolic-N (399.5 eV), amino-N (400.2 eV), and graphitic-N
(401.7 eV) (Figure 7.1f). The detailed percentage of contribution calculated from XPS
analysis is presented in Table A.7.1. Thus, the above analyses support a high degree of

heterogeneity within the NCDs.
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Figure 7.1. (a) TEM image (inset shows size distribution), (b) AFM image (inset shows height distribution)
(c) FTIR spectrum (inset spectrum shows FTIR spectrum in the range from 900-1700 cm?); deconvoluted X-
ray photoelectron spectra of (d) C 1s, (¢) N 1s, and (f) O 1s.

7.2.2  Photo-physical Properties

The UV-vis absorption spectrum of NCD (Figure 7.2a) shows a strong band at 310 nm
characteristics of m—r™* transitions involving the carbogenic core and a relatively broad
tail, ranging from 400 nm to 500 nm, representing n —x* transition of carbon bonded with
other heteroatoms (N and O). The NCDs emission spectra are not dependent on excitation
wavelengths and show an excitation maximum at 420 nm (Figure 7.2b). The NCD exhibits
two overlapped FL emission bands at 490 nm and 570 nm and shows bright yellowish-
green color underneath a 365 nm UV lamp (inset of Figure 7.2a) with a relative quantum
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yield of 18.2 %. The calculated CIE coordinate of NCD is (0.33, 0.42) (Figure 7.2c). The
NCDs exhibits zeta potential value -7.71 mV.
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Figure 7.2. (a) UV—vis absorption, FL excitation (Aem 570 nm), and emission (ex 410 nm) spectra of NCDs,
(b) contour plot for excitation dependent emission, (c) CIE coordinate under 410 nm excitation.

The characteristic of the emission spectrum becomes interesting when recorded at various
pH. Especially with changing the pH value from acidic to alkaline, the intensities of the
two emission bands gradually increase (Figure 7.3a and Figure A.7.2a), but the relative
increment of the 570 nm peak is much more than the 490 nm peak. The intensity ratio
(Fa90/Fs70) plot against pH followed a sigmoidal pattern (Figure 7.3b). Moreover, some
changes were also observed in the absorption spectra (Figure 7.3c), especially the lower
energy absorption peak shifts to the blue side with altering the pH value from 2 to 7.6,
signifying that the variation of pH may also change the surface-state electronic transitions
of NCDs. However, in the basic medium (8 to 12), absorption spectra coincide (Figure
A.7.2b). Although the solution colors appear the same in daylight, they change remarkably
from light-green to yellowish-green under a UV lamp (365 nm), with the pH variation from
acidic to basic (Figure 7.3d and 7.3e). The calculated CIE coordinate value from pH 2 to
12 was represent in Figure A.7.2c and Table A.7.2. The absorbance ratio plot also shows
a sigmoidal fit resulting in a pKa value of 5.6 (Figure 7.3f). The FL decays of the green
and yellow emissions vary with pH (Figure 7.3g and 7.3h). The average lifetime of green
(490 nm) and yellow (570 nm) shows dramatic changes with changing pH from 2 to 7.5
(Table A.7.3). Hence, the pH-sensitive emission stems from both the ground-state and
excited-state processes. Earlier literature reports proposed that the pH sensitivity of carbon
dots originated from the association and dissociation of H* of some acidic and alkaline

groups present at the surface of CDs, which directly induces FL signal alteration.®*° It is
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challenging to develop a CD with inherent ratiometric performance to different pHs with

accompanying visual color changes.
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Figure 7.3. (a) pH dependent emission profile (pH 2.1 to 7.6), (b) Intensity ratio (Fs7o/Fag0) vs. pH plot, (¢)
pH dependent absorption spectra, Photograph of pH variation under (d) daylight, (e) 365 nm UV lamp, (f)
Absorbance ratio (Asso/Asro) plot under different pH values. Fluorescence decays monitored at (g) 490 nm

and (h) 570 nm wavelengths (Aex = 405 nm).

7.2.3 Fe3* detection and its mechanism

The medium pH and incubation duration are crucial factors in achieving better analytical
performance. Here 25 uM Fe®* was incorporated into the NCDs solution to check the
response time and find the optimal pH. Here, only 4 min is required to change the emission

peaks in a ratiometric manner (Figure 7.4a). The sensing study was performed in the pH
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range of 3.4 to 8, with the maximum change occurring at pH 3.4 and 5.5 (Figure 7.4b-
7.4f). We chose the less acidic pH of 5.5 for further study.
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Figure 7.4. (a) time —dependent Fe3* sensing, (b)-(f) pH-dependent Fe3* detection

With the subsequent addition of Fe** up to 200 uM, the NCDs show ratiometric changes in
emission intensity, i.e., the 490 nm peak gradually decreases, and the 570 nm peak
gradually increases (Figure 7.5a). The Fs7o/Fa90 plot shows a linear response up to 10 uM
concentration (Figure 7.5b) with a 0.88 uM detection limit. The shifting of the CIE
coordinate value from [red; (0.33, 0.43)] to [blue; (0.47, 0.50)] was also observed with the
regular addition of Fe** (Figure 7.5c). This color variation is evident in the naked eye under
normal light and a 365 nm UV lamp (Figures 7.5d and 7.5e). The selectivity of NCD was
measured by taking various metal ions (Figure A.7.4), but NCDs are pretty selective and

sensitive toward Fe3* only.

