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Abstract

Carbon dots (CDs) as an emerging nanomaterial has attracted tremendous
research attention due to their superior properties. Intensive research studies
have been focusing on exploring the potential of CDs for various applications.
CDs are especially being widely investigated on their potential for chemical
sensing. Although it is generally mentioned that better interaction between
surface functionalized CDs and targeted analytes will lead to more obvious
change in optical signal, it has not been proven yet until now. This research
project was conducted to produce CDs from sustainable organic precursors via
simple acid hydrolysis and thermal pyrolysis method. The CDs synthesized from
a-cellulose via acid hydrolysis approach were found to exhibit two different
fluorescence emissions under different synthetic conditions. The properties of
these two CDs were investigated and the results showed that the CDs emitting
blue photoluminescence (PL) were comparatively more stable than the green
emitting CDs. CDs synthesized via thermal pyrolysis of a-cellulose was isolated
and proceed further by functionalization with Tris(hydroxymethyl)aminomethane
(TRIS). The TRIS-functionalized CDs were found responsive positively towards
cobalt (Il) ions, (Co(ll)) where significant fluorescence quenching was observed
in its presence. The binding isotherms study using spectroscopic technique had
proven that better interaction between surface functionalized CDs and targeted
metal ions resulted in better binding affinity, hence led to significant change in
optical signal. In addition, interface study of CDs produced from L-glutamic acid
through thermal carbonization and its potential as metal ion sensing receptors
was investigated. The CDs were then surface functionalized with chitosan and
the results showed that chitosan functionalized CDs exhibited enhanced
sensitivity towards mercuric (IlI) ions, (Hg(ll)) compared to the bare CDs. In
summary, CDs were successfully synthesized from both a-cellulose and L-
glutamic acid via facile acid carbonization and/or thermal pyrolysis method.
Surface functionalization was found to enhance the sensitivity and selectivity of
CDs towards metal ions sensing. The correlation between binding affinity
resulted from binding interaction towards change in optical signal was
established. The findings can be potentially used as reference for future

development of CDs as metal ions sensing receptors.
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Chapter 1 Introduction
1.1 Research Background

Carbon dots (CDs) is a fascinating class of fluorescent nanometerials that have
gained tremendous research attention over the past few years. CDs were first
serendipitously discovered by researchers during electrophoretic purification of
single-walled carbon nanotubes (SWCNTSs) by arc-discharge methods [1]. Ever
since this discovery, great efforts have been paid on developing different
synthetic approaches to obtain CDs. This include laser ablation [2], acid
dehydration [3], hydrothermal carbonization [4] and electrochemical synthesis [5]

which can be classified into 2 categories: top-down and bottom-up approaches.

CDs can be easily produced in large scale from various inexpensive starting
precursors. This includes diverse organic precursors ranging from
environmental wastes such as fruit peels and biomass wastes to analytical
grade chemicals, for example, bovine serum albumin, ammonium citrate and
chitosan [6-11]. CDs obtained from these organic precursors via different
synthetic methods possess distinct physiochemical and optical properties. CDs
with full photoluminescence (PL) colour such as blue, green, yellow and red

have been reported [12, 13].

Typically, CDs are nanosized carbon nanoparticles with typical dimension less
than 10 nm [14]. CDs have excellent water solubility due to the presence of
carboxylic acid moieties at their surface. Notably, CDs can serve as a promising
alternative to the traditional semiconductor quantum dots (QDs) owing to their
tunable PL, resistance to photobleaching and ease of functionalization. CDs
also exhibited robust chemical inertness and highly photostable. Unlike the toxic
metal-based QDs, CDs exhibited relatively non toxicity and highly
biocompatibility properties that have made them suitable candidates for a wide
range of applications especially in biological fields [14]. Owing to the key merits
mentioned above, CDs have been widely used for biological applications such
as bioimaging and biolabelling, drug and gene delivery as well as biosensors for
disease detection. Moreover, CDs have also found application as

photocatalysts and chemical sensors for environmental monitoring.
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Although the exact PL mechanism for CDs is still remained controversies,
several mechanisms have been proposed. The suggested PL mechanisms of
CDs include the armchair and zigzag edges of CDs, surface and molecule
states, radiative recombination of excitons, quantum confinement effect as well

as the crosslink enhanced emission (CEE) effect [15].

CDs are a promising nanomaterial that can be developed as sensitive probe for
heavy metal ions detection. Contamination of heavy metals in the environment
has been a global issue for decades due to the adverse effects on organisms
and human health. The emission of heavy metals into the environment can be
induced by natural sources such as weathering of rocks and volcanic eruptions
[16-19]. Besides natural sources, anthropogenic activities that also contributed
to the release of heavy metals include mining, metal processing in refineries,
nuclear power stations as well as a variety of materials processing plants such
as plastics, textiles and microelectronics [20-22]. Due to the hazardous effects
of heavy metals, a rapid and sensitive practical detection method is highly

desired.

The surface of CDs can be altered by surface modification to promote better
interaction with targeted analytes for various applications. Surface passivation
or sometimes known as surface functionalization involves the introduction of a
thin layer of desired functional groups on the surface of CDs [23]. The capping
agents can be chemicals or biological compounds depending on the intended

applications.

It is generally believed that the binding of surface modified CDs with analytes
can lead to the change in fluorescence properties. A general assumption is
often made that stronger interaction between surface functionalized CDs with
targeted analytes leads to more significant change in optical signal. However, it
is still lacking in study on this aspect. Therefore, the effect of surface
modification on CDs and its influence on surface interaction between CDs and

metal ions that lead to change in fluorescence signal are worth investigation.
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1.2 Research Motivations and Challenges

CDs can generally be produced from various starting precursors that are rich in
carbon. Agriculture based countries such as Malaysia can produce considerable
huge amount of carbon rich biomass wastes. Hence, one of the motivations of
the research is to turn side products or wastes with low economic values into
valuable CDs. Employment of renewable resources and adoption of green
chemistry in CDs production in this study is considered as more economical and

contributed towards a sustainable future.

One of the major challenges in this field of study is that the fluorescence origin
of CDs remains unresolved until now. Although the exact mechanism is not yet
to be fully understood, some studies have tentatively suggested the origin to be
caused by the quantum size effect, different types of edges such as zigzag and
armchair, radiative recombination of excitons as well as defect state emission
[15]. More research is desired to further clarify and unveil the exact

fluorescence mechanism of CDs.

Up till now, CDs have been commonly reported to emit at shorter wavelengths
in blue region as well as emission at slightly longer wavelength such as green
and yellow regions. However, the synthesis of CDs emitting at even longer
wavelengths towards the red region is rarely reported and it is still remain a
challenge. More in-depth study is required to fully realized and produce CDs
that can emit at the full range of visible spectrum to maximize its applications in
different fields. In addition, immobilization of CDs on matrixes is still remained to
be explored. Successful immobilization will bring a step closer towards the
practical applications of CDs as portable nanodevices for rapid and sensitive

sensing applications.

Although considerable research have been focusing on fabrication of CDs
through surface modification with various capping agents and utilize the surface
modified CDs as metal ions sensing receptors, there is lacking of prediction
guideline to evaluate the final sensing outcomes of surface functionalized CDs.
This is where the research comes in with motivation to establish the correlation

between change in optical signal and binding affinity of the surface
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functionalized CDs with metal ions. This study can serve as a good platform to
unveil some of these missing pieces of information although not all, which can
later contribute to the development of CDs as robust applications in various
fields.

1.3 Research Objectives

The research project embarked the aim of establishing the correlation between
binding affinity and optical properties of surface functionalized CDs bound with
targeted metal ions as a reference model that can be utilized for optical sensing
applications in the future. The experimental study was designed to fulfill the

following objectives:

a. Synthesize and characterize a new class of CDs from economical and
sustainable sources of carbon such as a-cellulose and L-glutamic acid as
starting materials via simple acid hydrolysis and thermal pyrolysis

approaches.

b. Surface modification of the isolated CDs employing chitosan and
Tris(hydroxymethyl)aminomethane (TRIS) as functionalization agents
and its utilization for detection of metal ions that showed positive

response towards the system.

c. Investigation and extraction of the binding parameters of the interaction
between surface modified-CDs and targeted analytes using

spectroscopic analysis.
d. Establishment of a relationship between binding affinities with the change

in optical properties of the surface modified CDs as reference model for

future development of CDs as metal sensing receptors.
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1.4 Research Approaches

Early stage of the study involved reviewing journal articles from major
databases (Elsevier Publisher, Royal Chemical Society Library, Wiley Publisher,
Taylor & Francis Group Publisher, etc.) to gather information, followed by
detailed research planning and proper experimental design. Sourcing of
materials and apparatuses was also done after selection of materials and

techniques.

Several research directions have been identified in order to fulfill the objectives
of the study. First research direction involves the synthesis and isolation of CDs
produced from sustainable carbon precursors under optimized synthesis
conditions. The next direction involved modification of CDs surface with
selected capping agents by physical absorption and investigated its metal ions

sensing potential.

The next approach is analyzing data collected from different systems using
available tools and software. The highlight of the research which is to establish
the binding isotherms of surface functionalized CDs that correlates optical
signal change and binding affinity were then identified by employing well-
established mathematical models. The last approach of the study involved

summing up the project and writing up.
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1.5 Organization of Thesis
This thesis consists of six chapters with the following layout.
Chapter 1: Introduction

The first chapter of the thesis provides a general overview on the research
background by giving a brief introduction on the current state of research in the
field of CDs. Motivations behind the study and challenges that remained to be
explored currently in this research area are also highlighted. Aim and objectives
to be achieved in this study are included as part of this chapter. Research

approaches in order to fulfill the objectives are also stated.
Chapter 2: Literature Review

The second chapter covers the basic concepts and mechanism of
photoluminescence (PL), chemiluminescence and electrochemiluminescence
(ECL). Instrumental analysis includes fluorescence spectroscopy and ultraviolet
and visible (UV-Vis) spectroscopy and overview of carbonaceous materials. The
detailed reviews on CDs synthesis (top-down and bottom-up approaches),
properties (structure and composition, absorbance and photoluminescence,
electrochemiluminescence, photoluminescence mechanism and quantum yield),
post-synthetic strategies as well as applications of CDs (bioimaging/biolabelling,
theranostics, biosensing, photocatalysis and chemical sensing) are also

included in this chapter.
Chapter 3: Synthesis of Carbon Dots

This chapter provides a detailed description on the synthesis of CDs by acid
hydrolysis and thermal pyrolysis using a-cellulose and glutamic acid as starting
materials. The materials, reagents and instrumentations used are listed. The
detailed protocols of CDs synthesis and isolation are provided. Besides, the
physiochemical properties of the different types of CDs obtained are also

discussed and summarized in this chapter.
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Chapter 4: Interface Study on Carbon Dots and Its Potential as Metal lons

Sensing Receptors

The fourth chapter explores on the interface study of the bare CDs and surface
functionalized CDs. The acid hydrolysed CDs obtained from a-cellulose are
tested against various metal ions without further surface modification. The CDs
synthesized from thermal carbonization of L-glutamic acid and a-cellulose are
surface functionalized with chitosan and Tris(hydroxymethyl)aminomethane
(TRIS), respectively. Their potential as metal ions detection probes are

described in this chapter.
Chapter 5: Binding Isotherms of Carbon Dots

This chapter highlights the binding isotherms study using CDs obtained from a-
cellulose via thermal carbonization approach as study model. Spectroscopic
study that is employed to establish the relationship between CDs and TRIS as
well as the relationship between the developed system towards its specific
detection of cobalt ions (Co(ll)) are described in detail. Several standard
analysis methods such as mole ratio method, Stern-Volmer analysis, double log
regression and modified Scatchard methods are also explored. Immobilization

of CDs in alginate gel beads is also explored and discussed in detail.
Chapter 6: Further Works and Conclusions

The last chapter of the thesis concludes overall findings of the study by
providing a project summary. Besides, some project limitations identified
throughout the study are also outlined. Further works to address the project

limitations that remain to be further explored are also provided.
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Chapter 2 Literature Review

2.1 Executive Summary

Luminescence can be generally referred to all forms of light emission from a
source. Photoluminescence (fluorescence and phosphorescence) and
chemiluminescence (including electrochemiluminescence) are two different
types of luminescence that can be distinguished by the types of energy
transition involved. The concepts and mechanism of these two common types
of luminescence will be described in this chapter. Instrumental analysis
employing both fluorescence spectroscopy and UV-Vis spectroscopy for the

measurement of fluorescence and absorbance respectively are also mentioned.

An overview of carbonaceous materials including a detailed literature review on
the newly emerging CDs is provided. This covers the synthesis of CDs which
can be categorized into top-down and bottom-up approaches. The
physiochemical and optical properties of CDs including the chemical structure
and compositions, absorbance and photoluminescence, upconversion and

electrochemiluminescence as well as quantum yield are discussed.

Besides, several post-synthetic strategies to adjust the properties of CDs are
also mentioned. CDs that possess unique properties are widely explored for
applications in various fields. The literature review on the applications of CDs in
the area of bio-imaging/ bio-labelling, theranostics, bio-sensing, photo-catalysis

and chemical sensing are also provided in this chapter.
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2.2 Luminescence

2.2.1 Photoluminescence

The phenomenon of light emission from electronically excited states of any
substance is known as luminescence [24]. Emission of light is usually a
response due to an input of energy. Hence, different types of luminescence can
be distinguished by the types of energy transition involved. When the energy is
supplied by absorption of photons from ultraviolet (UV) irradiation, the light
emitted is known as photoluminescence (PL) [24]. Fluorescence and

phosphorescence are two specific types of PL.

Jablonski diagram as shown in Figure 2.1 illustrates the typical light absorption
and emission processes. The singlet ground, first and second electronic states
are denoted as Sy, S1 and Sy, respectively. Whereas triplet excited states is
depicted as T. The different vibrational energy levels at each of the electronic
levels are denoted as 0, 1 and 2 accordingly. Vertical lines are used to show the

transition between states to illustrate the direct light absorption nature.

Sz F L
 Internal
! Conversion
—_— Intersystem
1 3 -
S, : 3 Crossing
Ty
Absorption Fluorescence
hva—"| hv,;;/’ > hvg hve <]
Phosphorescence
2 h 4
So 1
0 A b

Figure 2.1: Jablonski diagram illustrates typical light absorption and

emission processes.
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An assumption that radiant energy can only be absorbed in definite unit or
quanta is made, and hence the following Equation 1 is proposed to determine

the energy of photon.
E =hv=hc/A (Equation 1)

where E depicts the energy, h (= 6.626 x 10% ergs) is the Planck’s constant, v
is the frequency, ¢ (= 2.9979 x 10'° cm/s) depicts the light velocity and A is the

related wavelength [25].

Fluorescence is the emission of light from excited singlet states. This means
absorption of photon is in the singlet ground state that promoted to a singlet
excited state. This electron in the excited orbital will pair up with the electron in
the ground state orbital in opposite spin and consequently return to the ground
state and emit photons of lower energy. The typical emission rates and
fluorescence lifetime are 10® s and approximately 10 ns, respectively [26].
Emission rate is refer to the number of photon emitted per second [27].
Fluorescence lifetime of a fluorophore can be defined as the average value of

time spent in the excited state [26].

Unlike fluorescence emission, phosphorescence emission will continue from
seconds to minutes after the excitation radiation is ceased [24]. In triplet excited
states, the electron in the excited orbital has the same spin orientation as the
ground state electron; hence these two electrons are not paired. Transition to
the ground state is forbidden and molecule in the lowest vibrational energy level
of an excited triplet state relaxes to the ground state by intersystem crossing
[26]. Intersystem crossing can be referred to the radiationless transfer between
electronic states of different multiplicity, for instance, between singlet and triplet
states. Whereas, radiationless transfer between electronic states of the same
multiplicity such as between singlet states is known as internal conversion [24].
Due to the intersystem crossing, emission rate is typically slower (10° to 10° s™)
and the phosphorescence lifetime can be ranging from milliseconds to seconds

or even longer [26].
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2.2.2 Chemiluminescence

Chemiluminescence is another type of luminescence that involves the emission
of light due to chemical reactions [28]. The energy level of chemiluminescence
is identical to that in fluorescence, but different mode of excitation. Transition of
electrons from ground state to excited state is induced by chemical reaction that
produces sufficient amount of energy. Vibrational and rotational changes in
molecules are often associated with this energy transition. Chemiluminescence
is observed when the excited electrons subsequently relax to ground state by

releasing photons [29]. There is no need to have an excitation light source.

Emission of chemiluminescence is highly sensitive to environmental factors
such as temperature, solvent, ionic strength, pH and the presence of other
species [30]. However, it has been widely adopted as detection method
because the advantages far outweigh the disadvantages. Chemiluminescence
can be measured with relatively simple instrumentations, low detection limits

and wide dynamic ranges [30].

Compounds such as luminol, acridinium derivatives and coelenterazine that
exhibit chemiluminescence property have been used for different applications.
Chemiluminescence has been employed as detection method in various fields
such as high performance liquid chromatography (HPLC), flow injection analysis
(FIA) and capillary electrophoresis. In addition, immunoassays based on
chemiluminescence have also been broadly developed for enzyme, protein,

hormones and antibodies detection over the past few decades [29].

Electrochemiluminescence (ECL) also known as electrogenerated
chemiluminescence. This occurs by electron transfer reactions of highly reactive
species generated electrochemically that induces the generation of emitting
excited states which subsequently leading to the emission of light [31]. In other
words, ECL is induced electrochemically instead of chemical reactions. Some
examples of molecules that exhibited ECL are ruthenium, osmium, rhenium, etc.
[32].
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ECL has been employed as a powerful tool for detection and quantification of

chemical, biochemical and biological substances [33]. In the presence of ECL

luminophore such as Ru(2,2’-bipyridine)§ (commonly known as Ru(bpy)g ),

application of a voltage to an electrode will induce light emission that be
measured as ECL [31]. Ruthenium is one of the most widely studied ECL

species due to its electrochemical properties and quantum yield [34].

Furthermore, ECL has been developed for commercial application in
immunoassay and DNA analyses for detection of a wide range of proteins over
the past few decades [31]. Application of ECL technology offers several distinct
advantages. Liquid reagent can be used in ECL measurement due to the use of
highly stable non-isotopic label. Besides, ECL detection offers high quality
assay with enhanced sensitivity and rapid result turnaround. ECL measurement
requires only relatively short incubation and handling time and can be used for
large measuring range. This ECL technology is also applicable for detection of

solid analytes [32].
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2.3 Instrumental Analysis

2.3.1 Fluorescence Spectroscopy

Fluorescence excitation and emission spectra are measurable with a
fluorescence spectrophotometer or spectrofluorometer. The wavelength
distribution of an emission measured at a fixed excitation wavelength is called
the emission spectrum. On the other hand, the dependence of emission
intensity measured at a single emission wavelength upon scanning the

excitation wavelength is the excitation spectrum [26].

In general, three basic components of a fluorescence spectrophotometer
include a light, source, a sample holder and a detector. Light source that is
commonly used in fluorescence spectrometry have spectral output as energy
continuum over a wide range or a series of discrete lines. Mercury lamp and
tungsten-halogen lamp are examples of commonly employed light sources.
Fluorescence is usually measured at 90° because this angle detect only stray
light scattered by the sample, hence minimize interference due to the excitation
light. Photomultiplier tubes (PMTs) are often employed as detectors for the

commercial fluorescence instruments [25].

A PMT vacuum tube composed of a thin film of metal known as photocathode
and a series of dynodes. Ejection of electrons from photocathode that held at a
high negative potential can be induced by incident photons. Dynodes also held
negative potentials that decrease along the dynode chains. The potential
difference between photocathode and first dynode causes acceleration of the
ejected photoelectron towards first dynode and leads to ejection of more
electrons upon collision with the first dynode. This process continues down the
dynode chain until a current pulse arrives at the anode. Higher voltage causes
higher amplification as a result of the increased number of electrons ejected
[26].

In addition, fluorescence instruments are usually equipped with excitation and
emission monochromators to select specific wavelength. Optical filters can be
used and placed into the light path to direct the light as waveguide. In some
cases, filter is used to isolate a desired wavelength in the excitation beam as
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well as remove scattered light from the emission channel [26]. Figure 2.2 shows

the schematic diagram of the essential components of a fluorescence

spectrophotometer.
N S |
- — Excitation ample
Monochromator Cell
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Light
Source

Emission
Monochromator
Detector
o
Readout

Figure 2.2: Schematic diagram of essential components of a

fluorescence spectrophotometer.

2.3.2 Ultraviolet and Visible Spectroscopy

Ultraviolet and visible (UV-Vis) spectroscopy is an essential tool that has been
widely applied to study a wide range of biological and chemical substances. UV-
Vis spectral region provides information on the transition of electronic energy
[35, 36]. Absorption is a process where radiation frequency corresponds closely
to the energy difference of the transition between two energy states. This
process leads to resonance excitation, change in electron density distribution
and electronic transition from highest occupied molecular level (HOMO) to the

lowest unoccupied molecular level (LUMO) [37].

The energy level in UV-Vis spectrum is corresponding to the electron density
orbitals. Most o to o* absorptions occur in the vacuum-ultraviolet region (< 200

nm) whereas m — n* and n — ©* absorptions occur in the near UV/visible
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region [38]. Figure 2.3 illustrates possible electron transitions between typical
molecular orbitals. Referring to Figure 2.3, HOMO is depicted as = or n while
LUMO is depicted as ™.

A
o* (Anti-bonding)
- - n* (Anti-bonding)
n-mt*
n (Non-bonding)
n-n*
n (Bonding)
o (Bonding)
Energy

Figure 2.3: Possible electron transitions between molecular orbitals.

