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Abstract in Korean 

 

 탄소 동소체 중 하나로 알려진 탄소 양자점은 비독성, 높은 흡광 계수와 양자 

효율로 인해 많은 관심을 받아왔으며, 특히 형광 센서 로서의 응용이 많이 

연구되어 온 바가 있다. 

 형광 센서는 감응 속도에서의 이점과 적은 농도만 이용하더라도 센서로 응용이 

가능하여 비용 측면에서 유리하다는 점 등 다른 방법들에 비해 많은 장점을 

가지고 있다. 

 그러나 먼저, 탄소 양자점의 경우 형광 센서로서 가져야 하는 기본 성능인 

광학적 성질에 대한 규명이 정확히 이루어지지 않았으며 이를 형성하는 원리 

또한 밝혀져 있지 않다는 한계를 가지고 있었다. 

 또한, 양자를 기반으로 하는 형광 센서의 경우, 형광 센서 성능의 지표가 될 수 

있는 감도(Sensitivity)에 강하게 영향을 미치는 전자 전달(Electron transfer)에 대한 

많은 수학적 모델이 개선되었음에도 불구하고 여전히 한계를 가지고 있었다.  

 본 연구에서는 탄소 양자점 합성 기법 가운데 가장 많이 연구된 수열 

합성이라는 방법을 기반으로 다양한 전구 물질(Precursor)를 이용하여 전구 물질 

디자인에 이바지하고자 하였고 또한 형광 센서의 원리로 이용되는 Inner-filter 

effect 에 대한 수학적 모델을 도입하여 형광 센서 발전에 있어 도움이 되고자 한 

바가 있다.  
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Abstract in English 

 

 Carbon dots (CDs) are one of the carbon allotropes that consist of sp2 carbon atoms, such as 

graphene, carbon nanotube (CNT), and fullerene. They have generated a lot of interest because 

of their non-toxicity, high extinction coefficient, and quantum yield. These CDs have been used 

in fluorescence sensors to detect hazardous Fe3+ and Hg2+ ions.  

 The fluorescence sensors have a rapid response because of their short lifetime (μs ~ ns), which 

normally decreases within the analytes. In addition, only trace amounts of fluorescent material 

needs to be detected, which save the cost of the manufacturing process. The detection 

mechanism is being studied in the fields of supramolecular chemistry and organic dyes. 

Therefore, the mechanism can be explained easily by traditional spectroscopy theory. 

 However, the actual formation and fluorescence mechanisms of the CDs have not been 

determined and have been always controversial because of the quantum mechanics involved. 

Therefore, a rational design of the CDs is difficult. 

 The most important feature of a sensor is its sensitivity. The sensitivity strongly depends on 

the electron transfer, which is regarded as the main mechanism of the fluorescence sensors. 

Although there are improved mathematical models of the fluorescence sensors, the actual 

model has not been developed. 

 In this study, we fabricated the CDs using various precursors to systematically investigate the 

design of the precursors. We introduced a mathematical model for the inner-filter effect, one 

of the quenching mechanisms, for application in developing a fluorescence sensor based on the 

CDs.        
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Chapter 1. Introduction 

1.1. Carbon dots 

 The carbon allotropes are composed of sp2 and sp3 carbon atoms, whose ratios determine 

their properties. These carbon allotropes are classified as 0D that includes fullerenes, onion-

like carbons (OLC) structures, carbon dots (CDs), and nanodiamonds; 1D that which includes 

carbon nanotubes (CNTs), carbon nanofibers; and 2D that includes graphene, graphene 

nanoribbons, and few-layer graphenes [1]. 

CD is a comprehensive term for various nanosized carbon materials [2]. Therefore, the CDs 

can be defined based on two conditions, that is, a transmission electron microscopy (TEM) 

image that shows an almost spherical shape and an elemental analysis showing a high ratio of 

carbon atoms. It is not fully understood whether the sp2 cluster exists in the carbon core or not. 

This makes it different from other carbon allotropes. Meanwhile, atomic resolution imaging 

shows that graphene has a hexagonal structure [3], unlike CDs. However, it is difficult to obtain 

atomic resolution images of the CDs because organic compounds are easily burnt by an 

accelerated electron beam. Typically, the CDs are regarded as carbonaceous nanoparticles 

synthesized using bottom-up synthesis, which is the assembly of small molecules to form large 

products. However, some researchers use the term bottom-up synthesis for polymer dots [2,4]. 

Consequently, it is difficult to determine the actual mechanism for the formation of CDs despite 

several previous attempts [5–7]. To our knowledge, no researcher knows whether the actual 

CDs exist or not. 

Despite this knowledge gap, the CDs have generated a lot of interest because of their superior 

optical properties, such as high extinction coefficient and high quantum yield [8–9]. Further 

popularity can result from easier understanding of the meaning of CDs. The photostability of 
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the CDs is also not fully understood because the data are not presented in papers. Moreover, 

the CDs show little difference in cytotoxicity, hence a cell viability test is required [10]. 

The CDs can be synthesized by pyrolysis [5,11], hydrothermal [6–7], microwave [12], 

sonochemical synthesis (ultrasonication) [13], and reflux heating [14]. The term “graphene 

quantum dot” is also used because the CDs were not defined in the early 2010s [6,11], although 

they were synthesized using the bottom-up approach. Nowadays, researchers generally use the 

term “carbon dot.” 

The hydrothermal method is the most popular method for the synthesis of the CDs. This is a 

mature technology that has been used to determine controllable factors, such as temperature, 

heating ratio, and reaction time [6–7, 15–16]. Many precursors can be adjusted during the 

synthesis of the CDs by the hydrothermal method. The highest quantum yield (94 %) of the 

CDs has been reported using the hydrothermal method [6]. Meanwhile, microwave-assisted 

synthesis negatively affects biological systems [17], although it has a short reaction time [12] 

that is conducive for effective production systems. Pyrolysis also has a shorter reaction time 

than the hydrothermal method; however, its lower quantum yield is of concern [11]. 

The purification of CDs is necessary for effective manufacture of the CDs. Dialysis tubes are 

generally used for 24–48 h; however, they are expensive and take a long time [16]. Magnetic 

separation and ethanol precipitation have been developed [18–19]; however, they can only be 

used in special cases. 

Scientists who will work on carbon dots in the future are strongly warned that proving the 

formation and photoluminescence mechanisms of the CDs is difficult, so is determining the 

fundamental principle behind these phenomena because of the comprehensive term, carbon dot. 
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Fig 1.1. Three types of fluorescent CDs: graphene quantum dots (GQDs), carbon 

nanodots (CNDs), and polymer dots (PDs) 
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1.2. Fluorescence sensor 

 The most important advantages of fluorescence sensors are their rapid response from a short 

lifetime [20] and fast light velocity. Consequently, signaling exploits fluorescence, not 

phosphorescence, except in specific cases, such as distinguishing signals from 

autofluorescence in biological systems [21] and complex security systems for counterfeit 

detection [22]. Furthermore, the lifetime of fluorescence is typically longer when the 

fluorescent materials interact with analytes (dynamic quenching) [23]. However, the lifetime 

does not always decrease, as referred to by the terms, static quenching and inner-filter effect 

[24].  

The fluorescence sensors do not always correctly detect various hazardous compounds and 

diseases [25]. This is because their sensitivity (the most important factor in sensing 

performance) has a strong relationship with the electron transfer or the electron path.  

For example, electron transfer is caused by voltage while photoinduced electron transfer (PET) 

is driven by light energy. The energy source causes a difference in the electron population 

resulting in electron transfer and different electron pathways [26]. This is observed as a change 

in conductivity and intensity. In other words, there is one effective method for each analyte or 

disease. In addition, different signals can be obtained in specific systems [27].   
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1.3. Quenching mechanism 

Quenching mechanism is important because literature related to fluorescence sensors refers 

to quenching as the main signaling method [28]. The quenching power has a strong relationship 

with sensitivity, one of the most important factors that affect sensing performance. The 

quenching mechanism is separated into PET, intramolecular charge transfer (ICT), metal–

ligand charge transfer (MLCT), twisted intramolecular charge transfer (TICT), electronic 

energy transfer (EET), fluorescence resonance energy transfer (FRET), and excimer/exciplex 

formation [29]. One of the most common mechanism is photoinduced electron transfer (PET). 

One of the most common mechanisms is PET. To evaluate whether this mechanism is 

applicable, the Gibbs energy (∆𝐺𝑐𝑠) is calculated by [30]: 

∆𝐺𝑐𝑠 = 𝐸𝑜𝑥 − 𝐸𝑟𝑒𝑑 − 𝐸0,0 + 𝐶 

 However, this equation is fundamentally limited by cyclic voltammetry because electrons 

move to acceptors when they are excited; however, the oxidation and reduction potentials are 

obtained from the voltage (electrochemical energy). 

The FRET is normally used to explain the quenching dynamics in biological systems, such as 

protein dynamics. This is because these dynamics depend on the distance between the 

fluorophores and quencher [20]. This occurs when the emission band of the fluorophores 

overlaps with the absorption band of the quencher [29]. 

The inner-filter effect is different from the two aforementioned mechanisms. This mechanism 

does not involve molecular interactions; hence, there is no change in its lifetime [24]. This 

effect depends on the florescence field, which is highly affected by the beam angle [31], whose 

quenching power can be optimized by the fluorescence field condition. 
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Fig 1.2. Schematic depiction of top view of the cuvette with the fluorescence 

observation field (FOF) 

 

Fig 1.3. Various cuvette cell configurations used for fluorescence measurements.         

I0 is incident radiation and F is observed fluorescence   
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Chapter 2. The effect of solvent polarity on emission properties of carbon 

dots and their uses in colorimetric sensors for water and humidity 

2.1. Introduction 

 Carbon dots (CDs) are widely used as active materials for the fluorescent sensors of pH, 

biomolecules, environmental contaminants and metal ions because of their outstanding 

properties, such as high photoluminescence (PL), photostability, and cost effectiveness [1–4]. 

Z. Zhang et al. synthesized CDs surface-modified with glycine and applied on detection of 

human-transferrin, universal iron carriers [3]. H. Soni et al. synthesized CDs using triflic acid 

and palm shell powder which was the economical green materials and applied on detection of 

nitrophenols [4]. Until now, there are a lot of attempts to control photoluminescence of CDs 

and apply on sensors. However, the desired optical properties are still in high demand, because 

the actual PL mechanism of CDs is not clearly verified, even though researchers have suggested 

several hypotheses about potential PL mechanisms [5,6]. 

 Recently, multicolor-emitting CDs were reported by controlling precursors and fabrication 

conditions [7–13]. Jiang et al. synthesized CDs that have red, green, and blue emissions and 

successfully fabricated a full-color PVA-composite film [9]. Wang et al. synthesized CDs 

whose emission peaks were 511, 525, 545, 554, 568, 602, and 615 nm. CDs showed excitation 

wavelength-independent and solvent-dependent behavior [10]. Lin et al. synthesized CDs that 

have the solvatochromatic phenomenon from para-phenylenediamine and ortho-

phenylenediamine. Their emissions cover the range of yellow-orange according to the various 

surrounding molecules [11]. Zhang et al. synthesized CDs based on p-phenylenediamine by 

means of solvothermal treatment in different solvents including water, ethanol, DMF 

(dimethylformamide), cyclohexane, and toluene. They studied the effect of solvents as both 
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reaction mediums and surrounding environments [12]. Chao et al. obtained CDs with ortho-

phenylenediamine that showed the solvent dependent emission and fabricated the nanoprobe 

for water detection in organic solvents [13]. 

Detection of water in organic solvents is very important in the chemical industries, especially 

in multiple-step organic synthesis. Water impurity can cause undesirable reactions, lower the 

yield of products, and cause explosions. Fluorescent nanoprobes have several advantages in 

terms of high sensitivity, simplicity, and fast response. Recent studies showed that CDs can be 

effective base materials for the quantitation of water in organic solvents [14–18]. Wang et al. 

employed CDs for the detection of water at low concentration. They attached an imidazole ring 

at the surface of CDs, and their emissions were increased by the water molecules because of 

photoinduced electron transfer (PET) [16]. Ye et al. synthesized CDs from resorcinol and 

fabricated a paper-based sensor strip for water detection in a real sample [17]. Wei et al. 

obtained CDs that had a yellow emission by solvothermal treatment with sodium citrate, 

carbamide, and cobalt chloride as precursors and used them for quantitative analysis of water 

content in organic solvents [18]. 

