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A novel carbazole-based fluorometric and
colorimetric sensor for the highly sensitive and
specific detection of Cu®* in aqueous solutiont

*

Based on the typical Suzuki coupling reaction and Schiff base reaction, a novel fluorescent molecular PCBW is
synthesized and applied as a fluorescence and colorimetric sensor to detect Cu?* in aqueous solution. The
PCBW sensor presents the aggregation-caused quenching (ACQ) effect and at 1 x 107> mol L™t it emits the
strongest turquoise fluorescence in the DMSO-H,O system (f,, = 40%). The sensor exhibits a ‘turn-off'

fluorescent characteristic by adding Cu?*, and its fluorescent intensity shows a reliable linear relationship with

the Cu* concentration in the range of 0-6 x 107® mol L™ with a detection limit of 1.19 x 1078 mol L%
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Meanwhile, the PCBW sensor also exhibits the colorimetric sensing from colorless to light yellow. The sensor

has good selectivity and anti-interference and its pH application range can be extended from 5 to 10. The
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1. Introduction

Copper is widely used in the machinery industry, wire industry,
pipeline industry, and construction industry and it is also used in
the auto parts industry. The widespread existence of copper and
copper-containing substances makes Cu®>" an important metal
pollutant.** Although copper is one of the necessary trace
elements for the human body and plays an important role in
various physiological processes of the human body, it will cause
serious environmental pollution and harm to human health when
it is in excess.*® The abnormal concentrations of copper have been
linked to several serious diseases,*” such as Wilson's disease,®
Alzheimer's disease,” Menkes syndrome,' Parkinson's disease,'
and prion disease."”” According to the World Health Organization
(WHO), the standard of copper ion in drinking water has a median
value of 23.4 pmol L' in the range of 0.78-46.9 pumol L .3
Therefore, it is a very important research point to develop a fast,
sensitive, and reliable method to detect Cu”* in diverse samples.

In past decades, various detection methods have been
applied to detect Cu®>" ions in biological and environmental
samples, such as atomic emission spectrometry (AES), mass
spectrometry (MS), inductively coupled plasma spectroscopy
(ICP), atomic absorption spectrometry (AAS), electrochemical
methods, etc.'*® However, the above methods still have some
disadvantages including complex and expensive instruments,
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intramolecular charge transfer (ICT) is speculated as the main fluorescence mechanism of PCBW. In addition,
the sensor presents good reusability and is practicable to detect Cu?* in diverse aqueous samples.

complex detecting procedures, and long time-consuming, and
off-site tests. Recently, a fluorescence method has been paid
more attention due to its advantages of convenient operation,
high selectivity and sensitivity, fast response time, low cost,
etc."’?° So far, although many fluorescent sensors have been
designed and developed to detect Cu®*,**2* with the increasing
requirements for the environment and application of ion
detection, the design and development of new fluorescent
sensors is still a hot spot in the field of fluorescence detection.>

Carbazole is a kind of aromatic heterocyclic compound rich in
electrons and an important intermediate of many fine chemicals.
Commonly, the 3 and 6 positions of carbazole have high activity
and can carry out a series of reactions, such as Friedel-Crafts
alkylation, Friedel-Crafts acylation, nitration, halogenation for-
mylation, and so on.>® Many kinds of carbazole derivatives can be
synthesized by the relative reaction modifying functional
monomers, these carbazole derivatives with large conjugate
systems may show high active electron transfer ability, high
thermal stability, photochemical stability, photoelectric proper-
ties, and bioactivity properties.””*® They have been widely applied
in many fields, such as photoelectric materials, chemical dyes,
clinical medicine, molecular recognition, and so on.* In recent
years, carbazole derivatives have been used as fluorophore
moiety to construct fluorescent molecular sensors due to their
large m-conjugated rigid planar structure and active intra-
molecular charge transfer characteristic.***>

In this paper, a new type of coordinated fluorescent material
named  (2-hydroxyphenyl)  {2-[(E)-[4-(9-phenylcarbazol-3-yl)
phenyl] methylidene] diazanyl} methanone (PCBW) is synthe-
sized successfully via two-step reactions. The PCBW molecule
with a given concentration at 1 x 10> mol L™ shows special

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fluorescence properties at 477 nm in the mixed solution of
DMSO-H,0 (f,, = 40%). It shows a special “turn-off” fluorescent
response for detecting Cu®*. Meanwhile, Cu®>* will make the
color of the PCBW solution change from colorless to light yellow
in sunlight. The fluorescence intensity of PCBW at 477 nm
shows a reliable linear relationship with the concentration of
Cu*". In a given DMSO-H,O system, the PCBW sensor shows
excellent selectivity and anti-interference and has excellent
reusability. The detection mechanism of PCBW is analyzed by
high-resolution mass spectrometry (HRMS), nuclear magnetic
resonance (NMR), and theoretical calculation. The reported
method provides a good reference for constructing novel
carbazole-based fluorescent sensors applied in different fields.

