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Abstract: Carbon quantum dots (CQDs) are an excellent eco-friendly fluorescence material, ideal
for various ecological testing systems. Herein, we establish uniform microwave synthesis of the
group of carbon quantum dots with specific functionalization of ethylenediamine, diethylenetriamine,
and three types of Trilon (A, B and C) with chelate claws -C-NH3. CQDs’ properties were studied
and applied in order to sense metal cations in an aquatic environment. The results provide the
determination of the fluorescence quench in dots by pollutant salts, which dissociate into double-
charged ions. In particular, the chemical interactions with CQDs’ surface in the Irving–Williams
series (IWs) via functionalization of the negatively charged surface were ascribed. CQD-En and
CQD-Dien demonstrated linear fluorescence quenching in high metal cation concentrations. Further,
the formation of claws from Trilon A, Trilon B, and C effectively caught the copper and nickel cations
from the solution due to the complexation on CQDs’ surface. Moreover, CQD-Trilon C presented
chelating properties of the surface and detected five cations (Cu2+, Ni2+, Ca2+, Mg2+, Zn2+) from
0.5 mg/mL to 1 × 10−7 mg/mL in the Irving–William’s series. Dependence was mathematically
attributed as an equation (ML regression model) based on the constant of complex formation. The
reliability of the data was 0.993 for the training database.

Keywords: carbon quantum dots; chelating agent; fluorescence properties; fluorescence quenching;
fluorescence polarization; surface design; transitional metal’s salts; aminopolycarboxylic acid (APCA)

1. Introduction

In recent times, applying natural assembled nanomaterials is the primary strategy in
eco–build environments [1]. The promising material market strategy is to replace toxic or
non-eco-compatible materials and technologies with eco–friendly ones [2]. Thus, carbon
quantum dots (CQDs) are zero-dimensional carbon nanomaterials with an amorphous core
and functional groups on the surface [3]. They have gained much attention among various
emissive dots with quantum effects, such as MeO nanoparticles [4] or semiconduction cad-
mium, germanium, indium, or zinc-containing zero-dimensional materials [5]. For CQDs,
the trend in synthesis was from natural carbon sources, which expanded the market for the
dots due to their economic, reproducible, and environmentally friendly peculiarities [6].
This technology opens up new avenues for controlling the natural environment and has
been successfully applied in the water assay [7].

Unfortunately, CQDs are sensitive to inhomogeneous nucleation and non-controllable
core growth [8]. Foreign impurities and chemical compounds are critical for the CQD
core’s structural and physical properties [9–11]. According to the literature, precursors with
carboxyl, carbonyl, hydroxyl, amino, nitro, or other organic molecular fragments provide
valuable information. Surface chemistry correlates with an increase in CQDs’ applicability
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via tunable photoluminescence, good multi-photoexcitation, stability, and water solubility.
Furthermore, the homogeneous functionalization of carbon quantum dots enhances the
accuracy and simplicity of measurements [12,13].

One problem here is that the multi-cation compound of the water probe is not an easily
detectable cause of the competitive adsorption mechanism on the CQDs’ surface [14,15].
However, the quencher may collaborate with the CQDs’ surface in two ways: via the for-
mation of the nonfluorescent ground-state complex (static quenching) or the redistribution
of charge (shift in electron state) between CQDs and the quencher [16].

Careful analysis of the route and conditions among nitrogen-containing CQDs in
Table S1 (Supplementary Materials) presents nitrogen inclusion as one of the most effective
ways to enhance the dots’ quantum yield and sensibility. Generally, data suggest that
using nitrogen sources leads to high (more than 50%) quantum yield, fluorescence stability,
and good solubility in water [17]. CQDs with -NH2 functionalization represent well-
being in sensing applications [18]. Since synthesis, the energy-consuming, long-time
hydrothermal method has been predominated by microwave heating, which requires low-
energy, low-time demand, and homogeneous irradiation [19]. In the case of sensing, the
wide variety of contaminants, such as proteins, vitamins, metal cations, anions, and gases,
makes the sensing mechanism unclear [20]. Data show that measurements with different
compounds and the surface chemistry of CQDs include disorder in the understanding
of properties [21–24].

Our work was based on the analytical chemistry law in co-ordination compounds
and the analysis of N-doped CQDs. For example, the interaction between nitrogen centres
in dots and, in the widespread literature, copper or nickel contaminates conditions due
to complex formation on the surface [25,26]. Presumably, the physicochemical properties
of the surface must correlate with the properties of the precursors. Thus, the denticity of
complexion, stability constants, crystal field stabilization energy (CFSE), and cation radius
are critical [27]. In theory, the nitrogen-containing ligands with saturated donor bonds
show a promising correlation according to the Irwing–Williams series [28], due to complex
formation on the surface with various ranges of stability [29].

In this work, ethylenediamine and diethylenetriamine, Trilon A (nitrilotriacetic acid),
Trilon B (ethylenediaminetetraacetic acid), and Trilon C (diethylenetriaminepentaacetic
acid) as precursors with an amino group, particularly with -C-NH2 fragments, were ex-
plored. The investigation focused on the co-ordination processes around the CQDs in
cationic metal solutions as surface reactivity analysis by fluorescence quenching. The
results identify fundamental terms of the CQDs’ surface for sensing applications. We
revealed patterns for the carbon core with nitro or Trilon (A, B and C) groups by fast and
low-cost microwave heating. The results demonstrate the opportunity to form functional
claws from precursors on the CQDs’ surface, and rendered the main properties close to the
initial complexing agent.

2. Materials and Methods
2.1. Reagents and Materials

The first synthesis stage included citric acid (99.8%) and ammonium carbonate (99.0%)
as precursors for carbon core formation. The amino and claw functionalization were pro-
vided by ethylenediamine (En), diethylenetriamine (Dien), nitrilotriacetic acid (NTA, Trilon
A), ethylenediaminetetraacetic acid (EDTA, Trilon B), and diethylenetriaminepentaacetic
acid (DTPA, Trilon C) powders. High-purity (99.9%) metal salts such as CuCl2, CaCl2,
MgCl2, FeCl2, NiCl2, ZnCl2 were used as pollution contaminants. In all the experiments,
deionized water was used as a dispersant.