Herein, we successfully fabricated CDs from para-phenylenediamine (p-PD) and 

nitrilotriacetic acid (NTA) as novel precursors. The CDs fabricated in this study showed 

excitation wavelength-independent behavior and solvent-dependent multicolor emission. The 

relation between polarity of solvents and optical properties of CDs was systematically studied 

by using various organic solvents. The CDs fabricated in this study exhibited strong 

solvatochromatic properties, which were then applied in the quantitative analysis of many 

different amounts of water in the various organic solvents. In addition, a prototype of a paper-

strip humidity sensor was successfully fabricated. 
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2.2. Experimental 

2.2.1. Chemicals and instruments 

 NTA, p-PD, ortho-phenylenediamine (o-PD), meta-phenylenediamine (m-PD), Cobalt 

chloride (CoCl2) were purchased from SigmaAldrich Co., Ltd (USA). Ethyl alcohol anhydrous 

was purchased from Samchun Pure Chemical Co., Ltd. (Republic of Korea). Ethyl acetate, 

acetonitrile, N,N-dimethylformamide (DMF), potassium chloride (KCl), lithium chloride 

anhydrous (LiCl), and magnesium chloride anhydrous (MgCl2) were purchased from Daejung 

Chemicals & Metals Co., Ltd. (Republic of Korea). Methyl alcohol was purchased from 

Avantor Performance Materials LLC (USA). was purchased from Yakuri Pure Chemicals Co., 

Ltd. (Japan). Sodium bromide (NaBr) was purchased from Junsei Chemical Co., Ltd. (Japan). 

Lead (II) nitrate (Pb(NO3)2) was purchased from Samchun Pure Chemical Co., Ltd. (Republic 

of Korea). All the reagents were used without further purification. 

The morphology and size distribution of CDs were investigated by field-emission 

transmission electron microscope (FE-TEM, JEL-2100 F, JEOL, Japan). X-ray Diffraction 

(XRD, ULTIMA 4, Rigaku, Japan) was done investigating characterization of CDs. UV–vis 

absorbance measurement was done using a Specord 210 Plus (Analytik Jena, Germany). 

Fluorescence measurement was done with a Cary Eclipse Fluorescence Spectrophotometer 

G9800AA (Agilent Technologies, USA). The elemental composition was found by X-ray 

photoelectron spectroscopy (XPS, K-alpha, Thermo Fisher Scientific, USA). Fourier-transform 

infrared spectroscopy (FT-IR; Nicolet iS5 FTIR Spectrometer, Thermo Fisher Scientific, USA) 

was used to collect surface functional groups. 
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2.2.2 Synthesis of CDs 

As illustrated in Fig 2.1, CDs were fabricated using NTA and p-PD by solvothermal synthesis. 

First, 382 mg of NTA and 54 mg of p-PD were dispersed in 20 ml ethyl alcohol. Then the 

solution was stirred until p-PD was completely dissolved in the ethanol. The solution was 

transferred to the Teflon-lined stainless-steel autoclave for six hours at 160 ℃. After reaction, 

the solution was centrifuged at 10,000 rpm for 20 min to remove the residual reagents. We 

could obtain a clear solution of CDs without any complicated purification method. We diluted 

the resulting solution to pure solvent, including ethyl acetate, acetonitrile, DMF, ethyl alcohol, 

methyl alcohol, and D.I. water with a dilution ratio of CDs to them of 1: before PL measurement. 

2.2.3. Detection of water in organic solvents 

First, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 vol.% of water containing solutions of 

acetonitrile, DMF, and ethyl alcohol were prepared. Then the CDs solution was added to the 

above solutions with a dilution ratio of CDs to them of 1:80 while stirring with a magnetic bar 

for a few min. The fluorescence spectra were collected ten times for each experiment. Accuracy 

(R2) and sensitivity of the sensor were calculated for the 95% confidence interval and 

considering the standard deviation. 

2.2.4. The paper-based humidity sensors 

Common filter paper was immersed in the CDs solution overnight. Then, the paper was dried 

in room-temperature air. Specific saturated salt solutions that can control the water vapor in 

equilibrium were used to obtain the specific humidity. Saturated aqueous solutions of LiCl, 

MgCl2, NaBr, CoCl2, KCl, and Pb(NO3)2 were put in the vials to achieve approximate 11.31%, 

33.07%, 59.14%, 67%, 85.11%, and 98% of RH levels at 20 ℃ [19,20]. Then the CDs-coated 
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papers were put in the vials with a saturated solution of salt, and they were covered with a lid 

to keep the specific humidity. The humidity levels were estimated according to the paper color 

under UV illumination. 

2.2.5. Quantum yield measurements 

 The quantum yield was determined by secondary method which rely on comparison of the 

fluorescence spectra of the standard and the sample. Quinine bisulfate (0.1N 𝐻2𝑆𝑂4, ϕ=0.54) 

is selected by reference material for all range of the emissions. Excitation wavelength is 350nm 

for all solvents. Fluorescence spectra was collected on condition that excitation slit bandwidth 

is 2.5 nm and emission slit bandwidth is 5 nm. The following equation is used to determine the 

quantum yields. 

𝜙𝑥 = 𝜙𝑠

𝐴𝑠

𝐴𝑥

𝐹𝑥

𝐹𝑠
(
𝑛𝑥

𝑛𝑠
)2 

 The subscript of “χ” means the sample and “s” means the reference material. 𝜙 is quantum 

yield, A is absorbance at the excitation wavelength, F is the integrated emission area across the 

band and n is refractive index of solvents, which correct the change of intensity which is caused 

by difference of the refraction in different solvents. The absorbance was kept below 0.1 and 

the measurement was done at room temperature. 
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Fig 2.1. Schematic diagram of CDs synthesis. 
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2.3. Results and Discussion 

2.3.1. Characterization of CDs 

The morphology and structural parameters, and the size of CDs were investigated by TEM 

and XRD. As shown in Fig. 2.2a, CDs were spherical and of uniform size distribution in the 

range of 1.0 to 2.6 nm (1.84 ± 0.14 nm). The high-resolution TEM image in Fig. 2.2b reveals 

a lattice spacing of 0.21 nm, which corresponds to the (100) in-plane lattice of graphene [10–

13,21]. A broad peak at around 21.2 ° shown in XRD patterns (Fig. 2.3) corresponds to the 

(002) plane of graphitic carbon [21–23]. When o-PD and m-PD were used instead of p-PD, no 

CDs are obtained, as shown in Fig. 2.4, perhaps because of the differences in pKa values, 

reaction electron-donating properties, and reactivity of o-PD and m-PD from those of p-PD 

[24,25]. In addition, during the synthesis process, the intermolecular amide linkage between 

amine and carboxylic acid groups can be limited by the steric hindrance around the reaction 

sites [26]. Relatively close positions of two amines in o-PD and m-PD can induce more steric 

hindrance, and the rigid aromatic ring itself of phenylenediamine can hinder the movement of 

polymer chains, which may limit the polymerization between o-PD or m-PD and NTA. 

FT-IR was used to investigate the surface functional groups of CDs, as shown in Fig 2.5. The 

broad peak at 3422 cm−1 can be attributed to O-H stretching vibrations. The absorption peaks 

originating from amide and ester groups can be observed around 1300-1720 cm−1. The strong 

peak at 1740 cm−1 can be assigned to C=O stretching vibration from the ester group, which 

might be formed by the esterification reaction between carboxylic acid and the alcohol that was 

used as solvent. The Amide I, Amide II, and Amide III peaks are observed at 1642 cm−1, 1518 

cm−1, and 1403 cm−1, respectively [27–29]. The peak at 2982 cm−1 and at 1202 cm−1 can be 

assigned to C-H and C-O stretching vibrations, respectively. 
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XPS was used to establish the elemental composition of CDs. As shown in Fig. 2.6a, three 

peaks corresponding to C1s(285 eV), N1s(399 eV), and O1s(532 eV) are observed, and the 

relative content of C, O, and N is calculated to be 62.12%, 27.32%, and 10.57%, respectively, 

which indicates a high amount of nitrogen atoms in the CDs. The peaks at 284.4, 285.2, and 

288.4 eV shown in the high-resolution C1s XPS spectra (Fig. 2.6b) are attributed to the carbons 

of C-C/C=C, C-N, and C=O, respectively, which also reveals the highly incorporated nitrogen 

atoms in CDs. High-resolution O1s XPS spectra (Fig. 2.6c) show only the C=O oxygen peak at 

531.4 eV that originates from ester groups. Interestingly, a large amount of graphitic N (401.3 

eV) is observed in the high-resolution N1s XPS spectra (Fig. 2.6d), perhaps because of the 

intermolecular dehydrolysis between the amide and carboxylic acid groups as well as the 

tertiary amine in NTA [30]. 
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Fig 2.2. TEM images of CDs on a 10 nm and 5 nm scale. (a) Size distribution of CDs. (b) 

HR-TEM image and lattice spacing of CDs 

 

 

Fig 2.3. XRD pattern of CDs 
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Fig 2.4. TEM image of CDs synthesized from ortho-phenylenediamine at (a) 10nm (b) 5nm 

TEM image of CDs synthesized from meta-phenylenediamine at (c) 10nm (d) 5nm 

 

 

Fig 2.5. FT-IR spectra of CDs in ethanol 
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Fig 2.6. (a) XPS survey spectra, (b) high-resolution C1s XPS spectra, (c) high-resolution O1s 

XPS spectra, (d) high-resolution N1s XPS spectra of CDs 
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2.3.2. Optical properties of CDs 

UV-VIS absorption and PL were used to investigate the optical properties of CDs. The strong 

absorption of CDs at 290 nm shown in Fig. 2.7a results from the π – π* transition of the sp2 

C=C aromatic bond of the carbon core, which indicates successful formation of graphitic 

structures in the CDs. In addition, the broad absorption of CDs in the visible region also 

indicates the formation of sp2 conjugated structures. The peak at 528 nm indicates that Mie 

scattering is caused by CDs in the presence of nanoparticles and conjugation structures [11,31–

33]. The strong peak at 350 nm of p-PD can be attributed to the strong interaction between the 

amino group and the electron of the benzene ring [34]. After reaction with NTA, it disappears 

because of the incorporation of the nitrogen atom into the carbon core of CDs. The absence of 

a strong peak at 290 nm and different peak shapes in the PLE spectra (Fig 2.8) of various 

solvents indicate that most of the excitation energy is consumed as heat by means of non-

radiation decay by the solvent-CDs interaction, because the carbon core region is so sensitive 

to the external media and easily interacts with quencher molecules [35]. As shown in Fig. 2.7c, 

the maximum absorption wavelength was almost the same regardless of solvents, which 

indicates that the band gap of CDs remains constant regardless of solvent properties. The slight 

difference in their shape could result from the slight structural change in the carbon core by the 

p-PD in CDs that exhibits different proton donor-acceptor interactions with various solvents 

[34]. 

The CDs generally show an excitation wavelength-dependent behavior in organic solvents 

because of the irregular size of CDs or various functional groups that can have different 

emissive traps [5]. However, PL originating from the surface state of CDs can be suppressed 

by the strong interaction between solvent molecules and CDs; instead, the interaction itself can 
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be act as a predominant source of PL. As shown in Figs. 2.7b and 2.9, the CDs fabricated in 

this study showed excitation wavelength-independent behavior in the organic solvents, which 

indicates there was a uniform surface state and low functional group content in the CDs [21]. 

If CDs are in the water, they can exhibit excitation wavelength-dependent behavior because of 

the conformational change induced by the swelling of CDs in the water and by the change of 

proton donor-acceptor properties in the carbon core. 

Solvent polarity highly affects the PL emission wavelength of CDs. As shown in Fig. 2.7d 

and Table 2.1, as the solvent polarity increases, the PL emission shifts to a longer wavelength, 

the bandwidth is broadened and the quantum yield decreases. The red shift can be easily 

observed by the naked eye under UV illumination, as shown in the inset of Fig. 2.7d. The red 

shift of PL emission in a high polar solvent can be induced by edge N structures and a strong 

solvation effect. First, edge N structures, such as pyrrolic and pyridinic forms, can increase the 

charge-carrier density in a high polar solvent by attracting more charges by their easy 

interaction with the surrounding solvents [10,11]. Second, when the electron is excited from 

the ground state, it can be stabilized by changing the dipole direction of the surrounding solvent 

molecules. As solvent polarity increases, the energy required to change the dipole direction of 

the solvent molecules also increases because of the strong solvent dipole moment. As a result, 

excited electrons in a high polar solvent lose more energy than those in the low polar solvent, 

which results in a red shift of the PL emission. In addition, internal charge-transfer and 

conformational changes can be caused by the hydrogen bonds between the p-PD in CDs and 

polar protic solvents like water [12]. As shown in Fig. 2.10, a linear relationship between the 

wavelength of the emission peak and the solvent polarity parameter (𝐸𝑁
𝑇) is observed for all the 

solvent except for acetonitrile [36]. Because CDs act as proton donors in acetonitrile, a blue 
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shift occurs instead of a red shift in fluorescence spectra [34]. The emission band broadening 

is also observed in the high polar solvent, perhaps because of the longer nonradiative relaxation 

process [37]. 
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Fig 2.7. (a) UV–vis absorbance spectra of CDs. (b) Fluorescence spectra for CDs in ethanol 

at different excitation wavelengths. (c) UV–vis absorbance spectra for CDs in different 

solvents. (d) Normalized fluorescence spectra of CDs and photographs of CDs under UV 

illumination in different solvents 
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Fig 2.8. Photoluminescence excitation (PLE) spectra at respective emission wavelength of CDs 

in different solvents (a) ethyl acetate (b) acetonitrile (c) DMF (d) ethanol (e) methanol (f) 

