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AbstractIn order to detect bisphenol A (BPA), one of representative endocrine disrupting chemicals (EDCs), in
aqueous solution, a carbon quantum dot (CQD) was prepared using 1,3,6-trinitropyrene as a precursor by a hydrother-
mal synthesis method. STEM, Raman spectroscopy, FT-IR, and XPS were used for the characterization of the purified
CQD (p-CD) in this work. The prepared material had a size of about 5 nm, contained many hydroxyl functional
groups, and was found to have an amorphous graphene structure. In the concentration range used in this work (0M
to 0.5M), p-CD showed a tendency to increase in fluorescence intensity with high linearity (R2=0.99749) as the BPA
aqueous solution concentration increased. By measuring and comparing the fluorescence excitation wavelength of p-
CD and the fluorescence emission wavelength of BPA, it was found that this fluorescence change occurred by the For-
ster resonance energy transfer (FRET) mechanism. Fluorescence experiments were also performed using benzoic acid,
hydroquinone, and naphthalene, which have similar molecular structure to BPA as comparative materials. The p-CD
exhibited high selectivity for BPA detection while exhibiting a 5-fold greater change in fluorescence intensity for BPA
than other target substances.
Keywords: Fluorescence Sensor, Carbon Quantum Dot, Bisphenol A, FRET Mechanism, Selective Detection

INTRODUCTION

Endocrine disrupting chemicals (EDCs) interfere with normal
endocrine function by acting like hormones in the body of an organ-
ism. They are not easily decomposed in the natural environment
and can exist there for a long time. Bisphenol A (BPA), a raw mate-
rial for polycarbonate, is one of the representative EDCs. It has a
structure similar to estrogen, a female hormone, and can interfere
with the reception of the estrogen hormone and cause disorders in
the endocrine system. It has been reported that BPA may cause
genital dysfunction, cancer, cardiovascular disease, obesity, and
diabetes. BPA leached from plastic products disposed of in land-
fills can flow into soil or groundwater and can also be present in
the effluent of wastewater treatment plants [1,2]. This suggests the
possibility that BPA exists in various environments and can dis-
turb the ecosystem, and that people can be easily exposed to BPA
from various routes without direct contact with BPA. In addition,
BPA in aqueous solution can be even more dangerous. BPA may
undergo an electrophilic substitution reaction with a chlorine com-
pound in an aqueous solution to generate monochlorobisphenol A
(ClxBPA), a chlorinated derivative. The estrogen activity of ClxBPA
is 10 to 40 times higher than that of BPA [3]. Therefore, it is im-
portant to detect and remove trace amounts of BPA from aque-
ous solution.

Various detection methods, such as mass spectrometry, gas chro-
matography mass spectrometry, high-performance liquid chroma-

tography, surface-enhanced Raman spectroscopy, capillary electro-
phoresis, electrochemical sensing, and ultraviolet-visible spectro-
photometry, have been used to analyze BPA in aqueous solutions
[4]. Among them, gas chromatography and liquid chromatogra-
phy have the advantage of high detection sensitivity. However, these
methods have some drawbacks, such as taking a long time for
sample preparation, the need for specialized skills to operate the
device, and expensive analysis cost [5]. Ultraviolet-visible spectros-
copy is inexpensive and simple; however, detection is difficult at
low concentrations due to low detection sensitivity.

In this work, fluorescent nanoparticles were used to overcome
the limitations of conventional assays. Fluorescent nanoparticles
have a large surface area and can cause a sensitive reaction com-
pared to bulk particles, and are thus widely studied as detection
sensors. Analyte can be detected by a change in the fluorescence
signal resulting from the interaction between the analyte and the
fluorescent nanoparticles. A sensor using fluorescence has the advan-
tage of fast detection due to a fast fluorescence expression rate and
a relatively high sensitivity [6]. Recently, researches on sensors that
detect explosive substances, heavy metals, etc. using fluorescent nano-
particles are being actively performed. However, the synthesis of
nanoparticles requires considerable energy and toxic reagents, which
not only increases production costs but can cause environmental
pollution. Therefore, it is important to develop eco-friendly alter-
native nanoparticles [7].