2.2. Synthesis Part

The CQDs with chelate claws and nitro functionalization were synthesized in a two-
stage microwave irradiation route. The carbon quantum core was first prepared by mixing
highly dispersed powder of citric acid and ammonium carbonate in a ceramic crucible at
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a 2:1 molar ratio of 6 g (50 mL volume). It was heated for 3 min and 30 s under 700 W
of microwave irradiation, and the temperature afterward was near 150–170 ◦C via an IR
thermometer. The dark brown primary product was cooled down to room temperature and
then dispersed in 25 mL of deionized water for 10 min in a US-bath treatment (frequency
of 35 kHz). The core purification (CQD-CO3) was performed by centrifuging at 6000 rpm
for 30 min. The final precipitate was dried in the incubator at 60 ◦C, and the obtained dry
residues were milled. Its carbon powder was named CQD-CO3.

Then, the functionalization of the CQD-CO3 surface was conducted by a similar
procedure to the one mentioned above. The powder of CQD-CO3 and the functional
precursors (En, Dien, and Trilon A, B and C) were mixed at a molar ratio of 3:1. For En
precursors, the irradiation time in the second stage was 1 min 20 s. For Dien, the irradiation
time was 2 min, while irradiation lasted for 2 min 30 s for all Trilons. Centrifugation time
rose to 40 min at 14,500 rpm, and products were saved in dry atmospheric conditions.
The purification stage was repeated to recover the liquid and solid-state of CQD and
filtered through a Millex-LG 0.2 µm IC filter cartridge (Millipore, Burlington, MA, USA)
to achieve the appropriate size quality. Synthesized CQDs were named CQD-En, CQD-
Dien, CQD-Trilon A, CQD-Trilon B, and CQD-Trilon C via the names of precursors in the
functionalization step, respectively.

2.3. Characterization Part

Size distribution was analyzed by dynamic light scattering (DLS) measurements and
zeta potentials by Zetasizer Nano ZS (ZEN3600), Malvern (UK). The IR Fourier spectrometer
Thermo NICOLET 380 (USA) confirmed the functionalization of CQDs via chelate claws or
nitrogen fragments. Moreover, surface behaviour in water was completed by zeta potential
measurements by Zetasizer Nano ZS (ZEN3600), Malvern (UK) again.

A summary of the optical effects due to the different CQDs’ core functionalizations
was compared via the absorption spectrum from a spectrophotometer UV mini-1240 Shi-
madzu (Japan) in the 250–500 nm range. Massive fluorescence data was characterized
by fluorescence intensity and stability in time from Agilent Technologies’ Cary Eclipse
Fluorescence Spectrophotometer (USA).

The calculation for CQDs’metal sensing and the creation of the lineal prediction model
in the Irving–Williams series were obtained using the OriginLab program and the machine
learning method in Python 3.10, respectively.

2.4. Detection of Metal Ions by CQDs

In the measurement procedure, the tubes with salt solutions in the goal range (from
1 or 0.5 mg/mL, depending on the solubility, to 1 × 10−9 mg/mL via diluting) were
prepared. The sensing ability of CQDs was investigated via continuous measurements
with the following salts as the cations from the Irving–Williams series: CuCl2, NiCl2,
CaCl2, MgCl2, FeCl2, ZnCl2. Analytical measurements of the water probe by CQDs were
provided by the FL measurements concerning water contamination. In order to have
reproducible data, we took the volume of the CQDs’ dispersion for the Flmax intensity
(1000 a.u.). The measurements were performed by taking 1 mL of diluted salts in a cuvette
with the respective amount of CQDs (in µL), and then the FL was recorded. At 0.05 mg/mL
concentration, all dots (CQD-En, CQD-Dien, CQD-Trilon A, CQD-Trilon B, and CQD-Trilon
C) were used and saved.

2.5. The Calculation of the Calibration Curve and the Model of Linear Regression

CQDs’ optical properties were correlated with the fluorescence quenching effects of
metal cations [30]. The FI was normalized to the maximum (1000 a.u. of FI) for each
calibration curve and gave the coefficient behind the concentration data by linear regression
tools. A polynomial equation was created. Next, for the assumption of the ability of the
CQDs’ surface to establish chelate complex, we created the training dataset as the date
of the added different types and concentrations of divalent cations in the probe with the
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CQDs. The result was assumed to approximate the original (primary) equation, and the
validity of the data was assessed.

3. Results
3.1. Characterization of CQD-CO3 and CQD-En, Dien, Trilon A, B, C Functionalized Particles

To further explore the significant influence of functionalization and nano-dimension
morphology, size distribution was calculated via the dynamic light scattering (DLS) func-
tion, which provides a mean size of CQDs in normal distribution fitting in Figure 1.
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Figure 1. The size distribution of (a) CQD-CO3, (b) CQD-En, Dien, and (c) CQD-Trilon A, B, C via
dynamic light scattering measurements.

CQD-CO3 in Figure 1a shows a narrow size, with an average of 4 nm in diameter.
Furthermore, the distributive trends represent the shift in the average size for CQD-En
at 10 nm and 12 nm for CQD-Dien, respectively. CQD-Trilons were superimposed step
by step. The peaks were from 7–9 nm for CQD-Trilon A to 16–20 nm for CQD-Trilon C.
Noticeably, the size was probably correlated with the molecular weight of the precursors,
and CQD-Trilon C has the largest particle size.

3.2. The Assumption in Claw Formation on CQDs’ Surface

Understanding the formation and growth of nanodots is critical for achieving compa-
rable results. Decomposition processes were based on the kinetics of the thermoactivated
chemical reaction in time [8,19]. Based on the physical properties of the precursors, we
concluded that the synthesis temperature of 150–170 ◦C was too soft for the incomplete car-
bonization process. Furthermore, the thermal decomposition of precursors corresponded
with the activation energy lever in chemistry bond destruction. According to table data, En
and Dien lost structure via to the low energy C–N bond (293 kJ/mol). Further molecular
reorganization occurs at the polar covalent bonds of 390 and 414 kJ/mol between hydrogen
and nitrogen or hydrogen and carbon bands.