D.I.water 
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Fig 2.9. FL spectra of CDs at different wavelength in different solvents including (a) ethanol 

(b) ethyl acetate (c) acetonitrile (d) DMF (e) methanol (f) D.I.water 
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Table 2.1. Quantum yield (QY) of CDs in different solvents 

Solvent ethyl acetate acetonitrile DMF ethanol methanol water 

Emission 

peak (nm) 

416 424 434 440 461 498 

FWHM 

(nm) 

61 66 66 70 104 98 

QY 8.85 8.48 8.54 7.89 1.13 1.03 
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Fig 2.10. Linear relationship between Emission peak (nm) and solvent polarity parameter (E𝑇
𝑁) 

except acetonitrile 
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2.3.3. Detection of water content in organic solvents 

As shown in Figs. 2.11 and 2.12, as water content in ethanol increases, the position of the PL 

emission shifts to red and its intensity decreases. Two linear regions of 0 to 40% and 40 to 100% 

water content are observed with good linearity, which can be explained by the solvation 

properties in the binary mixture. Solvation factor (η) can be calculated from 𝐸𝑇(𝑚) vs. 𝑋𝑤 

[37]. 𝐸𝑇(𝑚) is the molar electronic transition energy (kcal/mol) and 𝑋𝑤  is the molar fraction 

of a single component in a binary mixture; η = 1 corresponds to random solvation or non-

specific solvation by a component of a binary solvent mixture, η > 1 mean that more polar 

components have a preference for solvation, and, on the other hand, η < 1 means that fewer 

polar components have a preference for solvation in the binary mixture. The following equation 

is used to calculate the solvation factor, 

𝜂 =
𝐸𝑇1(𝑚)

𝐸𝑇2(𝑚)
×

𝑋𝑤2

𝑋𝑤1
 

Measured values are used for 𝐸𝑇(𝑚) in the literature [36]. 

As calculated in Table 2.2, η becomes below 1 between 30–40% of water content in ethanol. 

Water as a more polar component preferentially solvates CDs before reaching about 40%, and 

ethanol as a less polar component preferentially solvates CDs above 40% [13,37]. PL behaviors 

and solvation factors of other binary mixtures of water and various organic solvents are shown 

in Figs. 2.13 and 2.14, and in Tables 2.3 and 2.4, respectively. They exhibit behaviors similar 

to those of a water and ethanol binary mixture. 

The detection limit can be calculated from sensitivity, which is the slope of the calibration 

curve of the linear regression line and standard deviation of the emission peak. The following 
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equation is typically used to calculate the detection limit as a signal-to-noise ratio (S/N ratio) 

is 3. 𝑆𝑎 is the standard deviation of response and b is the sensitivity of the calibration curve 

[38]. 

LOD (Limit Of Detection) =  
3𝑆𝑎

𝑏
 

As shown in Table 2.5, the LOD of water detection in ethanol is as low as 1.67%, which 

indicates that the CDs fabricated in this study can be used to detect the water content in the 

ethanol industry. 
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Fig 2.11. (a) Normalized fluorescence spectra of CDs at different water contents. (b) 

Relationship of emission wavelength peak versus water content. (c) Photographs of CDs with 

different water contents under UV illumination 

 

Fig 2.12. Detection of water in ethanol (a) FL spectra of CDs at different water contents (b) 

Graph of FL intensity versus water contents (c) Linear relationship of FL intensity ratio versus 

water contents 
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Table 2.2. Calculation of solvation factor in different volumetric ratios of water-ethanol 

mixture 

Volumetric Ratio  

(v/v %) 

𝐸𝑇(𝑚) 

(kcal/mol) 

molar fraction Solvation factor 

 (η) Ethanol Water 

0 

51.9 

1 0 ∞ 

10 0.735059 0.264941 4.242248 

20 0.552188 0.447812 1.885444 

30 0.418367 0.581633 1.09984 

40 0.316195 0.683805 0.70704 

50 0.235632 0.764368 0.471361 

60 0.170478 0.829522 0.314241 

70 0.116698 0.883302 0.202012 

80 0.071553 0.928447 0.11784 

90 0.033118 0.966882 0.052373 

100 0 1 0 
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Fig 2.13. Detection of water in DMF (a) FL spectra of CDs at different water contents (b) 

Normalized FL spectra of CDs for different water contents (c) Graph of FL intensity versus 

water contents (d) Linear relationship of emission peak versus water contents (e) Photograph 

of CDs at different water contents under UV illumination 
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Fig 2.14. Detection of water in acetonitrile (a) FL spectra of CDs at different water contents (b) 

Normalized FL spectra of CDs in different water contents (c) Graph of FL intensity versus 

water contents (d) Linear relationship of emission peak versus water contents (e) Linear 

relationship of FL intensity ratio versus water contents (f) Photograph of CDs at different water 

contents under UV illumination 
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Table 2.3. Calculation of solvation factor in different volumetric ratio of water-DMF mixture 

Volumetric Ratio(v/v%) 𝐸𝑇(𝑚)(kcal/mol) 
molar fraction 

Solvation factor (η) 
DMF water 

0 

43.2 

1 0 ∞ 

10 0.676619 0.323381 5.42053 

20 0.481844 0.518156 2.409124 

30 0.351683 0.648317 1.40532 

40 0.258557 0.741443 0.90342 

50 0.188628 0.811372 0.602281 

60 0.134189 0.865811 0.401521 

70 0.090607 0.909393 0.25812 

80 0.054928 0.945072 0.15057 

90 0.025181 0.974819 0.06692 

100 0 1 0 

 

 

 

Table 2.4. Calculation of solvation factor in different volumetric ratio of water-acetonitrile 

mixture 

Volumetric Ratio(v/v%) 𝐸𝑇(𝑚)(kcal/mol) 
molar fraction 

Solvation factor (η) 
acetonitrile water 

0 

45.6 

1 0 ∞ 

10 0.756209 0.243791 6.743208 

20 0.579587 0.420413 2.996981 

30 0.445735 0.554265 1.748239 

40 0.340795 0.659205 1.12387 

50 0.256314 0.743686 0.74925 

60 0.186839 0.813161 0.499497 

70 0.128699 0.871301 0.321105 

80 0.079328 0.920672 0.187311 

90 0.036882 0.963118 0.083249 

100 0 1 0 
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Table 2.5. Detection limit of colorimetric sensor for water 

Solvent R2 (0 – 40% region) LOD (%) 

Ethanol 0.9994 1.666854  

DMF 0.9481 12.3388 

Acetonitrile 0.9736 8.920523 
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2.3.4. Quenching mechanism in presence of water 

As shown in Figs. 2.12, 2.13 and 2.14, water content can be measured by the PL intensity 

change, especially at low water content. Water molecules can induce PL quenching by the 

destruction of the electronic state of CDs in organic solvents in three ways. First, when water 

is added to the organic solvents, the CDs starts to aggregate because of the low dispersion of 

CDs in water, which results in PL quenching because of the excessive resonance-energy 

transfer and π− π* interaction [10,13]. Second, the strong interaction between high polar 

solvents with p-PD in CDs can increase the rates of non-radiative decay [34]. Finally, water 

induced swelling can cause PL quenching, because swelling and shrinking are typical 

phenomena in graphene-like nanomaterials [39,40] because of the conformational change of 

CD molecules. In addition, water molecules, which partially exist as hydronium ions in multi-

layers of CDs, have a role of as an electron-withdrawing compound [39,41], which can cause 

PL quenching. The water-induced structural change of CDs can be observed in the FT-IR 

spectra. As shown in Fig. 2.15, O-H stretching shifts from 3422 cm−1 to 3509 and 3540 cm-1 as 

the water content increases. In addition, the peak intensities at 1642 cm-1 and 1740 cm-1 

originate from ester and amide bonding changes. 

2.3.5. The paper-based humidity sensing strip 

The paper-based sensing strip has several advantages, such as cost effectiveness, easy 

handling, and large production capability [17,42–44]. In this study, a paper-based sensing strip 

was fabricated simply by immersing a paper filter into the solution of CDs and air drying it. As 

shown in Fig. 2.16, as relative humidity level increases, gradual PL fading is observed, which 

can also be recognized by the naked eye. 

  



３９ 

 

 

 

 

Fig 2.15. FT-IR spectra of CDs in the presence of water 

 

 

 

Fig 2.16. Photograph of paper sensor strips at different relative humidity (RH) level under UV 

illumination 
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2.4. Conclusions 

Carbon dots (CDs) are successfully synthesized from NTA as a novel precursor and p-PD as 

aromatic amine precursor, but no CDs are obtained from other isomers of phenylenediamine, 

because of the differences in reactivity and steric hindrance about the reaction sites. The CDs 

fabricated in this study exhibit strong solvent-dependent optical properties. As the solvent 

polarity increases, the PL emission wavelength shifts to longer wavelengths and the bandwidth 

is broadened, perhaps because of the abundant edge N structures and strong solvation effect. 

When CDs are used to detect water content in organic solvents, they exhibit excellent linearity 

and a low detection limit, especially in ethanol. Using water-induced PL quenching behavior, 

a paper-based humidity sensing strip was also successfully demonstrated. 
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Chapter 3. Fabrication of dual emission carbon dots and its use in highly 

sensitive thioamide detection 

3.1. Introduction 

Many attempts have been made to develop effective sensing devices by using carbon allotrope 

families such as carbon nanotubes (CNT), graphene-like 2D materials, graphene quantum dot 

(GQD), carbon dot (CDs) for the industrial and biological applications [1–6]. Among them, 

CDs draw a great attention for the fluorescence sensor because of their high sensitivity, 

excellent selectivity, simplicity and rapid response, which are originated from their unique 

molecular system that physicochemical properties can be changed by the interaction with 

specific chemical species [7,8]. 

Generally, the synthesis of CDs can be classified into top-down [9–11] and bottom-up 

approaches [12–14]. Recently, bottom-up approaches have been widely studied because 

properties of CDs such as doping of heteroatoms and structures can be precisely controlled by 

the precursors and synthetic process [15–18]. Krysmann et al. synthesized CDs based on citric 

acid and ethanolamine through pyrolysis, which showed the presence of amide intermolecular 

reaction and formation of carbogenic cores by cross-linking reactions in the interchain of CDs 

[15]. Song et al. suggested the possible intermediate in synthesis process and formation of 

carbon core from assembly of fluorophore and crosslinking of polymer clusters [16]. Sarkar et 

al. presented the effect on optical properties of nitrogen doping in CDs through computational 

modeling based on time-dependent density functional theory (TD-DFT). They revealed that 

the graphitic nitrogen had an important role of long-wavelength emission [17]. Hola et al. 

clarified the role of graphitic nitrogen by the theoretical calculation and experimental result 

together. They showed that graphitic nitrogen created mid-gap states in original gaps, which 
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showed great effects on the photoluminescence properties of CDs [18].  

Thioacetamide (TAA) is well-known as liver carcinogen to human. It can lead to necrosis and 

liver injury by inhibiting protein synthesis, RNA and DNA activity. Nonetheless, people can 

be exposed to it in various workplaces including leather, textile, and paper industries [19,20]. 

Even though the monitoring of TAA level is very important in view of health care, only limited 

studies have been reported so far. D. Cinghit¸a et al. reported the used a glass carbon (GC) 

electrode to detect TAA by the electro-catalytic system, especially by the anodic oxidation [21]. 

D. Saha et al. synthesize the ZnO quantum dot (QD) to detect the TAA via interaction between 

surface of QD and –NH and sulphur groups of TAA [22]. 

Herein, we report a very sensitive photoluminescence (PL) based TAA sensor. 

Photoluminescent CDs are successfully synthesized from EDTA (ethylenediaminetetraacetic 

acid) and L-tryptophan via hydrothermal synthesis which is one of the bottom-up approaches 

and has several advantages in view of freedom of precursor choice as well as easiness in the 

controlling of reaction conditions. In our knowledge, this is first time to show the thioacetamide 

sensor based on organic CDs, which is more advantageous than metal-based QDs in view of 

low toxicity of organic precursors [23]. The reaction conditions are systematically investigated 

to control the nitrogen and oxygen functionalities precisely, which resulted in high quantum 

yields (QYs). The CDs fabricated in this study exhibit excellent sensitivity and selectivity 

towards TAA with wide linear range and low detection limit, which can be due to photo-

induced electron transfer (PET) between tryptophan structure of CDs and TAA. Especially, 

dual emission with different quenching characteristics can realize highly sensitive 

thioacetamide sensor with wide linear range and low detection limit. We have used 

fluorescence spectroscopy for the detection to achieve more sensitivity. The as-prepared probe 
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shows dual emission when excited at 240 nm. The dual emission peaks increased the accuracy 

of the assay method. In this way, the influence by external agents on the test results can also be 

avoided [24]. By using dual emission probe, we have achieved detection of TAA over two 

different ranges. 
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3.2. Experimental 

3.2.1. Chemicals 

Sodium hydroxide (NaOH), hydrochloric acid (HCl), thiourea, L-Cysteine, L-Glutathione 

(GSH) reduced, L-lysine, l-cysteine, sucrose and thioacetamide are purchased from Sigma-

Aldrich Co. Ltd (USA). L-histidine is purchased from Acros Chemical Co. (USA). L-

tryptophan, Ethylenediaminetetraacetic acid, glycine, lactose monohydrate and dextrose are 

purchased from Daejung Chemicals & Metals Co. Ltd. (Republic of Korea). Urea is purchased 

from Yakuri pure chemicals Co., Ltd. (Japan). All the reagents were used without further 

purification. 

