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Nitrogen-doped carbon dots (NCDs) were synthesized from amino acids
via the hydrothermal method under an acidic condition. L-histidine, L-
phenylalanine, L-tyrosine, L-tryptophan, and glycine were used as a precursor
which NCDs synthesized from those precursors were labeled as His-NCDs, Phe-
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CHAPTER |

INTRODUCTION

1.1 Problems and backgrounds

Carbon dots (CDs) are spherical carbon nanoparticles whose size is smaller
than 10 nm [1]. Fluorescence, photobleaching resistance, and high biocompatibility
are their attractive properties that make CDs useful in various applications such as
bioimaging [2], biosensing [3], chemosensing [4], and catalysis [5]. Carbon dots were
coincidentally discovered by Xu and co-workers in 2004 during the gel-
electrophoresis purification of their single-walled carbon nanotubes (SWCNTSs)
synthesized from arc-discharge soot [6].

CDs can be synthesized via two approches: the top-down and bottom-up. The
top-down method is based on the fragmentation of bulk carbon materials such as
graphite, graphene, carbon nanotubes (CNTs), carbon black, and coal [1, 7]. On the
other hand, the bottom-up method is based on the carbonization of small molecules,
such as carbohydrates, organic acids and amine, and polymer precursors [1, 7].

The fluorescence properties of CDs are still lower than those of semiconductor
quantum dots (SQDs) [8]. Bared CDs are composed of carbon (C) and oxygen (O)
which their emission wavelength is usually blue, and quantum vyield is low [9].
Doping with heteroatoms is a way which can adjust the fluorescence of CDs, whether
it be emission wavelength and quantum yield [9, 10]. Doped heteroatoms can be

embedded into graphitic carbon core or at the surface functional groups.
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The most studied and the highest potential doping system is nitrogen-doped
carbon dots (NCDs) due to five valence electrons of N and their similar atomic size
between N and C [10-13]. NCDs can be synthesized via both bottom-up and top-down
methods [7]. For the top-down methods of NCDs, bulk carbon materials must be
nitrogen-doped before going in the fragmentation process, or those undoped bulk
carbon materials must be fragmented under N-rich conditions [7]. For example, Li et
al. [14] synthesized NCDs by oxidative fragmentation of N-doped graphene using
concentrated H.SO4 and HNO3z for 30 h cooperated with ultrasonication.

The bottom-up synthesis of NCDs can be done using co-reactants:
carbonization sources and N-containing compounds [7]. For example, Zhai and co-
workers synthesized NCDs by microwave-assisted pyrolysis using citric acid (CA) as
a carbon source and 1,2-ethylenediamine (EDA) as a N dopant [15]. Moreover, NCDs
can be bottom-up synthesized using single N-containing reactants such as amines,
amides, and amino acids [7].

Amino acids are interesting molecular precursors for NCDs synthesis because
of their high natural abundance, non-toxicity, and non-pollutant. In recent years, there
are many pieces of research about NCDs synthesized from amino acids. Huang and
co-workers [16] synthesized NCDs from histidine using a microwave-assisted
hydrothermal method without any acid or alkali. Their synthesized NCDs showed a
diameter of 2-5 nm with excitation-dependent fluorescent behavior. Moreover, Pei
and co-workers [17] synthesized NCDs using the hydrothermal method under the
acidic condition from three amino acids: serine, histidine, and cystine. The results
show that their NCDs were spherical with a diameter of 2.5-4.7 nm. They found that

molecular structures of precursors, reaction temperature, and reaction time could
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affect particles size. All synthesized NCDs showed excitation-dependent fluorescence
emission. Choi and co-workers synthesized blu-luminescent NCDs from lysine using
the microwave-assisted method. They proposed that microwaves could induce lysine
to form branched polylysine via polyamidation. 6-aminohexanoic acid and glycine
were used as precursors of NCDs to compare with lysine-synthesized NCDs. The
results show that NCDs could not be produced from 6-aminohexanoic acid and
glycine because they could not form a branched polymer and were further carbonized
to be NCDs like in a lysine-based system.

In this research, NCDs were synthesized from four aromatic amino acids: L-
histidine, L-phenylalanine, L-tyrosine, and L-tryptophan. Hydrothermal under an
acidic condition at a specific reaction temperature and time was applied to all
precursors. Those NCDs were compared with NCDs synthesized from glycine.
Optical properties, morphologies, and chemical structures of NCDs synthesized from
each precursor were compared to observe the influence of the molecular structure of

precursors on the properties and structures of synthesized NCDs.

1.2 Objectives
1. To synthesize NCDs from aromatic amino acids

2. To characterize synthesized NCDs

1.3 Scope of this work
1. To synthesize NCDs from L-histidine, L-phenylalanine, L-tyrosine, L-
tryptophan, and glycine using hydrothermal method under an acidic condition

at specific reaction temperature and time.
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2. To spectroscopic and microscopic characterize synthesized NCDs

3. To compare optical properties, morphologies, and chemical structures of
NCDs synthesized from each amino acid.

4. To investigate the influence of aromatic sidechains and heteroatom on the
optical properties, morphologies, and chemical structures of synthesized

NCDs.

1.4 The benefit of this research

The influence of molecular structures or precursors on the optical properties,
morphologies, and chemical structures of synthesized NCDs investigated in this
research can be helpful to design the precursor for the synthesis of NCDs with the

expected features.



CHAPTER II

LITERATURE REVIEW

2.1  Carbon dots and their classification

Carbon materials which at least one dimension is smaller than 10 nm in size,
could be called carbon dots (CDs) [18]. Most CDs are composed of at least 70% wit.
of carbon with nitrogen (N) or oxygen (O) atoms in the functional groups located on
the surface [18, 19]. Moreover, they display intrinsic fluorescence properties [19].
CDs can be classified by shape and crystallinity into four types: Graphene quantum
dots (GQDs), carbon quantum dots (CQDs), carbon nanodots (CNDs), and polymer
dots (PDs) [19]. GQDs are composed of several layers of graphenes that N- or O-
based functional groups located at the edge. They are anisotropic with lateral
dimension more than longitudinal. Quasi-spherical CDs with and without crystallinity
are classified as CQDs and CNDs, respectively. PDs can be obtained from the
aggregation or cross-linking of polymer chains [18, 19].

