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A well-explained mechanism for synthesizing carbon dots (CDs) is not yet explored and is still a subject of
great debate and challenge. This study used a one-step hydrothermal method to prepare highly efficient,
gram-scale, excellent water solubility, and blue fluorescent nitrogen-doped carbon dots (NCDs) with the
particle size average distribution of around 5 nm from 4-aminoantipyrine. The effects of varying
synthesis reaction times on the structure and mechanism formation of NCDs were investigated using
spectroscopic methods, namely FT-IR, ®C-NMR, H-NMR, and UV-visible spectroscopies. The
spectroscopic results indicated that increasing the reaction time affects the structure of the NCDs. As
the hydrothermal synthesis reaction time is extended, the intensity of the peaks in the aromatic region
decreases, and new peaks in the aliphatic and carbonyl group regions are generated, which display
enhanced intensity. In addition, the photoluminescent quantum yield increases as the reaction time
increases. The presence of a benzene ring in 4-aminoantipyrine is thought to contribute to the observed
structural changes in NCDs. This is due to the increased noncovalent - stacking interactions of the
aromatic ring during the carbon dot core formation. Moreover, the hydrolysis of the pyrazole ring in 4-
aminoantipyrine results in polar functional groups attached to aliphatic carbons. As the reaction time
prolongs, these functional groups progressively cover a larger portion of the surface of the NCDs. After
21 h of the synthesis process, the XRD spectrum of the produced NCDs illustrates a broad peak at 21.1°,
indicating an amorphous turbostratic carbon phase. The d-spacing measured from the HR-TEM image is
about 0.26 nm, which agrees with the (100) plane lattice of graphite carbon and confirms the purity of
the NCD product with a surface covered by polar functional groups. This investigation will lead to
a greater understanding of the effect of hydrothermal reaction time on the mechanism and structure of
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photocatalysis,® biological imaging,® and optoelectronic devices,”
such as LEDs® and solar cells.® Furthermore, CDs play an essen-

1. Introduction

Carbon dots (CDs) are carbon nanomaterials that have attracted
considerable attention since their discovery in 2004 (ref. 1) owing
to their low toxicity, excellent solubility, great biocompatibility,
high chemical stability, numerous precursor sources, and
distinctive photoluminescence (PL) properties.>* Carbon dots are
often used in applications, including light emission,*
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tial and exciting role in developing energy storage devices.*
Recent research has identified two types of CDs based on their
solubility—aqueous soluble CDs" and organic soluble CDs."*
Aqueous soluble CDs with good water solubility are widely
studied in chemical and biological sensors, pharmaceutical and
gene delivery, and bioimaging systems.”*™® CDs have been
created using a variety of synthetic approaches from various
sources of raw materials. The two primary methods for CD
synthesis are top-down and bottom-up.'® In the top-down
method, several techniques, such as electrochemical oxidation,
laser ablation, chemical oxidation, arc discharge, and other
physical methods, are usually used to generate CDs by breaking
or peeling bulky carbon-rich structures.'”*® In the bottom-up
method, a variety of natural®® and small molecules,” such as
citric acid,* r-ascorbic acid,** ethylene diamine,*® amino acids,**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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saccharides,”*”® glycerol,”” urea with malonic acid,”® thiourea,*
amino-aniline  derivatives,®® citric acid with amino
compounds,****> phloroglucinol and boric acid,* and aldehydes,**
are used as precursors to produce CDs through combustion
methods, microwave heating, hydrothermal synthesis, electro-
chemical synthesis, ultrasonic synthesis, and pyrolysis.** The
hydrothermal technique is now the most desirable because it
easily uses large-scale synthesis. It does not need severe synthetic
conditions, a one-step route, and low cost. Generally, the product
of synthesis of CDs is often a complex mixture of compounds.
Numerous techniques have been employed to separate and purify
CDs, such as dialysis, centrifugation, solvent extraction, filtra-
tion, electrophoresis, chromatography, and combination
methods.** The precursors and reaction conditions affect the
variations of surface groups. Broadly, the CDs contain a core
comparable to graphite, either amorphous or crystalline, as has
been suggested by numerous researchers.**** Others have
proposed an amorphous core made entirely of sp® carbon or one
with an sp®-sp® carbon ratio with a range of polar groups on its
surface.**** The polar groups possessing carboxyl, hydrophilic
hydroxyl, or amino groups on their surface are the most
common. There is a significant difference in the fluorescence
properties depending on the composition of CDs and their
surface chemical groups. Many factors have been reported, such
as the effect of precursors,*® type of solvent,* reaction tempera-
tures,” and the ratio of the starting materials.*® There is very little
research published evaluating the effects of reaction time to
monitor the development of their properties.* Despite the rapid
growth in CDs research, there is a limited focus on under-
standing the synthesis mechanism, and the exact formation and
structure of CDs remain unclear.'>*****' According to the refer-
ences and earlier publications, the postulated formation mech-
anism for CDs includes polymerization, nucleation,
carbonization, and growth.**> Even though m-7 stacking reactions
are one of the most significant noncovalent interactions in
aromatic systems, there has been no detailed study or debate to
demonstrate the effect of this type of interaction on the mecha-
nism of carbon dot formation.>**® At present, some of the
primary analytical tools, including electron microscopes and
spectroscopy, are used to explore the structure and shape of CDs,
but unfortunately, they could not cover the entire formation of
these materials. Based on an intensive and extensive literature
survey, few scientists employ FTIR and NMR spectrometers to
examine the structure of CDs.>”*®