3.2.2. Characterization 

The morphology and size of CDs were investigated by field emission transmission electron 

microscope (FE-TEM, JEL-2100F, JEOL, Japan). UV–Vis absorption spectra and fluorescence 

spectra were collected by Specord 210 Plus (Analytik Jena, Germany) and Cary Eclipse 

Fluorescence Spectrophotometer G9800AA (Agilent Technologies, USA), respectively. X-ray 

photoelectron spectroscopy (XPS, K-alpha, Thermo Fisher Scientific, USA) was used to 

determine element composition. Fourier-transform infrared spectroscopy (FT-IR, Nicolet iS5 

FTIR Spectrometer, Thermo Fisher Scientific, USA) was used to investigate surface functional 

groups. 

3.2.3. Synthesis of CDs 

As illustrated in Fig 3.1, CDs were synthesized from EDTA and L-tryptophan via 

hydrothermal process. Firstly, EDTA (147 mg) and L-tryptophan (103 mg) were dissolved in 

10 mL DI water while stirring for 30 min using magnetic bar. Before reaction, the pH value of 
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the solution was ~3. Then, the solution was transferred to Teflon-lined stainless-steel autoclave. 

It was placed into muffle furnace, heated to 160 ℃ and maintained for 6 h. After cooling down, 

resulting solution was kept at ambient condition for 1 day because the residual byproducts 

could be moved out very slowly. The solution was filtered using common filter paper to remove 

large brown powder-like byproduct and centrifuged at 10000 rpm for 10 min to remove the 

residues and impurities. For further purification, dialysis was performed [25]. The solution was 

then kept inside a dialysis bag (1000 Da) for 24 h and then the spectroscopic properties were 

measured. To investigate the formation mechanism and optimize the reaction conditions, 

several parameters including concentration of precursor, molar ratio of reactants, reaction 

temperature, and reaction time were varied. 

Typically, when one parameter was changed within pre-determined range, other conditions 

are fixed. The ranges of the concentration of precursors, molar ratio of each precursor, reaction 

temperature, and reaction time were 50–500 mg, (9:1, 4:1, 3:2, 1:1, 2:3, 1:4, 1:9), 140–180 ℃, 

(4, 6, 8, 12 h), respectively. 

3.2.4. Quantitative analysis of TAA 

Firstly, 1.40 mL of CD solution (16 mg/mL) was diluted in D.I.water as the total amount of 

solution was set up 100 mL. Then, 3.6 mL of CD solution was mixed with the 0.4 ml of the 

target solutions which were prepared beforehand with pre-determined concentration of analytes. 

The concentration of various metal ions and organic molecules including urea, L-cysteine, L-

glutathione, thiourea, and thioacetamide solution (1.0 M) was kept to 0.1 M. To determine the 

limit of detection (LOD) for TAA, fluorescence spectra were collected specific range, 

respectively. All measurement was done with 2.5 nm excitation slit. 
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3.2.5. Determination of quantum yield 

The quantum yield of CDs fabricated in this study was determined by the comparison of the 

fluorescence spectra with those of the standard sample as described in the previous report [26]. 

Quinine bisulfate (0.1N 𝐻2𝑆𝑂4, ϕ=0.54) was selected by reference material for all range of 

the emissions. Fluorescence spectra was collected with 2.5 nm excitation slit bandwidth and 5 

nm emission slit bandwidth. The following equation was used to determine the quantum yields.  

𝜙𝑥 = 𝜙𝑠

𝐴𝑠

𝐴𝑥

𝐹𝑥

𝐹𝑠
(
𝑛𝑥

𝑛𝑠
)2 

The subscript of “χ” means the sample and “s” means the reference material. ϕ is quantum 

yield, A is absorbance at the excitation wavelength, F is the integrated emission area across the 

band and n is refractive index of solvents. The absorbance was kept below 0.1 and the 

measurement was done at room temperature. 
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Fig 3.1. Schematic diagram of CDs synthesis 
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3.3. Results and Discussion 

3.3.1. Optimization of reaction conditions 

To obtain the high quantum yield CDs, the effects of four major factors including 

concentration of precursors, molar ratio of precursors, reaction temperature, reaction time 

during the hydrothermal synthesis on the photoluminescence properties were systematically 

investigated. All results are summarized in Fig. 3.2, and Tables 3.1 and 3.2.  

Firstly, as the concentration of precursor are increased, maximum absorbance wavelength that 

is originated from the π-π* transition is red shifted as shown in Fig. 3.2a and 3.3, which 

indicates the increase of sp2 cluster of carbon core by the enhanced reaction rate [27,28]. The 

highly red-shifted π-π* transition at very low concentration can be due to increased possibility 

of intermolecular condensation as well as consumption of abundant surface groups because 

polymeric chain growth easily terminated after almost precursors were consumed, which 

suggests that continuous flow reactor that can maintain the constant concentration of reactants 

may be more ideal to obtain uniform CDs at large industrial scale than batch-type reactor. 

Secondly, as the molar ratio of EDTA increases, the QY of CDs initially increases and almost 

constant saturates over 1:1 ratio (Fig. 3.2b and Table 3.1), which can be due to n-π* transition 

contributed by abundant non-bonding lone pairs of electrons in the large amounts carboxylic 

acid groups in EDTA [29]. In addition, the increase in the maximum absorbance wavelength 

and surface/core intensity ratio (Fig. 3.3b) also indicates that disordered amorphous sp3 

structure and surface groups increase as the EDTA ratio increases [30]. 

Thirdly, the formation mechanism of CDs is explained by step-by step condensation, 

carbonization, and polymerization. High temperature and long reaction time can give fast 
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reaction and large clusters [7,15,16], however, such conditions can deteriorate the reactants or 

products at the same time. Fig. 3.2c clearly shows that as the reaction temperature increases, 

the absorption peak from sp2 cluster of carbon core gradually blue-shifts, which can be due to 

the decomposition of EDTA [31], CD itself [32] and/or enhanced amide hydrolysis at high 

temperature acidic condition. The maximum QY of CDs in this study can be obtained at 160 ℃, 

6 h with 1:1 EDTA : tryptophan ratio (Fig. 3.2d). All optical and instrumental analyses were 

conducted with the CDs fabricated in this condition. 

  



５５ 

 

 

Fig 3.2. The change of maximum absorbance wavelength (a) at various concentration of 

precursor, (c) at various reaction time and temperature. Quantum yield (b) at various molar 

ratio of precursors (d) at various reaction time and temperature 

  

 

Fig 3.3. Normalized absorbance spectra at (a) different CD concentration (160℃, 6h, molar ratio 

of 1:1) and (b) various molar ratio of precursors (160℃, 6h, total molar concentration of 1 M) 
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Table 3.1. The effect of concentration and molar ratio of the precursors on the quantum yield 

Reaction 

condition 

Precursor 

concentration(mg) 

FL spectra wavelength 

(nm) 

UV-Vis Absorbance spectra 

QY 

EDTA Tryptophan Excitation 

maximum 

emission 

Maximum 

wavelength(nm) 

Core/surface 

ratio 

concentration 

(160℃, 6h, 

molar ratio 

1:1) 

29 21 360 453 295 0.04864 12.49 

59 41 370 453 288 0.07472 28.63 

88 62 370 452 288 0.05209 30.88 

118 82 370 452 288 0.04696 31.06 

147 103 370 455 288 0.05033 36.15 

176 124 370 451 291 0.06991 34.42 

235 165 370 453 301 0.05179 6.63 

294 206 370 443 301 0.05179 9.35 

Molar ratio 

(160℃, 6h, 

total molar 

concentration 

1 M) 

29 184 360 454 293 0.07556 16.81 

58 163 360 453 293 0.06243 16.75 

117 122 360 452 292 0.04477 22.52 

147 103 370 455 288 0.05033 36.15 

175 82 370 452 290 0.05796 35.26 

234 41 370 453 288 0.06955 35.03 

263 20 370 453 281 0.1077 35.46 
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Table 3.2. The effect of reaction temperature and time on the quantum yield 

Reaction condition  

(250mg, 1:1)  

FL spectra wavelength 

(nm) 

UV-Vis Absorbance spectra 

QY 

(%) 

Temp (℃) Time (h) Excitation 

maximum 

emission 

Maximum 

wavelength(nm) 

Core/surface 

ratio 

140 4 370 457 300 0.06072 13.19 

140 6 370 456 297 0.05426 17.72 

140 8 370 456 295 0.05651 25.13 

140 12 370 455 293 0.05326 26.03 

160 4 370 453 294 0.05525 25.29 

160 6 370 455 288 0.05033 36.15 

160 8 370 453 290 0.05312 33.24 

160 12 370 453 289 0.06519 33.42 

180 4 360 452 289 0.08011 29.03 

180 6 360 450 289 0.09673 29.21 

180 8 360 450 281 0.09157 31.94 

180 12 350 448 281 0.12285 26.74 
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3.3.2. Physicochemical property of CDs 

The morphology and size of CDs were investigated by TEM. As shown in Fig. 3.4a, CDs are 

well-dispersed and possess clear crystalline structure with lattice spacing of 0.21 nm 

corresponding to (100) facet of graphitic structure [18,31]. The size distribution in the range of 

4–16 nm is shown in Fig. 3.4b and the average size of CDs is calculated to be about 9.4 nm. 

As shown in Fig. 3.5, XRD patterns shows a broad peak at 22º, which is amorphous phase 

because of turbostratic disorder and a lot of functional groups on edges of CDs [33–35] The 

formation of relatively large CDs can be the effect of indole positioned at side chain of amino 

acid [36,37]. In addition, at acidic condition the aromatic structure of indole enhances π-π* 

stacking interactions, which can form rigid structure during the formation of CDs [38]. 

FT-IR was used to determine the functional groups of CDs and shown in Fig. 3.6. The strong 

peak at 3406 cm-1 can be assigned to N–H stretching vibrations of amide, indole, and primary 

and secondary amine groups. The reduced intensity of this peak shows the change of nitrogen 

containing structures. In addition, the C––O stretching vibration peak of amide shown at 1666 

cm-1 disappears after 6 h hydrothermal reaction at 160 ℃, which indicates that the amide 

nitrogen atoms are converted to pyrrolic, pyridinic, graphitic form in sp2 cluster [39,40]. The 

peaks shown at 1456, 1591, 3046 cm-1 can be attributed to C=C stretching vibrations of the 

aromatic structures. The increase in the intensity of the broad peak at 1615 cm-1 can be due to 

the increased sp2 conjugated system as the elaborated reaction conditions. The peaks of CDs 

treated at 140 ℃ for 4 h including 1412 cm-1 (O–C=O stretching), 1357 cm-1 (C–N stretching), 

1232 cm-1 (CH2 bending), 1101 cm-1 (C–O stretching), 1008 cm-1, 920 cm-1, 850 cm-1 (aromatic 

mode), 746 cm-1 (O–C–=O bending) are all slightly shifted those at 160 ℃, 6 h, which also 

indicates that there are some subtle changes in chemical environment due to further 
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carbonization [38,41,42]. 

XPS was used to investigate chemical structure and the elemental composition of CDs in 

detail. As shown in Fig. 3.7, the binding energies of C1s (286 eV), N1s (402 eV), and O1s (532 

eV) in the CDs fabricated at 140 ℃ for 4 h are slightly down shifted to 285 (C1s), 400 (N1s), 

and 531 eV (O1s) in the CDs fabricated at 160 ℃ for 6 h. This indicates more increased 

formation of nitrogen to carbon bonds such as pyrrolic and pyrrolidone as well as higher sp2 to 

sp3 bond ratio of carbon core at higher and longer hydrothermal treatment [39,40,43,45]. 

As shown in Fig. 3.8a and 3.8b, C1s XPS spectra can be typically deconvoluted into three 

main peaks of C–=C peak (~284 eV), C–C/C–N/C–O (~286 eV), and C=O/O–C=O (~290.0 

eV) [36–39,42,44]. It is obvious that O–C=O peak decreases and C=C peak increases at 160 ℃ 

for 6 h thermal treatment, which also indicates that more sp2 carbon cores are formed after 

further carbonization [16,31]. In addition, the absence of carboxyl group and the presence of 

small amount of carbonyl group (278.8 eV) in the CDs fabricated at 160 ℃ for 6 h indicate the 

formation of amide bonds during the hydrothermal treatment. 

