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N-doped carbon dots as robust fluorescent probes
for the rapid detection of hypochloritef
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Great advances have been made in the development of carbon dot (CD)-based fluorescent materials for the
detection of hypochlorite in the past few years. However, developing new CDs with high quantum yield (QY)
for the rapid detection of hypochlorite and gaining a deeper insight into the detection mechanism still need
to be further investigated. Herein, N-doped carbon dots (NCDs) with high QYs, which can reach as high as
67%, were efficiently prepared employing citric acid and o-phenylenediamine as raw materials. Significantly,
the NCDs could act as fluorescent probes for the rapid detection of hypochlorite and the limit of detection
is calculated to be as low as 12.6 nM on the basis of fluorescent "on—off" effects upon the addition of
hypochlorite. Furthermore, UV-vis absorption spectra, Density Functional Theory (DFT) calculations and
kinetic analysis of fluorescence (FL) decay were used to investigate the detection mechanism. The results

indicate that the electron transfer (ET) process from NCDs to imine-functionalized NCDs (imine-NCDs)
Received 20th July 2022 d the high f imine-NCDs will facilitate the excited- f NCDs to be dissipated |
Accepted 19th September 2022 and the higher energy gap of imine s will facilitate the excited-energy o s to be dissipated in
the form of a non-radiative decay procedure, resulting in a static quenching mechanism. Therefore,

DOI: 10.1039/d2ra04477¢ these observations are useful in deepening the understanding of the hypochlorite induced FL quenching
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1. Introduction

Hypochlorite (ClIO™) and hypochlorous acid (HCIO) are power-
ful oxidants and have been extensively used as disinfectants in
treating water." In biological systems, CIO"/HCIO act as an
effective antimicrobial oxidant for neutrophils to protect the
host when microorganisms invade by causing the host to
generate innate immunity.> However, excessive hypochlorite in
the human body can cause oxidative stress-related pathological
events, such as lung injury, pathogen invasion, cardiovascular
diseases, wound regeneration and so on.*”® Thus, it is very
meaningful to study the detection of hypochlorite in water
samples. Recently, several approaches for the detection of
hypochlorite have been reported, including spectrophotometry,
electrochemical analysis, colorimetric assays, spectro-
fluorimetry, etc. Compared with other strategies, the fluorescent
method has attracted considerable attention due to its superior
properties of facile operation, rapid response and high sensi-
tivity, in particular the advantages of detecting a targeted-
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mechanism and thereby developing oxidative stress-related detection materials.

analyte in a non-invasive way and realizing online real-time
monitoring in biological systems.® In recent years, many fluo-
rescent probes, including small organic molecules, metal
nanoclusters and semiconductor nanocrystals, have been
proposed for the detection of hypochlorite in tap water, and
cells, and even in tissue and vivo systems.” However, despite
the substantial developments, these reported fluorescent
probes usually either suffer from the problems of complicated
organic synthesis of fluorescent molecules or need help with the
coordination interaction between heavy metal (or toxic metal
compound) and ligands, which greatly limit their further
applications.” Therefore, developing green and facile fluores-
cent materials for the hypochlorite detection is still highly
desirable.

Carbon dots (CDs), as a kind of emerging star nanomaterials,
have attracted tremendous interests especially in the field of
ions/molecules detection, catalysis and bioimaging due to their
low toxicity and excellent optical properties.'''® At present, it is
reported that CDs exhibit great potential as anion sensors for
hypochlorite and hypochlorous acid.”””** For example, Yin et al.
prepared CDs with a quantum yield (QY) of 19.3% to detect
hypochlorite employing sweet pepper as the raw material.”> Hu
et al. synthesized CDs using ethanol and hydrogen peroxide as
the precursors. The system was sensitive to hypochlorite with
a detection limit of 0.08 uM.* Shi et al. reported nitrogen and
sulfur co-doped CDs using citric acid (CA) and glutathione
(GSH) as carbon source and nitrogen source, respectively. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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FL intensity of CDs decreased when the hypochlorite was added
to the system.>*** Qi et al. presented N-doped CDs using CA and
ethylenediamine (EDA) as the raw materials. The N-doped CDs
can serve as FL sensors to detect hypochlorite with the detection
limit of 0.43 pM.*® In addition, Xia group fabricated color
tunable “multicenter-emitting” CDs employing m-aminophenol
as the carbon source.”” The colors of CDs solution changed from
yellow-green to blue upon the addition of HCIO, the process of
dynamics monitoring oxidative stress was observed in vivo as
well. However, most of these CDs possess low QYs. Conse-
quently, developing new CDs with high QYs for the rapid
detection of hypochlorite and gaining a deeper insight into the
detection mechanism still need to be further investigated.