Considering the above information, our goal is to investigate
the macro preparation of novel NCDs with varying reaction
times, their formation mechanism, and the factors that affect
the increase in the quantum yield. In this work, based on the
hydrolysis of cyclic amides and noncovalent m-m stacking
interactions, highly water-soluble blue emission NCDs with
high yield (40%) and quantum yield (18%) from 4-amino-
antipyrine as a precursor by the hydrothermal method in
deionized water at 180 °C with different the reaction times from
3-21 h have been synthesized. The mechanism and structure of
NCDs formation have been investigated using spectroscopic
techniques such as FT-IR, *C-NMR, "H-NMR, and UV-visible,
which have not been widely utilized for this purpose previously.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

2. Experimental work

2.1. Materials and chemicals

4-Aminoantipyrine was acquired from Sigma-Aldrich and used
in its original form without any purification. All studies utilized
deionized water, and chloroform was used to purify the NCDs.

2.2. Instrumental analyses and NCDs characterization

The FT-IR spectra were obtained in KBr pellets (Vina, in cm™") on
a PerkinElmer spectrophotometer (Waltham, Massachusetts,
USA). *C-NMR and "H-NMR spectra were measured in D,O on
a Bruker DRX-500 MHz (Billerica, Massachusetts, USA). 'H-
NMR chemical shifts were measured in parts per million
(ppm) with respect to the residual solvent peak (D,0: 'H = 4.79
ppm). On a Cary 60 spectrophotometer (Agilent Technologies,
USA) spectrometer, the UV-vis absorption spectra were
collected. Photoluminescence (PL) emission measurements
were performed using a Cary Eclipse fluorescence spectropho-
tometer (Agilent Technologies, USA). By comparing CDs to the
reference fluorescein (@ = 0.92), PLQY (@) was calculated. The
X-ray diffraction (XRD) pattern of the CDs synthesized after 21 h
was recorded on an Empyrean X-ray diffractometer (Panalytical,
Netherlands). The morphology and microstructure of the CDs
synthesized after 21 h was examined by high-resolution trans-
mission electron microscopy (HRTEM) on an FEI TEC9G2, USA
microscope with an accelerating voltage of 200 kv.

2.3. Hydrothermal synthesis of the NCDs

The NCDs were synthesized from 4-aminoantipyrine (4AA) in
deionized water by the hydrothermal method. In a 100 mL
beaker, 4AA (5.0 g) was dissolved in 50 mL deionized water and
then sonicated for 5 min until a clear pale yellow-colored
solution was obtained. This solution was placed in a Teflon-
lined autoclave (100 mL capacity) and heated at 180 °C in an
oven with varying reaction times (3, 6, 9, 12, 15, 18, and 21 h).
After naturally cooling to room temperature, the solution was
filtered using a Whatman filter paper. A grade 93 with a pore
size of (10 pm) was used to separate the dark-colored oil residue
in the solutions. Then, the remaining large particles were
removed through a disposable microporous membrane (0.22
pm) to obtain a yellow solution. After that, the extraction
method was performed 3 times through a chloroform solvent to
remove unreacted 4AA molecules. The aqueous layer was
centrifuged (12 000 rpm, 30 min) to remove high-weight carbon
aggregates. It evaporated the solvent using a rotatory evaporator
and dried by lyophilization. Finally, 2 g of highly viscous honey-
colored NCDs was obtained at 21 h for further characterization
and stored at room temperature (Fig. 1).

