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Fluorescence-tunable copper nanoclusters and
their application in hexavalent chromium sensing+

Yu-Syuan Lin, Tai-Chia Chiu and Cho-Chun Hu@®*

Generally, metal nanoclusters are synthesized using only a single ligand. Thus, the properties and

applications of these nanomaterials are limited by the nature of the ligand used. In this study, we have
developed a new synthetic strategy to prepare bi-ligand copper nanoclusters (Cu NCs). These bi-ligand
Cu NCs are synthesized from copper ions, thiosalicylic acid, and cysteamine by a simple one-pot
method, and they exhibit high quantum yields (>18.9%) and good photostability. Most interestingly, the

fluorescence intensities and surface properties of the Cu NCs can be tailored by changing the ratio of the

two ligands. Consequently, the bi-ligand Cu NCs show great promise as fluorescent probes. Accordingly,
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the Cu NCs were applied to the inner-filter-effect-based detection of hexavalent chromium in water. A

wide linear range of 0.1-1000 puM and a low detection limit (signal-to-noise ratio = 3) of 0.03 uM was
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1. Introduction

Fluorescent metal nanoclusters (NCs), which consist of
numerous of metal atoms, have drawn increasing research
interest in recent years. Unlike bulk materials or larger metal
nanomaterials that have continuous band structures, metal
NCs have discontinuous band structures and exhibit molecule-
like properties.'® These new fluorescent nanomaterials are
known to be water soluble, non-toxic, biocompatible, and
stable, as well as exhibiting high quantum yields and
outstanding catalytic properties.*” Thiolate-protected Au NCs
and Ag NCs, which are considered to be promising candidates
for application in chemical sensing and bioimaging, have
drawn particular attention.*™ However, Au and Ag are scarce
and expensive. Conversely, copper is an easily obtained and
cheap metal, and is thus widely used in daily life. Cu NCs have
been investigated for their application to a range of fields,
including as drug catalysts, and
bioimaging.*>™*

The relationship between the ligands employed to prepare
the NCs and the light-emitting mechanism of the resultant
material is an important issue in this research field. The
interactions between the ligand and the metal core strongly
affect the fluorescence properties of the metal NCs. Specifically,
during ligand to metal charge transfer (LMCT), the positive
charge on the metal and the electron-donating ability of the
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obtained. The recoveries for the real sample analysis were between 98.3 and 105.0% and the relative
standard deviations were below 4.54%, demonstrating the repeatability and practical utility of this assay.

surface ligands strongly affect the light-emitting properties of
the metal NCs."™

Many different ligands have been used to synthesize Cu NCs
in recent years. For example, proteins that contain amine or
thiol groups such as bovine serum albumin, human serum
albumin, and soy protein have been used to engender the
resulting Cu NCs with water solubility, and the Cu NCs
produced were also highly fluorescent.*'*** However, these
proteins are expensive and unstable in acidic environments,
restricting the application of this type of Cu NCs. Cu NCs pro-
tected by small thiol molecules such as glutathione, cysteine, or
penicillamine are very easy to prepare.**”*® However, most of
these types of Cu NCs have low quantum yields (QYs), limiting
their application.

All the above approaches employ a single ligand species to
direct and cap the nascent NCs. Thus, we have found that Cu
NCs capped using two different ligands are rarely studied and
the effects of two ligands on Cu NC surfaces and fluorescence
properties are relatively unexplored.

Chromium (Cr(vi)) is widely used in industrial processes
such as metal smelting, leather tanning, electroplating, and
dyeing. All these processes result in the release of large amounts
of Cr(vi) into the environment, potentially contaminating
drinking water and/or entering the food chain. Cr(vi) contami-
nation is highly associated with allergic dermatitis, carcino-
genesis, and mutagenesis in animals and humans. In addition
to traditional instrumental analysis methods, several strategies
have been developed for quantitative determination of Cr(vi)
using nanomaterials based on phenomena such as the inner
filter effect (IFE),>** electrochemical detection,**** and absor-
bance detection.***® Of these, the IFE mechanism is the most

This journal is © The Royal Society of Chemistry 2019
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widely exploited owing to its low detection limit and compara-
tive freedom from matrix effects.*

Herein, we propose a new synthetic strategy to synthesis bi-
ligand Cu NCs and a discussion of the relationship between the
two ligands and the properties of the Cu NCs. We found that the
fluorescence intensities and surface properties of the bi-ligand
Cu NCs can be easily adjusted by changing the ratio of the
two ligands. Furthermore, the blue emission of the bi-ligand Cu
NCs is strongly quenched in the presence of Cr(vi) through the
IFE mechanism, and this property allows our Cu NCs to be
applied as a nanosensor for detecting Cr(vi).