The Trilons involved had oxygen-containing groups such as C=O (708 kJ/mol), C–O
(344 kJ/mol), and O–H (460 kJ/mol). The degradation process started with a low-energy
single bond between C–N and C–O. Nevertheless, the higher energy carbon–carbon chain
and carboxyl groups were saved. The practical explanation for organic bonds in the CQD
family related to mid-infrared (MIR) spectroscopy results in Figure 2.

The dry CQD core and CQD-En, Dien, and Trilon A, B, and C were measured. Chem-
ical bonds were compared with the FT-IR spectra of the reference peak position from
precursors in Figure S1 (Supplementary Materials) and functional molecules in Figure 2.

The peak in the lower wavelength region characterizes the carbon–carbon, carbon–
oxygen, and carbon–nitrogen molecular bonds [31]. These three peaks mentioned above
are common to all CQD types. The clustering structure shows the sp3-hybridization forms
in the C–C and C–O bonds as peaks at 1230–1120 cm−1 [32]. The right side of the peak
was attributed to carbon and the left side to the carbon–nitrogen pair. The second peak
in the CQD-CO3 spectra corresponds to the C–O bond at 1384 cm−1 and the broadening
double peaks from the C–N bond at 1320 cm−1. The oxidative carbon bond (C = O)
and the sp2-hybridization of C = C are related to the broad peak at 1704 cm−1, which
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was only revealed after carbonization in Figure S1. Hydrogen-containing groups in the
3500–3300 cm−1 region were not found via dehydrated samples [33–35].
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Figure 2. The mid-infrared (MIR) spectroscopy measurements of a carbon core in comparison with
the functionalized CQD-En, Dien, and CQD-Trilon A, B, and C samples.

Amino-functionalization was presented as a peak at 1567 cm−1 for N = O and
1054 cm−1 for C–N from the En spectrum. In the CQD-Dien line, the peak assumes the
1307 cm−1 C–C bond from Dien and the band at 713 cm−1 due to ammonium carbonate
N–H (in Figure S1, (NH4)2CO3 and Dien lines, respectively). CQDs with Trilon A additives
started with an IR-black line with an original peak at 943 cm−1 and 1065 cm−1. CQD-Trilon
B supposes a similar peak position. Conversely, the toothy line of Trilon C shows the ap-
parent effect of N–H bending vibration at 1639 cm−1 and more than one peak at 943 cm−1

for N–O bands. The most informative spectra of CQD-Trilon C additionally have a peak at
2761 cm−1, corresponding to C–H stretching vibrations, and at 1436 cm−1 related to the
stretching band of C–N. The mass of amino-functionalization increased in the range from
CQD-CO3 to CQD-Dien, and CQD-Trilon A, B, and C were depicted with many minor
features in different positions and counts of peaks.

3.3. ABS Spectroscopy for CQDs—Family

The efficacy of absorbance properties was evaluated as proof that the aqueous disper-
sion of CQDs would be used in sensing. The result was attributed to the absorbance (ABS)
spectra in Figure 3.

The bonding theory of visible absorption suggests analyzing the shifted peaks’ posi-
tions as a representative factor in the case of the functional group [36]. Figure 3 presents a
saturated organic bond like C = C or C = O with π→π ∗ a jump in multi-molecular nuclear.
The low energy n→π ∗ jump influences the spectral background in the long-wavelength
region for all CQDs. In particular, the characterized peaks show specific functional conju-
gation with a monosaturated bond. The core of CQDs has a proportional ratio between
background and peaks. In contrast, CQD-En has a bright peak at 328 nm, and CQD-Dien
has an 18 nm shift in the long-wavelength region due to the changes in π→π ∗ via the
joint electron pair in the carbon–nitrogen group. The Trilon group started with the CQD-
Trilon A peak at 330 nm, and the effects of the carboxyl group with C = O bonds via vast
background squares near 300 nm (the n→−π ∗ the transition of electrons) in particles
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were noticed. The relative shifts of 13 nm and 29 nm for CQD-Trilon B and CQD-Trilon C
were attributed to nitrogen atoms, as with CQD-En and Dien. Hence, the hydroxyl group
introduces more electron orbital changes in conjugated systems. In summary, the redshift
in the peak position is related to the ratio between functional groups [37] and prevalent
surface states [38].
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3.4. Fl Spectroscopy for CQDs—Family

The most likely cause of the CQDs’ sensing platform is the fluorescence properties.
Furthermore, FL intensity and stability are critical for CQDs’ applications [39].

The CQDs were appreciated with relative fluorescence intensity via fluorescence
stability in Figure S2 (Supplementary Materials) for CQDs at a 0.05 mg/mL concentration
in water. CQD-Trilon B and -Trilon C peaks showed an intensity of three times the size
of the other dots. Furthermore, we confirmed that the functionalization-free CQD-CO3
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core had a lower varying intensity among groups via high-cation mobility in the double
electron layer than Zeta-potential measurements in Figure S3 (Supplementary Materials).

The integration fluorescence spectra were a sum of Fl peaks via measurements of a
10 nm shift in excitation wavelength in Figure 4.
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Figure 4 represents the peak position of CQD-CO3 compared to functionalized CQDs
across all measurements. The Gaussian function recognizes the integrated fluorescence
spectra as an order indicator for each CQDs’ surface [40]. Surface functionalization trap
states and double electron layer charges are synergetic parameters for various CQDs’ fluo-
rescence responses. Herein, we analyze the FWHM and Stokes shift as surface-sensitive
functions. The CQDs’ core and CQD-En had a broad FWHM and significant Stokes shift
from the ABS peak position, to which we posit is due to poor functionalization. Next,
CQD-Dien had a closer FWHW, and the peak of FL shifted relatively to the previous
445 nm. CQD-Trilon A saves the Stokes shift data, but the FLmax has a blueshift to 429 nm.
Oppositely, CQD-Trilon B and C include easily hydrolyzed carbocyclic groups in suffi-
cient quantity for a narrow FWHM and a shift of 157 and 159 nm. Thus, we assume an
increase in the ratio between nitrogen and carboxylic groups on CQDs makes FL properties
more inhomogenous.