3. Results and discussion

3.1. Synthesis and mechanism of the NCDs

The information gathered from spectroscopic results,
combined with the high-water solubility of NCDs, attributed to
several polar groups on the surface of NCDs, including hydroxyl,
and suggests the following

carboxyl, amino groups,
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Fig.1 Schematic diagram of the synthesis and purification of NCDs from 4-aminoantipyrine.

mechanism, as depicted in Fig. 2. In the initial steps, the
carbonyl group of 4-aminoantipyrine is attacked by the lone pair
of oxygen atoms in the water molecule acting as a nucleophile,
which is followed by the transfer of a hydrogen atom to give
a geminal diol compound A. In the next step, due to the
unstable geminal diol and the high temperatures present, the
pyrazole ring in compound A opens and is followed by the
proton transfer to produce an enamine with carboxylic acid

compound B. On the one hand, compound B can undergo keto-
enol tautomerism to form imine with carboxylic acid compound
C. Finally, because of the presence of the benzene aromatic ring
structure in compounds A, B, and C, the carbon core structure
can be created via noncovalent m-7 stacking interaction
following a sequence of reactions and hydrogen bond
interactions.”™*° At the same time, several hydroxyl, carboxyl,
and amino groups in A, B, and C can still be present after the
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Fig. 2 Proposed mechanism of NCDs formation.
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creation of carbon cores. This results in the growth of surface
states on the surface of the carbon dots. On the other hand, the
presence of water in the reaction makes the condensation
reaction difficult because water is a protic solvent, which tends
to donate protons to the reactants to reduce the water elimi-
nation reaction due to a decrease in the conjugation length. At
the same time, the hydroxyl, carboxyl, and amino groups
increase with reaction time.

3.2. FT-IR characterization of the NCDs

In Fig. 3 and S1(a-h) (ESIY), the Fourier transform infrared (FT-
IR) spectra of NCDs with synthesis times of 3, 6, 9, 15, 18, and
21 h are presented to investigate the reaction process and the
presence of functional groups on the surface of NCDs. In the FT-
IR spectrum of 4-aminoantipyrine (Fig. Slat and 3), there are
doublet peaks at 3432 and 3327 cm™ ', a shoulder peak at
1679 cm™ ', and a medium peak at 1655 cm™ ', which can be
assigned to the NH, stretching of 4AA, N-H bending of 4AA, and
carbonyl group (C=0) group stretching of the pyrazole ring,
respectively. Along with the reaction, these peaks disappear,
and instead, other new peaks of N-H stretching of amine or/and
O-H stretching alcohol at 3391 ¢cm™*,***> broadband of O-H
stretching of carboxylic acid® at about 3500-2500 cm™*,
a shoulder peak of N-H bending of amine at 1630 cm™*,*** and
C=0 of carboxylic acid stretching at 1590 cm ™" appeared.®> The
changes observed suggest that the pyrazole ring undergoes the
process of hydrolysis to form NCDs that have both a carboxyl
and an amine group. Moreover, the FTIR spectra of NCDs are
very similar to those of amino acids during comparison,
particularly serine and p-threonine (Fig. S2(a and b); ESI}),

View Article Online
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which strongly suggests the presence of both carboxylic and
amine groups on their surface. This can be attributed to the fact
that the C=0 in amino acids has a lower frequency compared
to C=0O0 in carboxylic acids that do not contain amines due to
resonance (more single-bond character) and the intramolecular
hydrogenation between amino and carboxylic acid groups.®**
In addition, two new peaks at 1370 and 1125 cm ™' gradually
appear with increasing reaction time. These new peaks
contribute to C-N and C-O group formation in the NCDs.*
Furthermore, the intensity peaks of C-H stretching of the
aromatic ring in the range of 3068 to 3018 cm ' gradually
decrease with increasing reaction time. The change proposes
the influence of the w-m stacking interaction of the aromatic
ring on the creation of carbon cores in NCDs. Overall, the
evaluation of the above FT-IR spectra illustrated how some
modifications occurred during the synthesis process, revealing
the formation of highly polar functional groups, including
hydroxyl, amine, and carboxyl groups, on the surface of the
NCDs. These findings are consistent with other observations,
such as the solubility in water and the luminous properties.