2. Experimental
2.1 Materials

Cu(NOs), 5H,0, cysteamine (CysA), and metal ions were
received from Sigma-Aldrich (St. Louis, MO, USA). Thiosalicylic
acid (TA) was received from Acros (Morris Plains, NJ, USA).
Monobasic, dibasic, tribasic sodium salt of phosphate, phos-
phoric acid, and Tris were obtained from J.T. Baker (Phillips-
burg, NJ, USA). Ultrapure water (18.25 MQ cm™ ') from a Milli-Q
system of Millipore (Billerica, MA, USA) was used to prepare all
aqueous and organic-aqueous solutions. All chemicals and
solvents were analytical grade and used without further
purification.

2.2 Instrumentation

UV-vis absorption spectra were performed on a Lambda EZ210
UV-vis spectrophotometer (Perkin Elmer, USA). Fluorescent
spectra were performed on an F-7000 Fluorescence Spectro-
photometer (Hitachi, Japan). Both of the excitation and emis-
sion slits were maintained at 5.0 nm. The morphology and
mean diameter of bi-ligand Cu NCs were performed on
a transmission electron microscope (TEM, JEM-2100, Hitachi,
Japan). X-ray photoelectron spectra were measured on an X-ray
photoelectron spectroscopy (XPS, K-Alpha, Thermo, USA).
Binding energy calibration was based on C 1s at 284.6 eV. The
stabilities and selectivity of bi-ligand Cu NCs were analyzed
using an Infinite 200 PRO microplate reader (Tecan, Switzer-
land). The QY of bi-ligand Cu NCs were measured according to
an established procedure. Quinine sulfate in 0.1 M H,SO,
(literature QY = 0.54) was chosen as a standard. Absolute values
were calculated using the standard reference sample that has
a fixed and known QY value. In order to minimize reabsorption
effects, absorbencies in the 10 mm FL cuvette were kept under
0.1 at the excitation wavelength (340 nm).

2.3 Preparation of bi-ligand Cu NCs

The bi-ligand Cu NCs were prepared by the reported protocol
with a new strategy.”® Aqueous 2 mL of 0.2 M Cu(NOj3), was
adding in to 8 mL of bi-ligand solutions prepared by 50 mM TA
(in EtOH) and 50 mM CysA (see the detailed proportions in
Table 1). The brown copper/thiol complexes were formed in the
vial. A 10 mL of EtOH solutions were added in to the complexes
solution to make the final concentration of EtOH was control at
40%. Then the solutions were carried out by ultrasound for
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10 min. Finally, the mixture was allowed to 40 min at 75 °C. The
Cu NCs were purified by centrifugation (3000g, 10 min) in order
to remove the precipitate from the reaction solution.

The final solution was stored at —20 °C refrigerator until it
was used. For simplicity, the concentrations of as-prepared bi-
ligand Cu NCs were denoted as 1x. The as-prepared bi-ligand
Cu NCs were denoted as Cu NC-0 to Cu NC-4 according to
CysA amount were 0, 100, 200, 250 and 300 umol, respectively.

2.4 Determination of Cr(vi)

The Cu NC-2 prepared by TA-to-CysA molar ratio of 1: 1 were
used for the detection of Cr(vi). A Cr(vi) stock solution (10 mM)
and phosphate buffer solutions (100 mM, pH 5.0) were
prepared. 1400 pL ultrapure water, phosphate buffer (200 pL,
100 mM, pH 5.0), 200 pL of 0.1x Cu NC-2 and 200 pL of the
Cr(vi) solution were added in to a quartz cuvette, sequentially.
The final concentrations of Cu NC-2 in the mixtures were 0.01x,
while that for Cr(vi) were 0.1-1000 uM. The fluorescence spectra
were recorded after the preparation. The excitation wavelength
was setting at 355 nm, and the PMT voltage was 600 V.