2. Experimental section

2.1. Materials and apparatus

All reagents are analytical grade without further purification in
procedures except for some specific reagents specified. They are
purchased from the Chemical Reagents Ltd. Co. of Sinopharm
Group (China). All metal ions are provided by relatively soluble
salts, including CuCl,-2H,0, AgNO;, Co(NO;), 6H,0, ZnCl,,
Pb(NO5),, AlCl;-6H,0, CdCl,, CrCl;, MnCl,, FeCly-6H,0,
NiSO,-6H,0, Hg(NOs),, KCl, NaCl, CaCl,, MgSO,, BaCl,-2H,0.
3-Bromo-N-phenyl-9H-carbazole is purchased from Aladdin
with 98% purity. 2-Hydroxybenzhydrazide is purchased from
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High-resolution mass spectra (HRMS) are recorded with
Thermo Scientific Q Exactive (Thermo Fisher-QE, America). LC-
MS spectra are measured by a Liquid Chromatography-Mass
Spectrometer (LCMS-2020, Japan). NMR spectra are recorded
by an NMR spectrometer (Bruker AV-400, Germany). Monitoring
fluorescence intensity by fluorescence spectrometer (FL-7000,
Hitachi, Japan). The UV-vis spectrum is recorded on the UV-
vis spectrophotometer (UV-3900, Hitachi, Japan). Particle size
data recorded on a dynamic light scattering instrument
(Dynapro Titan TC, Wyatt Technology, America).

2.2. Synthesis process

2.2.1 Synthesis of PCB. The intermediate PCB is synthe-
sized via a typical Suzuki condensation reaction, shown in
Scheme 1. 2.00 g 3-bromo-N-phenyl-9H-carbazole (compound 1,
6.020 mmol) and 1.12 g 4-formylphenylboronic acid (7.469
mmol) are transferred successively into a three-neck flask and
dissolved with 25 mL THF. 4.29 g K,CO; (31.041 mmol) is dis-
solved in 17.5 mL distilled water and the solution is transferred
to the three-neck flask. 120 mg triphenylphosphine palladium
(Pd(PPhj),) is rapidly added into the flask under nitrogen
protection, and then the flask is refluxed at 65 °C for 14 h under
magnetic stirring. After thin-layer chromatography (TLC)
monitoring, the product is extracted three times with 30 mL
dichloromethane (DCM) and distilled water, then the organic
phase is collected and evaporated to obtain a dry crude sample.

Aladdin with 98% purity. Finally, the crude sample is purified by column
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Scheme 1 The synthetic route of the sensor PCBW.
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chromatography on silica gel (10 : 1 PE-EA) and the pure white
solid 4-(9-phenylcarbazol-3-yl)benzene-1-carbaldehyde (PCB) is
obtained (1.4653 g, yield 67.84%)."H NMR (600 MHz, DMSO-dj)
6 10.05 (s, 1H), 8.74 (d, J = 1.6 Hz, 1H), 8.38 (d, J = 7.7 Hz, 1H),
8.02 (q,J = 8.3 Hz, 4H), 7.84 (dd, J = 8.6, 1.7 Hz, 1H), 7.70 (t,] =
7.7 Hz, 2H), 7.64 (d, ] = 7.4 Hz, 2H), 7.56 (t,] = 7.4 Hz, 1H), 7.45
(dd, J = 7.9, 4.9 Hz, 2H), 7.39 (d, J = 8.2 Hz, 1H), 7.33 (t, ] =
7.4 Hz, 1H). C NMR (126 MHz, DMSO-d;) 6 192.41, 146.39,
140.54, 140.10, 136.43, 134.23, 130.61, 130.06, 130.02, 127.69,
126.94, 126.48, 125.30, 123.35, 122.67, 120.75, 120.23, 119.19,
110.02, 109.64. LC-MS: purity 98%, m/z [M + 1]" 347.2 (calcd
347.2). 'H NMR, *C NMR, and LC-MS spectra are listed in the
ESI (Fig. S1-S31).

2.2.2 Synthesis of PCBW. The PCBW is synthesized by
a typical Schiff base reaction, shown in Scheme 1. 0.10 g PCB
(0.287 mmol) and 0.06 g 2-hydroxybenzhydrazide (0.403 mmol)
are added into the high-pressure tube and dissolved with 5 mL
anhydrous ethanol; after two drops of acetic acid are added as
a catalyst, the tube is stirred at 60 °C for 6 h. The product is
extracted with ethyl acetate and distilled water three times. After
some anhydrous sodium sulfate is added into the extracted
solution to absorb the residual water for 1 hour, the extracted
solution is evaporated to obtain a dry crude sample. Finally, the
crude sample is purified by column chromatography on silica
gel (6 : 1 PE-EA) and the pure white solid PCBW (0.1103 g, yield
79.57%) is obtained. "H NMR (600 MHz, DMSO-dg) 6 11.90 (s,
1H), 11.89 (s, 1H), 8.71 (s, 1H), 8.53 (s, 1H), 8.39 (s, 2H), 7.95 (s,
1H), 7.94 (s, 1H), 7.89 (s, 2H), 7.86 (s, 1H), 7.84 (s, 1H), 7.72 (s,
1H), 7.68 (s, 2H), 7.57 (s, 1H), 7.47 (s, 2H), 7.42 (s, 1H), 7.34 (s,
1H), 7.01 (s, 1H), 6.99 (s, 1H), 6.98 (s, 1H). "*C NMR (151 MHz,
DMSO) 6 165.21, 159.52, 148.94, 142.95, 141.12, 140.39, 137.19,
134.30, 132.89, 131.95, 130.72, 129.08, 128.38, 127.47, 127.13,
125.68, 123.97, 123.38, 121.41, 120.79, 119.46, 119.26, 117.77,
116.45, 110.60, 110.26. HRMS: m/z [M + 1]" 482.2 (calcd 482.2).
"H NMR, C NMR, and HRMS spectra are listed in the ESI
(Fig. S4-S61).