In this study, N-doped CDs (NCDs) with high QYs, which can
reach as high as 67%, were efficiently synthesized by hydro-
thermal method based on citric acid and o-phenylenediamine
derivatives as raw materials. Moreover, the resultant NCDs can
serve as a robust fluorescent switch for the rapid detection of
hypochlorite by “mixing and testing” approach avoiding
complicated organic synthesis or coordination interaction
between toxic metals compounds and ligands. In addition, the
detecting mechanism for hypochlorite was investigated with the
help of kinetic analysis of fluorescence decay and theoretical
calculations.

2. Experimental section
2.1 Materials

Citric acid, o-phenylenediamine, 4-trifluoromethyl-o-phenyl-
enediamine, 4-methoxy-o-phenylenediamine, 4-nitro-o-phenyl-
enediamine, quinine sulphate, sodium hypochlorite were
purchased from Macklin Biochemical Ltd. CuSO, H,0,,
Na,S,0;, NaOAc, NaNO;, NaNO,, NaCl, NaBr, FeCl;, KI were
obtained from Energy Chemical. AgNO; was purchased from
Tianjin Chemical Reagent Factory.

2.2 Instruments

The morphology and size of NCDs were measured with a trans-
mission electron microscopy (JEM-2100F and Talos F200S)
accompanied by an acceleration voltage of 200 kV. Atomic force
microscopy (AFM) was carried out by tapping-mode on the MFP-
3D Infinity. FTIR spectra were conducted on the Nicolet iS10
spectrometer. The X-ray diffractometer (XRD) spectra of the
samples were obtained on the Rigaku (miniflex) powder X-ray
diffractometer with CuKe radiation (A = 0.1540 nm).
Ultraviolet-visible (UV-vis) spectra were recorded with a Shi-
madzu UV-3100 instrument. Fluorescence spectra (FL) were
measured by a Hitachi F-7000 fluorescence spectrophotometer.
Time-resolved fluorescent spectra were measured with a FLS980
(Edinburg) steady-transient fluorescence spectrometer, using
the time-correlated single-photon counting (TCSPC) system.
The samples were excited by a 370 nm picoseconds diode laser
(2 MHz repetition rate), and the statistics results were analyzed
by reconvolution fit.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.3 Synthesis of NCDs

Citric acid (0.50 g, 2.6 mmol) and o-phenylenediamine (0.5 g,
4.6 mmol) were dispersed in 20 mL deionized water. Then, the
solution was transferred to a poly(tetrafluoroethylene) autoclave
(50 mL), and heated at 180 °C for 6 h. Afterwards, the autoclave
was cooled to room temperature naturally. The crude products
were centrifuged (at 10 000 rpm for 10 min) and filtered with
0.22 pm filter membrane to remove agglomerated larger parti-
cles. The filtrate was dialyzed with dialysis membrane (MWCO:
1000 Da) for 24 h to get rid of salt and impurities. Finally, the
sample was freeze-dried to obtain NCDs with the yields of 11%
approximately.

For comparison, other N-doped CDs were prepared with
citric acid and o-phenylenediamine derivatives as the raw
materials under the same conditions.

2.4 Fluorescence detection of hypochlorite with NCDs

NCDs solutions with the concentration of 10 pg mL " were
prepared using deionized water firstly. Then different concen-
trations of hypochlorite solutions (12.3 uM and 123 pM) was
separately added into NCDs solutions (10 g mL™*, 2 mL). Thus,
the concentrations of hypochlorite in the mixed solutions were
123 nM, 246 nM, 492 nM, 738 nM, 984 nM, 1.23 uM, 1.48 pM,
1.97 uM, 2.71 uM, 4.08 puM, 5.17 uM, 6.15 M, 7.25 UM respec-
tively. The FL intensity of each mixed solutions after incubation
for 30 seconds were measured at the excitation wavelength of
370 nm.