3.3. '3C-NMR and 'H-NMR characterization of the NCDs

Nuclear magnetic resonance spectroscopy (NMR) characteriza-
tion of 4AA and NCDs with synthesis times of 3, 6, 9, 15, 18, and
21 h were performed in a deuterium oxide (D,O) solvent. The
3C-NMR spectra of NCDs are displayed in Fig. 4 and S3(a-h)
(ESI?). In the "*C-NMR spectra of 4-aminoantipyrine (Fig. 4 and
S3at), a peak at 161 ppm is attributed to the carbonyl (C=0)
group of the pyrazole ring. As the reaction time increased, this
peak disappeared, suggesting that the basic structure of 4AA
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Fig. 3 FT-IR spectra of 4AA and NCDs at varying synthesis reaction times.
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Fig. 4 C-NMR spectra of 4AA and NCDs at different synthesis reaction times.

was not retained, and multiple resonance peaks appeared in the
range of 174-181 ppm, demonstrating the formation of various
carboxyl functional groups. At reaction times of 12, 15, 18, and
21 h, more carboxyl resonance peaks appeared, revealing that
this stage is the intermediate period of carbon dot generation
and the reaction gradually reached completion and eventually
produced stable carboxylic acid functional groups. In addition,
as the reaction proceeded, the peaks of the carbon aromatic ring
at 141-114 ppm gradually weakened and eventually dis-
appeared with the combined FT-IR spectra; it is speculated to be
caused by an increase in the - stacking interaction®® of the
aromatic ring during the formation of the carbon dot core,*
with the surface of the NCDs covered by polar functional groups
attached to the aliphatic carbons. Moreover, the new collection
peaks with various intensities were observed from 67-58 ppm,
corresponding to the aliphatic carbons attached with amine,
hydroxyl, and carboxyl groups in NCDs formed during the
carbonization process. The increase in these peaks supports the
hypothesis, and the findings agree with the FT-IR results.
Finally, due to the effect of carboxyl, beta-amino, and beta-
hydroxyl groups, other collection peaks with various intensi-
ties were observed in the range of 30-14 ppm assigned to the
aliphatic carbon groups, but 4AA gives two peaks at 34 and
9 ppm, indicating that the basic structure of 4AA is not retained.
The analysis of the **C-NMR data indicated that some changes
took place during the synthesis process, demonstrating the
creation of highly polar functional groups such as hydroxyl,
amine, and carboxyl groups on the surface of the NCDs. The
3C-NMR spectra also revealed that as the reaction progresses,
the intensity peaks of the carbon in the aromatic region
decrease, and new carbon peaks in the aliphatic and carbonyl

14344 | RSC Adv, 2023, 13, 14340-14349

group regions are formed, which display enhanced intensity.
The findings of the water solubility and luminescence proper-
ties were consistent with the results of the *C-NMR analysis.
The results demonstrate that utilizing both ">*C-NMR and FTIR
spectroscopy gives a more in-depth and precise insight into the
formation and structure of carbon dots.

The "H-NMR spectra of 4AA and NCDs with synthesis times
of 3,6,9,15,18, and 21 h are shown in Fig. 5 and S4(a-h) (ESIf).
"H-NMR findings, concurring with ">*C-NMR and FT-IR results,
suggest combining 'H-NMR with "*C-NMR and FT-IR spec-
troscopy in a clearer and more in-depth examination of the
structure and mechanism of carbon dot formation. Initially, for
4-aminoantipyrine and each of the different synthesis reaction
times, the hydrogen of both carboxylic acid (COOH) and amino
(NH,) groups scrambled with D,0, and their signals are not
observed, but their effects have been seen in other ranges.*® In
addition, one of the most significant signals is for the hydrogen
of aromatic rings in the range of 8-7 ppm, which is precisely
supported by FT-IR or ">C-NMR spectra. The "H-NMR spectrum
of 4-aminoantipyrine (Fig. 5 and S4at) showed that the intensity
peaks of the hydrogen aromatic ring at 7.45-7.21 ppm gradually
decreased and eventually nearly disappeared as the reaction
time increased, suggesting that the benzene ring in 4-amino-
antipyrine was carbonized and formed NCDs under high
temperature and high pressure. Fig. 6 clearly illustrates, along
with the reaction time, that the shape of the signals of the
hydrogen aromatic ring changes and the intensity signals of the
hydrogen aromatic ring decreased; initially, the intensity
signals of the hydrogen aromatic ring was 60.7, which
decreased to 31.4, 5.1, and 3.5 after 3, 6, and 9 h, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 H-NMR spectra of 4AA and NCDs at different synthesis reaction times.