Fluorescent nanoparticles commonly used as sensors include
quantum dots (QD), gold nanoparticles (AuNP), and carbon dots.
Semiconductor QDs have high quantum efficiency and wide ab-
sorption spectrum range, so excitation can occur with a single energy
source [8]. However, semiconductor QDs are made of toxic ele-
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ments such as Cd, Se, and Te. Recently, a non-cadmium-based QD
was manufactured as an alternative material, but the manufactur-
ing method is complicated. Compared to semiconductor QDs,
AuNPs have a simpler manufacturing method and high energy
transfer efficiency, enabling high-sensitivity detection. However,
since an organic solvent is used in the synthesis of AuNP, the syn-
thesis process is harmful to the environment, and the manufactur-
ing cost is high due to the nature of the raw material.

In this work, a detection sensor was prepared using carbon quan-
tum dots (CQDs) that can compensate for the drawbacks of the
inorganic fluorescent nanoparticles. CQDs are generally prepared
using organic compounds such as carbohydrates, amino acids, and
polymers [9]. Since it uses a carbon compound, there is little toxicity
and the manufacturing cost is low. CQDs are also excellent when
compared to fluorescent sensors using organic dyes, which are
inexpensive and have excellent performance but can be easily pho-
tobleached. In addition, even at low concentrations, organic dyes
can affect oxygen solubility in water and transmittance of visible
light, thereby reducing photosynthesis, leading to environmental
contamination [10,11]. Since these shortcomings can be compen-
sated, CQDs are already being actively studied as sensors for detect-
ing heavy metals. In addition, several studies have been carried out
for detecting organic pollutants such as ascorbic acid [12], tannin
acid [13], tetracycline [14], tartrazine [15,16], methylene blue [17],
and glutathione [18]. However, there are relatively few researches
on the detection of organic pollutants [19].

CQDs were first discovered in 2004 in the process of manufac-
turing and refining carbon nanotubes by arc discharge method
[12]. CQDs, spherical nanoparticles with a diameter of several nano-
meters or less, are generally composed of carbon, oxygen, and nitro-
gen having a hybrid structure of sp2 and sp3 [10]. They have opti-
cal properties that fluoresce when irradiated with ultraviolet rays.
It is known that the fluorescence properties are controlled by the
quantum confinement effect and the degree of surface oxidation.
The quantum confinement effect appears when the particle size is
smaller than the electron-hole pair Excitone Bore radius [20]. As a
result, the bandgap energy may vary depending on the size of the
CQDs, which may exhibit various colors from blue to red. CQDs
have a number of functional groups, such as hydroxyl, carboxyl,
amine, and the like, on the surface. Depending on these functional
groups, the surface oxidation degree and electronic state of the
CQDs can be changed, and the emission color of the CQDs can
also be changed [21]. Recently, studies on the surface modifica-
tion of CQDs have also been actively conducted.

Many methods studied for the synthesis of CQDs can be classi-
fied into top-down and bottom-up methods. Top-down synthesis
is a method of oxidizing bulk particles or applying energy to make
particles smaller, while bottom-up synthesis is a method of grow-
ing particles from a carbon source of small molecules. Typical top-
down synthesis methods include arc discharge, laser ablation, and
electrochemical oxidation, but they require expensive equipment
and have the disadvantage of harsh reaction conditions [22]. On
the other hand, bottom-up synthesis methods such as hydrother-
mal synthesis and microwave irradiation are simpler and more
efficient than other synthetic methods. Hydrothermal synthesis
method used in this work does not require expensive equipment

and can be easily accessed in a laboratory. In addition, it has good
reproducibility because it does not require harsh synthetic condi-
tions [20].

Several studies on fluorescent sensors for BPA detection using
CQDs have been conducted, including gold nanoparticle complex
dual emission sensors [23], silica composites using molecular im-
printing techniques [24], and redox sensors that oxidize BPA with
hydrogen peroxide and a catalyst [25]. The detection limits were
3.3 nM, 30 nM, and 0.4 nM, respectively, showing a low detection
limit. However, the dual emission and silica composite sensors had
complicated synthesis processes that took a long time because the
sensor preparation processes were not performed in one-step [23,
24]. In addition, the redox sensor had the inconvenience of add-
ing a reagent before the detection process [25]. Therefore, in this
work, we attempted to manufacture a CQD fluorescence sensor that
can complement the existing researches, and that the synthesis
method can be made in one-step and can detect BPA by a simple
method.