2.5 Detecting Cr(vi) in mineral water

Mineral water samples received from local supermarket were
centrifuged at 12 000 rcf for 30 min and filtrated through 0.22
pm membranes. 400 pL of ultrapure water, 400 pL of mineral
water, phosphate buffer (200 uL, 100 mM, pH 5.0), 200 pL of
0.1x Cu NC and 1000 pL of the Cr(vi) solution were added in to
a quartz cuvette, sequentially. The fluorescence spectra were
recorded after the preparation. The excitation wavelength was
setting at 355 nm, and the PMT voltage was 600 V.

3. Results and discussion
3.1 Synthesis and characterization of bi-ligand Cu NCs

Thiol molecules are usually used as etching reagents for the
formation of Cu NCs.>~*® However, this strategy requires long
reaction times (>4 h) and a large amount of thiol (molar ratio: R-
SH/Cu > 5). The synthesis of our bi-ligand Cu NCs is illustrated
in Scheme 1. In this study, the bi-ligand Cu NCs were synthe-
sized by heating copper ions in the presence of thiosalicylic acid
(TA) and cysteamine (CysA) at different ratios. Our bi-ligand Cu
NCs can be prepared using less reagent (molar ratio: R-SH/Cu =
1) and a shorter reaction time (<2 h) compared to those required

Table 1 The relationship between TA/CysA ratio and optical proper-
ties of bi-ligand Cu NCs®

TA amount  CysA amount Quantum yield
Cu NCs (nmol) (umol) Abszo (%)
Cu NC-0 400 0 0.089 18.9
Cu NC-1 300 100 0.071 25.4
Cu NC-2 200 200 0.057 30.5
Cu NC-3 150 250 0.042 31.5
Cu NC-4 100 300 0.034 34.0

“ The TA amount, CysA amount, absorbance at 340 nm and quantum
yield of bi-ligand Cu NCs.
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Scheme 1 Schematic illustration of the formation of bi-ligand Cu NC
with different surface properties and IFE fluorescence determination
of Cr(vi) using bi-ligand Cu NC. The bi-ligand Cu NCs were synthesized
from copper ions, thiosalicylic acid (TA) and cysteamine (CysA). The
fluorescent of bi-ligand Cu NCs can be quenched by Cr(vi) through an
IFE then recovered by adding Ag™.

for the conventional method. This is due to the fact that both
ligands act as reducing agents and protective agents during the
reaction.

Upon fluorescence spectral measurement, the emission
peaks of the different bi-ligand Cu NCs samples are observed at
similar wavelengths. Fig. 1A shows the fluorescence excitation
and emission spectrum of Cu NC-2. The maximum emission
peak is observed at 411 nm upon excitation at 330 nm, which is
similar to that previously reported for TA-Cu NCs.* The shape
and size of the bi-ligand Cu NCs were examined using trans-
mission electron microscopy (TEM), revealing that the
morphologies of these bi-ligand Cu NCs are similar. From the
TEM images and size distribution profiles shown in Fig. 1B, it
can be seen that Cu NC-3 has an average particulate size of ca.
3.71 + 1.01 nm. A small fraction of the Cu NC-3 has aggregated
to form larger aggregates through hydrogen bonding and m-7
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Fig. 1 Characterization of Cu NCs. (A) Excitation (black line) and
emission spectra (red line) of Cu NC-2. The inset photograph is Cu
NC-2 shown under daylight (left) and UV illumination (right). The
excitation and emission wavelengths were 330 nm and 411 nm,
respectively. (B) The TEM images of the Cu NC-3. Inset (B): particle size
distribution of Cu NC-3. XPS survey (C) and Cu 2p region (D) spectrum
of the Cu NC-2.
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stacking.*® X-ray photoelectron spectroscopy analysis was con-
ducted to determine the composition of the Cu NCs and the
oxidation state of copper therein. It can be seen from Fig. 1C
that signals from C, O, N, S, and Cu are detected. These results
directly confirm the elemental composition of the bi-ligand Cu
NCs. The two distinct peaks at 932.3 and 952.1 eV in the Cu 2p
spectrum are attributed to the 2p3/2 and 2p1/2 electrons of
Cu(0), respectively (Fig. 1D). There is a small characteristic
satellite peak around 942.0 eV for Cu 2p3/2, which indicates the
presence of some unreacted copper ions adsorbed on the
surface of the bi-ligand Cu NCs.

