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Abstract

This thesis mainly consists of two parts. The first part is concentrated on synthesizing
amine/carboxylic-functionalized carbon nanoparticles (CNP) and investigating its fundamental
properties in the aid of capillary zone electrophoresis (CZE) and high-performance liquid
chromatography (HPLC). In this part, CNP is synthesized from citric acid (CA) and 1,2ethylenediamine (EDA) by a microwave-assisted pyrolysis method. The resultant CNP is
characterized by absorption and photoluminescence (PL) spectroscopy, transmission electron
microscopy (TEM) and infrared spectroscopy (IR) to determine its overall optical properties,
morphology and composition. Followed by this, the CNP product is separated and analyzed by
CZE coupled with UV absorption and laser-induced fluorescence (LIF) detections. Under
optimal pH and concentration of run buffer, the effect of reaction time and mole ratio of amine
(NH2) to carboxylic acid (COOH) moieties of the precursors on the CNP species present in CNP
products are studied. Our results show that the synthesis of CNP could be improved by
lengthening the microwave irradiation time and optimizing the initial mole ratio of NH2/COOH
in the precursors. Negatively charged CNP are obtained only when the amount of CA exceeds
that of EDA, i.e., the mole ratio of NH2/COOH is 0.25–0.80. By contrast, when the quantity (in
mole) of NH2 in EDA is equal to or larger than that of COOH in CA, only positively charged and
neutral CNP species are formed, inferring that the CNP species are predominantly covered by the
surface-attached ammonium and amido moieties. This work highlights the merit of CZE to
identify the composition of an as-prepared CNP product which is pretty much dependent on the
mole ratio of NH2/COOH. In addition, we carry out reversed-phase high-performance liquid
chromatography coupled with fluorescence detection (RP-HPLC-FD) methodology to study the
properties of each individual CNP species. Under optimal mobile phase and elution gradient
ii

conditions, the effect of mole ratio of NH2/COOH in the initial reagents on CNP product is
studied. At NH2/COOH = 0.67, the strongest fluorescence CNP sample is obtained. The
separated CNP fractions are collected and further characterized by UV-visible absorption and PL
spectroscopy, CE, TEM, and matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS). The absorption and PL emission bands (λem) of the fractions
are bathochromatically shifted with the elution order of CNP on RP-HPLC. The TEM images
prove that CNP are eluted from the smallest to the largest. The MALDI-TOF MS data show that
CNP undergo fragmentations, closely relating to their surface-attached carboxylic acid and
amide/amine moieties. This work highlights the merit of RP-HPLC coupled with fluorescence
detection, TEM and MS for isolation and characterization of individual CNP species present in a
CNP sample. By application of CE and HPLC separation for CNP product, better understandings
of the hidden fundamental properties of CNP are achieved. The two separation techniques are
well complementary to each. On one hand, CE is able to separate both positively and negatively
charged CNP species which cannot be retained and separated by HPLC column, facilitating the
investigation of different charge states of CNP species present in a CNP product. On the other
hand, the preparative property of HPLC allows for multi-collection of the separated CNP
fractions which is difficult in the case of CE analysis owning to its low sample injection volume.
By using HPLC separation, the individual CNP fractions can be collected for more precious
investigation of their unique photophysical and chemical properties by absorption and PL
spectroscopy, TEM and MALDI-TOF MS.
The second part is focused on preparing CNP from naturally available bioresources and
investigating the effect of doped heteroatoms on nitrogen (N) and sulfur (S)-doped carbon
nanoparticles (N,S-CNP) based on our proposed modern RP-HPLC-FD methodology which has
iii

been proved to be useful in separating and analyzing CNP in the first part of this work. In this
part, ultrasmall N,S-CNP is prepared by microwave-assisted pyrolysis of precursors of rice as
carbon source and N-acetyl-L-cysteine (NAC) as N and S dopants. The obtained N,S-CNP are
fully characterized by elemental analysis, FTIR, x-ray photoelectron spectroscopy, TEM, UV-vis
absorption and PL spectroscopy. Meanwhile, undoped CNP (derived from rice only) is also
synthesized and characterized. The chemical compositions, sizes and spectral properties of
undoped CNP (derived from rice only) and N,S-CNP are demonstrated to be different from each
other. With the assistance of RP-HPLC-FD, the effect of different mass ratios of NAC to rice
(NAC/rice) on N,S-CNP is investigated. When the NAC/rice increases from 0.20 to 0.80, the
signals of the later eluted peaks increase progressively, indicating that higher NAC/rice benefits
the generation of CNP with stronger fluorescence emissions. The HPLC-separated N,S-CNP
fractions are collected and further characterized by MALDI-TOF MS, UV-vis absorption and PL
spectroscopy, showing that the structural changes induced by doping with heteroatoms N and S
plays a key role in regulating the PL properties of the N,S-CNP.
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Chapter 1
Introduction

1.1 Background
Carbon nanoparticles (CNP) are newcomers to the nanoparticle world and they constitute a
fascinating class of recently discovered nanocarbons which possess discrete, quasi-spherical,
nanocrystalline, or amorphous carbon structure with diameters less than 10 nm.1-23 The CNP was
accidently discovered by Xu et al.3 in 2004 when his research group performed the gel
electrophoretic separation of single-walled carbon nanotubes (SWCNTs) fabricated by arcdischarge methods from soot. During the course of this investigation, much to their surprise, the
suspension in agarose gel and glass bead matrixes were separated into three classes of
nanomaterial, that is, SWCNTs which did not penetrate the gel matrix, a slow moving dark band
which was then found to be short tubular carbons, and a fast moving band of the then-unknown
fluorescent nanomaterial. The fluorescent nanomaterial was further determined to be composed
of a number of compositions that display different fluorescence color under ultraviolet (UV)
light. Since their serendipitous discovery, this material has become to be known as CNP and
have been at the center of significant research efforts to achieve better understanding into the
origins of their chemical and photophysical behavior, develop novel synthesis methods and
search for new applications for this newly found nanomaterial.
Recently, CNP have drawn considerable attention as carbon quantum dots (QDs) for applications
in the fields of lasers,24 photocatalysis25, energy conversion/storage devices,26 and drug
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delivery27 thanks to their excitation wavelength (λex)-dependent photoluminescence (PL)
behavior. Typically, CNP has a surface chemistry that their surface are attached with many
carboxylic acid moieties which imparts them with excellent water solubility and the possibility
for subsequent functionalization with various inorganic, organic, polymeric, or biological
species.1 Their tunable λem and broad λex, excellent biocompatibility, chemical and colloidal
stability also make them very attractive for bioimaging.28-32 Apart from this, CNP stand to have
significant influences in environmental and health applications taking advantages of their
potential to serve as nontoxic replacements of traditional semiconductor QDs which are usually
composed of heavy metals as the essential elements to achieve high fluorescence quantum yield
(ΦS).2,7,33

1.2 Synthetic Methods of Carbon Nanoparticles
Notably, the typical PL properties of CNP play a dominant role in rendering their viability in a
number of applications. Although many studies have been recently devoted to understanding the
origins of CNP luminescence emission, no common agreements have been achieved.34-39 A
widely accepted mechanism for PL is the radiative recombination of excitons located at surface
energy traps which may or may not require passivation by organic molecules to occur.1-4 In
addition, the surface functionality on CNP appears to be influential on their PL properties.30,40 So
far a great deal of efforts have focused on contriving better synthetic routes to produce CNP with
desirable PL performance. Recent advancements in this area can be generally classified into two
main groups: top-down and bottom-up methods. Top-down methods include electrochemical
oxidation41,42 and laser ablation4,43-45 in which the CNP are broken off from a larger carbon
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structure and are currently being used as state-of-the-art methods to synthesize CNP. However,
these synthetic routes consume time, require strict and extreme reaction conditions and need
expensive original materials to start the experiments. On the other hand, in the bottom-up
approaches which consist of arc-discharge,3 hydrothermal synthesis,46-48 pyrolysis,5,6,49 and
microwave-assisted heating,30,40,42-44 microwave irradiation has been reported to produce CNP
with sufficient ΦS.30,40,42-44 Typically, these as-synthesized CNP are usually further purified by
using centrifugation, dialysis, electrophoresis, or another separation technique.1

1.2.1 Arc-discharge method
For the first time, Xu et al.3 discovered and isolated the fluorescent CNP in the process of
purifying SWCNTs derived from arc-discharge soot by gel electrophoresis. They started the
experiment by boiling the crude arc soot with HNO3 for 48 h to remove amorphous carbon and
then introduce functional groups such as carboxyl, hydroxyl and carbonyl moieties to improve
the hydrophilicity of the species in the soot. After sedimentation, the sediment was washed with
three cycles of acidic water (pH 1) and centrifuged to remove metal ions. The cleaned sediment
was extracted with NaOH solution (pH 8.4) and centrifuged to get the stable black suspension of
SWCNTs. This suspension was then separated by electrophoretic method (100 V in agarose gel)
into three classes of components, one of which is now referred as CNP. The CNP were then
electrophoretic separated into three components displaying green-blue, yellow, and orange colors
upon excitation under UV light (365 nm) in the order of elution and size as estimated by
partitioning them with the aid of molecular weight cut-off (MWCO) Centricon filtration devices
in rough (Figure 1.1). Each of the fluorescent components was dialyzed to remove salt and was
then characterized by Fourier-transform infrared (FTIR) spectroscopy to show the presence of
3

carbonyl moities and by elemental analysis to show that they were composed of C 53.93%, H
2.56%, O 40.33%, and N 1.20%.

Figure 1.1 (A) Electrophoretic profile of crude SWNTs suspension in 1% agarose gel under UV
light (365 nm). (B) Photographs of the fluorescent CNP fractions under UV light (365 nm).3

1.2.2 Electrochemical oxidation method
Zhou et al.41 firstly reported the synthesis of CNP by electrochemical oxidation method in a
degassed acetonitrile solution with 0.1 M tetrabutylammonium perchlorate (TBAP) serve as the
supporting electrolyte. In their experiments, multi-walled (MW) CNTs were obtained by
growing from scrolled graphene layers on carbon paper by the chemical vapor deposition. The
electrochemical cell was composed of a Pt wire counter electrode, an Ag/AgClO4 reference
electrode and a working electrode served by these nanotubes. When the applied potential was
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cycled between -2.0 and 2.0 V at a scan rate of 0.50 V/s, the solution turned from colorless to
yellow and finally to dark brown color. The fluorescent and water soluble product was then
purified by getting the acetonitrile evaporated, dissolving the remaining solid containing CNP in
water and removing the remaining TBAP and electrolyte salt by dialyzing in a cellulose ester
membrane bag. Finally, the CNP in uniform spherical shape and diameters of 2.8 ± 0.5 nm were
obtained and had lattice spacing distance from 3.1 to 3.4 Å that is consistent with nanocrystalline
graphite. The λem spectrum of CNP showed the λex-dependent feature.
Zhao et al.42 synthesized fluorescent CNP by electrochemically oxidizing graphite in aqueous
solution. In his study, the oxidation of a graphite column electrode at 3 V against a saturated
calomel electrode with a Pt wire counter electrode with 0.10 M NaH2PO4 aqueous solution as the
supporting electrolyte was carried out. With lengthening the oxidation time, the transparent
electrolyte solution turned yellow initially and eventually became dark brown, indicating the
formation of CNP and their accumulation in solution. The resulted solution was then centrifuged
to precipitate the large non-fluorescent particles and the remained CNP in the supernatant were
then subjected to size-separation using centrifugal filter devices with MWCO of < 5, 5-10, 10-30,
and > 30 kDa. CNP in different sizes emit different colors upon illuminated under UV light with
the < 5 and 5-10 kDa fractions exhibiting blue and yellow emissions while 10-30, and > 30 kDa
fractions displaying no fluorescence. The smaller blue and yellow fluorescent fractions were
mainly composed of carbon and oxygen. High-resolution transmission electron microscopy
(HRTEM) demonstrated the two fluorescent fractions had diameters of (1.9 ± 0.3) nm and (3.2 ±
0.5) nm respectively and they were graphite-structured with a lattice spacing of 3.28 Å that is
quite near to the 002 facet of graphite (Scheme 1.1). The CNP displayed size-dependent PL
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behavior, with the PL maximum being shifted from 445 to 510 nm for the blue and yellow
fluorescent fractions, respectively.

Scheme 1.1 Synthesis of CNP by electrooxidation of graphite in aqueous solution.42

1.2.3 Laser ablation method
In recent years, CNP have been synthesized by laser ablation method.4,43-46 Sun et al.4 prepared
CNP by ablating a carbon target with a Q switched Nd:YAG laser in an argon flow gas
containing water vapor through a water bubbler at 900 ºC and 75 kPa. The carbon target was
produced from the cement and graphite powder mixture by hot-pressing method followed by
stepwise baking, curing, and annealing process in argon flow. The as-synthesized product which
was dominated by nanoscale carbon particles in aggregates displayed no detectable fluorescence
in its aqueous suspension. The sample was then subjected to heat with reflux for 12 h in HNO3
(up to 2.6 M) to form CNP. The resulted CNP still exhibited very week fluorescence. However,
strong fluorescent emissions were observed upon being surface-passivated with organic moieties
by diamine-terminated poly(ethylene glycol) (PEG1500N) and the λex cover from the visible to
6

near-infrared wavelength range (Scheme 1.2). In this typical passivation procedure, PEG1500N
was mixed with an acid-treated particle sample at first and heated at 120 °C for 72 h. After
cooling down, the mixture was dissolved in water and centrifuged. The fluorescent CNP with
PEG1500N species attached to the surface was suspended in the supernatant and was characterized
to be 5 nm in diameter. The authors pointed out that other polymers such as
poly(propionylethyleneimine-co-ethyleneimine) (PPEI-EI) could also be used as the surface
passivation agent to generate highly fluorescent CNP.

Scheme 1.2 Synthesis of PEG1500N-attached CNP.4

Hu et al.45 reported the synthesis of CNP by laser irradiation of graphite powders in organic
solvent which integrated synthesis and passivation in one step (Scheme 1.3). In this experiment,
graphite or carbon black dispersed in diamine hydrate, diethanolamine, or PEG200N was
irradiated for 2 h by a pulsed Nd:YAG laser with ultrasonication to assist the particle dispersal.
After laser irradiation, a homogeneous black suspension was obtained and centrifuged to remove
the residual carbon powder fragments. The CNP was suspended in the colorful supernatant and
emit blue color under UV irradiation. These CNP was determined to be 3 nm in diameter with
the lattice spacings in a range of 0.20-0.23 nm. Similar CNP were also produced by firstly laser
7

irradiating the suspension of graphite powders in water, boiling in perchloric acid (HClO4),
mixing with PEG200N and heating for 72 h at 120 ºC. The resultant solution was then centrifuged
to remove the residual carbon powder fragments.

Scheme 1.3 One-step synthesis of CNP in PEG200N solvent.45

Another research group46 prepared CNP by laser ablation of carbon targets immersed in water
using UV pulsed laser irradiation (248 nm, KrF). The obtained CNP exhibited no fluorescence
and surface passivation by PEG200 and N-acetyl-L-cysteine (NAC) was employed to make them
fluorescent. The CNP surface was firstly activated by refluxing the CNP in HNO3 (0.1 M). Then,
the activated CNP was mixed with PEG200 and refluxed for 28 h, forming CNP functionalized
with PEG200 species. Then NAC was added to the resultant solution and continuously refluxed
for 31 h, forming the PEG200 and NAC co-passivated CNP. The obtained CNP solution was then
extracted with ethyl acetate to remove the unreacted materials. During the functionalization
process, samples in the reaction system over time were measured to control the variation of their
wavelength and intensity. The results showed that a red shift of 20 nm in λem and an increase in

8

fluorescence intensity were observed over time and the fluorescence intensity began to decrease
when the reaction time longer than 31 h, indicating the functionality reaction stopped after 31 h.

1.2.4 Hydrothermal synthesis and pyrolysis method
Hydrothermal synthesis is also a powerful method and has been employed by many researchers
to prepare CNP.47-50 Hsu et al.49 reported a facial approach for the preparation of CNP from lowcost organic compounds such as glycine, 2-amino-2-hydroxymethyl-propane-1,3-diol (TRIS),
ethylenediaminetetraacetic acid (EDTA) and cadaverine by one-pot hydrothermal approach. In a
typical synthetic procedure, each of the organic compounds was dissolved in water and the
mixtures were heated in a stainless steel autoclave at 300 ºC for 2 h. The resulted brown
solutions were then purified by centrifuging to eliminate small volumes of liquid, filtering
through a 0.22 μm membrane to remove agglomerated or large particles and finally dialyzing
against pure water. The eventually obtained CNP prepared from glycine, TRIS, EDTA, and
cadaverine were determined to be 2.6 ± 0.5, 3.3 ± 0.4, 3.0 ± 0.5, and 7.9 ± 0.8 nm in diameter
and were demonstrated to be covered with the amino and carboxylic groups on their surface. The
ΦS of the CNP synthesized from glycine, TRIS, EDTA, and cadaverine were 30.6%, 26.0%,
26.6%, and 5.4% respectively. Organic compounds with relatively low hydrophilicity such as
aniline, 1,2,4-benzenetricarboxylic acid, and hexanol were also chosen as precursors to
synthesize CNP. However, all of these CNP have poor hydrophilicity. By utilizing different
organic compounds as the precursors for CNP synthesis, the important role of functional groups
in determining the ΦS and hydrophilicity of the resulting CNP was demonstrated. The authors
proposed a mechanism for CNP formation, i.e., CNP formation should undergo four stages from
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glycine during heating, including dehydration, polymerization, carbonization and passivation
(Scheme 1.4). They claimed that the molecules firstly assembled due to the hydrogen bonding
effect, followed by dehydration process during which polymers were formed, resulting in a short
single burst of nucleation. The resulted nuclei then grew by the diffusion of reagent solutes
towards the particle surfaces.

Scheme 1.4 Growth model of CNP derived from glycine through dehydration, polymerization,
carbonization, and passivation process.49

Pan et al.50 described a one-step method for highly fluorescent CNP by pyrolysis of
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na·2H2O) at low temperature. In a
typical procedure, a quartz boat filled with EDTA-2Na·2H2O was put into a quartz tube and
calcined in a tube furnace at 400 ºC for 2 h at a heating rate of 10 ºC/min in a N 2 atmosphere
with a flow rate of 0.1 L/min. The product was purified by dissolving it in acetone and then
centrifuging at a high speed of 15000 rpm for 10 min to remove Na2CO3, less soluble and weak
fluorescent CNP. The resulted brown supernatant containing the fluorescent CNP was obtained
10

and evaporated in a rotary evaporator at 50 ºC. The resulting concentrated solution was dried by
heating at 70 ºC for a long time period of 15 h to obtain the final pure fluorescent CNP. The
obtained CNP have an average size of 7.5 nm and possess a wide 002 peak at 3.46 Å which is
close to that of graphite (3.34 Å). The λex-dependent behavior of the as-synthesized CNP was
observed and the spectroscopic properties were demonstrated to be largely dependent on solvent,
pH and spin.