Absorbance, A can be defined as the amount of radiation absorbed by a
solution. Beer-Lambert law also known as Beer’s law stated that absorbance is
dependent on the molar absorptivity, € which is also known as molar absorption
coefficient and concentration, ¢ of the attenuating species. The radiation path
length, / through cell is usually fixed at 1 cm. Beer's law can be written as

follows:
Log (lo/l) = A = ¢ecl (Equation 2)

From Equation 2, a linear relationship is obtained by taking the logarithm of the
ratio of the non-absorbing incident beam, /y to the transmitted intensity, /. A
standard calibration graph of absorbance versus concentration needs to be
constructed in order to determine the concentrations of unknown analytes using
the Beer’s law [38].
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In addition, the absorption bands obtained in UV-Vis spectrum can provide
some information about the molecular structure and functional groups present in
a sample [39]. UV-Vis spectroscopy can be employed as a quick and
inexpensive method to elucidate the structure of certain organic compounds

which absorb in the region (180-700 nm) of UV-Vis spectrum.

Chromophores are chemicals that can confer colour on a substance while
auxochromes are chemicals that can modify the colour produced by
chromophore but do not produce colour on its own. This in turn indicated that
compounds that composed of chromophores and auxochromes are most likely
coloured. Chromophores have characteristic molar absorptivities and absorb at
specific wavelengths which can be identified using a UV-Vis spectrophotometer
as shown in Table 2.1 [38].

Table 2.1: List of several typical chromophores (Adopted from [38]).

. . Molar
Chromophore Typical EIectr.o.nlc Wavelength Absorptivity
Compound Transition (Amax, nm) (€, m2 mol-1)
>C=C< Ethene T " 180 1300
>C=0 Propanone n— 185 95
n—mn* 277 2
@ Benzene T — " 200 800
255 22
-N=N- Azomethane n—m* 347
-N=0- Nitrosobutane n—m* 665 2
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2.4 Carbonaceous Materials

Carbonaceous materials are well known for decades. It can be defined as
materials with structures that are mainly composed of elemental carbon. Carbon
can exist in different forms and allotropes. Diamonds and graphite are two of
the best known examples that can be found naturally [40]. A great variety of
carbonaceous materials such as activated carbon, graphene oxide (GO),
carbon nanotubes (CNTs) and many more have attracted considerable

research interests due to their unique properties.

The fluorescent CDs have recently recognized as a new member of
carbonaceous nanomaterials. CDs were first serendipitously discovered by Xu
et al. during electrophoretic purification of SWCNTSs fabricated by arc-discharge
method in 2004 [1]. Since then, research studies exploring on different
synthesis approaches, fluorescence properties and utilizing the CDs for various
potential applications have been triggered. CDs are a class of fluorescent
carbon nanoparticles that consists of graphene quantum dots (GQDs), carbon
nanodots (CNDs) and polymer dots (PDs). The three different types of CDs are
illustrated in Figure 2.4 which can be distinguished by their distinct inner

structure and surface chemical groups [15].

GQDs are anisotropic with larger lateral dimension as compared to the height.
They can be made of either single or several layers of graphene with attached
chemical groups. CNDs are spherical carbon nanoparticles that can be further
classified into two different kinds. CNDs are carbon nanoparticles without
crystal lattice, while the one with crystal lattice is known as carbon quantum
dots (CQDs). The other type of CDs that can be prepared from linear polymer or
monomers in which the carbon core attached to the polymer chains is known as
PDs [15]. Although the fluorescent carbon nanoparticles can be categorized into
several kinds, CDs which is the general term for the various kinds of nanosized

carbon materials will be used in this study.
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Graphene quantum dots
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Figure 2.4:

CDs that are structurally distinct
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2.5 Synthesis of CDs

Over the past few years, many methods have been developed to produce CDs
from various carbon sources. Synthesis of CDs can be generally classified into
two main routes: top-down and bottom-up approaches. Top-down approaches
usually involves cleaving or breaking down of large carbonaceous materials
such as nanodiamonds, carbon nanotubes, graphite and activated carbon to
obtain CDs. Bottom-up approach primarily involves pyrolysis or carbonization of

organic molecular precursors into CDs [41].

2.5.1 Top-Down Approach

Synthesis of CDs via top-down routes can be implemented via different
methods such as chemical, electrochemical or physical techniques [41].
Commonly employed top-down methods include acidic oxidation, hydrothermal
and solvothermal method, electrochemical exfoliation and microwave-assisted
technique. Oxidation treatment in the presence of strong acid solutions is a
widely adopted chemical method for the production of CDs. CDs were
successfully synthesized from different kinds carbon precursors such as soot
[42], sago starch [43], carbon fibers [44] and activated carbon [45] via acidic
exfoliation and oxidation. Acidic dehydration and oxidation is a method that can
be implemented for large scale synthesis of CDs. It was also reported that more
smooth edges could be produced with properly controlled oxidation treatment
[46]. However, the difficulty to thoroughly remove the excess acidic solutions
after carbonization process is a commonly encountered problem. The utilization
of strong acidic solutions may lead to the production of CDs with defective

graphitic structures [41].

Hydrothermal synthesis usually involves cleavage and deoxidation of carbon
precursors into colloids CDs using strong alkali solutions such as ammonia and
sodium hydroxide. Pan et al. were the first who demonstrated the hydrothermal
synthesis of CDs from GO sheets [47]. The method was then further improved
by Pan et al. to obtain well crystallized CDs with strong green fluorescence [48].
Solvothermal methods are usually performed in conjunction with sonication,

follow by carbonization at high temperature. This method was reported by Zhu
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et al. employing GO sheets as starting precursor for the production of CDs

using dimethylformamide (DMF) as solvent [49].

Electrochemical exfoliation involves the use of high redox potential to generate
hydroxyl and oxygen radicals through oxidation of water. The hydroxyl and
oxygen radicals generated can act as effective electrochemical “scissors” that
play an important role in cleavage reaction to release CDs [50]. Li et al. first
demonstrated the production of CDs via electrochemical method. CDs with
uniform sizes were isolated from electrochemical reaction of graphene film as
working electrode in phosphate buffer solution [51]. Electrochemical synthesis
of CDs is relatively simple and the resultant CDs can be doped with

heteroatoms in the one-step synthesis [52].

Microwave irradiation is a convenient and rapid physical method for the
preparation of CDs. CDs with high product yield can be prepared in a relatively
short reaction time. Therefore, such method has been widely adopted for the
synthesis of CDs. Liu et al. reported one-step production of hydrophilic CDs
emitting green fluorescence from sucrose in the presence of diethylene glycol
as reaction medium. The synthesis process is relatively quick and can be
completed within one minute [53]. Mitra et al. demonstrated the preparation of
hydrophobic CDs emitting blue and green fluorescence depending on the
excitation wavelength from poloxamer via simple microwave assisted method
[54].

The different methods in the top-down approach offer the advantages of simple
operation and facilitate large scale production. CDs synthesized via such
methods often possess oxygen-containing functional groups, rendering the CDs
to be water soluble and can be easily functionalized and passivated for various
applications. In contrary, extreme harsh conditions especially in the presence of
strong acidic solutions could interrupt the aromatic carbon framework, hence
producing CDs with defective graphitic structures. In addition, non-selective
chemical cleavage may results in the synthesis of CDs with inconsistent

morphology and size distribution [55, 56].
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2.5.2 Bottom-Up Approach

Bottom-up approaches involve the employment of organic molecules as starting
precursors for the synthesis of CDs. Bottom-up routes enable the production of
CDs with more uniform size distributions, homogenous morphology and shape
and well-defined properties [57]. It is achieved by step-wise chemical fusion of
small molecules such as the one with aromatic moiety [41]. Yan et al. have
demonstrated the synthesis of CDs with uniform size through stepwise solution
chemistry [58]. In this study, the formation of large colloidal CDs containing 168,
132 and 170 conjugated carbon atoms was due to the oxidative condensation of
aryl groups of the carbon precursor. The resultant CDs was stabilized by
covalent attachment of 2’,4’,6’-trialkyl phenyl groups to the edges of the

graphene moieties.

Simple thermal combustion technique was also performed for the production of
CDs from organic precursors such as citric acid [56], L-glutamic acid [59],
ascorbic acid [60] and glycerol [61]. Other than simple pyrolysis, Tang et al.
pioneered the CDs synthesis from glucose precursor via microwave-assisted
hydrothermal method [62]. The glucose molecules were first dehydrated,
following by growth of CDs at the spherical surface with increasing heating time.
Wang et al. reported one-step synthesis of multicolour CDs from pyrolysis of
epoxy-enriched polystyrene photonic crystal through a rapid plasma-induced
method [63]. The CDs obtained were amphiphilic, rendering them soluble in

water and most organic solvents.

Another interesting bottom-up method was demonstrated by Lu et al. who
prepared CDs with well-defined size on ruthenium (Ru) surface using a
spherical fullerene molecule, Cgy as starting precursor [64]. In this study,
surface vacancies formed in Ru single crystal as a result of strong interaction
between Cgy molecules and Ru. Cgp molecules were then embedded in the Ru
surface. CDs were eventually formed through Ru-catalysed cage opening of Cg
as a result of diffusion and aggregation of carbon cluster produced when the

embedded molecules were treated at elevated temperatures.
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2.6 Properties of CDs

QDs have received wide attention due to their high brightness and good
photostability [65]. However, the metal-based QDs are toxic and hence limit
their applications in biological aspects. Alternative fluorescent nanomaterials
that possess the desired characteristics of QDs and at the same time, less toxic
and more biocompatible are highly needed. CDs recently emerge as a new
class of carbon nanomaterials and triggered intensive research activities. CDs
can be categorized into 3 kinds, namely GQDs, CNDs and PDs. The superior
properties of CDs have made it a promising alternative to replace the use of
toxic QDs. Some unique properties of CDs as universal fluorophores are

discussed as follows.

2.6.1 Chemical structure and composition

Different kinds of CDs can be differentiated through their distinct structures.
GQDs resemble single or a few graphene layers with typical morphology of
either circular or elliptical [55]. CNDs are quasispherical nanoparticles with
typical diameter less than 10 nm [14]. Moreover, CNDs can be amorphous or
nanocrystalline with sp? carbon clusters [66]. High resolution transmission
electron microscope (HRTEM) and X-ray diffraction (XRD) revealed that both
GQDs and CNDs possess graphitic in-plane lattice spacing of 0.18 — 0.24 nm
and 0.334 nm graphitic inter-layer spacing [41]. PDs possess similar chemical
and fluorescent properties as CNDs. The crystal carbon cores of CDs are
usually unobvious. PDs possess lower carbonization degree than CNDs with

cross-linked polymer chains that passivate and stabilize the carbon cores. [67].

Often the surfaces of CDs are attached to polymer chains or chemical functional
groups such as hydroxyl, epoxy or ether, carbonyl and carboxylic acid groups
[15]. Nuclear magnetic resonance (NMR) measurements were employed by
Wang et al. to identify the presence of sp? carbon. The results showed that
carbon atoms in CDs were sp? hybridized with unsaturated sp> carbon atoms
[68]. Ray et al. found that CDs obtained from candle soot had a nanocrystalline
core of graphitic sp?> carbon atoms with peripheral carboxylic or carbonyl

functionalization [66].
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The core of CDs are generally composed of carbon (C), hydrogen (H), nitrogen
(N), oxygen (O) and some doped elements. Yu et al. stated that purified CDs
have significantly higher oxygen content compare to that of raw candle soot [69].
Elemental analysis of CDs showed that purified CDs compose of 36.8% C, 5.9%
H, 9.6% N and 44.7% O whereas raw candle soot contain 91.7% C, 1.8% H, 1.8%
N and 4.4% O. The presence of carbonyl groups in the purified CDs contributed
partially to the high oxygen content.

Functional groups present on the surface of CDs can be characterized using
fourier transform infrared (FTIR) spectroscopy. The FTIR spectra obtained by
Hu et al. revealed that the stretching vibrations of C=0 in conjunction with
asymmetric and symmetric stretching vibrations of C-O-C in carboxylate groups
were detected in CDs produced in polyethylene glycol (PEGygon) [70]. Tan et al.
reported that the FTIR spectrum of CDs produced by thermal pyrolysis of sago
waste indicated the presence of alcohol or phenol —OH group, stretching
vibrations band of alkyl C-H bond, carboxylic acid and amide C=0O bond and
aromatic C-H bond [7]. From the above reported studies, it is observed that

carboxylic moieties are commonly present on the surface of CDs.

2.6.2 Absorbance and photoluminescence

All kinds of CDs possess similar optical properties despite their variation in
structures. CDs typically display strong absorption band the in UV region of
260-320 nm, with a tail extending into the visible range. Due to the m - m*
transition of C=C bonds, CDs are effective in photon-harvesting in the region of
short wavelength [14]. In addition, shoulder peak can sometimes be observed in
GQDs in the range of 270-390 nm. It was claimed that the shoulder peak is
most likely attributed to the n- m* transition of C=0 bonds [71]. Surface
passivation and the presence of surface functional groups on CDs can also
contribute to the absorption characteristics at UV-Vis range. It was stated that
the position of absorption band can be altered by the oxygen content variation
of CDs [72].
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PL is one of the most fascinating features of CDs. Emission wavelength and
intensity of CDs is generally found dependent on the excitation wavelengths. Up
til now, full PL emission colours have been reported. The excitation
dependence behaviour of CDs have made it a useful tool in multi-colour
imaging applications [12, 13]. Although the mechanisms of the tuneable PL
properties of CDs still remain unclear, quantum confinement effects are
suggested to contribute to the tuneable PL properties of CDs [41]. The full width
at half maximum (FWHM) for CDs is relatively low [73, 74]. However, the
bandwidth of CDs PL emission is broader when compared with that of
semiconductor QDs. The wide peak can be attributed to the inhomogeneous
chemical structure and lack of size uniformity [61]. As compared to the
conventional organic fluorophores, CDs possess excellent photostability which
permits long term real-time imaging. No blinking or reduce in fluorescence
intensity was observed even after the CDs were exposed to continuous
excitation under UV [75]. CDs were also highly durable against photobleaching
[49].

Some factors that will affect the optical properties of CDs include ionic strength
of the aqueous, pH and types of solvent used to suspend CDs. Jia et al.
demonstrated that the maximum emission of the CDs produced from ascorbic
acid showed red shifted from 441 nm to 550 nm with increasing pH. It was
suggested that pH change may induce electronic transition changes of m - *
and n-m* in graphite nanodomains [60]. Sun et al. found that PL of CDs has
shifted in different solvents [76]. It was conjectured that the solvent effect is due
to either attachment of solvent or formation of different emissive traps on CDs
surface [77, 78]. However, there is exception in some cases where Xue at al.
realized that there was neither obvious change in fluorescence intensity nor
shift in emission wavelength could be observed for the CDs synthesized from
peanut shells. The CDs obtained were found stable in pH ranging from 3 to 12
[79].
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2.6.3 Up-conversion Luminescence and Electrochemiluminescence

In addition to the normal fluorescence (sometimes also known as down-
conversion fluorescence), up-conversion Iluminescence of CDs are also
reported. Up-conversion fluorescence is the emission of photon/fluorescence at
shorter wavelength than the excitation wavelength. Up-conversion fluorescence
is particularly useful for in vivo imaging of biological samples because bio-
imaging at longer wavelength allows improved deep-tissue penetration and low
background interference [23]. The up-conversion fluorescence of CDs was first
realized by Cao et al. who observed CDs emitted visible light upon excitation at
800 nm using a femtosecond pulsed laser. It was suggested that this up-
conversion emission is attributed to multiphoton active process [80]. Following
that, Li et al. also reported up-converted PL property in CQDs prepared by

alkali-assisted electrochemical method [81].

Shen et al. later speculated that up-conversion fluorescence is due to anti-
Stokes PL which involves the process of relaxation of electrons to o orbital from
high energy state (LUMO) when the electrons in 11 orbital are excited by low-
energy photons [82]. Besides, Jia et al. stated that the CDs synthesized from
ascorbic acid via low-temperature aqueous heating in the presence of copper (Il)
acetate (CuAcy) displayed up-conversion luminescence [60]. Up-conversion
luminescence has also observed in CDs prepared by Salinas-Castillo et al.
through microwave-assisted pyrolysis of citric acid in the presence of
polyethylenimine (PEI) [83]. In a more recent study, Wen et al. argued that the
up-conversion luminescence is actually the normal fluorescence excited by
radiation of light leaked from the second diffraction in monochromators of
fluorescence spectrophotometer. The so-called up-conversion luminescence
due to the leaking light radiation can be eliminated by inserting a long-pass filter

in the excitation pathway of the spectrophotometer [84].

As mentioned previously, ECL has been widely adopted as a robust detection
method due to the advantages such as high sensitivity, wide concentration
working range and improved selectivity due to the absence of background
signal induced by emission of interfering species during detection process [85].

Zhu et al. have reported ECL property in CDs prepared by microwave pyrolysis
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of PEG-200 and saccharide. The ECL mechanism is suggested to involve the
oxidized state (R*) and reduced state (R") of CDs formed with potential cycle.
Relaxation of excited state (R’) of CDs that is formed by electron transfer
annihilation of the two oppositely charged carriers to ground state via a radiation

pathway by emitting a photon, thus emission of ECL [73].

Zheng et al. also demonstrated that water-soluble carbon nanocrystals obtained
from graphite rod by electrochemical method exhibited ECL properties [86].
Besides, ECL of GQDs was also reported by Li et al. [87]. The GQDs exhibited
two different PL colours (greenish-yellow and blue) were found to show ECL
behaviour in the presence of potassium persulphate (K2S,0g). At the same time,
a novel ECL sensor based on the intense ECL behaviour of the obtained GQDs
for detection of cadmium ions [Cd(Il)] was developed. More recently, Xiong et al.
have fabricated N-doped CDs with ECL activity and utilize the CDs as ECL
biosensor for intracellular lead ions [Pb(ll)] sensing [88]. Comparable to
semiconductor QDs, CDs also exhibit ECL properties making them a potential

tool for various analytical applications.

2.6.4 Photoluminescence mechanism

Intensive research has been focusing on unveiling the PL mechanism of CDs.
Although the exact PL mechanism of CDs is still remains controversial, several
generally accepted tentative mechanisms have been proposed. PL mechanism
may derive from intrinsic state emission (quantum size effect, zigzag edges and
recombination of localized electron-hole pairs) and defect state emission which
can be induced by surface energy traps [71]. Some of these PL mechanisms

will be discussed in this section.

GQDs exhibit different types of edges such as armchair and zigzag edges
resulting from cutting of graphene sheets along different crystallographic
directions [15]. Radovic and Bockrath claimed that zigzag sites were carbene-
like and commonly with triplet ground state while armchair sites were carbine-
like and commonly with singlet ground state [89]. The different type of edges is
vital in determining the electronic, magnetic and optical properties [15]. Pan et

al. proposed that the blue luminescence of GQDs synthesized through
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hydrothermal method might be originated from free zigzag sites with a carbene-
like triplet ground state [4]. HRTEM images by Kim et al. revealed that GQDs
with circular/elliptical morphology consisted of both zigzag and armchair edges

whereas polygonal GQDs consisted mostly of armchair edge [90].

The presence of functional groups on GQDs surface can lead to the formation
of defect or surface states on GQDs. Surface states are energy levels between
m and * states of C=C which is suggested contributing to the PL of GQDs. A
series of emissive traps could result from the functional groups with different
energy levels [91]. Sun et al. were the first who tentatively proposed that PL of
CDs might be attributed to the presence of surface energy traps [75]. Later,
Zhou et al. further developed the PL mechanism proposed by Sun et al. and
suggested that the mechanism was due to the radiative recombination of
excitons from CDs of various sizes and a distribution of different emissive trap
sites [74]. When electrons on the ground-state valence band are excited into the
conduction energy band due to absorbance of energy greater than the band-
gap energy, an exciton (negative electrons and positive holes pair) will be
produced. The annihilation of the exciton through emission of a photon is known

as radiative recombinant [92].

Pan et al. proposed that relaxation of photo-excited electrons through 1 - *
transition into sp? energy levels will induce blue emission which was probably
due to quantum confinement effect. Whereas, relaxation into surface states will
give rise to emission at longer wavelength which could be related to the hybrid
structure of oxygen functional groups and graphene core [93]. Other than
oxygen functional groups, amine-based groups also contributed to the surface
state in GQDs. Zhang et al. reported that the yellow luminescence from GQDs

was attributed to the modified hydrazine group attached on GQDs [94].

Quantum confinement effect of conjugated 1m-domains in GQDs was claimed to
be the true intrinsic PL mechanism in cases where GQDs exhibit perfect
graphene core and less surface functional groups [15]. Quantum confinement
effect can be referred to nanosized particles with diameter smaller than the
exciton radius, causing the charge carriers to become spatially confined and

leading to the rise in energy levels [95]. Li et al. convincingly showed that the PL
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of CQDs synthesized from one-step alkali-assisted electrochemical method was
attributed solely to the quantum-sized graphitic structure of CQDs. The CQDs

obtained possessed size-dependent PL [81].

Unlike surface state where the PL origin was formed by hybridization structure
of functional groups and carbon core, PL induced by molecule state is due
solely to the organic fluorophore attached on the surface or interior of the
carbon backbone [15]. Giannelis’s group conjectured that besides surface
defects, the formation of several different fluorophore within the carbon network
might also be contributed to the PL of CQDs [96]. Later, this group found out
that pyrolysis at 180 °C produced CNPs with intense PL and high quantum vyield.
Pyrolysis at 230 °C initiated the formation of carbon core and the PL of CNDs
produced is attributed to the presence of both molecular fluorophore and carbon
core. PL of CNDs obtained at even higher temperature is claimed to exclusively

arise from carbon core [97].