Stability is a very important criterion for a nanosensor.
Consequently, we investigated the salt tolerance and photo-
stability of Cu NC-2 by measuring its fluorescence intensity. As
shown in Fig. S1f, the fluorescence intensity changes little
during 20 days storage at —20 °C. Furthermore, Fig. S2At shows
that the fluorescence intensity of Cu NC-2 remains almost the
same for NaCl concentrations up to 1 M. In Fig. S2Bt, it can be
seen that the fluorescence intensity does not change after 1 h of
irradiation. These results indicate that Cu NC-2 has very good
salt tolerance and light stability.

3.2 Surface and fluorescence properties of bi-ligand Cu NCs

The fluorescent of Cu NCs capped by TA can be attributed to
inter-band and/or intra-band electronic transitions through
LMCT. The formulas and properties of the five bi-ligand Cu NCs
samples synthesized are shown in Table 1. The absorbance of
these bi-ligand Cu NCs increases gradually with increasing TA
content, and their QY values increase with increasing CysA
content (18.9-34.0%).

To confirm the relationship between the spectral properties
and synthetic formula, two plots have been drawn. As shown in
Fig. 2A, the absorbance at 340 nm is linearly related to TA
content, and Fig. 2B shows that QY is linearly related to CysA
content. A higher absorbance means more energy is absorbed
by the bi-ligand Cu NCs through LMCT (S-Cu), and a higher QY

A) ®)

R =0989 R =09817

Absorbance at 340 nm
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Fig. 2 Optical properties of bi-ligand Cu NCs. (A) Linear plot of the
absorbance against TA amount in bi-ligand Cu NC. (B) Linear plot of
the quantum yield against CysA amount in bi-ligand Cu NC. (C)
Emission spectra of bi-ligand Cu NC. (D) The fluorescence intensity
and quantum yield of bi-ligand Cu NC.
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means more energy is released through the fluorescence
process. Therefore, we can speculate that the TA absorbs exci-
tation light, while CysA promotes electron transition between
the ligand and metal. Specifically, the aromatic ring on TA
absorbs energy from the excitation light and the CysA helps the
excited electrons transfer to the copper through the inductive
effect of the terminal amine, thereby increasing the QY. These
results also support the conclusions drawn in a previous
study.” The emission spectra of the bi-ligand Cu NCs are shown
in Fig. 2C. Hence, the ratio of these two ligands can be used to
effectively regulate the fluorescence intensity of bi-ligand Cu
NCs but also tune their surface properties. To develop a good
fluorescence sensor, QY was plotted against the fluorescence
intensity. As shown in Fig. 2D, the addition of CysA increases
the QY, but reduces fluorescence intensity. Since Cu NC-2
exhibits both high QY and fluorescence intensity, Cu NC-2
was selected as a fluorescence sensor for all subsequent
experiments.

The two ligands TA and CysA have amine and carboxyl
groups, respectively. In a previous study, Au NPs prepared with
a carboxyl protective agent were applied to the detection of
melamine through hydrogen-bonding recognition interac-
tions,*® which resulted in the aggregation of the Au NPs.

To prove that there are different amounts of amine groups
on the surfaces of the different bi-ligand Cu NCs, various
volumes of bi-ligand Cu NCs were mixed with 2 mL Au NPs
(1.97 mg mL™"). The results are shown in Fig. 3. The Au NPs
begin aggregating when 17 pL Cu NC-4 is added. Furthermore,
a significant color change is observed for the Au NPs when 25 uL
Cu NC-4 is added. Color changes are also observed when 30 uL
of Cu NC-3 is added, 40 uL of Cu NC-2 is added, and 80 pL of Cu
NC-1 is added. However, no color change is observed upon the
addition of Cu NC-0, even when 80 uL is added.