However, the aggregated or cross-linked might be carbonized to form
carbonized polymer dots (CPDs), which their boundary between carbon core and
polymer is not clear. The novel perspective in the classification of CDs, carbonized
polymer dots (CPDs), has been exhibited in 2019 by Tao and colleagues [20]. The
concept of CPDs classifies CDs by the carbonization level. Some synthetic route,

especially hydrothermal and solvothermal, produce CDs with significant
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heterogeneity. Different synthetic factors such as temperature and time tend to

produce CDs with different ratio of amorphous and crystalline regions.

Graphene quantum dots
(GQDs)

Carbon dots (CDs)

Carbon nanodots
(CNDs)

Polymer dots
(PDs)

Figure 2.1  Carbon dots (CDs) are classified into three types: graphene quantum

dots (GQDs), carbon nanodots (CNDs), and polymer dots (PDs).
Reprinted with permission from ref. [18], Copyright 2015, Springer.

Crosslinking / Carbonization Degree
Molecule & Molecule

Molecule & Polymer
e
Seat
)
FR

Percursor Crosslinked Polymer

Carbonized Polymer Dots

Figure 2.2  Diagram to describe the reaction process of HTCP to prepare CPDs by

the “bottom-up” route. Reprinted with permission from ref. [20],
Copyright 2019, American Chemical Society.
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2.2 Synthesis and characterization of CDs

The essential criteria to classify the synthetic route of CDs is how they form.
The synthesis of CDs can be classified into two routes: a top-down and bottom-up
synthesis. For top-down synthesis, bulk carbon materials with an sp? carbon
framework (such as graphenes, graphites, carbon nanotubes, carbon fibres and carbon
soot [21]) will be cut into small CDs via various methods such as chemical and
electrochemical oxidation [22, 23], arc discharge [6] and laser ablation [24]. On the
other hand, bottom-up synthesis always starts with molecular precursors, in which
carbon is the main component (such as organic molecules and polymers). Precursors
in bottom-up synthesis can be citric acid, amino acids, polyethylene glycol, proteins,
etc. Hydrothermal, solvothermal, and pyrolysis [25] are frequently used. This part will
focus on a bottom-up synthesis because it is the primary method in this research.

Top-down

Carbon resource

AN - A\
,\\\\\ > W~ _
e AN Cutting

Bottom-up
e CNDs
Small molecules
n /\/V<
n Anv Further GQDs
wwn C Dehydration dehydration E
or assembly or carbonization
Polymers nd — PDs

Figure 2.3  Diagram of top-down and bottom-up synthesis of CDs. Reprinted with
permission from ref. [18], Copyright 2015, Springer.
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2.3 Fluorescence phenomena

Fluorescence is one of the photoluminescence phenomena, which can be
described with the Jablonski diagram. So, Si1, Sz, and T1 is denoting to ground state,
first singlet excited state, second singlet excited state, and first triplet excited state,
respectively. In each state, composed of many sublevels of vibrational energy states.
Electrons in So will be excited by photons to S1 or Sy. Then, they try to release their

energy and back to S.
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Figure 2.4  Jablonski diagram of fluorescence and phosphorescence

First, electrons from the highest vibrational energy level of each excited state
are rapidly relaxing to the lowest vibrational energy level. This relaxation is called
vibrational relaxation. Then, electrons from Sz is moving to S; by internal conversion.
There are two processes that can be done by electrons in Si. If those electrons go back

to So directly, this radiative relaxation is called fluorescence. However, electrons from
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S1 can be transferred through the intersystem crossing to Ti, and the radiative

relaxation of electrons from T1to So is called phosphorescence [26].

2.4  Structure and properties of carbon dots

Carbon dots were frequently reported as a partially oxidized carbon material
because there are hydroxyl, epoxy/ether, carbonyl, carboxylic acid on their surface
[27]. Raman spectroscopy can be used for structure determination. Essential bands
that should be observed from Raman spectra are D and G bands. D band attributes to
breathing modes, which are assigned to the defect of graphitic domains, while G band
arising from the Eyqy vibrational modes of aromatic domains [27]. The integrated
intensity ratio between the disordered D and crystalline G band (Ipo/lg) shows how
amorphous or graphitic level those CDs are. Moreover, high-resolution transmission
electron microscopy (HRTEM) can be used to determine the degree of oxidation of
CDs. The interlayer spacing obtained from HRTEM images can be increased due to
anchored hydroxyl, epoxy/ether, carbonyl, and carboxylic acid groups on their surface
[27]. The crystallinity of CDs can be observed from the X-ray diffraction (XRD)
pattern. A broad diffraction peak centered at ca. 23° usually observed. Broad
diffraction peak is due to their small size [28, 29].

Significant optical properties of CDs are UV-visible absorption and
photoluminescent behaviors. CDs always show two essential absorption bands in UV-
visible spectra. The absorption band in the UV region is assigned to the n—n*
transition of C=C bonds. The absorption tail, which can be extended out into the
visible region, is assigned to the n—z* transition of C=0 bonds/or others [27]. The

attractive optical properties of CDs are their photoluminescence properties. Even the
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mechanism of photoluminescence emission of CDs is still debated, and further
systematic investigation is necessary; however, it is believed that quantum
confinement effect (QCE), surface defect state, molecular fluorescence, and
heteroatoms doping can affect the photoluminescence emission [9].

The other attractive property of CDs is their toxicity. CDs have been reported
to there is low toxicity and highly biocompatible. Kang and Liu et al. used CDs as an
in vivo fluorescence probe in live mice and further study the biodistribution of CDs.
The results show that CDs could be accumulated in the reticuloendothelial system and

kidney and gradually excreted by the kidney and gastrointestinal system [30].