The deconvoluted O1s XPS spectrum shown in Fig. 3.8c exhibits quinone C=O (~530 eV) 

[45,46], carbonyl (~531 eV) [45,47], and carboxylic –OH (~533 eV) peaks [44,48]. After 

further carbonization (Fig. 3.8d), carboxylic –OH related peak disappears, which also can be 

the evidence of consumption of carboxylic acid during the formation of CDs. 

N1s XPS spectrum can be typically deconvoluted into 5 subpeaks including pyridinic N 

(398.1–399.3 eV), amino N (399-399.3 eV), pyrrolic N (399.8–401.2 eV), protonated or 

graphitic N (401.1–402.7 eV) and oxidized or N (403–405 eV) [49–52]. The small peak at 

403.7 eV shown in Fig. 3.8e indicates the existence of the oxidized N, which is because 

tryptophan can be oxidized due to the protonation of carboxylic acid above 140 ℃ [43]. The 
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decreased intensity of oxidized N and increase of pyridinic N at higher and longer hydrothermal 

treatment indicates the formation of more sp2 networks in the CD cores [39,53]. 
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Fig 3.4. (a) TEM images of CDs (inset shows HR-TEM images of CDs. (b) Size distribution 

of CDs 

 

 

Fig 3.5. XRD spectra of CDs fabricated at 160℃ for 6h 
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Fig 3.6 FT-IR spectra of CDs fabricated at (a) 140℃ for 4h and (b) 160℃ for 6h. The total 

molar concentration was 1 M and molar ratio of precursors was 1:1 

 

 

Fig 3.7. XPS spectra of CDs fabricated at (a) 140℃ for 4h and (b) 160℃ for 6h. The total molar 

concentration was 1 M and molar ratio of precursors was 1:1 
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Fig 3.8. High-resolution XPS spectra of (a, b) C1s, (c, d) O1s, and (e, f) N1s. CDs were 

fabricated at 140℃ for 4 h (total molar concentration 1 M, molar ratio 1:1) for (a, c, e) and at 

160℃ for 6 h (total molar concentration 1 M, molar ratio 1:1) for (b, d, f) 
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3.3.3. Optical properties of CDs 

To investigate the optical properties of CDs, fluorescence measurement was conducted. As 

shown in Fig. 3.9a, CDs exhibit dual emission bands centered at 360 nm and 450 nm in case 

of high energy excitation and single emission band centered at 450 nm in case of low energy 

excitation. The dual emission may be originated from tryptophanyl cores and functional groups 

at the surface. From the characterization part it is observed that there are different functional 

groups at the surface including –OH and –C=O etc. This passivated surface may be the reason 

for the emission along with the carbonized core.  

Tryptophan itself is a fluorophore and shows emission band at 360 nm when it is excited with 

high energy (Fig. 3.10a). However, when the tryptophan molecules are physically mixed with 

CDs, they only quench the PL intensity of 450 nm emission (Fig. 3.9b), with the increase of n-

π transition from functional groups [45,55] (Figs. 3.11c–d). Moreover, the physically mixed 

tryptophan does not show any effects on the TAA sensing. This means that not the residual 

tryptophan molecules, but the tryptophan structures formed via condensation reaction in the 

CDs may cause the emission at 360 nm [16,56]. The different PLE spectra between pure 

tryptophan (Fig. 3.10b) and CDs (Fig. 3.11) also reveals that luminescence center of tryptophan 

and tryptophanyl domain in the CDs are totally different. It is interesting to note that 360 nm 

emission disappears at high CD concentration (Fig. 3.11a), which can be due to the 

aggregation-induced quenching especially at tryptophanyl cores in the CDs. 

Another emission band at 450 nm can be attributed to the defects, or nitrogen and oxygen 

related functional groups, which exhibits an excitation-wavelength independent behavior. 

Generally, CDs exhibit excitation-wavelength dependent behavior because of the abundant 

surface traps, edge states, and broad size distribution that can cause different emission 
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wavelength [54]. The uniform carbon cores and edge structures may cause uniform 

fluorescence radiative processes [36], which resulted in the excitation-wavelength independent 

PL emission of CDs fabricated in this study. As shown in Fig. 3.12, fluorescence quenching in 

the basic condition can be obviously observed, which can be due to the deprotonation of the 

nitrogen species [57,58]. The TAA sensing was carried out at pH 4 to ensure high 

photoluminescence intensity. 
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Fig 3.9. PL spectra of CDs (a) at different excitation wavelength, (b) at various tryptophan 

concentrations 

 

Fig 3.10. (a) PL spectra of pure tryptophan at various excitation wavelength. (b) 

Photoluminescence excitation spectrum of tryptophan (c) Absorbance spectra of CDs with pre-

determined concentration of tryptophan (0, 0.01, 0.05M) (d) Absorbance spectra with TAA (0, 

0.5, 1, 2μM) 
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Fig 3.11. (a) PL spectra of CDs at high concentration (4mg/ml).                 

Photoluminescence excitation spectra of CDs at different concentration excited (b) at 360nm 

and (c) at 450nm 

 

 

Fig 3.12. (a) PL spectra and (b) PL intensity of CDs at different pH. The excitation wavelength 

was 370 nm 
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3.3.4. Quantitative analysis of TAA in the aqueous solution 

To optimize CD-based TAA sensing, the effect of concentration of CDs was systematically 

investigated in view of PL intensity and quenching efficiency (Fig. 3.13). As shown in Fig. 

3.13a, as the concentration of CDs increases, PL intensities of both emission bands decreases 

at high energy excitation. However, PL intensity of 450 nm at low energy excitation initially 

increases as the CD concentration increases but decreases at too high CD centration as shown 

in Fig. 3.14a, which means that tryptophanyl cores aggregate at lower CD concentration that 

of defects or functional group originated emission sites. 

The quenching efficiencies for both emission bands show same trend that more quenching 

can be obtained at lower CD concentration (Fig. 3.13b and Fig. 3.14b), which can be due to the 

more interaction between TAA and CDs than that between CDs themselves at lower CD 

concentration. 

It is interesting to note that the sensitivity, low detection limit, and linear detection range 

depend on the excitation and emission wavelength, which means that each emission band can 

be used to obtain different sensing properties in TAA sensing. As shown in Fig. 3.13c–d, Fig. 

3.14c-d, and Table 3.3, the high sensitivity and very low detection limit can be obtained when 

TAA induced quenching is monitored with the 360 nm emission band at 240 nm excitation. On 

the other hand, very wide linear range especially to very high TAA concentration can be 

achieved by using 450 nm emission band at 370 nm excitation. As compared in Table 3.4, a 

very low detection limit of 0.0703 μM (S/N = 3) and an extremely wide linear range of 0–

10000 μM of CDs fabricated in this study are much better TAA sensing properties than those 

obtained from voltammetry or amperometry approaches. To determine TAA sensing properties, 

Stern-Volmer plot was used as shown in Fig. 3.14c-d. CD-TAA sensing system at both emission 
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band has good linearity (R2 = 0.9995, 0.99855), which indicated that kinetics of fluorescence 

quenching is based on dynamic quenching. As shown in Fig. 3.15, fluorescence decay analysis 

revealed the decrease in lifetime in presence of TAA. 

To study the quenching mechanism in detail, oxoamide compound such as urea and thioamide 

compound such as thiourea were tested further. As shown in Fig. 3.16, only thioamide 

compounds such as TAA and thiourea can cause PL quenching at both emission bands. Sulphur 

containing compounds can act as a good hole acceptor due to the presence of a lone pair of 

electrons on the nitrogen and sulphur atoms. It has been reported that oxoamide/thioamide 

induced quenching of fluorophores can occur through a dynamic photoinduced electron 

transfer mechanism [59–63] but the sensitivity and stability of charge transfer complex differ 

according to the electron donor ability of analytes [59, 60]. A lower oxidation potential (1.21 

eV) of thioamide than that of oxoamide (3.25 eV) may result in the significant PL quenching 

of the CDs fabricated in this study [62,63]. 

To investigate selectivity of CDs, the interference study of biomolecule such as glucose, 

sucrose, lactose, some amino acids was done as shown in Fig. 3.17. There is slight interference 

of all given biomolecules at 360 nm emission band. However, strong quenching occurred from 

histidine and lysine, which interfered remarkably in TAA sensing system at 450 nm emission 

band. This interference can be removed by tuning the excitation wavelength. To apply on real 

sample assay, TAA sensing performances was shown in Table 3.5. 
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Fig 3.13. (a) PL spectra and (b) quenching efficiency at various CD concentrations. (c) PL 

spectra and (d) PL intensity at various TAA concentrations. The excitation wavelength was 240 

nm 
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Fig 3.14. (a) PL spectra and (b) quenching efficiency of emission band at various CD 

concentration. The excitation wavelength was 370nm. Stern-Volmer plot of (c) 360 nm (excited 

at 240 nm) and (d) 450nm emission (excited at 370 nm) according to the TAA concentration 
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Table 3.3. TAA sensing properties at different excitation and emission wavelengths 

Emission wavelength 

(Excitation wavelength) 

Linear range (μM) R2 (0 – 40% region) LOD (μM) 

360nm (240nm) 0 – 2 0.9995 0.01417 

450nm (370nm) 0 – 10000 0.9911 59.20 

 

 

Table 3.4. Comparison of the sensing performances of CDs fabricated in this study with 

those of previous results  

Analytical Method Linear range (μM) R2 LOD (μM) reference 

Voltammetry 5–60 0.998 0.84 [64] 

Amperometry - - 3 [65] 

Fluorimetry 0 – 2  0.9995 0.0703 Present work 

Fluorimetry 0 - 10000 0.99855 423.02 Present work 
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Fig 3.15. Fluorescence decay profile of CD and CD with TAA (10mM) 

 

 

Fig 3.16. Relative intensity of CDs in presence of various molecules (0.1M). (a) 360 nm 

emission band at 240nm excitation wavelength. (b) 450 nm emission band at 370nm excitation 

wavelength 
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Fig 3.17. Relative intensity of CDs-TAA system in presence of biomolecule (1mM) for 

interference study (a) 360 nm emission band at 240nm excitation wavelength (b) 450nm 

emission band at 370nm excitation wavelength 
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Table 3.5. Sensing performances of CDs in river water for real sample assay 

Real sample Concentration of TAA (μM) Recovery of TAA (μM) Recovery of TAA (%)  

River water 

2000 1487.237±6 74.36 

4000 3627.961±5 90.70 

6000 5197.76±2 86.63 
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3.4. Conclusions 

Highly fluorescent CDs were successfully synthesized from EDTA and L-tryptophan as novel 

precursors. The quantum yield was optimized by adjusting the reaction conditions including 

reaction temperature, time, molar ratio of precursors, and concentration of CDs. The PL 

emission of as-synthesized CDs could be controlled by changing the excitation wavelength. 

The as-synthesized CDs possess unique dual emission bands that might be originated from 

tryptophanyl cores and functional groups. TAA, a well-known liver carcinogen, which can be 

released easily from leather, textile, and paper industries, has been detected via the quenching 

of the fluorescence of the as-synthesized CDs. As both the emissive peaks show quenching in 

the presence of TAA, the sensing range has been tuned by changing the excitation wavelength. 

The generation of thioamide functional groups during the interaction between the as-

synthesized CDs and TAA, may cause the quenching. A low detection limit of 70 nM and wide 

linear range of 0–10 mM has been achieved for the prescribed method. This study has a possible 

application on monitoring the protein dynamics or protease assay using thioamide-CDs FRET 

pair as a probe. 
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Chapter 4. Uncovering the actual inner-filter effect between highly 

efficient carbon dots and nitroaromatics 

4.1. Introduction 

Nitroaromatics are used widely as intermediates in the dye, pharmaceutical, pesticide, and 

explosives industries. On the other hand, these compounds are hazardous to humans and 

wildlife because of their toxicity, carcinogenicity, and mutagenicity [1]. In addition, their 

widespread use has resulted in serious environmental contamination in air, soil, and water. 

Nitrophenols have negative effects on health, such as skin irritation, blood disorders, and even 

death [2]. For example, 2,4-dinitrophenol (DNP) causes increased basal metabolic rates, a 

feeling of warmth, sweating, weight loss, and increased heart rate, breathing rate, and body 

temperature [3]. Nitroaniline also induces hypoactivity, convulsions, prostration, salivation, 

piloerection, shallow respiration, and a loss of muscle coordination [4]. 

Recently, fluorescence-based sensing of nitroaromatics has been attempted widely because of 

its high sensitivity, excellent accuracy, rapid response, and simple operation process. Soni et al. 

reported a fluorescent sensor for mono-, di-, and tri-nitrophenols operated in the micromolar 

range using graphene quantum dots (GQDs) [5]. Tian et al. fabricated a paper-based sensor for 

trinitrotoluene in the nanomolecular range using carbon dots (CDs) and CDs-polyvinyl alcohol 

composites [6]. Yuan et al. demonstrated a fluorescent probe for p-nitroaniline sensing in both 

aqueous and ethanol solutions using CDs [7]. 