EXPERIMENTS

1. Reagents
For the preparation of carbon quantum dots (CQDs), pyrene

(C16H10, Sigma-Aldrich, 98%, USA), nitric acid (HNO3, Duksan,
64-66%, Korea), sodium hydroxide (NaOH, OCI, 98%, Korea), and
deionized water were used. A nitrocellulose membrane filter (Sigma-
Aldrich, 0.22m, USA) was used for the purification process, and
silica 60 (0.063-0.200mm, 70-230mesh ASTM, Merck, Germany)
and ethanol (C2H5OH, Samchun, 99%, Korea) were used for the
silica gel column chromatography process. Deuterated chloroform
(CDCl3, Sigma-Aldrich, 99.8%, USA) was used as a solvent in the
NMR analysis. L-tryptophan (C11H12N2O2, Sigma-Aldrich, 98%,
USA) was used to measure the quantum yield of the prepared
CQDs. Bisphenol A (BPA, C15H16O2, Sigma-Aldrich, 99%, USA),
hydroquinone (C6H4(OH)2, Sigma-Aldrich, 99%, USA), benzoic
acid (C7H6O2, Acros Organics, 99%, Belgium), and naphthalene
(C10H8, Duksan, 99%, Korea) were used as target materials of the
fluorescence experiments.
2. Syntheses

First, 1,3,6-trinitropyrene, a precursor for the synthesis of CQDs,
was prepared according to the literature [26]. Pyrene (2 g) and nitric
acid (160 mL) as an oxidizing agent were added to a two-necked
flask and stirred. While refluxing the mixture, pyrene was nitri-
fied at 80 oC for 12 hours. The prepared solution was then mixed
with distilled water (500 mL). This solution was filtered using a 0.22
m membrane filter under reduced pressure. The yellow powder
separated on the membrane filter was dried overnight at 60 oC to
obtain 1,3,6-trinitropyrene.

CQDs were prepared by hydrothermal synthesis method. 1,3,6-
Trinitropyrene (0.5 g) and 0.2 M NaOH aqueous solution (100 mL)
were mixed and stirred for 10 minutes, and the mixture was dis-
persed for 2 hours with a sonicator. When a dark yellow homoge-
neous mixture was made, the solution was transferred to an autoclave
and reacted at 200 oC for 10 hours. The mixture was filtered with a
0.22m membrane filter under reduced pressure to remove the
insoluble carbon compound that does not fluoresce. The filtered
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solution was purified by silica gel column chromatography. Silica
60 was used as the stationary phase and ethanol was used as the
mobile phase. Ethanol was removed from the separated CQDs using
a rotary evaporator at 70 oC. And then, the CQDs were dispersed
in distilled water, and stored for the next experiment. The CQD
before purification by silica gel column chromatography and the
purified CQD were denoted as CD and p-CD, respectively. A sche-
matic of the synthesis procedure of CQDs is shown in the Sup-
porting Information (Fig. S1).
3. Characterization

To check whether 1,3,6-trinitropyrene was well synthesized, the
prepared material was analyzed using a nuclear magnetic resonance
spectrometer (NMR spectrometer, JEOL, JNM-ECZ500R, Japan)
and a high resolution mass spectrometer (HRMS, JEOL, JMS 700,
Japan). To confirm the particle shape and size of p-CD, a scan-
ning transmission electron microscope (STEM, Hitachi, HD-2300A,
Japan) was used. The structure of p-CD was analyzed using Raman
spectroscopy (Thermo Scientific, Nicolet Almega XR, USA). Fou-
rier transform infrared spectrometer (FT-IR, Thermo Scientific,
Nicolet iS50, USA) and X-ray photoelectron spectroscopy (XPS,
Thermo Fisher, NEXSA, USA) were used to confirm the chemi-
cal bonding and surface functional groups of the prepared CQDs.
4. Fluorescence Experiment