2.5  Fluorescence mechanisms of carbon dots
2.5.1 Quantum confinement effect (QCE)

Quantum confinement effect (QCE) will be applied when there is a
sizeable sp2-carbon framework with few surface functional groups, and their size is
smaller than Bohr’s exciton radius. The bandgap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbitals (LUMO),
induced by conjugated m-domains at the carbon core, is considered a center of
fluorescence emission [31-33]. The separation of valence and conduction bands
results from the confined size of conjugated m-domains [9]. The size of conjugated =-
domains affects the fluorescence emission color: larger conjugated m-domains, longer
emission wavelength; due to decreased HOMO-LUMO bandgap [19].

In 2017, CDs were synthesized from citric acid (CA) and urea by the
solvothermal method by Tian et al. [34]. Water, glycerol, and dimethylformamide

(DMF) were used as solvents. CDs synthesized from water, glycerol, and DMF
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showed their average diameter as 1.7, 2.8, and 4.5 nm, respectively. Their TEM
images and size histogram are shown in Figure 2.5 (A-C). The increase of particle
sizes is a result from increasing of the sp?-domain. Their absorption bands and
fluorescence emission bands were red-shifted with the increase of particle sizes, as

shown in Figure 2.5 (D).
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Figure 25  (A)-(C) TEM images (top) of CDs synthesized in water, glycerol, and
DMF; and their corresponding size histograms (bottom). (D)
Absorption and fluorescence emission spectra of CDs were synthesized
in water, glycerol, and DMF, respectively, at 360, 420, and 540 nm
excitations. Reprinted with permission from ref. [34], Copyright 2017,
John Wiley and Sons.
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2.5.2 Surface defect state

The surface defect state is frequently used for describing the
fluorescence mechanism of CDs. A surface defect influenced by surface oxidation can
capture excitons and cause a surface defect state fluorescence [35, 36]. Each surface
functional group has a different energy level, leading to a series of emission traps [37-
39]. Surface defects are not only oxygen-containing surface functional groups;
however; dangling bonds, non-radiative states, and nitrogen-containing functional
groups are surface defects also [27].

Ding et al. [40] synthesized CDs from urea and p-phenylenediamine.
Those precursors were treated by hydrothermal method. Crude products were purified
by column chromatography which silica was a stationary phase, and the mixture of
ethyl acetate and ethanol was a mobile phase. The synthesis and purification process
of CDs in Ding’s research is shown in Figure 2.6 (A). Images taking under 365 nm
UV light and fluorescence emission spectra of each fraction of synthesized CDs are
shown in Figure 2.6 (B)—(C). The results show that the polarity of CDs, influenced
by their degree of surface oxidation, coincided with fluorescence emission
wavelength: higher polarity, higher degree of surface oxidation, higher fluorescence
emission wavelength. The red-shift of fluorescence emission wavelength was
influenced by decreasing the gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) caused by their

surface oxygen, as shown in Figure 2.6 (D)
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Figure 2.6  (A) Synthesis of CDs in Ding’s research. (B) Images that were taken
under 365 nm UV light and (C) fluorescence emission spectra of each
fraction of CDs. (D) influence of the degree of surface oxidation on
their HOMO and LUMO gap. Reprinted with permission from ref.

[40], Copyright 2016, American Chemical Society.
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2.5.3 Molecular fluorescence

In CDs synthesis, especially bottom-up synthesis, molecular precursors
can produce fluorophores [41]. These fluorophores can be attached to the surface of
CDs or embedded in the carbon matrix of the core and emit fluorescence along with
the core and surface functional groups of CDs [42]. Moreover, the fluorescence
emission mechanism can be affected by the interaction between bandgap fluorescence
and molecular fluorescence [43].

Song et al. [44] synthesized CDs from citric acid and ethylenediamine.
Fluorophore (imidazo[1,2-a]pyridine-7-carboxylic acid,1,2,3,5 -tetrahydro-5-oxo-,
IPCA) was obtained after CDs purification. CDs which synthesized at low
temperature, IPCA is a dominant fluorescence center. When the reaction temperature
was increased, IPCA in the system was further carbonized and form as a part of the
crystalline carbon core. Thus, CDs prepared with high temperature showed that the

dominant fluorescence center was a carbon core.
(0]
(0] OH I/
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Figure 2.7  Schematic presentation of CDs synthesis in Song’s research. Reprinted
with permission from ref. [18], Copyright 2019, Springer.
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2.5.4 Heteroatom doping

CDs without any modification are usually composed of C and O and
emit blue fluorescence with low QYs. Both non-metallic elements, such as nitrogen,
phosphorus, and sulfur, and metallic elements, such as copper and manganese, can be
dopants of CDs [45]. Doping heteroatoms can improve QYs and tuning their
fluorescence emission wavelength. Heteroatoms can be both on the surface and
embedded within the carbon core. Surface heteroatoms can improve the yield of
radiative recombination by suppressing the original O-states. Heteroatoms in carbon
core structure can be tuning fluorescence emission wavelength by changing the initial
bandgap. Moreover, the photoluminescence decay lifetime can also be affected by

heteroatoms [9].