2.3. Preparation of stock solutions and detecting solutions

The PCBW substance is fully dissolved in DMSO to prepare
a concentration of 1 x 1072 mol L' stock solution. The
concentration of all investigated metal ions stock solution is
also set as 1 x 107> mol L' with deionized water, including
cu®, Ag', Co*", Zn®', Pb**, A", cd*", Ccr**, Mn**, Fe**, Ni*,
Hg>*, K', Na*, Ca®", Mg”", Ba>". All prepared stock solutions are
fully oscillated evenly mixed and stored at room temperature
(25 °C). The 1 x 10~° mol L™ EDTA stock solution is prepared
from Na,EDTA and deionized water. The PCBW sensors are set
as 10 mL volume with the concentration of PCBW at 1 x
107> mol L' in the DMSO-H,0 system. For example, when
a water content (f,,) is given at 40% (f,, = 40%), the sensor
system is prepared from 0.1 mL PCBW stock solution, 0.1 mL
metal ion stock solution, 5.9 mL DMSO solvent, and 3.9 mL
deionized water. The UV absorption spectra of all analyte
solutions are recorded in the range of 310-425 nm. The fluo-
rescence emission spectra excited by 352 nm light are recorded
in the range from 370 nm to 710 nm.
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2.4. The pH experiments and the repeatability experiments

Since the probe is used for the detection of Cu** in solution, the
optimum pH range of the tested solution is worth discussing. To
study the stability of the probe in different pH samples, the
solution is composed of 0.1 mL PCBW stock solution, 5.9 mL
DMSO solvent, and 4.0 mL deionized water (pH = 2-12), then the
fluorescence intensity of these probe solutions is measured in
turn. For the ability of the PCBW probe to identify Cu®>" in
different pH solutions, when water content is given at 40%, the
sensor solution system is made from 0.1 mL PCBW stock solu-
tion, 5.9 mL DMSO solvent, 0.001 mL 0.1 mol per L Cu®" stock
solution and 3.999 mL deionized water (pH = 2-12) and then
measure the fluorescence intensity of these prepared solutions.

All repeatability experiments are performed under the same
conditions except for the addition of different amounts of Cu**
and EDTA from their stock solutions (1 x 10~* mol L") alter-
nately. The volume amounts of copper ions and EDTA stock
solutions used in the 11 experiments are 0.1 mL Cu**, 0.1 mL
Cu®" + 0.1 mL EDTA, 0.2 mL Cu®" + 0.1 mL EDTA, 0.2 mL Cu®*" +
0.2 mL EDTA, 0.3 mL Cu®' + 0.2 mL EDTA, 0.3 mL Cu®*' + 0.3 mL
EDTA, 0.4 mL Cu®*' + 0.3 mL EDTA, 0.4 mL Cu®*' + 0.4 mL EDTA,
0.5 mL Cu®" + 0.4 mL EDTA, 0.5 mL Cu®" + 0.5 mL EDTA, 0.6 mL
Cu”" + 0.5 mL EDTA in turn. The two storage solutions are
added in a rotating order of 0.1 mL Cu®" and 0.1 mL EDTA until
the set amount.

2.5. Computational method

Simulation calculations about the monomolecular of PCBW are
carried out in the Gaussian 09 software package based on DFT
and TD-DFT theories. The DFT based on the B3LYP/6-31G*
model is performed for the geometries of relative molecules.
Based on the above, the lowest empty molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO) states and
electron cloud distributions are calculated by M06-2X/6-31G*
basis set.