Fluorescence-lifetime imaging microscope (FLIM, PicoQuant,
Microtime-200, Germany) was used to confirm the quantum yield
and excitation dependence of p-CD. The change in fluorescence of
p-CD according to the change in BPA concentration was also meas-
ured using FLIM. The excitation wavelength of 285 nm was used
and the emission wavelength was analyzed in the range of 400 to
700 nm. BPA aqueous solution was prepared at concentrations of
0.2M, 0.4M, 0.6M, 0.8M, and 1.0M, and p-CD was pre-
pared as an aqueous solution of 0.6 mg/L. Aqueous solution of p-
CD (0.5 mL) and the BPA aqueous solution (0.5 mL) were mixed
together, and fluorescence was measured immediately after mix-
ing. Since the p-CD aqueous solution and the BPA aqueous solu-
tion were mixed in equal amounts, the concentration of the BPA
aqueous solution used for fluorescence measurement was diluted
to half the concentration of the initially prepared aqueous solu-
tion. To confirm whether p-CD selectively causes fluorescence
change for BPA, fluorescence changes were also measured in the
same manner for polyaromatic compounds including hydroqui-
none, benzoic acid, and naphthalene, which have similar molecu-
lar structures to BPA.

RESULTS AND DISCUSSION

1. Characterization
H NMR analysis result is shown in the Supporting Informa-

tion (Fig. S2). Seven proton peaks were identified at  9.39 (s, 1H),
 9.20 (d, J=9.5 Hz, 1H),  9.14 (d, J=10 Hz, 1H),  9.06 (d, J=
10 Hz, 1H),  8.84 (d, J=10 Hz, 1H), and  8.56 (d, J=9.5 Hz, 2H).
Proton 2 of 1,3,6-trinitropyrene was located between the electron
withdrawing NO2 groups, so that the chemical shift was the great-
est and it was shown as a singlet state. Protons 4, 5, 7, 8, 9, and 10
appeared to be in a doublet state due to adjacent protons, and the
coupling constant J value showed constant values of 9.5 Hz and

10 Hz due to the influence of the protons at the ortho position.
The H NMR analysis result was found to be consistent with the
molecular structure of 1,3,6-trinitropyrene and the literature results
[27]. In addition, the mass of the prepared material was measured
by a high-resolution mass spectrometer (HRMS) using the elec-
tron ionization method, and the result is shown in the Supporting
Information (Fig. S3). The molecular formula of 1,3,6-trinitropy-
rene is C16H7N3O6, and the calculated mass-to-charge ratio (m/z)
value is 337.2481. In the HRMS measurement, a peak with an m/z
value of 337.0335 was confirmed, indicating that 1,3,6-trinitropy-
rene was well synthesized. Additionally, a small peak due to isotopes
was observed at a position where the m/z value was 338.0365. As
described here, it was found that 1,3,6-trinitropyrene was success-
fully prepared from the H NMR and HRMS analysis results.

Particle size and shape of the prepared p-CD were analyzed using
STEM. After ultrasonically dispersing of 10 ppm p-CD aqueous
solution for 30 seconds, it was measured at 200 kV using a carbon
grid, and the result is shown in Fig. 1. The prepared p-CD showed
a spherical shape and the particle size was distributed over a wide
range with a diameter of 2 to 8 nm. The average particle size was
about 5 nm, which is the typical size of carbon dot.

The chemical bonds of 1,3,6-trinitropyrene, a raw material for
the synthesis of CQDs, and the prepared CD and p-CD, were ana-
lyzed using FT-IR. It was measured using the attenuated total reflec-
tance technique, and a diamond crystal module was used. Fig. 2
shows the results of the FT-IR analyses, which were calibrated ac-

Fig. 1. TEM images of the prepared p-CD ((a) and (b)).
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cording to the characteristics of the diamond crystal. In the mea-
surement of 1,3,6-trinitropyrene, a vibration peak and a stretching
peak of C-H were found in the vicinity of 850 cm1 and 3,090 cm1,
respectively (Fig. 2(a)). The peak for C=C due to the aromatic
structure of 1,3,6-trinitropyrene was confirmed around 1,591 cm1