Various surface groups may interact with Fe®* causing such ratiometric change in FL
intensities. UV-vis absorption and XPS analysis were undertaken to support the formalism.
The absorption peak at 444 nm gradually increases with the subsequent addition of Fe®*,

indicating the complexation between NCDs and Fe3*. (Figure 7.5f). The complexation was
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also corroborated further by XPS characterization, where a distinct peak for Fe 2p was

observed (Figure A.7.4a).
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Figure 7.5. (a) Emission spectra of NCD in the presence of Fe3+ displaying ratiometric changes at pH 5.5,
(b) Intensity ratio (F570/F490) against Fe** concentration plot (inset shows linear response up to 10 pM). (c)
CIE coordinate of NCDs and NCDs-Fe*, digital photograph of NCDs with different concentration of Fe3*
under normal light (d) and (e) UV light. (f) Absorbance spectra of NCDs with various concentrations of Fe%*,

(g) XPS peak shifting for N 1s and O 1s with Fe3* addition, (h) deconvoluted XPS spectra of Fe 2p.

Moreover, there are apparent shifting of N 1s and O 1s spectra by ~ 0.3 eV and 0.4 eV,
respectively (Figure 7.5g and 7.5h). After deconvolution of N1s and O1s spectra (Figure
A.7.4b, A.7.4c and Table A.7.4), the significant shift of binding energy value for amino-
N, graphitic-N, C-OH, C=0, and O-C=0 bonds. Furthermore, the high-resolution XPS
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spectra of Fe 2p suggested the formation of Fe-O and Fe-N bonds* (Figure 7.5h). Hence,
it can be stated that Fe®* may interact with oxygen and nitrogen-containing functional
groups and form the NCDs-Fe* complex. Thus, it can be concluded that the Fe®** forms

complex with NCDs leading to aggregation, which is responsible for ratiometric changes
in FL behavior.

7.2.4 Biological applications

The effect of NCD on MCF-7 and noncancerous HEK-293 cells was assessed viaan MTT-
based assay where cell viability is expressed quantitatively with respect to half-maximal
inhibitory concentration (1Cso). Cellular proliferation in the case of MCF-7 following NCD-
treatment decreases in a concentration-dependent manner (Figure 7.6a). The
corresponding ICso value for NCD-treated MCF-7 cells was found to be 452 pg/ml. Even
though a dose-dependent reduction was observed in HEK-293 cells, the viability remained
over 60% within the tested range (Figure 7.6b).
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Figure 7.6. MTT assay of NCDs (a) MCF-7 and (b) HEK-293 cell-line, (c) and (d) are the FESEM images
of untreated and treated MCF-7 cells, respectively.

To study the morphology of the NCD-treated MCF-7 cells, FESEM was conducted
(Figures 7.6¢c and 7.6d). The MCF-7 cells treated with NCDs at ICso concentration for 12
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h show visible blebbing, damaged cell surface, in coherence with apoptotic pathway
initiators (Figure 7.6d). Apoptosis is characterized by a distinct set of morphological
alterations synchronizing with programmed cell death. These include loss of focal
adhesion, cell membrane blebs or bud formation, and cell shrinkage.*" #> The mechanism
behind such an alteration can be due to cell stress following treatment that disrupts protein
and lipid bilayer, leading to a loss of cell membrane integrity. Thus, it may be concluded
that treating NCDs on luminal breast cancer cells (MCF-7) can deregulate cellular

pathways manifested through morphological degradation.
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Figure 7.7. Decrease of FL intensity with gradual change of pH, (a)-(c) cell control, (d)-(f) pH 7.5, (9)-(i) pH

5 and (j)-(I) pH 3.
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The NCDs were also useful for bioimaging; MCF-7 cells were visualized under the
confocal microscope following treatment for 7 h. The microscopy images confirmed the
uptake of the NCDs into the breast cancer cells as indicated by the green (490 nm) and
yellow (570 nm) luminescence under the 405 laser source. Figures 7.7d-7.71 depicted that
as the pH increases from 3 to 7.5, both the emission (green and yellow channels) intensities

increase, demonstrating that the NCDs have a superior ability to detect intracellular pH.

Moreover, Figure 7.8a-7.8f shows NCDs-treated MCF-7 cells under pH 5.5. The figures
show that NCDs are well-dispersed throughout the cytoplasm, exhibiting a bright green and
yellow emission. Interestingly, as exogenous 200 pM Fe®* is incorporated into the cell line,
the yellow emission increases with the concomitant diminishing of the green emission
further confirming the ratiometric detection of Fe®*. This outcome confirms that NCD has

the superior cell-penetrating ability making it an ideal bioimaging tool.
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Figure 7.8. Ratiometric change of FL intensity in MCF-7 cell line at pH 5.5 (a) only NCDs and (b) NCDs
treated with Fe3*,