Moreover, at 12, 15, 18, and 21 h, the signals of the hydrogen
aromatic ring approach zero and become rather invisible. In
addition, as the reaction time increased, the collection
hydrogen signals with various intensities were obtained in the

range of 4.24-1.4 ppm, which were new signals that corre-
sponded to the various hydrogen of aliphatic carbons attached
with amine, ether, hydroxyl, carboxylic acid, and aliphatic
groups, respectively,*® on the surface of NCDs. The peaks in the
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Fig. 6 Comparison of hydrogen aromatic ring intensity signals for 4AA and NCDs at different times.
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NCDs spectra are different from those in the 4-amnioantipyrine
spectrum, suggesting that the carbon dots have a distinct
structure. The increase in these peaks confirmed this hypoth-
esis and the types of functional groups present on the surface of
NCDs. The results agree with the FT-IR and "*C-NMR charac-
terization analyses.

3.4. Optical properties of NCDs

In addition to the FT-IR and NMR spectra, the light absorption
and emission sources were examined. The variation in the UV-
vis absorption spectra could be utilized to detect changes in
the surface functionality. The results obtained from UV-visible
spectroscopy agree with those from FT-IR, '*C-NMR, and 'H-
NMR analyses. This indicates that a more comprehensive and
precise understanding of the structure and process of carbon
dot formation can be achieved using a combination of UV-
visible, FT-IR, *C-NMR, and 'H-NMR spectroscopy. Fig. 7(a,
b) and S5(a-g) (ESIT) show the absorption, PLE, and PL spectra
of NCDs with synthesis times of 3, 6, 9, 15, 18, and 21 h. The
effect of reaction time on UV-vis spectra of NCDs is shown in
Fig. S5(a-g) (ESIf). The UV-visible spectrum of 4-amino-
antipyrine (Fig. 7a) displayed two peaks—one at 243 nm, which
corresponded to the w — m* transition of the (sp® aromatic/
alkenyl C=C bonds)” and another absorption band at
278 nm, which is assigned to the n — 7* transition of the C=0
bond. After 3, 6, and 9 h of synthesis times, one peak is nearly
identical, but there are some differences in the intensity at
240 nm corresponding to the w — w* transition of sp’
aromatic/alkenyl C=C bonds or C=N bonds in Fig. S5a-c,t and
7a.%%% On the other hand, after 12, 15, 18, and 21 h, another
peak was observed with some changes in the intensity at
285 nm, which is attributed to n — mw* transition by
nonbonding orbitals such as C=0 bonds™ (Fig. S5d-f, and
7a). This is in good agreement with the results of the chemical
composition analysis, especially the FT-IR, "*C-NMR, and 'H-
NMR data, which shows that the proportion of the carboxyl
group increases with reaction time.
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Although absorption measurements offer insights into
transitions between the ground and excited states, photo-
luminescence excitation (PLE) reveals information about the
energy levels associated with the specific light emission bands.
After 3 h of the synthesis process (Fig. S5at), the PLE spectra
showed one PLE band at 320 nm, while for all the other times,
another PLE band at 340 nm can be seen in Fig. S5(b-g).T These
differences are caused by the presence of nearly identical types
of emission sites on their surface. Furthermore, the PL emission
at each time is placed in the blue region of the electromagnetic
spectrum at ~425 nm (Fig. S5(a-g)¥).