4. Discussion
The Relationships of CQDs’ Surface in Ionic Solutions

The theory that CQDs with chelating chemical claws have discrete chemical reactivity
properties by metals with different electron radii and ionic mobilities was investigated in
this paper. Thus, to study the kinetics of the interaction of doubly charged metal cations,
the Irving–Williams series (Ca2+ < Mg2+ < Fe2+ < Ni2+ < Cu2+ > Zn2+) was used. The idea
is based on the correlation between the strength of the complex and the ion analysis of
transition metals.
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All CQD groups show the consequent relations in the IW series from one cation to an-
other. In the cases of CQD-CO3 and -En and -Dien in fluorescence intensity measurements,
the main trends are determined in Figure 5. It is easy to check that the unfunctionalized
carbon core does not have a sensing application. Furthermore, the positively charged
surface (Figure S3) of CQD-CO3 demonstrates an enhanced intensity of 58% in the middle
when we introduced copper ions into the solution. A slightly similar effect was attributed
to nickel cations. To the best of our knowledge, fluorescence occurs because of the chlorine
anion on the core surface as a concentrator of electrons.
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via reactions with double cation metals from the Irving–Williams series.

CQD-En and -Dien demonstrate the sensibility due to chemical absorption in the high
concentration rate of copper, nickel, and zinc cations in the Irving–Williams series.

As a result, Figure 6a,b,d depict the values of FI as a function of CQD-Trilon A, B,
and C reactivity, which exhibit the most notable changes in reactivity to different metals.
The experimental results strongly support the equilibrium properties of the chemical
adsorption of copper and nickel cations on the CQD-Trilon A, B, and C surfaces, especially
for CQD-Trilon C.
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Figure 6. The fluorescence intensity of (a) CQD-Trilon A, (b) CQD-Trilon B, (d) CQD-Trilon C via
reactions with double cation metals from the Irving–Williams series and (c) the lineal equation for
CQD–Trilon C curves via Me2+ quenching.
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Starting with mathematics, linear regression (machine learning approach) describes
the optical properties of nanoparticles due to an increase in the tilt angle as a function of
metal cation binding in the Irving–Williams series. In terms of our aim, we created and
executed the model to determine the complex composition of the water probe. From this
measurement, the initial coefficients of the lineal concentration line were established as
follows in Equation (1):

Y(FL) = 0.1186XCu + 0.0893XNi + 0.0675XZn + 0.0567XFe + 0.0302XMg + 0.0134XCa (1)

The introduced-found method carried out the refinement of the model coefficients for
several concentrations by adding a known amount of each of the five salts to deionized
water. In the case of 20 probes, a different ratio of Me2+ cations was explored. The matrix
of values made it possible to establish the coefficients of Equation (2) at the next level:

Y(FL) = 10XCu + 7.5XNi + 5.5XZn + 4.3XFe + 2.5XMg + 1.1XCa (2)

The reliability of the data in the training dataset for the IWs was 0.993 for
practical applications.

5. Conclusions

The general case of our investigation focused on the surface behaviour of CQDs in wa-
ter systems and the assumption that modified CQDs show the ability to sense contaminants
due to analytical chemistry rules. Mainly, sewing chelating claws on the surface demon-
strates a strong correlation with complexation laws, particularly the reactivity dependence
on the Irving–Williams series.

The results established that the nitrogen-containing CQD surfaces (CQD-En and -Dien)
were brightly revealed with the copper in solution. In IWs, CQD-Trilon A and B display
the best correlation with the most stable complexation cations, Cu2+ and Ni2+. Moreover,
the most brilliant results were attributed to CQD-Trilon C. CQD-Trilon C showed the best
separation in FI properties in the metal ranges as a function of the reactivity of the surface,
and was equivalent to the mass of the coefficient before the concentration in the model
equation. Thus, the CQD-Trilon C surface in solutions with the same number of cations will
form ten chains with copper and only one chain with the calcium cation. Furthermore, the
separate detection demonstrates the sensing ability from 0.5 mg/mL to 1 × 10−7 mg/mL
range for CQD-Trilon C, which presents the best of the results due to chemical claws for
five transition metal sensing in the Irving–Williams series.

The presented results from CQD-Trilon C create the basis for the appropriate way to
synthesize CQDs with specific chelate surfaces from another chelating agent. The future
strategy for CQDs will investigate the physical-chemical parameters of the surface in detail
for divalent metal sensing in complex, natural water systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12050806/s1: Figure S1: The mid-infrared (MIR) spec-
troscopy table data of peak position for the pure citric acid, (NH4)2CO3, ethylenediamine (En),
diethylenetriamine (Dien), nitrilotriacetic acid (NTA, Trilon A), ethylenediaminetetraacetic acid
(EDTA, Trilon B), and diethylenetriaminepentaacetic acid (Trilon C); Figure S2: The stability mea-
surements of fluorescence intensity of CQDs in 0.05 mg/mL concentration; Figure S3: The Zeta-
potential data of CQD dispersion; Table S1: CQDs literature overview via characteristic proper-
ties and application of dots from ethylenediamine, diethylenetriamine, and three types of Trilon
(A, B and C) precursors [33,36,41–75].
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16. Wiśniewski, M.; Czarnecka, J.; Bolibok, P.; Świdziński, M.; Roszek, K. New Insight into the Fluorescence Quenching of Nitrogen-
Containing Carbonaceous Quantum Dots—From Surface Chemistry to Biomedical Applications. Materials 2021, 14, 2454.
[CrossRef] [PubMed]

17. Tan, A.; Yang, G.; Wan, X. Ultra-high quantum yield nitrogen-doped carbon quantum dots and their versatile application in
fluorescence sensing, bioimaging and anti-counterfeiting. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2021, 253, 119583.
[CrossRef] [PubMed]

18. Nazri, N.A.A.; Azeman, N.H.; Luo, Y.; Bakar, A.A.A. Carbon quantum dots for optical sensor applications: A review. Opt. Laser
Technol. 2021, 139, 106928. [CrossRef]

19. Ng, H.K.M.; Lim, G.K.; Leo, C.P. Comparison between hydrothermal and microwave-assisted synthesis of carbon dots from
biowaste and chemical for heavy metal detection: A review. Microchem. J. 2021, 165, 106116. [CrossRef]