7.25  Solution phase white light (WL) generation

The demand for nature-friendly WL systems is rapidly growing. The challenge for
researchers is to prepare WL using non-toxic and bio-friendly material.** In the current

scenario, WL has been generated simply by mixing various colors (blue, green, red, and
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yellow) emitting fluorophores with low toxic behavior.** To generate WL, the contribution
of three crucial colors (blue, green, and red) or two colors with a similar FL intensity that
almost covers the entire visible range (400nm to 700 nm) is essential.*® Here, two different
CDs - as-prepared NCDs (pH 6, 150 pg/ml, Figure 7.9a) and previously reported blue
emissive NCD-12° (50 ug/ml, Figure 7.9b) was taken two produce WL (Figure 7.9c). The
mixture produces perfect WL with the CIE coordinate value (0.32, 0.33) under excitation

of 390 nm. in Figure 7.9d. The solution can effectively produce white light under a 365
nm UV lamp (Figure 7.9f).
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Figure 7.9. Emission spectra of (a) NCDs at pH 6, (b) NCD-1 (excitation 390 nm), (¢) combined white light
emission spectrum, (d) CIE coordinate diagram of NCDs [red circle; (0.30, 0.37)], NCD-1 [red circle; (0.0.15,

0.12)], white light spectrum [purple square; (0.32, 0.33)], () digital photograph of white light emission under
a 365 nm UV lamp.

7.3 Conclusion

In summary, a dual-emissive nanoprobe was designed with emission at green (490 nm) and
yellow (570 nm) to successfully detect pH and Fe* in a sensitive, rapid, and ratiometric
manner. The alteration of protonation-deprotonation equilibrium of various nitrogen and
oxygen-containing surface functional with H™ concentrations are responsible for the pH-
dependent emission response. The nanoprobe undergoes complexation with Fe* through
surface heteroatomic functionality and exhibits a ratiometric change of emission bands
enabling visual detection of Fe3*. Finally, white light emission was generated by combining

the broad emission of the NCD with the blue emission of another NCD. The biocompatible
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NCD displays anticancer activity in the breast cancer cell (MCF-7). The NCDs can
efficiently recognize intracellular pH and Fe*" in the MCF-7 cell line, which can be

important in the clinical platform.
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157 Synthesis, Photo-Physical Properties, and Applications of Nitrogen-doped Carbon Dots
8.1 Summary

Carbon dot is become an excellent nanoprobe due to its easy synthesis techniques, tiny size,
and eco-friendly nature allow it as a promising material for versatile application fields. In
the present thesis, a detailed discussion on the the synthesis strategy of various carbon dots
with a thorough investigation of their photophysical properties as well as various
applications have been presented. The thesis starts with an introduction which describes
about the evolution of carbon dots, its exclusive properties, its applications etc. The second
chapter of the thesis is about experimental methods describing the instrumentation and
research methodologies used. After this there are five working chapters are summarized

below.

In chapter three, an edge-functionalized graphene quantum dot was synthesized from
graphene quantum dot and 2,6-diaminopyridine moieties. After introducing 2,6-
diaminopyridine molecule the quantum yield was increased about 3 times. The sensing

performance also improves after functionalization.

In chapter four, the novel highly blue emissive multifunctional N-doped carbon dot was
developed by hydrothermal methods for the detection of two bio-analytes i.e., bilirubin and
vitamin-B12. was achieved via totally opposite sensing mechanism. Moreover, the carbon
dot was also applied in HeLa cell line for the successful detection of vitamin-B> in the

living cell.

In chapter five, the hydrothermally-assisted two different percentage heteroatom-
containing N-doped carbon dot was prepared. The optical characteristics of the two carbon
dots are also different, one is blue emissive and another one is green emissive in nature.
Both the synthesized nanodot exhibits high sensitivity toward 4-nitroaniline. Interestingly,

the sensing mechanism is depending on the emission of carbon dot and solvent system.

In chapter six, a N-doped carbon dot was hydrothermally synthesized with some unique
optical properties i.e., three different emission characteristics under three different
excitation windows. This novel nanodot exhibits blue, green and red emission under
particular exciatation wavelengths. From our spectroscopic analysis, it has been found that
the core state and the surface state emission are responsible for this kind of emissions. The
blue emission comes from the core-state while other two emissions come from the surface
states. The surface state emissions (green and red) are highly sensitive towards Fe3* via

turn-off manner. Later, the off-state fluorescence easily recovered by adding ascorbic acid.
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In chapter seven, a dual-emitting carbon dot was synthesized which is highly sensitive to
pH and Fe*" with two distinct ratiometric features. Here the nanodot also exhibits anti-
cancerous property in the MCF-7 cell line. Moreover, the nanodot also recognizes the

intracellular pH changes and exogenous Fe** in MCF-7 cell lines.

Finally, the thesis is concluded with a summary and future plan which explained the future
prospects of these works presented in this thesis.

8.2  Prospects

In recent times, several studies have been performed on carbon dot synthesis, and
applications to resolve many issues in terms of achieving high selectivity as well as
sensitivity. The present thesis demonstrated the design and development of several novel
carbon dots with superior optical properties. The photo-physical properties of these carbon
dots have been studied systematically. Furthermore, these carbon dots have been applied
as multimode sensing platform. | definitely believe that the advances presented in this thesis
will inspire the future researchers to contribute towards highly efficient carbon dots. The
optical properties of carbon dot can be further investigated by utilizing ultrafast
spectroscopic techniques which can provide some idea about the generation of emission.
Being a non-toxic carbon dot can be alternative for photodynamic and photothermal

therapy.
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Appendix Chapter 3

Counts

C 55.64%
0 16.33%
N 28.03%

O1s

(a) 12 (b)
N1s M
1.0
Cls 1&
o
L8]
0.6

1200 1000 800 600 400 200 O
Binding Energy (eV)

Figure A. 3.1. (a) Full range XPS spectra of F-GQD, (b) Temperature-dependent emission

stability of F-GQD
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Table A. 3.1. FL decay fitting parameters of F-GQD the absence and presence Pb?*.