1.2.5 Microwave-assisted heating method
Microwave heating is a rapid, simple and one step synthetic method for the preparation of
CNP.23,30,40,50-54 Carbohydrates have been extensively used as the starting material for CNP
synthesis due to their sustainability.23,51-53 Zhu et al.52 demonstrated the formation of
monodisperse CNP by microwave irradiating glucose with PEG200 as passivation agents (Scheme
1.5). Firstly, different amounts of PEG200 and saccharide (for example, glucose, fructose) were
dissolved in distilled water to form a clear solution. Then the solution was put into a domestic
microwave (500 W) and heated for 2-10 min. With the increase of reaction time, the formation of
CNP was indicated as the transparent solution changed from colorless to yellow and finally to
dark brown. The as-prepared CNP had amorphous nature and were well dispersed in narrow size
distributions of 2.75 ± 0.45 (5 min) and 3.65 ± 0.6 nm (10 min). With the absence of surfactant
PEG200, a similar color was observed over the course of microwave heating. However, the
obtained nonpassivated particles exhibited irregular PL spectra and very low fluorescence
intensity. Herein, the authors claimed that PEG200 acted only as passivation agent, but they did
not make it clear whether carbon source was saccharide, PEG200 or both of them. On the other
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hand, Jaiswal et al.53 demonstrated a microwave synthetic method to form CNP with bright λextunable PL using PEG itself as both a carbon source and a passivation agent. In brief, PEG200
was mixed with ultrapure MilliQ water in 3:1 ratio (v/v) in a glass vial to form a transparent
solution. The solution was then heated in a 900 W domestic microwave oven for different time
periods, resulting in the formation of CNP as the solution appeared in golden yellow color. The
average size of CNP was determined to be 4.5 ± 0.9 nm.

Scheme 1.5 Microwave pyrolysis of CNP from saccharide and PEG200.52

Wang et al.51 reported the synthesis of CNP from glycol, glycerol, glucose, and sucrose in the
absence of passivation agents. In their experiment, 70% glycol, 70% glycerol, 20% glucose or 20%
sucrose was mixed with different concentrations of inorganic salts in the absence of passivation
agent. The mixture was then transferred into a domestic microwave oven (750 W) and heated for
different time periods to form CNP. The effect of reaction time on CNP formation was studied.
With the increase in reaction time, the glycerol solution turned brown, the UV-visible absorption
peak of the resulting CNP shifted to shorter wavelengths and the PL intensity increased.
Additionally, the mean height of CNP obtained with 7 and 14 min microwave irradiation was 1.1
12

± 0.42 and 2.1 ± 0.76 nm, respectively as characterized by atomic-force microscopy (AFM)
measurements. Liu et al.23 also realized the synthesis of CNP from glycerol with 4,7,10-trioxa1,13-tridecanediamine (TTDDA) as the passivation agent. The glycerol was firstly mixed with an
appropriate amount of TTDDA in phosphate aqueous solution. The mixture was then put into a
domestic microwave oven (700 W) and heated for different time periods, ranging from 0 to 15
min. The surface-passivated CNP was formed when the transparent homogeneous solution
changed from colorless to yellow-brown. After cooling down to room temperature, the colorchanged solution was dialyzed against pure water to remove unreacted reagents and inorganic
salts. The as-prepared CNP contained C 56.82%, H 8.46%, N 7.77% and O (calculated) 26.95%
with an average diameter of 3.5 nm.

1.2.6 Other synthetic methods
Recently, simple and energy-efficient synthetic methods have been put forward for the
production of CNP. Xu et al.55 reported the synthesis of two color CNP through one-step acidic
oxidation of sucrose by H3PO4 at a low temperature of 60 ºC (Scheme 1.6). Typically, 1 g
sucrose was firstly dissolved in 4 mL deionized water and mixed with 20 mL H3PO4. The
resulting mixture was vigorously stirred for 4 h at 60 ºC. When the color of the solution changed
from transparent colorless to brownish black, NaOH was added. The neutralized solution was
then centrifuged (6000 rpm/min) for 10 min to separate the green-emitting CNP and yellowemitting CNP containing oily precipitate suspended in the supernatant. To eliminate the large
particles, the oily precipitate was dissolved in deionized water and then filtered through a 0.22
µm polyethersulfone (PES) membrane. Pure CNP in two colors were obtained after dialyzing
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against deionized water using a membrane (MWCO = 1000) for 2 days. In this research, the
authors claimed the importance of H3PO4 which not only acts as the oxidation reagent but also a
chemical activation agent to activate sucrose. This proposition was supported by the case that
only little CNP was formed in the presence of low concentration of H3PO4 while large amounts
of CNP was obtained when high concentration of H3PO4 was supplied. The green-emitting CNP
and yellow-emitting CNP have diameters of 2.7 ± 0.5 nm and exhibit crystalline graphite
structure with lattice spacings about 0.34 and 0.21 nm which are very close to the (002)
interlayer spacing and (100) in-plane lattice spacing of graphite. The λex-dependent PL behavior
was observed for both of the two-color CNP.

Scheme 1.6 Synthesis of the phosphate functionalized green and yellow CNP.55
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Another breakthrough in the area of green and energy-efficient synthesis of CNP has been
recently reported by Li et al.56 His research group synthesized CNP by simply mixing
monosaccharide with basic solutions without additional energy input or external heating
(Scheme 1.7). Firstly, the saccharide was dissolved in water to form a 500 mM solution. Then,
NaOH or NaHCO3 was dissolved to form a 500 mM solution (the NaHCO3 solution was
maintained at 250 mM in the case of the fructose/NaHCO3) in a separate beaker. The two
solutions were then mixed together in a volumetric flask and additional water was added to make
the volume up to 100 mL. In the whole reaction process, no external heating source was
employed. The mixtures appeared to be initially colorless which afterwards become yellowish
and transparent. The resultant product was dialyzed in water over a course of 3 days recharging
with fresh distilled deionized (DDI) water every 24 h. The purified CNP has an average size of
3.5 nm and exhibited green fluorescence when exposed to a 405 nm laser source. In their study,
no acidic catalysis and additional energy input was required which allows real time detection of
the moment of CNP formation. The fluorescence of fructose/NaOH mixture excited by a 405 nm
laser source was detected after their mixing. The visible emission was observed between 18 and
22 min after the fructose and NaOH was mixed, indicating the formation of appreciable amount
of CNP around that time. The emission intensity became progressively intensified with increase
in time until 60 min, indicating the formation of more amounts of CNP.
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Scheme 1.7 Schematic steps involved in the synthesis of CNP from monosaccharide in basic
solutions.56

1.3 Optical and Biological Properties
1.3.1. Absorbance and photoluminescence
The CNP typically display strong UV absorption with a tail extending out into the visible range.1
Numerous literature show that the unpassivated CNP possesses an absorption band around 280
nm which is originated from the π → π* transition of the aromatic carbons on the C-core while
the surface passivated CNP has another absorption shoulder around 350 nm which is assigned to
n → π* transitions of C=O bonding. For instances, the CNP synthesized by hydrothermal
16

carbonization of chitosan showed a strong UV absorption band at 288 nm. 57 The CNP prepared
from the glycerol displayed an excitation edge at 253.5 nm.51 After being passivated with
TTDDA, the CNP absorbance shifted to the 350-550 nm region.58
Another fascinating feature of CNP is their PL both from the fundamental and applicationoriented stances. In most cases, CNP show their unifying λex-dependent PL behavior. For
instances, Hsu et al.49 reported that the PL peaks of CNP shifted from blue (400 nm) to red (600
nm) with the increasing λex starting from 350 nm in 15 nm increments (Figure 1.2). Pan et al.50
showed that the λem of CNP shifted from 400 to 530 nm when the λex changed from 330 to 490
nm and the emission intensity decreased remarkably. So far the exact origins of PL of CNP have
not yet been fully understood and different viewpoints have been put forward. Sahu et al.59
claimed that λex-dependent PL behavior of CNP may not only result from particles with a certain
size distribution but also from different surface-functionality associated “emissive traps” present
on the CNP surface. Dong et al.60 suggested that the incorporation of new heteroatoms will
change the “surface states” of CNP that governs the PL property of CNP. No λex-dependent
emission of nitrogen and sulfur co-doped CNP was observed whereas the undoped CNP
possesses λex-dependent PL behavior. Long el al.61 reported that the different PL behavior of
both shifting and non-shifting CNP was attributed to different oxidation degrees induced by the
introduction of various oxygen-containing groups onto the CNP surface. In other words, various
oxygen-containing groups introduced onto the surface of CNP will act as “surface states” with
the energy levels between π and π* states attributed to C=C groups and induce absorption bands
due to the electron transition within one or several of these groups.62
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Figure 1.2 Absorption and normalized PL emission spectra with increasingly longer λex (in 15
nm increments starting from 350 nm) of CNP. The inset is the CNP solution under UV
irradiation at 365 nm.49

The ΦS of CNP was demonstrated to be dependent on the surface chemistry involved in many
studies. So far numerous studies have demonstrated that surface passivation with nitrogen
containing functional groups is highly influential on the ΦS of CNP.1 The CNP produced from
one-step laser ablation methods displayed different ΦS ranging from 3 to 8% depending on the
passivation agent used. The CNP passivated with diamine hydrate, PEG200 and diethanolamine
had ΦS of 3.7, 5.0 and 7.8%, respectively.45 Effects of passivation on the enhancement of ΦS
were also seen for the CNP produced from microwave assisted pyrolysis of CA.30,60 Zhai et al.30
showed that the unpassivated CNP from CA only had a low ΦS of 2.2%. However, the ΦS of
CNP was increased to 30.2% when nitrogen was doped into CNP by passivation with EDA.
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Another report showed that when l-cysteine was used to passivate the CNP derived from CA, ΦS
of the nitrogen and sulfur co-doped CNP was greatly improved to 73% which was about 35 times
that of unpassivated CNP.60 In general, while the CNP exhibit fluorescence emission with only
carboxylic acid moieties on their surface, their ΦS can typically be improved by introducing
nitrogen-containing functional groups into the CNP framework.
Additionally, the CNP has been demonstrated to possess excellent photostability.42,49,53,59 For
example, the study of Jaiswal et al.53 showed that the PL intensity of CNP remained almost
unchanged under continuous photo-irradiation with only 0.06% fluorescence-decreased (F/F0)
per minute while the PL intensity of a commonly used organic fluorophore, rhodamine 101
decreased with a F/F0 of 0.59% per minute. Zhang et al.63 reported the protein-generated CNP
through hydrothermal route showed no obvious changes in PL intensity under continuous UV
irradiation at a wavelength of 365 nm for 10 h. Apart from this, the CNP show the
multiexponential nature of PL lifetime due to the presence of different emissive sites. 4,51,64 Wong
et al.51 reported that the typical excited-state lifetime for CNP prepared by microwave-assisted
pyrolysis of carbohydrates was 8.00 ± 0.07 ns. Sun et al.4 reported that a specific luminescence
lifetime for CNP derived from soot by laser ablation was 5 ns at 450 nm λem and 4.4 ns at 640
nm λem when excited at 407 nm.
Ionic strength and pH are known to be influential on the florescence properties of molecules and
NPs.1 Most of the researchers have demonstrated the pH dependence property of the CNP PL
performance.23,42,50,59,63 Zhao et al.42 found the fluorescence intensity linearly decreased with the
increase of pH from 7-14. The λex did not shift under different pH values. Pan et al.50 reported
that the fluorescence intensity of CNP gradually improved with pH increasing from 1.0 to 5.5,
kept almost unchanged in the pH range of 5.5-8.0 and continuously increased in the pH range of
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8.0-13.0. Meanwhile, the fluorescence emission peak is consistently red shifted when pH was
increased from 1.0 to 13.0. Sahu et al.59 observed that the fluorescence emission of CNP
decreased at both low and high pH range, but remained nearly constant at pH 4.8-8.7 (Figure 1.3).
However, the fluorescence intensity of CNP was pH independent in the pH range of 3.0-10.0.
For the effect of the ionic strength on the PL intensity of CNP, much literature evidences
demonstrated that no meaningful increase or reduction in PL intensity could be observed in a
wide ionic strength range.49,51 For example, Hsu. et al.49 reported that the PL intensity of the CNP
decreased less than < 3% in the NaCl concentrations from 0 to 500 mM.

Figure 1.3 Effect of pH on the fluorescence intensity of CNP.59

1.3.2 Toxicity
Low cytotoxicity is the most critical requirement for materials with potential bioimaging
capacity. The cytotoxicity studies of CNP have been carried out by various research groups and
20

mounting evidences have demonstrated the low cytotoxicity of CNP.53,59,65,66 Xu et al.66
performed cytotoxicity of CNP on HeLa cells (a human cervical cancer cell line) and HepG2
cells (a human hepatocellular liver carcinoma line) using 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium (MTT) assay. In brief, cells at a density of 5×103 cells/well were seeded in
96-well culture plates in culture medium. After 12 h, the medium was replaced by 90 μL fresh
Dulbecco’s modified Eagle’s medium (DMEM). Then 10 μL CNP at a concentration range of 0200 μg/mL were added to each well. After incubation for 12 h or 48 h, 20 μL of 5 mg/mL MTT
solution was added to each well, followed by 4 h incubation. The cell viability was determined
by measuring the absorbance at 490 nm. The CNP was proved to have no cytotoxicity toward
those cells in the tested concentrations. The highest CNP concentration was larger than the
bioimaging necessary requirements, thus suggesting that CNP possessed low cytotoxicity effects
for bioimaging. Sahu et al.59 also employed MTT assay to evaluate the cytotoxicity of CNP on
L929 cell lines. No significant cytotoxicity was observed even at high dose of CNP at 200
mg/mL with long incubation time up to 72 h. Jaiswal et al.53 studied the cytotoxicity of CNP on
human colon adenocarcinoma HT 29 cells by 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2Htetrazolium-5-carboxanilide (XTT) based cell proliferation assay. The cells at a density of 10 4
cells/well were seeded into a 96-well microplate and grown for overnight. The cells were then
treated with varying concentrations of CNP. After incubation for 24 h, XTT based cell
proliferation assay was carried out by determining the percentage of viable cells based on the
mitochondrial activity of the cells. The cell viability for a CNP exposure of less than 51 mM was
more than 90%. At a higher CNP concentration of 85 mM, the cell viability was still more than
80%, demonstrating that CNP had low toxicity.
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Researches on the toxicity of CNP in vivo have been rarely reported. Sun et al.44 used mice for
the toxicity evaluation of CNP in vivo. The mice in two groups were exposed to two different
dosages of CNP at 8 and 40 mg carbon core-equivalent/kg body weight. Another group of mice
was exposed to 0.9% NaCl aqueous solution which acted as the negative control. All the mice in
the three groups survived during the 4 weeks without any lethargic or violent behavior.
Additionally, established serum biochemistry assays were used to study the effect of CNP on
exposed mice. The alanine amino transferase (ALT) and aspartate amino transferase (AST)
which are two hepatic indicators were at similar levels for the three groups of mice. The three
important indicators for kidney functions, uric acid (UA), blood urea nitrogen (BUN), and
creatinine (Cr) showed no obvious changes among the exposed mice groups and the control. The
histopathological analyses in the organs of the mice at high dosage of 40 mg carbon coreequivalent/kg body weight showed that the organ structures of exposed mice were normal. Since
this pioneering work, Sun et al.7 mentioned the toxicity of CNP in mice in another paper where
his group applied CNP for optical imaging in the body of mice. They demonstrated that no sign
of acute toxicological responses in animals were recorded at 24 h post-injection of CNP solutions
(10 μg in 10 μL). However, there is no solid evidence to prove that CNP are completely nonhazardous in vivo.

1.4 Applications
1.4.1 Bioimaging
QDs such as CdS and CdSe and related core-shell NPs have been widely used in optical imaging
work.1 However, these QDs are usually derived from toxic precursors and the potential leaching
22

of toxic metal ions has drawn healthy and environmental concerns. As a consequence of their
low cytotoxicity, CNP appears to be an attracting alternative to QDs. Sun et al.2 for the first time
explored the potential of CNP for cell imaging with two-photon luminescence microscopy,
which was followed by many other researchers.7,23,49,57,67 Typically, the human breast cancer
MCF-7 cells were treated with CNP in an aqueous buffer and incubated for 2 h at 37 °C. The
bright emission upon excited by 800 nm laser pulses were observed in the cell membrane and
cytoplasm area of CNP-labeled MCF-7 cells under the fluorescence microscope (Figure 1.4), but
the emission was very week in the nucleus, indicating that the CNP can easily penetrate the cell
membrane instead of the nucleus. The translocation of CNP from the outside of MCF-7 cell
membrane into the cytoplasm was demonstrated to be temperature dependent without observable
CNP internalization at 4 ºC.

Figure 1.4 Representative two-photon luminescence image (λex 800 nm) of human breast cancer
MCF-7 cells with internalized CNP.2
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Wu et al.67 studied the cell imaging of CNP using A549 cells. The A549 cells were cultured in
Minimal essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) in a 96well plate for 24 h. Then the cells were incubated in fresh MEM medium containing CNP at
different concentrations (0-1.0 mg/mL). After removing the culture medium and washing with
PBS buffer, CCK-8 solution was added to each well. The cells were incubated for another 1 h.
The images of A549 cells acquired with different λex displayed different emission colors, owing
to the λex-dependent PL behavior of the as-prepared CNP. This kind of phenomenon has been
widely observed in the fluorescent CNP materials.23,59,57,68
For the in vivo study of optical imaging of CNP, only one report has been published by Sun et al
(Figure 1.5).7

CNP

and

ZnS-doped CNP

were

firstly passivated with

H2NCH2-

(CH2CH2O)nCH2CH2CH2NH2 (n ≈ 35, PEG1500N) and then injected into the female DBA/1 mice
(~ 25 g). The injected CNP moved very slowly in mice bodies. Mice in both of the two groups
exhibited emission upon being excited with 470 nm (~ 40 nm fwhm) and 525 nm (~ 47 nm fwhm)
and the fluorescence faded 24 h after injection. After interdermal injection into the front
extremity, the CNP migrated through the arms to axillary lymph nodes like the semiconductor
QDs but in a much slower rate. For the whole-body circulation study, the CNP solution was
intravenously injected into mice. The abdomen of mice was harvested for the CNP fluorescence
detection. Results showed that only the CNP fluorescence in bladder area was observed while no
fluorescence was detected in the other parts of abdomen. After 3 h circulation, the urine of mice
exhibited meaningful fluorescence, indicating that CNP had diffused through the whole
circulation system. The organs were harvested at 4 h postinjection, CNP were found to be
accumulated in both kidneys and liver inside which fluorescence were detected. The
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fluorescence intensity in kidney was much stronger than that in liver which was in consistent
with the pathway of urine excretion.