20. Kurian, M.; Paul, A. Recent trends in the use of green sources for carbon dot synthesis–A short review. Carbon Trends 2021,
3, 100032. [CrossRef]

21. Das, P.; Maruthapandi, M.; Saravanan, A.; Natan, M.; Jacobi, G.; Banin, E.; Gedanken, A. Carbon Dots for Heavy-Metal Sensing,
pH-Sensitive Cargo Delivery, and Antibacterial Applications. ACS Appl. Nano Mater. 2020, 3, 11777–11790. [CrossRef]

22. Das, P.; Ganguly, S.; Bose, M.; Ray, D.; Ghosh, S.; Mondal, S.; Aswal, V.K.; Das, A.K.; Banerjee, S.; Das, N.C. Surface quaternized
nanosensor as a one-arrow-two-hawks approach for fluorescence turn “on–off–on” bifunctional sensing and antibacterial activity.
New J. Chem. 2019, 43, 6205–6219. [CrossRef]

23. Mintz, K.J.; Zhou, Y.; Leblanc, R.M. Recent development of carbon quantum dots regarding their optical properties, photolumi-
nescence mechanism, and core structure. Nanoscale 2019, 11, 4634–4652. [CrossRef]

http://doi.org/10.1016/j.ecoenv.2018.02.037
http://www.ncbi.nlm.nih.gov/pubmed/29476973
http://doi.org/10.1039/C4CS00232F
http://www.ncbi.nlm.nih.gov/pubmed/25301517
http://doi.org/10.1007/s00604-018-2953-9
http://www.ncbi.nlm.nih.gov/pubmed/30128831
http://doi.org/10.1039/C3TC31937G
http://doi.org/10.1016/j.mtchem.2018.03.003
http://doi.org/10.1039/C9AY02696G
http://doi.org/10.1039/C4TC00988F
http://doi.org/10.1016/j.apsusc.2018.08.223
http://doi.org/10.1021/acsmedchemlett.8b00240
http://doi.org/10.1002/tcr.201700055
http://www.ncbi.nlm.nih.gov/pubmed/29171708
http://doi.org/10.1016/j.apsusc.2014.02.028
http://doi.org/10.1021/acs.jpcc.6b08171
http://doi.org/10.1021/acsami.7b16991
http://www.ncbi.nlm.nih.gov/pubmed/29235348
http://doi.org/10.1016/j.trac.2019.03.003
http://doi.org/10.3390/ma14092454
http://www.ncbi.nlm.nih.gov/pubmed/34065161
http://doi.org/10.1016/j.saa.2021.119583
http://www.ncbi.nlm.nih.gov/pubmed/33652271
http://doi.org/10.1016/j.optlastec.2021.106928
http://doi.org/10.1016/j.microc.2021.106116
http://doi.org/10.1016/j.cartre.2021.100032
http://doi.org/10.1021/acsanm.0c02305
http://doi.org/10.1039/C8NJ06308G
http://doi.org/10.1039/C8NR10059D


Nanomaterials 2022, 12, 806 11 of 13

24. Hines, D.A.; Kamat, P.V. Recent Advances in Quantum Dot Surface Chemistry. ACS Appl. Mater. Interfaces 2014, 6, 3041–3057.
[CrossRef] [PubMed]

25. Dong, Y.; Wang, R.; Li, G.; Chen, C.; Chi, Y.; Chen, G. Polyamine-Functionalized Carbon Quantum Dots as Fluorescent Probes for
Selective and Sensitive Detection of Copper Ions. Anal. Chem. 2012, 84, 6220–6224. [CrossRef] [PubMed]

26. Gong, Y.; Liang, H. Nickel ion detection by imidazole modified carbon dots. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2019,
211, 342–347. [CrossRef] [PubMed]

27. Buffle, J. Complexation Reactions in Aquatic Systems: An Analytical Approach; Halsted Press Distributor: New York, NY, USA, 1988.
28. Varadwaj, P.R.; Varadwaj, A.; Jin, B.-Y. Ligand(s)-to-metal charge transfer as a factor controlling the equilibrium constants of late

first-row transition metal complexes: Revealing the Irving–Williams thermodynamical series. Phys. Chem. Chem. Phys. 2015, 17,
805–811. [CrossRef] [PubMed]

29. Leussing, D.L. The estimation of the stabilities of bivalent transition metal complexes and deviations from the irving-williams
order. Talanta 1960, 4, 264–267. [CrossRef]

30. Zu, F.; Yan, F.; Bai, Z.; Xu, J.; Wang, Y.; Huang, Y.; Zhou, X. The quenching of the fluorescence of carbon dots: A review on
mechanisms and applications. Mikrochim. Acta 2017, 184, 1899–1914. [CrossRef]

31. Rojas-Valencia, O.; Regules-Carrasco, M.; Hernández-Fuentes, J.; Germán, C.R.-S.; Estrada-Flores, M.; Villagarcía-Chávez, E.
Synthesis of blue emissive carbon quantum dots from Hibiscus Sabdariffa flower: Surface functionalization analysis by FT-IR
spectroscopy. Materialia 2021, 19, 101182. [CrossRef]

32. Tepliakov, N.V.; Kundelev, E.V.; Khavlyuk, P.D.; Xiong, Y.; Leonov, M.Y.; Zhu, W.; Baranov, A.V.; Fedorov, A.V.; Rogach,
A.L.; Rukhlenko, I.D. sp2–sp3-Hybridized Atomic Domains Determine Optical Features of Carbon Dots. ACS Nano 2019, 13,
10737–10744. [CrossRef] [PubMed]

33. Wu, P.; Li, W.; Wu, Q.; Liu, Y.; Liu, S. Hydrothermal synthesis of nitrogen-doped carbon quantum dots from microcrystalline
cellulose for the detection of Fe3+ ions in an acidic environment. RSC Adv. 2017, 7, 44144–44153. [CrossRef]

34. Limosani, F.; Bauer, E.M.; Cecchetti, D.; Biagioni, S.; Orlando, V.; Pizzoferrato, R.; Prosposito, P.; Carbone, M. Top-Down N-Doped
Carbon Quantum Dots for Multiple Purposes: Heavy Metal Detection and Intracellular Fluorescence. Nanomaterials 2021, 11, 2249.
[CrossRef] [PubMed]