AL Ao Az 1(ns) |[12(ns) |13(ns) | tavg (NS) | ¥
F-GQD

0.16 0.02 0.86 3.05 17.93 1.04 1.74 1.21
F-GQD
+450
MM
Pb?* 0.45 0.30 0.25 1.00 1.20 0.09 2.30 |1.048
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Figure A. 3.3. Fluorescence ratio of 2AP-GQD in presence of 450 mM of Pb?*,
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Figure A. 3.4. (a) XPS spectra of F-GQD in the presence of ClIO , (b) fluorescence ratio

of 2AP-GQD in presence of several concentrations of CIO .

Table A. 3.2. FL decay fitting parameters of F-GQD at different concentrations

of CIO .
[CIO] | A A, As r(ns) |t2(ns) | 13(NS) | Tavg Y
(M) (ns)
0 0.16 0.02 0.86 3.05 17.93 1.04 1.74 1.21
6 0.2 0.05 0.75 1.84 7.66 0.46 1.10 |1.109
20 0.22 0.02 0.76 1.30 8.50 0.031 0.48 | 1.207
26 0.14 0.02 0.84 1.23 7.91 0.026 035 |1.26
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Figure A. 3.5. cell viability study of F-GQD in HeLa cells.
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Figure A.4.1. Optimisation of synthesis procedure of NCDs by (a) temperature and (b)
time.
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Figure A.4.2. 'H-NMR of NCDs in D20

Table A.4.1. Deconvolution and peak assignment of Raman spectra of NCDs

Sample Raman bands (cm™)
NCDs 1154 1238 1322 1387 1545 1632
Peak C-C bond C-0-C O=C-N D band G band C-N
identity stretching bond bond
of sp2-sp®
carbon
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Figure A.4.3. Absorption, excitation and emission spectra of pure 3,6-diaminoacridine

hydrochloride in water

Table A.4.2. Fitting parameters of solid state and solution state decay curve of NCDs

Samples| A1 | A2 | A3 | TI1 T2 T3 i a
(ns) (ns) (ns) (ns)

NCDs-

solution | 0.36| 027| 037| 390| 11.38| 0.500 4.66 | 1.134

NCDs | 0.36| 049| 015| 2.394| 0.4565| 6.3878 2.043 | 1.16

Solid

state
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Figure A.4.4 (a) Fluorescence quenching response of NCDs after addition of 100uM
bilirubin from 0 min to 10 min. (b) the suppression of FL intensity with time (excitation at
360nm).
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Figure A.4.5. UV-vis absorption spectra of NCDs with different concentrations of BR.
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Table A.4.3. Fluorescence decay fitting parameter of NCDs with different concentration

of BR.
Samples | As A As T T2 3 Tav x
(ns) (ns) (ns) (ns)
NCDs 0.36 0.27 0.37 3.90 11.38 0.500 4.66 1.134
NCDs +
ouM
BR 0.31 0.25 0.44 3.51 10.9 0.38 4.00 1.18
NCDs +
18uM
BR 0.25 0.2 0.55 2.72 10.46 0.14 2.85 1.21
NCDs +
36uM
BR 0.18 0.17 0.65 2.27 10.26 0.08 2.21 1.23
NCDs +
45uM
BR 0.16 0.14 0.7 2.36 10.14 0.07 1.85 1.24

Table A.4.4. Fluorescence decay parameters of NCDs at different concentrations of VB12.

Samples | A Az Az T1 T2 T3 Tav ¥2
(ns) (ns) (ns) (ns)
NCDs 0.36 0.27 0.37 3.90 11.38 0.500 466 | 1.134
NCDs
+70uM
of
VB12
0.34 0.35 0.31 2.62 9.7 0.29 440 | 1.10
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Conc Aex Aem CF l:"observed Fcorrected Fcorrected (0)/Fcorrected
. of
VB1
2
(LM)
1.08037 | 2.18E+0
0 0.0516 | 0.02001 1 6 2359866 1.000000178
0.0991 1.14463 | 2.00E+0 | 2.29E+0
2 2 0.0245 4 6 6 1.031359785
0.1480 1.21457 | 1.82E+0 | 2.22E+0
4 1 0.02999 5 6 6 1.065299342
0.1976 1.28850 | 1.59E+0 | 2.05E+0
6 2 0.03554 4 6 6 1.148557202
0.2450 1.36267 | 1.44E+0 | 1.97E+0
8 1 0.04135 1 6 6 1.200667214
0.2906 1.43465 | 1.31E+0 | 1.87E+0
10 9 0.04546 4 6 6 1.259505908
0.3910 1.60524 | 1.18E+0 | 1.90E+0
14 9 0.05678 3 6 6 1.242970829
0.06902 | 1.80365 | 1.06E+0 | 1.91E+0
18 0.4995 8 4 6 6 1.232867317
0.6056 | 0.08038 1.92E+0
22 4 9 2.01083 | 953420.8 | 6 1.230913095
0.7111 2.23202 1.92E+0
26 5 0.09242 8 860740.7 | 6 1.228330881
0.8168 2.46751 1.91E+0
30 3 0.10457 6 7751545 | 6 1.233783743
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0.9205 2.71045 1.89E+0