Figure 1.5 Intravenous injection of CNP in mice: (a) bright field, (b) as-detected fluorescence (Bl,
bladder; Ur, urine), and (c) color-coded images. The same order is applied for the images of
kidneys (a′-c′) and liver (a′′-c′′).7

1.4.2 Nanoprobes
Owing to their advantages in easy-to-synthesis, fluorescent property and being nonsampledestructing, increasing reports demonstrated the efficiency of CNP in detecting salt ion,46,69-76
inorganic and organic molecules.77,78 Goncalvesa et al.46 for the first time reported the Hg2+
sensing based on the functionalized CNP. The CNP was synthesized by laser ablation method
with carbon target as carbon source and PEG200 and NAC as passivation agent. Several metal
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ions including Hg2+, Cu2+, Cd2+, Ni2+, Zn2+, and Ca2+ were selected to test whether they has
influence on the fluorescent intensity of CNP. Approximately 25% decrease in fluorescence
signal of CNP was observed with increasing of Hg2+ concentration from 0.10 to 2.69 µM at pH
6.8, revealing that CNP fluorescence was affected by Hg2+. The addition of Cu2+ was also proved
to be influential on the fluorescence of CNP which was about a 13% decrease. However, the
other metal ions such as Cd2+, Ni2+, Zn2+, and Ca2+ show no marked quenching effect on the
fluorescence of CNP. The authors claimed that the sensitivity of CNP towards Hg2+ and Cu2+ was
resulted from the NAC residue on CNP surface which was demonstrated by the results that no
noticeable variation in fluorescence intensity of CNP was detected in terms of CNP
functionalized only with PEG200 upon addition of the same Hg2+ concentration. Followed by this,
numerous reports demonstrating the CNP probing ability of metal ions appeared. For example,
Xu et al.69 used the CNP synthesized from potato by hydrothermal treatment selectively detected
Fe3+ in lake water. Typically, 250 μL of CNP was added into the DDI water and then different
volumes of Fe3+ were added into the CNP solution by titration with stirring to aid in the
homogenization process. The pH of CNP solution was maintained at 5.0-6.0 using sodium
acetate-acetic acid buffer solution. The fluorescence intensity of CNP at λex of 405 nm was
recorded and continuous decrease in fluorescence intensity of CNP was observed, indicating that
the sensing system was sensitive to Fe3+. Additionally, a lot of other metal ions, including Ag+,
Cd2+, Co2+, Cu2+, Fe3+, Hg2+, Mg2+, Na+, Ni2+, and Pb2+ were used to evaluate the selectivity of
CNP under the identical conditions. When solutions of these ions were titrated into CNP solution,
no tremendous decrease was detected.
Additionally, Lin et al.77 demonstrated PEG-passivated CNP has the ability in detecting nitrite
taking advantages of its chemiluminescent (CL) property in the presence of peroxynitrous acid
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(ONOOH) which was obtained by online mixing of nitrite and acidified hydrogen peroxide
(H2O2) (Scheme 1.8). During the transformation process of ONOOH to nitrate, HOONO* in the
excited state was produced and caused light emission when it returned to ground state. When
CNP present in the interaction system of NaNO2 and H2O2 in an acidic medium, extremely
strong CL was observed. However, when the reaction system only contained CNP and H2O2, the
CL appeared to be very weak. The results demonstrated that the main pathway for the CL was
the reaction between ONOOH and CNP. The linear relationship between CL intensity of CNP
and the nitrite concentration in the range from 0.10 to 10 µM were demonstrated to be good with
a correlation coefficient of 0.9998. The detection limit was 53 nM (S/N = 3). The proposed
method was successfully applied to detect nitrite in real sample such as pond water, river water,
and pure milk.

Scheme 1.8 Schematic diagram of CNP sensing of nitrite.77
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Another recent report published by Pulidindi et al.78 showed the detection of glucose by in situgenerated CNP from glucose and urea. The principle for glucose assay relied on the
characteristic absorption of the in situ-generated CNP at 275 nm. The glucose-urea solutions
containing different amounts of glucose (0.04-5.2 mM) and constant amount of urea were heated
at 120ºC for 20 min in an autoclave. The absorption intensity of CNP at 275 nm linearly
increased with the glucose amount increasing from 0.04 to 5.2 mM. The variation in the
absorption intensity against the glucose amount was plotted in a calibration curve. The linearity
was proved to be very good with a correlation coefficient of 0.9948 and the detection limit was
down to 40 µM (S/N = 1.5). The proposed glucose method was successfully applied to monitor
the kinetics of the fermentation of glucose to ethanol.

1.5 Separation Methods of CNP
1.5.1 Polyacrylamide gel electrophoresis (PAGE)
Liu et al.54 reported the use of denaturing PAGE to isolate the pure fluorescent CNP from the
neutralized candle-soot dispersion (Figure 1.6). In this work, the oxidized candle soot was firstly
loaded to a 20% denaturing gel (8 M urea, 1xTBE running buffer). Once applying 600 V at 55 ºC
in an electrophoresis unit, the soot mixtures were resolved into three classes of species. In order
to recover the CNP, the separated fluorescent CNP bands were excited under UV illumination.
Finally, the CNP were eluted out from the gels and extensively dialyzed against distilled water
for purification. The resulting fractions were then subjected to further characterization by FTIR,
PL spectroscopy and AFM.
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Figure 1.6 Polyacrylamide gel electrophoretic separation of fluorescent CNP under (A) white
and (B) UV light (312 nm). (C) is the close view of the fluorescent bands in (B). The migration
direction of CNP is indicated by the arrow on the right-hand side.54

1.5.2 Anion-exchange high-performance liquid chromatography (AE-HPLC)
Vinci et al.79 reported the use of AE-HPLC using ammonium salts as eluent to achieve highresolution separation of CNP mixture (Figure 1.7). In this study, AE-HPLC coupled with UV
and laser-induced photoluminescence detector was used for the fractionation of CNP obtained
starting with the soot generated during combustion of paraffin oil in a flame. The
chromatographic UV absorption and emission profiles of the separated fractions were acquired.
Also, the preparative scale property of HPLC allows for the collection of fractions for further
characterization of electronic properties for each individual fraction via TEM. In their
subsequent work, Vinci et al.80 demonstrated the high separation efficiency of AE-HPLC using
ammonium salts as eluent in the analysis of another kind of CNP produced from graphite
nanofibers. Apart from acquiring the optical and electronic properties of the collected fractions,
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the ΦS of selected fractions were determined. Moreover, the potential toxicity of the selected
fractions was explored using the CellTiter-Fluor cell viability assay and uptake with confocal
microscopy.

Figure 1.7 AE-HPLC chromatograms of CNP sample monitored by UV detection at 250 nm and
LIP detection at λex/λem of 325/350 nm.79

1.6 Aims of Project
The aim of the first part of this research is to synthesize amine/carboxylic-functionalized CNP
from CA and EDA, followed by studying its fundamental properties with the assistance of
capillary zone electrophoresis (CZE) and HPLC. As mentioned in chapter 1, a lot of efforts have
been focused on contriving better synthetic routes to produce CNP with desirable PL
performance. Among all these methods, microwave-pyrolysis is the best pathway to synthesize
CNP as it is simple, fast and straightforward. As such, we chose the microwave-pyrolysis
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pathway to synthesize CNP with CA as the carbon source and EDA as the passivation
agent.30,40,81 The resultant CNP was characterized by absorption and PL spectroscopy, TEM and
FTIR in order to determine the its overall optical properties, morphology, and composition.
However, a polydisperse CNP product comprising different components varying in carbon core
size and surface passivation ligand can only represent their summation or average properties. In
order to take advantages of their practically nontoxic property, one needs to fully know their
composition such that their significant properties are used wisely. Since the composition of the
as-synthesized CNP is so complex, it is crucial to develop an efficient analytical separation
methodology to investigate and study the individual CNP species present in an as-prepared CNP
product more precisely.
On one hand, we developed a CZE coupled with UV absorption and laser-induced fluorescence
(LIF) detections methodology to study the polydispersity of CNP products. The effects of pH
and concentration of run buffer on the CZE separation of CNP were firstly studied in details. The
optimal acetate run buffer (30 mM, pH 3.6) was subsequently employed to investigate the effect
of reaction time and mole ratio of amine (NH2) to carboxylic acid (COOH) moieties of the
precursors on the CNP species present in CNP products. These data are extremely useful in
determining how the synthesis of CNP can be improved by the optimization of the microwave
irradiation time and the initial mole ratio of NH2/COOH in the precursors. On the other hand, we
established a reversed-phase high-performance liquid chromatography coupled with fluorescence
detection (RP-HPLC-FD) methodology to study the properties of each individual CNP species.
The influence of methanol content and pH of mobile phase on the separation of CNP has been
investigated. Under optimal mobile phase and elution gradient conditions, the effect of mole
ratio of NH2/COOH in the initial reagents on CNP product was also studied. The strongest
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fluorescence CNP sample was separated. The CNP fractions were collected readily according to
the fluorescence chromatogram and further characterized by UV-visible absorption and PL
spectroscopy, CE, TEM, and MALDI-TOF MS. As such the exact and reliable characteristics of
each individual CNP species can be revealed.
The aim of the second part is to prepare CNP from naturally available bioresources and study the
effect of doped heteroatoms on nitrogen (N) and sulfur (S)-doped carbon nanoparticles (N,S-CNP)
based on RP-HPLC-FD methodology which has been proved to be useful in separating and
analyzing CNP in the first part of my work. In this part, a fast and green approach to synthesize
ultrasmall N,S-CNP by microwave-assisted pyrolysis of precursors of rice as carbon source and
N-acetyl-L-cysteine (NAC) as N and S dopants has been developed. To our knowledge, this is
the first attempt on green preparation of CNP from rice. The obtained N,S-CNP were fully
characterized by elemental analysis, FTIR, x-ray photoelectron spectroscopy, TEM, UV-vis
absorption and PL spectroscopy. For comparison, undoped CNP (derived from rice only) was
also synthesized and characterized. As such, the differences in chemical compositions, sizes and
spectral properties of undoped CNP and N,S-CNP were compared. By applying RP-HPLC-FD,
the effect of different mass ratios of NAC to rice (NAC/rice) on N,S-CNP was investigated. The
N,S-CNP sample with the highest fluorescence emission was separated, and each N,S-CNP
fractions were collected and further characterized by mass spectrometry, UV-vis absorption and
PL spectroscopy. As such, we can get the information that how the structural changes induced by
doping with heteroatoms N and S regulate the PL properties of the N,S-CNP.
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Chapter 2
Experimental Section

2.1 Chemicals
1,2-Ethylenediamine (EDA) was obtained from Acros Organics (Geel, Belgium). Anhydrous
citric acid (CA) and 2,5-dihydroxbenzoic acid (DHB) were purchased from Sigma (St. Louis,
MO, USA). Sodium dihydrogen phosphate monohydrate was obtained from Mallinckrodt
Chemical (Phillipsburg, NJ, USA). Sodium hydrogen phosphate and glacial acetic acid (HAc)
were from Fisher Chemicals (Fair Lawn, NJ, USA). Sodium acetate trihydrate (NaAc) and
sodium hydroxide (NaOH) were purchased from Aldrich (Milwaukee, WI, USA). Absolute
ethanol was from Merck (Darmstadt, Germany). N,N'-Dimethylformamide (DMF), HPLC-grade
methanol (MeOH) and AR-grade acetone were from Labscan (Bangkok, Thailand). Distilled
deionized (DDI) water was obtained from a Millipore Milli-Q-RO4 water purification system
with a resistivity higher than 18 MΩ∙cm (Bedford, MA, USA). Rice was purchased from the
local market in Hong Kong. Ammonium acetate (99.99 %) and N-acetyl-L-cysteine (NAC, 99%)
were from International Laboratory (San Bruno, CA, USA). All reagents were of analytical
reagent grade or above and used as received without further purification.

2.2. Synthetic Work
2.2.1 Synthesis of CNP from 1,2-ethylenediamine and citric acid
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0.50 g CA was dissolved in 5.0 mL DDI water and then mixed with various amounts of EDA
(0.00–0.47 g) under vigorous stirring in glass vials. The solution was then heated in a domestic
microwave oven (800 W) for 4.0 min, during which the formation of CNP was indicated as the
solution changed from a clear transparent colorless liquid to a brown and finally reddish brown
and foamy solid. After the reaction, the glass vial was cooled down to room temperature. The
reddish brown and foamy solid was dissolved in 5.0 mL DDI water and dialyzed through a
dialysis membrane with MWCO of 500–1000 Da (Spectrum Laboratories, Rancho Dominguez,
CA, USA) in a 1 L DDI water with stirring and recharging with fresh DDI water every 24 h over
a course of 3 days. Finally, a clear and reddish brown aqueous solution containing the surface
passivated CNP was lyophilized to obtain ca. 0.050 g dry CNP product.

2.2.2 Synthesis of N,S-CNP from rice and N-acetyl-L-cysteine
Nitrogen (N) and sulfur (S)-doped carbon nanoparticles (N,S-CNP) were synthesized by
microwave-heating rice and NAC together. Before synthesis, rice was put in a Waring
Laboratory Micronizer FPC70 (Waring Products Division, New Hartford, CT, USA) to obtain
fine rice powder with diameter less than 1.0 mm. In a typical synthetic procedure, 0.50 g rice
powder, various amounts of NAC (0.00–0.40 g) and 2.0 mL DDI water were loaded into a 10mL beaker. The reagents were thoroughly mixed and heated in a domestic microwave oven (800
W) for 30 min. After carbonization, the beaker was cooled to room temperature. The resulting
dark brown solid product was extracted with 3.0 mL DDI water and sonicated for 1 min to obtain
the water-soluble N,S-CNP. Then 50.0 mL acetone was added to the solution and it was
centrifuged at 6000 rpm for 20 min to remove any unreacted raw materials. The acetone/water in
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the solution was removed by a stream of nitrogen (N2) to obtain the solid brown residues. The
N,S-CNP crude product was re-dissolved in water and purified by a Spectrum Laboratories
(Rancho Dominguez, CA, USA) dialysis membrane tube (MWCO 500–1000 Da) in DDI water
with stirring and recharging with fresh DDI water every 24 h for 3 days. Finally, the clear
aqueous yellow solution was lyophilized to obtain the dry N,S-CNP product. Undoped CNP
synthesized with rice only were also prepared for comparison. The undoped CNP solution
appears reddish brown while the N,S-CNP solution is light yellow. Apparently, there are
differences between the undoped CNP and N,S-CNP.

2.3 Characterization Methods
2.3.1 Absorption and photoluminescence (PL) spectroscopy
The UV-vis absorption spectra of CNP/N,S-CNP were recorded on a Cary 100 Scan UV-vis
absorption spectrophotometer (Varian, Palo Alto, CA). The PL spectra of CNP/N,S-CNP were
acquired on a Photon Technology International QM4 spectrofluorometer equipped with a
photomultiplier tube detector (Lawrenceville, NJ, USA).

2.3.2 Measurement of quantum yield
ΦS of the as-synthesized CNP/N,S-CNP was determined by a comparative method. Quinine
sulfate (ΦR = 0.54) in 0.10 M H2SO4 (refractive index, η = 1.33) was selected as the reference to
determine the ΦS of the CNP/N,S-CNP in distilled water (η = 1.33) at different concentrations.
All the absorbance of the solutions at the λex were recorded by a UV-vis absorption
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spectrophotometer (Varian, Palo Alto, CA, USA). PL spectra of CNP were measured by a
Photon Technology International QM4 spectrofluorometer (Birmingham, NJ, USA). The
λex/integrated PL intensity area under the PL curve in the wavelength range were 350/370-650
nm for CNP sample, 340/360–650 nm for undoped CNP sample, 340/360–650 and 390/410–650
nm for N,S-CNP sample, and 390/410–650 nm for N,S-CNP HPLC fractions. Graphs of
integrated PL intensity against absorbance were plotted. The ΦS of the C-dot/N,S-CNP sample
were calculated as follows:
ΦS = ΦR (GradS / GradR) (η2S / η2R)
where the subscripts S and R denote the sample and reference, respectively. Grad is the gradient
from the plot of integrated PL intensity against absorbance, and η is the refractive index of the
solvent. In order to minimize the self-absorption effect, the absorbance in the 10-mm pathlength
fluorescence cuvette should never exceed 0.050 at the λex.23,59

2.3.3 Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra of CNP/N,S-CNP were conducted on a Nicolet Magna-IR 550 FTIR
spectrometer (Thermo Scientific, Waltham, MA, USA) with a scan range 400–4000 cm-1. The
potassium bromide (KBr) disk containing CNP/N,S-CNP was obtained by mixing few milligrams
of CNP with ca. 100 mg KBr powder, grinding to approximately 2 μm in an agate mortar, and
subjecting to 29.7 MPa pressure by a pressing machine. The FTIR spectra of pure CA, rice and
NAC were also obtained similarly whereas EDA was measured by dissolving 1.0 mL EDA in 10
mL carbon tetrachloride.
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2.3.4 Transmission electron microscopy (TEM)
The TEM images of the as-synthesized CNP/N,S-CNP were acquired on a JEOL JEM-2010
transmission electron microscope (Tokyo, Japan) with an accelerating voltage of 200 kV. An
aqueous sample was mixed with anhydrous ethanol and sonicated for 30 min before spotting
onto an Agar Scientific 300 mesh holey carbon-coated copper grid (Stansted, Essex, UK).
Several TEM images were taken at various spots of the CNP. Selected area electron diffraction
(SAED) pattern was also acquired in TEM.

2.3.5 X-ray photoelectron spectroscopy (XPS)
The X-ray photoelectron spectra (XPS) of N,S-CNP were captured by a Leybold Heraeus SKL12 X-ray photoelectron spectrometer (Shenyang, China) with a VGCLAM 4MCD electron
energy analyzer using an Mg Kα source (1253.6 eV). The applied voltage and current were 10
KV and 15 mA respectively. Spectra were processed by the Casa XPS v.2.3.12 software using a
peak-fitting routine with symmetrical Gaussian-Lorentzian functions.