The selectivity measurements of the sensing system were
carried out by detecting the FL intensity of NCDs (10 pg mL ™", 2
mL) with different interfering species (Cu**, H,0,, S,05>7,
AcO™, NO, , NO; 7, Cl™, Br, ClO~, Ag", Fe*" and 1"). The
concentration of various interfering species was 7.25 uM.

2.5 Density functional theory (DFT) calculation

All calculations were carried out with the Gaussian 16 software.
The BP86 functional and 6-311G(d) basis set were adopted for
all the theoretical calculations. The visualization of the orbitals
for each molecule were achieved using VMD software. Then the
vibrational spectrum of each molecule was obtained at the same
level of theory to ensure that all structures correspond to true
minima of the potential energy surface. Meanwhile, the lowest
unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) were calculated, the relative energy
gaps (Egap) Were obtained thereby.

3. Results and discussion
3.1 Characterization of the NCDs

The four N-doped CDs were prepared through hydrothermal
method with citric acid as the carbon source and o-phenyl-
enediamine derivatives as the nitrogen source (Scheme 1). N-
doped CDs with o-phenylenediamine as the N-dopant (NCDs)
possess the highest quantum yield (QY), which can reach as
high as 67.0%. Upon changing the substituent groups of o-
phenylenediamine derivatives, the QYs of other three CDs are
determined to be 40.7%, 42.4% and 0.5% for MeO-NCDs, CF;-
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“on-off” switch

Scheme 1 The preparation of four N-doped CDs and the application in the hypochlorite detection based on the FL switch of NCDs.

NCDs and NO,-NCDs, respectively (Fig. S1, ESIf). The
morphologies of NCDs were characterized by transmission
electron microscopy (TEM) and atomic force microscopy (AFM).
Representative TEM image show that the NCDs well separated
from each other and their sizes range from 3 to 7 nm with an
average diameter of 5.0 & 0.5 nm by randomly measuring 200
nanoparticles (Fig. 1a and b). However, the high-resolution TEM
image (HRTEM) of NCDs shows that rare particles with well-
resolved lattice fringes are observed and there exist many
amorphous carbon particles without any lattices in the NCDs
structures (Fig. 1a inset and Fig. 1b). The average height of
NCDs nanoparticles is 4 nm by AFM measurement, which is
consistent with TEM result (Fig. 1c and d).

XRD pattern presents a typical broad diffraction peak situ-
ated at around 24° (002 plane), which is associated with the
graphene structure (Fig. 2a).*® In addition, the surface

Fig. 1
profile along the line.
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functional groups in NCDs were further detected through
Fourier transform infrared (FTIR) spectra (Fig. 2b). The broad
and strong stretching vibration band of O-H and N-H groups
are observed at 3450 cm ‘. The weak peaks at around
3150 cm ™" are ascribed to the stretching vibrations of aromatic
ring (Ar)-H. The peaks at about 1710 cm ™" are attributed to the
stretching vibration of carbonyl (C=0) bonds of COOH. The
peaks at 1580 cm ™" are ascribed to the C=C or C=N stretching
vibrations of nitrogen-heteroatomic aromatic ring (e.g., pyr-
idinic, pyrrolic). Besides, the absorption bands range from 1220
to 1000 cm ' correspond to C-O-C groups. The peak at
870 cm ™' belongs to the N-H deformation vibration. Conse-
quently, the analysis of FT-IR spectra indicate that NCDs
possess a large quantity of functional groups, such as OH,
COOH, NH,, C(=0)NH-, on their surface.>®*
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(@) TEM image of prepared NCDs (inset: HRTEM image of NCDs). (b) Size distribution of NCDs. (c and d) AFM image of NCDs and the height
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Fig. 2 (a) XRD pattern of prepared NCDs. (b) FTIR spectrum of NCDs.