2.6 Nitrogen-doped carbon dots

Nitrogen is usually used as a dopant for CDs due to its similar atomic radius to
carbon [11-13]. Doping nitrogen into CDs skeleton can affect emission wavelength
and QY of fluorescence emission [46, 47]. Nitrogen dopant is considered as an n-type
dopant that affects Fermi level and optical properties by providing excess electrons
[48-51]. The new surface state, so-called N-state, can be produced by doping nitrogen
atoms into CDs. N-state can traps electrons, increases the radiative, and suppresses
non-radiative recombination, as shown in Figure 2.8 [52, 53]. The absorption peak of
NCDs can be red-shifted due to their decreased bandgap caused by electron cloud
activity enhancing [54]. Otyepka and co-workers [55] synthesized NCDs from citric
acid and urea by the solvothermal method in formamide media. Synthesized NCDs

were separated based on surface charge using ion-exchange column chromatography.
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The results showed that the absorption and fluorescence emission were red-shifted
when nitrogen contents in NCDs were increased, as shown in Figure 2.9. Time-
dependent density functional (TD-DFT) calculation suggests that red-shifted in
absorption and fluorescence emission caused by the midgap state located between

HOMO and LUMO which influenced from nitrogen contents in NCDs.
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Figure 2.8  Representation for the fluorescent mechanism of O-CDs, N-CDs, and
N,S-CDs. 1) Electrons excited from the ground state and trapped by
the surface states; 2) excited electrons return to the ground state via a
non-radiative route; 3) excited electrons return to the ground state via a
radiative route. Reprinted with permission from ref. [52],
Copyright 2013, John Wiley and Sons.
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Figure 2.9  Schematic presentation of tunable fluorescence emission with
increasing nitrogen content in the graphitic framework. Reprinted with
permission from ref. [55], Copyright 2017, American Chemical
Society.



CHAPTER 111

EXPERIMENTAL SECTION

3.1  Chemicals

Glycine (C2HsNO2) and L-tryptophan (Ci:H12N202) were purchased from
Tokyo Chemical Industry Co., Ltd. L-histidine (CsHgN3O2), L-phenylalanine
(CoH11NO2),  L-tyrosine  (CeH1:NO3),  quinine  hemisulfate  monohydrate
(C40H54N4010S), and hydrochloric acid (HCI) were purchased from Sigma-Aldrich.
All chemicals were analytical reagent grade and used as received without any further
purification. Milli-Q water obtained Milli-Q system (Millipore, Belford, MA, USA),

and deionized water were used as a solvent.

3.2 Synthesis of nitrogen-doped carbon dots

6.25 mmol of amino acids were dissolved in 25 mL 1 M HCI and vigorously
stirred until amino acids were dissolved. The amino acid solution was transferred to a
Teflon-lined hydrothermal reactor and heated at 200 °C for 12 hours. The
hydrothermal reactor was chilled at room temperature. The solution was centrifuged
at 15,000 rpm for 30 minutes to eliminate large particles. The supernatant was

collected for further characterization.
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3.3  Characterizations
3.3.1 Optical properties characterizations

The supernatant collected in 3.2 was dialyzed against deionized water
through the dialysis membrane with a cut-off molecular weight of 1,500 Dalton for 12
hours. The solution in the membrane bag was filtrated through a 0.21-micron
cellulose filter. The filtrated solution was characterized with 3453 UV-visible
spectrophotometer (Agilent) and Cary eclipse fluorescence spectrophotometer
(Agilent) to obtain UV-visible and fluorescence spectra, respectively.

The relative fluorescence quantum yield (QY) of His-NCDs, Tyr-
NCDs, and Trp-NCDs were determined using quinine hemisulfate monohydrate
(QHS) in 0.1 M H2SOg4, which shows a QY of 0.5777 at the excitation wavelength of
350 nm, as a reference solution. Moreover, L-phenylalanine in deionized water with
the QY of 0.024 at the excitation wavelength of 260 nm was used as a reference
solution in the QY determination for Phe-NCDs and Gly-NCDs. Reference solutions
and dialyzed NCDs samples were diluted to various concentrations. UV-visible
absorbance and integrated fluorescence emission intensity were analyzed from both
reference and NCDs solutions. UV-visible absorbance of all samples was maintained
under 0.1 to avoid the inner filter effect. UV-visible absorbance and integrated
fluorescence emission intensity obtained at each concentration were plotted versus

each other, and relative QY was calculated using equation 3.1.

2
Q% = o% (=) () (3.1)

Where QY is the quantum yield of NCDs, QY is the quantum yield of
reference, ns is the refractive indexes of a media of sample, n; is the refractive indexes

of a media of reference, ms is the gradients obtained from the linear trendline created
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from the plotted between UV-visible absorption and integrated fluorescence emission
intensity of sample, and m, is the gradients obtained from the linear trendline created
from the plotted between UV-visible absorption and integrated fluorescence emission
intensity of reference.

3.3.2 Morphological characterization

Tecnai 20 transmission electron microscope (Philips) was used for
determining the particle size. TEM samples can be prepared by neutralizing the
solution from 3.2 to prevent the damage of Cu-grid and the instrument caused by acid.
Then, filtrate with a 0.21-micron cellulose filter. Filtrated solution will be dropped
onto the 200-mesh carbon-coated copper grid and dried under vacuum.

3.3.3 Chemical structure characterization

Fourier-transform infrared spectroscopy was applied to determine the
surface functional groups. The solution obtained from 3.2 was dialyzed against
deionized water for 48 hours. Then, the dialyzed solution was filtrated through a 0.21-
micron cellulose filter. Filtrated solution was freeze-dried until CDs powder was
obtained. Powder CDs were characterized using the Nicolet iS5 FTIR spectrometer
(Thermo Scientific) with an iD7 ATR accessory.

Raman spectroscopy was used to study the relative amount of
crystalline and amorphous carbon in CDs. The solution obtained from 3.2 was
dialyzed against deionized water for 12 hours. Then, the dialyzed solution was
filtrated through a 0.21-micron cellulose filter. Filtrated solution was dropped on the
glass slide, which was enveloped with aluminum foil, and dried in a vacuum. Repeat

those steps until there was the layer of NCDs appeared on aluminum foil. Prepared
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samples were characterized using the DXR Raman microscope (Thermo Scientific)

with a 532-nm excitation laser at a laser power of 2 mW.