2.3.6 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS)
The MALDI-TOF MS of each CNP/N,S-CNP HPLC fraction was conducted on a Bruker
Autoflex MALDI-TOF mass spectrometer (Bremen, Germany). The collected HPLC fractions
were dried by a stream of N2 gas and re-dissolved in 5.0 µL DDI water. Then 4.0 µL of each
HPLC fraction was mixed with a 4.0 µL 1.0 M DHB solution in MeOH/water (1:1 v/v). 2.0 µL
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of this solution was deposited on a MALDI target plate for two times separately. The sample was
air-dried and was then inserted into the instrument. The MALDI-TOF MS were acquired in
positive ionization mode under a pulsed N2 laser at 337 nm. In general, 500 laser shots were
averaged for each spectrum.

2.4 Analytical Separation
2.4.1 Capillary electrophoresis (CE)
The capillary electrophoretic separations were carried out with a Beckman-Coulter P/ACE MDQ
CE system (Fullerton, CA, USA) in conjunction with a diode array detector monitoring at 250
nm or a laser-induced fluorescence (LIF) detector monitoring at λex/λem of 488/550 nm. Data
collection and system operation were controlled by v. 7.0 32 Karat software (Beckman-Coulter).
Separations were accomplished by a bare fused-silica capillary 50 µm i.d. and 325 µm o.d.
(Polymicro Technologies, Phoenix, AZ, USA). The total and effective lengths of the capillary
were 40.0 and 30.0 cm respectively with a detection window fabricated 10.0 cm from the
capillary outlet. New capillaries were initialized by flushing with DDI water (5 min), 1.0 M
NaOH (15 min), 0.10 M NaOH (15 min), DDI water (30 min), and run buffer (30 min). Between
each analysis, the capillary was rinsed sequentially with DDI water (2.0 min), 0.10 M NaOH (2.0
min), DDI water (2.0 min), and run buffer (5.0 min). Unless otherwise stated, aqueous CNP
solutions (ca. 10 mg/mL)/CNP HPLC fractions was conducted hydrodynamically at 0.5 psi for
3.0 s. The temperature of capillary cartridge was set at 25 oC and the applied voltage for
electrophoretic separation was 15 kV. Run buffer was prepared by dissolving an appropriate
amount of NaAc in DDI water and the desired pH was adjusted by dropwise addition of HAc.
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The pHs of buffer solutions were measured by an Orion model 410A pH meter (Allometrics Inc.,
Baton Rouge, CA, USA). DMF (0.100 M) was used as the neutral marker and injected separately
from the fractions. All run buffers and CNP samples for CZE analysis were filtered through 0.45
µm, 13 mm i.d. cellulose acetate syringe filters (Alltech, Deerfield, IL, USA) prior to injection.

2.4.2 High-performance liquid chromatography (HPLC)
For the chromatographic separation of CNP synthesized from EDA and CA, a Waters (Milford,
MA, USA) 2695 separation module coupled with a 2475 multi-wavelength fluorescence detector
(FD) was used. The chromatographic column (150 x 4.6 mm i.d. stainless steel) was packed with
5-μm C18 bonded silica with 80-Å pore size (Agilent, Santa Clara, California, USA). The
fluorescence chromatograms were acquired by monitoring the fluorescence detector at λex/λem of
340/440 nm. The CNP samples (1.0 mg/mL) were filtered through 0.45 µm, 13 mm i.d. cellulose
acetate syringe filters (Alltech, Deerfield, IL, USA) prior to injection. The mobile phase
contained 10 mM NH4Ac buffer (pH 4.5) as eluent A and MeOH as eluent B. The flow rate was
0.80 mL/min, the column temperature was 25 ± 1 oC and the injection volume was 20 μL. The
elution program was optimized as follows: 100% A for 26 min, slightly decreased to 99.5% A
from 26 to 27 min, maintained at 99.5% A from 27 to 45 min, slightly decreased to 99.0% A
from 45 to 46 min, and kept at 99.0% A from 46 to 62 min. The separated CNP fractions were
collected for subsequent optical spectroscopic, CE, TEM, and MS analyses.
For the chromatographic separation of N,S-CNP synthesized from rice and NAC, a Waters
(Milford, MA, USA) instrument comprising a 2695 separation module coupled with a 2996
photodiode array detector (PDA) and a 2475 multi-wavelength fluorescence detector was
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employed. The fluorescence chromatograms were acquired by monitoring the fluorescence
detector at λex/λem of 340/400 nm. The PDA was used to in-situ capture the UV-vis absorption
spectra of the HPLC separated N,S-CNP fractions. An Agilent XDB-C18 HPLC column (150 x
4.6 mm i.d. stainless steel) packed with 5-µm octadecyl (C18) bonded silica with 80-Å pore size
(Santa Clara, CA, USA) was used for chromatographic separation. The N,S-CNP samples (1.0
mg/mL) were filtered through Alltech 0.45 µm, 13 mm i.d. cellulose acetate syringe filters
(Deerfield, IL, USA) prior to injection. The mobile phases were prepared with binary mixtures of
(A) 10 mM ammonium acetate buffer (pH 4.5) and (B) MeOH. All HPLC analytical work was
performed under isocratic elution with A and B (99:1 v/v) as the mobile phase. The flow rate was
set at 0.80 mL/min, the injection volume was 20 µL and the column temperature was maintained
at 25 ± 1 oC.

40

Chapter 3
Capillary Electrophoretic Study of Amine/Carboxylic Acid-Functionalized
Carbon Nanoparticles

3.1 Introduction
As mentioned in Chapter 1, numerous synthetic routes have been developed to synthesize CNP.
Among these methods, microwave-pyrolysis pathway is simple, fast and straightforward. In this
chapter, CNP synthesized from microwave-pyrolysis of CA as the carbon source and EDA as the
passivation agent30,31,81 is reported. The as-synthesized CNP was characterized to be dispersed in
a size range of 2.2-5.0 nm with an average diameter of 3.4 ± 0.2 nm by TEM. To identify the
individual CNP species present in an as-prepared CNP product more precisely, it is vital to
develop an efficient analytical separation methodology. To date, PAGE54 and AE-HPLC79,80 have
been reported to be efficient in separating and fractionating CNP, each with their merits and
shortcomings. PAGE has virtue in identifying the relationship between the mobility and color of
the fluorescent CNP; nevertheless, it does not possess high separation efficiency. AE-HPLC
using ammonium salts as eluent could achieve high-resolution separation of CNP mixture and
the preparative scale property of HPLC allows for the collection of individual fractions for
further analysis. However, HPLC can only separate neutral CNP species rather than the charged
CNP species. Thus, it is not able to simultaneously determine the charge states of each separated
CNP fractions. Fortunately, these are not the problems in the case of CE separation which has
rapidly emerged as one of the most powerful approaches for high-efficient separation of NPs.82-84
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Up to now, although CNP derived from soot,85 graphene oxide and graphene86 have been
analyzed by CE, there is not much work on applying this technique to study the effect of
synthetic conditions on the formation and property of CNP product. In this research, we
separated the CNP products by capillary zone electrophoresis (CZE) coupled with UV absorption
and LIF detections. The optimal CZE conditions such as pH and concentration of the run buffer
were investigated in detail. Our proposed CZE methodology has been successfully applied to
study the reaction time-associated kinetics of CNP formation and identify the functional groupsassociated charge states (i.e., neutral, positive or negative) of each separated CNP fractions,
facilitating the understanding of how different mole ratios of NH2/COOH in precursors affect the
surface-functionality of the CNP species in a complex CNP product. To our knowledge, this is
the first report on separating positively, neutral and negatively charged CNP simultaneously,
highlighting the values of modern analytical separation for tuning the synthesis of NPs. Scheme
3.1 illustrates the formation and CE separation process of our CNP.

Scheme 3.1 Schematic illustration of the formation and CE separation process of CNP.
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3.2 Results and Discussion
3.2.1 Characterization of CNP
3.2.1.1 UV-vis absorption and photoluminescence spectroscopy
Figure 3.1A depicts the UV-vis absorption and PL spectra of the CNP sample in aqueous
solution. It shows strong UV-vis absorption with a prominent peak at 350 nm assigned to n → π*
transitions of C=O bonding and a shoulder band at 240 nm originated from the π → π* transition
of the aromatic carbons on the C-core.87 The CNP sample depicts an emission peak at 448 nm
upon excitation at 350 nm, displaying strong blue emission under a hand-held UV lamp (Inset of
Figure 3.1A). The ΦS of the as-synthesized CNP is 42.8% (Figure 3.1B) which is in consistent
with the literature values.30,40 Figure 3.1C depicts the PL spectra of CNP and the inset is the
normalized emission spectra under various λex from 310 nm to 410 nm. The emission spectra are
slightly shifted from 442 to 460 nm as the λex varies from 310 to 410 nm, inferring that the CNP
sample possibly comprises various CNP species.
It has been suggested that the λex-dependent PL behavior of CNP could arise from the “surface
states” formed by the size effect and different functionalities of the CNP.88,89 Thus, we anticipate
that the shift in λem of our CNP sample is attributed to the presence of various CNP species
which is verified by our CZE analysis (vide infra). Each CNP species probably possesses their
unique spectral characteristics, depending on C-core size and surface-functionality.
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(B)

(A)

(C)

Figure 3.1 (A) UV-vis absorption (red line) and PL spectra (blue line, λex 350 nm) of the CNP
aqueous solution. (B) Plots of integrated PL intensity (λex 350 nm) against absorbance of CNP
and quinine sulfate. (C) PL spectra of CNP with different λex. The inset photograph displays the
normalized PL emission spectra.
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Another interesting phenomenon here is the pH dependent PL behavior. Figure 3.2 shows the
effect of pH on the fluorescence property of CNP. The fluorescence intensity of the CNP
dispersion intensity increases at low pH and slightly decreases at high pH, but remains almost
unchanged at pH 8.0-10.0, indicating that the fluorescence characteristics of the CNP strongly
depends on the pH value. We also conducted the measurement of the stability of the as-prepared
CNP under different NaCl concentrations.

Figure 3.2 Effect of pH (10 mM phosphate buffer) on the PL intensity at 448 nm (λex 350 nm) of
CNP. All the values are the average of triplicate measurements.

As shown in Figure 3.3, the PL intensity remains almost constant in solutions containing NaCl at
concentrations up to 1.0 M; the PL intensity decreases by less than 3.5 % with an increase in the
NaCl concentration from 0 to 1.0 M.
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Figure 3.3 Effect of salt concentration on the PL intensity at 448 nm (λex 350 nm) of CNP. All
the values are the average of triplicate measurements.

Additionally, the CNP has excellent photostability; the CNP shows only slight photobleaching
behavior UV-lamp at a wavelength of 365 nm for 10 h (Figure 3.4).

Figure 3.4 The time-dependence of PL intensity at 448 nm (λex 350 nm) of CNP.
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3.2.1.2 TEM
TEM has traditionally been used to obtain size information about NPs. Figure 3.5A-C displays
the typical TEM images of the as-synthesized CNP and the inset in Figure 3.5A is its SAED
pattern.

(A)

(B)

(C)

(D)

Figure 3.5 (A-C) TEM images of the as-prepared CNP sample. The inset photograph in (A)
shows the SAED pattern of CNP. (D) The particle size distribution of CNP is obtained by
counting randomly 100 particles from various spots of the sample during TEM imaging.
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Herein, it should take note that CNP tend to aggregate during sample preparation for TEM
analysis.12,79 It is therefore reasonable to observe multiple low-contrast aggregates in the TEM
image of CNP sample. The absence of any discernible ring suggests an amorphous nature of the
as-prepared CNP. The size distribution histogram in Figure 3.5D is obtained by counting
randomly 100 particles from various spots of the sample during TEM imaging. The CNP sample
has a size range of 2.2-5.0 nm and an average diameter of 3.4 ± 0.2 nm. With the notion that the
as-synthesized CNP sample is rather polydisperse, high-resolution analytical separation
technique such as CZE is needed to analyze the complex nature of CNP (vide infra).

3.2.1.3 FTIR
IR spectroscopy is a useful technique to characterize the surface functionality of CNP. The IR
spectrum of the as-synthesized CNP is depicted in Figure 3.6A. The IR spectra of CA and EDA
were also examined for comparison (Figure 3.6B and C). The CNP displays a broad peak at
3200-3500 cm-1 corresponding to the O-H and N-H stretch of the carboxylic acid and amine
groups. Strong absorption peaks at 1708, 1650, 1556, 1404, and 1180 cm-1 corresponding to the
C=O, C=C stretching, N-H bending vibration, amido C-N, and amine C-N stretching bands are
observed. In addition, a shoulder peak at around 2845-2975 cm-1 corresponding to the C-H
vibrational stretch is found for the CNP. For CA, two characteristic broad peaks ascribed to O-H
and C=O stretch are observed. For EDA, two characteristic peaks attributing to N-H bending
(1574 cm-1) and C-N stretching (1092 cm-1) of amines are identified. The IR spectra suggest that
the possible amidation reaction should have taken place between CA and EDA and the CNP
surface are covered with the amine, amide and carboxylic acid groups which are consistent with
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the literature.30,40 More importantly, the IR spectra of CNP possesses a distinctive absorption
peak at 1650 cm-1 which is absent from the IR spectra of CA and EDA, indicating the presence
of C=C unsaturated bond on the CNP which are typical in other fluorescent CNP.51,59

(A)

(C)

(B)

Figure 3.6 IR spectra of (A) CNP, (B) citric acid and (C) 1,2-ethylenediamine.
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The functional groups identified in the IR spectra of CA, EDA and CNP are summarized in
Table 3.1. In summary, the CNP comprise sp2- and sp3-hybridized carbon core and surfaceattached amine, amide and carboxylic acid moieties. These surface functionalities impart to the
hydrophilicity, stability and excellent solubility of the CNP in aqueous solution, facilitating its
separation and analysis by CZE.

Table 3.1 Functional groups identified on FTIR spectra of CA, EDA and CNP. “Yes” and “No”
indicate the presence and absence of the functional group respectively.

3.2.2 Capillary zone electrophoretic separation of CNP
As the as-synthesized CNP comprise amine, amide and carboxylic acid moieties, it should
readily exist as ions in aqueous solution. CZE is an ideal analytical separation technique to study
their electrophoretic behavior. Efforts were initially directed to optimize parameters including
pH, run buffer concentration, applied voltage, capillary temperature, injection time and pressure,
and capillary internal diameter and length for CZE separation of CNP. Experiments were
performed with CNP typically synthesized with 4.0 min microwave irradiation time and 0.67
mole ratio of NH2/COOH in the precursors since a better yield of CNP was obtained under these
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synthetic conditions. This CNP product was found to contain three major types, i.e., positively,
neutral and negatively charged CNP by CZE analysis (vide infra).

3.2.2.1 Effect of pH
Figure 3.7A depicts the effect of run buffer pH 3.4-6.0 (30 mM NaAc-HAc) on the
electrophoretic separation of CNP. The electropherograms show CNP species with a wide range
of mobilities, indicating the anticipated complexity of a CNP sample. In general, CNP species
are divided in three major types, depending on their overall charges. Peak 2 is neutral CNP as its
migration time is same as the neutral marker DMF. Since DMF does not have appreciable
absorption at 250 nm, it will not mask the detection of neutral CNP. Peaks migrated before and
after neutral CNP are positively and negatively charged CNP species respectively since the CZE
system is run under cathodic flow. The migration times for all the CNP species decreases with
the increase in pH from 3.4 to 6.0. When pH increases, the neutral (Peak 2) and positively
charged (Peak 1) CNP migrate closer with each other and finally they are co-migrated at pH 4.5–
6.0. These changes are attributed to the variation of electroosmotive flow (µeof) and
electrophoretic mobility (µep) of CNP with pH. µeof and µep can be calculated from µeof = lL/Vto
and µep = (lL/V)[(1/t) − (1/to)], where l is the distance between the inlet and the detector, L is the
total length of the capillary, V is the applied voltage, and to and t are the migration times of the
neutral and charged CNP, respectively.90

51

(A)

(B)

Figure 3.7 (A) Electropherograms of CNP obtained with run buffer of 30 mM NaAc-HAc at
different pH: (a) 3.4, (b) 3.6, (c) 3.8, (d) 4.0, (e) 4.5, (f) 5.0, and (g) 6.0. (B) Plot of (1) µep of
Peak 1 (positively charged CNP), (2) µeof of Peak 2 (neutral CNP) and (3) µep of Peak 3
(negatively charged CNP) against pH.
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Figure 3.7B depicts the plots of µeof or µep against pH. The µeof increases with the increase in pH
(curve 2 in Figure 3.7B), attributing to the generation of a larger number of negative charges on
the capillary wall with a concomitant effect on increasing the zeta potential. The µep of the
positively charged CNP (Peak 1, curve 1 in Figure 3.7B) decreases with the increase in pH and
reaches very low µep at pH ≥ 4.5. Since the CNP species are surface-attached with amine and
carboxylic acid moieties, the net charge of each CNP species is determined by the charges of
these moieties in terms of NH3+ and COO- at a specific pH. It is well-known that the amine
group is mostly present as NH3+ form at pH < 10 while the carboxylic acid group exists as COOwhen pH > 4.5. Thus, CNP appear to be positively, neutral or negatively charged if the quantity
of NH3+ exceeds, equals to or less than that of COO-, respectively. As such, it can be visualized
that Peak 1 initially presents as positively charged CNP at pH 3.4. But it will be less positive
when the pH increases as its surface-attached COOH moiety starts to convert to COO-. When pH
≥ 4.5, the µep of Peak 1 equals to zero because the net charge of this CNP species is zero (curve 1
in Figure 3.7B). As a result, it is co-migrated with Peak 2, i.e., EOF. For Peak 2, it is a neutral
CNP species as its net charge is zero. Its peak area increases with pH since more positively
charged CNP species are converted to the neutral form when pH increases. The µ ep of Peak 3
increases with pH (curve 3 in Figure 3.7B) as it turns to be more negative, accompanying with
the dissociation of COOH to COO-. In essence, the migration times of all the peaks decrease with
the increase in pH as the changes in µeof are always larger than that of µep so that the bulk flow
(EOF) can sweep all the CNP species towards the cathode.
In conclusion, the separation of CNP is inefficient at higher pH (4.5-6.0) for positively (Peak 1)
and neutral CNP species (Peak 2). They tend to cluster together and are co-migrated. Fortunately,
at lower pH (3.6-3.8) the resolution for CNP is substantially improved. All the positively charged
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CNP migrated before Peak 1 are mostly separated. Peak 1 and 2 are partially separated at pH 4.0
and completely resolved at pH 3.6-3.8. However, Peak 1 is slightly broadened when pH
decreases to 3.4. As such, 3.6 is chosen as the optimal pH for this work as it provides the best
separation and reasonable migration time for most CNP species in the sample.

Figure 3.8 Electrophoretic separation of CNP sample obtained under alkaline conditions with 30
mM phosphate as run buffer at pH: (a) 7.0, (b) 8.0, (c) 9.0, (d) 10.0, (e) 11.0, and (f) 12.0. The
asterisks are the neutral marker DMF. Electropherograms are offset for clarity and ease of
comparison.