34 9 0.116 3 696749.3 | 6 1.249593998
1.0220 2.96212 1.85E+0

38 6 0.12784 1 624713.6 | 6 1.275274031
1.1258 | 0.13952 | 3.23061 1.82E+0

42 9 5 2 562580.2 | 6 1.298428863
1.2316 | 0.15182 | 3.51787 1.78E+0

46 5 5 5 507372.6 | 6 1.322147492
1.3398 | 0.16422 | 3.82373 1.74E+0

50 2 1 4 455150.5 | 6 1.355952793
1.4443 | 0.17669 1.69E+0

54 6 6 4,1333 | 410071.2 | 6 1.392294714
1.5467 | 0.18909 | 4.44871 1.64E+0

58 8 1 7 368615.9 | 6 1.439058741
1.6474 | 0.20175 | 4.77199 1.59E+0

62 7 6 4 332567.5 | 6 1.486988816
1.7444 | 0.21538 1.54E+0

66 2 1 5.10108 | 3011535 |6 1.536162883
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Table A.5.1. Deconvoluted fitting parameter of XPS spectra of NCD-1

Sample | Spectrum Peak(s\(}jition Peak identity COI‘I:/I?”;)J ]j[ion

284.3 C=C 30

285.1 C-N 24

Cls 286 C=N 20

288.8 C=0 26

398.9 Pyridinic-N 48

NCD-1 399.7 Amino-N 39

N 1s 400.9 Pyrrolic-N 13

531 C-0 7

532 C-0-C 42

O1s 533.3 C-OH 39

534.3 0=C-0 12

Table A.5.2. Deconvoluted fitting parameter of XPS spectra of NCD-2

Sample | Spectrum Peak(s\c;?tion Peak identity coni/roitij ftion

284.7 C=C 67

285.5 C-N 4

Cls 286.2 C=N 13

288.7 C=0 16

398.5 Pyridinic-N 19

NCD-2 399.2 Amino-N 64

N 1s 400.2 Pyrrolic-N 17

531 C-0 9

531.8 C-0-C 52

O 1s 533.3 C-OH 32

534.1 0=C-0 7
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Table A.5.3. Solid and solution state decay curve fitting parameter for NCD-1.

Wavenumber (cm™)

Figure A.5.1. Full range FTIR spectra

0
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@ | °
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Sample | A; A Az T1 T2 T3 Tavg 1
(ns) (ns) (ns) (ns)
FLc 0.52 0.3 0.18 0.067 3.507 7.256 2.387 1.17
NCD-1 |0.07 |006 |087 |1.701 |6.9024 |0.0342 |0.5629 |1.4
Solid
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Figure A.5.2. Selectivity study of NCD-1 (a) and NCD-2 (b) in aqueous medium. (c)
Selective study of NCD-2 in DMSO medium. Here, A, B,C,D,E, F,G, H, I, J, K, L, M,
N,O,P, Q R, S, T, U,V refers to blank, 4-NA, 1, 3-DNB, 2,4-DNA, 2-NA, 3-NA, 4-
bromo-NA, Aniline, NB, EDA, TEA, Na*, K*, Mn%, zn*, Cr¥, Co*, CN, I, Br,
HCOs;, COs?™ respectively.

TH-3064_176122012



Appendix 170

25 2 25
(a) (b) (c)
g% 180pM | 3 8%
V)
S 15 g 120uM| - 5,5 112 pM
o] _Ql Q
: bl bog
05 OuM < 0uM 0.5
OuM
0.0 . =\ , 01 | : : — 0.0{5 P— b
200 300 400 500 600 300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm) Wavelength (nm)
0.00030
0.010 100
4 d e =% Eubserved
/-\0.00025 ( ) 0.008 ( ) 80— % Ecorrected
$70.00020 <
2 2,0.006 | 601
o 0.00015- g o
> > 0.0041 x40
f‘.’, 0.000101 i‘:i
0.00005 1 oo €01
0.00000 ' 0.000 {eee 0 ()
2 3 4 L W~ 3% %0 100 1
3 1 4 0 20 40 60 80 100 120
Energy (eV) Energy (eV) [4-NA] (uM)

Figure A.5.3. UV-vis absorption spectra after addition of several concentration of 4-NA
(a) NCD-1, (b) NCD-2 in aqueous solution and (c) NCD-2 DMSO solvent. (d) and (e) UV-
onset graph of NCD-1 and NCD-2 respectively, (f) IFE plot of NCD-2 in aqueous medium.
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Figure A.5.4. HOMO-LUMO energy diagram based on DFT analysis of nitro-

compounds
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Calculation of HOMO LUMO energies of NCDs

Using the UV onset method, the calculated HOMO level is —5.12 and —5.59 eV for NCD-
1 and NCD-223,

1240
UVonset (ln nm)

band gap, E; (eV) =

Eromo (eV)= — [E (onset,0x vs Fc +/Fc) + 4.8]

Erc = 0.09eV
/Fc+

Erumo = Eg + Enomo

Parameters NCD-1 NCD-2
Eg (eV) 3.51 3.40
Oxidation potential 0.88 0.41
Eox (eV)
Erowmo (eV) -5.59 -5.12
ELumo (eV) -2.08 -1.72

Table A.5.4. Decay curve fitting parameter of NCD-1 and after addition of 180 uM 4-NA
in NCD-1 aqueous solution.