3. Results and discussion

3.1. Effect of water content on the PCBW sensor

Due to PCBW not being soluble in water but in DMSO, a DMSO-
H,O mixture is used as its solvent to construct the sensor
system. Fig. 1a shows the change curve of the fluorescence
intensity of the PCBW sensor with different water content,
excited by 352 nm UV light. It is indicated the PCBW sensor has
the strongest fluorescence intensity when the water content is
about 40%. As the water content increases by over 40%, the
fluorescence intensity of the sensor gradually decreases from
approximately 5500 a.u. to below 1000 a.u. However, when the
water content increases from 0% to 40%, the fluorescence
intensity of the sensor gradually increases, accompanied by
a redshift. The above results indicate that water content is
a critical factor for the PCBW fluorescent system. It should be
attributed that PCBW molecules are concentrated and even
aggregated with the increase of f,,. Fig. S11f is particle size of
PCBW at different moisture contents detected by dynamic light
scattering (DLS), demonstrates that as the water content

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Fluorescence spectra of PCBW in DMSO-H,0O with different water content. (b) Their UV-vis spectra. (c) Their digital photographs were

obtained under long wavelength UV lamp light. (d) Digital photographs of different concentrations of PCBW in DMSO solution obtained under

long wavelength UV lamp light.

increases, the particle size in the system shows a trend of first
increasing and then decreasing, and reaches its maximum at
60% water content. We speculate that within the range of 0-
40%, the system can be seen as dominated by DMSO, with water
molecules dissolved in DMSO; at 40-60%, water, and DMSO act
as mutual solvents, because compound PCBW are insoluble in
water and will exists in the system as DMSO-PCBW droplets,
reaching its maximum at 60%; when the water content exceeds
60%, it can be seen as water as a solvent, and PCBW-DMSO
droplets are dispersed in the aqueous phase. As the water
content increases, DMSO in the droplets is forced to transfer to
water, resulting in a continuous decrease in particle size, and
the aggregation of molecule PCBW. As the concentration
increases to a certain extent, its fluorescence intensity reaches
the maximum; then fluorescence of the PCBW sensor decreases

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

with the continuous increase in water content, due to the
aggregation of molecules. Therefore, the synthesized PCBW
should belong to ACQ fluorescent material; the red-shift
phenomenon of fluorescence is attributed to the increase of
decay of non-radiative transition energy caused by intermolec-
ular interaction.

Fig. 1b and S97 are the ultraviolet absorption spectra of the
PCBW sensor with different water content. The UV-vis absorp-
tion spectrum of the sensor has an obvious absorption band
between 310-425 nm, and the position and intensity of the UV-
vis absorption peak of PCBW are different under different water
content. With the water content less than 40%, the sensor
shows an absorption band in the range of 325 to 400 nm.
However, the absorbing band is also widened and red-shifted
with water content beyond 40%. The decrease in intensity

RSC Adv, 2023, 13, 33276-33287 | 33279
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around 350 nanometers should be attributed to the interactions
among aggregated molecules.

Fig. 1c shows a digital photograph of a PCBW sensor in
different water content under long wavelength UV lamp light. It
can be seen that the fluorescence intensity is the strongest with
the water content of 40%, which is accordingly with the spec-
trum results shown in Fig. 1a. As shown in Fig. 1d, by varying
the fluorescence intensity of PCBW at different concentrations
in pure DMSO, it can be further confirmed that PCBW has an
ACQ effect, as its solid does not emit fluorescence under long
wavelength UV lamp light. It can also be demonstrated that
there is a significant red shift in its fluorescence with its
concentration increases. This result supports the speculation
that adding water may lead to the concentration of PCBW in the
DMSO-H,0 system.

It is speculated that the PCBW molecule will emit strong
fluorescence in the suitable dispersed state. However, its
exciton energy may be expended via a non-radiative route by the
interaction among aggregated molecules, leading to a decrease
or even disappearance of fluorescence intensity. To ensure the
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effectiveness of the experiment, the ideal PCBW sensor (1 x
107" mol L") is constructed with the compound dispersed in
a DMSO-H,O solvent containing water 40% at room tempera-
ture (25 °C).

3.2. Selectivity and sensitivity of the PCBW sensor

To investigate the specificity of the PCBW sensor for Cu®’, the
fluorescence spectra and UV-vis absorption spectra changes of
the probe with 17 kinds of ions are measured. These spectral
analyses are carried out under the same condition except for
different kinds of cations, including Ag®, Co*, Zn>*, Pb**, AI**,
cd*, cr*', Mn*", Fe**, Ni**, Hg*', K", Na*, Ca®>", Mg*", Ba*"
(IM]™ = 1.0 x 107> mol L™"). It can be seen from the fluores-
cence spectra shown in Fig. 2a and the fluorescent image shown
in Fig. 2d that only copper ions can cause fluorescence
quenching of the probe, although other ions have slightly
different effects on it. Meanwhile, the UV-vis absorption spectra
shown in Fig. 2b and the daylight image shown in Fig. 2c further
indicate that only copper ion can cause the change of the UV-

0.30
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0.00
375

e e TN S I e

+ Co?t zn2+ Pb** Al Cd2+ Cr3+i Mn?t Fe** Ni** ng+ K Na Caz+ Mg?* Ba?
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Fig. 2

+ <

(a) Fluorescence spectra of the PCBW sensor with various metal ions. (b) The UV-vis spectra of the PCBW sensor with metal ions. (c)