3.2 Optical properties of the NCDs

The UV-vis absorption and photoluminescence (PL) spectra of
NCDs are shown in Fig. 3a. Notably, the distinct absorption
peak locating at 370 nm is observed, which can be assigned to
C-N/C-O n-m* transition.**** Both the excitation and emission
spectra of NCDs are well-defined, the emission peak is located
at 445 nm upon the excitation wavelength at 370 nm. Addi-
tionally, the PL emission spectra of NCDs shows excitation-
independent behavior when the excitation wavelength ranges
from 330 nm to 410 nm with an interval of 10 nm. As shown in
Fig. 3b, the fluorescence (FL) intensity gradually increases on
varying the excitation wavelength from 330 nm to 370 nm with
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10 nm increment and followed by a decrease when the excita-
tion wavelength is further increased. As a result, the optimal
excitation and emission wavelengths of NCDs are 370 nm and
445 nm, respectively. Compared with other three CDs (MeO-
NCDs, CF;-NCDs and NO,-NCDs), NCDs possess the highest
FL intensity under the respective optimal excitation wavelength
and the same absorption values of 0.03 (Fig. 3c).

Fluorescence lifetime (7) is a significant factor to evaluate the
photoluminescence efficiency of luminescent materials.>* The
fluorescence lifetime (7) of four CDs (NCDs, MeO-NCDs, CF;-
NCDs and NO,-NCDs) were measured through time-resolved
fluorescence employing time-correlated single photon count-
ing (TCSPC) technique (excitation wavelength at 370 nm). The
decay curves of four CDs were obtained through biexponential
functions fitting. The average lifetime of NCDs, which have two
components: 11.62 ns (ca. 59.08%) and 6.11 (ca. 40.92%), is
calculated about 9.48 ns (Fig. 3d). In addition, the average
lifetimes for other three CDs are 7.21 ns (MeO-NCDs), 8.60 ns
(CF3-NCDs) and 5.54 ns (NO,-NCDs), respectively (Fig. 3d).

3.3 Selective and sensitive detection of hypochlorite

Under the optimized conditions, the detection capability of
NCDs for the hypochlorite was evaluated utilizing the simulta-
neous fluorescence change of NCDs system upon the addition
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(@) UV-vis absorption of NCDs and excitation or emission band of NCDs. (b) The emission spectra of NCDs on varying excitation

wavelength from 350 to 390 nm. (c) Emission spectra of four different N-doped CDs under the same absorption value of 0.03. (d) Time-resolved

fluorescence decay spectra of four different N-doped CDs.
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of different analytes. As shown in Fig. 4a, various oxidants (or
anions) including blank, Cu®", H,0,, S,05>7, AcO~, NO,”,
NO;~, Cl, Br,ClO~, Ag*, Fe’" and I at a concentration of 7.25
uM were added into the fluorescent NCDs solutions, respec-
tively. The performed fluorescence study displays that CIO™ had
the greatest FL quenching effect among the all tested ions while
other eleven interfering species have no apparent FL quench-
ing, indicating that NCDs possess excellent selectivity toward
ClO™. These results demonstrate that NCDs can serve as
a environment-responsive fluorescent probe for the highly
selective CIO™ monitoring.

Furthermore, the sensitivity of NCDs for hypochlorite
detection was investigated by means of FL titration. The FL
intensity of NCDs at 445 nm decreases sharply at the initial
stage (0-1.97 uM) and declines more slowly at the latter stage
(1.97-7.25 uM) upon the addition of ClO™ (Fig. 4b). In addition,
the relationship between FL intensity of NCDs (Fo/F) and the
concentration of ClO™ is analyzed (Fig. 4c), which is fitted to the
Stern-Volmer equation, Fy/F = 1 + K, [ClO™], where F, and F
represent the FL intensities of NCDs at 445 nm before and after
ClO™ addition respectively, K, is quenching constant, [ClO™] is
the concentration of added ClO™.* As shown in Fig. 4d, the
result displays a good linear correlation between the Fy/F and
concentration of ClO™ in the range of 0.13-1.97 uM. However,
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the experimental data deviate from the ideal linearity upon the
addition of CIO™ at high concentrations, which is caused by the
following reasons. Firstly, the static quenching process is one of
the possible reasons for the deviation from the linear relation-
ship shown in the Stern-Volmer equation. Secondly, the
quenching process is no longer bimolecular reaction between
excited state of NCDs and ClO™ at relative high concentrations.
As for the NCDs with multi-functional groups on the surface,
the electron transfer process may take place more than one
surface reaction site with the increase of CIO™ concentration.
Moreover, the limit of detection (LOD) is estimated to be
12.6 nM on the basis of standard deviation rule (LOD = 34/S),
where ¢ is the standard deviation of 10 blank samples and S
represents the slope of fitted curve.** Consequently, the results
suggest that the NCDs as the fluorescent switches exhibit
superior sensitive for the hypochlorite detection.