Sample | A: Az As T1 T2 T3 Tag | X

(ns) |[(ns) |(ns) | (ns)

NCD-1 |0.31 0.32 0.37 1.88 5.51 0.33 2.47 1.14

NCD-1 |03 0.26 0.44 241 5.69 0.47 241 1.09
+

180 uM
4-NA
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Table A.5.5. IFE parameter of NCD-1 and 4-NA system in aqueous solution.

COF-::C Aex Aem CF Fobserved Fcorrected Fcorrected/Fcorrected(o)
.0
4-NA
(M)
0.08984 1.10489 | 2.17E+0 | 2.40E+0
0 2 0.00033 2 6 6 1
0.17102 | 0.04485 | 1.26450 | 1.89E+0 | 2.39E+0
12 7 9 2 6 6 1.002804
0.25503 1.44995 | 1.65E+0 | 2.39E+0
24 3 0.09121 8 6 6 1.002792
0.33546 | 0.13570 1.43E+0 | 2.35E+0
36 7 3 1.6484 6 6 1.018266
0.41567 | 0.18036 | 1.86871 | 1.24E+0 | 2.32E+0
48 7 6 8 6 6 1.034723
0.49350 | 0.22348 | 2.10462 | 1.07E+0 | 2.26E+0
60 2 2 7 6 6 1.060017
0.60976 | 0.27729 | 2.47463 2.23E+0
75 9 2 9 8994544 | 6 1.07731
0.68655 | 0.32960 | 2.79384 2.18E+0
90 &) 2 4 7793172 | 6 1.101324
0.77907 | 0.38166 | 3.18731 2.09E+0
105 4 6 9 656353 | 6 1.146221
0.87068 | 0.43158 | 3.61379 1.99E+0
120 6 9 1 551078.1 | 6 1.20408
0.96162 | 0.48105 | 4.08073 1.90E+0
135 7 7 6 4651429 | 6 1.263301
1.04672 | 0.52826 | 4.56445 1.81E+0
150 8 6 1 396277 |6 1.325697
1.13345 | 0.57634 | 5.10337 1.71E+0
165 4 9 6 335407.6 | 6 1.400881
1.21874 | 0.62277 | 5.67677 1.62E+0
180 8 5 5 2859815 | 6 1.477039
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Table A.5.6. Decay curve fitting parameter of NCD-2 and after addition of several

concentration of 4-NA in NCD-2 aqueous solution.

Sample | A; A Az T1 T2 T3 Tavg 1
(ns) |[(ns) |(ns) [(ns)
NCD-2
0.17 0.42 0.41 2.60 9.81 0.105 | 4.606 1.05
NCD-2
+
24 UM 4-
NA 0.09 0.21 0.7 2.15 9.69 0.034 2.25 1.14
NCD-2
+
36 uM 4-
NA 0.08 0.17 0.75 2.56 9.95 0.037 1.92 1.14
NCD-2
+
72 UM 4-
NA 0.06 0.13 0.81 2.079 ]9.69 0.037 141 1.19

Table A.5.7. IFE parameter of NCD-2 and 4-NA system in aqueous solution.

COI}C Aex Aem CF Fobserved Fcorrected 1:"corrected/Fcorrected(O)
.0
4-
NA
(uM)
0.0027 | 1.01369 | 241724.557 | 245035.
0 0.0113 7 8 5 7 1.000435
0.0226 | 0.0031 | 1.02737 | 190408.560 | 195621.
12 4 9 9 9 7 1.253145
0.0367 | 0.0059 150796.561 | 157882.
24 5 4 1.04699 3 6 1.552688
0.0567 | 0.0103 | 1.07583 | 122510.949 | 131802.
36 4 6 9 1 1 1.859928
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0.0692 | 0.0120 | 1.09297 | 100146.745 | 109458.

48 4 6 8 &) 2 2.239599
0.0819 | 0.0098 | 1.10603 | 81530.5556 | 90175.5

60 1 5 3 &) 1 2.718502
0.0972 1.12485 | 66466.9606 | 74765.8

72 3 0.0097 8 2 7 3.2788
0.1129 | 0.0096 | 1.14451 | 49706.8405 | 56890.4

90 6 5 9 4 5 4.309024
0.1287 | 0.0098 | 1.16482 | 40862.4502 | 47597.6

102 7 7 6 8 4 5.150304
0.1441 | 0.0111 | 1.18612 | 31084.9193 | 36870.4

120 3 8 1 9 7 6.648744

Table A.5.8. Decay curve fitting parameter of NCD-2 and

concentration of 4-NA in NCD-2 DMSO solution

after addition of several

Sample | A; A Az T1 T T3 Tavg X
(ns) | (ns) |(ns) (ns)
NCD-2
0.03 0.83 0.14 2.27 5.53 1.91 4.93 1.07
NCD-2
+
32 UM 4-
NA 0.06 0.78 0.16 2.40 5.58 0.164 |4.52 1.009
NCD-2
+
48 UM 4-
NA 0.06 0.71 0.23 2.671 |5576 |0.125 4,148 1.05
NCD-2
+
96 UM 4-
NA 0.07 0.52 0.41 2.79 5.60 0.073 3.14 1.14
NCD-2
+
112 pM
4-NA 0.05 0.5 0.45 1.61 5.52 0.050 2.86 1.111
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Table A.5.9. IFE parameter of NCD-2 and 4-NA system in DMSO solution.