Zhu et al. discovered that PL of PDs was attributed to the CEE effect using
branched polyethylenimine (BPEI) as model. PEl possessed secondary and
tertiary amine as potential fluorophore. The PL of PDs is found to be
temperature-dependent where PL would be quenched to certain extend at high
temperature. The high temperature was claimed to aggravate and decrease the
vibration and rotation of the amine-based PL origin, increased the non-radiative

process and hence enhanced the PL of non-conjugated PDs [98].
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2.6.5 Quantum Yield (QY)

PL quantum yield (QY) is particularly important for the characterization of a
fluorophore. QY is defined as the ratio of the number of photon emitted to the
number of photon absorbed [99]. Determination of QY is usually done by
comparative method of Williams et al. which involves the use of well-established
reference standard with known literature QY value [100]. QY can then be
calculated based on Equation 3 as shown below by employing UV-Vis and

fluorescence spectroscopy.

Q =Q g i % % (Equation 3)
where QY and QYr denoted as photoluminescence quantum yield of sample
and reference standard respectively; | is the integrated intensity, A is the
absorbance value and n is the literature refractive index. The reference
standard chosen should absorb at the same wavelength and emit at similar
region as the test sample. This is based on the assumption that reference
standard and test sample absorb at the same wavelength have the same
number of photon. Some examples of most commonly used reference
standards with well reported QY include quinine sulphate, fluorescein and
rhodamine [101].

During the early discovery of CDs, QY of bare CDs is relatively low with typical
QY of less than 10% [41]. Progress in CDs research revealed that QY of CDs
varies with different synthetic routes and surface chemistry. Moreover, QY can
be enhanced significantly via surface passivation of CDs. Zhai et al. were able
to produce CDs with QY of 30.2% via one-step microwave-assisted pyrolysis of
citric acid in the presence of different amines without further surface
modification. It was claimed that the doping of N element in the core of CDs can
increase the QY up to 50%. It was also observed that the QY value can be

increased with increasing N content in the CDs [102].

Dong et al. also found that the QY of N-doped CDs (16.9%) and N,S-co-doped
CDs (73.0%) exhibited higher QY when compared to the O-doped CDs (5.3%).

It was suggested that co-doping with sulphur (S) atoms can enhance doping of
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Nitrogen (N) atoms in CDs through a cooperative effect [103]. In another study
by Ding et al., the QY of N,S-CDs produced from a-lipoic acid by one-pot
hydrothermal method was calculated to be 54.4% with strong blue fluorescence.
The C=N and C-N bonds in the form of polyaromatic structures were found to
play significant role in enhancing the QY of the N,S-doped CDs. At the same
time, the synergistic role of co-doped S for N doping of CDs was confirmed
[104]. Qu et al. managed to obtain N-doped GQDs with QY as high as 94%
using citric acid as carbon source and ethylene diamine as N source under

optimized hydrothermal reaction conditions [105].

2.7 Post-Synthetic Strategies

Several post-synthetic strategies have been developed and employed to tune
the properties of CDs. Post synthetic strategies are required in order to obtain
CDs with defined and desired properties for various applications. Surface
functionalization or modification by attachment of chemical moieties, tuning the
oxidation degree and polymer passivation is one of the post-synthetic strategies
that is typically employed to tune the properties of CDs. Doping with

heteroatoms can also effectively adjust the intrinsic properties of CDs.

CDs can be innovatively functionalized with desired ligand such as small
molecules, surfactants, dendrimers, polymers and biomolecules on the surface
interface. Attachment of chemical moieties can be achieved via desired
functional groups such as carboxyl and amine groups on the CDs surface.
Introduction of surface functional groups on CDs often leads to shift in
fluorescence emissions. For instance, substitution of carboxyl groups with
alkylamine lead to blue-shift in the green emission wavelength of GQDs [106].
Furthermore, Tetsuka et al. have managed to control the PL colour of GQDs
from blue to yellow by tuning the degree of amine functionalization. Tetsuka et
al. showed that this can be done by precisely adjusting the initial concentration
of ammonia and temperature during the synthesis of GQDs via amino-

hydrothermal treatment [107].
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Oxygenated functional groups on CDs surface render the hydrophilic property
and hence exhibit excellent water solubility. Moreover, these functional groups
can act as surface emissive traps and lead to radiative recombination
contributing to the PL as mentioned previously. Therefore, tuning the degree of
oxidation can change the PL of CDs as a result of alteration of localized sp?
clusters and structural defects [71, 108]. Li et al. reported that chemical
reduction of green emitting GQDs with sodium borohydride, NaBH, shifted the
green PL to blue and at the same time significantly enhanced the QY [87]. In
addition, Zhu et al. found that higher degree of surface oxidation led to red-shift

in emission due to the presence of more surface defects [109].

Polymer passivation involves the formation of a thin insulating layer on CDs
surface by attachment of polymeric materials [23]. Polymer passivation is a
commonly adopted technique to improve the QY of CDs [41]. Shen et al.
reported that GQDs surface passivated by PEG exhibited two times higher PL
QY than that of bare GQDs [110]. Wang et al. also suggested that variation in
the degree of surface passivation by PEG1500n might result in different PL QY
and lifetime [111]. Anilkumar et al. also suggested that crosslinking of CDs with
PEG1s500n can possibly stabilize the soft shell of functional molecules and lead to

reinforcement of CDs structure, hence improve optical performance [112].

Doping CDs with heteroatoms is often employed to fine-tune the CDs.
Heteroatoms doped on CDs can be inherited from carbon source during
synthesis [41]. Yang et al. successfully demonstrated the synthesis of N-doped
CDs via one-pot hydrothermal treatment of ammonium citrate. The resultant N-
doped CDs exhibited bright blue PL, short fluorescence lifetime, sensitive
towards pH and stable at high salt concentration [10]. Sun et al. developed the
strategy of synthesizing CDs co-doped with S and N atoms through sulphuric
acid carbonization and etching of hair fiber [76]. Another interesting doping
example is reported by Anilkumar et al. who successfully produced carbon-
based “quantum” dots. CDs doped with semiconductors zinc sulphide (ZnS) or
titanium dioxide (TiO,) were obtained via passivation of CDs by a combination
of surface-doping with semiconductors and organic functionalization. The
semiconductors CDs exhibited enhanced QY up to 78% [113].
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2.8 Applications of CDs

Owing to the remarkable physiochemical properties of CDs, intensive research
studies have been carried out to discover the potential of CDs for various
applications. Post synthetic strategies as mentioned previously are employed to
obtain CDs with desired characteristics and properties. Applications of CDs in
biological and chemical fields such as bio-imaging/ bio-labelling, theranostics,

photo-catalysis, bio-sensing and chemical sensing will be discussed as follows.
2.8.1 Bio-imaging/Bio-labelling

Unlike QDs, CDs are biocompatible and relatively non-toxic based on current
biological findings. Sun et al. were among the pioneers that evaluated the
utilization of CDs for bio-imaging and bio-labelling [75]. The CDs were
synthesized via laser ablation of carbon target and treated with nitric acid prior
to surface passivation with polyethylene glycol (PEGis00n) and
poly(propionylethyleneimine-co-ethyleneimine) (PPEI-EI) for
biolabeling/bicimaging of Escherichia coli and Caco-2 cells. This work later
triggered comprehensive research activities on cellular uptake of CDs for bio-
imaging applications. Some cell types that have been studied for bio-imaging
include human lung cancer (A549) cells [114], cervical cancer cells (HelLa) [48],
human breast cancer (MCF-7) cells [115] and liver hepatocellular cancer
(HepG2) cells [116].

Shang et al. showed that GQDs could also be useful for human neural stem cell
(hNSCs) labelling. The results revealed that the cellular uptake of GQDs was
concentration- and time-dependent via endocytosis mechanism [117]. Wet
chemistry derived functionalized GQDs by Kumar et al. were found localized
into the cytoplasmic region of human hepatic cancer (HuH-7) cells. The PL of
the functionalized GQDs were found stable under different pH conditions and
makes it a potential candidate for in vivo imaging [118]. Although majority of the
studies showed the uptake of CDs into cell membrane and cytoplasm, there are
reports on the localization of CDs in the nucleus. The CDs synthesized by Ray
et al. through nitric acid oxidation of carbon soot were able to enter the nucleus

of the cells without further functionalization [66].
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Besides in vitro cellular labelling and imaging, Zheng et al. demonstrated that
CDs can be potentially used as fluorescent tags for real time molecular tracking
in live cells [119]. GQDs were found to readily conjugate with large number of
proteins, at the same time retaining their functionalities. In their study, insulin-
conjugated GQDs were used for real-time dynamic tracking of insulin receptors
in adipocytes to study the distribution, internalization and recycling of insulin
receptors. For the first time, the results revealed that apelin and TNFa were the
two cytokines that oppositely regulate the internalization and recycling of insulin

receptors in adipocytes.

The non-toxic CDs also possess great potential for application in fluorescence
imaging in vivo. Yang et al. demonstrated for the first time the utilization of CDs
obtained from laser ablation for in vivo optical imaging. PEG-passivated CDs
and ZnS-doped CDs were injected subcutaneously, intradermally and
intravenously into mice. The results showed that the CDs remained strongly
fluorescent in vivo with both one- and two-photon excitations [120]. He et al.
intravenously injected CDs attached with arginyl-glycyl-aspartic acid (RGD)
peptide into mice for in vivo imaging of HeLa tumour. Intense fluorescence was
observed at the tumour site and in the bladder using a 405 nm laser as a light

source [121].

In addition, CDs extracted from instant coffee was demonstrated useful as
fluorescence probe for fish tagging. CDs were incorporated into the fish feed for
adult guppy fish. In vivo imaging showed that the CDs could be directly applied
for fish imaging with low toxicity [122]. Using a genetic worm model named
Caenorhabditis elegans, Yuan et al. have homogenously labelled the sigmoid
worm with CDs and the fluorescence was clearly detected using laser scanning
confocal microscopy (LSCM) [123]. Another interesting application of CDs is
demonstrated by Ghosh et al. that have used CDs to image the life cycle of fruit
flies. All developmental stages of fruit flies from eggs to adulthood were
successfully recorded by optical fluorescence microscopy imaging without

showing obvious toxic effects [124].
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CDs have also been used for fluorescence labelling and staining of bacteria,
fungi and plant cells. Mandal and Parvin have demonstrated rapid detection and
staining of bacteria using CQDs as fluorescent marker. Fluorescence
microscope showed that the CQDs were only uptake into the cell membrane of
bacteria [125]. Metha et al. also used water soluble CDs as fluorescent probes
for cellular imaging of bacteria and yeast cells [126]. Moreover, Jin et al. have
fabricated pH-sensitive CDs via simple hydrothermal treatment of threonine. It
was reported that the CDs can be readily used to stain plant pathogenic fungal
cells for fluorescent imaging [127]. Confocal microscopy by Wang et al. showed
that staining of intact onion epidermal cells was possible by using CDs as

fluorescent dye [59].

2.8.2 Theranostics

The relatively non-toxic and biocompatible CDs have triggered considerable
research activities that explore on its potential uses in theranostics which
combine diagnosis and therapy [128]. Doxorubicin (DOX) is a broadly used
anthracycline medication for cancer chemotherapy. DOX can effectively induce
cell death by causing DNA damage and inhibit nucleic acid synthesis in cell
nucleus [129]. PEG encapsulated CDs within mesoporous silica nanoparticles
(mSiO;) have been prepared from glycerol. The PEG-encapsulated CDs were
then loaded with DOX and incubated with HeLa cells to monitor drug release in
vitro [130]. Wang et al. also reported similar study using CDs obtained from

commercial beer for breast cancer cell imaging and DOX delivery [131].

Besides, in vivo study using A549 xenograft nude mice have also been
assessed. DOX-conjugated CDs were intravenously injected into the tumour-
bearing mice and the therapeutic efficacy was investigated. The DOX-CDs
could be a promising nano-carrier due to its sustained drug release behaviour
with enhanced therapeutic effect [129]. In another study, the bio-distribution,
clearance and tumour uptake of fluorescence dye ZW800-attached CDs were
tracked ex vivo and in vivo using mice model. CDs rapidly excreted from the
body after injection through different routes. Different blood clearance patterns
were observed for the different injections with clearance rate ranked as

intravenous > intramuscular > subcutaneous [132].
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Photodynamic therapy is one of the therapeutic approaches mainly for
superficial tumours which involves localization and accumulation of
photosensitizers in tumour tissue. Singlet oxygen species or reactive oxygen
species (ROS) are formed when the photosensitizers are irradiated with specific
wavelength and lead to cell death [23]. Photosensitizers are highly hydrophobic
light-sensitive molecules that are involved in photodynamic therapy [133]. Choi
et al. have fabricated folic acid-functionalized PEGylated CDs to deliver
photosensitizer zinc phthalocyanine (ZnPc) for both in vitro and in vivo bio-
imaging and targeted photodynamic therapy. In vivo cell death can be effective

induced with a combination of targeted delivery of ZnPc and irradiation [133].

Christensen et al. studied the effect of CDs on the generation of singlet oxygen
and ROS in vitro [134]. The results revealed that CDs were able to scavenge
free radicals and generate ROS upon external radiation, making them promising
candidates as antioxidants and prooxidants. CDs as antioxidants was also
demonstrated by Yang et al. who prepared CDs via microwave treatment of
garlic and tested against oxidative stress in macrophages that play an important
role in initiating and developing inflammatory response [135]. The multi-
coloured garlic CNDs could be effectively taken up by macrophages and reduce

cells inflammation as a result of antioxidative effect towards macrophages.

CDs have also been explored for their applications in radiotherapy. Kleinauskas
et al. reported that CDs can also be used as radiosensitizers for radiotherapy
treatment of cancer. The cytotoxicity effect of CNDs encapsulated with silver
shell was investigated in human prostate cancer cell (DU145) in vitro. The cells
viability was significantly reduced upon exposure to radiation in the presence of
silver-coated CDs. The silver-coated CDs were claimed to enhance the
radiation effect and hence could be used as sensitizers in the cancer cells for
phototherapy and radiotherapy treatment [136]. Radio sensitizers are
substances that designed to make tumour cells more vulnerable to radiation
[137]. Besides, Wang et al. showed that the synthesized nanostructured
particles comprising of CDs, magnetite (FesO04) and gold could regulate the
release of DOX, and at the same time possess enhanced photothermal effect

for cancer therapy [138].
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Besides drug delivery, there have been studies on utilizing CDs as nano-
carriers for gene delivery and tracking. Liu et al. have fabricated PEI
functionalized CDs (CD-PEI) through one-pot microwave assisted pyrolysis of
glycerol and BPEI with molecular weight of 25000 g/mol (PEI25k). Gene
expression of plasmid DNA in COS-7 (African green monkey kidney cells) and
HepG2 cells was successfully mediated by CD-PEI as gene vector [139]. In
more recent study, Hu et al. have prepared BPEIl-based CDs by hydrothermal
reaction and investigated their potential for gene delivery. Agarose
electrophoresis assay indicated that the CDs will react with DNA to form
complex. Successful gene delivery was observed when the enhanced green
fluorescent protein (EGFP) gene as the reporter gene was expressed in cells

using CDs as gene carrier [140].

2.8.3 Bio-sensing

CDs with exceptional PL properties and biocompatibility can also be designed
as biosensors to detect a wide range of biomolecules such as glucose, protein,
nucleic acid, intracellular pH, antibodies, etc. CDs as biosensors can also be
potentially apply as disease detection system. For instance, Qin et al. have
demonstrated practical application of CDs as potential glucose biosensor to
detect glucose in human blood serum based on electrochemical method [141].
Shen et al. have also synthesized fluorescent boronic acid modified CDs to
detect blood glucose. Fluorescence of the CDs could be selectively quenched
by glucose. The CDs was claimed to have “inert” surface and make them highly

resistant to interference from different biomolecules [142].

CDs as intracellular pH sensors have also been reported in several studies. Du
et al. designed a fluorescence resonance energy transfer (FRET) based CDs
nano-sensor for intracellular pH sensing and mapping [143]. The fluorescein
isothiocyanate (FITC) dye was first covalently attached to CDs. The change in
pH would affect the structural and spectral conversion of the FITC moieties. In
another study, fluorescence intensity of N-doped GQDs obtained from citric acid
and dicyandiamide (DCD) increased with pH increased from 2 to 9. Cell
cytotoxicity assay revealed that the GQDs were highly biocompatible, hence a

good fluorescent pH indicator to monitor intracellular pH of live cells [144].
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Xu et al. have presented the first assay exploiting aptamer as target binder for
protein detection. The aptamer-functionalized CDs exhibited high specificity
towards thrombin with a detection limit of 1.0 nM [145]. Thrombin is a highly
specific endoprotease enzyme that acts as blood clotting factor and plays an
important role in pathologic processes such as leukemia and liver disease [146,
147]. Moreover, CDs have also been utilized as effective fluorescent sensor for
nucleic acid detection [148]. CDs was first attached to single-stranded DNA
(ssDNA) labelled with fluorescent dye through mn-mt interaction, resulted in
fluorescence quenching of the dye. When the ssDNA attached to CDs
hybridized with its target to form double-stranded DNA (dsDNA), dye

fluorescence was recovered due to the release of ssSDNA from CDs surface.

Alpha-fetoprotein (AFP) is a serum that associated with a number of liver
diseases in adults [149]. Hence, rapid and sensitive detection is desired. The
nanocrystal nanocomposites consisting polyamidoamine (PAMAM)-capped CDs
and gold (Au) prepared by Gao et al. were designed as immobilized matrix for
immunosensing of AFP. The nanocomposites were highly sensitive towards
AFP with detection limit of 0.025 pg/ml [150]. Lu et al. also synthesized GQDs
exhibited ECL as ultrasensitive biosensor to detect adenosine triphosphate
(ATP), which is the “energy currency”’ in organisms that is crucial for most
enzymatic activities [58]. The developed ECL GQDs sensor exhibited excellent

analytical performance in the range of 5.0x10™2 to 5.0x10° mol/L [151].

Furthermore, Zhao et al. have demonstrated sensitive detection of human
immunoglobulin G (IgG) through regulated interaction between graphene and
GQDs [152]. A CDs-based ratiometric fluorescent sensor for intracellular
detection of hydrogen sulphide was also reported [153]. CDs and chitosan
hybrid film for dopamine sensing [154]; synthesis of hybrid fluorescent probe
based on CDs and hydroethidine for specific determination of superoxide anion
in live cells [155];and synthesis of amino-functionalized CDs for melamine
detection based on FRET with shorter analysis time and rapid detection [156]
have also been developed These intensive reports on determination of
biological compounds based on CDs indicate that CDs can be potentially
utilized as biosensor with rapid and sensitive detection for practical applications.
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2.8.4 Photocatalysis

The semiconductor, titanium dioxide (TiOz) that possess long-term
thermodynamic stability, strong oxidizing power and relative non toxicity has
made it one of the most widely used photocatalyst. However, photocatalytic
activity of TiO; is limited under visible light due to its inefficiency utilization of
visible light as irradiation source [91]. CDs are found to be a potential substitute
photocatalysts due to its capability of harnessing light at long wavelength and
energy exchange with solution species [23]. Therefore, recent studies have
been exploring in integration of CDs with semiconductors to produce

photocatalysts that are able to utilize both UV and visible light.

Kang's group has prepared iron (lll) oxide (Fe;O3) functionalized CDs
(Fe203/CQDs) composites for photodegradation of toxic gas-phase benzene
and methanol [157]. Under visible light irradiation, the Fe;O3/CQDs composites
were found exhibited significantly enhanced degradation efficiency for both
benzene and methanol degradation. The CQDs were used as electron reservoir
to trap electrons. Besides, the CQDs exhibited upconversion PL property that
allow absorption of light at longer wavelength, then emit shorter wavelength
light. The m - m interaction between CQDs and benzene was found useful for
benzene enrichment on the surface of Fe,O3/CQDs composites. Kang’s group
has also prepared CQDs modified with silver orthophosphate (Ags;POQOs4). The
synthesized CQDs/AgsPO4 and CQDs/Ag/AgsPO4 can act as high performance
photocatalyst for photodecomposition of methyl orange under visible light
irradiation [158].

In another study, CQDs modified P25 TiO, (CQDs/P25) composites were
fabricated by hydrothermal method for photocatalytic hydrogen (H2) production.
The CQDs/P25 composites were found to enhance photocatalytic H, production
under both UV-Vis and visible light. It was proposed that upon UV light
irradiation, the CQDs in CQDs/P25 composites served as electron reservoirs for
efficient separation of electron-hole pairs of P25. This was achieved by trapping
the photoinduced electrons and led to improved photacatalytic activity. Under
irradiation of visible light, the CQDs acted as photosensitizers to facilitate the

transfer of photoexcited electrons to P25.
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Yu et al. claimed that t-conjugated CDs displayed improved photocatalytic
activity compared to that of physically adsorbed to semiconductor [159]. Hu et al.
have investigated the effect of different surface groups on the photocatalytic
activity of CDs. Among the surface groups investigated, it was evidenced that
chlorine-capped CDs exhibited highest degradation rate, followed by oxygen-
capped CDs and nitrogen-capped CDs being the slowest [160].

CDs have also been reported as potential photosensitizers in solar cells. Zhang
et al. have prepared hybrid nano-spheres of N-doped CQDs and TiO;
(NCQDs/TiO2) and investigated the photocatalytic activity by degradation of
Rhodamine B and conversion of benzyl alcohol under irradiation of visible light.
The NCQDs/TiO, nanocomposites were found to enhance the photocatalysis
activity. Moreover, it was revealed that utilization of NCQDs/TiO, as sensitizers
in dye-sensitized solar cells display improved performance [161]. CQDs
functionalized with different surface groups were demonstrated to be good
sensitizers to sensitize zinc oxide (ZnO) nano-rods to visible light as solid-state
nanostructured solar cells. The different functional groups on CQDs surface

were found to affect the performance of the solar cells [162].