Digital photograph of PCBW with metal ions under daylight. (d) Digital photograph of PCBW with metal ions under long wavelength UV lamp

light.
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visible absorption spectrum of the probe molecule. The above
results indicate that the PCBW sensor has excellent specificity
for copper ions in both fluorescent detection and colorimetric
detection within the range of 17 ions examined. Digital photo-
graphs of PCBW interacting with metal ions under daylight and
long wavelength UV lamp light are shown in Fig. 2c and d. It
further indicates that after adding Cu®’, PCBW solution is
transparent light yellow under sunlight and non-fluorescence
under long wavelength UV lamp light. Meanwhile, whether in
sunlight or under long wavelength UV lamp light, the color of
the probe system hardly changes with the addition of other
ions. The specificity of the sensor should be attributed to the
formation of PCBW-Cu®" complexes via Cu®" coordinating
with N and O atoms in PCBW molecules, while other ions
cannot form stable complexes, so it has little effect on its fluo-
rescence and UV-visible absorption. The formation of copper
ion and PCBW complex leads to the change of its probe
molecular structure, which results in its fluorescence quench-
ing. With the addition of copper ions, the UV visible absorption
spectral band shifts from around 346 nanometers to the visible
light region around 400 nanometers, resulting in the color of
the solution changing from colorless to light yellow. Therefore,
we can preliminarily determine if copper ions are present in the
probe system by observing the color changes of the sensor
system under natural light with the naked eye.

The anti-interference experiment results of the PCBW sensor
are shown in Fig. 3. It shows the comparative data of the fluo-
rescence intensity at 477 nm of the PCBW sensor after the
addition of various ions in the presence or absence of copper
ions. For comparison purposes, the fluorescence intensity of the
blank sensor and the sensor adding copper ions is placed on the
leftmost of the bar graph in Fig. 3. It is found that the fluores-
cence intensity of the PCBW sensor containing 16 cations is
similar to that of the pure sensor when Cu”" is absent, further
indicating the sensor does not have recognizability to them.
Meanwhile, the fluorescence of all PCBW sensors containing

+other metal ions
PCBW-+oth: li
6000 + PCBW+other metal ions+Cu®| B
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Fig. 3 The fluorescence intensity at 477 nm of PCBW sensor with
diverse metal ions (1 x 107> mol L™) alone or with Cu®* (1 x
10~° mol L ™).
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different cations is almost completely quenched in the presence
of Cu®. These results prove that Cu®" ions can effectively
quench the fluorescence of the PCBW sensor and these metal
ions hardly interfere with the detection of Cu®* ions. These
results further suggest that the constructed sensor has excellent
specificity and anti-interference ability for detecting copper(u)
ions in aqueous.

3.3. Effect of Cu®>* concentration on the sensor

To study the fluorescence recognition ability of Cu®", a series of
concentrations of Cu®" are titrated into a given PCBW sensor
system. The curve shown in Fig. 4a illustrates the change in
fluorescence intensity of the sensor in the range of Cu®*
concentration from 0 to 1 x 10~> mol L™". With the increase of
Cu** concentration, the fluorescence emission peak of the
PCBW sensor at 477 nm does not shift, but its intensity grad-
ually decreases. The fluorescence intensity of the sensor at
477 nm shows a good negative linear with the concentration of
Cu”" in the range of 0-6 x 10~° mol L', and the fitting curve
equation is as y = —673.58x + 5404.26 (R> = 0.992). It indicates
that the PCBW sensor, as a fluorescence “turn-off” sensor, can
be used for quantitative detection of Cu®* content in the range
of 0-6 x 10~ ° mol L', According to the equation as LOD = 34/s
(o represents the standard deviation of blank sample, s repre-
sents the absolute value of the coefficient of the fitting function
between fluorescence intensity and the concentration of testing
metal ion),* the LOD of the sensor reaches 1.19 x 10~ * mol L™,
which further indicates the PCBW sensor has a good sensitivity
for the detection of Cu®" in solution. Meanwhile, the concen-
tration of Cu®" also can be roughly estimated via the naked eye
by the fluorescence image obtained under long wavelength UV
lamp light shown in Fig. S10.

Fig. 4b shows the UV-visible spectrum of the sensor as
a function of Cu®>* concentration from 0 to 1 x 10> mol L™
From the curves, it can be seen that as the concentration of
copper ions in the system increases, the absorption peak
intensity at 346 nm gradually decreases to a minimum, while
the new absorption peak intensity at 400 nm gradually increases
to a maximum. Due to the new absorption band from 400 nm to
425 nm belonging to the visible light region, the color of the
PCBW sensor solution changes from colorless to faint yellow
under sunlight (Fig. 2¢). Therefore, it is possible to preliminarily
determine the content of copper ions in the system by observing
the color changes of the probe solution under sunlight with
naked eyes. Moreover, the absorption intensity of the sensor at
400 nm also presents good positive linear with Cu*" concen-
tration in the range of 0-4 x 10~° mol L™, and the fitting curve
isasy = 0.027x + 0.076 (R> = 0.998). Therefore, according to the
UV-vis absorption spectrum, the PCBW sensor can also quan-
titatively detect Cu®>* concentration in the range of 0-4 x
10 °*mol L%