In addition, the CNP product was analyzed under alkaline conditions using phosphate run buffers.
The electrophoretic separation of CNP over the pH range 7.0-12.0 (Figure 3.8) is unsatisfactory.
All electropherograms show a series of unresolved peaks comprising positively, neutral and
negatively charged CNP species superimposed on a broad solute band. There are more
negatively charged CNP species when pH is higher than 11.0 since all the surface-attached
ammonium and carboxylic acid groups are deprotonated; unfortunately they all co-migrate
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together as a broad band. As a result, alkaline run buffer is not suitable for CZE analysis of our
CNP samples.

3.2.2.2 Effect of run buffer concentration
The effect of run buffer concentration on capillary electrophoretic behavior was also investigated.
Figure 3.9A displays the CZE separation of CNP at buffer concentration 10-50 mM (pH 3.6).
Figure 3.9B depicts the plots of µeof or µep against buffer concentration. Again, Peak 1, 2 and 3
are assigned to positively, neutral and negatively charged CNP species, respectively. The µep of
Peak 1 increases slightly with buffer concentration until it reaches a plateau at 40 mM buffer.
The µeof (Peak 2) decreases with the increase in buffer concentration, attributing to the decrease
in the thickness of double layer on the capillary wall and hence lower zeta potential. The µep of
Peak 3 decreases slightly with buffer concentration until it reaches 20 mM. The
electropherograms show that better separation can be achieved with the increase in buffer
concentration at 20-30 mM. At 10 mM, Peak 1 and 2 are partially separated. At 40-50 mM, the
migration time of Peak 3 is long (> 35 min). As such, 20-30 mM NaAc-HAc is chosen as the
optimal buffer concentration for the separation of our as-synthesized CNP.

3.2.2.3 Effect of capillary length, temperature, applied voltage, and sample injection
Besides run buffer pH and concentration, the effects of capillary internal diameter (i.d.), capillary
length, applied voltage, capillary temperature, and sample injection pressure and time on CZE
separation of the CNP sample were also studied in detail. The capillary with 50 µm i.d. produces
shorter migration times and better separation than that of 75 µm i.d. under the same applied
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voltage of 15 kV. Peak 3 is not observed for the first 45 min but is detected when the applied
voltage is increased to 30 kV. Unfortunately, this high applied voltage causes peak broadening of
the later migrated solute due to the Joule heating effect (Figure 3.10). When the capillary is short
(30 cm), the solutes tend to cluster together. On the other hand, if the capillary is long (60 cm),
the migration time for Peak 3 is too long (> 60 min). As such, the optimal length of the capillary
is 40 cm (Figure 3.11). Figure 3.12 depicts the effect of applied voltage on the CZE separation of
CNP sample. When the voltage is low (10 kV), the migration time of Peak 3 is long (45 min).
Although higher applied voltage (20 kV) reduces the migration times of most CNP species, some
of the CNP species tend to cluster together. As a result, 15 kV was chosen as the optimal applied
voltage (Figure 3.12). No significant effect on separation is observed for temperatures 15.0‒
35.0 °C (Figure 3.13). The peak areas of CNP species increase with the increase in sample
injection pressure (Figure 3.14) or time (Figure 3.15). The separations of the CNP species are
more or less the same.
In summary, the optimal CZE conditions for separation of our as-synthesized CNP product are:
40.0 cm capillary with 50 µm i.d. and 325 µm o.d, applied voltage 15 kV, capillary temperature
25.0 °C, and sample injection pressure 0.5 psi and time 3.0 s.
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(A)

(B)

Figure 3.9 Electropherograms of CNP obtained at different NaAc-HAc (pH 3.6) run buffer
concentrations: (a) 10, (b) 20, (c) 30, (d) 40, and (e) 50 mM. Electropherograms are offset for
clarity and ease of comparison. (B) Plot of (1) µep of Peak 1 (positively charged CNP), (2) µeof of
Peak 2 (neutral CNP) and (3) µep of Peak 3 (negatively charged CNP) against buffer
concentration.
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Figure 3.10 Electropherograms of CNP monitored at absorption wavelength of 250 nm with run
buffer of 30 mM NaAc-HAc at pH 3.6 using capillaries: (a) 75 µm i.d. and 375 µm o.d. at 15 kV,
(b) 75 µm i.d. and 375 µm o.d. at 30 kV, and (c) 50 µm i.d. and 325 µm o.d at 15 kV.
Electropherograms are offset for clarity and ease of comparison. Peak 1, 2 and 3 are positively
charged, neutral and negatively charged CNP, respectively.

Figure 3.11 Electropherograms of CNP monitored at absorption wavelength of 250 nm with run
buffer of 30 mM NaAc-HAc at pH 3.6 with different column lengths: (a) 30.0, (b) 40.0 and (c)
60.0 cm. Electropherograms are offset for clarity and ease of comparison. Peak 1, 2 and 3 are
positively charged, neutral and negatively charged CNP, respectively.
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Figure 3.12 Electropherograms of CNP monitored at absorption wavelength of 250 nm with run
buffer of 30 mM NaAc-HAc at pH 3.6 at different applied voltages: (a) 10.0, (b) 15.0 and (c)
20.0 kV. Electropherograms are offset for clarity and ease of comparison. Peak 1, 2 and 3 are
positively charged, neutral and negatively charged CNP, respectively.

Figure 3.13 Electropherograms of CNP monitored at absorption wavelength of 250 nm with run
buffer of 30 mM NaAc-HAc at pH 3.6 with different capillary temperatures: (a) 15.0, (b) 25.0,
and (c) 35.0 °C. Electropherograms are offset for clarity and ease of comparison. Peak 1, 2 and 3
are positively charged, neutral and negatively charged CNP, respectively.
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Figure 3.14 Electropherograms of CNP monitored at absorption wavelength of 250 nm with run
buffer of 30 mM NaAc-HAc at pH 3.6 with different injection pressures: (a) 0.2, (b) 0.5, and (c)
0.8 psi. Electropherograms are offset for clarity and ease of comparison. Peak 1, 2 and 3 are
positively charged, neutral and negatively charged CNP, respectively.

Figure 3.15 Electropherograms of CNP monitored at absorption wavelength of 250 nm with run
buffer of 30 mM NaAc-HAc at pH 3.6 with different injection times: (a) 1.0, (b) 3.0 and (c) 7.0 s.
Electropherograms are offset for clarity and ease of comparison. Peak 1, 2 and 3 are positively
charged, neutral and negatively charged CNP, respectively.
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Herein, it is necessary to point out that the CZE method is technically challenging in the analysis
of CNP. The baseline continuously drifts downward and the migration time of the negatively
charged CNP shifts significantly for the first 5‒6 h run time; thus degrades the separation. In
order to circumvent this situation, the CE instrument is normally warmed up for 12 h prior to
sample analysis. Figure 3.16 depicts the five continuous injections of CNP sample. The relative
standard deviations (RSDs) of migration time and peak area for Peak 1‒3 are summarized in
Table 3.2. All RSDs are below 2.94%, demonstrating the high repeatability of our CZE method.

Figure 3.16 Electropherograms of CNP monitored at absorption wavelength of 250 nm with run
buffer of 30 mM NaAc-HAc at pH 3.6 for five continuous CNP sample injections (a‒ e).
Electropherograms are offset for clarity and ease of comparison. Peak 1, 2 and 3 are positively
charged, neutral and negatively charged CNP, respectively.
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Table 3.2 The RSDs of migration time and peak area obtained from Peak 1-3 in Figure 3.16.
Peak

Migration time (min)

RSD (%)

Peak area (mAU∙min)

RSD (%)

1

7.46, 7.39, 7.03, 7.24, 7.11

2.92

5503, 5623, 5482, 5617, 5520

1.43

2

9.36, 9.43, 9.29, 9.79, 9.58

2.10

17485, 17051, 16475, 17679, 16987

2.74

3

28.22, 29.07, 28.93, 29.85, 29.84

2.35

25697, 26259, 26341, 25473, 25076

2.07

3.2.2.4 Effect of reaction time on CNP product
It is anticipated that the reaction time of CA and EDA by microwave irradiation will affect the
formation of CNP as well as its composition. A series of CNP products were synthesized by
microwave heating the CA and EDA mixture (0.67 mole ratio of NH2/COOH) at various reaction
time (1.0-6.0 min). After the reaction, the crude CNP products were cleansed by dialysis and
lyophilized until further use. Figure 3.17 displays the photographic images of the aqueous CNP
solutions synthesized with 1.0-6.0 min. The top and bottom images are under room light and UV
irradiation, respectively. At 1.0 min, the solution is transparent and no blue emission is observed
(Figure 3.17a). When the reaction time is longer than 1.0 min, the solutions turn to brownish and
display strong blue emissions under UV (Figure 3.17b-f). The solutions are more brownish and
show stronger emission as the reaction time lengthens. The blue emission increases at 2.0-3.0
min (Figure 3.17b and c) and decreases at 4.0-6.0 min (Figure 3.17d-f). The decrease in emission
is attributed to the fact that these solutions contain very high concentrations of CNP, resulting in
self-quenching. After three folds dilution with water, strong blue emissions are recovered (far
right images of Figure 3.17). These results confirm that longer reaction time could produce larger
amounts of CNP which is in complete agreement with our CZE analysis (vide infra).
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Figure 3.17 Photographic images of aqueous solutions of reaction products synthesized with
different reaction times: (a) 1.0, (b) 2.0, (c) 3.0, (d) 4.0, (e) 5.0, and (f) 6.0 min under room light
(top) and UV (365 nm) light (bottom). Images at the far right are sample (d)-(f) three-fold diluted
with water under UV (365 nm) irradiation.

The dry CNP products synthesized with various reaction times were dissolved in 5.0 mL water to
obtain a series of CNP aqueous solutions which are then subjected to CZE analysis under the
optimal run buffer (30 mM NaAc-HAc, pH 3.6). Figure 3.18 displays the electropherograms of
CNP products synthesized with different reaction times. Peaks labeled with asterisks are neutral
CNP. Peaks migrated before and after neutral CNP are positively and negatively charged CNP
species. It is observed that no CNP are formed at 1.0 min (Figure 3.18a). The reason is that water
in the reaction mixture has to be completely evaporated before the pyrolysis of CA and EDA
could initiate to generate CNP.23 Regrettably, 1.0 min is not long enough for water evaporation
and therefore no CNP are formed. When the reaction time lengthens from 1.0 to 6.0 min, larger
and numerous peaks are found in the electropherograms (Figure 3.18b-f). All CNP species
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increase proportionally with the increase in reaction time. More or less the same negatively
charged CNP are produced at 5.0 and 6.0 min. At 6.0 min, more positively charged and neutral
CNP are obtained. Further increase in reaction time (> 6.0 min) results in similar
electropherograms (not shown). In conclusion, the yields and proportions of positively, neutral
and negatively charged CNP species are pretty much dependent on reaction time. With longer
reaction time, larger amounts of positively, neutral and negatively charged CNP species in a
CNP product could be obtained.

Figure 3.18 Electropherograms of aqueous solutions of CNP synthesized with 0.67 mole ratio of
amine/carboxylic acid group at different reaction times: (a) 1.0, (b) 2.0, (c) 3.0, (d) 4.0, (e) 5.0,
and (f) 6.0 min. Run buffer is 30 mM NaAc-HAc (pH 3.6). Electropherograms are offset for
clarity and ease of comparison. The peaks labeled with asterisks are neutral CNP. Peaks migrated
before and after neutral CNP are positively and negatively charged CNP, respectively.
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3.2.2.5 Effect of ratio of amine to carboxylic acid groups on CNP product
The formation of CNP follows the initial condensation of CA and EDA to form polymeric amide
gel and then carbonized to CNP. The ratio of amine (in EDA) to carboxylic acid (in CA) groups
could affect the PL performance of the as-synthesized CNP which is closely related to the CNP
surface functionality.30,40 Thus, we speculate that the ratio of NH2/COOH should determine the
yield of CNP as well as the surface-attached amine and carboxylic acid moieties of an assynthesized CNP product. As such, a series of CNP products were synthesized with different
mole ratios of NH2/COOH in the initial reagents.
Figure 3.19 depicts the electropherograms of CNP synthesized with different mole ratios of
NH2/COOH. Peaks labeled with asterisks are neutral CNP. Peaks migrated before and after
neutral CNP are positively and negatively charged CNP, respectively. In the absence of EDA, no
CNP are formed (Figure 3.19a), indicating that it is difficult to synthesize without the passivation
of EDA.30 By contrast, CNP are obtained in the presence of EDA and CA. More CNP are
produced with the increase in the mole ratio of NH2/COOH. It is interesting to note that
positively, neutral and negatively charged CNP are all obtained at 0.25-0.80 mole ratio of
NH2/COOH (Figure 3.19b-e). When the mole ratio of NH2/COOH is 1.00-2.00, only positively
and neutral CNP are formed (Figure 3.19f-h). In addition, largest amounts of neutral CNP are
found at 1.00-1.33 mole ratio of NH2/COOH (Figure 3.19f and g). When the mole ratio of
NH2/COOH reaches 2.00, most CNP are positively charged (Figure 3.19h). Our results confirm
that the formation of different kinds of CNP is indeed governed by the mole ratio of NH2/COOH
in the reagents. At lower mole ratio (0.25-0.80) of NH2/COOH, the CNP products contain a
variety of amine and carboxylic acid functionalized CNP. By contrast, at higher mole ratio (1.00-
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2.00) of NH2/COOH, the CNP products are dominant by the amine functionalized CNP. In other
words, more EDA will result in an increase in the formation of positively charged CNP.

Figure 3.19 Electropherograms of aqueous solutions of CNP synthesized with 4.0 min reaction
time and different mole ratios of amine/carboxylic acid group in reagents: (a) 0.00, (b) 0.25, (c)
0.50, (d) 0.67, (e) 0.80, (f) 1.00, (g) 1.33, and (h) 2.00. Run buffer is 30 mM NaAc-HAc and pH
3.6. Electropherograms are offset for clarity and ease of comparison. The peaks labeled with
asterisks are neutral CNP. Peaks migrated before and after neutral CNP are positively and
negatively charged CNP, respectively.

In summary, our CZE demonstrates that both EDA and CA are essential for the formation of
CNP. When the mole ratio of NH2/COOH is 0.67-0.80, the yields of CNP are the highest and
yield positively, neutral and negatively charged CNP species. When the mole ratio of
NH2/COOH is ≥ 1.00, only positively charged and neutral CNP are formed. Our work could
indeed provide an insight on the composition of an as-synthesized CNP product derived from
microwave pyrolysis of CA and EDA, assisting us to synthesize the required CNP species.
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3.2.2.6 Fluorescence detection of CNP
Since our as-synthesized CNP possess strong PL properties, CZE coupled with LIF detection
was also employed to investigate the CNP product synthesized with 0.67 mole ratio of
NH2/COOH. Figure 3.20 displays the electrophoregrams monitored at an absorption wavelength
of 250 nm and fluorescence monitored at λex/λem of 488/550 nm. The combination of UV and
LIF detection schemes reveals corroborating as well as additional information. For example, the
two electropherograms (Figure 3.20Aa and b) display similar peak patterns with the complex
CNP mixture being well-separated into three major parts, i.e., neutral, positively and negatively
charged fractions. Strong UV and fluorescence signals are observed for Peak 1 and 2, indicating
that positively charged and neutral CNP possess strong emission. However, weak emission but
strong absorption signals are found for Peak 3, inferring that negatively charged CNP have lower
fluorescence ΦS. The incorporation of the two detection methods provides a more thorough and
effective way to study the composition of a CNP mixture. Figure 3.20B displays the absorption
spectra of Peak 1‒3 (from bottom to top) with typical spectral characteristics of CNP mixture.
All the spectra display a distinctive absorption peak at around 350 nm (n → π* transitions of
C=O bonding) whereas their absorption bands below 250 nm show some slight differences. Peak
1 has a shoulder band at 233 nm while Peak 2 and 3 are bathochromically shifted to ca. 244 nm,
possibly attributing to the widening of the energy gap π → π* transition of the aromatic carbons
on the C-core by the surface-attached positive-charged moieties.
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(A)

(B)

Figure 3.20 (A) Capillary electrophoretic separation of CNP monitored at (a) absorption
wavelength of 250 nm and (b) laser-induced fluorescence at λex/λem of 488/550 nm. The run
buffer is 30 mM NaAc-HAc at pH 3.6. Peak 1, 2 and 3 are positively charged, neutral and
negatively charged CNP, respectively. (B) Absorption spectra of Peak 1‒3 (from bottom to top).
All the spectra are normalized and offset for clarity.
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(A)

(B)

Figure 3.21 (A) Electropherograms of CNP monitored by LIF with run buffer of 30 mM NaAcHAc at different pH: (a) 3.4, (b) 3.6, (c) 3.8, (d) 4.0, (e) 4.5, (f) 5.0, and (g) 6.0.
Electropherograms are offset for clarity and ease of comparison. (B) Plots of (1) µep of Peak 1
(positively charged CNP), (2) µeof of Peak 2 (neutral CNP), and (3) µep of Peak 3 (negatively
charged CNP) against pH. When pH > 4.0, it is hard to identify the specific negatively charged
peak due to the presence of too many numerous small negatively charged peaks.
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Figure 3.21A displays the electropherograms of CNP detected by LIF under different pHs. The
corresponding µep and µeof are plotted in Figure 3.21B. The electrophoretic behavior of the
positively, neutral and negatively charged CNP are the same as in Figure 3.7. Similarly, the
electrophoretic separation of the CNP product monitored by LIF at various reaction times
(Figure 3.22) and mole ratio of NH2/COOH (Figure 3.23) were performed. Again, the
electrophoretic behaviors of all kinds of CNP are very similar to that of Figure 3.18 and 19,
respectively. One major difference between the two electropherograms is that the positively and
neutral CNP give stronger emission signals while the negatively charged CNP are much weaker.
It is anticipated that the brighter positively charged and neutral CNP species could be isolated
from the CNP sample and will be useful as cellular imaging probes.

Figure 3.22 Electropherograms of CNP synthesized with 0.67 mole ratio of amine/carboxylic
acid group at different reaction time: (a) 1.0, (b) 2.0, (c) 3.0, (d) 4.0, (e) 5.0, and (f) 6.0 min
monitored by LIF. The run buffer is 30 mM NaAc-HAc at pH 3.6. Electropherograms are offset
for clarity and ease of comparison. Peaks labeled with asterisks in each electropherogram are
neutral CNP. Peaks migrate before and after neutral CNP are positively and negatively charged
CNP, respectively.
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Figure 3.23 Electropherograms of aqueous solutions of CNP synthesized with 4.0 min reaction
time and different mole ratios of amine/carboxylic acid group in precursors: (a) 0.00, (b) 0.25, (c)
0.50, (d) 0.67, (e) 0.80, (f) 1.00, (g) 1.33, and (h) 2.00 monitored by LIF. The run buffer is 30
mM NaAc-HAc at pH 3.6. Electropherograms are offset for clarity and ease of comparison.
Peaks labeled with asterisks in each electropherogram are neutral CNP. Peaks migrate before and
after neutral CNP are positively and negatively charged CNP, respectively.