In more recent study, Wang et al. have also reported the development of CDs
based solar cells. The N-doped CDs were first prepared by facile pyrolysis of
citric acid as the carbon source and ammonia as the source of nitrogen. Higher
current density could be induced by the N-doped CDs when compared with the
N-free CDs. The N-doped CDs that exhibited enhanced visible light absorption
were then integrated with porous TiO, for QDs solar cells. The N-doped CDs
were used as sensitizers in the solar cells and found to improve the efficiency of
the solar cells. The developed “green” CDs-based QDs solar cells was claimed

to have the best power conversion efficiency so far [163].

Page | 39



2.8.5 Chemical Sensing

Chemical sensing is one of the applications of CDs that have captivated great
research attention. Fluorescence response of CDs as sensing system can be
generally classified into fluorescence turn-off, fluorescence turn-on, FRET and
ratiometric. Considerable studies have been reported on utilizing CDs as
sensitive sensing receptors to detect a wide range of heavy metal ions that are
detrimental to human health. Along with sensing of metal ions, CDs have also
been utilized as fluorescent sensing receptors for chemical detection of anions

as well as chemical and biological molecules in aqueous solution.

Initial stage of research involves exploring CDs as direct fluorescence sensors
for metal ions detection. For instance, CDs can be used as direct selective
fluorescence sensing receptors for lead ions (Pb(lIl)) [9], tin ions (Sn(ll)) [164],
silver ions (Ag(l)) [165], mercury ions (Hg(ll)) [2], and iron (l1l) ions (Fe(lll)) [166].
Over the past few years, research in the application of CDs for metal ions
sensing evolved around enhancing the sensitivity and specificity of CDs through
different strategies such as surface functionalization and doping of CDs. For
instance, Dong et al. prepared BPEI-functionalized CQDs for copper ions (Cu(ll))
detection with detection limit as low as 6 nM [167]. Chen et al. also reported the
fabrication of N and S co-doped CDs for Fe(lll) detection with excellent

sensitivity [168].

In more recent study, attempts have been made to fabricate CDs into nano-
devices with enhanced sensitivity and selectivity. A paper based sensor strips
was prepared by Gupta et al. for ultrasensitive and highly sensitive detection of
Pb(ll) ions. The paper strips were prepared by immobilizing CDs obtained via
microwave-assisted carbonization of biological media onto cellulose based filter
paper. The LOD in aqueous solution was determined to be 106-110 pM [169].
Wang et al. have fabricated a fluorescent sensing interface using (-amino

alcohol functionalized CDs for selective Cu(ll) detection [170].

Although maijority of the reported studies are based on fluorescence turn-off
mechanism, fluorescence turn-on studies are also demonstrated. A fluorescent

turn-on CDs sensor for selective detection of Hg(ll) ions based on
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bis(dithiocarbamato)copper(ll) conjugated CDs (CuDTC,-CDs) was developed.
CuDTC, would first quench the CDs fluorescence upon functionalization. The
fluorescence of the functionalized CDs could be recovered in the presence of
Hg(ll) ions [171]. Hg(ll) ions are one of the most studied metal ions among the
varieties of metal ions due to their adverse effects on the environment and
human health. Table 2.2 summarizes the varieties of CDs-based chemical

sensors for the detection of Hg(ll) ions in recent studies.

Table 2.2: List of CDs for fluorescence detection of Hg(ll) ions.

QY Read LOD Linear

Probe (%) out (nM)  Range (uM) Real Sample Reference
CDs 82.4 Turnoff 201 0-80 Lake water, [172]
cattle’s urine
CDs - Turn off 17 2-22 Pool water [173]
CDs 36 Turnoff 20 0-50 Tap water [174]
CDs 354 Turnoff 1.65 0-10 Tap water [175]
CDs - Turn off 630 0-20 - [176]
CDs 425 Tumnoff 7.3 0.05-5 rapewater, oo
lake water
CDs - Turn off 80 0.16-2 - [178]

Mineral water,
CDs 17.2 Turnoff 1.37 0-30 tap water, [179]
ground water

CDs/Zn(OH), - Turnoff 0.2 0-0.40 Tap water [180]

Detection of anions using CDs based fluorescence system has also been
reported. A CDs-based system to detect Cu(ll) ions and sulphide (S*) anions
have been developed. In this system, fluorescence of CDs was quenched upon
binding of Cu(ll) ions to ligands on CDs surface. Subsequent adding of S*
anions led to fluorescence enhancement due to dissociation of Cu(ll) from CDs
surface to form stable CuS complex [181]. In another study, presence of Hg(ll)
provoked CDs fluorescence quenching while fluorescence could be recovered
upon addition of I anions [182]. Static quenching of tryptophan doped CDs was

also observed in the presence of peroxynitride (ONOQ") anions [183].
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Besides metal ions and anions, CDs detection of compounds are also reported.

Zhang et al. have employed microwave-assisted pyrolysis carbonization to
obtain N-rich CDs as dual sensing probe for 2,4,6-trinitrotoluene (TNT). TNT

can effectively quench the fluorescence of N-rich CDs through charge transfer

based on strong TNT-amino interaction. Electrochemical detection of TNT using

CDs modified glassy carbon electrode was found exhibited even more sensitive

response compared to fluorescent detection [184]. Cayuela et al. also prepared

N-doped CDs as fluorescence sensors that could be used to effectively detect

nitroaromatic explosives through fluorescence quenching mechanism [185]. In

addition, fluorescence sensing of some other compounds developed based on

CDs system is summarized in Table 2.3.

Table 2.3: List of CDs for fluorescence detection of some compounds.
Qy Read LOD Linear Real
Probe Analyte Reference
(%) Out (nM) Range (uM) Sample
0.013- Urine,
CDs Guanine 16 Turn on 6.7 [186]
0.27 DNA
CDs Tetracycline - Turn off 5.48 0.02-14 Milk [187]
CDs Ammonia 528 Turnoff 1.76x10° - - [188]
CDs Curcumin 254  Turn off 84.8 0.2-10 Urine [189]
CDs Tartrazine  10.37 Turn off 73 0.25-32.5 Food [190]
0-50,
CDs  Glutathione 17.2  Turn off 6700 - [191]
50-100
. 4 5 Human
CDs Dopamine 67 Turn on 1x10 1x10™ - 1 [192]
serum
Vitamin
CDs Thiamine 2.8 Turnon 280 10-50 [193]
capsule
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Chapter 3 Synthesis of Carbon Dots

3.1 Executive Summary

In search for a sustainable starting precursor for the synthesis of CDs, cellulose
as one of the most abundant and renewable resources found naturally has been
chosen to be used as carbon source in this study. Facile acid-assisted
hydrolysis approach using sulphuric acid is used to dehydrate and carbonize a-
cellulose into CDs. In order to compare the physiochemical properties of CDs
synthesized via different methods and precursors, thermal pyrolysis in high
temperature furnace is also employed for the synthesis of CDs from a-cellulose
and L-glutamic acid. Synthesis conditions of both approaches are optimized to
obtain CDs with best fluorescence properties where the fluorescence excitation
and emission are the highest. The morphology and optical properties of the CDs

obtained from these different methods are performed and reported in this study.

CDs exhibiting different fluorescence emission and distinct properties have
been successfully synthesized from the two different approaches. This chapter
provides a brief overview on current state of CDs synthesis using acid
dehydration method. The experimental procedures, analytical results and
relevant discussions are also included in this chapter. Finally, a brief summary

is included at the end of the chapter to conclude the findings.
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3.2 Introduction

Since the accidental discovery of CDs by Xu et al. in 2004 [1], attention have
been paid on developing new approaches to prepare CDs from diverse organic
precursors. Simple aqueous solution route to synthesize CDs by acid
dehydration and oxidation method was pioneered by Peng and Travas-Sejdic.
Sulphuric acid as strong dehydrating and oxidizing agent was first used to
dehydrate carbohydrates into carbonaceous materials. Subsequent treatment
with nitric acid can further break down the carbonaceous materials into CDs.
CDs emitting blue fluorescence were finally obtained by passivation with amine-
terminated compounds [3]. Following that, Chandra et al. have synthesized CDs
exhibiting green fluorescence by employing sucrose as starting precursor and
phosphoric acid as oxidizing agent through microwave-assisted acid exfoliation
[194].

Qiao et al. demonstrated the synthesis of CDs with bright blue fluorescence by
nitric acid treatment of different activated carbon sources. The fluorescence
emission of the CDs was found to be dependent on the excitation wavelengths
[45]. Furthermore, it was reported that heteroatoms can be doped into the CDs
as a concurrent effect of acid dehydration synthesis to modify the optical
properties. The Energy Dispersive X-ray Spectroscopy (EDX) spectrum
reported by Sachdev et al. has revealed that CDs obtained by microwave
assisted sulphuric acid dehydration of chitosan composed of carbon, oxygen,
nitrogen and sulphur elements where the sulphur was originated from sulphuric
acid [195].

Peng et al. managed to obtain CDs emitting at blue, green and yellow
fluorescence in large scale by carbonizing and oxidizing carbon fibers in a
mixture of concentrated sulphuric acid and nitric acid solution. The CDs with
different emission colour were obtained at different temperatures, revealing that
reaction temperature plays an important role in controlling the size of the carbon
nanoparticles [196]. In another study, Bhunia et al. investigated the effects of
different dehydrating agents as well as altering the reaction temperature and
time for the synthesis of CDs. CDs exhibiting different fluorescence colours

such as blue, green, yellow and red fluorescence were obtained. It was claimed
Page | 44



that acid dehydration using sulphuric acid is most likely to produce CDs emitting
blue and green fluorescence whereas concentrated phosphoric acid based
carbonization of carbohydrates is more favorable for the production of CDs

emitting yellow and red fluorescence [197].

Although considerable research have been reported on CDs synthesis via acid
dehydration approach, direct comparison of the CDs reported from various
studies is inappropriate due to different starting precursors and/or synthesis
parameters. In this study, the effect of reaction temperature and time during the
synthesis of CDs through acid carbonization using only sulphuric acid will be
investigated. a-cellulose will be used as the starting materials for CDs synthesis.
Moreover, simple thermal pyrolysis of the same a-cellulose and L-glutamic acid
in high temperature furnace will also be employed to produce CDs. Synthesis
conditions such as reaction time and temperature will be optimized to obtain
CDs with optimum fluorescence properties. The properties of the different types

of CDs obtained will be systematically compared and analyzed.
3.3 Experimental Design

3.3.1 Materials and Reagents

All reagents used in this study were of analytical grade. a-cellulose was
purchased from Sigma Aldrich. Concentrated sulphuric acid (98%) was
purchased from RCI Labscan Chemicals. Sodium hydroxide in pellet form was
purchased from Hudson Chemicals. L-glutamic acid was purchased from R&M
Chemicals and acetone was purchased from Bendosen. Sodium acetate and
glacial acetic acid purchased from R&M Chemicals and RCI Labscan,
respectively were used to prepared buffer solution with pH 5. All chemicals were
used as received without further purification unless otherwise stated. Ultrapure
water obtained from Milipore Mili-Q Advantage-A10 and Milipore Elix-5 water

purification system (~18.2 MQ.cm, 25°C) was used throughout the study.
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3.3.2 Instrumentations

Fluorescence  measurements  were recorded using fluorescence
spectrophotometer (Cary Eclipse Varian). In brief, CDs sample was diluted with
ultrapure water and transferred into a quartz cuvette of 4 clear sides with a path
length of 1.0 cm. The settings of excitation and emission wavelengths were
altered accordingly to obtain optimum fluorescence excitation and emission of
CDs prepared in different synthesis conditions. UV-Vis absorption spectra were
obtained using UV-Visible spectrophotometer (Varian Cary 50). The
absorbance of samples was recorded within the range of 200 nm to 800 nm.
Ultrapure water was used as reference for the absorbance measurement.
Laboratory furnace (Carbolite ELF 11/14B) was used for synthesis of CDs by
thermal carbonization method. A pH meter (Mettler Toledo SevenEasy) was
used for adjustment of pH and water bath (Memmert WNB 14) was used to
control the temperature. Vacuum concentrator (Labconco Acid-Resistant
CentriVap Concentrator) was used to remove excess solvent during isolation of
CDs. Freeze dryer (Labconco FreezeZone 6) was used for CDs isolation by
lyophilize CDs sample to remove excess water in CDs sample. Scanning
Electron Microscope (SEM) (JEOL JSM-6930 LA) operated at zeta potential of
10kV was used to characterize the physical properties of CDs obtained. In brief,
sample for SEM imaging was prepared by dispensing 10 ul of CDs sample onto
a 1.0 x 1.0 cm? platinum plate and left to dry. Besides, Transmission Electron
Microscope (TEM) was also used to characterize the CDs sample by drying
approximately 5 ul of CDs sample on TEM copper grid prior to imaging. Fourier
Transform Infrared (FTIR) (Perkin-Elmer) was used to characterise the organic

functional groups present on CDs surfaces.
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3.3.3 Synthesis of CDs via Acid Hydrolysis of a-Cellulose

The method of acid hydrolysis of organic precursor for the synthesis of CDs was
adopted with slight modification from Chin et al. who synthesized CDs from
starch nanoparticles [43]. In general, a-cellulose weighed 0.04 g was dispersed
in 1.0 ml ultrapure water. The dispersion was dripped dropwise into 3.0 ml of
chilled concentrated sulphuric acid (98%). It was observed that the a-cellulose
suspension dissolved once added into concentrated sulphuric acid. The mixture
was briefly swirled to obtain homogenous solution, followed by incubation at
different temperatures ranging from 4 °C to 70 °C. The samples incubated at
different temperatures were monitored over a period of prefixed time. The
resulting brownish solutions indicated the formation of CDs. The as-synthesized
CDs samples were then diluted with ultrapure water and filtered through 0.22
pm syringe filter to remove large carbon residues. Sodium hydroxide solution

was used to neutralize and adjust the pH of the CDs samples.

3.3.4 Isolation of Acid hydrolysed CDs Sample

For CDs isolation, salting out method using acetone as solvent was employed
to remove the sodium sulphate salt formed after neutralization. Equal volume of
acetone was added to the neutralized CDs solution and mixed vigorously. The
solution was then left to stand at 4 °C for minimum 2 hours to promote
crystallization of salts. The CDs that suspended in the acetone supernatant
were then pipetted into new vials. The presence of acetone in the supernatant
solution containing CDs was eliminated by vacuum concentration. The setting of
vacuum concentrator was fixed at 50 °C heating time for 50 minutes. After the
removal of acetone, the CDs solution was concentrated by lyophilization
overnight in freeze dryer to remove excess water. The isolated CDs samples in
dry form were then kept in clean vials, sealed airtight and store in -20 °C until

use for further characterization.
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3.3.5 Synthesis and Isolation of CDs (Thermal Carbonization)

Besides acid hydrolysis, thermal carbonization was also employed to obtain
CDs for comparison study. CDs were prepared by pyrolysis of a-cellulose in a
laboratory furnace (Carbolite ELF 11/14 B). In the typical synthesis, accurately
1.0 g of a-cellulose was weighed into a crucible and carbonized in furnace at a
fixed temperature for 30 minutes. Optimized synthetic temperature was
obtained by carbonizing a-cellulose at different temperature ranging from 200 to
400 °C. After pyrolysis process, the resulting product was left cool to room
temperature before suspended in 20 ml ultrapure water. The suspension was
centrifuged at 4,000 rpom for 10 minutes to remove bulk particles and the
supernatant was then filtered through 0.22 ym syringe filter. The CDs solution
was then lyophilized for 18 hours in freeze dryer (Labconco FreeZone 6) and
kept at -20 “C until used.

3.3.6 Thermal Carbonization of L-Glutamic Acid

L-glutamic acid was also used as another carbon source for the synthesis of
CDs by thermal pyrolysis in furnace. In typical synthesis, 0.5 g of L-glutamic
acid was weighed into a crucible and carbonized in high temperature furnace.
Reaction temperature was optimized for optimum CDs production. The
carbonized product was then left to cool at room temperature and suspended in
20 ml ultrapure water, followed by filtration through 0.22 um syringe filter to

remove large undissolved particles, and used for further study.
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3.4 Results and Discussion
3.4.1 Acid hydrolysis of a-Cellulose

3.4.1.1 Optical Properties

In this study, it was found that CDs emitting two different fluorescence colours
can be isolated during different stages of carbonization of a-cellulose using
concentrated sulphuric acid. CDs emitting bright green and blue fluorescence
obtained from acid hydrolysis of a-cellulose are clearly shown in Figure 3.1

under the exposure of UV light.

(a) Visible Light (b) Ultraviolet Light

Ultrapure
water

Ultrapure

- CD%5ue water

Figure 3.1: CDs synthesized from a-cellulose via sulphuric acid
hydrolysis approach under (a) visible light and (b) UV light

exposure.

This is the first evidence that the a-cellulose has been converted into CDs since
other ingredients involved for the synthesis showed no or low fluorescence.
Accordingly, the emission intensity can be correlated as semi-quantitative
indicator for the CDs concentration, where higher intensity will reflect the
presence of more CDs and vice versa. The CDs emitting green fluorescence is
depicted as CDsgreen Whereas CDs emitting blue fluorescence is depicted as
CDsgiue- CDsgreen Was recorded to have an emission band with peak wavelength
at 500 nm when being excited at the optimum wavelength of 450 nm (Figure
3.2), whereas CDsg showed a band with peak wavelength at 456 nm upon

excitation at the optimum wavelength of 357 nm (Figure 3.3).
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FWHM of emission band is typically adopted as a measure of homogeneity of a
system where narrow FWHM indicates a homogenous system whereas wide
FWHM indicates a heterogenous system. The FWHM of the emission band for
CDsgreen Was ~65 nm where this relatively narrow FWHM suggested that the
CDsgreen produced were uniform in size [56]. However, the FWHM of CDsgue
was found to be ~92 nm which was slightly wider when compared to CDsgreen.
The FWHM of CDsg,e Was observed to associate with a small shoulder peak.
The small shoulder peak was suggested to be caused by either the
transmission property of the CDs itself or the presence of trace impurities in the
surrounding of the CDs [198]. Moreover, both the as-prepared CDsgreen and
CDsge have portrayed an excitation-independent behaviour. In other words,
there was only change in intensity of the fluorescence emission but no shift in
the emission wavelengths when the excitation wavelength was adjusted within
the range of 350-460 nm at an interval of 10 nm. This excitation-independent
emission has suggested less types of surface defect present on the CDs
surface and the as-synthesized CDs obtained were more homogenous in size
[199].

The UV-vis absorption of both CDsgreen and CDsge Were recorded using
ultrapure water as solvent blank for the measurement. Figure 3.2 shows the
typical absorption spectrum of CDsgren €xhibited a weak UV-vis absorption
shoulder peak at around 340 nm. The weak absorption band is ascribed to the
presence of aromatic m orbitals [200, 201]. For CDsge, the UV-Vis absorption
spectrum was relatively featureless. There was no obvious absorption peak can
be seen as shown in Figure 3.3, instead a wide absorption band is observed in
the absorption spectrum. The broad absorption band may be attributed to broad

size distribution of CDs or distribution of different emissive sites on CDs [6, 202].
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3.4.1.2 PL properties during carbonization

During the synthesis of CDs, it was realized that the fluorescence of CDSgreen
was slowly shifted towards the blue region when left overnight at room
temperature. This led to the suggestion that CDsgreen could eventually be
converted into CDsg,e at ambient condition continuously. Thus, it will be
interesting to further on the study to understand more on conversion kinetics. To
achieve this, it is known that the kinetic of CDs formation is greatly affected by
the synthesis temperature. In this scenario, changing the temperature during
the carbonization process could eventually change the formation kinetics.
Different solutions containing similar mixture content of a-cellulose and
concentrated sulphuric acid were incubated separately in controlled
temperature of 4, 24, 50 and 70 "C. Formation of brown to dark brown solutions
of all the samples indicated the formation of CDs. During the carbonization
process in sulphuric acid solutions, the fluorescence emission at 456 and 500
nm was monitored simultaneously upon excitation at 357 and 450 nm,
respectively for a period of 4.5 to 5 hours. The result reveals that temperature
applied during the synthesis process exerts significant effect on the formation of
CDs and eventually led to the production of CDs with distinct fluorescence
emission. The kinetic study of CDs formation performed at 50 °C was shown in
Figure 3.4.
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Figure 3.4: Variation of fluorescence intensity of CDs synthesized at

50 °C monitored at (a) 500 nm and (b) 456 nm.
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The temperature of 50 °C was chosen to monitor the kinetics of CDs formation
because both CDsgreen and CDsgjye Were co-existed at such temperature. When
the temperature of the synthesis process was fixed at 50 °C, it was observed
that the fluorescence of CDs monitored at green spectral region (500 nm)
decreased gradually. Concurrently, fluorescence intensity of CDs monitored at
blue spectral region (456 nm) increased continuously. This result is in
agreement with the previous observation where the fluorescence of CDsSgreen
would eventually shift to the blue spectral region. The formation kinetics could

be altered by adjusting the synthesis temperature from 4 °C to 70 °C.