Fluorescent CDs are promising candidates for fluorescence probes because of their non-

toxicity, photostability, and excellent luminescent properties [8–11]. Their properties can be 

controlled easily by precursor design [12], surface passivation [13], and optimization of the 

reaction conditions [14]. To obtain the desirable sensing properties, understanding the detection 
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mechanism and designing their chemical structures is crucial. Many researchers have suggested 

photo-induced electron transfer (PET), Förster resonance energy transfer (FRET), and inner-

filter effect (IFE) [15–17], as a major detection mechanism. In particular, Inner filter effect 

(IFE) was widely applied on the fields of chemical sensing [18–21]. Cayuela et al. fabricated 

Inner-filter effect based sensor for detection of silver nanoparticles, whose aggregation shows 

high absorption in visible range [19]. Sai et al. used CDs for determining acetone via inner 

filter effect because of spectral overlap in range of 240–320 nm [20]. Fan et al. fabricated inner-

filter effect based fluorescent probe for detecting 2,4,6-trinitrophenol [21]. Although there are 

a lot of interest of IFE based probe, but it is not clearly explained or misunderstood between 

other mechanisms. 

This study investigated the detection mechanism of CDs towards various nitroaromatics, 

including 2-nitroaniline (2-NA), 3-nitrophenol (3-NP), 2,4-dinitrophenol (DNP), and 4-

nitrophenol (4-NP). The IFE and FRET mechanisms in sensing can be confused because both 

are based on spectral overlap between the emission band of the energy donor and the absorption 

of the acceptor. The IFE and FRET models were compared and discussed through mathematical 

models, including Lakowicz [22] and the Parkers and Barnes correction [23]. The CDs used in 

this study were synthesized from citric acid and uric acid as novel precursors after optimizing 

the reaction conditions, which exhibited the excellent linearity and low detection limits towards 

nitroaromatics. As shown in Table S2, previous studies used the functional group induced 

specific interaction between CDs and each analyte, which resulted in limited sensing of 

nitroaromatics. In contrast, the CDs fabricated in this study can detect a range of nitroaromatics 

by the IFE. 
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4.2. Experimental 

4.2.1. Chemicals 

Sodium hydroxide (NaOH), uric acid, ortho-phenylenediamine (o-PD), meta-

phenylenediamine (m-PD) and para-phenylenediamine (p-PD) are purchased from Sigma-

Aldrich Co. Ltd (USA). Citric acid and 2-NA are purchased from Daejung Chemicals & Metals 

Co. Ltd. (Republic of Korea). DNP was purchased from Yakuri Pure Chemicals Co., Ltd. 

(Japan). 4-NP was purchased from Alfa Aesar Co. Inc (USA). 3-NP was purchased from Tokyo 

Chemical Co., Ltd (Japan). Aniline was purchased from Junsei Chemical Co., Ltd. (Japan). All 

the reagents were used without further purification. 

4.2.2. Characterization 

The morphology and size distribution of CDs were investigated by field emission 

transmission electron microscope (FE-TEM, JEL-2100F, JEOL, Japan). UV-Vis absorption 

spectra and fluorescence spectra were collected by Specord 210 Plus (Analytik Jena, Germany) 

and Cary Eclipse Fluorescence Spectrophotometer G9800AA (Agilent Technologies, USA), 

respectively. Time-correlated single-photon counting (TCSPC) was performed by FS5 

spectrophotometer (Edinburgh Instruments, EPL-375 ps pulsed diode laser the light source). 

X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo Fisher Scientific, USA) was 

performed to investigate element composition. Fourier-transform infrared spectroscopy (FT-

IR, Nicolet iS5 FTIR Spectrometer, Thermo Fisher Scientific, USA) was performed to 

investigate functional groups. Zeta potential was measured by Zetasizer Nano ZSP (Malvern 

Panalytical, UK). 
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4.2.3. Synthesis of CDs 

As illustrated in Fig 4.1, CDs were synthesized from citric acid (105 mg) and uric acid (168 

mg) via a hydrothermal process. First, a pre-determined NaOH solution (0, 0.2, 0.4, 0.6, 0.8, 

and 1.0 M) was prepared. Uric acid and citric acid were then dissolved in 10 mL of the above 

solutions with stirring for 10 min using a magnetic bar. To achieve a homogeneous dispersion, 

the solution was sonicated for 1 h. After the solution was transferred to a Teflon-lined 

stainless-steel autoclave, it was placed into a muffle furnace, heated to 160 °C, and 

maintained at that temperature for 6 h for CD formation. After cooling to room temperature, 

the resulting solution was mixed with 20 mL of ethanol and centrifuged at 5000 rpm for 10 

min to remove the residues and organic byproducts. The sediment was collected and re-

dispersed in 10 mL of D.I. water. To obtain the solid CDs, 2 mL of CD solution was freeze 

dried for one day at −46 °C. CDs synthesized by the 0.8 M NaOH solution was selected to 

examine the physicochemical properties and sensing performance after optimizing the 

optical properties and yields. 

4.2.4. Detection of nitroaromatics 

Two milliliters of a CD solution (34 mg/mL) was diluted in D.I. water, while the total volume 

of solution was kept to 40 mL. Subsequently, 3.6 mL of a CD solution was mixed with 0.4 mL 

of the target analyte solutions, which were prepared beforehand with a pre-determined amount 

of various analytes. The concentration of organic molecules, including aniline o-PD, m-PD, p-

PD, 2-NA, 3-NP, DNP, and 4-NP was kept to 1 mM for the sensitivity test. To determine the 

limit of detection (LOD), fluorescence and UV–Vis absorption spectra were collected for a 

specific range (0–100 μM, and 0–1000 μM, respectively). All measurements were taken with 

a 2.5 nm excitation slit. 
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4.2.5. Determination of quantum yield 

The quantum yields (QYs) of the CDs fabricated in this study were determined by comparing 

the fluorescence spectra at four absorbance values with those of a standard sample, quinine 

bisulfate (0.1 M H2SO4, ϕ = 0.54). The fluorescence spectra were collected with a 2.5 nm 

excitation slit bandwidth and 5 nm emission slit bandwidth. The following equation was used 

to determine the quantum yields. 

𝜙𝑥 = 𝜙𝑠

𝐴𝑠

𝐴𝑥

𝐹𝑥

𝐹𝑠
(
𝑛𝑥

𝑛𝑠
)2 

The subscript, “χ”, means the sample and “s” means the reference material. ϕ, A, F, and n are 

the quantum yield, absorbance at the excitation wavelength, integrated emission area across 

the band, and refractive index of the solvents, respectively. The absorbance was kept at 

approximately 0.2–0.6, and the measurements were taken at room temperature. 
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Fig 4.1. Schematic diagram of CDs synthesis 
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4.3. Results and Discussion 

4.3.1. Effect of basicity in the CD formation 

The effects of basicity on the yield and optical properties of CDs were investigated to optimize 

the reaction conditions. As shown in Fig. 4.2a and Table 4.1, both the quantum yield and yield 

increased remarkably under high basic conditions (NaOH 0.8–1.0 M). No CDs formed under 

low basic conditions (NaOH 0–0.2 M), indicating that a base catalyst is necessary for the 

carbonization process [14]. A red shift of the maximum absorbance wavelength was also 

observed (Fig. 4.3 and Table 4.1) under high basic conditions, which can be due to the increased 

sp2 cluster of the carbon core and reduced band gaps [24,25]. The constant maximum excitation 

and emission wavelengths, and the excitation-wavelength independent behavior shown in Figs. 

4.2b and 4.4b suggest that the CDs possess uniform edge/surface states [26,27]. The CDs 

exhibited deep-blue luminescence near UV (Fig. S4.3a), which was attributed to the small 

amounts of doped nitrogen atoms that can cause long wavelength emission [28,29]. 
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Table 4.1. The effect of basicity on the quantum yield and yield 

NaOH 

concentration 

(M) 

Maximum wavelength (nm) 

QY (%) Yield (%) 
Yield 

(mg/2ml) 

After  

freeze-dry 
Absorbance PLE PL 

0 255 337 425 - - - 

 

0.2 377 410 471 - - - 

 

0.4 261 335 402 8.91 11.55 10 

 

0.6 292 334 398 10.84 34.11 35 

 

0.8 304 338 397 29.15 56.50 67 

 

1.0 304 336 396 27.43 57.95 78 

 

Data notes: 

Yield was calculated by dividing by sum of all amounts of solid reactants including NaOH. 

After freeze-dry, luminescence materials synthesized in low basic condition (NaOH 0 and 0.2 

M) could not be collected as a powder form, which indicate that stable CDs was not formed. 

 



９４ 

 

 

Fig 4.2. Changes in (a) Quantum yield and yield. (b) Maximum excitation and emission 

wavelengths at various NaOH concentrations 

 

Fig 4.3. Normalized absorbance, PLE and PL spectra of CDs synthesized in (a) 0.4 M (d) 0.6 

M (c) 1.0M of NaOH (inset shows PL spectra at different excitation wavelengths) 
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Fig 4.4. Normalized Absorbance, PLE, and PL spectra of CDs. (b) PL spectra of CDs at various 

excitation wavelengths 
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4.3.2. Characterization of as-synthesized CDs 

The morphology and the size distribution of CDs were investigated by transmission electron 

microscopy (TEM). As shown in Fig. 4.5, the CDs exhibited a spherical morphology with an 

average size of 2.32 nm. The broad size distribution resulted in a broad fluorescence emission 

band due to the quantum size effect [24]. The high resolution-TEM images in the inset in Fig. 

4.5a suggest that CDs possess the (100) plane of a graphitic structure, corresponding a lattice 

spacing of 0.213 nm [28,30]. XRD spectra (Fig. 4.6) show a broad peak near 20°, corresponded 

with (002) plane [31]. And, the sharp peaks near 30–40° are due to presence of sodium [32]. 

XPS was performed to investigate the elemental composition and chemical structure of CDs. 

As shown in Fig. 4.7, strong peaks were observed at 1071 (Na1s), 531 (O1s), and 289 eV (C1s). 

The strong Na1s peak indicates the formation of a salt by an acid-base reaction between the 

carboxylic acid groups of CDs and NaOH under high basic conditions [33]. The deconvoluted 

O1s spectrum revealed quinone C=O at 530.7 eV, which indicates the presence of oxygen-

related functional groups on the CDs [34]. The C1s spectra could be deconvoluted into three 

peaks centered at 284.8, 287.5, and 289.0 eV, which were assigned to carbon‑carbon (C-

C/C=C), carbonyl (C=O), and carboxyl/carboxylate groups (C=O-O) [34,35]. 

Surface functional groups were analyzed by Fourier transform infrared (FT-IR) spectroscopy, 

as shown in Fig. 4.8. A broad absorption band centered at 3390 cm−1 was ascribed to O-H 

stretching vibrations. Two broad absorbances at 1593 and 1455 cm−1 were assigned to C=C 

aromatic stretching vibrations and carboxylate symmetric and asymmetric vibrations, 

respectively [35,36]. The measured zeta potential was −23.0 mV, which also indicates that large 

amounts of oxygen-related functional groups are present in the as-synthesized CDs [37]. 
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Fig 4.5. (a) TEM images of CDs (inset shows HR-TEM images of CDs). (b) Size 

distribution of CDs 

 

 

Fig 4.6. XRD spectra of CDs 
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Fig 4.7. (a) XPS spectra of CDs. High resolution XPS spectra of CDs oft (b) Na1s (c) O1s, and 

(d) C1s  

Data notes:  

XPS spectra shows a peak near 499 eV observed in presence of Na, due to X-ray source [50], 

as shown in Fig S4.1a. The peak at 535.1 eV shown in O1s spectra (Fig S4.1c) was attributed 

to the O-H bond (water) or XPS signal [51-52]. N1s spectra could not be deconvoluted because 

of very week intensity and less contents in CDs. 
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Fig 4.8. FT-IR spectrum of as-synthesized CDs 
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4.3.3. Detection of nitroaromatics 

The sensing performances of the nitroaromatics, including 4-NP, DNP, 3-NP, and 2-NA were 

investigated using a fluorometric method as shown in Figs. 4.9 and 4.10–4.12. Table 4.2 lists 

all the sensing parameters. CDs have shown good linearity in a range of 0–20 and 0–200 μM 

for 4-NP and DNP, 3-NP and 2-NA, respectively. They possess high sensitivity (0.02967, 

0.03414 μM−1 ) for 4-NP and DNP compared to previous study as shown in Table 4.3. And, 

this is the first study to detect 3-NP and 2-NA and they also shown good Ksv value (0.00495, 

0.00647 μM−1 ), respectively. The fluorescence intensity of the CDs decreased sharply with 

increasing concentration of analytes. A Stern-Volmer plot was used to investigate the quenching 

behaviors (Fig. 4.9b). There was a significant positive deviation from linearity as the 

concentration of the analytes increased, suggesting that both dynamic and static quenching co-

exist [22]. The ground state and sphere action model can explain this type of quenching 

behavior [22,38], but the Stern-Volmer quenching constant is not recovered fully in both 

models, as shown in Fig. 4.9c and Table 4.4. This indicates that the dynamic and static 

quenching model cannot explain the quenching behavior sufficiently. The recovery values were 

calculated using the following equation: 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
K𝑆𝑉,𝑔𝑟𝑜𝑢𝑛𝑑(𝑜𝑟  K𝑆𝑉,𝑠𝑝ℎ𝑒𝑟𝑒)