[28]. The C-H and C=C peaks were observed in the same posi-
tions in all of 1,3,6-trinitropyrene, CD, and p-CD because the pre-
pared CQDs were synthesized while maintaining the aromatic
skeleton structure of 1,3,6-trnitropyrene. In addition, N-O peaks, a
characteristic peak of 1,3,6-trinitropyrene, were observed in the
vicinity of 1,343 cm1 and 1,518 cm1, indicating that 1,3,6-trinitro-
pyrene was successfully prepared (Fig. 2(a)) [26]. In the CD, an O-H
vibration peak was observed around 3,390 cm1, and strong CH3

peak was observed around 1,420 cm1 (Fig. 2(b)) [29,30]. However,
in p-CD no CH3 peak was observed near 1,420cm1, because unre-
acted substances or impurities were removed during silica gel col-
umn chromatography purification process (Fig. 2(c)). After the
purification process, it was confirmed that the O-H peak near 3,390
cm1 became stronger. This implied that p-CD was rich in O-H
functional groups as the impurities were removed.

Elemental composition and surface chemical bonding state of
CQDs were analyzed using XPS. Elements were analyzed for C, N,
O, and Na. Fig. 3 shows the results of the XPS survey spectra for
CD and p-CD. Peaks for C1s and N1s were confirmed, respec-
tively, at the binding energies of 284.38 eV and 403.78 eV of the
XPS survey spectrum of CD (Fig. 3(a)). The N1s peak, which was
weaker than other elements, appeared to be a peak for unreacted
1,3,6-trinitropyrene during the synthesis process. In addition, the
Na1s peak identified at 1,072.08 eV appeared to be a peak for
sodium salt, a by-product generated during CD production. In the
CD survey spectrum, the peak at 497.08 eV appeared to be the
Auger peak for Na. As can be seen from the XPS survey spectrum

of CD, the CD contained many unreacted products and by-prod-
ucts. These by-products can interfere with the fluorescence prop-
erties of CQDs. Therefore, the prepared CQDs must undergo a
purification process, for which methods such as column chroma-
tography, dialysis, and HPLC have been usually used. In this work,
CD was purified by column chromatography, which is inexpensive
and can be performed in a short time compared to other methods
[9]. Hydrogen bonds and van der Waals attraction act between
CQDs and silica 60, which is a fixed phase of chromatography, so
that a component having numerous hydroxyl groups (-OH) stays
in the column for a longer time [31]. Using this principle, p-CD
rich in hydroxyl groups was selectively separated and purified
from CD containing unreacted products and impurities.

In the XPS survey spectrum of p-CD purified by silica gel col-
umn chromatography, N1s and Na1s peaks did not appear (Fig.
3(b)). This shows that most of the unreacted product and the
sodium byproduct were removed during the purification of CD
by silica gel column chromatography. And the absence of the N1s
peak in the p-CD survey spectrum shows that NO2 of 1,3,6-trinit-
ropyrene and OH generated from NaOH underwent a nucleop-
hilic substitution reaction during hydrothermal synthesis to form
CQDs [26]. To confirm the elemental composition of CD and p-
CD, the peak areas of C1s, N1s, and O1s of the XPS survey spec-
tra were measured, and the results are shown in the Supporting
Information (Table S1). It was found that most of the impurities
including nitrogen were removed during the purification process,
showing the decrease of nitrogen content. In addition, since impu-
rities and unreacted products may contain some oxygen compound,
the oxygen content seemed to be decreased after the purification
process. However, even after purification, p-CD still had a high
carbon and oxygen content, implying that p-CD had a large car-
bon skeleton structure and contained a large number of oxygen-
containing functional groups.

The chemical bonds of carbon and oxygen elements were con-
firmed by analyzing the high-resolution XPS spectra of C1s and
O1s of CD and p-CD (Fig. 4). Four peaks were identified in the
C1s spectrum of CD. At 284.40 eV, 286.08 eV, and 288.00 eV, C-C

Fig. 2. FT-IR spectra of 1,3,6-trinitropyrene (a), CD (b) and p-CD
(c).