35. Tang, J.; Zhang, J.; Zhang, Y.; Xiao, Y.; Shi, Y.; Chen, Y.; Ding, L.; Xu, W. Influence of Group Modification at the Edges of Carbon
Quantum Dots on Fluorescent Emission. Nanoscale Res. Lett. 2019, 14, 1–10. [CrossRef]

36. Liang, Y.; Shen, Y.; Liu, C.; Ren, X. Effects of chemical bonds between nitrogen and its neighbor carbon atoms on fluorescence
properties of carbon quantum dots. J. Lumin 2018, 197, 285–290. [CrossRef]

37. Ding, H.; Li, X.-H.; Chen, X.-B.; Wei, J.-S.; Li, X.-B.; Xiong, H.-M. Surface states of carbon dots and their influences on luminescence.
J. Appl. Phys. 2020, 127, 231101. [CrossRef]

38. Stachowska, J.D.; Murphy, A.; Mellor, C.; Fernandes, D.; Gibbons, E.N.; Krysmann, M.J.; Kelarakis, A.; Burgaz, E.; Moore, J.;
Yeates, S.G. A rich gallery of carbon dots based photoluminescent suspensions and powders derived by citric acid/urea. Sci. Rep.
2021, 11, 10554. [CrossRef] [PubMed]

39. Burstein, E.A.; Emelyanenko, V.I. Log-Normal Description of Fluorescence Spectra of Organic Fluorophores. Photochem. Photobiol.
1996, 64, 316–320. [CrossRef]

40. Anatomy of Fluorescence Spectra. Available online: https://www.thermofisher.com/ru/ru/home/life-science/cell-analysis/
cell-analysis-learning-center/molecular-probes-school-of-fluorescence/fluorescence-basics/anatomy-fluorescence-spectra.
html (accessed on 25 January 2022).

41. Niu, W.-J.; Li, Y.; Zhu, R.-H.; Shan, D.; Fan, Y.-R.; Zhang, X.-J. Ethylenediamine-assisted hydrothermal synthesis of nitrogen-doped
carbon quantum dots as fluorescent probes for sensitive biosensing and bioimaging. Sens. Actuators B Chem. 2015, 218, 229–236.
[CrossRef]

42. Devi, S.; Gupta, R.K.; Paul, A.K.; Kumar, V.; Sachdev, A.; Gopinath, P.; Tyagi, S. Ethylenediamine mediated luminescence
enhancement of pollutant derivatized carbon quantum dots for intracellular trinitrotoluene detection: Soot to shine. RSC Adv.
2018, 8, 32684–32694. [CrossRef]

43. Łoczechin, A.; Séron, K.; Barras, A.; Giovanelli, E.; Belouzard, S.; Chen, Y.-T.; Metzler-Nolte, N.; Boukherroub, R.; Dubuisson, J.;
Szunerits, S. Functional Carbon Quantum Dots as Medical Countermeasures to Human Coronavirus. ACS Appl. Mater. Interfaces
2019, 11, 42964–42974. [CrossRef] [PubMed]

44. Zheng, J.; Xie, Y.; Wei, Y.; Yang, Y.; Liu, X.; Chen, Y.; Xu, B. An Efficient Synthesis and Photoelectric Properties of Green Carbon
Quantum Dots with High Fluorescent Quantum Yield. Nanomaterials 2020, 10, 82. [CrossRef] [PubMed]

45. Li, Z.; Yu, H.; Bian, T.; Zhao, Y.; Zhou, C.; Shang, L.; Liu, Y.; Wu, L.-Z.; Tung, C.-H.; Zhang, T. Highly luminescent nitrogen-doped
carbon quantum dots as effective fluorescent probes for mercuric and iodide ions. J. Mater. Chem. C 2015, 3, 1922–1928. [CrossRef]

46. Wang, Y.; Chang, X.; Jing, N.; Zhang, Y. Hydrothermal synthesis of carbon quantum dots as fluorescent probes for the sensitive
and rapid detection of picric acid. Anal. Methods 2018, 10, 2775–2784. [CrossRef]

47. Feng, X.T.; Zhang, F.; Wang, Y.L.; Zhang, Y.; Yang, Y.Z.; Liu, X.G. Luminescent carbon quantum dots with high quantum yield as a
single white converter for white light emitting diodes. Appl. Phys. Lett. 2015, 107, 213102. [CrossRef]

48. Devi, S.; Kaur, A.; Sarkar, S.; Vohra, S.; Tyagi, S. Synthesis and characterization of highly luminescent N-doped carbon quantum
dots for metal ion sensing. Integr. Ferroelectr. 2018, 186, 32–39. [CrossRef]

http://doi.org/10.1021/am405196u
http://www.ncbi.nlm.nih.gov/pubmed/24506801
http://doi.org/10.1021/ac3012126
http://www.ncbi.nlm.nih.gov/pubmed/22686413
http://doi.org/10.1016/j.saa.2018.12.024
http://www.ncbi.nlm.nih.gov/pubmed/30583165
http://doi.org/10.1039/C4CP03953J
http://www.ncbi.nlm.nih.gov/pubmed/25414118
http://doi.org/10.1016/0039-9140(60)80130-0
http://doi.org/10.1007/s00604-017-2318-9
http://doi.org/10.1016/j.mtla.2021.101182
http://doi.org/10.1021/acsnano.9b05444
http://www.ncbi.nlm.nih.gov/pubmed/31411860
http://doi.org/10.1039/C7RA08400E
http://doi.org/10.3390/nano11092249
http://www.ncbi.nlm.nih.gov/pubmed/34578565
http://doi.org/10.1186/s11671-019-3079-7
http://doi.org/10.1016/j.jlumin.2018.01.034
http://doi.org/10.1063/1.5143819
http://doi.org/10.1038/s41598-021-89984-w
http://www.ncbi.nlm.nih.gov/pubmed/34006934
http://doi.org/10.1111/j.1751-1097.1996.tb02464.x
https://www.thermofisher.com/ru/ru/home/life-science/cell-analysis/cell-analysis-learning-center/molecular-probes-school-of-fluorescence/fluorescence-basics/anatomy-fluorescence-spectra.html
https://www.thermofisher.com/ru/ru/home/life-science/cell-analysis/cell-analysis-learning-center/molecular-probes-school-of-fluorescence/fluorescence-basics/anatomy-fluorescence-spectra.html
https://www.thermofisher.com/ru/ru/home/life-science/cell-analysis/cell-analysis-learning-center/molecular-probes-school-of-fluorescence/fluorescence-basics/anatomy-fluorescence-spectra.html
http://doi.org/10.1016/j.snb.2015.05.006
http://doi.org/10.1039/C8RA06460A
http://doi.org/10.1021/acsami.9b15032
http://www.ncbi.nlm.nih.gov/pubmed/31633330
http://doi.org/10.3390/nano10010082
http://www.ncbi.nlm.nih.gov/pubmed/31906342
http://doi.org/10.1039/C4TC02756F
http://doi.org/10.1039/C8AY00441B
http://doi.org/10.1063/1.4936234
http://doi.org/10.1080/10584587.2017.1369322