CHAPTER IV

RESULTS AND DISCUSSION

4.1  Optical properties of NCDs

We studied optical properties of NCDs to determine their structure and
estimate differences of energy gaps between HOMO and LUMO of NCDs which
were synthesized from different precursors. Optical properties of 12-hours-dialyzed
NCDs were investigated by UV-visible and fluorescence spectroscopy. UV-visible

spectra of NCDs are shown in Figure 4.1.
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Figure4.1  UV-visible spectra of synthesized NCDs

All NCDs show two significant absorption regions at 250-300 nm, attributing
to m—n* transition of C=C bond, and at 300-400 nm, attributing to n—=x* transition

of chemical bonds between carbon and heteroatoms such as O and N. Thus,
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synthesized NCDs are composed of both graphitic carbon core and surface functional
groups.

Fluorescence spectroscopy was applied to investigate the energy gap between
HOMO and LUMO, and the width of an additional interband of each NCD.
Fluorescence spectra are shown in Figure 4.2. The excitation-dependent fluorescence
emission was observed when the excitation wavelength was varied from 300400 nm
with an increment of 10 nm. For His-NCDs, Phe-NCDs, and Trp-NCDs, each

excitation wavelength results in one emission band.
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Figure 4.2  Fluorescence emission spectra using various excitation wavelength
from 300—400 nm with an increment of 10 nm collected from
(A) His-NCDs, (B) Phe-NCDs, (C) Tyr-NCDs, (D) Trp-NCDs, and
(E) Gly-NCDs.

However, two fluorescence emission bands can be observed from Tyr-NCDs

by one excitation wavelength. Emission peaks are located around 370-330 and 410—

430 nm when the excitation wavelength is 300-330 nm. These emissions come from
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di-tyrosine and tri/tetra-tyrosine, respectively [56]. Moreover, there are emission
peaks at 400-420 and 450-500 nm when the sample is excited with 340-370 nm.
These emissions come from tri/tetra-tyrosine and Tyr-NCDs, respectively. Therefore,
only emission spectra which are excited with 340-370 nm are considered as

fluorescence emission from NCDs.
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Figure 4.3  Plots between the excitation wavelength and emission wavelength of
(A) His-NCDs, (B) Phe-NCDs, (C) Tyr-NCDs, (D) Trp-NCDs, and
(E) Gly-NCDs.

Plots between excitation wavelength and emission wavelength of His-NCDs,
Phe-NCDs, Trp-NCDs, Tyr-NCDs, and Gly-NCDs are presented in Figure 4.3. His-
NCDs, Phe-NCDs, Trp-NCDs, and Gly-NCDs show the same trend. There is a red-
shift of emission wavelength when the excitation wavelength is increased, which

corresponds to previous works about carbon dots [16, 57, 58]. The phenomena

observed from His-NCDs, Phe-NCDs, Trp-NCDs, and Gly-NCDs are called



37

“excitation-dependent fluorescence emission.” A cocktail of different functionalized

NCDs contributes to excitation-dependent fluorescence emission.
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Figure 4.4  Plots between maximum emission intensities and their
corresponding excitation wavelength of (A) His-NCDs, (B) Phe-

NCDs, (C) Tyr-NCDs, (D) Trp-NCDs, and (E) Gly-NCDs
Plots between maximum emission intensities and their corresponding
excitation wavelength in fluorescence emission spectra collected from all types of
NCDs are plotted in Figure 4.4. Two values were observed from the spectra with the
maximum intensity. The first is excitation wavelength inducing NCDs to emit
fluorescence at the maximum intensity (Aex). The second is emission wavelength at
the maximum emission intensity (Aem). Aex Of His-NCDs, Tyr-NCDs, and Trp-NCDs
are 330, 340, and 320 nm, respectively. Aem Of His-NCDs, Tyr-NCDs, and Trp-NCDs
are 406, 497, and 387 nm, respectively. For Phe-NCDs and Gly-NCDs, Aex and Aem,
obtained from Figure 4.4 might not be correct values because those values are not

located on the top of a mountain-like plot like other NCDs. Therefore, excitation
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wavelength (Aex) and emission wavelength (Aem) of Phe-NCDs and Gly-NCDs must be

determined when the excitation wavelength is below 300 nm are plotted in Figure 4.5

(A) and (C).
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Figure 45  Plots between excitation wavelength and emission wavelength of

(A) Phe-NCDs and (C) Gly-NCDs. Plots between excitation
wavelength and emission intensity of (B) Phe-NCDs and (D) Gly-
NCDs

From Figure 4.5 (A), there are two significant emission peaks in the excitation

range of 200—280 nm, which are labeled as EM 1 and EM 2, respectively. EM 1 is an

emission from residue L-phenylalanine remaining in the system [59]. Hence, only

EM 2 is considered as an emission from Phe-NCDs. The results show that EM 2

appeared when the excitation wavelength is 280—400 nm. Therefore, only the

relationship between the excitation wavelength and maximum emission intensity in
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this excitation range is considered, which is shown in Figure 4.5 (B). From Figure
4.5 (A) and 4.5 (B), Aex and Aem of Phe-NCDs are at 230 and 356 nm, respectively.

Gly-NCDs were treated in the same way as Phe-NCDs. The relationship
between the excitation and the emission wavelength of Gly-NCDs is shown in Figure
4.5 (C), and the plots between excitation wavelength and the maximum emission
intensity are shown in Figure 4.5 (D). Figures (C) and Figures (D) provide that dex
and Aem Of Gly-NCDs is at 230 and 349 nm, respectively. dex and Aem investigated
from all NCDs were in Table 4.1.

The energy of photons that used to excite electrons and be emitted from
electrons could be calculated from Aex and Aem, Which shown in Table 4.1, using

Planck’s equation, as shown in equation 4.1.
E=—+ (4.2)

Where E is energy (eV), h is Planck’s constant (4.14x10%° eV-s), c is the

velocity of light (3.00x10% ms?), and A is a wavelength (m).