Cu NC-4 has the highest CysA content, and thus less of it is
required to cause Au NP aggregation. Cu NC-0, which is
synthesized using only TA, does not cause Au NP aggregation.
The strong interaction between the Au NPs and the amine group
of CysA on the surface of the bi-ligand Cu NCs plays an
important role in Au NP aggregation. This is strong evidence to
indicate that the bi-ligand Cu NCs samples have different
amounts of amine groups on their surfaces. Thus, the surface

Au NP
CuNC-X

. N > ((CuNC-O  CuNC-1\  HO
Cu® 1) Ultrasonicated —_—

™ 2) 75°C, 40 min.

B

Cu core CuNC-3 Cu NC-4

& 2

Cystamine Thiosalicylic acid

X= O)(DH@G)E)

Fig. 3 Schematic illustration of the surface-tunable bi-ligand Cu NCs.
The bi-ligand Cu NCs synthesized by different ratio of TA and CysA
show different affinity to Au NPs.
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properties can be easily tuned by controlling the ratio of TA and
CysA. The fluorescent of Cu NCs capped by TA can be attributed
to inter-band and/or intra-band electronic transitions through
LMCT. The formulas and properties of the five bi-ligand Cu NCs
samples synthesized are shown in Table 1. The absorbance of
these bi-ligand Cu NCs increases gradually with increasing TA
content, and their QY values increase with increasing CysA
content (18.9-34.0%).

3.3 IFE determination of Cr(vi) using bi-ligand Cu NCs

The excitation spectrum of Cu NC-2 and the absorption spec-
trum of Cr(vi) are shown in Fig. S31. There is a large overlap
between the two spectra, which indicates that the fluorescence
of Cu NC-2 will be quenched owing to absorption by the Cr(vi)
through the IFE mechanism. To confirm the IFE mechanism,
silver ions were added into this system, as illustrated in Fig. 4.
Upon the addition of 1 mM Cr(vi), the fluorescence intensity of
Cu NC-2 is initially quenched. However, the fluorescence is
recovered by adding 0.2 M silver ions to the solution. The
fluorescence intensity of the solution increases after centrifu-
gation to remove the precipitate. From these results, we could
conclude that the fluorescence intensity of Cu NC-2 is quenched
by Cr(vi) due to the IFE (red line) and recovered by silver ions
owing to the IFE being turned off. It is thought that the fluo-
rescence intensity does not recover completely because some of
the Cu NC-2 is co-precipitated with the silver chromate. This
specific fluorescence response of Cu NC-2 offers an attractive
opportunity to develop a fluorescent sensor for Cr(vi) detection.

3.4 Optimization for Cr(vi) sensing

Several experiments were conducted with the aim of optimizing
the sensor efficacy. Fig. S4AT shows the fluorescence intensity
changes for Cu NC-2 upon adding 1 mM Cr(vi) at different pH.
The maximum fluorescence changes at pH 5, so pH 5 was
chosen for the assay conditions. Because the IFE is turned on by
absorbing incident light, the excitation wavelength is very
important for analytical performance. As shown in Fig. S4BT,

10000 =

CuNCs
CuNCs + Cr0,”
CuNCs +Cr0,"+ Ag’

A)
(®)
©

8000 =

6000 =

4000 =
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) v ) v 1
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Fig. 4 Fluorescence of bi-ligand Cu NC-2 switches off and on.
Fluorescence spectra of Cu NC-2 (A), Cu NC-2 containing 0.1 mM of
Cr(v) (B) and Cu NC-2 containing 0.1 mM of Cr(vi) and 20 mM of Ag*
after centrifugation (C).
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the fluorescence intensity differences were invested under
different excitation wavelengths from 330 to 370 nm. To avoid
the fluorescence intensity being too low to observe (thus nega-
tively affecting the detection limit) an excitation wavelength of
355 nm was chosen for subsequent experiments.