3.4. The presumed fluorescence detection mechanism

The coordination mechanism of the PCBW molecule with Cu**
ion is studied by a series of Job's plot experiments. As shown in
the following Fig. 5, when [Cu®']:[Cu®** + PCBW] = 1:3, the
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Fig. 5 Job's plot for PCBW molecule towards Cu?* at 477 nm. The
total concentration of PCBW and Cu®* ions given at 2.5 x 10> mol.

fluorescence intensity is almost the lowest, indicating that the
PCBW molecule coordinates with Cu”* at a stoichiometric ratio
of 2:1. The coordination mode of sensors PCBW and Cu®" is
deduced and proposed the possible coordination mode of
sensors PCBW and Cu®" as shown in Scheme 2. It is speculated
that Cu®>* coordinates with the N atom of the imino group and
the O atom of hydroxyl groups in PCBW molecules to form
metal coordination complexes. The peak at 1045.24 belongs to
the m/z of 2PCBW-Cu-Na is found in the HRMS spectrum of
PCBW-Cu”" shown in Fig. S7,t further suggesting the stoi-
chiometric ratio of PCBW to Cu** is 2 : 1. The binding constants
K, is calculated by the benefit software and the relative result is
shown in Fig. $8,1 the Kq4 (1/K,) is estimated at 2.56 x 107> M,

33282 | RSC Adv,, 2023, 13, 33276-33287

indicating a strong coordination effect between copper ions and
PCBW fluorescent molecules. Due to the strong coordination
between Cu®>* and PCBW, the ICT effect in PCBW molecules is
restrained, resulting in its fluorescence quenching.

3.5. Theoretical analysis

To reasonably explain the Cu®>" response behavior observed in
the experiment, based on DFT and TD-DFT, the optimized
structure, HOMO and LUMO states, and electron distribution of
sensor PCBW are studied via Gaussian 09 software. B3LYP/6-
31G* level is adopted in Gaussian operation. Fig. 6 shows the
optimized molecular configuration of PCBW and their corre-
sponding frontier molecular orbital energy levels. In the HOMO
and LUMO of PCBW, the electron cloud HOMO is mainly
distributed on the carbazole group of the PCBW unit, and the
benzene ring connected to the carbazole group, LUMO is
distributed on the benzene ring connected to the carbazole
group and the coordination center. It can be seen that the
distribution of the electron cloud has an obvious shift, this
shows that there is an obvious ICT process in PCBW. Because
Cu®" may coordinate with N and O atoms in PCBW molecules.
Coordination may lead to changes in the structure and energy
distribution of PCBW molecules. The result is that the fluores-
cence of PCBW disappears, so Cu>* can quench the fluorescence
of the probe. It further proves that the proposed recognition
mechanism is reasonable.

3.6. The time response of the sensor

The time response performance of the sensor to Cu®" is inves-
tigated and the results are shown in Fig. 7. It clearly shows that
the fluorescence signal of the pure sensor remains stable at the
time of 0-25 min. When 1 x 10~> mol per L Cu®" is added to the
sensor solution, the fluorescence intensity of the sensor

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

immediately decreases, and then the fluorescence intensity of
the sensor gradually decreases to the minimum for about
20 min and keeps stable. This phenomenon should be attrib-
uted to the different dissolution characteristics of PCBW and
copper ions. The PCBW is wrapped in the DMSO organic phase
while Cu®* is dispersed in the water phase. The PCBW mole-
cules on the surface of the organic phase immediately react with

+

Cu*", so the fluorescence intensity of the sensor solution

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

Cu**
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decreases immediately after adding Cu®*. However, since the
organic phase of the sensor, DMSO is 60% of the total system,
and only the PCBW molecule on the surface can bind with Cu**,
it takes a long time for copper ions to fully interact with fluo-
rescent molecules. It shows that the sensor has good time
response performance and can effectively detect Cu®".
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Fig. 7 Time-dependent fluorescence response at 477 nm of the
PCBW sensor and the sensors in the presence of Cu®".
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3.7. Applicable pH range of sensor

To study the optimum pH range of the sensor, we investigated
the change of fluorescence intensity of the sensor in the pH
range of 2 to 12 in the aqueous phase. It can be seen from Fig. 8
that the fluorescent intensity of the PCBW sensor increases
when pH changes from 2 to 5; it then remains almost stable in
the pH range of 5-10; finally, it decreases rapidly when pH
exceeds 10. When equal amounts of copper ions are present in
the sensor system, the fluorescence intensity of the system
gradually decreases in the pH range of 2 to 5, and then it
remains stable despite the pH ranging from 5 to 12. Indicating
that the constructed PCBW sensor can effectively monitor
copper ions in the pH range of 5-10. Because the pH value of
real water samples is mostly within the range of 5-10, it indi-
cates that the sensor has a broad prospect for Cu®>" detection in
actual aqueous.