Table 4.1 Aex, Aem and AE obtained from fluorescence spectra of each NCDs

NCDs hex (NM) hem (NM) Eex (eV) Eem (eV) AE (eV)
His-NCDs 330 406 3.76 3.05 0.70
Phe-NCDs 230 356 5.39 3.48 1.91
Tyr-NCDs 340 497 3.65 2.49 1.15
Trp-NCDs 320 387 3.87 3.20 0.67

Gly-NCDs 230 349 5.39 3.55 1.84
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Figure 4.6  The energy gap between HOMO and LUMO, and the width of the
additional interband of each NCDs

From Table 4.1, Eex Is represented as excitation energy, which has to be
consumed to motivate ground-state-electrons to the excited states, and Eem is the
energy released in the radiation relaxation step. The difference between Eex and Eem,
shown as AE, is the energy released during non-radiation relaxation induced by the
width of the additional interband between HOMO and LUMO. Hence, AE values are
telling how wide the additional interband is. Phe-NCDs and Gly-NCDs show similar
Eex, Eem, and AE: ~5, ~3.5, and 1.9 eV, respectively. His-NCDs, Tyr-NCDs, and Trp-
NCDs show similar Eex: ~4 eV. However, Eem and AE are quite significantly different
from His-NCDs and Trp-NCDs. Eem and AE of His-NCDs and Trp-NCDs is ~3 and
0.7 eV, respectively. Meanwhile, Eem and AE of Tyr-NCDs is ~2.5 and ~1 eV,
respectively. The gap between HOMO and LUMO, and the width of the additional
interband of each NCDs can be illustrated in Figure 4.6 The relative quantum yields

of each NCDs are shown in Table 4.2.
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Table 4.2 Relative quantum yield (QY) of each NCDs

NCDs QY
His-NCDs 0.033
Phe-NCDs 0.015
Tyr-NCDs 0.047
Trp-NCDs 0.024
Gly-NCDs 0.013

4.2 Morphology and chemical structures of NCDs

Morphology and structure of NCDs were investigated to determine the cause
of the differences in optical properties of each NCDs. Morphology of NCDs was
monitored by TEM. TEM images of NCDs are shown in Figure 4.7, and the

histogram of particle size distribution is shown in Figure 4.8. Table 4.5 shows

average diameter of each NCDs.

Figure 4.7  TEM images of (A) His-NCDs, (B) Phe-NCDs, (C) Tyr-NCDs, (D)
Trp-NCDs, and (E) Gly-NCDs
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All NCDs have a spherical shape with an average diameter of ~4 nm. Those
results show no significant difference in particle size of NCDs, even synthesized from
different precursors. Thus, differences in optical properties are not affected by the

guantum confinement effect but possibly by their chemical properties.
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Figure 4.8  Size distribution of NCDs

Table 4.3 Average diameter of each NCDs

NCDs Average diameter (nm)
His-NCDs 4.19+1.05
Phe-NCDs 3.95+1.22
Tyr-NCDs 4.08 +£0.97
Trp-NCDs 4.06 £1.47

Gly-NCDs 434 +1.28
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FTIR was applied to investigate the data about the surface of NCDs for
verification of the doping process and compare the relative amount of each functional
group located on the surface of NCDs. Figure 4.9 shows the FTIR spectra of 48-
hours-dialyzed NCDs. Noted that there was no powder of Phe-NCDs left after 48-

hours dialysis and freeze-drying, which might cause by their low production yield.

MMW

4000 3500 3000 2500 2000 1500 1000 _ 500
Wavenumber (cm™1)

Absorbance (a.u.)

Figure 4.9  FTIR spectra of dialyzed NCDs

FTIR band assignments of the synthesized NCDs are shown in Table 4.4, The
results show that all NCDs have a broad absorption band around 3100-3500 cm™,
which attributes to O—H and N—H stretching, and also show the absorption peak at
~1600 cm™ and ~1390 cm™, assigned to C=0 and C—N stretching, respectively. Those
indicate the successful doping process. However, absorption peaks at ~2900 cm™ and
~2850 cm™ can be observed from all NCDs, attributing to symmetric and asymmetric
C—H stretching, respectively. The dominance of those peaks observed from His-NCDs

indicates many unfunctionalized areas on their surface.
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Table 4.4 FTIR band assignments of different NCDs
Wavenumber (cm)
His- Tyr- Trp- Gly- Assignment References
NCDs NCDs NCDs NCDs
Broad absorption at 3100-3500 O—H stretching [60, 61]
2916 2929 2917 2918 symmetric C—H stretching [62, 63]
2850 2852 2852 2850 asymmetric C—H stretching [62, 63]
1617 1587 1603 1631 C=0 stretching [64-66]
1395 1393 1393 1393 C—N stretching [67-70]
- 1332 1328 1338 C-H bending of -CH, [65, 71-73]
1178 1233 1210 - C—N stretching and N-H [74,75]
bending (amide I11)
1093 - - 1074 asymmetric C-O-C [76]
stretching
1050 - - 1047 symmetric C-O-C [76]

stretching

Although symmetric and asymmetric C—H stretching absorption peaks at

~2900 cm™ of Tyr-NCDs, Trp-NCDs, and Gly-NCDs are not outstanding, there are

C-H on their surface also. Since the absorption peak at ~1330 cm™ is due to C—H

bending of —CH> are observed. The amount of N and O on the surface of the NCDs is

considered from the relative absorption intensity of C=0 and C—N stretching to of C—

H bending. Those peaks are located in the wavenumber of 1750—1250 cm™, as shown

in Figu

re 4.10.
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Figure 4.10 FTIR spectra of Tyr-NCDs, Trp-NCDs, and Gly-NCDs in the range of
1750-1250 cm*

Consider Figure 4.10, Gly-NCDs show that the absorbances of C=0 and
C—N stretching peaks are lower than that of C—H bending peak. For Trp-NCDs, the
absorbance of the C-H bending peak is slightly higher than that of the C—N stretching
peak while slightly lower than that of the C=0O stretching peak. Moreover, C—H
bending absorption peak shows the smallest absorbance relative to the C=0 stretching
and C—N stretching peak. From those results, Tyr-NCDs have higher contents of O
and N on the NCDs surface than Trp-NCDs, and Gly-NCDs, respectively, which is
consistent with their trend on QY. Tyr-NCDs show the highest QY, while Gly-NCDs
show the least QY due to their content of O and N on their surface functional groups.