The variation of fluorescence emission intensity of CDs synthesized at 4, 24
and 70 °C monitored at 500 nm upon 450 nm excitation and emission at 456 nm
upon excitation at 357 nm are shown in Figure 3.5 (a) and (b), respectively.
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Figure 3.5: Variation of fluorescence intensity monitored at (a) 500 nm

and (b) 456 nm for CDs prepared at 4 °C, 24 °C and 70 °C.
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The result reveals that synthesis process at lower temperature promoted the
formation of CDsgreen While higher temperature was more favourable for the
formation of CDsge. This concept was clearly demonstrated with the gradual
increase in fluorescence at 500 nm was recorded over the period of 5 hours
when sulphuric acid hydrolysis was performed at 4 °C. At this temperature, no
fluorescence emission was detected at 456 nm, indicating only CDsSgreen Were
present at that instant. The fluorescence intensity of CDsgren increased
gradually at 24 °C when compared to that of 4 °C, but no fluorescence could be
detected at 456 nm. On the other hand, sulphuric acid hydrolysis of a-cellulose
incubated at 70 °C showed intense fluorescence emission at 456 nm, but no
fluorescence emission can be detected at 500 nm, indicating only CDsgje were
being produced. This result shows that 24 °C promotes the effective formation
of CDsgreen Whereas 70 °C was too vigorous for CDsgreen formation. Hence, this
result further confirmed that temperature is an important parameter that will
affect the formation kinetics of CDs. Further incubation at such temperature
(70 °C) will eventually lead to decrease in blue fluorescence intensity of CDspgye
(456 nm). Prolong incubation at high temperature was suggested to induce
excessive carbonization that will eventually result in complete carbonization and
distortion of the graphitic structure of CDs which in turn leads to the formation of

bare CDs which possess no PL properties [92].

Figure 3.6 illustrates the 3-dimensional scan of CDs isolated from sample
incubated at temperature of 50 °C for 1.5 hours. This is the intermediate setting
of this study. The figure clearly shows that CDsgreen and CDsgye are co-existed
at this particular synthetic condition. Hence, this study has demonstrated that
CDs with different PL properties can be prepared by precisely control the
synthesis parameters such as reaction temperature and time during
carbonization process. Reaction temperature has altered the carbonisation
kinetics, and led to the formation of different kinds of CDs with unique emission
spectra profiles. These results strongly suggested that reaction temperature
played an important role in the PL of CDs. This result is in good agreement with
the findings by Peng et al. who emphasized that PL of CDs can be tailored by

simply adjusting the reaction temperature [44].
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Figure 3.6: 3-dimensional scan of CDs prepared by incubation at 50 °C

for 1.5 hours.

Additionally, Hsu and Chang have proposed a four-stage mechanism for the
formation of CDs, which involved dehydration of precursors, polymerisation of
intermediates or aromatisation, nucleation, and crosslinking that promotes
particles growth [203]. Similarly, the concept is suggested to be applicable to
this study. a-cellulose will be first dehydrated by sulphuric acid to form reactive
intermediates that are further proceeded with polymerization of these
intermediates units. At low temperature, the dehydration and polymerisation
processes were expected to be slower and would not favour the next nucleation
process to form the CDs. The intermediates instead crosslink with the existing
nuclei and eventually promoted the growth of the particles. Due to this reason,
CDs with growing size were reported to emit at longer wavelength [196]. This
matched with the fluorescence profile of CDs obtained at low temperature that
possesses fluorescence emission at longer wavelength. As the temperature
during CDs synthesis increased, the active hydrolysis in the presence of acid as
strong dehydrating and oxidizing agent could rapidly produce intermediates at
higher concentration. This would in turn cause active nucleation to occur and
eventually results in the formation of smaller particles and blue-shifted the

fluorescence emission towards the region with shorter wavelength.
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In order to validate the suggested explanations on the observed FL trend, a test
was performed by mixing the reactants at low temperature (4 °C) and
maintained the temperature for 10 minutes before warming the mixture to 24 °C.
This allowed slower rate of hydrolysis to occur during the initial stage of reaction,
followed by faster growth rates at elevated temperatures. The results obtained
clearly showed that such approach had promoted the final intensity of CDSgreen
by at least 25% as compared to the batch of CDs sample that was synthesised
at fixed temperature of 24 °C (Figure 3.7). There was no fluorescence recorded

within the blue range at this stage.
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Figure 3.7: CDs synthesized by mixing the reactants at (a) 4 ‘C for 10
minutes incubation and subsequently at 24 °C, and (b) 24 °C

without incubation at 4 °C.
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3.4.1.3 Characterizations of CDs

CDs are generally known to have high photostability with potential applications
in various fields. In order to determine the photostability at room temperature of
the as-prepared CDsgreen and CDspgyue, both samples were exposed to UV light
at their respective optimum excitation wavelengths for 75 minutes. The
fluorescence intensity of CDsgreen and CDsge Were measured every 5-minutes
interval at 500 and 456 nm respectively. As indicated in Figure 3.8, the
fluorescence emission of CDsgren Was found to have decreased by 23.22%
over 75 minutes. This result suggests that the as-prepared CDsgreen Were
comparatively less stable than CDsge. On the other hand, the fluorescence
emission of CDsg, showed a slight decrease in fluorescence intensity of
approximately 1.86% from its initial intensity upon continuous excitation in the
UV range. This indicates that CDsg),e possessed higher photostablility when
compared to CDsgreen and hence a more suitable candidate for practical
applications. The decreased in fluorescence intensities could be a result of
photobleaching which is a photo-induced chemical destruction process that
eventually leads to fluorescence decay of fluorophores upon continuous
exposure to UV irradiation [204].
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Figure 3.8: Fluorescence intensity of (a) CDsgyue and (b) CDsSgreen
monitored at emission wavelengths of 456 nm and 500 nm,
respectively.

Page | 57



The relative QY of both CDsgreen and CDsgue Were also determined by
comparison to the typical quinine sulphate standard, with literature represented
QY value of 54%. The QY values of CDsgreen and CDsgue Were calculated to be
6.4% and 4.0% respectively. These QY values were comparable with most of
CDs systems reported in the literature [205, 206]. Furthermore, FTIR was used
to characterize the organic functional groups that are present on the surface of
CDs. The FTIR spectrum of the untreated a-cellulose, CDsgreen and CDspyye are

shown in Figure 3.9 (a), (b) and (c), respectively.
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Figure 3.9: FTIR absorption spectra of (a) untreated a-cellulose, (b)
CDSGreen and (C) chBlue.
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The stretching vibration of O-H, C-H, C-O and C-O-C could be found in
untreated a-cellulose at 3329, 2888 cm, 1158 and 1025 cm™, respectively.
Similarly, these vibration stretches were also found present in both CDsgreen and
CDsguue, suggesting the presence of alcohol or phenol, alkyl and carboxylic acid
on the CDs surface. Besides, the FTIR spectrum of CDsge also clearly shows
that the stretching vibration of —CH.— at 1399 cm™ was more distinct when
compared to the untreated a-cellulose and CDsgreen. This indicates that CDspye
had undergone higher carbonization degree than CDsgeen Using the FTIR
spectrum of the untreated a-cellulose as reference. Therefore, resulting in more

alkyl groups as the structures of CDsg,e Were broken down further.

3.4.1.4 Effect of pH and CDs Isolation

The effect of pH on the fluorescence of CDs was investigated. Acid hydrolysis
approach could possibly induce oxidation of the surface interfaces of CDs
during the carbonization process. The functional group of carboxylic has been
reported to form on the CDs surface after treatment with acid [207]. Since the
initial pH of the CDs sample was strongly acidic, 100 pl of the CDs solution was
first diluted with 3 ml of ultrapure water. Sulphuric acid with concentration of 1.0
M and sodium hydroxide solutions with concentrations of 1.0 M and 10.0 M
were then used to adjust the pH of the diluted CDs solutions. In order to
standardize the condition and to minimize the effect of dilution for accurate
comparison between samples, the series of CDs solutions with desired pH were
topped up with ultrapure water to a final volume of 3.7 ml. Addition of minimal
amount of water would also dilute the concentration of salt formed during the
neutralization process and minimize its possible interference on the PL. The

resulting pH and the fluorescence intensity were recorded.

The solution pH was found greatly affecting the PL intensity of both CDsgreen
and CDsge as shown in Figure 3.10. Both types of CDs showed strong
fluorescence under acidic condition at pH < 3. However, the bright PL was
significantly quenched with increasing pH. The CDsgreen Showed a very narrow
pH-dependent range with no fluorescence observed as pH values increased
beyond pH 3. The low pH stability of CDsgren could be attributed to
fluorescence degradation induced by the increasing charges on the surface
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interface as a result of deprotonation. This was further supported by the
evidence that the recovery of fluorescence was not possible even when the pH
value was readjusted back to below pH 3. The pH effect indicates that the
surface of CDsgreen €xhibited acidic sites that are associated with the green

fluorescence because PL quenching was observed at higher pH [208, 209].
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Figure 3.10: Variation of fluorescence intensity of CDsgye and CDsgeen in

aqueous solutions of different pH values.

As for the CDsge, the pH dependent range was wider than that of CDsgreen. It
was observed that the PL intensity of CDsge decreased gradually with
increasing pH. Furthermore, CDsg),e were more stable and the fluorescence can
be recovered when pH was tuned back to acidic condition. Our findings
concurred with results reported recently by Wang et al., who demonstrated that
the fluorescence showed a decrease in intensity from its maximum at pH 3
when pH was shifted to the basic range [210]. The increase of pH value
indicates the increase in negative charges species in the surrounding solution.
This could lead to the deprotonation of the CDs surface, hence disturbing the
electronic configuration of the interfaces and the fluorescence properties of CDs
can be altered subsequently. The highly electronegative surface could also
attract counter ions present in the system and led to the formation of particles
aggregates. The close contact between particles could eventually promote non-
radiative pathway for the relaxation of excited electrons, as reflected in the drop

of fluorescence intensity observed in this study.
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Due to the extremely pH sensitive properties, isolation of CDsgreen is still
remained a challenge. However, CDsge have been successfully isolated for
TEM imaging using salting out approach. Crystallization of sodium sulphate salt
formed from neutralization reaction between sulphuric acid and sodium
hydroxide can be promoted in the presence of acetone. After neutralization of
the CDspge solution to pH 7, equal volume of acetone was added to promote
crystallization of the sodium sulphate salts. The solution was mixed vigorously
prior to incubation at 4 °C to promote salt nucleation and crystal growth. In the
water phase, the acetone in the supernatant solution containing the CDs was
collected and then the acetone was removed using vacuum concentrator. The
CDsgie Were then concentrated by lyophilisation to remove excess water and
sent for TEM imaging. The yield of CDsgye from a-cellulose was calculated to
be 29.58% w/w. The TEM image of CDsg,e as shown in Figure 3.11 revealed
that CDsgyue synthesized from acid dehydration of a-cellulose are homogenously

distributed in nanometer range, mostly spherical with diameter of 10-20 nm.

50 nm
e ————

Figure 3.11: TEM image of CDsgj,e synthesized from a-cellulose via acid

dehydration method.
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3.4.2 Thermal Carbonization of a-Cellulose

3.4.2.1 Characterization of CDs

Facile one-step synthesis approach has also been adopted for the synthesis of

CDs via simple thermal carbonization of a-cellulose in furnace. a-cellulose is the

insoluble fibrous residue that can be commonly found in agricultural waste. This

makes a commonly available cheap and green carbon source as starting

precursor for the synthesis of CDs. During thermal carbonization, cleavage of

glycosidic linkages of a-cellulose will occur. Hence, polymerization degree was

reduced and resulting in the formation of carbon dioxide, water and a variety of

hydrocarbon derivatives [211]. Fluorescent CDs was most likely to be one of the

products formed during this stage of thermal decomposition. Figure 3.12 shows

the absorbance, excitation and emission spectra of CDs obtained by

carbonizing a-cellulose at 250 °C for 30 minutes.

Absorbance

©
w

1.0
0.9
0.8

©
N

o ©
o =

i e
A oo N

1000

(a) - 400

g 900
800
700
600
500

- 300
- 200
- 100
-0

Fluorescence Intensity

200

250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 3.12: The (a) absorbance, (b) excitation and (c) emission spectrum

of CDs synthesized from a-cellulose via thermal
carbonization. Inset: Photograph of ultrapure water (left) and
CDs (right) under exposure of UV light.
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From Figure 3.12, the UV-Vis spectrum showed a strong band at around 270
nm that could be attributed to the m—m* transition of CDs with graphitic
structure [4, 212]. The fluorescence spectrum showed that the obtained CDs
exhibited optimum fluorescence emission at 435 nm which was in the range of
blue emission upon excitation at 346 nm. The inset in Figure 3.12 shows that
the CDs exhibited bright blue fluorescence under exposure of ultraviolet (UV)
light. The FWHM of the CDs obtained at 250 °C was evaluated to be
approximately 83 nm. The relatively narrow FWHM indicated that the CDs

produced possess a homogenous size distribution [56].

The organic functional groups on the surface of CDs were identified using FTIR.
The FTIR spectra of the untreated a-cellulose and CDs treated at 250 °C were

shown in Figure 3.13.
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Figure 3.13: FTIR absorption spectrum for (a) untreated a-cellulose and

(b) CDs carbonized in furnace at 250 °C for 30 minutes.
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The FTIR spectrum (Figure 3.13) of CDs treated at 250 °C showed —OH stretch
in the alcohol or phenol group at 3334.94 cm™, alkane C—H stretch at 2915.89
cm™, aromatic C=C and C—C stretch at 1602.84 and 1411.69 cm™' respectively,
carboxylic acid C-O stretch at 1000-1320 cm™, C-O-C in pyranose ring at
1038.71 cm™ and aromatic C—H stretch at 895.78 cm™. Besides, it was
observed that vibration stretch of carboxylic acid at 1725.53 cm™ that can be
found in CDs treated at 250 °C was not present in the spectrum of untreated a-
cellulose. It was also observed that the amide C=O stretch at 1641 cm™
significantly increased after thermal pyrolysis of a-cellulose. This suggested that
oxidation process has occurred after treatment at high temperature hence more
carbonyl groups were formed on the surface of the CDs. The FTIR profile
indicated that functional groups such as alcohol or phenol, alkane, aromatic
groups and carboxylic acid are present and form the surface defects of CDs,
which also suggested that the combustion of a-cellulose was incomplete. Due to
this reason, CDs synthesized at 250 °C still retaining the functional groups that

were initially present in the starting materials.

The CDs obtained by thermal carbonization possessed excellent water solubility.
Moreover, the photostability of the CDs as shown in Figure 3.14 were relatively
stable with only the decreased of around 3.98% in fluorescence intensity after

continuous exposure to UV irradiation for 60 minutes.
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Figure 3.14: Photostability measurement of CDs,59 monitored at 435 nm

upon excitation at 346 nm for 60 minutes.
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3.4.2.2 Effect of Pyrolysis Conditions

It is crucial to optimize the synthetic conditions to ensure the CDs portray
desired fluorescence properties. Therefore, a-cellulose was treated with
different temperatures in a furnace. Physical appearance of the resulting
products obtained after 30 minutes of pyrolysis were photographed as shown in
Figure 3.15.

Figure 3.15: Photographs of (a) untreated a-cellulose and the products

after thermal pyrolysis at different temperatures of (b) 200 °C,
(c) 225 °C, (d) 250 °C, (e) 275 °C, (f) 300 °C, (g) 350 °C and (h)
400 °C.

A clear colour gradient can be observed for the end-products obtained at
different temperature. The photograph shows that a-cellulose as starting
precursor before pyrolysis was fine white powder. There was no significant
change in colour when the a-cellulose was heated at 200 °C for 30 minutes. A
very light yellowish powder product was yielded when the starting precursor
was heated at 225 °C. Once the carbonization temperature was increased to
250 °C, it was observed that the fine white a-cellulose powder turned into light
brown-coloured product. At elevated temperature, dark brown product was
produced when the carbonization temperature was increased to 275 °C. Finally,
black fine powder was obtained when a-cellulose was treated at temperature
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beyond 275 °C. The black fine powder was most probably the chars produced
as a result of complete pyrolysis of a-cellulose. Formation of char due to
decomposition of a-cellulose was suggested to involve the breakage of 1,4-
glucosidic bonds leading to depolymerization. Moreover, ring opening of the a-
cellulose structure could be induced by breaking of 1,5-acetal bonds during

pyrolysis [213].

After carbonization in furnace, the resulting products were centrifuged and
filtered to remove any insoluble large residues in order to isolate the CDs. The
fluorescence properties of the isolated samples were then measured using a
fluorescence spectrophotometer. The fluorescence emission of the isolated

CDs obtained at different pyrolysis temperature was shown in Figure 3.16.
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Figure 3.16: Emission of CDs carbonized at different temperatures
monitored at 435 nm upon excitation at 346 nm. Inset:
Emission spectrum of CDs synthesized at different

temperatures.
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a-cellulose is fine white fibrous material that is insoluble in water and possess
no or low fluorescence property when viewed under UV light. Moreover, no
signal could be detected when the solution suspended with a-cellulose was
measured using the fluorescence spectrophotometer. Similarly, the CDs
isolated from the sample carbonized at 200 °C displayed very slight and
insignificant fluorescence. The fluorescence intensity increased with increasing
pyrolysis temperature. From Figure 3.16, it was observed that CDs with highest
fluorescence intensity can be obtained when a-cellulose was carbonized at
250 °C. Therefore, this has been adopted as the optimum temperature for the
synthesis of fluorescence CDs by thermal carbonization of a-cellulose. It was
further observed that the fluorescence intensity of CDs obtained at temperature
beyond 250 °C have decreased gradually. At 400 °C, significantly low or almost
no fluorescence could be detected. Overall, this result implies that temperature
below 250 °C was insufficient to decompose and carbonize a-cellulose into
highly fluorescence CDs. The temperature to produce brightly fluorescence CDs
reached optimum at 250 °C. Pyrolysis at temperature higher than 300 °C will
eventually lead to the excessive combustion and severe decomposition of a-
cellulose. Hence, loss of fluorescence properties due to the production of chars,

tars and gaseous products [214].

The inset of Figure 3.16 shows the full emission spectrum of CDs prepared at
different temperature when excited at 346 nm. All CDs samples obtained at
different temperatures showed maximum fluorescence emission centred at 435
nm. There was no shift in the fluorescence emission when different pyrolysis
temperatures were employed for the pyrolysis of a-cellulose. This in turn
indicated that only single species of CDs was present. The FWHM of the
fluorescence emission bands of the CDs obtained at different temperatures
were all evaluated to be less than 100 nm which are comparable to the value

reported in literature [215].

The optimum reaction time for the thermal carbonization of a-cellulose was also
investigated. The pyrolysis temperature of 250 °C was fixed since the
temperature could produce CDs with highest fluorescence intensity. The effect
of time was studied by varying the carbonization time for the pyrolysis process
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at 250 °C in high temperature furnace. The fluorescence of CDs synthesized at
250 ° from a-cellulose at different time variation monitored at 435 nm upon

excitation at 346 nm as shown in Figure 3.17.
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Figure 3.17: Emission of CDs synthesized from a-cellulose treated at
250 °C in furnace at different time variation monitored at 435

nm.

The optimum time required to produce CDs with highest fluorescence intensity
was found to be 30 minutes at 250 °C. Shorter carbonization period produced
CDs with insignificant fluorescence due to incomplete carbonization as
mentioned previously. Carbonization reached optimum at 30 minutes and it was
realized that carbonization at a longer time period did not show significant
enhancement in terms of the fluorescence of CDs. Hence, CDs synthesized by
carbonizing a-cellulose in furnace at 250 °C for 30 minutes was adopted as
optimum carbonization conditions for further study. The as-synthesized CDs
obtained at the optimum conditions was purified by conventional centrifugation
and filtration, which thereafter depicted as CDys9 was kept at 4 °C until further
use. The yield from 1 g of a-cellulose was determined to produce 28 mg of CDs

which was about 2.8% of the mass of starting material.
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3.4.2.3 Effect of pH

The stability of CDs at different pH conditions is crucial to be investigated in
order to maximize the applications of CDs. Hence, the effect of pH on the
fluorescence intensity of CDsys50 in aqueous solutions was investigated. The pH
of the CDs solutions were adjusted in the range of pH2 to 12 with sodium
hydroxide and sulphuric acid. The fluorescence of CDs suspended in different
pH solutions were then monitored at 435 nm when excited at 346 nm as shown
in Figure 3.18.
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Figure 3.18: (a) Variation of fluorescence intensity and (b) fluorescence
emission spectrum of CDs;5; in aqueous solutions of

different pH values.
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The fluorescence of CDsys59 decreased slightly at the low and high pH ranges
(Figure 3.18 (a)). However, no significant changes in the fluorescence of CDs5
could be observed in aqueous solutions with pH ranging from pH 4 to 8
indicated that CDsy50 were relatively stable over a wide range of pH. In addition,
Figure 3.18 (b) shows that the fluorescence emission spectrum of CDs did not
shift in aqueous solutions with different pH values. This result further confirms
that CDs;5¢ exhibited high stability over a wide pH range. This pH-independent
property has broadened the applications of CDsysy especially in the field of
chemical sensing in the environment where the pH is usually unpredictable due

to the presence of a wide range of contaminants.

3.4.3 Thermal Carbonization of L-Glutamic Acid

3.4.3.1 Effect of Pyrolysis Conditions

Beside a-cellulose, L-glutamic acid was also used as carbon source for the
synthesis of CDs via thermal carbonization as another comparison study. L-
glutamic acid which is also known as (2S)-2-aminopentanedioic acid in IUPAC
system is a non-essential amino acid that consists of two carboxyl groups and
one amine group with molecular weight of 147.13 g/mol [216]. Figure 3.19
illustrates the schematic diagram of production of CDs from L-glutamic acid by

thermal pyrolysis.
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Figure 3.19: Schematic diagram of CDs formation from L-glutamic acid.
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In a typical synthesis process, approximately 0.5 g of L-glutamic acid was
weighed into a crucible and carbonized in high-temperature furnace. The
carbonized product was then cooled to room temperature, resuspended in
ultrapure water and filtered through 0.22 um syringe filter to remove any large
undissolved particles. The optimum reaction temperature to carbonize L-

glutamic acid to obtain CDs with maximum fluorescence was investigated.