C((J)?C- Aex Aem CF Fobserved | Feorrected | Feorrected/ Feorrected(o)

4-NA

(uM)
0 0.050933 | 0.004847 | 1.062729 | 1476520 | 1569141 1
16 0.241759 | 0.0782 | 1.410895 1159870 | 1636455 1.042898
32 0.428723 | 0.149617 | 1.833152 | 832423.1 | 1525958 0.97248
48 0.617598 | 0.221001 | 2.350878 | 602263.3 | 1415847 0.902307
64 0.803443 | 0.292618 | 2.96542 438969.2 | 1301728 0.82958
80 0.991509 | 0.364819 | 3.70074 320364.5 | 1185586 0.755563
96 1.170627 | 0.433579 | 4517987 | 190776.9 | 861927.4 0.549299
112 1.333301 | 0.497966 | 5.378456 | 141742.8 | 762357.4 0.485844
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Appendix Chapter 6
Table A.6.1. Deconvoluted fitting parameters of XPS spectra of NCD.
sample | Spectrum Peak position % Peak
P P (eV) contribution identity
284.4 41.13 C=C
285.6 32.79 C-N
C1s 287.1 10.52 0-C=0
288.6 12.5 C=0
291.6 3.06 - T
398.9 32.24 Pyridinic-N
399.6 29.38 Pyrrolic-N
NCD .
N 1s 400.5 18.8 Amino-N
401.5 14.12 Graphitic-N
405.4 5.46 N-O
531.1 41.58 C-0
532.1 26.68 C-OH
O1s 533.2 18.22 C-0-C
534.1 13.52 0=C-0
Table A.6.2.
Deconvoluted fitting parameter of XPS spectra of CDgjank
sample | Spectrum Peak position % Peak
P P (eV) contribution identity
398.6 42.22 Pyridinic-N
399.3 34.95 Pyrrolic-N
N 1s
CDslank 400.1 17.15 Amino-N
401.3 3.07 Graphitic-N
405 2.61 N-O
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Figure A.6.1. (@) FTIR spectra of as-prepared NCDs and CDgilank. (b) The elemental
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Figure A.6.2. (a) TEM images of CDgiank. (b) Size distribution pattern of CDgiank. (C)
excitation-dependent emission plot of CDgiank. (d) UV-radiation stability of NCD. (e) effect
of temperature of green and red emission intensity. F is the emission intensity at different
temperatures, and Fo is the emission intensity at 10 °C. (f) Fluorescence decays of the NCDs
at blue (405 nm), green (506 nm), and red (605 nm) regions at 292 nm, 375 nm and and
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Table A.6.3. Fluorescence decay parameters of different emissions (FLg, FLg and FLR) of

NCDs.
Emission | Source | Az A2 Az T1 T2 T3 Tavg v
(ns) (ns) (ns) (ns)

FLg 292 nm | 0.09 |0.39 |0.52 0.10 5.04 17.0 10.8 0.98
LED

FLc 375nm | 052 |0.30 |0.18 0.07 3.50 7.3 2.4 1.17
Laser
diode

FLr 510nm |0.89 |0.10 |0.01 0.55 2.00 5.0 0.7 1.10
Laser
diode

=1 -+ FLg P = FLg
S (a) <* FL +Fe : (b) <= FLo+Fe’*
N * FLgtFe™+AA| 8 > FLg+Fe*+AA
D | Fot-a-agriy | 5
" — L
= =
= e
& )
= £
—
1
L LL
0 2 4 6 8 10 T T T
Time (min) 0_2gFf 008 10

Time (min)

Figure A.6.3. Variation of fluorescence intensities in (a) green and (b) red regions with
time in the absence and presence of Fe** and AA. The zero time indicates the time of
addition of the additive, and the time lag to attain a stable fluorescence intensity defines the

response time of the analyte.
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Figure A.6.4. (a) to (c) deconvoluted XPS spectra NCD-Fe** Cls, N1s, and O 1s,
respectively. (d)- (f) deconvoluted XPS spectra NCD-Fe** +AA C1s, N1s, and O 1s,

respectively.

Table A.6.4. Deconvoluted fitting parameter of XPS spectra of NCD, NCD+Fe®* and

NCD+Fe®*" +AA.
Peak Peak
identity Peak position position
Peak
- (eV) after (eV) after
Sample | Spectrum position ) ) )
treating with treating
(eV) .
Fes* with
Fe3*+AA
Cc=C 284.4 284.6 284.5
NCD
C-N 285.6 285.7 285.6
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Cls 0-C=0 287.1 287 287
C=0 288.6 288.6 288.7
- 1" 291.6 291.5 2914
Pyridinic-
398.9 398.9 398.8
N
N 1s Pyrrolic-N 399.6 399.6 399.6
Amino-N 400.5 400.1 400.5
Graphitic-
401.5 401.4 401.5
N
N-O 405.4 405.1 405.7
C-O 531.1 531.1 531
C-OH 532.1 531.8 532.1
O 1s
C-O-C 533.2 532.1 533
0=C-0O 534.1 533.6 534.05
Fe 2P 714.2 NA
Fedt
728.2 NA
709.8 NA
Fe?
723.2 NA
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Table A.6.5. Decay curve fitting parameter of FLg and after addition of 120 uM Fe®*.