Although the C—H bending peak cannot be observed from the spectrum of
His-NCDs, symmetric and asymmetric C—H stretching peaks, which relate to the
unfunctionalized surface, are outstanding. However, those peaks cannot be compared

with C=0 and C-N stretching peaks in the same spectrum because those C—H
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stretching peaks are overlapped with broad O—H stretching peaks. Further analysis of

His-NCDs to other NCDs was performed by Raman spectra.

Raman spectra were investigated to observe the relative contents of defects in

a graphitic carbon core of NCDs. Raman spectra were investigated from 12-hour-

dialyzed NCDs samples. D and G bands centered at 1370 cm™ and 1590 cm™,

respectively, can be observed from all NCDs as shown in Figure 4.11. D band arises

from symmetry breaking at defects and edges, and G band is caused by in-plane

deformation of C—C [77]. The ratio of the integrated intensity of D and G band (Ip/lg),

shown in Table 4.4, is ascribed to the ratio of disordered sp? and crystalline graphitic

carbons, respectively.
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Figure 4.11 Raman spectra of (A) His-NCDs, (B) Phe-NCDs, (C) Tyr-NCDs,

(D) Trp-NCDs, and (E) Gly-NCDs.
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Table 4.5 Ratio between Ip and I of each NCDs

NCDs Io/le
His-NCDs 2.84 +0.56
Phe-NCDs 2.77 £0.62
Tyr-NCDs 4.44 +0.56
Trp-NCDs 2.69 £0.13
Gly-NCDs 3.49+£0.82

Gly-NCDs and Phe-NCDs, however, have similar optical properties to each
other; however, their Ip/lg are significantly different. The Ip/lg of Gly-NCDs and Phe-
NCDs are 3.49 and 2.77, respectively. High graphitic carbon network in Phe-NCDs
might be induced by the phenyl group of L-phenylalanine. Even Gly-NCDs show a
significantly higher value of Ip/lg than other NCDs, except Tyr-NCDs, their QY is
low. FTIR spectrum of Gly-NCDs informs that there are fewer amount of surface
functional groups on the Gly-NCDs comparing with other NCDs. Instead of localized
on the surface, for Gly-NCDs, heteroatoms might be embedded into a graphitic
framework.

In/lc of His-NCDs, Phe-NCDs, and Trp-NCDs are 2.84, 2.77, and 2.69,
respectively, which is not significantly different from each other. Meanwhile, Ip/lc of
Tyr-NCDs is 4.44. Molecular structures of those precursors are considered. L-
histidine and L-tryptophan are aromatic amino acids, which their sidechain is N-
heterocyclic aromatic without any substituent group. Meanwhile, L-tyrosine has a
phenyl group connected with a hydroxyl group as a sidechain. N in L-histidine and L-

tryptophan are embedded in aromatic groups, making those amino acids have a less



48

steric effect than L-tyrosine. Moreover, an atomic radius of N is smaller than O.
Hence, His-NCDs and Trp-NCDs have smaller defect areas in the carbon core than
those in Tyr-NCDs. L-phenylalanine consists of a phenyl ring as a sidechain without
any substituent group. Hence their structure is similar to L-histidine and L-tryptophan.
Therefore, Ip/lc of Phe-NCDs is not significantly different from His-NCDs and Trp-
NCDs.

Tyr-NCDs has the highest Ip/lg, which attributes to many defects in the
graphitic core of NCDs. Moreover, their FTIR spectrum shows the highest content of
surface functional groups. Therefore, Tyr-NCDs has the highest content of

heteroatoms which are located on both graphitic carbon core and surface.

4.3  The proposed mechanism of fluorescence emission in NCDs

Core state Surface state
—_—
LUMO
Additional
T ‘ __]_ interband
HOMO HOMO

Figure 4.12 Core state and surface state fluorescence emission center

As shown in Figure 4.7, NCDs in this research can be classified into two
groups using their optical properties. Phe-NCDs and Gly-NCDs have a similar energy
gap between HOMO and LUMO, and also the width of an additional interband. Their
energy gap between HOMO and LUMO is estimated by the energy of an excitation

wavelength, ~5 eV, which relates to the excitation energy of electrons in the
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conjugated carbon core. Thus, the graphitic carbon core is a fluorescence emission
center of Gly-NCDs and Phe-NCDs. The width of an additional interband is
influenced by their defect in graphitic structure more than their surface functional
groups correspond to their FTIR and Raman spectra.

The other group is Trp-NCDs, His-NCDs, and Tyr-NCDs, which have a
similar energy gap between HOMO and LUMO and energy of emission photon. Their
HOMO and LUMO energy gap is ~4 eV, which relates to the excitation energy of
electrons on the surface. Those NCDs show a large amount of surface functional
groups, as observed from FTIR spectra. Electron donating groups such as amide and
amine can enhance the population of electron which localized on their surface. As a
result, their surface functional groups are considered as a fluorescence emission center
of those NCDs.

From Ip/lg observed from Raman spectra, Tyr-NCDs have more defects in
graphitic carbon framework than His-NCDs, and Trp-NCDs, respectively.
Fluorescence emission wavelength and the width of an additional interband can be
influenced by heteroatoms on the surface of the particles or/and heteroatoms which
embedded in the graphitic carbon framework. When heteroatoms are increased,
fluorescence emission wavelength and the width of an additional interband will be
increased too.

For NCDs which fluorescence emission center is a core state like Gly-NCDs
and Phe-NCDs, Ip/lg show that Phe-NCDs is composed of a carbon core with a higher
graphitic level than Gly-NCDs. However, an additional interband observed from Phe-

NCDs is a bit wider than Gly-NCDs. This might be caused by an increase in
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conjugation of a graphitic core which is influenced by phenyl groups of L-

phenylalanine.