Nanomaterials 2022, 12, 806 12 of 13

49. Freire, R.; Le, N.D.; Jiang, Z.; Kim, C.S.; Rotello, V.M.; Fechine, P. NH2-rich Carbon Quantum Dots: A protein-responsive probe
for detection and identification. Sens. Actuators B Chem. 2018, 255, 2725–2732. [CrossRef]

50. Santiago, S.R.M.; Lin, T.N.; Chang, C.H.; Wong, Y.A.; Lin, C.A.J.; Yuan, C.T.; Shen, J.L. Synthesis of N-doped graphene quantum
dots by pulsed laser ablation with diethylenetriamine (DETA) and their photoluminescence. Phys. Chem. Chem. Phys. 2017, 19,
22395–22400. [CrossRef] [PubMed]

51. Aghamali, A.; Khosravi, M.; Hamishehkar, H.; Modirshahla, N.; Behnajady, M.A. Synthesis and characterization of high efficient
photoluminescent sunlight driven photocatalyst of N-Carbon Quantum Dots. J. Lumin. 2018, 201, 265–274. [CrossRef]

52. Guo, Y.; Zhao, W. Hydrothermal synthesis of highly fluorescent nitrogen-doped carbon quantum dots with good biocompatibility
and the application for sensing ellagic acid. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 240, 118580. [CrossRef]
[PubMed]

53. Singh, V.K.; Singh, V.; Yadav, P.K.; Chandra, S.; Bano, D.; Kumar, V.; Koch, B.; Talat, M.; Hasan, S.H. Bright-blue-emission nitrogen
and phosphorus-doped carbon quantum dots as a promising nanoprobe for detection of Cr(vi) and ascorbic acid in pure aqueous
solution and in living cells. New J. Chem. 2018, 42, 12990–12997. [CrossRef]

54. Kalaiyarasan, G. Determination of vitamin B12 via pH-dependent quenching of the fluorescence of nitrogen doped carbon
quantum dots. Mikrochim. Acta 2017, 184, 3883–3891. [CrossRef]

55. Wang, M.; Xia, Y.; Qiu, J.; Ren, X. Carbon quantum dots embedded mesoporous silica for rapid fluorescent detection of acidic gas.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2019, 206, 170–176. [CrossRef] [PubMed]

56. Wang, M.; Ren, X.; Zhu, L.; Xia, Y.; Qiu, J. Preparation of mesoporous silica/carbon quantum dots composite and its application
in selective and sensitive Hg2+ detection. Microporous Mesoporous Mater. 2019, 284, 378–384. [CrossRef]

57. Lv, J.; Fu, L.; Zeng, B.; Tang, M.; Li, J. Synthesis and Acidizing Corrosion Inhibition Performance of N-Doped Carbon Quantum
Dots. Russ. J. Appl. Chem. 2019, 92, 848–856. [CrossRef]

58. Bao, W.; Ma, H.; Wang, N.; He, Z. pH-sensitive carbon quantum dots−doxorubicin nanoparticles for tumor cellular targeted drug
delivery. Polym. Adv. Technol. 2019, 30, 2664–2673. [CrossRef]

59. Zhao, C.; Wang, X.; Wu, L.; Wu, W.; Zheng, Y.; Lin, L.; Weng, S.; Lin, X. Nitrogen-doped carbon quantum dots as an antimicrobial
agent against Staphylococcus for the treatment of infected wounds. Colloids Surf. B Biointerfaces 2019, 179, 17–27. [CrossRef]
[PubMed]

60. Wang, M.; Jiao, Y.; Cheng, C.; Hua, J.; Yang, Y. Nitrogen-doped carbon quantum dots as a fluorescence probe combined with
magnetic solid-phase extraction purification for analysis of folic acid in human serum. Anal. Bioanal. Chem. 2017, 409, 7063–7075.
[CrossRef] [PubMed]

61. Tian, R.; Zhong, S.; Wu, J.; Geng, Y.; Zhou, B.; Wang, Q.; Jiang, W. Facile preparation and the stepwise formation mechanistic
investigation of gram-scale nitrogen-doped graphene quantum dots. J. Mater. Chem. C 2017, 5, 9174–9180. [CrossRef]

62. Lee, H.J.; Jana, J.; Ngo, Y.-L.T.; Wang, L.L.; Chung, J.S.; Hur, S.H. The effect of solvent polarity on emission properties of carbon
dots and their uses in colorimetric sensors for water and humidity. Mater. Res. Bull. 2019, 119, 110564. [CrossRef]

63. Zhuo, S.; Gao, L.; Zhang, P.; Du, J.; Zhu, C. Living cell imaging and sensing of hydrogen sulfide using high-efficiency fluorescent
Cu-doped carbon quantum dots. New J. Chem. 2018, 42, 19659–19664. [CrossRef]

64. Bharathi, D.; Siddlingeshwar, B.; Krishna, R.H.; Singh, V.; Kottam, N.; Divakar, D.D.; Alkheraif, A.A. Green and Cost Effective
Synthesis of Fluorescent Carbon Quantum Dots for Dopamine Detection. J. Fluoresc. 2018, 28, 573–579. [CrossRef] [PubMed]