Fig. 3. XPS survey spectra of (a) CD and (b) p-CD.
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(sp3), C-O, and C=O bonding peaks were confirmed, respectively.
A metal carbonate peak for sodium salt, an impurity produced in
the manufacturing process, was confirmed at 289.20 eV. Three
peaks were identified in the O1s spectrum including C-O and
C=O bonding peaks at 530.98 eV and 532.38 eV, respectively. In
addition, Na KL2 peak was confirmed at 535.58 eV. In the C1s
spectrum of p-CD, C-C, C-O, and C=O binding peaks were ob-
served at 284.50 eV, 285.90 eV, and 288.40 eV, respectively, in the
same manner as the C1s spectrum of CD. And the metal carbon-
ate peak that appeared in C1s spectrum of CD did not appear. In
the O1s spectrum of p-CD, only a strong O-H peak was observed
at 532.24 eV, confirming that many O-H functional groups exist
on the surface of p-CD. From these results, it was found that func-
tional groups with oxygen were abundant on the surface of p-CD
[26].

Fig. 5 shows the results of measuring the absorption wavelength
of CD and p-CD using an UV-visible spectrometer. The absorp-
tion spectra were measured in the range of 200 nm to 800 nm.
Comparing the absorption spectrum of CD and that of p-CD,
more distinct transition absorption peaks were observed in the
spectrum of p-CD. This is thought to be because non-fluorescent
substances such as insoluble carbon compounds, sodium salts,

and unreacted substances were removed during the purification
process. A -* transition absorption peak corresponding to C=C
(sp2) was confirmed near 210 nm in p-CD. Around 270 nm, an n-

Fig. 4. XPS high resolution C1s and O1s spectra of CD ((a) and (b)) and p-CD ((c) and (d)).

Fig. 5. UV-vis absorbance spectra of CD (a) and p-CD (b).
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* transition absorption peak corresponding to C-O was con-
firmed. A weak n-* transition absorption peak was also observed
around 350 nm, which was thought to be due to the low C=O
content [25]. In addition, characteristic absorption spectra due to
many surface functional groups of CQDs are shown in the visible
region [32]. The strong absorption spectrum at 400 nm to 500 nm
appears to be a peak due to the aromatic structure of p-CD [33].

To analyze the structure of p-CD, analysis was performed using
Raman spectroscopy. A 532 nm laser was used and the measured
Raman spectrum is shown in the Supporting Information (Fig.
S4). D band was identified at 1,320 cm1, indicating that p-CD is
an amorphous carbon compound that has a defective and disor-
dered carbon structure [34]. And G band and D' band appeared
around 1,580cm1 and 1,620cm1, respectively. Only G band appears
in the perfect graphene structure. However, when graphene has a
surface charge, the G band may split and appear as two peaks, G
and D' [35]. From this measurement, it was confirmed that p-CD
had an amorphous graphene structure.
2. Fluorescence Experiment

Quantum yield of p-CD was obtained using the relative quan-
tum yield measurement method. The relative method is a method
of measuring the quantum yield of a sample based on the quan-
tum yield of a known reference material [36]. The equation for the
relative method is as shown below:

(1)

In this equation,  is the quantum yield, I is the integrated fluo-
rescence intensity, A is the optical density, and n is the refractive
index of the solvent. The subscript ‘st’ refers to a reference stan-
dard, and ‘i’ refers to the sample. L-tryptophan was used as a refer-
ence standard. The quantum yield of L-tryptophan aqueous solution
at an excitation wavelength of 280 nm is 0.12 [37]. The optical
densities (Ai and Ast) of p-CD and the standard were measured
using an UV-visible spectrometer, and the integrated fluorescence
intensities (Ii and Ist) of p-CD and the standard were measured
using a FLIM. Ai and Ast were 0.023 and 0.035, and Ii and Ist were
835299.81 and 623994.77, respectively. Water was used as a sol-
vent in both materials, and the same refractive index (1.33) was
used in the equation. From the measured values, it was found that
the quantum yield of p-CD was 0.13 at the excitation wavelength
of 280 nm. Most of the graphene-structured CQDs showed a fluo-
rescence quantum yield of less than 0.15, and the p-CD prepared
in this work also showed a similar result [26].

To confirm the excitation dependence of the emission wave-
length, the fluorescence intensity of the p-CD aqueous solution was
measured at various wavelengths. Excitation wavelengths of 285
nm, 330 nm, 380 nm and 440 nm were used, and the measurement
results are shown in Fig. 6. It was confirmed that p-CD had no
excitation dependence, as the emission wavelength was the same
as 535 nm at all four excitation wavelengths used. In addition, the
inset of Fig. 6 shows a photograph when CD and p-CD were irra-
diated at 365 nm wavelength. It confirmed that the fluorescence of
p-CD was clearer and stronger than that of CD. This is presum-
ably because the non-fluorescent materials contained in the CD
were removed during the purification process.