3.4 Investigation of detection mechanism

UV-vis absorption spectra analysis is an important technique to
investigate the FL quenching mechanism between NCDs and
hypochlorite. As shown in Fig. 5a, no obvious overlap between
the absorption spectrum of NaClO and excitation spectrum of
NCDs is observed, which demonstrates that CIO~ do not
absorbed the excited light of NCDs directly, avoiding the FL
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g 800 984 NM
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Fig. 4 (a) FL intensities of NCDs (10 ng mL™?) in the presence of different oxidants or anions (7.25 uM). (b) The FL titration of the NCDs upon the
addition of ClO™ in the range from 123 nM to 7.25 uM. (c) The relationship between Fo/F and concentrations of ClO™. (d) A linear relationship

between Fo/F and ClO™ concentrations (from 123 nM to 1.97 uM).
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Fig.5 (a) Absorption of NaClO and the excitation spectrum of NCDs. (b) Absorption of NCDs (10 pg mL™1), NaClO (7 uM) and the mixed system of
NCDs in the presence of different concentration of NaClO, respectively.

quenching of NCDs induced by inner filter effect (IFE) thereby.>® 2 uM to 7 uM) and the absorption band centered at 310 nm
The absorption peak at 370 nm of NCDs is disappeared grad- enhances simultaneously (Fig. 5b). These results indicate that
ually upon the addition of different concentration of ClIO™ (from the chromophores of NCDs are oxidized and ground-state
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Fig. 6 (a) The optimized structure of fluorophore unit 1 of NCDs. (b) The optimized molecular geometry of fluorophore unit 2 of imine-NCDs. (c)
HOMO-LUMO energy levels of 1 and 2, respectively.
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Fig. 7 Time-resolved decay curves of NCDs (10 pg mL™) in the
absence and presence of different CIO™ concentrations.

Table 1 Best-fitted kinetic parameters for NCDs upon the addition of
different CIO™ concentrations

[cloT]

(uM) D t(ms) k(s Tene (s71)
NCDs 0 67% 9.48 7.07 x 10 3.48 x 10’
NCDs/CIO~  0.615 50.4%  9.14 5.51 x 10 5.43 x 107
NCDs/CIO”  6.15 27% 9.12 2.96 x 107 8.0 x 10’

“ @g;, were calculated by means of slope method (Fig. S4, ESI).

complex are formed.*® However, a rise of temperature can not
cause the remarkable change in the UV-vis absorption spectra of
mixed system in the presence of NCDs (10 ug mL™") and NaCIO
(7 uM), which suggests that the ground-state complex is stable
and not destroyed in the condition (Fig. S2, ESIT).*”

To further address the detection mechanism, the molecular
geometries and molecular orbital energy levels for NCDs and
imine-functionalized NCDs (imine-NCDs) in water (298.15 K)
were obtained employing Density Functional Theory (DFT)
calculations.

According to the reaction mechanism of NCDs, functional-
ized 2-pyridones 1 and corresponding reaction product 2 are
proposed as the most possible fluorophore units for NCDs and
imine-NCDs.*** The optimized molecular geometries of fluo-
rophore units 1 and 2 are shown in Fig. 6a and b. Meanwhile,

Table 2 Detection of ClO™ in local tap water
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the energy gap (E) of 1 is calculated to be 2.187 eV on the basis
of its HOMO energy (—4.843 eV) and LUMO energy (—2.655 eV).
As shown in Fig. 6¢, the LUMO level (E;ymo = —3.330 eV) of 2 is
obviously lower than that (Epymo = —2.655 €V) of 1, which
indicates that the electron transfer (ET) process easily take place
from excited electron of 1 in its LUMO to the LUMO of 2.** While
the energy gap of 2 (E; = 2.579 €V) is much higher than that of 1,
manifesting that it is difficult for the excited electrons return to
ground state in the form of fluorescence radiation (Fig. S3,
ESIt). Moreover, ET phenomenon between 1 and 2 can be
observed from UV-vis absorption spectra (Fig. 5b). The absorp-
tion peak of NCDs at 370 nm is blue-shifted with the appearance
of absorption band centered at 310 nm upon the addition of
ClO™. As a result, synergistic effect of the ET process and higher
energy gap of imine-NCDs plays a vital role for the FL
quenching.