Figure 3.20 shows the photographs of the resultant products of L-glutamic acid
carbonized at different temperatures in furnace for 20 minutes under both
visible light and UV irradiation. Ultrapure water was included as a non-
fluorescence solution for comparison. Under visible light, a clear colour gradient
could be observed from clear, light brown, reddish brown, dark brown then
yellowish and finally light brown solutions. These solutions with different colour
gradients were obtained with increasing carbonization temperature from 200 to
400 °C. It was clearly shown that under UV exposure, the product obtained at
200 °C did not show obvious fluorescence. However, solutions obtained beyond

200 °C displayed bright blue fluorescence when viewed under UV light.
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Figure 3.20: Photographs of CDs synthesized by thermal pyrolysis of L-
glutamic acid at different temperature under (a) visible light

and (b) UV exposure.
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In order to further clarify the optimum temperature required for the production of
CDs from L-glutamic acid, the fluorescence intensity of the solutions obtained at
different temperature were appropriately diluted and measured with
fluorescence spectrophotometer as shown in Figure 3.21. After diluting 1 ml of
CDs stock solutions with 30 ml of ultrapure water, it was further confirmed that
200 °C was not high enough to carbonize L-glutamic acid into CDs because no
fluorescence could be observed or detected. CDs produced at 300 °C displayed
highest fluorescence intensity, followed by CDs obtained at 325 °C. However,
slight or almost no fluorescence could be detected for CDs obtained at even
higher temperatures at the same dilution factor. This indicated that CDs
obtained at temperature higher than 300 °C exhibited lower fluorescence
intensity that could not be detected at dilution factor of 1:30. Hence, the CDs
synthesized from thermal carbonization of L-glutamic acid at optimum condition
of 300 °C for 20 minutes was thereafter depicted as CDsg), and used for further

study.
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Figure 3.21: Variation of fluorescence intensity monitored at 440 nm

when excited at 365 nm for CDs prepared at different

temperatures.

Page | 72



3.4.3.2 Characterization of CDs

The absorbance, fluorescence excitation and emission of CDsg), synthesized by
thermal carbonization of L-glutamic acid at 300 °C for 20 minutes were
illustrated in Figure 3.22. A broad absorption band centred at around 300 nm
with a tail extending to the visible region could be observed in the absorption
spectrum. Such absorption band has been typically assigned to the n — =«*
transition [217, 218]. The CDsgy obtained from L-glutamic acid was found to
exhibit bright blue fluorescence when exposed under UV light as mentioned
previously. The fluorescence spectrum recorded using fluorescence
spectrophotometer further confirmed that the CDsg, emitted optimally at 440
nm which was in the range of blue PL region upon excitation at 365 nm. The
FWHM of the emission spectrum was determined to be approximately 92 nm
which was relatively narrow ( <100 nm) suggesting that the CDsg), obtained

exhibited homogenous sized distribution [56].

1 700
0.9 -1 (a) (b) (c) . 600
0.8 -
] - 500
§ 0.7 2
g 06 - 400 2
-,g 0.5 - o
] - 300 £
@04 =
< 0.3 - - 200 W
0.2 - 00
0.1 - I
0 0

240 290 340 390 440 490 540 590
Wavelength (nm)

Figure 3.22: The (a) absorbance, (b) excitation and (c) emission spectrum
of CDsg)y synthesized by thermal pyrolysis of L-glutamic

acid.
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Figure 3.23 (a) illustrates the fluorescence emission spectra of CDsgy
monitored over the excitation wavelengths of 330 to 410 nm, while Figure 3.23
(b) displays the contour plot of the corresponding fluorescence spectrum of
CDsgu-
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Figure 3.23: (a) Fluorescence emission spectra of CDsg, excited at
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increasing excitation wavelength from 330 nm to 410 nm; (b)

Contour plot of fluorescence spectrum of CDsgy,.
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The CDsg, obtained from thermal pyrolysis of glutamic acid exhibited
excitation-dependent PL properties (Figure 3.23). The emission wavelengths of
CDsgiy were relatively broad ranging from 350 to 450 nm when excited in the
range of 330 to 410 nm. As the excitation wavelengths increased, the emission
spectrum red-shifted to longer wavelengths. The excitation wavelength
dependence of the fluorescence emission could be reflected as either the
effects due to CDsg, particles with different sizes or the distribution of the
different emissive sites on CDsgy, [202]. Since the relatively narrow FWHM has
suggested that the CDsg, obtained from L-glutamic acid possess homogenous
particles size, thus the latter is more likely to cause the shift in the fluorescence
emission wavelengths of the CDsgy. It was reported that the surface oxidation
degree on the surface of CDsg, with homogenous size distribution may
contribute to the excitation-dependent properties [219]. Careful analysis of the
contour plot revealed that CDsg), exhibited maximum emission at 440 nm when
excited at 365 nm. Although the PL mechanism of CDsgy is not yet fully
understood, several general mechanisms have been suggested. This is related
to the surface energy traps or surface states, radiative recombinant, quantum

confinement effect and armchair and zigzag edge effects [71].

Other than ultrapure water, the effect of sodium acetate/acetic acid buffer
solution on the fluorescence emission of CDsgy, was investigated. Buffer
solution of approximately pH 5 was prepared using acetic acid which is a weak
acid and its conjugate base of sodium acetate. The isolated CDsgy, were
lyophilized and resuspended in different types of solvents, followed by
measuring the fluorescence emission spectrum using the fluorescence
spectrophotometer. Figure 3.24 shows the fluorescence emission spectrum of
CDsgiy suspended in two different solvents. The results clearly indicated that
neither significant change in the fluorescence intensity nor shift in the
fluorescence emission spectrum of CDsg), could be observed when suspended
in the two solvents. Fluorescence properties of CDsg), were found stable in both
ultrapure water as well as buffer solution. This has widened the range of

applications of CDsgy.
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Figure 3.24: Fluorescence emission spectrum of CDsg, suspended in
ultrapure water and sodium acetate/acetic acid buffer with
pH5.43.
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Quinine sulphate was used as standard for the determination of the quantum
yield of CDsgy. Fluorescence emission and absorbance of both the standard
and CDsgy were measured simultaneously. The fitting of integrated
fluorescence against absorbance as shown in Figure 3.25 was constructed to
calculate the quantum yield. The quantum yield of the CDsg), was determined to

be 11.1% which is comparable to the values reported in literature [79, 98].

CDs are commonly found to exhibit high photostability. In this study, the
photostability was determined by exciting the CDsg), continuously for a period of
60 minutes at 365 nm and the fluorescence intensity at 440 nm was recorded at

every 5-minute intervals as shown in Figure 3.26.
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Figure 3.26: Photostability measurement of CDsg;, monitored at 440 nm

upon excitation at 365 nm for 60 minutes.

The result reveals that CDsg, possessed high photostability with a negligible
decrease in fluorescence of only 0.45% over the period of 60 minutes. The yield
of CDsg, from thermal pyrolysis of L-glutamic acid was as high as 85.36% w/w.
Physiochemical properties of the various types of CDs obtained in this study are

summarized in Table 3.1 as follows.
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Table 3.1: Summary of the properties of different types of CDs.

CDsgreen CDsgiue CDs250 CDsglu
Starting L-glutamic
a-cellulose a-cellulose a-cellulose )
precursor acid
Method of Acid Acid Thermal Thermal
synthesis hydrolysis hydrolysis pyrolysis pyrolysis
PL colour Green Blue Blue Blue
Optimum 450 nm 357 nm 346 nm 365 nm
excitation
Optimum 500 nm 456 nm 435 nm 440 nm
emission
Photostability Low High High High
pH Dependent Dependent Independent -
Qy 6.4 % 4.0 % - 11.1%
Yield - 29.58 % 2.8 % 85.36 %

3.5 Conclusions

CDs as the recent rising star in the family of carbon nanomaterials have been
successfully synthesized in this study. a-cellulose as an environmental friendly
organic fiber was used as starting material for the synthesis of CDs via acid
hydrolysis and thermal pyrolysis approach. The fluorescence of CDs could be
altered by precisely control the synthesis conditions. CDs emitting bright green
and blue fluorescence could be produced from a-cellulose using facile acid
hydrolysis approach. Milder synthesis condition such as lower temperature
promoted the formation of CDs exhibiting bright green fluorescence (CDsgreen).
In contrast, higher temperature was favorable for the formation of blue emitting
CDs (CDsgjye). The CDsgreen Was found to be much less stable in terms of
photostability as compared to CDsgjue. The narrow pH range of CDsgreen makes
it a challenge to be isolated and used for further study. On the other hand,
CDsge that are stable over a wider range of pH was successfully isolated by

salting out method using acetone as solvent to promote crystallization. The
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optimum emission of CDsgren Was 500 nm when excited at 450 nm. The

optimum excitation and emission of CDsg,e were 357 and 456 nm respectively.

Beside acid hydrolysis, simple thermal pyrolysis was also employed to produce
CDs from a-cellulose. Thermal carbonization is a comparatively greener
approach because no acids are required. CDs with blue fluorescence were
successfully obtained from thermal carbonization of a-cellulose. The blue
fluorescence CDs exhibited optimum PL emission at 435 nm upon excitation at
346 nm. The optimum carbonization temperature and time in high temperature
furnace for the synthesis of CDs was optimized and found to be 250 °C and 30

minutes respectively. The CDs is thereafter depicted as CDs3s.

In addition to a-cellulose, L-glutamic acid which is one of the amino acids was
also used as carbon source for the synthesis of CDs. L-glutamic acid consists of
two carboxyl groups and one amine group could be self-passivated in one-step
synthesis by thermal carbonization. The CDs obtained from L-glutamic acid
exhibited bright blue fluorescence with optimum excitation at 365 nm and
emission at 440 nm. The optimum synthesis conditions were carbonized at
300 °C for 20 minutes in high temperature furnace. The CDs synthesized from
L-glutamic acid at optimum synthesis conditions is depicted as CDsg. The QY
of CDsg)y, was calculated to be 11.1 % using quinine sulphate as standard. This

QY was the highest among all the CDs produced in this study.
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Chapter 4 Interface Study on Carbon Dots and Its Potential as
Metal lons Sensing Receptors

4.1 Executive Summary

CDs have been extensively utilized as fluorescence detection probes for the
application of chemical sensing especially in the area of metal ions detection.
Surface functionalization which involves encapsulating a thin layer of capping
agent on the CDs surface is often employed to enhance the performance of

CDs for specific applications.

In this chapter, the analytical potentials of the different types of CDs
synthesized previously, namely CDsgreen, CDSgiue, CDsgiw and CDsys0 will be
evaluated. The metal ions sensing potentials of both CDsgreen and CDspye Were
investigated without further surface passivation or functionalization. On the
other hand, surface functionalization of CDsgy, and CDsysy with chitosan and
Tris(hydroxymethyl)aminomethane respectively will be discussed in detail. The
sensing applications of the different types of CDs for metal ions detection by

testing against various metal cations are also described.

The different CDs systems are found to exhibit distinct metal ions sensing
capabilities. In this chapter, several metal ions detection assays based on the
different CDs systems developed will be reported. Detailed discussions on the

analytical potentials of the four types of CDs systems are also provided.
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4.2 Introduction

Heavy metal contamination in the environment is of great concern worldwide.
Exposure to heavy metals can cause toxic effects to plants and human. The
adverse health effects of heavy metals have been extensively studied and have
been known for a long time. Due to the threatening effects of these heavy
metals, rapid detection and subsequently the removal from the environment are

always at urge.

Fluorescence CDs are non-toxic and possess unique physiochemical properties
and have captivated immense attention to be developed into sensitive probes
for detection of heavy metal ions. Post-synthesis steps such as surface
passivation and functionalization are often adopted to further improve the
optical and chemical properties, where at the same time to tailor specific feature

to suit certain application.

Different types of surface passivating agents ranging from simple molecules
exhibiting specific chemical functional groups to larger biomolecules that
possess bioactivities can be used. Chitosan (CS) is a biopolymer comprising D-
glucosamine and N-acetylglucosamine which can be derived from crustacean
shells by partial deacetylation of chitin [220]. CS possess good biocompatibility,
hydrophilicity, biodegradability, non-toxicity and chemical stability [221]. Most
importantly, CS was chosen as a capping agent for surface modification of

CDsgyy due to its excellent chelating ability with metal ions [222].

Besides, Tris(hydroxymethyl)aminomethane (TRIS) which is also known as 2-
amino-2-(hydroxymethyl)-1,3-propanediol or THAM is also employed as another
capping agent for surface functionalization of CDs2s50. TRIS comprises an amino
group that is sterically hindered by three hydroxyl methyl groups attached to a
tertiary carbon atom [223]. It is commonly used as pH buffers in biochemical
studies. Over the past few decades, TRIS was claimed to be a potential ligand
for metal ions due to the presence of a basic site, namely the amino group [224].
It is also reported that TRIS is able to form complexes with some metal ions
[225]. Due to this reason, TRIS was used as a capping agent for surface

functionalization of CDsy5¢ produced from a-cellulose.
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The metal ions sensing potentials of the different types of CDs synthesized in
this study were investigated. Bare CDsgreen and CDsgye synthesized from acid
hydrolysis of a-cellulose were evaluated for the metal ions detection capabilities
without further surface passivation and functionalization. In addition, two
different CDs systems based on CDsg), and CDsys0 were developed by surface
modification with CS and TRIS respectively. The interface study of the bare
CDs and their interactions with respective capping agents towards metal ions

detection was also investigated.
4.3 Experimental Design

4.3.1 Materials and Reagents

Metal salts of cadmium chloride (CdCl;), copper nitrate (Cu(NO3),, lead nitrate
(Pb(NO3)2, aluminium nitrate (Al(NOs3)s, nickel nitrate (Ni(NOs3)z, cobalt nitrate
(Co(NO3)2, magnesium nitrate (Mg(NOs)2, chromium nitrate (Cr(NOs3); and zinc
nitrate (Zn(NOg3), were purchased from Acros Organics. Sodium arsenite
(NaAsO;) and iron nitrate (Fe(NOs3)3) were purchased from Fisher Chemical.
Mercuric nitrate (Hg(NOs),) and mercuric chloride (HgCl,) were purchased from
Sigma Aldrich and Fisher Chemicals, respectively. Chitosan and
Tris(hydroxymethyl)aminomethane (TRIS) were used as capping agent in this
study. Chitosan (= 75% deacetylation degree) was purchased from Sigma
Aldrich whereas TRIS was purchased from 1% Base Chemicals. All chemicals
used were of analytical grade and used as received without further purification
unless otherwise stated. Ultrapure water obtained from Milipore Mili-Q
Advantage-A10 and Milipore Elix-5 water purification system (~18.2 MQ.cm,
25°C) was used throughout the study.
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4.3.2 Instrumentations

Fluorescence  measurements  were recorded using fluorescence
spectrophotometer (Cary Eclipse Varian). Appropriately diluted CDs sample
was transferred into a quartz cuvette of 4 clear sides with a path length of 1 cm
and the settings of both excitation and emission slits were altered accordingly to
obtain optimum fluorescence excitation and emission. UV-Vis absorption
spectra were obtained using UV-Visible spectrophotometer (Varian Cary 50)
within the range of 200 nm to 800 nm. Ultrapure water was used as reagent
blank for the absorbance measurement. Adjustment of pH was done by using a

pH meter (Mettler Toledo SevenEasy).

4.3.3 Surface Modification of CDs

The as-prepared CDsgreen and CDsge Obtained from acid hydrolysis of a-
cellulose at different reaction conditions were tested against different metal ions
without further surface modification. The CDsg, obtained from thermal pyrolysis
of L-glutamic acid in high temperature furnace at 300 °C for 20 minutes were
surface modified with chitosan. Whereas, CDsys5, prepared from thermal
pyrolysis of a-cellulose at 250 °C for 30 minutes were isolated and surface
functionalized with TRIS.

The interface study of the bare CDsgy, and chitosan towards its potential in
metal ions detection was investigated. Sodium acetate/acetic acid buffer
solution of pH 5 was used as aqueous medium for the interface study between
CDsgy and chitosan. CDsg)y, and chitosan with concentration of 10 mg/ml were
first suspended and dissolved in the buffer solution of pH 5 separately. Interface
study of CDsg, and chitosan was investigated by mixing equal volume of
chitosan solution to CDsgj,. Changes in fluorescence emission and absorption
before and after the addition of chitosan were measured using fluorescence
spectrophotometer and UV-Vis spectrophotometer.

On the other hand, surface functionalization was performed by mixing equal
volume of 0.5 M TRIS solution to CDsys50 solution. The mixture was then vortex
to mix well and left to stir for 10 minutes at room condition to facilitate chelating
balance. The optical properties of the bare and surface functionalized CDs;s5
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were recorded using fluorescence spectrophotometer and UV-Vis
spectrophotometer. The CDsy50 were then tested against various metal ions to

identify its potential as metal ions sensing receptors.

4.3.4 Metal lons Sensing Potential

The obtained CDs were suspended in ultrapure water to desired concentration
with the highest fluorescence emission. To investigate the potential of the CDs
as metal ion sensing probes, a series of stock solutions of metal ions with
concentration of 0.1 M was prepared from the respective metal salts in ultrapure
water. The different metal ions (Ni(ll), Cd(ll), As(ll), Al(lll), Zn(ll), Cr(lll), Co(ll),
Cu(ll), Fe(l), Mg(ll), Pb(Il) and Hg(ll) ions) from their respective stock solutions
were incubated with a prefixed volume of CDs. The fluorescence emission
before and after the addition of various metal ions were recorded using a

fluorescence spectrophotometer.
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4.4 Results and discussion
4.4.1 Potential of CDsgreen as Metal lons Sensing Receptors

4.4.1.1 Assay for Hg(ll) lons Detection

The presence of functional groups on the surface of CDsgren Can act as
potential sites for heavy metal cations interactions. The potential of CDsgreen as
analytical assay was evaluated. The final fluorescence intensity recorded was
normalized against the initial fluorescence of CDsgreen @s shown in Figure 4.1.
Among all the heavy metal cations tested, the florescence emission of CDs was
quenched by 55% in the presence of Hg(ll) ions whereas no significant change
in fluorescence can be observed for other heavy metal cations tested. It was
reported that the fluorescence quenching could be attributed to the non-
radiative electron transfer from the excited states to the d orbital of Hg(ll) ions
[226, 227].
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Figure 4.1: The normalized fluorescence intensity of CDsgeen recorded
at 500 nm in the presence of different metal ions at
concentration of 16.08 pM. The line represents the baseline

of initial intensity in the absence of metal ions.
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The assay was highly specific as it responded only towards Hg(ll) ions and
there showed low interference from the other heavy metal cations tested. Figure
4.2 illustrates photographs of CDsgreen incubated with different heavy metal
cations under visible light and UV exposure. The samples incubated with
various heavy metal cations appeared as yellowish brown and no distinct
difference in colour could be observed under visible light. However, under the
exposure of UV, it clearly showed that the fluorescence of CDsgren Was
effectively quenched by Hg(ll) ions. There was no significant change in
fluorescence upon addition of other heavy metal cations into the CDs solution.
Such result strongly demonstrates that the developed assay has outstanding
selectivity towards Hg(ll) ions. The high selectivity could be attributed to the
strong interactions between the carboxyl groups on CDsgreen surface and Hg(ll)
ions which resulted in fluorescence quenching through electron or energy
transfer [228].
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Figure 4.2: Photographs of CDsgen incubated with different metal ions

taken under (a) visible light and (b) UV exposure.
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4.4.1.2 Detection Assay on Real Water Samples

The high specificity and selectivity of the assay towards Hg(ll) ions have
suggested that it can be potentially applied for real water samples monitoring for
the purpose of pollution control. The analytical characteristic of the assay had
been evaluated by construction of the dynamic response range for Hg(ll) ions.
The change in fluorescence emission of CDsgreen in the presence of Hg(ll) ions
at different concentrations is shown in Figure 4.3. A concentration-dependent
trend was observed for the analytical assay. The fluorescence emission of the
CDsgreen decreased gradually as the concentration of Hg(ll) ions was increased
up to 160 uM. The fluorescence of CDsgren Was completely quenched at

concentration above 160 pM.
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Figure 4.3: The effect of quenching on the fluorescence intensity of
CDsgreen in the presence of Hg(ll) ions at different

concentrations monitored at 500 nm.
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Standard Stern-Volmer analysis had been adopted to model the quenching
profile of the developed analytical assay in the presence of Hg(ll) ions. The

Stern-Volmer relationship can be defined by the following Equation 4:
Fo/F = Ksy[C] + 1 (Equation 4)

where F, is the initial fluorescence emission of the CDs, F is the fluorescence
after addition of analyte, Ksy is the Stern-Volmer quenching constant and [C] is

the concentration of metal ions.

The Stern-Volmer plot as shown in Figure 4.4 shows a linear quenching profile
(Fo/F = 0.0955 [Hg(Il)] + 0.4493) of the assay with increasing concentration of
Hg(ll) ions. In accordance to the linear relationship derived from Stern-Volmer
plot, the Ksy obtained was 9.55 x 102 pM with coefficient determination or R?
value of 0.9955. The limit of detection (LOD) measured in this assay was
calculated to be 0.12 pM. The LOD value determined in this study is

comparable to the literature values reported elsewhere [229, 230].

18

16 - y = 0.0955x + 0.4493
R2 = 0.9955

14 -

12 |

FolFx

T T T T T T

*
0 20 40 60 80 100 120 140 160 180
[Ha(I)] (kM)

Figure 4.4: Stern-Volmer plot shows the dependence of F,/Fx on the

concentrations of Hg(ll) ions within the range of 0 - 160 uM.