65. Jeong, G.; Lee, J.M.; Lee, J.A.; Praneerad, J.; Choi, C.A.; Supchocksoonthorn, P.; Roy, A.K.; Chae, W.-S.; Paoprasert, P.; Yeo, M.K.;
et al. Microwave-assisted synthesis of multifunctional fluorescent carbon quantum dots from A4/B2 polyamidation monomer
sets. Appl. Surf. Sci. 2021, 542, 148471. [CrossRef]

66. Bharathi, D.; Krishna, R.H.; Siddlingeshwar, B.; Divakar, D.D.; Alkheraif, A.A. Understanding the interaction of carbon quantum
dots with CuO and Cu2O by fluorescence quenching. J. Hazard. Mater. 2019, 369, 17–24. [CrossRef] [PubMed]

67. Zhuo, S.; Guan, Y.; Li, H.; Fang, J.; Zhang, P.; Du, J.; Zhu, C. Facile fabrication of fluorescent Fe-doped carbon quantum dots for
dopamine sensing and bioimaging application. Analyst 2019, 144, 656–662. [CrossRef]

68. Shi, Y.; Pan, Y.; Zhong, J.; Yang, J.; Zheng, J.; Cheng, J.; Song, R.; Yi, C. Facile synthesis of gadolinium (III) chelates functionalized
carbon quantum dots for fluorescence and magnetic resonance dual-modal bioimaging. Carbon 2015, 93, 742–750. [CrossRef]

69. Han, T.; Yan, T.; Li, Y.; Cao, W.; Pang, X.; Huang, Q.; Wei, Q. Eco-friendly synthesis of electrochemiluminescent nitrogen-doped
carbon quantum dots from diethylene triamine pentacetate and their application for protein detection. Carbon 2015, 91, 144–152.
[CrossRef]

70. Zhou, J.; Han, T.; Ma, H.; Yan, T.; Pang, X.; Li, Y.; Wei, Q. A novel electrochemiluminescent immunosensor based on the quenching
effect of aminated graphene on nitrogen-doped carbon quantum dots. Anal. Chim. Acta 2015, 889, 82–89. [CrossRef]

71. Gao, A.; Kang, Y.-F.; Yin, X.-B. Red fluorescence-magnetic resonance dual modality imaging applications of gadolinium containing
carbon quantum dots with excitation independent emission. New J. Chem. 2017, 41, 3422–3431. [CrossRef]

72. Tarasenka, N.; Stupak, A.; Tarasenko, N.; Chakrabarti, S.; Mariotti, D. Structure and Optical Properties of Carbon Nanoparticles
Generated by Laser Treatment of Graphite in Liquids. ChemPhysChem 2017, 18, 1074–1083. [CrossRef]

73. Soni, H.; Pamidimukkala, P. Liquid crystalline multilayer graphene quantum dots with hackelite structures: Characterisation and
application for sensing nitrophenols. Sens. Actuators B Chem. 2018, 268, 100–107. [CrossRef]

http://doi.org/10.1016/j.snb.2017.09.085
http://doi.org/10.1039/C7CP03993J
http://www.ncbi.nlm.nih.gov/pubmed/28805860
http://doi.org/10.1016/j.jlumin.2018.04.061
http://doi.org/10.1016/j.saa.2020.118580
http://www.ncbi.nlm.nih.gov/pubmed/32554263
http://doi.org/10.1039/C8NJ02126K
http://doi.org/10.1007/s00604-017-2421-y
http://doi.org/10.1016/j.saa.2018.08.006
http://www.ncbi.nlm.nih.gov/pubmed/30099315
http://doi.org/10.1016/j.micromeso.2019.04.026
http://doi.org/10.1134/S1070427219060168
http://doi.org/10.1002/pat.4696
http://doi.org/10.1016/j.colsurfb.2019.03.042
http://www.ncbi.nlm.nih.gov/pubmed/30928801
http://doi.org/10.1007/s00216-017-0665-3
http://www.ncbi.nlm.nih.gov/pubmed/28971257
http://doi.org/10.1039/C7TC02434G
http://doi.org/10.1016/j.materresbull.2019.110564
http://doi.org/10.1039/C8NJ03654C
http://doi.org/10.1007/s10895-018-2218-3
http://www.ncbi.nlm.nih.gov/pubmed/29508118
http://doi.org/10.1016/j.apsusc.2020.148471
http://doi.org/10.1016/j.jhazmat.2019.02.008
http://www.ncbi.nlm.nih.gov/pubmed/30763795
http://doi.org/10.1039/C8AN01741G
http://doi.org/10.1016/j.carbon.2015.05.100
http://doi.org/10.1016/j.carbon.2015.04.053
http://doi.org/10.1016/j.aca.2015.07.018
http://doi.org/10.1039/C7NJ00597K
http://doi.org/10.1002/cphc.201601182
http://doi.org/10.1016/j.snb.2018.04.116


Nanomaterials 2022, 12, 806 13 of 13

74. Wang, L.; Liu, Y.; Yang, Z.; Wang, Y.; Rao, H.; Yue, G.; Wu, C.; Lu, C.; Wang, X. A ratiometric fluorescence and colorimetric
dual-mode assay for H2O2 and xanthine based on Fe, N co-doped carbon dots. Dyes Pigments 2020, 180, 108486. [CrossRef]

75. Shi, Y.; Li, C.; Liu, S.; Liu, Z.; Zhu, J.; Yang, J.; Hu, X. Facile synthesis of fluorescent carbon dots for determination of curcumin
based on fluorescence resonance energy transfer. RSC Adv. 2015, 5, 64790–64796. [CrossRef]

http://doi.org/10.1016/j.dyepig.2020.108486
http://doi.org/10.1039/C5RA13404H

	Introduction 
	Materials and Methods 
	Reagents and Materials 
	Synthesis Part 
	Characterization Part 
	Detection of Metal Ions by CQDs 
	The Calculation of the Calibration Curve and the Model of Linear Regression 

	Results 
	Characterization of CQD-CO3 and CQD-En, Dien, Trilon A, B, C Functionalized Particles 
	The Assumption in Claw Formation on CQDs’ Surface 
	ABS Spectroscopy for CQDs—Family 
	Fl Spectroscopy for CQDs—Family 

	Discussion 
	Conclusions 
	References