3.3 Conclusion
In summary, we have demonstrated that as-synthesized CNP derived from microwave pyrolysis
of EDA and CA is complex in nature and their composition can be conveniently revealed by
CZE. The CNP samples indeed comprise a mixture of positively, neutral and negatively charged
CNP species. The positively and negatively charged CNP are dominant with ammonium and
carboxylate moieties respectively. For the neutral charged CNP, it is possible that they possess
equal number of ammonium and carboxylate and/or covered with amido moieties. With the
increase in pH, the µep of the negatively charged CNP increases whereas that of the positively
charged CNP decreases.
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In attempts for better understanding the experimental conditions to synthesize CNP, our
proposed CZE methodology has been successfully applied to identify various kinds of CNP
species in as-synthesized CNP products. To our knowledge, this is the first report on studying the
effect of reaction time and mole ratio of NH2/COOH of the reagents on the composition of the
CNP product by CZE. It is found that longer reaction times provoke higher yields of CNP. In the
absence of CA, no CNP are formed. All CNP species increase proportionally with the increase in
mole ratio of NH2/COOH from 0.25 to 0.80, indicating that EDA and CA are essential for
synthesizing CNP. By controlling the mole ratio of NH2/COOH at 1.00-2.00, only positively
charged and neutral CNP are formed, inferring that these CNP species are surface-attached with
mostly ammonium moieties. In essence, our capillary electrophoretic separation approach
provides a means to study the reaction time-associated kinetics of CNP formation and to identify
the functionality-associated charge states of each separated CNP fractions. Our work can
facilitate investigations of the effect of mole ratio of NH2/COOH on the variation of surfacefunctionality of CNP, providing an insight in optimizing experimental conditions for acquiring
CNP products with desired properties.
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Chapter 4
Better Understanding of Carbon Nanoparticles Via High-Performance Liquid
Chromatography-Fluorescence Detection and Mass Spectrometry

4.1 Introduction
As demonstrated by the results in Chapter 3, the CNP samples indeed comprise a mixture of
positively, neutral and negatively charged CNP species and this heterogeneous CNP product can
only represent the summation or average properties of the individual CNP species. Although our
proposed CE method in Chapter 3 achieves the separation of CNP with satisfactory resolution;
unfortunately, it is difficult to collect the sample due to the low sample injection volume for
further study of the individual CNP properties. Besides, CE can only separate the charged CNP
species but not the neutral CNP species. Fortunately, HPLC methodology is complementary to
CE in these respects. By using HPLC method, high peak resolution can be achieved and
individual fractions of CNP can be multiple-collected for more precious investigation of their
unique chemical and physical properties. In addition, the neutral CNP species which migrate as
one single peak can be efficiently retained on a C18 column and are better separated. Herein, we
chose RP-HPLC-FD method to separate the CNP synthesized from CA and EDA.30,40 The
optimal HPLC working conditions such as MeOH content and pH of mobile phase were
investigated. Our proposed RP-HPLC-FD methodology has been successfully applied to study
the effect of mole ratio of NH2/COOH in the initial reagents on the properties of CNP products.
In addition, the size-dependent optical spectra of each separated CNP fractions were visualized
by collecting the separated CNP fractions. Finally, TEM and MALDI-TOF MS were applied to
73

determine the sizes and masses of the CNP fractions. Our work aimed at separating the assynthesized CNP product to obtain high-purity monodisperse CNP, which certainly adds to
better understanding of the individual CNP species in an as-prepared CNP product by using
modern analytical separation methodology. The synthesis and HPLC separation process of CNP
is illustrated in Scheme 4.1.

Scheme 4.1 Schematic illustration of the formation and HPLC separation process of CNP.

4.2 Results and Discussion
4.2.1 Effect of MeOH content on separation of CNP
The effect of MeOH content in the mobile phase on the retention and separation of a CNP
sample synthesized with NH2/COOH = 0.67 is depicted in Figure 4.1. When MeOH is 15% v/v,
the separation of CNP is unsatisfactory with only one single intense peak, comprising numerous
co-eluted CNP species. Fortunately, the resolution of these overlapping peaks is improved by
lowering the MeOH content in the mobile phase. The chromatograms show that lower organic
solvent content tends to increase the retention of the CNP species, suggesting that the HPLC
separation of CNP follows the typical RP separation behavior of solutes on a C18 column. In
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brief, the overall polarity of the mobile phase increases considerably with lower MeOH content,
allowing for better hydrophobic interaction between the CNP and C18 stationary phase. By
contrast, increasing the MeOH content in the mobile phase will considerably shorten the
retention time of CNP. In essence, MeOH has a significant impact on the separation of the assynthesized CNP sample. Although full aqueous mobile phase seems to be the optimal mobile
phase for the separation of CNP sample, the retention times of the later eluting solutes are
excessively long (> 70 min) and tend to be strongly retained on the column. As such, a solvent
program with progressively increasing MeOH content in the mobile phase has to be employed to
completely resolve and elute all the CNP species in an as-synthesized CNP sample.

Figure 4.1 Effect of MeOH content on separation of CNP (1.0 mg/mL). The mobile phase
contains 10 mM NH4Ac (pH 4.5) and various volume percentages of MeOH. All elutions are
isocratic at 0.80 mL/min. Fluorescence chromatograms are monitored at λex/λem of 340/430 nm.
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4.2.2 Effect of pH on separation of CNP
The chromatographic separation of the as-synthesized CNP sample is affected by the pH of the
mobile phase. Here, the separation was examined over the pH range 4.0–6.0. Figure 4.2 displays
the isocratic elution of a CNP sample synthesized with NH2/COOH = 0.67 at various pHs. When
pH > 4.5, the separation efficiency of CNP is unsatisfactory as some of the solutes are co-eluted.
At pH 4.0 and 4.5, all the CNP peaks are separated. The effect of pH on separation of CNP is
associated with the acid dissociation constants of the amine and carboxylic ligands on the surface
of CNP. The presence of these ligands is confirmed by IR and MS data (vide infra). In theory,
the charged CNP species will not be retained on a C18 column whereas the neutral one does.

Figure 4.2 Effect of pH on separation of CNP sample (1.0 mg/mL). The mobile phase contains
10 mM NH4Ac at various pHs. All elutions are isocratic at 0.80 mL/min. Fluorescence
chromatograms are monitored at λex/λem of 340/430 nm.

To gain further insight into the charge states of CNP, the zeta potential of CNP was measured at
various pHs. Figure 4.3 shows the effect of pH on the zeta potential of the CNP sample. At pH
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2.0–4.0, CNP is positively charged owing to the protonation of the surface-attached amine
functionality. An increase in pH causes the reversal of the surface charge states of CNP. When
the pH is at 4.5–8.0, CNP is negatively charged, indicating the dissociation of carboxylic acid
functionality. The higher the pH, the more negative the zeta potential of CNP. The CNP sample
has an isoelectric point at 4.38. Thus, it can be deduced that most CNP species in the sample are
present as the neutral forms at pH 4.0–4.5 and are better retained on a C18 column. As the pH is
decreased to 4.0, the later elution solutes have too long retention times which are not favorable
for separation. As such, pH 4.5 was chosen for our RP-HPLC separation as it produces the
optimal separation for most CNP species with reasonable retention times.

Figure 4.3 Zeta potentials of CNP sample (0.50 mg/mL) at various pH. Each data is obtained
from three measurements with the error bars.

4.2.3 Effect of ratio of amine to carboxylic groups on CNP product
The mole ratio of -NH2 (in EDA) to -COOH (in CA) groups has been reported as an important
factor that affects the PL performance of the as-synthesized CNP.30,40,81 A series of CNP samples
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were synthesized with different NH2/COOH in the initial reagents. These CNP samples were
applied to HPLC-FD analysis. Figure 4.4 depicts the fluorescence chromatograms of CNP
synthesized with different NH2/COOH. At NH2/COOH = 0.25 and 0.33, six peaks (CNP species)
with relatively weak fluorescence are detected. By contrast, more peaks with stronger
fluorescence emissions are evolved with the increase in NH2/COOH (0.50–0.67). When
NH2/COOH is too high (1.00–2.00), the peak intensity drops significantly, indicating that less
fluorescent CNP species are formed. These results confirm that the formation of fluorescent CNP
products is indeed governed by NH2/COOH in the reagents. Among these CNP products,
NH2/COOH = 0.67 could produce the strongest PL which is in complete agreement with the
literature.30 As such, CNP sample synthesized with NH2/COOH = 0.67 was chosen for most
studies.

Figure 4.4 Fluorescence chromatograms of the aqueous solutions of CNP (1.0 mg/mL)
synthesized with different NH2/COOH (0.25–2.00) in the initial reagents. The chromatograms
are acquired by monitoring the fluorescence detector at λex/λem of 340/440 nm and are offset for
clarity and ease of comparison.
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4.2.4 UV-visible absorption and photoluminescence spectra of HPLC fractions
Figure 4.5 displays the fluorescence chromatogram of the CNP sample (curve b) synthesized
with NH2/COOH = 0.67. For comparison, a blank sample was injected (curve a) and no peak is
observed. By contrast, numerous well separated peaks are found for the CNP sample, confirming
that the as-synthesized CNP are composed of various fluorescent CNP species. There are at least
ten peaks labeled as 1–10 are observed and collected for further characterization.

Figure 4.5 Gradient elution of an aqueous solution of CNP (1.0 mg/mL) synthesized with
NH2/COOH = 0.67. Curve (a, red): blank and curve (b, blue): fluorescence chromatogram of
CNP monitored at λex/λem of 340/440 nm.

Figure 4.6A displays the UV-visible absorption spectra of the HPLC fractions 1–10. These
spectra are normalized at 220 nm to remove the effect of concentration difference and are offset
on the absorbance axis to allow for focus on spectral shape and band position. The absorption
spectra show typical spectral characteristics of the CNP sample. All spectra display a shoulder
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band at ca. 240 nm corresponding to the π → π* transition of the aromatic sp2 carbons and
absorption peaks at 334–350 nm corresponding to the surface trap states. The absorption peak is
red-shifted from fraction 1 to 10. Figure 4.6B displays the PL spectra of fractions 1–10. Upon
excitation at 340 nm, the PL bands are red-shifted from 424 to 436 nm and from 442 to 450 nm
for fractions 1–3 and 7–10, respectively. No obvious shift of the PL bands is observed for
fractions 4–6. The TEM and MS analyses show that the particle size and mass of the fractions
approximately follow the elution order of the fractions (vide infra). Both absorption and PL
spectra, MS and size of fractions 4–6 are very similar, inferring that their differences in retention
on a C18 column are probably attributed to the differences in their surface-attached
functionalities. In summary, we deduce that the absorption and PL bands of the CNP species are
size-dependent which is similar to that of gold nanoparticles;91 however, other factors including
surface functionality and heteroatoms also play important roles.80

Figure 4.6 (A) and (B) are the absorption and PL spectra (λex 340 nm) of fractions 1–10 (from
bottom to top) in Fig. 2b respectively. The curves are normalized and offset for clarity.
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Figure 4.7 displays the PL spectra of fractions 1–10 at different λex. No obvious shift of the PL
bands for fractions 2–10 is observed which is in contrast to the λex-dependent PL spectral
behavior of the CNP sample mixture. These results indicate that the original CNP sample is
multicomponent in nature while the separated fractions appear to be in high purity. Interestingly,
the PL spectrum of fraction 1 is still slightly shifted when excited at different wavelengths. The
reason may be that fraction 1 still comprises several charged species with various spectroscopic
characteristics. Since CE is an excellent method to separate charged species, it was employed to
analyze the HPLC fractions 1–10.

(1)

(2)

(3)

(4)
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(5)

(6)

(7)

(8)

(9)

(10)

Figure 4.7 PL spectra of HPLC fractions 1-10 at different λex.
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4.2.5 CE analysis of HPLC fractions
The CE separations of fractions 1–10 at pH 4.5 and 6.0 were conducted and displayed in Figure
4.8. Herein, pH 4.5 and 6.0 were selected to study the charge states of the fractions since the
chromatographic features of the fractions show significant changes from pH 4.5 to 6.0. At pH 4.5,
the electropherograms of the fractions (Figure 4.8A) display a later migration peak
corresponding to acetate anion (Ac–) which is derived from the NaAc mobile phase in the
fractions. Fractions 2–10 possess only one single earlier migration peak which have the same
migration time as the neutral marker DMF, inferring that all are neutral CNP species. On the
contrary, fraction 1 possesses at least four negatively charged peaks which migrate between
DMF and Ac–. When the pH is increased to 6.0, the electropherograms (Figure 4.8B) indicate
that the CNP species in fractions 1–10 exist mainly as anions, corroborating with the negative
zeta potential of CNP sample at pH 6.0 (vide supra). These negatively charged CNP species in
fractions 1–6 migrate after Ac–. Interestingly, the CNP species in Fractions 7–10 turn to be less
negatively charged as they migrate before Ac– and close to the neutral marker DMF. In summary,
the charged states of the CNP species in the fractions can be different even under the same pH
environment, inferring their different surface-attached functionalities. Our CE results agree very
well to the zeta potential and HPLC analysis.
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(A)

(B)

Figure 4.8 Capillary electrophoretic separation of HPLC fractions 1–10 with run buffer of 30
mM NaAc at pH: (A) 4.5 and (B) 6.0. (0) Before each analysis, DMF was run as the neutral
marker. Electropherograms are obtained at absorption wavelength of 250 nm and offset for
clarity and ease of comparison. The later migration peak on each chromatogram of fractions 1–
10 is acetate anion (Ac–) left in the collected fraction.
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In addition, the ΦS of fractions 1–10 at λex 340 nm were determined and summarize in Table 4.1.
It is noticed that the CNP fractions possess various ΦS with fractions 3, 9 and 10 displaying the
highest ΦS of 10.03, 14.98 and 15.83%, respectively while the other fractions show much lower
ΦS (< 7.0 %). These differences are probably attributed to the differences in surface-attached
ligands and nitrogen contents of CNP fractions. In summary, the as-synthesized CNP sample is
indeed a complex mixture of numerous CNP species with various optical properties and ΦS. The
UV-visible and PL spectra of CNP in Fig. 1 only represent the average or summation properties
of all the individual CNP species. RP-HPLC is definitely an efficient approach for separating and
revealing the optical and MS properties of the individual CNP species present in an assynthesized sample, and is a valuable tool to assist better understanding of CNP samples.

Table 4.1 Quantum yields (ΦS) of fractions 1–10 using quinine sulfate as the reference at λex/λem
of 340/430 nm.

Fraction
1
2
3
4
5
6
7
8
9
10
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ΦS (%)
1.31
1.04
10.03
6.81
4.71
4.54
0.64
1.23
14.98
15.83

4.2.6 TEM analysis of HPLC fractions
TEM analysis was also performed to determine the particle size of the isolated CNP fractions.
Figure 4.9 displays the TEM images of fractions 1–10. The average sizes of the CNP fractions
are determined by counting about 100 particles as depicted on the left corner of each TEM image.
The particle sizes of CNP fractions are 1.2–3.4 nm. The size of the fractions follows the elution
order from the smallest to the largest. The size-dependent elution behavior is similar to other
types of nanoparticles.92 Fractions 3–6 have the same size of 2.4 nm but they display different
retentions on a C18 column which is attributed to the variation of their surface-attached
functionalities. It is postulated that the hydrophobicity of the surface of CNP follows the elution
order from fraction 3 to 6. In other words, the surface functionalities of CNP in fraction 6 are
more hydrophobic than that of fractions 3–5. In summary, the retention of CNP is not only
determined by the carbon core size but also the hydrophobicity of the surface-attached
functionality.

Fraction 1

Fraction 2
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Fraction 3

Fraction 4

Fraction 5

Fraction 6

Fraction 7

Fraction 8

Fraction 7
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Fraction 9

Fraction 10

Figure 4.9 TEM images of fractions 1–10.

4.2.7 MALDI-TOF MS analysis of HPLC fractions
MALDI-TOF MS was employed to characterize the CNP fractions. The MS spectra of fractions
1–10 are illustrated in Figure 4.10. The possible highest mass CNP species are labeled on all the
MS with red asterisks. All the peak assignments are within the mass accuracy of the MALDITOF-MS, i.e., 1–2 mass units. The highest mass peaks of fractions 1 and 2 are located at m/z
2478 and 2580 Da, respectively. For fractions 3–6, the highest mass peaks are very close (i.e.,
2753, 2756, 2752, and 2754 Da) and are higher than that of fractions 1–2. For fractions 7–10,
their highest mass peaks are located at m/z 2872, 3049, 3647, and 3745, respectively, following
their elution order. Although MALDI-TOF MS cannot accurately assign the exact highest mass
ions of CNP fractions, it is still a valuable tool to elucidate the surface-attached functionalities of
nanoparticles by examining their fragmentation patterns.91,92 As indicated by Figure 4.10, it is
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interesting to observe regular mass spacings in the MS of the fractions. The major m/z spacing
between the adjacent peaks for fractions 1–8 are different from that of 9–10. The insets of Figure
4.10 display the expanded MS in order to study the major mass spacings of the fractions.
Fraction 1 contains a series of major m/z spacing in the alternating mass spacing of 116 and 171.
Fraction 2 displays the alternating mass spacing of 114 and 169. Fractions 3, 7 and 8 show the
alternating mass spacing of 114 and 171. For fractions 4-6, three kinds of mass spacing of 114,
116 and 171 are identified. Finally, fractions 9 and 10 possess the major m/z spacing of 158 and
175 which are different from that of fractions 1–8. We elucidate that the fragments (m/z 169 and
171) possess similar chemical structure to CA (molecular mass 192) by losing one alcoholic -OH
group and replacing with three (m/z 169) and two (m/z 171) -NH and carboxylic -OH groups,
respectively. Fragments with m/z 114 and 116 should be generated by further losing a -CH2CONH group from fragments (m/z 169 and 171), respectively. The m/z 175 fragment possesses
chemical structure similar to CA by losing one alcoholic -OH group while m/z 158 fragment is
generated by losing one alcoholic -OH and one carboxylic -OH group. The proposed chemical
structures of the fragments are displayed in the inset of Figure 4.10. The MS data further confirm
our IR spectrum that amidation reaction between CA and EDA should certainly have taken place
during the CNP synthesis. At high temperature, the carbonyl moieties of CA readily react with
the amine groups of EDA to form amide groups and then further pyrolyze to form carbon cores
with some residual surface-attached amine and carboxylic functionalities.
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Figure 4.10 MALDI-TOF MS of fractions 1–10. The insets are the expanded MS.