K𝑆𝑉  (𝑓𝑜𝑟 𝑑𝑦𝑚𝑎𝑚𝑖𝑐 𝑙𝑖𝑛𝑒𝑎𝑟 𝑟𝑎𝑛𝑔𝑒)
× 100 (%) 
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Fig 4.9. (a) PL spectra (inset shows photographs of CDs under UV illumination). (b) Stern-

Volmer Plot of the PL intensity change at various 4-NP concentrations of 0–100 μM. (c) 

Parameters obtained from the quenching equations 

 

Fig 4.10. (a) PL spectra and (b) Stern-Volmer Plot at various DNP concentrations (0-100μM) 
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Fig 4.11. (a) PL spectra and (b) Stern-Volmer Plot at various 3-NP concentrations (0-1000μM) 

 

 

Fig 4.12. (a) PL spectra and (b) Stern-Volmer Plot at various 2-NA concentrations (0-1000μM) 
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Table 4.2. Fluorescence sensing parameters of nitroaromatics 

Sensing methods 

(Sensing mechanism) 
Analytes 

Linear dynamic 

range (𝛍𝐌) 
R2 

LOD 

(μM) 

Ksv  

(𝛍𝐌−𝟏) 

Fluorometric 

(IFE) 

4-NP 0-20 0.99906 0.669 0.02967 

DNP 0-20 0.99489 1.557 0.03414 

3-NP 0-200 0.9923 19.165 0.00495 

2-NA 0-200 0.98899 22.94 0.00647 

 

 

Table 4.3. Comparison of nitroaromatic sensing performances 

Analytes 
Linear range 

(μM) 

Ksv 

(𝛍𝐌−𝟏) 
ref Analytes 

Linear range 

(μM) 

Ksv 

(𝛍𝐌−𝟏) 
ref 

4-NP 0.2-50 0.01605 [39] 4-NP 0.1-39 0.0309 [43] 

4-NP 0.8-150 0.00395 [40] 4-NP 0.02-33 0.0218 [44] 

4-NP 0.5-60 0.00961 [41] DNP 1.3-500 0.0201 [45] 

4-NP 0.5-60 0.01711 [42] DNP 0.3-210 - [46] 

 

Data notes:  

All given fluorescent probe can detect 4-nitrophenol or 2,4-dinitrophenol solely. In this study, 

CDs show high sensitivity (Ksv) for all nitroaromatics. 
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Table 4.4. Parameter fitted by the static quenching model 

Ground-state complex Sphere-action 

Analytes R2 Ksv Kg R2 Ksv  V 

4-NP 0.986193 0.01745 0.01745 0.999929 0.01191 0.01298 

DNP 0.980431 0.0212 0.0212 0.999982 0.01267 0.01535 

3-NP 0.976141 0.003054 0.003054 0.999926 0.002225 0.001717 

2-NA 0.978765 0.0038 0.0038 0.999433 0.003881 0.001661 

 

 

Data notes:  

Ground-state complex model is estimated by: 

F0/F = (1 + K𝑔)(1 + K𝑆𝑉[Q]) 

Sphere-action quenching model is estimated by: 

F0/F = (1 + K𝑠𝑣)eV[Q] 

F0 is emission peak intensity of CDs without analytes and F is intensity with pre-determined 

concentration of analytes. Kg is the ground state association constant of complex. Ksv is the 

Stern-Volmer constant. [Q] is the quencher concentration (μM). V is an active volume element 

surrounding the excited fluorescent material [38]. 

Recovery value is calculated by: 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
K𝑆𝑉,𝑔𝑟𝑜𝑢𝑛𝑑(𝑜𝑟  K𝑆𝑉,𝑠𝑝ℎ𝑒𝑟𝑒)

K𝑆𝑉  (𝑓𝑜𝑟 𝑑𝑦𝑚𝑎𝑚𝑖𝑐 𝑙𝑖𝑛𝑒𝑎𝑟 𝑟𝑎𝑛𝑔𝑒)
× 100 (%) 
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4.3.4. Proving inner-filter effect (IFE) 

To examine the rational quenching mechanism, the absorbance spectra of specific molecules 

were collected, and then their spectral overlap with the excitation and emission spectra of the 

CDs were investigated. As shown in Fig. 4.13a, a large amount of spectral overlap was 

observed between the PL and PLE of CDs and the absorbance of 4-NP, DNP, 3-NP, and 2-NA, 

which shows that both FRET (Förster resonance energy transfer) and secondary IFE (Inner-

filter effect) can exist in this sensing system. FRET can occur in the presence of spectral overlap 

between the emission spectrum of the fluorescent probe and the absorption spectrum of the 

acceptor. IFE is involved with the absorption of the quencher overlapped with the excitation 

(primary inner-filter effect) or emission of the CDs (secondary inner-filter effect) [16,17]. For 

these reasons, the quenching mechanism can sometimes be confusing. Nevertheless, the 

obvious difference between them is that energy or electron transfer accompanies the decrease 

in lifetime. As shown in Fig. 4.13b and Table 4.5, the lifetime of the photon remains the same 

even after adding the analyte, which can exclude the FRET mechanism. In addition, the lack 

of a relationship between the energy transfer efficiency and spectral overlap in CDs-

nitroaromatics system (Table 4.6) indicates non-FRET quenching. 

To verify the IFE-induced quenching mechanism, the observed fluorescence intensity was 

corrected using the following mathematical models. The Parker and Barnes model is the first 

model containing a correction of IFE-induced deviation of the fluorescence parameter [23], 

which considers the geometry and fluorescence observation field [47]. 

𝐹𝑐𝑜𝑟𝑟 = 𝐹𝑜𝑏𝑠 × 𝑓𝑝 × 𝑓𝑠 =  𝐹𝑜𝑏𝑠 ×
2.303𝐴𝑒𝑥(𝑥2 − 𝑥1)

10−𝐴𝑒𝑥×𝑥1 − 10−𝐴𝑒𝑥×𝑥2
×

2.303𝐴𝑒𝑚(𝑦2 − 𝑦1)

10−𝐴𝑒𝑚×𝑦1 − 10−𝐴𝑒𝑚×𝑦2
 

𝑓𝑝 =  
2.303𝐴𝑒𝑥(𝑥2 − 𝑥1)

10−𝐴𝑒𝑥×𝑥1 − 10−𝐴𝑒𝑥×𝑥2
   𝑓𝑠 =  

2.303𝐴𝑒𝑚(𝑦2 − 𝑦1)

10−𝐴𝑒𝑚×𝑦1 − 10−𝐴𝑒𝑚×𝑦2
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where 𝑓𝑝  is the factor for primary IFE involved with excitation and 𝑓𝑠  is the factor for 

secondary IFE from the absorption effect of emission light. The correction factor was 

calculated using the suggested geometry parameter in the case of a Cary Eclipse 

spectrophotometer. 𝑥1, 𝑥2, 𝑦1, and 𝑦2 are 0.207, 1.085, 0.258 and 0.727, respectively [48]. 

Lakowicz suggested a correction of the IFE-induced deviation of the fluorescence intensity 

using the following equation [22]: 

𝐹𝑐𝑜𝑟𝑟 = 𝐹𝑜𝑏𝑠10
𝐴𝑒𝑥+𝐴𝑒𝑚

2  

𝐹𝑐𝑜𝑟𝑟 is the corrected fluorescence intensity. 𝐹𝑜𝑏𝑠 is the experimental fluorescence intensity. 

𝐴𝑒𝑥 is the absorbance value at the excitation wavelength. 𝐴𝑒𝑚 is the absorbance value at the 

emission wavelength. This can be used generally because it avoids considering the instrument 

geometry, which is not provided by the manufacturers. 

As shown in Figs. 4.13c and 4.14 and summarized in Tables 4.7-4.11, the deviations from 

linearity converge almost to zero for all nitroaromatic analytes, regardless of the correction 

equations, which confirms that the quenching of CDs by the nitroaromatic analytes that 

occurred in this study was due mainly to the inner-filter effect.  

The selectivity of nitroaromatics sensing can be achieved using this inner-filter effect. The 

spectral overlap between the CDs and the analytes is the essential condition for the inner-filter 

effect. As shown in Table 4.12 and Fig. 4.15a, aniline and m-, o- and p-phenylenediamine 

exhibit minimal spectral overlap with CDs, despite their similar chemical structures as 

nitroaromatics, which results in a very low quenching property (Fig. 4.15b). The selectivity 

depends on their spectral properties of the nitroaromatics compound. For precise recognition, 

the peaks at 400, 353, 390, 412nm, for 4-NP, DNP, 3-NP and 2-NA, respectively, can be 
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observed in the absorbance spectra as shown in Fig 4.16. Again, isobestic point methods 

proposed by El-Ghobashy et al. help to distinguish the nitroaromatic compound when present 

at the mixture and avoid interference from other absorbed compounds [49]. 
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Fig 4.13. (a) Spectra overlap between PL, PLE of CDs, and the absorbance of various 

nitroaromatics (1000 μM). (b) Time-correlated single-photon counting (TCSPC) of CDs. (c) 

Inner filter effect (IFE)-corrected fluorescence intensity versus analyte concentration 
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Table 4.5. Time-correlated single-photon counting (TCSPC) parameters 

Analytes 𝜶𝟏 𝝉𝟏 𝜶𝟐  𝝉𝟐 𝝉𝒂𝒗* 𝝉𝟎/𝛕** 

CDs 6.57 1.1314 93.43 6.4326 6.3678 - 

CDs + 4-NP 6.83 1.5917 93.17 6.3928 6.3067 1.0097 

CDs + DNP 8.01 1.8066 91.99 6.4243 6.3139 1.0085 

CDs + 3-NP 8.03 1.8102 91.97 5.8406 5.7344 1.1105 

CDs + 2-NA 6.42 1.4397 93.58 5.8448 5.7716 1.1033 

* 𝝉𝒂𝒗 is calculated using the following equation: 

𝜏𝑎𝑣 =  
𝛼1𝜏1

2 + 𝛼2𝜏2
2

𝛼1𝜏1 + 𝛼2𝜏2
 

** 𝜏0: 𝜏𝑎𝑣 𝑜𝑓 𝐶𝐷𝑠 𝑎𝑙𝑜𝑛𝑒, τ ∶ 𝜏𝑎𝑣 𝑜𝑓 (𝐶𝐷𝑠 + 𝑒𝑎𝑐ℎ 𝑎𝑛𝑎𝑙𝑦𝑡𝑒)  

 

 

Table 4.6. Spectral overlap of various nitroaromatics 

Parameter 4-NP DNP 3-NP 2-NA 

J (× 1013,M-1cm-1nm4) 33.19 22.34 1.607 4.802 

E 0.009595 0.008464 0.09947 0.09363 

 

Data notes: 

 𝐉 (spectral overlap) and E (energy transfer efficiency) are calculated by following equation 

[22]: 

J =  
∫ 𝐹𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑

∞

0
𝜆

∫ 𝐹𝐷(𝜆)𝑑
∞

0
𝜆

    E = 1 − 𝜏𝑜/𝜏 

 

𝐹𝐷(𝜆)  is fluorescent CDs emission intensity at specific excitation wavlength and 𝜀𝐴(𝜆 ) is 

absorbance at excitation wavelength and 𝜆  is excitation wavelength. ∫ 𝐹𝐷(𝜆)𝑑
∞

0
𝜆  is the 

overall area of fluorescence intensity and used for normalization. 