3.8. The recycling ability of the sensor

Reusability is one of the important indicators for evaluating
coordination-type sensors. Therefore, EDTA, as a common
ligand, is used to evaluate the reversibility of the PCBW sensor
in detecting the procedure of Cu®'. As shown in Fig. 9, the
fluorescence of the PCBW sensor shows evident quench when
an equal amount of Cu®" is added to it. Then, with the addition
of equimolar EDTA, the fluorescence emission intensity is
significantly enhanced to its original value, indicating the as-
prepared probe can be readily regenerated by EDTA. Subse-
quently, the alternating addition of Cu®" and EDTA leads to
fluorescence quenching and fluorescence recovery alternately.
According to coordination theory, the reusability of the sensor
should be attributed to the binding ability of EDTA to Cu**
being stronger than that of PCBW to Cu’*. When EDTA is
added, EDTA molecules preferentially coordinate with Cu®',
leading to the release of PCBW molecules from the PCBW-Cu®*
complex and the re-emergence of fluorescence. The reversible

7000
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=_: ’l—.\.__.___.
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z
£ 4000
£ .
83000
=
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$ 2000 |
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Fig. 8 The fluorescence intensity change at 477 nm of the PCBW
sensor and the sensors in the presence of Cu?* with different pH at
477 nm.
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Fig. 9 Reversible changes of fluorescence intensity at 477 nm of
PCBW upon addition of Cu?* and EDTA alternately.

cycle is repeated at least 5 times, and there is only a small
change in fluorescence intensity. Although the addition of
EDTA one time can verify the recovery of the probe, it cannot
indicate whether the presence of EDTA will interfere with the
detection of copper ions. From these cyclic tests, it can be seen
that when an equal amount of EDTA is added to Cu**, Cu**
almost completely coordinate with EDTA, which is attributed to
the huge difference in the coordination ability of probe mole-
cules compared to EDTA. However, regardless of the content of
EDTA, as long as the Cu®* content exceeds EDTA, the PCBW
probe has good sensitivity to Cu>*. Therefore, during the testing
process, adding copper ions equivalent to EDTA can eliminate
the influence of the ligand on the probe, indicating the PCBW
probe has good reusability and stability in high concentrations
of EDTA conditions.

3.9. Application in real water samples

To explore the application of the PCBW sensor in real water
samples, the fluorescence characteristics of the sensor for
detecting Cu®" are investigated in three real samples taken from
tap water (from the Lab), mineral water (from Nongfu Spring),
and river water (from Fuxing River), and all experimental
conditions are same as those of the sensor taken from deion-
ized water. Fig. 10 shows the linear fitting curve of the fluores-
cence intensity of four different water samples at 477 nm with
the variation of Cu®>" concentration (scatter points represent the
fluorescence intensity at 477 nm of four different water samples
after adding different concentrations of Cu®*. The four straight
lines are the linear fitting curves of the fluorescence intensities
of the four water samples). It presents that the fluorescence
intensity of these PCBW sensors all decreases with the increase
of Cu®" concentration and they have a good linear relationship.
Meanwhile, the fluorescence intensity of the sensor in a real
water sample is lower than that in deionized water at the same
conditions, indicating there is a trace amount of copper ion

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Cu** in real aqueous. The content of Cu®" in a river is the
highest among the three real water samples. Although these
three types of water samples may contain a variety of complex
ions and minerals, these substances hardly affect the sensor's
determination of copper ions.

Based on the fitting curve (y = —943.58x + 5056.73) obtained
in deionized water, the detection deviations of different
concentrations of Cu®" in tap water, mineral water, and river
water are calculated, which are listed in Table 1. These results
also show that Cu®" exists in three actual water systems: tap
water, mineral water, and river water. The concentrations of
Cu”" in tap water, mineral water, and river water are calculated
to be 1.08 x 107° mol L%, 0.59 x 10°® mol L™ and 2.52 x
10~° mol L™, in turn. The LOD of the PCBW sensor reaches
791 x 107° mol L™, 721 x 10™° mol L' and 1.20 x
10~® mol L™ to detect Cu®" in tap water, mineral water and river
water, respectively, it can be seen that the detection limit of the
probe for Cu®" in tap water and mineral water is lower than that
in deionized water. It shows that the prepared PCBW sensor can
be well used for the detection of Cu®" in real water, and has
a wide application prospect.

3.10. PCBW-based test strips for Cu>* detection

Fluorescent strip detection is a convenient, rapid, and efficient
method for the detection of Cu". It is easy to operate and suitable
for real-time detection of real water. The filter paper is dripped by
applying 1 x 10~2 mol per L PCBW solution and dried. During
the test, 1 x 10~ mol L™ aqueous solution of metal ions is
dropped on the test paper. Fig. 11 shows the photographs of
PCBW-based test strips upon the addition of Na*, Hg>", Cd*",
Cr**, Ni**, and Cu®" under sunlight and long wavelength UV lamp
light. It can be seen that after adding metal ions under the
sunlight, the color of the test strip remains the color of the
original filter paper (white). Under the long wavelength UV lamp
light, the test strip shows turquoise fluorescence with a metal ion