Page | 88



Further study had been carried out to evaluate the practical application of the
assay for Hg (ll) ions detection in tap water samples. Tap water samples were
obtained from the lab without any pre-treatment. The tap water samples were
then spiked with known concentrations of Hg (ll) standard solutions. The
sample was then tested with the CDsgreen Using similar standard procedure and
the concentration was derived using the linear range response calibration. In
this case, the tap water did not cause any significant change in the CDsgreen
fluorescence, implying no or low concentration of Hg(ll) in the tap water. The
spiked samples had shown recovery above 95 % (Table 4.1). This result
indicates that the detection assay developed for Hg(ll) ions in this study has
great potential to be practically utilized for environmental water quality

monitoring and alarm system.

Table 4.1: Detection of Hg(ll) ions in real water sample spiked with

known concentrations of Hg(ll) ions.

Amount Spiked (uM) Amount detected (uM) Recovery rate (%)

30 28.68 95.60
45 42.90 95.33
60 58.68 97.80
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4.4.2 Potential of CDsg,,e as Metal lons Sensing Receptors

4.4.2.1 Detection Assay for Fe(lll) lons

The analytical potential of CDsgue synthesized by acid hydrolysis of a-cellulose
for metal ions sensing was also evaluated. Aqueous solutions of CDsg,. Were
incubated with a series of different metal ions solutions prepared from their
respective metal salts. The changes in fluorescence intensity with and without
metal ions solutions were immediately monitored at 456 nm when excited at
357 nm as shown in Figure 4.5. The result reveals that CDsg),e responded
specifically towards Fe(lll) ions. The fluorescence of CDsg,e Was quenched by
61.5% in the presence of Fe(lll) at a concentration of 400 yM. Under the same
conditions, no significant change in the fluorescence intensity of CDsg,e could
be observed when tested with other metal ions solutions. The result has
suggested that CDsg,c is a potential metal ions sensing receptors for specific

detection of Fe(lll) ions with low interference by other metal ions.
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Figure 4.5: Relative intensity of CDsg, at 500 nm in the presence of

different metal ions at concentration of 400 uM.
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The specific interaction between CDsg e and Fe(lll) ions could be explained in
terms of the ion selective structures of CDsg,e and the effect of charge transfer
[231]. The phenolic hydroxyl groups on the surface of CDsge Was suggested to
possess strong affinity towards Fe(lll) ions. Interaction between the hydroxyl
groups and Fe(lll) ions lead to formation of complexes due to coordination [166,
168]. The electronic structures and distributions of excitons of CDsgj,e Which
induce the acceleration of non-radiative recombination of excitons through
energy transfer may be subsequently changed by the complexes formed and

resulted in fluorescence quenching [231].

Sensitivity study of Fe(lll) ions using CDsgye as sensing probe was investigated
at different concentration of Fe(lll) ions in the range of 80-1960 uM. The
fluorescence quenching data was plotted as Stern-Volmer plot shown in Figure
4.6. Stern-Volmer plot reveals that the detection assay based on CDsgj, was
concentration-dependence. A good linear relationship of fluorescence
quenching and Fe(lll) ions with Ksy value of 3.40 x 10° M was demonstrated.
The LOD was determined based on the International Union of Pure and Applied
Chemistry (IUPAC) 3o criterion (LOD = 30/S where o depicted the standard
deviation of the intercept and S depicted the slope of the Stern-Volmer plot)
[231]. The value of LOD was determined to be 15.66 uyM. The result implies that
CDsgie can be potentially used for highly selective and quantitative detection of

Fe(lll) ions in aqueous medium.
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Figure 4.6: Stern-Volmer plot shows the dependence of F,/Fx on the

concentrations of Fe(lll) ions within the range of 80-1960 uM.
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4.4.3 Interface Study of Bare CDsg,, and Interaction with Chitosan

4.4.3.1 Surface Modification with Chitosan

Chitosan (CS) which is also a poly-B(1 — 4)-2-amino-2-deoxy-D-glucose is a
natural cationic biopolymer that comprises of one amino group and two hydroxyl
groups in a repeating unit of D-glucosamine [232]. Chitosan is only soluble in
acidic aqueous solution such as acetic acid. Due to this reason, sodium
acetate-acetic acid buffer of pH 5 was used as solution medium in this study.
Solubilization of CS in acidic medium is due to the protonation of —NH, groups
on the repeating unit of D-glucosamine [222]. CS become positively charged
upon dissolution in acidic solutions [220]. The effect of sodium acetate-acetic
acid buffer solution of pH 5 on the fluorescence of CDsg was reported in the
previous chapter (Figure 3.24) that neither significant change in fluorescence

intensity nor shift in the emission spectrum was observed.

In brief, CS solution was first prepared by dissolving the desired amount of CS
flakes in sodium acetate-acetic acid buffer solution of pH 5. Subsequently,
surface modification of CDsg, was carried out by stirring equal volume of
isolated CDsgj, and chitosan solution to promote physical adsorption of CS on
the surface of CDsgy. The absorption and fluorescence properties were
measured using UV-Vis and fluorescence spectrophotometer and the spectra
are shown in Figure 4.7. The absorbance of the broad absorption band centred
at around 300 nm with a tail extending to the visible region which may be
attributed to the n — m* transition and increased slightly after surface
modification with CS [217, 218]. As mentioned previously, CDsg, exhibited
optimum fluorescence emission spectrum centred at 440 nm when excited at
365 nm. Both excitation and emission spectrum showed no shift in wavelength

and intensity even after surface functionalized with CS.
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of bare CDsg)y, and CDsg,,/CS.
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Figure 4.8: Schematic diagram of functionalization of bare CDsg, with

chitosan for Hg(ll) ions detection.

The CS-modified CDsgy, Wwhich is thereafter denoted as CDsg/CS
nanoparticles were found to enhance the sensitivity in Hg(ll) ions detection.
Schematic diagram of surface modification of bare CDsgy, with chitosan for
enhanced sensitive detection of Hg(ll) ions is illustrated in Figure 4.8. CS was
incorporated onto the surface of CDsgy, by stirring to facilitate chelating balance.
Eventually, the CS particles would physically adsorb on the CDsg surfaces
without the need of any coupling agents. Physical adsorption is also known as
physisorption. Forces such as Van der Waals interaction, London dispersion

forces and intermolecular repulsion are often involved in physisorption [233].
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Sensitivity study was investigated by measuring the fluorescence emissions of
both bare CDsg, and CDsg,/CS in the presence of different concentrations of
Hg(ll) ions when excited at 365 nm. The fluorescence emission spectra of bare
CDsgiy and CDsg/CS in the presence of different concentration of Hg(ll) ions
were shown in Figure 4.9. The fluorescence of both CDsgy, and CDsg,/CS
decreased gradually with increasing concentration of Hg(ll) ions which
suggested that the bare and surface modified CDsg), were sensitive to Hg(ll)

concentration.
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Figure 4.9: Fluorescence emission spectra of (a) bare CDsg, and (b)

CDsci,/CS in the presence of different concentration of Hg(ll)

ions.
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Stern-Volmer plot as shown in Figure 4.10 was generated from the fluorescence
quenching data. The result revealed that two linear equations could be
generated for both bare CDsg, and CDsg/CS in the concentration range of
20-100 uM and 130-2080 uM.

The detailed analytical performance for the detection of Hg(ll) ions for the two
types of carbon nanoparticles is presented in Table 4.2. The LOD for bare
CDsgy in the concentration range of 20—100 yM and 130-2080 uM were 0.54
MM and 4.27 uM, respectively. On the other hand, the LOD for CDsg,/CS in the
range of 20—100 yM was 0.18 uM, whereas it was 1.63 uM in the range of 130—
2080 pM. This result shows that surface modification of CDsg, with CS could
improve the sensitivity of Hg(ll) ions detection and enhance the LOD by at least
60%. The enhancement in LOD was calculated by [(Final LOD - Initial
LOD)/Final LOD] x 100%. The LOD values determined in this study are

comparable to the values reported in literature [172, 176].

Table 4.2:  Analytical performance of CDsg, and CDsg,/CS for Hg(ll)

ions detection.

Carbon Concentration LOD Determination
] Regression Equation o )
Nanoparticles Range (uM) (M) Coefficient (R)

D 20-100 0.54 y=0.0039x + 1.0721 0.8944

S
eu 130-2080 427 y=0.0005x + 1.4802 0.9773
20-100 0.18 y=0.0083x + 1.0919 0.9478
CDsgi/CS
130-2080 1.63 y=0.0009x + 1.8705 0.9927
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4.4.3.2 Interference Study

The selectivity of the sensing system was evaluated in the presence of other
possible interfering metal ions such as Ni(ll), Cd(Il), As(ll), Al(lIl), Zn(ll), Cr(lll),
Co(ll), Cu(ll), Fe(lll), Mg(ll) and Pb(ll) ions. The fluorescence intensity in the
absence and presence of the possible interfering ions were recorded at 440 nm
upon excitation at 365 nm. The relative fluorescence intensities were

normalized against the initial fluorescence and presented in Figure 4.11.
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Figure 4.11: Relative intensity of bare CDsg, and CDsg,,/CS in the

presence of different metal ions at concentration of 330 pM.

Under the same reaction conditions, most of the tested metal cations did not
significantly affect the fluorescence of both CDsg, and CDsg,/CS. However, it
was observed that Fe(lll) ions could be a potential interfering ions that would
also quench the fluorescence of both CDsg), and CDsg /CS. It was observed
that the fluorescence of both bare CDsg), and CDsg/CS were quenched by
Fe(lll) ions up to approximately 40%. This result implies that the quenching of
Fe(lll) ions was barely due to the interaction between CDsgy, and Fe(lll) ions.
The CS present on the surface of CDsg,/CS would not interact with the Fe(lll)
ions. This in turn indicated that CS adsorbed on the surface of CDsg,/CS would
only enhance the sensitivity for Hg(lll) detection but remained inert towards
Fe(lll) ions.
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Figure 4.12 shows the photographs of bare CDsgy, and CDsg/CS in the
presence of possible interfering metal cations under UV exposure. The
photographs also indicated that Fe(lll) ions was a potentials interfering metal

cations that would also quench the fluorescence of both bare CDsg, and

CDsqi/CS.
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Figure 4.12: Photograph of (a) bare CDsg, and (b) CDsg,/CS incubated

with various interfering metal ions under UV exposure.
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4.4.4 Surface Functionalization of CDs 59 with TRIS

4.4.4.1 Interaction between CDs 259 and TRIS

CDs3ys50 obtained by thermal carbonization of a-cellulose without involved any
acid solutions were further studied. The CDsys59 were surface modified with
TRIS solution. UV-Vis spectrophotometry was adopted to study the binding
interaction of CDsys50 and TRIS. The change in UV-Vis spectra of CDysp in
ultrapure water at different concentrations of TRIS was monitored. The UV-Vis

spectrum is shown in Figure 4.13.
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Figure 4.13: Absorption spectra of CDs,5 in the presence of different

concentration of TRIS solution.

Bare CDs;5 dissolved in ultrapure water exhibited a strong absorption band at
270 nm with a tail extending to the visible region. The absorption peak at 270
nm decreased with increasing concentrations of TRIS solution. An isosbestic
point centered at 230 nm was eventually observed. Isosbestic point can be
referred to a set of absorption spectra where the sum of concentrations of two
principal absorbing components is constant, when plotted on a same graph for
a set of solutions [234]. Isosbestic point commonly appeared when electronic

spectra are determined on a solution in which a chemical reaction such as
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formation of product from reactant is in progress or on a solution in which two
absorbing components are in equilibrium [234]. The clear isosbestic point as
shown in Figure 4.13 indicated the formation of complexes as a result of
interaction between TRIS and CDsy5p. Hence, it is most likely that the CDsys
nanoparticles were successfully modified with TRIS due to the formation of

complexes.

4.4.4.2 Potential in Metal lons Sensing

The metal ions sensing potential of both bare CDsy50 and TRIS-functionalized
CDs250 (CDs250/TRIS) were investigated by testing against various metal ions.
The fluorescence intensity ratio of (Fo-Fx)/Fx in the presence of different metal

ions for both CDs59 and CDs250/TRIS solutions are shown in Figure 4.14.

1.0
mCDs
09 | 250
CDs./TRIS
0.8
0.7
0.6

0.2 4

[ n
00 : - -

As(Il) (E(II) I(II) Cu(ll) Hg(t) Mgt II) Pb(ll) Zn(Il) .III) CrIIi).Fe(III)

0.2
Metal lons
Figure 4.14: Various fluorescence intensity ratio (F,-Fx)/F, of the
solutions of CDs;5p and CDs,5/TRIS in the presence of

different metal ions.

From the figure, no significant changes in the fluorescence intensity of CDsys0
and CDsy50/TRIS could be observed for most of the metal cations tested.

However, the fluorescence of both bare CDsys5p and CDs,50/TRIS were
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quenched in the presence of Fe(lll) ions. The quenching of fluorescence in the
presence of Fe(lll) ions is most likely attributed to the complex formation
between phenolic hydroxyl groups that were found present on the surface of
bare CDsy50 and Fe(lll) ions. The fluorescent turn-off mechanism may be
ascribed to the charge transfer occurred between the excited CDsgs0 and Fe(lll)
ions as well as due to the restrained exciton recombination [166]. This result is
in agreement with the fluorescent turn-off mechanism for detection of Fe(lll)

ions as reported elsewhere [235-237].

Interestingly, it was realized that the CDs,5o that were initially inert to Co(ll) ions
were found responsive towards Co(ll) ions after functionalized with TRIS. The
fluorescence of CDsy50/TRIS was quenched up to 50% in the presence of Co(ll)
ions. The fluorescence quenching in the presence of Co(ll) ions is possibly due
to the energy and charge transfer between CDs,50/TRIS and the complex
formed during aggregation [238-240]. Li et al. have proved that interaction
between CDs and Co(ll) ions would lead to complex formation and ultimately
quenching in fluorescence as a result of complex aggregations [241]. A typical
Stern-Volmer plot was constructed as shown in Figure 4.15 to determine the

effect of the concentrations of Co(ll) ions on fluorescence quenching.
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Figure 4.15: Stern-Volmer plot shows the dependence of F,/Fx on the

concentrations of Co(ll) ions within the range of 0-1870 uM.
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The Stern-Volmer plot shows a good linear relationship in the linear range up to
1870 uM with LOD of 16.84 uM. The result implies that the CDs250/TRIS system

could be potentially used as sensitive fluorescence turn-off probe for Co(ll)

sensing upon further development. A summary of the analytical potentials of the

different CDs sensing assays developed is shown in Table 4.3 as follows.

Table 4.3: Summary of the analytical potentials of the different CDs
sensing systems.
CDSGreen CDsBlue *CDSG"_]/CS CDSZ50/TRIS
Analyte Hg(ll) Fe(lll) Hg(ll) Co(ll)
Read Out Turn off Turn off Turn off Turn off
Linear
0-160 80-1960 20-100 | 130-2080 0-1870
Range (uM)
LOD (uM) 0.12 15.66 0.18 1.63 16.84
Ksv 9.55x107 | 3.40x10° | 8.30x10° | 9.00x10* | 2.50x10°
R? 0.9955 0.9983 0.9478 0.9927 0.9983
Interfering
- - Fe(lll) Fe(lll)
lons
Real Sample | Tap Water - - -

* The CDsg/CS sensing system was reported to exhibit two linear ranges.
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4.5 Conclusions

Different metal ions detection assays have been developed in this study.
CDsgreen and CDspge synthesized by acid hydrolysis of a-cellulose under
properly controlled synthesis conditions have found applications as
fluorescence turn off sensing probes for detection of Hg(ll) and Fe(lll) ions,
respectively. Practical application of CDsgreen in real water samples has also
been demonstrated in spiked tap water samples with high recovery rates of
above 95%.

Besides, CDsg), obtained from thermal pyrolysis of L-glutamic acid have been
successfully surface functionalized with CS and applied for Hg(ll) ions sensing.
The functionalized CDsg/CS nanoparticles have found to enhance the
sensitivity for Hg(ll) ions detection. In addition, present study has also
successfully demonstrated that TRIS can be employed as a capping agent to

surface functionalize CDssq for sensitive detection of Co(ll) ions.

However, the results have shown that Fe(lll) ions are potential interfering ions
that might interfere with the sensing potential of both CDsg,/CS and
CDs250/TRIS. Therefore, further study on overcoming the effect of interfering
ions is required to further develop the systems into highly specific analytical

sensing probes for rapid and sensitive detection of metal ions.
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Chapter 5 Binding Isotherms of Carbon Dots

5.1 Executive Summary

Surface passivation or functionalization of CDs is typically constructed to tailor
the applications of CDs in various fields. Although immense studies had been
carried out to surface functionalize CDs with diverse capping agents, reports on

binding isotherms are relatively scarce.

In this chapter, binding isotherms study using spectroscopic technique has been
employed to the system of CDs50/TRIS as a study model. The presence of
Co(ll) ions was found to sensitively quench the fluorescence of the CDs,50/TRIS
system. Hence, Co(ll) ions was used as the targeted analytes for the system.
Ni(ll) ions that is inert to the CDs250/TRIS system was also included as a
reference model. Standard binding analysis methods such as mole ratio method,
Stern-Volmer analysis, double log regression and modified Scatchard methods
were employed to study the binding isotherms of the CDs,50/TRIS system. The
binding isotherms that describe the relationship between binding affinity of the
system towards its targeted analyte and the change in optical properties were

established.

Besides, immobilization of CDsys0 in solid matrix that could be potentially
applied for optical fibers was also studied. Sodium alginate that exhibit great
capability of forming gel beads in the presence of divalent metal cations was
used as a solid support for entrapment of CDs,5,. CDs encapsulated alginate

beads were produced successfully in this study.
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5.2 Introduction

CDs have emerged as superior carbon nanoparticles that have been
extensively studied for various applications in different fields. Post-synthesis
strategies are often carried out to enhance the sensitivity and specificity of CDs
for desired applications. In the area of chemical sensing, surface
functionalization of CDs is always performed to impart CDs as sensitive probes
for specific detection of one type of targeted analytes. For instance, Campos et
al. have fabricated PAMAM-NH, functionalized CDs for specific detection of 4-
chloro-2,6-dinitroaniline which is an explosive nitrocompound [242]. B-amino
alcohol functionalized CDs were also prepared by Wang et al. for selective

detection of Cu(ll) ions under basic conditions [170].

Although considerable studies on surface functionalization of CDs as specific
fluorescence nano-sensors have been reported, there are still limited studies on
the binding isotherms of CDs. In this study, binding parameters of the
interaction between surface-modified CDs and targeted metal ions were
extracted using spectroscopic analysis. The binding isotherm that correlates the
binding affinity and optical properties of surface functionalized CDs bound with
targeted metal ions were investigated and established by employing standard

mathematical models.

Practical applications of CDs in optical fibers have triggered research into
immobilization of CDs in matrices. One of the challenges in the immobilization is
to retain the properties of CDs in the immobilized form. Moreover, leaching of
CDs from the matrix should be prevented and at the same time, the matrix must
be permeable to the solvent used and the analytes [243]. Several common
immobilization approaches on optical fibers include covalent attachment [244],

sol-gel immobilization [245] and immobilization on solid support [246].

Encapsulation made in an ionic polysaccharide solution added dropwise into a
divalent cation solution to form insoluble gel beads is a simpler technique of
immobilization [247]. Alginate is a naturally occurring carbohydrate polymer is
typically used in conjunction with calcium ions as crosslinker to form alginate

beads [248]. Alginic acid is a biopolymer derived from brown algae and it

Page | 104



contains carboxyl groups that can form complexes with metal ions [249]. In this
study, attempt in immobilization of CDs by encapsulation in alginate beads was

explored and discussed.
5.3 Experimental Design

5.3.1 Materials and Reagents

Alginic acid sodium salt which is also known as sodium alginate was purchased
from Sigma Aldrich. Calcium chloride was purchased from Bendosen. Metal
salts of Ni(NOs), and Co(NOs), were purchased from Acros Organics. TRIS was

purchased from 1%

Base Chemicals whereas a-cellulose for the synthesis of
CDs250 was purchased from Sigma Aldrich. All chemicals used were of
analytical grade and used as received without further purification unless
otherwise stated. Ultrapure water obtained from Milipore Mili-Q Advantage-A10
and Milipore Elix-5 water purification system (~18.2 MQ.cm, 25°C) was used

throughout the study.

5.3.2 Spectroscopic Determination of Binding Isotherms

Fluorescence  measurements  were  recorded using  fluorescence
spectrophotometer (Cary Eclipse Varian). Appropriately diluted aqueous
solution of CDs sample was transferred into a quartz cuvette of 4 clear sides
with a path length of 1 cm. The settings of excitation and emission slits were
both fixed at 10 nm. UV-Vis absorption spectra were obtained using UV-Visible
spectrophotometer (Varian Cary 50) within the range of 200 nm to 800 nm.

Ultrapure water was used as blank for the absorbance measurement.

5.3.3 Encapsulation of CDs

CDs were immobilized in sodium alginate beads in present study. In a typical
attempt, initial solution of sodium alginate was prepared by accurately weighed
0.1 g of sodium alginate powder and added with 5 ml of ultrapure water. The
mixture was then heated on a hotplate with constant stirring to fully dissolve the
sodium alginate and to form homogenous solution. The sodium alginate solution
was cooled to approximately 35-40 °C before added with the CDsy59 suspended

in 5 ml of ultrapure water. The final concentration of the sodium alginate
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solution containing CDsy50 was now approximately 1% w/v. The solution was
then dripped dropwise using a syringe needle into a beaker containing 150 ml
0.1 M calcium chloride solution under constant stirring. The alginate beads
formed were then strained and wash several times with ultrapure water and air

dried at room temperature.