The PL emission spectra of NCDs with synthesis times were
obtained using excitation wavelengths changing from 340 to
400 nm with a step of 10 nm (Fig. S6, ESI{). After 3 h, the PL
emission spectra of the synthesis process (Fig. S6at) displayed
the peak position excitation-independent emission. For all
other synthesis times, the PL emission spectra are nearly the
same and confirm that the NCDs clearly show excitation-
independent emission”7* except for excitation with 340 and
350 nm, where the PL peak positions are excitation-dependent.
This characteristic is similar to inorganic quantum dots and
will be advantageous for creating a pure-color light-emitting
device.

The photoluminescent quantum yield (PLQY) is an accurate
indicator of fluorescent materials’ efficiency. The comparison
approach of Williams et al. is the most reliable formula for
calculating the PLQY. Fig. 7b shows the PLQY of NCDs, where
values increase proportionally with reaction time.

3.5. HR-TEM, XRD, and SAED of NCDs

To gain a deeper understanding of the formation of N-doped
carbon dots from 4AA, further investigations were carried out,
with a particular emphasis on the 21 h duration during the
synthesis process, when the quantum yield value was observed
to be at its highest. The investigations involved high-resolution
transmission electron microscopy (HR-TEM), X-ray diffraction
(XRD), and selected area electron diffraction (SAED), as shown
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Fig. 8 HRTEM images with different magnifications of CDs in (a) 50 nm, (b) 10 nm, and (c) 5 nm showing lattice fringes, (d) particle size
distribution histogram as calculated from (a) and n = 30, (e) XRD pattern and (f) SAED pattern of NCDs with synthesis time of 21 h.

in Fig. 8a—f. The results obtained from these characterizations
are consistent with the findings from spectroscopic and
chemical composition investigations. HR-TEM exhibited that
NCDs had an average particle size distribution of about 5 nm
(Fig. 8d). In addition, the lattice fringes with a d-spacing
measured from the HRTEM image (Fig. 8c) is about 0.26 nm,
which agrees with the (100) plane lattice of graphitic carbon.**-*
On the other hand, the absence of 0.33 nm graphitic (002)
spacing suggests that the surface of NCDs is covered by polar
functional groups attached to aliphatic carbons.””* In addition,
the crystal structure of the NCDs has been examined through X-
ray diffraction (XRD) analysis. The XRD pattern (Fig. 8e)
exhibited a broad peak at 21.1°, ascribed to the turbostratic
carbon phase.” The NCDs exhibit an interlayer spacing (d) of
0.42 nm, indicating a more open and irregular structure than
graphite and nanodiamonds with smaller interlayer spacing.”
In contrast, the structure resembles turbostratic graphite
carbon, suggesting that the NCDs possess a low degree of
crystallization, which is attributed to the higher occurrence of
oxygen and nitrogen groups within the NCDs structure.”®”
Furthermore, the selected area electron diffraction (SAED)
pattern of NCDs (Fig. 8f) shows amorphous nature, which is
consistent with the XRD pattern (Fig. 8e).*

4. Conclusion

In conclusion, a new type of water-soluble, gram-scale, blue-
fluorescent NCDs was synthesized via the hydrothermal
method using 4-aminoantipyrine as a precursor, with an
average particle size distribution of about 5 nm. The investi-
gation of the effects of varying synthesis reaction times on the
structure and mechanism formation of NCDs using

© 2023 The Author(s). Published by the Royal Society of Chemistry

spectroscopic techniques revealed that increasing the reaction
time affects the structure of the NCDs by generating new peaks
in the aliphatic and carbonyl group regions, increasing non-
covalent -7 stacking interactions of the aromatic ring and
covering a larger portion of the NCDs surface with polar func-
tional groups attached to aliphatic carbons. Furthermore, the
mechanism of forming NCDs through the hydrothermal
method was proposed based on the spectroscopic results and
literature. Initially, 4-aminoantipyrine goes through several
reactions such as hydrolysis, ring opening, and keto-enol
tautomerism. As a result, various compounds with different
types of polar functional groups are produced. After that, these
compounds interact through noncovalent m-m stacking and
hydrogen bond interactions, leading to polymerization and
forming a carbon core. Finally, NCDs with abundant surface
polar functional groups were gradually produced as the reaction
time increased. This study contributes to a better under-
standing of the mechanism of carbon dot formation and offers
a simple, low-cost, and gram-scale method for creating high-
quality NCDs, which is crucial for various applications.
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