In addition, some minor m/z spacings are observed in each group of fragments as indicated in
Figure 4.11. The mass differences of these minor peaks are 15, 17, or 18 corresponding to an
amine (NH2 minus H), hydroxyl (OH) or a water molecule (H2O), respectively. The 22-Da peak
is responsible for the mass of Na minus H. Although the correlation between the functional
groups of CNP and Na+ ionization has not been reported, Na+ peak is commonly observed where
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amino acid ligand is present in the nanoparticles.93 It is interesting to note that the carboxylic acid
and amine/amide moieties of our CNP sample are similar to that of the amino acids.

(1A)

(1B)

(1C)

(1D)
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Figure 4.11 (A) MALDI-TOF MS of HPLC fractions 1–10. (B–D) The expanded MS of each
fraction.

4.3 Conclusion
In this study, RP-HPLC method has been developed to isolate various CNP species from a
complex CNP sample. Each CNP species possesses unique spectral and physical properties. The
effect of NH2/COOH on the CNP product was studied by RP-HPLC. At NH2/COOH = 0.67,
strongest emissive CNP species are synthesized and then separated by our proposed RP-HPLC
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methodology. In an attempt to better understanding the fundamental properties of each CNP
species, the HPLC fractions are collected and characterized by UV-visible absorption, PL
spectroscopy, CE, TEM and MALDI-TOF MS. These analyses show that the PL is red-shifted
with the increase in particle size of CNP. The TEM data prove that the particle size of the CNP
species generally increases and follows the RP-HPLC elution order. The MS data show that the
CNP undergo fragmentation which is closely related to the surface-attached carboxylic acid and
amine/amide functionalities of CNP. In essence, our developed RP-HPLC methodology together
with absorption and PL spectroscopy, MS and TEM provide an effective way to determine the
spectral properties, size and surface-attached functionality of an individual CNP species.
Moreover, our proposed methodology can be applied as a guide to tune the synthesis conditions
so as to harvest specific CNP species with desired sizes and surface functionality.
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Chapter 5
Green Synthesis of Nitrogen/Sulfur-Doped Carbon Nanoparticles and
Investigation of Their Properties by HPLC Coupled with Mass Spectrometry

5.1 Introduction
As mentioned in Chapter 1, various synthetic methods have been developed to synthesize CNP.
In recent days, the synthesis of CNP with naturally available bioresources has become very
attractive in the area of nanotechnology. For example, carbonization of orange juice,59 potato,69
protein,63 willow bark,95 trapa bispinosa peel,96 hair fibre,97 bombyx mori silk67, Chinese ink98
food waste99 and konjac flour100 offer facile routes for synthesis of fluorescent CNP. In addition,
there is a great interest in incorporating heteroatoms into CNP framework to enhance the PL
properties of CNP. So far numerous strategies have been proposed to produce CNP containing
nitrogen.30,40,94 However, reports on fabrication of CNP containing other heteroatoms whether
singly or dually doped with other dopants are still limited. Xu et al.55 synthesized phosphate
functionalized two color CNP through acidic oxidation of sucrose by H3PO4. Wang et al.101
fabricated phosphorus-containing CNP with strong green fluorescence from phytic acid and
ethylenediamine. Sun et al.97 produced luminescent sulfur and nitrogen-co-doped CNP from hair
fiber. Dong et al.60 reported the preparation of highly fluorescent CNP doped with nitrogen and
sulfur atoms (N,S-CNP) from CA and L-cysteine. Nevertheless, exploring new synthetic routes
for synthesis of CNP doped with heteroatoms is still a tricky challenge. In this chapter, a “green”
and facile approach to synthesize strongly fluorescent N,S-CNP by microwave-assisted pyrolysis
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of rice and NAC as precursors has been developed. Rice is rich in carbon atoms and can serve as
an excellent carbon source. NAC comprising both N and S atoms can function as dopants for
CNP. It possesses good water-solubility, and is non-toxic and low cost. The synthesis is
completed in a domestic microwave oven within 30 min. Doping N and S into CNP greatly
increases the ΦS of CNP. The obtained N,S-CNP solution exhibits homogeneous phase without
any noticeable precipitation at ambient conditions for six months, indicating their long-term
colloidal stability.
To investigate the effect of doping with N and S heteroatoms on PL properties of N,S-CNP, we
also turned to the RP-HPLC-FD methodology which has been demonstrated to be useful in
separating and analyzing the complex CNP sample in Chapter 4. The effect of mass ratio of
NAC/rice on the as-synthesized N,S-CNP products was firstly studied. Remarkably, RP-HPLCFD is able to identify how different NAC/rice affects the PL of the N,S-CNP products. Finally,
the HPLC separated fractions of the undoped CNP (derived from rice only) and N,S-CNP were
collected and characterized by MALDI-TOF MS, UV-vis absorption and PL spectroscopy,
probing the structural changes and PL of N,S-CNP induced by doping with N and S. To our
knowledge, this is the first report on microwave-assisted synthesis of N,S-CNP using rice and
NAC as precursors and application of HPLC-FD technique to analyze the separated N,S-CNP
fractions. Our work certainly adds to the database on the synthesis of CNP from natural resource
and provokes better understanding of the as-synthesized CNP product.

5.2 Results and Discussion
5.2.1 Characterization of the as-synthesized N,S-CNP
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Four types of water-soluble N,S-CNP were synthesized using various NAC/rice: 0.20, 0.40, 0.60,
and 0.80. They all possess similar spectral characteristics but different emission intensities.
Among them, the N,S-CNP synthesized with NAC/rice of 0.80 produces the strongest
fluorescence. As such, it was chosen for further characterization and studies. Higher NAC/rice (>
0.80) did not improve the fluorescence of the N,S-CNP and is not discussed in this work.

5.2.1.1 Elemental analysis
The doping of heteroatoms into N,S-CNP was initially probed by elemental analysis in Table
5.1A, revealing that the undoped CNP are mainly composed of carbon (C), hydrogen (H) and
oxygen (O) whereas the N,S-CNP contain C, H, O, N, and S. The elemental content of the
undoped CNP differs significantly from the N,S-CNP. Higher N and S contents and less O
content are found for the N,S-CNP. For ease of comparison, the elemental contents of the CNP
are expressed in terms of relative number of atom as depicted in Table 5.1B.
Table 5.1 Elemental analysis of the as-synthesized CNP: (A) Elemental content and (B) relative
number of atom in CNP.
(A)
Type of CNP
Undoped CNP
N,S-CNP

Elemental content (%)
C
41.12
40.93

H
6.35
5.90

O (Calculated)
52.05
38.71

N
0.39
6.23

S
0.092
8.23

(B)
Type of CNP
Undoped CNP
N,S-CNP

C
12
13

H
22
23
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Relative number of atom
O
N
12
0.1
9
2

S
0.01
1

The empirical formulae for the undoped CNP and the N,S-CNP are C12H22O12 and C13H23O9N2S,
respectively. The undoped CNP and the N,S-CNP contain almost the same number of C atoms.
However, the numbers of O, N and S atoms in the N,S-CNP differ significantly from that of the
undoped CNP. Three more O atoms are found in the undoped CNP. By contrast, two N and one
S atom are found in the N,S-CNP but not in the undoped CNP. In other words, three O atoms in
the undoped CNP were replaced by the N and S atoms in the N,S-CNP after passivation with
NAC, indicating that the N and S originated from NAC could co-dope into CNP. Scheme 5.1
illustrates the possible formation mechanism of undoped CNP and N,S-CNP.

Scheme 5.1 Mechanism of CNP synthesis from rice and NAC.

5.2.1.2 FTIR
IR measurement was used to confirm the doping of N and S into CNP and investigate the
differences in surface functionality of the two kinds of CNP. Figure 5.1 depicts the IR spectra of
the undoped CNP (spectrum a) and the N,S-CNP (spectrum b). A broad absorption peak
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attributing to the O–H stretching (~3238–3470 cm-1) and sharp absorption peaks corresponding
to C–H (2930 cm-1), C–O (1152 cm-1), and C–O–C stretching (1021 cm-1) are found for both
undoped CNP and N,S-CNP. These functional groups are believed to be derived from rice as
their carbon sources. The IR spectrum of rice possessing these functionalities is displayed in
Figure 5.2A. More importantly, the characteristic absorption peaks C=O stretching (1716 cm-1),
amido CON–H bending (1545 cm-1), amido CO–N (1375 cm-1) and C–S (1081 cm-1) stretching
are identified in the N,S-CNP, suggesting the presence of carboxylic, amido and alkyl sulfide
functionalities on the N,S-CNP. The disappearance of the S–H stretching (2550 cm-1) band in
N,S-CNP indicates that the initial S–H in NAC has been decomposed and S was incorporated
into the N,S-CNP.

Figure 5.1 FTIR spectra of (a) undoped CNP and (b) N,S-CNP.
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(A)

(B)

Figure 5.2 FTIR spectra of (A) rice and (B) NAC.
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The IR of NAC is shown in Figure 5.2B for comparison. Interestingly, an absorption peak
associated with the C=O stretching (1716 cm-1) which is absent from the IR spectrum of rice is
observed in the undoped CNP, suggesting the possible oxidation of carbon. In addition, the IR
spectra of both undoped CNP and N,S-CNP possess a distinctive absorption peak at 1653 cm–1,
indicating the formation of C=C unsaturated bonds in the carbon cores which are consistent with
other fluorescent CNP.51,69 In summary, the pyrolysis of rice and doping of N and S heteroatoms
into CNP should have taken place at high temperature under microwave irradiation, resulting in
the formation of N,S-CNP covered with carboxylic acid, amido and alkyl sulfide moieties. These
functional groups are potential linkers for attachment of therapeutic moieties for targeted drug
delivery.

5.2.1.3 XPS
To gain further insight into the surface functional groups and element states of CNP, XPS of
CNP were acquired. Figure 5.3 and 5.4 depict the survey scan of the undoped CNP and the N,SCNP, respectively. For the undoped CNP, three peaks centered at 285.0, 400.5 and 532.3 eV
associated with C1s, N1s and O1s are identified (Figure 5.3A). For the N,S-CNP, an additional
peak at 165.0 eV attributing to S2p is observed (Figure 5.4A), inferring the presence of S in the
CNP.60 The peak associated with N1s of N,S-CNP is much more intense than that of the undoped
CNP, indicating that a higher content of N in the CNP. These results further confirm the
incorporation of heteroatoms N and S from NAC into N,S-CNP. Figure 5.3B and 5.4B illustrate
the C1s XPS spectra of the undoped CNP and the N,S-CNP, respectively. For the undoped CNP,
the C1s spectrum is deconvoluted into three peaks at 284.6, 286.2 and 287.9 eV corresponding to
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C=C, C–O and C=O, respectively.102-105 For the N,S-CNP, additional peaks at 283.9, 285.2 and
289.0 eV associated with C–S–C, C–N and O–C=O are observed.102,106-108 Figure 5.4C reveals
the S2p XPS of N,S-CNP. The S2p XPS could be fitted into two peaks at 163.4 and 164.8 eV
corresponding to S2p2/3 and S2p1/3 C–S–C, respectively.60,108 Again, these confirm the doping of
N and S onto the surface of the as-synthesized N,S-CNP. In summary, the XPS data show the
presence of C=C, C–O and C=O surface- functionalities on the undoped CNP whereas the C=C,
C–O, C=O, C–S–C, C–N and O–C=O surface-functionalities are on the N,S-CNP. Both XPS and
IR confirm the surface of N,S-CNP is co-doped with N and S atoms.

(A)

(B)

Figure 5.3 (A) XPS survey scan and (B) C1s XPS spectrum of undoped CNP.
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(A)

(B)

(C)

Figure 5.4 (A) XPS survey scan, (B) C1s and (C) S2p XPS spectra of N,S-CNP.
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5.2.1.4 TEM
TEM has been used extensively as a powerful tool in the study of NPs from which the
morphology and size can be determined. Figure 5.5A and C shows the representative TEM
images of the undoped CNP and the N,S-CNP, respectively. Both undoped CNP and N,S-CNP
are mostly of spherical morphology and disperse rather evenly on the TEM grid surface. The
corresponding histograms obtained by statistical analysis of approximately 100 particles using
the ImageJ software are displayed in Figure 5.5B and D. The Gaussian fitting curves reveal that
the corresponding particle size distributions of undoped CNP and N,S-CNP are 1.3–6.4 nm and
0.7–2.6 nm with average diameters of 3.3 ± 0.5 nm and 1.4 ± 0.2 nm, respectively. It is obvious
that the N,S-CNP are smaller than the undoped CNP and the N,S-CNP have narrower size range.
In brief, doping N and S into CNP could inhibit the growth of carbon core, allowing the
formation of ultrasmall CNP (< 2 nm).

5.2.1.5 UV-vis absorption and photoluminescence spectroscopy
In quest of exploring the optical properties of the as-prepared CNP, the UV-vis absorption and
PL spectra are acquired and depicted in Figure 5.6. For the undoped CNP, an absorption peak at
275 nm corresponding to the n → π* transition of C=O bond and a shoulder peak at ca. 225 nm
attributing to the π → π* transition of the aromatic sp2 domain (spectrum a in Figure 5.6A) are
observed.87,109 For the N,S-CNP (spectrum b in Figure 5.6A), in addition to the n → π* transition
at 263 nm, a prominent absorption peak at 335 nm is found, probably attributing to the formation
of excited defect surface states induced by the N and S heteroatoms.110-112 Figure 5.6B and C
display the PL spectra of the undoped CNP and the N,S-CNP under various λex, respectively. The
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PL spectra are bathochromically shifted with the increase in the λex, indicating that the PL band
can be tuned by adjusting the λex. The λem are red-shifted from 412 to 558 nm for the undoped
CNP and from 415 to 545 nm for the N,S-CNP when the λex moves from 300 to 500 nm. The λexdependent PL behavior is common with CNP. This means that the λem can be tuned by just
controlling the λex without changing CNP. The emission intensities of the N,S-CNP are much
stronger than that of the undoped CNP. Obviously, doping N and S into the CNP surface could
introduce surface states with a concomitant effect of enhancing the fluorescence of CNP.
The ΦS of CNP is determined. The ΦS excited at 340 nm is only 0.090% for the undoped CNP
(curve 1 in Figure 5.7). The ΦS of the N,S-CNP are 1.16 and 2.36% when excited at 340 and 390
nm (curves 2 and 3 in Figure 5.7), respectively using quinine sulfate as the reference. The ΦS of
N,S-CNP is about 13–26 times of the undoped CNP, indicating that doping N and S into CNP
could greatly improve its ΦS. These results are consistent with a previous report that reduced
CNP have higher ΦS than that of oxidized CNP.113 Our undoped CNP contain higher oxygen
content, i.e., oxygenated functionalities (vide supra) and is therefore more oxidized than the N,SCNP.
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(A)

(B)

(C)

(D)

Figure 5.5 (A) TEM image and (B) particle size distribution histogram of undoped CNP. (C)
TEM image and (D) particle size distribution histogram of N,S-CNP.
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(A)

(B)

(C)

Figure 5.6 (A) UV-vis absorption spectra of (a) undoped CNP and (b) N,S-CNP. Spectra are
offset for ease of comparison. (B) and (C) are PL spectra at different λex 300–500 nm of undoped
CNP and N,S-CNP, respectively. The insets display the images of undoped CNP and N,S-CNP
under room light and UV irradiation. The concentrations of CNP are 0.50 mg/mL.
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Figure 5.7 Plots of integrated PL intensity against absorbance of CNP: (1) undoped CNP at λex
340 nm. (2) N,S-CNP at λex 340 nm, and (3) N,S-CNP at λex 390 nm. The gradients of quinine
sulfate are 2298.5 and 2801.36 at λex 340 and 390 nm, respectively.

5.2.2 HPLC separation of the as-synthesized N,S-CNP
It has been reported that the surface-doped N and S atoms on CNP are the main factors for
enhancing the PL of CNP.60,66,68 As such, a series of CNP were synthesized with different
NAC/rice and then analyzed by HPLC-FD. Figure 5.8A depicts the chromatographic separation
of the undoped CNP and various as-synthesized N,S-CNP products. On all chromatograms,
numerous well separated peaks are observed, inferring that the as-synthesized CNP are
composed of different CNP species. Our developed HPLC-FD can be successfully applied to
separate complex CNP samples. The solutes in the undoped CNP exhibit very low detection
signals (chromatogram a), indicating that without NAC the generated CNP will have much
weaker fluorescence emissions. Remarkably, with NAC (chromatograms b–e), peaks with much
stronger detection signals are observed, inferring that CNP doped with N and S possess stronger
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emissions. When the NAC/rice increases from 0.20 to 0.80, the signals of the later eluted peaks
increase progressively, indicating that higher NAC/rice benefits the generation of CNP with
stronger fluorescence emissions. All these observations suggest that the PL of CNP is indeed
governed by the NAC/rice in the synthesis. As higher NAC/rice (> 0.80) does not further
improve the PL of the CNP, only N,S-CNP synthesized with 0.80 of NAC/rice (Figure 5.8C) was
used for comparison with the undoped CNP (Figure 5.8B). In order to achieve a better
understanding of the passivation effect of NAC on CNP, twelve of each separated fractions
labelled in Figure 5.8B and C of the undoped CNP and the N,S-CNP respectively were collected
for further characterization by MALDI-TOF MS, UV-vis absorption and PL spectroscopy.