Reaction time is also an important factor for the analytical
assay. The time scan fluorescence spectra of Cu NC-2 with and
without the addition of 1 mM Cr(vi) are shown in Fig. S51. The
fluorescence intensities of these two samples are very stable for
30 min. This phenomenon indicates that our assay requires
only a very short reaction time and the assay results are stable
for at least 30 min. Thus, the results confirm that our assay
provides quick-response and stable sensing.

3.5 Detection performance of Cu NC-2 in Cr(vi) sensing

The performance of Cu NC-2 for detecting Cr(vi) based on
fluorescence quenching through the IFE mechanism was care-
fully evaluated. Fig. 5A shows that the fluorescence intensity at
411 nm gradually decreases with increasing Cr(vi) concentration
from 0.1 to 1000 pM. These results indicate that this fluores-
cence assay is very sensitive to changes in the Cr(vi) concen-
tration. The experimental results presented in Fig. 5B
demonstrate good linearity between the fluorescence intensity
and the Cr(vi) concentration in the range 0.1-1000 pM with

A)

Cr(VD)] 0 mM

Fluorescence Intensity (a.u.)

T T T 1
400 450 500 550
Wavelength (nm)

R’ =0.9905

T T T T
0.0004 0.0006 0.0008 0.0010

[CHVI] (M)

T T
0.0000 0.0002

Fig. 5 Linear range of IFE detection of Cr(vi). (A) Detection of Cr(vi) in
standard solutions using Cu NC-2. (B) Linear plot of relative fluores-
cence intensities of Cu NC-2 against Cr(vi) concentration.
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a low limit of detection of 0.03 pM at a signal-to-noise ratio of 3.
The detection limit is substantially lower than the guideline
limit stipulated by the World Health Organization (0.96 uM).*”

Selectivity is another important criterion for sensors.
Accordingly, interference and selectivity tests were performed.
As shown in Fig. 6, it can be seen that most common metal ions
that exist in the environment do not significantly interfere with
our method. Only Cr(vi) causes an obvious change in fluores-
cence, and other metal ions like potassium, cobalt, calcium,
magnesium, barium, mercury, copper, lithium, zinc, and nickel
ions do not cause this change (<7.5%). Thus, this method has
excellent selectivity for the detection of Cr(vi).

To demonstrate that our assay can be used to detect Cr(vi) in
real samples. The developed sensor, Cu NC-2, was applied to the
determination of Cr(vi) in a mineral water samples obtained
from a local supermarket. The water samples were analyzed
after spiking with Cr(vi) at 10, 14, and 20 uM. The recoveries
obtained are from 98.3 to 105.0% and the relative standard
deviations are less than 4.54% (n = 3). These data are shown in
Table S1f. Compared with other sensors reported in the litera-
ture (Table S2%), our sensor is more sensitive than most

i/

F/F,

Li' K Ag Co" Ca¥' Cu’ Mg" Ba Hg" Zn® Fe*'

A" Ni*' Cro”

Metal ions

(B) |

1.0

0.8 =
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Co” Lit K Cot Cal Fe”

Mg" Ba Hg" za" Cu Ni
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Fig. 6 Selectivity and interference of IFE detection of Cr(vi). Relative

emission intensities (F/Fq) of as-prepared Cu NC-2 after the addition of

10~* M of different metalions (A) in the presence of 10~* M of Cr(v)) (B).
Mixtures were prepared in phosphate buffer (0.1 M, pH 5.0).
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nanosensors reported. Thus, as well as presenting a high QY
and simple preparation, our assay has a short response time
and can be used for real water sample sensing.

4. Conclusions

In summary, a novel bi-ligand Cu NC nanosensor was prepared
and its fluorescence properties were investigated, leading to the
development of a simple, stable, selective, and sensitive method
for detecting Cr(vi) in water samples. Using this bi-ligand
strategy, the synthesized Cu NCs not only exhibited high QYs
but also tunable surface and fluorescence properties. After
optimization, the QY of the bi-ligand Cu NCs reached 34.0%,
and they were used for IFE-based Cr(vi) detection. We anticipate
that more customized Cu NCs may be developed by this
multiple-ligand synthetic strategy, and our research provides
a simple and effective example.
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