The mechanism for FL quenching was further explored by
the analysis of time-resolved fluorescence decay measurements,
which were used to investigate the excitation behavior of NCDs
in the absence and presence of CIO™.** As shown in Fig. 7, the
emission of blank NCDs exhibits biexponential decay with an
mean lifetime of 1 = 9.48 ns (®r = 67%). Subsequently, the
radiative decay rate (k) and non-radiative decay rate (k) of
NCDs can be calculated to be 7.07 x 10” s ! and 3.48 x 10" s *,
respectively. When 615 nM CIO™ is added to the NCDs solu-
tions, the QY of NCDs system drops from 67% to 50.4%, while
the average lifetime of NCDs (t = 9.14 ns) does not change
obviously and the radiative decay rate of NCDs system decreases
to be 5.51 x 10’ s~ '. Upon the addition of 6.15 uM ClO~, the
average lifetime of NCDs (r = 9.14 ns) still does not change
significantly, yielding a relatively lower radiative decay rate (k, =
2.96 x 10”7 s~ ') and much higher non-radiative decay rate (k,, =
8.0 x 10” s ') compared to that of blank NCDs (Table 1).

At the molecular level, the FL emission intensity of fluo-
rophore is greatly influenced by intramolecular and intermo-
lecular interactions.*” In detail, the formation of complex
between NCDs and imine-NCDs in the ground state would
facilitate ET process from excited state of NCDs to LUMO of
imine-NCDs, resulting in a non-radiative decay procedure. The
nearly constant fluorescent lifetime suggests that the oxidative-
stress induced FL quenching belongs to static quenching
mechanism.*

3.5 Detection for free chlorine in tap water

The NCDs, as robust fluorescent probes, were applied for the
free chlorine detection in tap water due to their excellent
selectivity and sensitivity. As shown in Table 2, the

Addition Recovery
Sample (nM) Measured (uM) (%) Replicate number RSD (%)
1 0 2.35 — 3 2.7
2 0.5 2.89 108 3 3.1
3 1.0 3.37 102 3 1.8
4 8.0 10.13 97.2 3 2.8
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concentration of CIO™ in the tap water is detected to be 2.35 uM
by means of dilution method (the test sample is diluted ten
fold). Moreover, ClO™ is measured according to the modified
Stern-Volmer equation (Fo/F = 1 + K, [ClO7]/10) along with the
recoveries in the range from 97.2% to 108%, proving the rapid
responses and accurate detection of this assay. These results
demonstrate that this kind of carbon material could serve as
a promising chemosensor for free chlorine detection in local
tap water with rapid response and precision.

4. Conclusions

In summary, the NCDs were successfully prepared through
hydrothermal method employing citric acid and o-phenyl-
enediamine as the raw materials. The as-prepared NCDs were
characterized by means of TEM, AFM, XRD, FTIR, UV-vis
absorption, FL emission and FL lifetime measurements.
Significantly, the NCDs can act as fluorescent probes for the
rapid response and sensitive detection of hypochlorite. Mean-
while, the limit of detection is calculated to be as low as 12.6 nM
on the basis of fluorescent “on-off” effects upon the addition of
hypochlorite. Furthermore, UV-vis absorption spectra, DFT
calculations and time-resolved FL decay analysis were used to
investigated the detection mechanism. These results demon-
strate that electron transfer process from NCDs to imine-NCDs
and the higher energy gap of imine-NCDs will facilitate the
excited-energy of NCDs to be dissipated in the form of non-
radiative decay procedure, resulting in a static quenching
mechanism. Moreover, the NCDs material were applied for free
chlorine detection in local tap water with rapid response and
accurate measurement. This work will pave a way for the
development of hypochlorite detection materials and the
treatment of oxidative stress induced diseases.
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