Sample | A: A> Az T1 7] 3 Tavg e
(ns) (ns) (ns) (ns)
FLc 0.52 0.30 0.18 0.07 3.50 7.23 2.4 1.17

FLc+ 0.07 0.06 0.87 1.70 6.9024 | 0.03 0.6 1.4

120 pM
Fe3*

Table A.6.6. Decay curve fitting parameter of FLg and after addition of 200 pM Fe3*.

Sample | A1 A2 As T1 T2 T3 Tavg 1P
(ns) (ns) (ns) (ns)
FLr 0.1 0.89 0.01 1.99 0.55 4.99 0.7 1.106

FLr+ 0.22 0.01 0.77 0.51 3.9 0.11 0.2 1.06

200 pM
Fed*
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Appendix Chapter 7
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Figure A.7.1. (a) HRTEM image of NCD, (b) Full-range XPS spectra of NCD, inside graph
shows the atomic percentage of each element.

Table A.7.1. Deconvoluted XPS parameter of NCDs

Sample Spectrum PLEX L08R % . . Pea!<
(eV) contribution identity
248.4 35.8 C=C/c-C
285.2 24.6 C-N
C1s 286 18 C=N
287.9 11.2 C=0
289.8 104 O-C=0
398.9 26.8 Pyridinic-N
NCD 399.5 28 Pyrrolic-N
N 1s 400.6 23 Amino-N
401.7 22.2 Graphitic-N
530.8 29.7 C-0/C-0-C
531.3 21.9 O=C-N
O 1s 532.1 18.9 C=0
533 15.7 C-OH
533.8 13.8 0=C-0

TH-3064_176122012



183 | Appendix

0.3
— pH8.06 pH 7.5
—~ (a) — pH88 | (b) — pH8
:2150- — pH9.44 o — pH9
8 - pm 125 S0.2 pH 10
—p pH 11
_..?100' pH 12.12 _8 — pH12
% ?
0
3 504 <%
=
0 N = O ,
500 600 700 800 350 400 450 500 550 0.00.10.20.30.40.50.60.70.8

Wavelength (nm) Wavelength (nm) X

Figure A.7.2. (a) pH-dependent emission at the basic region, (b) pH-dependent absorbance
at the basic region, (c) pH-dependent CIE coordinate value from pH 2 to 12.

Table A.7.2. CIE coordinate values of different pH

pH of the medium X-coordinate value Y-coordinate value

2.06 0.22 0.37
3.06 0.24 0.38
4.44 0.29 0.41
5.3 0.31 0.42
5.71 0.33 0.43
6.27 0.35 0.44
7.5 0.37 0.46
8.06 0.36 0.45
8.8 0.36 0.45
9.44 0.36 0.45
10.5 0.36 0.45
11 0.36 0.45
12 0.36 0.45
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Table A.7.3. Fluorescence decay parameters of NCD under 405 laser diode source

B1 B2 Bs At A2 [As | Ts T2 Ts Tavg 1P
570 | pH
nm | 2.01| 0.097 0.16 0.019/0.35/058|0.07| 152| 0.29]| 4.11 0.98 1.07
pH
7.5 0.103 0.15]0.00644 | 041058 |0.02| 101 | 154 | 4.32 1.38 1.3
490 | pH
nm | 2.01 0.42 | 0.141 0.021|0.7210.24 1 0.04 | 0.052 | 1.69 | 5.87 0.68 1.17
pH
7.5 0.23] 0.35 0.029 10.37 1058 |0.05] 136] 3.01| 5.71 2.53 1.12
3.5
3.0+ l
(Q\ ]
CD2.5
L 2.0
~
815'
L 1.0
0.5+
0.0-
Figure A.7.3. Interfering study of NCD with various metal ions
— @ Raw data @ Raw data
(a) - E§B§+Fes+ — Fitedline (D) — Fitted line (c)
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3 ) > Amino-N 4
8 Fe 2p 8 8 Il Graphitic-N 4
1200 800 400 545 540 535 530 410 405 400 395

Binding energy (eV) Binding energy (eV)

Figure A.7.4. Full range XPS spectra of NCD and NCD+Fe®*", Deconvoluted XPS spectra
of NCD treated with Fe** (b) O1s, (c) N1s
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Table A.7.4. Deconvoluted XPS parameter of NCDs-Fe3* system.

Peak Peak High-resolution | High-resolution | Designation
position position peak position peak position
(eV) (eV) after (eV) (eV) after
treating with treating with
Fe3+ Fe3+
N 1s 399.5 399.2 399 398.9 Pyridinic-N
399.5 399.5 Pyrrolic-N
400.6 401 Amino-N
401.7 402.2 Graphitic-N
O 1s 531.2 531.6 530.8 530.9 -C-0/C-0O-C
531.3 531.5 O=C-N
532.1 532.5 C=0
533 533.5 C-OH
533.8 534 0O-C=0
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