The fluorescence change of p-CD was tested in BPA aqueous
solution. To set the concentration of p-CD suitable for the fluores-
cence experiment, fluorescence experiments were performed using
p-CD aqueous solutions of various concentrations from 0.6 mg/L
to 1.0 mg/L. In all samples, as the concentration of BPA increased,
the fluorescence intensity of p-CD increased. However, the linear-
ity of the change in fluorescence intensity with respect to the con-
centration of BPA was best when p-CD was 0.6 mg/L (Data not
shown here). Therefore, in this work, the concentration of p-CD
aqueous solution was fixed at 0.6 mg/L.

The fluorescence intensity of p-CD increased linearly as the
BPA concentration increased. The fluorescence spectra measured

i   st
Ii

Ist
----

Ast

Ai
------

ni
2

nst
2

-----

Fig. 6. Fluorescence intensities of p-CD according to the excitation
wavelengths of (a) 440nm, (b) 285nm, (c) 380nm and (d) 330
nm (inset: fluorescence photo of CD (left) and p-CD (right)
excited by a light source with a wavelength of 365 nm).

Fig. 7. Fluorescence intensities of p-CD according to the BPA con-
centrations of (a) 0M, (b) 0.1M, (c) 0.2M, (d) 0.3M,
(e) 0.4M and (f) 0.5M (inset: relative fluorescence inten-
sity (Fi/F0) change according to BPA concentrations).
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at the excitation wavelength of 285 nm while changing the con-
centration of BPA are shown in Fig. 7. In all fluorescence spectra,
the maximum value of fluorescence appeared at 535 nm. Relative
fluorescence intensity, Fi/F0, was calculated using the measured
value at 535 nm to confirm the linearity of the change in fluores-
cence intensity with respect to the BPA concentration. F0 is the flu-
orescence intensity in the absence of BPA and Fi is the fluorescence
intensity in the presence of BPA, respectively. When the linear equa-
tion was applied, the R2 value was very high at 0.99749. It was
found that the fluorescence intensity of p-CD had high linearity in
the concentration range of BPA used in this work (0.0M-0.5
M). However, when the concentration of BPA was increased to
1.0M, it was observed that the fluorescence of p-CD was quenched
and decreased (Data not shown here). This seems to be a result of
aggregation between p-CD and high concentration of BPA or energy
transfer by interaction between BPA molecules. The cause of this
phenomenon is not clear, and further research needs to be per-
formed.

Experiments were also performed to find the fluorescence mech-
anism of detecting BPA using p-CD. Sensing mechanisms using
fluorescence of CQDs include static quenching, dynamic quench-
ing, inner filter effect, Forster resonance energy transfer (FRET)
and photoinduced electron transfer [22]. Among them, FRET is a
non-radiative energy transfer process by dipole-dipole interaction
between donor and acceptor molecules. FRET depends on the
arrangement of molecules and the distance between them. When
the distance between the donor molecule and the acceptor mole-
cule is less than 10 nm, energy can be transferred from the donor
molecule to the acceptor molecule. The transferred energy can be
expressed as fluorescence [38].

The excitation wavelength spectrum for emission of 550 nm
fluorescence of p-CD was measured and compared with the fluo-
rescence emission spectrum when BPA was excited at a wavelength
of 285 nm (Fig. 8). As shown in the figure, the excitation wave-
length for fluorescence emission of p-CD and the fluorescence
emission wavelength of BPA overlap in the range of 300 nm-450
nm. From this result, it can be inferred that the fluorescence emit-
ted from BPA acts to excite the fluorescence emission of p-CD by

Fig. 9. Schematic of BPA detection mechanism by p-CD.