  



１１０ 

 

 

 

 

 

Fig 4.14. Inner filter effect (IFE) corrected fluorescence intensity versus various concentrations 

of (a) DNP, (b) 3-NP, and (c) 2-NA 

 

 

  



１１１ 

 

Table 4.7. Parker and Barnes correction parameter (4-NP) 

4-NP concentration 

(μM) 
𝑓𝑝 𝑓𝑠 

Correction 

Factor 
𝐹𝑜𝑏𝑠 𝐹𝑐𝑜𝑟𝑟 

𝐹𝑜𝑏𝑠,0

/𝐹𝑜𝑏𝑠 

𝐹𝑐𝑜𝑟𝑟,0

/𝐹𝑐𝑜𝑟𝑟 

0 1.172645 0.999 1.17 273.989 321 1 1 

2 1.185513 1.03 1.23 257.128 315 1.066 1.02 

4 1.190655 1.07 1.27 242.48 308 1.13 1.04 

6 1.207658 1.10 1.33 232.216 310 1.18 1.04 

8 1.219949 1.14 1.39 220.989 308 1.24 1.04 

10 1.228485 1.18 1.45 212.559 309 1.29 1.04 

20 1.291465 1.40 1.81 171.214 309 1.60 1.04 

40 1.409696 1.89 2.67 111.135 296 2.47 1.08 

60 1.544952 2.42 3.74 72.877 272 3.76 1.18 

80 1.691417 3.42 5.79 49.902 289 5.49 1.11 

100 1.845509 4.44 8.19 34.119 279 8.03 1.15 

 

Table 4.8. Lakowicz correction parameter (4-NP) 

4-NP concentration 

(μM) 
𝐴𝑒𝑥 𝐴𝑒𝑚 

Correction 

Factor 
𝐹𝑜𝑏𝑠 𝐹𝑐𝑜𝑟𝑟 

𝐹𝑜𝑏𝑠,0

/𝐹𝑜𝑏𝑠 

𝐹𝑐𝑜𝑟𝑟,0

/𝐹𝑐𝑜𝑟𝑟 

0 0.10829 -0.00006 1.13 273.989 310 1 1 

2 0.11582 0.02988 1.18 257.128 304 1.066 1.02 

4 0.11881 0.05661 1.22 242.48 297 1.13 1.05 

6 0.12862 0.08712 1.28 232.216 298 1.18 1.04 

8 0.13564 0.11643 1.34 220.989 295 1.24 1.05 

10 0.14048 0.14826 1.39 212.559 296 1.29 1.05 

20 0.17535 0.29908 1.73 171.214 296 1.60 1.05 

40 0.23715 0.57637 2.55 111.135 284 2.47 1.09 

60 0.30278 0.80653 3.59 72.877 261 3.76 1.19 

80 0.36870 1.13965 5.68 49.902 283 5.49 1.09 

100 0.43317 1.39576 8.21 34.119 280 8.03 1.11 
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Table 4.9. Fluorescence correction of DNP by IFE mechanism 

DNP concentration 

(μM) 
𝐴𝑒𝑥 𝐴𝑒𝑚 

Correction 

Factor 

(Lakowicz) 

Correction 

Factor 

(Parker and 

Barnes) 

𝐹𝑐𝑜𝑟𝑟,0

/𝐹𝑐𝑜𝑟𝑟 

(Lakowicz) 

𝐹𝑐𝑜𝑟𝑟,0

/𝐹𝑐𝑜𝑟𝑟 

(Parker and 

Barnes) 

𝐹𝑜𝑏𝑠,0/𝐹𝑜𝑏𝑠 

0 0.10988 0.00332 1.14 1.18 1 1 1 

2 0.12932 0.02276 1.19 1.24 1.01 1.01 1.06 

4 0.15059 0.04328 1.25 1.31 1.01 1.00 1.11 

6 0.16786 0.0622 1.30 1.37 1.03 1.01 1.18 

8 0.18854 0.08464 1.37 1.45 1.03 1.01 1.23 

10 0.20777 0.10156 1.43 1.52 1.04 1.01 1.30 

20 0.30948 0.20544 1.81 1.96 1.06 1.01 1.68 

40 0.50836 0.41487 2.89 3.24 1.09 1.01 2.77 

60 0.70734 0.62442 4.63 5.25 1.09 1.00 4.45 

80 0.90169 0.80504 7.13 8.07 1.10 1.00 6.87 

100 1.10802 0.81395 9.14 10.4 1.31 1.20 10.52 

 

 

Table 4.10. Fluorescence correction of 3-NP by IFE mechanism 

3-NP concentration 

(μM) 
𝐴𝑒𝑥 𝐴𝑒𝑚 

Correction 

Factor 

(Lakowicz) 

Correction 

Factor 

(Parker and 

Barnes) 

𝐹𝑐𝑜𝑟𝑟,0

/𝐹𝑐𝑜𝑟𝑟 

(Lakowicz) 

𝐹𝑐𝑜𝑟𝑟,0

/𝐹𝑐𝑜𝑟𝑟 

(Parker and 

Barnes) 

𝐹𝑜𝑏𝑠,0/𝐹𝑜𝑏𝑠 

0 0.09522 -0.00268 1.11 1.15 1 1 1 

20 0.11676 0.03092 1.19 1.23 1.01 1.01 1.08 

40 0.13485 0.05404 1.24 1.30 1.04 1.02 1.16 

60 0.15693 0.08704 1.32 1.39 1.05 1.03 1.25 

80 0.17472 0.11386 1.39 1.47 1.06 1.04 1.33 

100 0.19404 0.14121 1.47 1.56 1.08 1.05 1.42 

200 0.29034 0.28286 1.93 2.09 1.14 1.09 1.99 

400 0.49037 0.57391 3.41 3.76 1.20 1.12 3.67 

600 0.68831 0.86259 5.96 6.60 1.22 1.14 6.55 

800 0.87658 1.10182 9.75 10.7 1.26 1.19 11.07 

1000 1.07506 1.40902 17.5 18.4 1.14 1.12 17.93 
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Table 4.11. Fluorescence correction of 2-NA by IFE mechanism 

2-NA concentration 

(μM) 
𝐴𝑒𝑥 𝐴𝑒𝑚 

Correction 

Factor 

(Lakowicz) 

Correction 

Factor 

(Parker and 

Barnes) 

𝐹𝑐𝑜𝑟𝑟,0

/𝐹𝑐𝑜𝑟𝑟 

(Lakowicz) 

𝐹𝑐𝑜𝑟𝑟,0

/𝐹𝑐𝑜𝑟𝑟 

(Parker and 

Barnes) 

𝐹𝑜𝑏𝑠,0/𝐹𝑜𝑏𝑠 

0 0.09372 -0.00528 1.11 1.14 1 1 1 

20 0.10762 0.04744 1.20 1.24 1.01 1.01 1.09 

40 0.12222 0.10041 1.29 1.34 1.03 1.02 1.20 

60 0.13547 0.15402 1.40 1.45 1.04 1.03 1.31 

80 0.14930 0.20162 1.50 1.56 1.04 1.03 1.41 

100 0.16317 0.24939 1.61 1.68 1.06 1.04 1.53 

200 0.22251 0.48974 2.27 2.38 1.12 1.10 2.29 

400 0.37670 0.93131 4.51 4.72 1.14 1.12 4.63 

600 0.50824 1.39577 8.95 9.05 1.09 1.11 8.79 

800 0.64536 1.83668 17.4 16.7 0.988 1.06 15.54 

1000 0.78241 1.66782 16.8 16.8 1.64 1.69 24.81 
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Table 4.12. Spectral overlap calculation between the excitation and emission spectra of the 

CDs and absorbance spectra of the nitroaromatics 

Parameter* 4-NP DNP 3-NP 2-NA p-PD o-PD m-PD aniline 

𝑱𝒆𝒙 5750 7780 1560 619 290 98 68 53 

𝑱𝒆𝒎 12766 9057 643 1727 45 0.17 -2.60 -1.94 

𝐉′ 18516 16837 2203 2346 335 97.8 65.4 51.4 

 

Data Notes: 

𝑱𝒆𝒙 (spectral overlap from excitation spectra) and 𝑱𝒆𝒎 (spectral overlap from excitation 

spectra) are defined as: 

𝐉′ =  𝑱𝒆𝒙 + 𝑱𝒆𝒎 =
∫ 𝐹𝑒𝑥(𝜆)𝜀(𝜆)𝑑

∞

0
𝜆    

∫ 𝐹𝑒𝑥(𝜆)𝑑
∞

0
𝜆

+ 
∫ 𝐹𝑒𝑚(𝜆)𝜀(𝜆)𝑑

∞

0
𝜆    

∫ 𝐹𝑒𝑚(𝜆)𝑑
∞

0
𝜆

 

𝑱𝒆𝒙 =  
∫ 𝐹𝑒𝑥(𝜆)𝜀(𝜆)𝑑

∞

0
𝜆    

∫ 𝐹𝑒𝑥(𝜆)𝑑
∞

0
𝜆

  𝑱𝒆𝒎 =
∫ 𝐹𝑒𝑚(𝜆)𝜀(𝜆)𝑑

∞

0
𝜆    

∫ 𝐹𝑒𝑚(𝜆)𝑑
∞

0
𝜆

 

𝐹𝑒𝑥(𝜆) is the intensity of the fluorescence excitation spectra and 𝐹𝑒𝑚(𝜆) is the intensity of 

the emission spectra. 𝜀(𝜆) is the absorbance at the excitation wavelength. ∫ 𝐹𝑒𝑥(𝜆)𝑑
∞

0
𝜆 and 

∫ 𝐹𝑒𝑚(𝜆)𝑑
∞

0
𝜆 are used for normalization. 
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Fig 4.15. (a) Spectra overlap between PL, PLE of CDs, and the absorbance of 

phenylenediamine isomers (1000 μM). (b) Relative PL intensity change of CDs for various 

analytes (1000 μM) 

 

Fig 4.16. Absorbance spectra of CDs at various nitroaromatics concentration (0-100, 0-

1000μM) 
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4.3.5. Conclusions 

Highly luminescent CDs were fabricated using novel precursors of citric acid and uric acid 

by facile hydrothermal synthesis. The as-synthesized CDs could detect a range of 

nitroaromatics by the IFE mechanism. Mathematical correction and lifetime measurements 

showed that PL quenching occurred by the IFE instead of the FRET mechanism. In addition, 

spectral overlap between the CDs and analytes was the critical parameter rather than the 

specific interaction between the CDs and analyte during the quenching process, which resulted 

in excellent selectivity towards interfering molecules and a wide range of nitroaromatic 

detections. 
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Chapter 5. Summary 

The properties of the CDs, such as non-toxicity and photostability are not fully understood. 

We mostly assume that the CDs have sp2 clusters because they are not burnt by the electron 

beam when using TEM (200 kV). However, we do not know the required conditions. It is also 

uncertain how many aromatic clusters are needed and if their aromatic polymer structure is 

burnt or not. This information can only be obtained from an atomic resolution image. However, 

it is speculated that the CDs have a few aromatic structures and layers, such as four or five 

multi-layers with five aromatic rings surrounded by an aromatic short polymer chain. The 

aromatic part is much smaller than expected. Despite this uncertainty, the CDs have been 

extensively used because of their high extinction coefficient and high quantum yield. Currently, 

it is difficult to determine the formation and photoluminescence mechanisms. Therefore, the 

properties of CDs cannot be rationally designed. Consequently, the CDs always have blue 

emission, short wavelength, and high energy. Furthermore, the stereospecific property of the 

CDs is difficult to understand. The NHS-EDC coupling can be used to change the surface, such 

as linking phenyl boronic acid, which can interact or bond with glucose and dopamine. 

However, the kind of CDs that can detect glucose or dopamine is not known. We believe that 

a deep understanding of the organic chemistry is needed for the synthesis of the CDs from an 

artificial graphene layer and the production of a graphene layer using a bottom-up approach to 

synthesize a perfect graphene layer.  

The most important advantage of fluorescence sensors is their rapid response from a short 

lifetime and fast light velocity. We also considered other light and matter interactions. The 

Raman scattering had a shorter lifetime (femto second). It is better compared to fluorescence 

as it has a shorter signal time and does not cause biological fluorescence in nature, such as 
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tryptophan fluorescence in protein. The fluorescence sensor technology should develop such 

that a paper (cellulose, cheap material) can be coated with a small amount of fluorescent 

material and then hazardous materials or diseases can be detected. In other words, cheap 

sensors must be developed to help the poor live longer. This is the future of fluorescence sensor 

technology, not phosphorescence and Raman scattering.  

However, fluorescence is not always the best method. Each method is best used to detect a 

specific hazardous molecule or disease. Electromagnetic waves are exploited in developing 

property analysis using instrumental analysis. When fluorescence is not suitable, the 

electromagnetic waves are used to diagnose diseases through methods, such as magnetic 

resonance imaging (MRI), computed tomography (CT), and positron emission tomography 

(PET). However, the fluorescence sensor technology, which mostly uses molecular recognition 

techniques, can be combined with bio-instrumental analysis.  

The fluorescence sensors normally exploit quenching for signaling through mechanisms, such 

as PET, ICT, MLCT, TICT, EET, FRET, and excimer/exciplex formation. The quenching 

mechanism has been extensively studied to increase the sensitivity or in other words, the 

quenching power. The inner-filter effect can be used for quenching and signaling. However, 

this is normally an instrument error, and there have been many attempts to avoid this effect. 

Therefore, it is important to adjust the fluorescence angle (ultimately the fluorescence field) 

and constitution of the instrument to optimize the signal.  

In this study, we investigated the precursor design to obtain improved fluorescence properties 

and sensing performance. The fluorescence sensing ability could be controlled by adjusting the 

precursor or surface passivation in a carbon dot system. For example, indole plays an important 

role in the detection of thioamide and shows remarkable quenching through PET. The optical 
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properties (fluorescence) were highly affected by the solvent or pH and other environmental 

conditions, which have been systematically studied in view of physical chemistry such as 

solvent relaxation. A mathematical calculation was performed to prove that a signal (quenching) 

can be obtained through the inner-filter effect in a specific system, nitroaromatics, and CDs. 

The inner-filter effect was exploited for signaling. However, it is better to minimize this effect. 
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