N W

Figure 4.13 Molecular structures of (A) glycine, (B) L-phenylalanine, (C) L-
tryptophan, (D) L-histidine, and (E) L-tyrosine

The molecular structures of all precursors, shown in Figure 4.13, are
considered. The energy gap between HOMO and LUMO of Trp-NCDs and His-NCDs
are 3.76 eV and 3.65 eV, respectively. L-histidine and L-tryptophan have nitrogen-
containing aromatic structures as a side chain of the molecule. However, two nitrogen
atoms embedded in the aromatic ring of L-histidine tend to produce NCDs with more
graphitic nitrogen than L-tryptophan, which has only one nitrogen atom in the
aromatic ring. The energy gap between HOMO and LUMO of His-NCDs is lower
than that of Trp-NCDs because nitrogen atoms implanted in the graphitic core can
reduce the energy gap between HOMO and LUMO [78]. Tyr-NCDs show the lowest
energy gap between HOMO and LUMO and show the additional interband widest.
This might be caused by the hydroxyl group attached to the phenyl ring of L-tyrosine.
Those hydroxyl groups can produce NCDs with oxygen atoms in both the graphitic

core and on the surface. It is in agreement with the previous study that oxygen atoms
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can reduce the energy gap between HOMO and LUMO more than nitrogen [78].
Moreover, the most extensive oxygen contents on the Tyr-NCDs surface can increase

the additional interband and the QY.

A
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HO\[H /I/i Polymerization
o O” OH Carbonization
Ho._O ©O g
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Gly-NCDs
Highly heteroatoms NH,
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Carbonization _

Highly
graphitic

HN" S0

L-phenylalanine Phe-NCDs

Scheme 4.1 The proposed formation mechanism of (A) Gly-NCDs and (B) Phe-
NCDs

Phe-NCDs and Gly-NCDs show the same trend on the energy gap between
HOMO and LUMO, the width of the additional interband, and QY. The molecular
structures or precursors are considered—those two amino acids composed of the
different side chains. The side chain of glycine and L-phenylalanine is a hydrogen

atom and phenyl group, respectively. However, their amino acid backbone is the
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same. The similarity in optical properties suggests that their backbone plays an
essential role in NCDs production.

The possible formation mechanism is composed of two main steps:
polymerization and carbonization, which is in agreement with previous work [58, 69,
79]. First, carbogenic precursors are polymerized. Subsequently, those polymerized
precursors are carbonized to be CDs The possible mechanism of Gly-NCDs is shown
in Scheme 4.1 (A). In the polymerization step, glycine molecules are randomly
polymerized. Due to their high Ip/lg and low QY, heteroatoms might be located at the
carbon core more than at the surface. In their carbon core, heteroatoms might be
uniformly distributed. The proposed formation mechanism of Phe-NCDs is shown in
Scheme 4.1 (B). L-phenylalanine is proposed that they undergo the formation step in
the same way with glycine. However, a graphitic framework is believed to be
influenced by a phenyl group of L-phenylalanine because of their higher Ip/lc. Since
the phenyl group is less reactive, the amino acid backbone might be converged
together and then polymerized as NCDs center. Then, those polymerized amino acids
were carbonized

His-NCDs, Tyr-NCDs, and Trp-NCDs are assumed that they were
polymerized and carbonized in the same way with Gly-NCDs, as shown in Scheme
4.1 (A). From the lower of Ip/lg than Gly-NCDs, their side chain is supposed to play
an essential role in graphitic core formation. Their heteroatoms are located both in the
carbon core and on the surface of particles. Their content of surface functional groups

might be higher than that of Gly-NCDs, correspond to their FTIR spectra and QY.



CHAPTER V

CONCLUSIONS

NCDs were successfully synthesized from amino acids under an acidic
condition via the hydrothermal method at 200°C for 12 hr. Four aromatic amino acids:
L-histidine, L-phenylalanine, L-tyrosine, and L-tryptophan, and one aliphatic amino
acid: glycine, were used as a precursor. The results show that the chemical structures
of precursors can affect optical properties and chemical structures of synthesized
NCDs, while their morphologies are similar: spherical shape with a diameter of ~4
nm.

Fluorescence spectroscopy provides that the approximate energy gap between
HOMO and LUMO of Phe-NCDs and Gly-NCDs is ~5 eV, and that of His-NCDs,
Tyr-NCDs, and Trp-NCDs is ~4 eV. FTIR spectra suggest that Gly-NCDs show fewer
surface functional groups than other NCDs. From a high HOMO-LUMO energy gap
and low content of surface functional groups, Gly-NCDs and Phe-NCDs are assumed
that the core state is their fluorescence emission center. Meanwhile, the fluorescence
emission center of His-NCDs, Tyr-NCDs, and Trp-NCDs is assumed to be a surface
state due to their lower HOMO-LUMO energy gap high content of surface functional
groups.

Io/lc obtained from Raman spectra shows that NCDs synthesized from
aromatic amino acids, except L-tyrosine, show lower Ip/lg than NCDs synthesized

from glycine. Hence, the aromatic sidechain of precursors can suppress the defect area
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in the graphitic carbon core of NCDs. However, Tyr-NCDs show the highest Ip/lg
value due to the highest defect areas in the carbon core influenced by the steric effect
of precursors. Although Phe-NCDs and Gly-NCDs show the apparent difference of
Io/lc, they show similar optical properties.

The formation mechanism of NCDs was proposed. Glycine, L-histidine, L-
tyrosine, and L-tryptophan were randomly polymerized and carbonized to produce
NCDs. For L-phenylalanine, it is believed that their amino acid backbones are
converged together to form the inner core of NCDs. Whereas the less reactivity of

phenyl group, they later polymerized and carbonized to form the outer core of NCDs.
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