Fig. 8. (a) Excitation wavelength spectrum for emission of 550 nm
fluorescence of p-CD and (b) emission spectrum of BPA ex-
cited at 285 nm.

the energy transfer from BPA to p-CD. For energy transfer between
two molecules, the distance between the two molecules should be
close to 10 nm or less. The p-CD prepared in this work has a
graphene structure and has many hydroxyl groups, so it can adsorb
BPA with benzene ring and hydroxyl group through - interac-
tions and hydrogen bonding [39]. Therefore, the distance between
the two molecules might become closer to less than 10 nm, and it
seems that FRET occurred between p-CD and BPA. A schematic
diagram of BPA detection by p-CD is shown in Fig. 9. As the BPA
concentration increases, the fluorescence emission of BPA becomes
stronger in the wavelength region, overlapping the excitation spec-
trum of p-CD. As a result, more energy transfer can occur between
p-CD and BPA, resulting in the increase of the fluorescence inten-
sity of p-CD with the increase of the concentration of BPA.

Three aromatic compounds having a similar structure to BPA
such as benzoic acid, hydroquinone, and naphthalene were selected
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and used in the fluorescence experiments to determine whether p-
CD had detection selectivity for BPA. Three target materials were
prepared at concentrations of 0.2M, 0.4M, 0.6M, 0.8M,
and 1.0M, and fluorescence intensity was measured by mixing
the aqueous solution of the target material (0.5 mL) and p-CD at a
concentration of 0.6 mg/L (0.5 mL). To compare the change in flu-
orescence intensity of p-CD according to the target material, the
average value of the fluorescence intensities measured at five con-
centrations of each target substance was calculated and shown in
Fig. 10 [23]. In the figure, “Blank” means the fluorescence inten-
sity measured when p-CD and distilled water are mixed. When
comparing the results of the BPA and other target material, it was
confirmed that the fluorescence intensity was clearly high in BPA
aqueous solution. The increase in fluorescence intensity in BPA
was more than five-times larger than that in other target materials.
In the case of benzoic acid, the fluorescence was decreased, and
the fluorescence intensities of hydroquinone and naphthalene were
almost similar to that of Blank. The relative fluorescence intensity
changes according to the concentrations of the target substances
are shown in the inset of Fig. 10. As shown, the fluorescence change
according to the concentration in the aqueous BPA solution was
relatively large. However, in the other target substances, fluores-
cence decreased (benzoic acid) or fluorescence change hardly oc-
curred (hydroquinone and naphthalene). This experiment con-
firmed that p-CD has the potential as a selective detection sensor
for BPA. The reason p-CD is selective for BPA over other target
substances seems to be due to the interaction between BPA and p-
CD. BPA has two aromatic rings and two hydroxyl groups. There-
fore, the - interaction and hydrogen bonding can occur strongly
between BPA and p-CD. However, benzoic acid and hydroqui-
none have only one aromatic ring, and each has a carboxyl group
and a hydroxyl group, respectively. Thus, the two compounds appear
to have weaker - interactions with p-CD than BPA. Naphtha-

lene has two aromatic rings, but it does not have a hydroxyl group,
so hydrogen bonding with p-CD cannot occur. For this reason, p-
CD appears to have higher detection selectivity for BPA than ben-
zoic acid, hydroquinone, and naphthalene, which have similar
molecular structures to BPA.

CONCLUSIONS

CQD was synthesized by simple hydrothermal synthesis using
1,3,6-trinitropyrene and sodium hydroxide aqueous solution to
selectively detect BPA in aqueous solution. CD containing unre-
acted material and impurities was separated and purified by silica
gel column chromatography to obtain p-CD. The prepared p-CD
was characterized, and it was confirmed that p-CD could detect
BPA by increasing fluorescence with the increase of BPA concen-
tration via the FRET mechanism. In addition, by comparative experi-
ments on the target substances having a similar structure to BPA,
it was confirmed that p-CD had the potential as a selective detec-
tion sensor for BPA in aqueous solution.
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Fig. S1. Synthesis procedure of 1,3,6-trinitropyrene (a) and p-CD (b).

Fig. S2. H NMR spectrum of the 1,3,6-trinitropyrene prepared.
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Fig. S3. HRMS spectrum of the 1,3,6-trinitropyrene prepared.

Table S1. Atomic percentages of elements in CD and p-CD
Sample Element Atomic percentage (%)

CD
C 57.34
O 38.27
N 04.38

p-CD
C 67.62
O 31.97
N 00.41

Fig. S4. Raman spectrum of p-CD.