5.4 Results and discussion
5.4.1 Binding Isotherms Analysis

5.4.1.1 Absorption and Stoichiometry of Co(ll)-CDs25¢/TRIS Complex

The analytical potential of CDs,50/TRIS in the presence of various metal cations
was identified in the previous chapter. The intriguing result (Figure 4.14)
revealed that surface functionalization has caused the fluorescence intensity of
CDs250/TRIS to be quenched up to 50% in the presence of Co(ll) ions while no
significant difference could be observed for the other metal cations. Due to this
reason, this system was adopted for further study in terms of binding isotherms.
Ni(ll) ions that was found inert towards the CDs250/TRIS system was used as a
negative control. Spectroscopic techniques employing both UV-Vis and
fluorescence spectroscopy were used to study the binding isotherms of the
system. The absorption spectra of CDs,5,/TRIS in the presence of different
concentrations of Ni(ll) and Co(ll) ions were shown in Figure 5.1 and Figure 5.2

respectively.
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Figure 5.1: Absorption spectra of CDs5/TRIS in the presence of Ni(ll)

ions at different concentrations. Inset: Absorption spectra of

different concentrations of Ni(ll) ions.
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Presence of isosbestic point in electronic absorption spectra is often used as an
indication of formation of complexes or products from reactants [250, 251]. In
the presence of Ni(ll) ions, there was no obvious isosbestic point could be
observed from the absorption spectra of CDs,5)/TRIS as shown in Figure 5.1.
The absorption bands centred at 300 nm, 400 nm and 700 nm were found to
increase as the amount of Ni(ll) ions titrated into the system increased. Similar
trend was also observed in the absorption spectra of Ni(ll) ions as shown in the
inset of Figure 5.1. Hence, the three absorption bands were suggested to be
attributed to the absorption by Ni(ll) ions. The gradual increase in the
absorbance of the CDs50/TRIS were purely due to the increasing amount of

Ni(Il) ions in the system.

On the other hand, a clear isosbestic point at 440 nm was observed in the
absorption spectra of CDs,5/TRIS in the presence of Co(ll) ions as shown in
Figure 5.2. This indicates that the presence of two species in equilibrium due to
formation of complexes as a result of interaction between CDs,5/TRIS and
Co(ll) ions [252]. The inset of Figure 5.2 shows the absorption spectra of Co(ll)
ions at different concentrations. A broad absorption band centred at 510 nm
was found to increase with increasing concentrations of Co(ll) ions. Therefore, it
is most likely that the absorption band centred at 510 nm of the absorption
spectra of CDsy50/TRIS system (Figure 5.2) was attributed to the increasing

amount of Co(ll) ions in the system.

Mole ratio plot is commonly employed to determine the stoichiometry of
complex where the absorbance values are plotted against the corresponding
mole ratio [253, 254]. The variation of absorbance at 400 and 440 nm of the
CDs250/TRIS system in the presence of Co(ll) ions at different concentrations

are illustrated in Figure 5.3 as mole ratio plots.
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Figure 5.3: Mole ratio plot for the interaction of Co(ll) ions with TRIS.

From the figure, it was observed that the absorbance monitored at 400 nm was
first increased up to mole ratio of 1 then decreased. Concurrently, the
absorbance monitored at 440 nm which was also the isosbestic point increased
as the value of mole ratio increased up to mole ratio of 1. Beyond that point, the
absorbance values were kept constant at higher mole ratio of [Co(ll)] to [TRIS].
It was suggested that these trends could be implied that the formation of
complexes as a result of interaction between Co(ll) ions and TRIS had reached
equilibrium. TRIS molecules present in the system were being used up as
reflected by the decrease in the absorbance values at 400 nm beyond mole
ratio of 1. Therefore, the amount of complexes formed from the reaction was
limited as indicated by the constant absorbance values monitored at 440 nm
because TRIS molecules had become a limiting factor in the system although
Co(ll) ions were present in excess. The stoichiometry of the interaction between
Co(ll) ions and TRIS was found to be 1:2 ([Co(I]:[TRIS]) from the mole ratio
plots.
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5.4.1.2 Stern-Volmer Analysis

Standard Stern-Volmer method was also employed to analyse the fluorescence
quenching data. The Stern-Volmer plots based on the fluorescence quenching
of CDs250/TRIS in the presence of Co(ll) and Ni(ll) ions were illustrated in Figure
5.4. Ultrapure water was used as baseline to normalize the effect of dilution due

to the increasing volume.

4 Co(ll) ions
m Ni(ll) ions y =2.5322x+0.9459
5 Ultrapure water R?=0.9983
4
h
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R?=0.8362

y = 0.0099x + 0.9979
R#=0.3818

00 02 04 06 08 10 12 14 16 18 20
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Figure 5.4: Stern-Volmer plot for binding of CDs25,/TRIS to Co(ll), Ni(ll)

ions and ultrapure at different concentrations.

Fluorescence quenching of CDss0/TRIS by Co(ll) ions was found to be
concentration-dependent with good linear relationship. Significant quenching
could be observed for Co(ll) ions with linear profile of Fo/Fx = 2.5322 [Co(ll)] +
0.9459 with R? value of 0.9983, where 2.5322 mM is the Ksy value. TRIS could
interact with metal cations by formation of different types of bonding, namely the
purely coordinate metal-oxygen bond, metal-nitrogen bond and coordinate-
covalent bond with alkoxy oxygen as shown in Figure 55 a, b and ¢

respectively [255].
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Figure 5.5: Different types of bonding formed between TRIS and Co(ll)
ions [254].

The interaction between TRIS and Co(ll) ions involved 3 stepwise complex
formation, in which the different species formed were [Co(TRIS)]2+,
[CO(TR'S)2]2+ and [Co(TRIS)3]2+ [256]. Hence, the fluorescence quenching of
CDs250/TRIS by Co(ll) ions could be due to the interruption of the photoinduced
charge separation and radiative recombination of CDs upon deposition of the

complexes on the surfaces of CDs250/TRIS [239].

The Stern-Volmer plot of Ni(ll) ions (Figure 5.4) shows a slightly elevated
gradient (Ksy = 0.1346 mM) when compared to the baseline of ultrapure water
(Ksy = 0.0099 mM). Although no clear isosbestic point could be observed in the
absorption spectra of CDs»50/TRIS in the presence of Ni(ll) ions as mentioned
previously (Figure 5.1), it was reported that Ni(ll) ions would interact with TRIS
and form complexes such as [Ni(TRIS)]?*, [Ni(TRIS),]** and [Ni(CsH4N2)]* [257].
However, the reaction between Ni(ll) ions and TRIS was claimed to be
extremely slow. Bologni et al. realized that reaction performed by ordinary
titration may last several days, even then equilibrium may not be reached at all
points [258]. Hence, it was suggested that the slight elevation could be

attributed to the slight interaction between Ni(ll) ions and TRIS.
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5.4.1.3 Double Log Regression Model

Static fluorescence quenching involves the formation of non-fluorescent
complex as a result of interactions between reactants [259]. The number of
binding sites (n) and binding constant (Ka) of a static quenching process can be
obtained from a regression curve deduced based on the quenching reaction as
Equation 5 [260, 261].

nQ+B =—=—Q,B (Equation 5)

Based on the quenching reaction, the binding/ association constant, Ka can be

obtained as Equation 6.

_ o8]
A™ Qn(e]

(Equation 6)

where [Q] depicted concentration of quencher which is the metal ions in this
case, [B] depicted concentration of the ligand of CDsys0/TRIS and [Q,B]
depicted the concentration of non-fluorescent complex formed as a result of the
reaction. The total concentration of ligand, [B,] can be expressed as Equation 7,

where [B] is the concentration of unbound molecules.
[Bo] = [QnB] + [B] (Equation 7)

The fluorescence intensity is proportional to the concentration of the ligand

which can be written as shown in Equation 8.
=== (Equation 8)

From the above equations, the equilibrium between free and bound molecules

can be describes as Equation 9.

Fo-F
F

log—=—=log K5 n log[Q] (Equation 9)

Where K and n can be derived from a plot of log(F, — F)/ F versus log[Q] as

shown in Figure 5.6.
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The value of n for Co(ll) ions was determined to be 1.0526 which is
approximately equals to 1 indicated that there was only one kind of binding site
present on the CDs,50/TRIS nanoparticles for the binding of Co(ll) ions [262].
The Ka value for binding of Co(ll) ions was calculated to be 3525.3 L/mol which
was greater than that of Ni(ll) ions which was found to be 2.9 L/mol. The binding
affinity of CDs»50/TRIS to Co(ll) ions was found to be much more stronger when
compared to that of Ni(ll) ions. Hence, the result evidenced that higher
fluorescence quenching could be induced by stronger binding affinity between
CDs250/TRIS and Co(ll) ions.
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5.4.1.4 Modified Scatchard Method

Modified Scatchard method as described by Levine was also adopted to model
the binding data in order to determine the Ka and n for the interaction of Co(ll)
and Ni(ll) ions with CDs250/TRIS system [263]. For the first binding site where R
= 1.0, the maximal quenching of fluorescence, m; can be expressed as

Equation 10 as follows.

m,=F,-F4 (Equation 10)

where Fo is the initial fluorescence of metal ions in the absence of ligand and
F1 is the fluorescence intensity at metal ions/ ligand ratio of 1.0. Therefore,
fractional quench, Q for an observed fluorescence, F can be written as Equation
11.

_ FoF_ FoF
m1 FO-F1

(Equation 11)

Since quenching is linearly related to binding, hence, Equation 12 is given as

follows.

M g
Ly

Q=

(Equation 12)

where [M]s represents the concentration of metal ions bound by ligand and [L];
is the total ligand concentration. Following that, the concentration of

free/unbound metal ions, [M*]r can be expressed as Equation 13.
M ]=[M]-[M]=[M]-QlLls (Equation 13)
The concentration of free/ unbound ligand is written as Equation 14.
Le=L-[M ] =(1-Q) L, (Equation 14)

By substituting Equation 12 — 14 into the association constant equation as

described in Equation 6, the following Equation 15 and 16 could be obtained.

AT () (Im T-alLy)

(Equation 15)
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Q
(1-Q(M J/L+QL

Ka= (Equation 16)

Since the ratio, R can be written as Equation 17 as follows:

R=[Ni—]T (Equation 17)
T

Thus, Ka can be re-expressed as Equation 18 as shown below.

Q

Ka= (1-Q(R-Q) L ¢

(Equation 18)
The above equation can then be transformed into Scatchard equation as
described in Equation 19 below.

Q _ Q

nKA-KAQ= [M ]F (RQ)L;

(Equation 19)

The value of K and n can then be determined from a least square modified
Scatchard plot of Q/[M*]r versus Q. The slope of the modified Scatchard plot is
equivalent to -Ka while the X-intercept gives the value of n. The modified
Scatchard plot obtained from the fluorescence quenching data of the
CDs250/TRIS system in the presence of Co(ll) and Ni(ll) ions was shown in

Figure 5.7.
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Figure 5.7: Modified Scatchard plot for the interaction of Co(ll) and Ni(ll)

ions with CDs,50/TRIS system.
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The value of K for the interaction between CDsys50/TRIS with Co(ll) ions
determined from the slope of modified Scatchard plot as shown in Figure 5.7
was found to be 7054.6 L/mol whereas for that of Ni(ll) ions was determined to
be 201.8 L/mol. This result further confirmed that at the same reaction
conditions, the binding affinity of CDs,50/TRIS to Co(ll) ions was stronger when
compared to the interaction with Ni(ll) ions. The values of n for the binding of
CDs250/TRIS to Co(ll) and Ni(ll) ions were found to be 1.0228 and 1.8026
respectively. The binding parameters determined using standard Stern-Volmer
analysis, double log regression model and modified Scatchard method were

summarized in Table 5.1.

Table 5.1:  Quenching parameters for binding interaction between
CDs250/TRIS with Co(ll) and Ni(ll) ions.

] Binding Analyte
Analysis Model
Parameters Co(ll) ions Ni(ll) ions

Ksv (mM) 2.5322 0.1346

Stern-Volmer 5
R 0.9983 0.8362
Ka (x 10° L/mol) 3.5253 0.0029

Double Log

. n 1.0526 0.4633

Regression )
R 0.9977 0.9754
3 Ka (x10° L/mol) 7.0546 0.2018

Modified

n 1.0228 1.8026

Scatchard )
R 0.8777 0.7877

From Table 5.1, the values of binding constant (Ka) for interaction of
CDs250/TRIS with Co(ll) ions and Ni(ll) ions determined from the two different
models, namely double log regression and modified Scatchard analysis were in
good agreement. Both binding models shows that CDs,5)/TRIS exhibited
stronger binding affinity towards Co(ll) ions when compared to Ni(ll) ions.
Besides, the number of binding site (n) for Co(ll) ions determined from both
double log regression and Scatchard method showed that n equals to
approximately 1 indicated that there was only one binding site for Co(ll) ions in
the CDs250/TRIS system. However, the n value for Ni(ll) ions determined from

double log regression was found to be 0.4633 whereas the result obtained from
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modified Scatchard showed that n = 1.8026. Coefficient of determination (R?)
can be defined as the percentage of variability in the dependent variable, which
is commonly employed to analyse the fitting degree in linear regression analysis
[264, 265]. Value of R? is usually ranging from 0 to 1 where high R? value
corresponds to best fit in linear regression analysis [266]. Therefore, it was
suggested that double log regression model could provide results with higher
accuracy because the R? values for both Co(ll) and Ni(ll) ions were relatively

high when compared to that of modified Scatchard analysis.

5.4.2 CDs Immobilization on Alginate Beads

Alginate is a biodegradable linear copolymer derived from marine algae. It is
composed of D-mannuronic acid (M) and L-guluronic acid (G) [267]. The
structures of D-mannuronic acid and L-guluronic acid are illustrated in Figure
5.8.

D-mannuronic acid (M) L-guluronic acid (G)

Figure 5.8: Chemical structures of D-mannuronic acid and L-guluronic

acid.

Alginate is commonly used for entrapment of drugs and biological molecules
due to its capability to crosslink in the presence of bivalent cations by ionotropic
gelation [268]. In this study, attempt to encapsulate CDsy5 in alginate beads
was carried out using calcium chloride as crosslinking solution. The steps of

immobilization CDsys in alginate beads was illustrated in Figure 5.9.
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Figure 5.9: Schematic presentation of preparation of CDsys5

encapsulated alginate beads.

In a typical process, sodium alginate solution was heated to completely dissolve
the sodium alginate powder. The sodium alginate suspension was left cool prior
to the addition of CDsy5p solution to avoid excess heating that could possibly
alter the properties of CDs259. The CDsysp/sodium alginate solution was then
dripped dropwise into the calcium chloride solution using a syringe needle. It
was observed that alginate beads were formed immediately once the
CDsgs0/sodium alginate solution was dripped into the solution of calcium
chloride. The alginate beads formed would initially stay on top of the solution
and eventually sunk as a result of increase in density, where this process is
known as the maturation step [269]. The elasticity of alginate beads could be

adjusted by constant stirring in the calcium chloride solution [270].

It was reported that crosslinking in the poly-G segments involved carboxyl and
hydroxyl groups by primary valences and secondary valences, respectively
[271]. The alginate beads formed were then collected and washed several times
with ultrapure water and air dried. The size of the alginate beads were reduced
after air dry in room conditions for few days. In order for comparison, plain
alginate beads without the addition of CDsys0 were also produced using the
same protocol by substituting the CDsy5p solution with ultrapure water. The
photographs of air-dried plain alginate beads and CDs;s5, encapsulated alginate

beads were shown in Figure 5.10.
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Figure 5.10: Photographs of air-dried (a) plain alginate beads and (b)

CDs250 encapsulated alginate beads under visible light; (c)
plain alginate beads and (d) CDs25 encapsulated alginate

beads under UV exposure.

It was observed that under visible light, both plain and CDsy59 encapsulated
alginate beads showed similar physical appearance with similar sizes and
shapes. When exposed under UV, it was clearly seen that only CDsys5
encapsulated alginate beads displayed bright blue fluorescence but no
fluorescence was observed for the plain alginate beads. The result shows that
encapsulation of CDsys0 in alginate beads was successfully demonstrated and

brings a step closer to the practical applications of CDs as fluorescence sensors.
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5.5 Conclusions

CDs250/TRIS was employed as study model to develop the binding isotherms
with Co(ll) ions using spectroscopic technique. Ni(ll) ions was also introduced
as a reference metal cations due to its inert response towards the CDs,50/TRIS
system. Spectroscopic technique was employed to study the binding isotherms
of the binding of CDsy5/TRIS to Co(ll) and Ni(ll) ions. The presence of
isosbestic point in the absorption spectra indicated the formation of complexes
as a result of interaction between CDs,50/TRIS with Co(ll) ions. Mole ratio plot
and Stern-Volmer plots that illustrated the quenching relationship were also
included. In order to determine the binding parameters such as the binding
constant and number of binding sites for the interaction between CDs,50/TRIS
with Co(Il) and Ni(ll) ions, two models namely double log regression analysis
and modified Scatchard method were employed. The binding constants for Co(ll)
ions obtained from both models were in good agreement. It was also realized
that the double log regression had better linear fitting based on the R? value,
hence it could serve as a better analysis method to model the binding isotherms
in this study. The result evidenced that stronger binding affinity would induce
greater change in signal in terms of fluorescence quenching. The binding
isotherm that correlates the relationship between binding affinity and the change
in optical signals of the CDs»5,/TRIS system in the presence of Co(ll) ions was
established. Attempt in immobilization of CDsys5p in alginate beads was also

demonstrated to be successful.
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Chapter 6 Further Works and Conclusions
6.1 Executive Summary

The last chapter of the thesis provided a project summary to sum up the overall
findings of the study. This chapter has also outlined several project limitations
realized throughout the study. Suggestions on additional works that can be

pursued further in order to address the project limitations are also identified.

6.2 Project Summary

In this study, different types of CDs with distinct physiochemical and optical
properties namely, CDsgreen, CDspe, CDsgy and CDsysp have been
successfully synthesized from sustainable carbon sources. CDsgren and
CDsgie have been prepared from simple acid hydrolysis of a-cellulose; CDsgyy
have been obtained by thermal pyrolysis of L-glutamic acid whereas CDsys5
have been synthesized from thermal pyrolysis of a-cellulose. Optimization of the
synthesis conditions, characterizations and analytical potentials of the different
types of CDs were investigated. The formation of both CDsgreen and CDsgjue
could be precisely altered by adjusting the synthesis conditions such as
hydrolysis temperature and time. CDsgreen and CDsgye have also found

applications for sensitive and selective sensing of Hg(ll) and Fe(lll), respectively.

Surface modification and interface study of the bare and functionalized CDs as
well as their potential as metal ions sensing probes were identified. CDsg, have
been isolated and surface modified with chitosan through physical adsorption.
The chitosan-functionalized CDsg, (CDsg/CS) have found to markedly
enhance the sensitivity for Hg(lll) detection when compared to the bare CDsgy,.
Besides, CDsys5p functionalized with TRIS (CDs,5/TRIS) have found to be a
potential sensing receptors where the fluorescence could be specifically
quenched by Co(ll) ions. This interesting result has encouraged further
research into binding isotherms study that correlates the relationship between
binding affinity and the change in optical signals. The binding isotherms
correlation is successfully established using spectroscopic techniques adopting
several standard binding models.
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6.3 Project Limitations

Throughout the studies, several project limitations due to time constraints have
been identified. At present, it is still remains a challenge to isolate CDsgreen
synthesized via acid hydrolysis of a-cellulose. CDsgreen Was found to be highly
sensitivity towards the change in surrounding pH. It was realized that the green
fluorescence of CDsgreen Was quenched immediately after the surrounding pH
that the CDs suspended in was adjusted to slightly higher pH (pH > 3). The
property of CDsgreen that was extremely sensitive towards change in pH was
suggested to be attributed to the surface functional groups. Further studies are
required in order to fully understand the properties of CDsgreen, then isolation of
CDsgreen-

Besides, the analytical potentials of some of the assays developed based on
CDs in this project were interrupted in the presence of interfering metal cations.
For instance, CDsg/CS system was sensitive towards both Fe(lll) and Hg(ll)
ions while the fluorescence of CDs,5)/TRIS system for Co(ll) detection would
also be quenched in the presence of Fe(lll) ions. The specificity of the
developed systems can be further improved so that more robust assays for
rapid and sensitive detection of metal cations present in the environment can be

developed.

In addition, immobilization of CDs is particularly important for development of
devices such as fiber optics by utilizing CDs as sensing receptors. Although
immobilization of CDs on solid support have been proposed and performed on
alginate beads, detailed studies on the immobilization of CDs in alginate beads
are not explored in this project due to time constraint. Therefore, it would be of
great advantage to further explore on the aspect of CDs immobilization in order

to actualize the utilization of CDs as sensitive sensing probes.
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6.4 Further Works

In order to address the project limitations, some additional works that can be
further performed are identified. Further characterization of CDsgreen such as
determination of the elemental composition using X-ray photoelectron
spectroscopy (XPS) will be useful to provide better understanding on the
physiochemical properties of CDs and eventually made the isolation of CDSgeen
possible. Study on masking the effect of interfering metal cations will also be
beneficial to further develop present CDs system as sensitive probes for highly

specific detection of targeted analytes.

Furthermore, binding isotherms study using the CDs50/TRIS system can be
further performed at different reaction temperatures. Besides, well-established
standard binding isotherms models such as Langmuir, bi-Langmuir and
Freundlich isotherms can be applied to further evaluate the binding parameters.
Successful immobilization of CDs on solid support is highly desired in order to
employ the aforementioned standard binding isotherms models. In this study,
immobilization of CDs in alginate beads as solid support has been attempted.
However, further characterizations on the pH, stability, coating yield, swelling

and release study are yet to be performed.
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