(C)

(A)

(B)

Figure 5.8 Chromatograms of aqueous solutions of N,S-CNP (1.0 mg/mL) synthesized with
different mass ratios of NAC to rice: (a) 0.00, (b) 0.20, (c) 0.40, (d) 0.60, and (e) 0.80. (B) and
(C) are the expanded chromatograms of undoped CNP and N,S-CNP synthesized with the mass
ratio of NAC to rice at 0.00 and 0.80 respectively for clarity and ease of comparison. The
chromatograms are acquired by monitoring the fluorescence detector at λex/λem of 340/400 nm.
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5.2.3 Mass spectrometric analysis of HPLC fractions
Mass spectrometry was employed to gauge the structural information of the as-synthesized CNP.
Figure 5.9 displays the MALDI-TOF MS of fractions 1–12 in the N,S-CNP. The ion species of
the largest mass are labeled on all the MS spectra with red asterisks. All the peak assignments are
within the mass accuracy of the MALDI-TOF MS, i.e., 1–2 mass units. The largest mass ions on
the MS of the HPLC fractions are located within a narrow mass range 2189–2588 Da, indicating
that the mass of the separated N,S-CNP species do not show much variations. Their difference in
retention on the C18 column is probably attributed to the variations of their surface-attached
functionalities. The fragmentation patterns of their MS look very similar. Herein, fraction 12 was
chosen as the representative N,S-CNP species for clear assignment of their mass peaks as it
displays the strongest fluorescence emission in Figure 5.8C. Figure 5.10A and B depicts the
MALDI-TOF MS of fraction 12 and its expanded MS spectrum in the mass range 985–1385 Da,
respectively. The highest mass ion is located at 2473 Da. A series of major mass spacing in the
alternating mass units of 175 and 115 are identified on the expanded MS spectrum. We elucidate
that the fragment (m/z 175) is due to the loss of a pyranose (glucose) unit. The fragment (m/z 115)
is attributed to the loss of a C5H7O3 molecule which is originally derived from a glucose unit
(C6H10O5, m/z 162) less a –CH2OH group (31) and an O atom (16). Since the carbon source of
our CNP is rice which comprises mainly amylopectin and amylose, it is possible that the N,SCNP contain some surface-attached residual glucose units and open ring pyranose structures
(each less a –CH2OH group and an O atom) which are obviously derived from rice. In addition, a
series of minor mass spacing in the mass units of 58, 45, 43, 33, 18, and 15 corresponding to the
loss of a –CH3CONH, –COOH, –CH3CO, –SH, H2O, and –NH or –CH3 moieties are identified.

116

These observations further confirm the incorporation of heteroatoms N and S into the N,S-CNP
and their surfaces are composed of carboxylic acid, amide and alkyl sulfide functionalities.
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Figure 5.9 MALDI-TOF MS of fractions 1–12 in N,S-CNP.
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(A)

(B)

Figure 5.10 (A) MALDI-TOF MS and (B) expanded MS in the mass range 985–1385 Da of
fraction 12 in N,S-CNP.

For comparison, the MS of fraction 12 in the undoped CNP possessing the strongest fluorescence
emission was acquired and displayed in Figure 5.11. The MS feature is different from that of the
N,S-CNP. A large number of higher mass fragments are observed for the undoped CNP. The
highest mass ion is located at 7705 Da (Figure 5.11A) which is about 3 times that of the N,S119

CNP (Figure 5.10A), indicating that the N,S-CNP is smaller (lighter) than the undoped CNP
which is consistent with their sizes. The average size of the undoped CNP is about 2.4 times that
of the N,S-CNP (Figure 5.5). However, the mass spectral feature in the mass range 1000–3000
Da shows some similarity to that of the N,S-CNP. Figure 5.11B depicts the expanded MS of
fraction 12 in the mass range 1000–1400 Da. Fragments of m/z 115 and 175 are common,
indicating that the chemical composition of the undoped CNP is similar to that of the N,S-CNP
since both are derived from the same carbon source, i.e., rice. Again, the fragment (m/z 115) is
from the loss of a C5H7O3 molecule and the fragment (m/z 115) is from a glucose unit (C6H10O5,
m/z 162) minus a –CH2OH group (31) and an O atom (16). Also a series of minor mass spacing
in the mass units of 18, 17, and 15 corresponding to the loss of H2O, –OH, and –CH3 moieties
are also found. Interestingly, at the higher mass range 3500–7000 Da, regular mass spacings of
131 corresponding to a C5H7O4 unit are found for the undoped CNP (Figure 5.11A) which is not
observed in the MS of the N,S-CNP. Figure 5.11C displays the expanded MS of fraction 12 in
the undoped CNP in the mass range 3790–5830 Da. We speculate that the fragment (m/z 131) is
derived from the residual amylopectin on the undoped CNP surface.
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(A)

(B)

(C)

Figure 5.11 (A) MALDI-TOF MS of fraction 12 in undoped CNP. (B) and (C) are expanded MS
in the mass ranges 1000–1400 and 3790–5830 Da, respectively.
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(A)

(B)

(C)

Figure 5.12 (A) MALDI-TOF MS of rice. (B) Expanded MS in the mass range 1190–3230 Da.
(C) Expanded MS in the mass range 3210–5250 Da.
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To further confirm this, the dissolved amylopectin obtained by sonication of rice powder in DDI
water was subjected to MS analysis and the results are depicted in Figure 5.12. The highest mass
ion of rice is located at 9428 Da. The MS displays very regular mass spacings of fragments (m/z
162). Figure 5.12 B and C show the expanded MS in the mass range 1190–3230 and 3210–5250
Da, respectively. Numerous evenly distributed mass spacing in mass units of 162 corresponding
to a glucose unit (C6H10O5) are identified on both expanded MS, indicating that the rice sample
is mainly composed of amylopectin and amylose. As such, we can deduce that the 131 mass unit
in the MS of the undoped CNP is also a fragment of amylopectin corresponding to the loss of a –
CH2OH group (31) from a glucose unit (162). These results suggest that synthesis without NAC
fails to completely carbonize amylopectin/amylose but NAC can greatly improve the
carbonization of rice under our experimental conditions. Other attributes of the N,S-CNP are that
they possess stronger fluorescence and are smaller in size as compared to the undoped CNP.

5.2.4 Absorption and photoluminescence of HPLC fractions of N,S-CNP
To further understand the optical properties of the CNP species in the as-synthesized CNP
products, the absorption and PL spectra of the HPLC fractions of the undoped CNP and the N,SCNP are displayed in Figure 5.13 and 5.14, respectively. For the undoped CNP, all fractions
exhibit typical absorption spectral characteristics of the unseparated undoped CNP mixture with
an absorption peak between 250 and 285 nm corresponding to the n → π* transition of C=O
bond (Figure 5.13A).87,109 However, their spectral features are different, inferring that they
represent different CNP species in the undoped CNP product. As expected for reversed-phase
HPLC separation, the earlier eluted solutes should have higher polarity than that of the later
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eluted ones. The earlier eluted fractions 1–10 display more prominent absorption bands at 250–
285 nm corresponding to the n → π* transition of C=O bond, inferring that they contain more
surface-attached oxygenated functionalities (e.g., carboxylic and carbonyl groups) whereas the
later fractions 11 and 12 probably contain less oxygenated groups or more sp2 domains in the
CNP. Upon excitation at 340 nm, fractions 1–12 show λem in the range 410–424 nm (Figure
5.13B) which is consistent with that of the unseparated ones.

(A)

(B)

Figure 5.13 (A) Absorption and (B) PL spectra at λex 340 nm of fractions 1–12 (from bottom to
top) in the undoped CNP in Fig. 5.8B.

For the N,S-CNP, although all fractions exhibit typical absorption spectral characteristics of the
unseparated N,S-CNP mixture, their spectra are more distinctive. They show shoulder or
absorption bands between 240–268 nm assigned to the n → π* transition of C=O bond87,109 and
another absorption bands ca. 300–360 nm ascribed to the excited defect surface states induced by
the heteroatoms N and S (Figure 5.14A).110-112 These absorption bands are prominent and
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hypsochromically shifted from 347 to 323 nm for fraction 2 to 11. Fractions 2, 3, 5–7, and 9–12
exhibit more distinctive double absorption bands, not observed before, corresponding to the n →
π* transition of C=O bond and the defect surface state induced by N and S atoms. For the later
eluted fractions 7–12, the n → π* band is less prominent, indicating that they possess less C=O
and COOH groups; thus, they are less polar and retain better on the C18 column. When fractions
1–12 are excited at 340 nm, the emission spectrum is bathochromatically shifted from 382 to 423
nm (Figure 5.14B). These observations indicate that each CNP species displays its unique
spectral properties and their co-existence in a CNP product would also contribute to the λexdependent PL behavior of the as-synthesized CNP.

(A)

(B)

Figure 5.14 (A) and (B) are the absorption and fluorescence emission spectra of peak 1–12 (from
bottom to top) of N,S-CNP in Figure 5.8C respectively.
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Table 5.2 summarizes the ΦS of fractions 1–12 in the N,S-CNP upon excitation at 390 nm and
using quinine sulfate as the reference. Apparently, fraction 12 displays the highest ΦS (7.37%)
which is about 3 times that of the unseparated N,S-CNP mixture (2.36%). Our results
demonstrate that some absorbing species displaying no or low PL are also present in the N,SCNP mixture.80 By HPLC fractionation, CNP species exhibiting appreciable PL performance
could be isolated and possibly be a promising cellular imaging probe.

Table 5.2 Quantum yield (ΦS) of HPLC fractions 1–12 in N,S-CNP.
Fraction
ΦS (%)

1

2

3

4

5

6

7

8

9

10

11

12

0.81 0.91 0.82 1.85 2.05 1.37 2.03 1.43 1.97 1.46 2.36 7.37

5.3 Conclusion
For the first time, N,S-doped CNP have been synthesized from a fast, simple and “green” route
with rice and NAC as the precursors. The effect of NAC on the synthesis of CNP was studied by
FTIR, XPS, TEM, UV absorption and PL spectroscopy coupled with modern analytical HPLC
methodology. It is found that higher NAC/rice favors the production of CNP with stronger
emissions. By collecting the HPLC fractions of undoped CNP and N,S-CNP, the spectral
properties and surface-attached functionalities of the individual CNP species could be more
precisely studied by MS, UV absorption and PL spectroscopy. It is found that the PL properties
of CNP are not only determined by particle size but also the structural changes induced by
doping with heteroatoms into CNP. The absorption band at 275 nm corresponding to the n → π*
transition of C=O bond of the undoped CNP produces rather weak fluorescence emission. By
contrast, when CNP is doped with heteroatoms N and S, its absorption band could
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bathochromatically shift to 335 nm attributing to the formation of excited defect surface state
which can enhance fluorescence emission. Moreover, our HPLC analysis has demonstrated that
an as-synthesized N,S-CNP product comprises numerous CNP species. They are similar in
particle size and mass but exhibit unique PL properties and ΦS, inferring that particle size is not
the key parameter that determines the PL properties of the N,S-CNP species. It is anticipated that
our developed method will open new avenues in synthesizing strongly emitted CNP from
biomaterials. It also exhibits a potential of fast, easy and inexpensive large-scale production of
CNP from natural material.
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Chapter 6
Overall Conclusion

CNP are interesting newcomers to the nanomaterial world and have been at the center of
important scientific efforts to develop low toxic and environmental friendly replacements to
toxic metal-based QDs. Given their merits in low cost, low toxicity, excellent biocompatibility,
chemical stability, colloidal stability, CNP have been recently regarded as one of the most
promising nanomaterials in both optical imaging and related biomedical applications.
Developing better synthetic routes and exploring fundamental CNP properties have a high level
of urgency, as there remains much room for improvement. CNP can be synthesized from various
synthetic routes, including methods that employ inexpensive natural sources (e.g., orange juice,
potato, and konjac flour) as precursors. In spite of the fact that a full understanding of their
photophysical and chemical properties have yet to emerge, they stand to be fascinating
nanomaterials in their own right.
In this thesis, we report the synthesis, characterization and analytical separation of CNP derived
from microwave pyrolysis of different materials. The specific properties of CNP have been
successfully characterized by different analytical techniques and the key points of this study are
summarized in the following text.
The fast synthesis of CNP by microwave pyrolysis of EDA and CA has been presented. The assynthesized CNP was fully characterized by absorption and PL spectroscopy, TEM and IR to
determine its overall optical properties, morphology and composition. However, the polydisperse
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CNP product only represents the summation or average properties of all individual CNP species.
The CE and HPLC methods are efficient in separating the water-soluble polydisperse CNP. In
this work, the CNP was firstly separated and analyzed by CZE coupled with UV absorption and
LIF detections. The CNP product was found to be comprised of a mixture of positively, neutral
and negatively charged CNP species. The run buffer pH was found to be highly influential on the
separation of CNP species. With the increase in pH, the µep of the negatively charged CNP
increases whereas that of the positively charged CNP decreases. The proposed CZE
methodology was also applied to study the effect of experimental conditions, i.e., reaction time
and mole ratio of NH2/COOH of the reagents on the synthesis of CNP. Our results show that
longer reaction times benefit the production of CNP with higher yields. In the absence of CA, no
CNP are formed. All CNP species increase proportionally with the increase in the mole ratio of
NH2/COOH from 0.25 to 0.80, indicating that EDA and CA play an important role in
synthesizing CNP. By controlling the mole ratio of NH2/COOH at 1.00–2.00, only positively
charged and neutral CNP are formed, inferring that these CNP species are surface-attached with
mostly ammonium moieties. As far as we know, this is the first attempt on studying the effect of
reaction time and mole ratio of NH2/COOH of the reagents on the composition of the CNP
product by CZE.
Subsequently, the as-synthesized CNP was studied by RP-HPLC-FD method taking the
advantages of its analytical and preparative scale properties. Again, the effect of mole ratio of
NH2/COOH in the initial reagents on CNP products was studied. At NH2/COOH = 0.25 and 0.33,
six peaks (CNP species) with relatively weak fluorescence were detected. More peaks with
stronger fluorescence emissions are evolved with the increase in NH2/COOH (0.50–0.67). When
NH2/COOH is too high (1.00–2.00), the peak intensity drops significantly. In summary, strongest
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emissive CNP species can be synthesized at NH2/COOH=0.67. These CNP species were then
separated by RP-HPLC-FD. The HPLC fractions were collected and further characterized by
UV-visible absorption, PL spectroscopy, CE, TEM and MALDI-TOF MS, providing an effective
way to determine the spectral properties, size and surface-attached functionality of an individual
CNP species. The particle sizes of the fractions generally increase and follow the RP-HPLC
elution order as characterized by TEM analyses. The CNP undergo fragmentations which are
closely related to their surface-attached carboxylic acid and amide/amine moieties as shown by
MS analysis.
Additionally, for the first time, we report a fast and green approach to synthesize N,S-CNP by
microwave-assisted pyrolysis of precursors of rice as carbon source and NAC as N and S dopants.
The effect of NAC on the synthesis of CNP was studied. The undoped CNP (derived from rice
only) and N,S-CNP were characterized to possess different chemical compositions, sizes and
spectral properties. The effect of different mass ratios of NAC to rice (NAC/rice) on N,S-CNP
was also investigated by RP-HPLC-FD. Our results show that higher NAC/rice benefits the
generation of N,S-CNP with stronger fluorescence emission. Again, the HPLC separated CNP
fractions (both undoped CNP and N,S-CNP) were collected and further characterized by mass
spectrometry, UV-vis absorption and PL spectroscopy. The N,S-CNP fractions are similar in
particle size and mass but exhibit unique PL properties and ΦS. We deduce that the PL properties
of CNP are not only determined by particle size but also the structural changes induced by
doping with heteroatoms into CNP. It is anticipated that our developed method will open new
avenues in large-scale production of CNP products from naturally available resources.
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Chapter 7
Future Work

In this work, we spent much effort to synthesize CNP from different materials by microwaveassisted pyrolysis pathway and study the hidden photophysical properties and chemical
compositions of the separated CNP species using various analytical separation methodologies.
Although some remarkable achievements have been obtained, there still remains a good deal of
room for further improvements.
In the first part of my work, the CNP was synthesized by microwave-assisted pyrolysis of CA
and EDA, followed by CE and HPLC separation. In regard to CE analysis of CNP, we point out
that it is indeed time-consuming to collect the CNP fractions from CE separation due to the small
sample injection quantity. However, the merit of CE analysis is that it can simultaneously
identify positively-charged, neutral and negatively-charged CNP and allows the study of the
effect of charge states on the PL performance of CNP. In the future, we will spend time in
collecting the separated CNP species that present in different charged states. The ΦS of the
collected CNP species will be measured and compared. It is anticipated that this work will
become a platform that paves the way toward understanding of the relationship between PL
performance and functionality-associated charge states of CNP. In addition, CNP has been
recognized by numerous reports to be highly efficient in sensing metal ions. It is reasonable to
speculate that the CNP species present in different charge states possess different sensitivities
and selectivities in detecting the charged metal ions. In the future, the collected CNP species will
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be directly used for detecting metal ions such as Cu2+ and Fe3+, from which the role of CNP
charge states in controlling the detection sensitivity and selectivity against metal ions can be
assigned. For the future RP-HPLC-FD study of CNP, although MALDI-TOF MS is
demonstrated to be a valuable tool to elucidate the surface-attached functionalities of CNP
fractions by examining their fragmentation patterns, the exact mass of CNP is still questionable.
According to the experience in acquiring the mass spectra of CNP in our research group, CNP
are very fragile and are easily fragmented even when the mass spectra of CNP are acquired with
low ionization voltage. Therefore, future work must be focused on adjusting the ionization
condition of CNP in order to acquire the mass of the parent ions, from which the exact mass of
CNP can be assigned. Additionally, the toxicity of CNP has become a significant concern due to
their potential to be used for bioimaging. To date, the toxicity studies of CNP have been
conducted by numerous research groups as mentioned in Chapter 1. In the future work, the
cytotoxicity of our as-synthesized CNP mixture and each CNP fractions will be determined and
compared by various biological methods such as flow cytometry, trypan blue staining and MTT
assay. Taken together, we can figure out whether the individual CNP species displaying unique
photophysical and chemical properties will possess different cytotoxicity.
In the second part of my work, we simply synthesized N,S-CNP from rice and NAC. The effect
of doping with N and S heteroatoms on PL properties of N,S-CNP was investigated by RPHPLC-FD. As mentioned in Chapter 5, the HPLC fractions of N,S-CNP are similar in particle
size and mass but exhibit unique PL properties and ΦS. We postulate that the PL properties of
CNP are not only determined by particle size but also the structural changes induced by doping
with heteroatoms into CNP. To confirm our deduction, it will be worthwhile to determine the
contents of heteroatoms in the N,S-CNP fractions. In the future, the N and S content of each N,S132

CNP fractions must be measured by elemental analysis so that the effect of heteroatoms content
on PL performance of N,S-CNP can be revealed. In addition, CNP is reported to have great
potential for in vitro and in vivo imaging studies as a consequence of their tunable λex, broad λex
and excellent biocompatibility. In my work, although the ΦS of N,S-CNP product synthesized
with NAC as N and S dopants has been improved by 13–26 times as compared to the undoped
CNP, the ΦS is still very low (< 2.36%). In the future work, efforts must be contributed to
improve the ΦS of N,S-CNP. A good way is to try different kinds of heteroatom dopants. By
suitably doping or chemical manipulation, it is our wish that the ΦS of CNP could be greatly
improved and used for bioimaging applications.
It is anticipated that our proposed future work will offer valuable insight into the origins of the
unique properties of this emergent class of carbon nanomaterials. Once a full understanding of
CNP properties is achieved, one can even envision the CNP-based systems in a multitude of
exciting areas ranging from photovoltaic devices to medical diagnostics, drug delivery,
separation membranes and organic light-emitting diodes. Only time can tell but the future of this
fascinating luminescent nanomaterial appears bright.
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