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The content of Cu?* in diverse real water samples monitored
by PCBW probe and its deviation

Cu** spiked cu®* found Deviation
Sample (1x10°molL™) (1x10 °molL™") (%)
Tap water 1.08 None
1 1.94 86.0
1.5 2.67 106.0
2 3.52 122.0
2.5 4.09 120.4
3 4.64 118.7
3.5 5.08 114.3
Mineral water 0 0.59 None
1 1.28 69.0
1.5 1.82 82.0
2 2.47 94.0
2.5 3.05 98.4
3 3.67 102.7
3.5 4.48 111.1
River water 0 2.52 None
1 3.45 93.0
1.5 4.10 105.3
2 4.34 91.0
2.5 4.55 81.2
3 5.18 88.7
3.5 5.32 80.0

solution other than Cu®" is added, the color of fluorescence is the
same as the test strip with only the pure sensor. Only the
turquoise fluorescence of the test strip disappeared after adding
Cu”* and showing a black shadow. It is worth noting that the test
paper dripped with Ni*>" also shows a perceptible black shadow,
which is the same as the results of the previous selective experi-
ment shown in Fig. 2a and d. It is worth noting that the PCBW
solid has no fluorescence, but it emits bright turquoise fluores-
cence after being made into a dry test strip. This phenomenon
should be attributed to the inability of PCBW molecules to
aggregate in large quantities after dropping onto the test paper. It
further indicates that the PCBW has an ACQ effect and its' test
paper can qualitatively detect Cu®" in aqueous.

3.11. Comparison of sensor PCBW with other reported
fluorescence sensors for Cu>* detection

According to Table 2, the detection limit of PCBW for Cu®*
recognition is lower than that of most fluorescent sensors
previously reported. Many sensors need to be used under
a specific pH, so it is necessary to use a buffer solvent (such as
HEPES) to adjust the pH of the sensor solution before use,
which not only complicates the operation but also increases the
use of the buffer solution, while the sensor PCBW can effectively
detect Cu®" in a wide pH range of 5-10. There is no need to
adjust the pH value of the solution when using sensor PCBW to
detect Cu®*. In addition, the sensor PCBW requires DMSO as
a solvent, which is a relatively safe solvent, but most sensors use
toxic reagents as solvents, such as THF, ACE, CH;CN, etc. More
importantly, although the sensor has an ACQ effect, it is suit-
able for use in a system with a water content of 40%, which is
a relatively high-water system, such a system can reduce the use
of organic solvents and be environmentally friendly.
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The photographs of PCBW-based test strips upon addition of Na*, Hg?*

, Cd?*, Cr**, Ni?*, and Cu* under sunlight and long wavelength

Table 2 Comparison of PCBW with other reported fluorescence sensors

Sensor Solution systems LOD Ref.
PCBW DMSO/H,0 (6: 4, v/v, pH = 5-10) 119 x 10 ° M This work
HBT-H ACE/H,0 (4:6, v/v, pH = 7.4) 3.08 x 107’ M 34
AH CH;3CN/H,0 (1:1, v/v, pH = 7.4) 422 x 10°°M 35
TPE-1 THF/HEPES (1:9, v/v, pH = 7.3) 9.91 x 10°* M 36
WGB CH;CN/HEPES (1:1, v/v, pH = 7.4) 6.76 x 10°°* M 37
BTN CH;CN 33 x10°°M 38
HMAN CH;CN/HEPES (95 : 5, v/v) 2.45 x 107 M 39
NPPY DMSO/HEPES (95 : 5, v/v) 3.29 x 10°* M 40
SH DMSO/HEPES (95 : 5, v/v) 3.74 x 10°°M 41
DA DMSO/H,0 (1:1, v/v) 9.79 x 107’ M 42
L EtOH : HEPES (5: 95, v/v) 5.31 x 107’ M 43

4. Conclusions

In conclusion, a new PCBW molecule with ACQ effect is
successfully synthesized. The PCBW sensor is constructed readily
in the DMSO-H,0 system (f,, = 40%) at room temperature. As
a turn-off fluorescence and colorimetric sensor, PCBW shows
excellent selectivity, sensitivity, and anti-interference for detect-
ing Cu** among 17 tested ions. The detection limit of the sensor
reaches 1.19 x 10~ % mol L™ ". The fluorescence detection mech-
anism should be attributed to the formation of the PCBW-Cu**
complex, and the fluorescence emission mechanism of the
PCBW molecule belongs to the ICT effect according to the
theoretical simulation results. With the presence of copper ion,
the PCBW-Cu®" complex is formed and the ICT effect is
destroyed, resulting in the fluorescence quenching. The PCBW
sensor has excellent reusability, which can be readily recovered
by EDTA. The sensor shows effective application in the detection
of Cu®" in real water samples, and the strip containing PCBW can
also be successfully applied to the detection of Cu®". The work

33286 | RSC Adv, 2023, 13, 33276-33287

provides an alternative thread for the synthesis of fluorescent
molecules with AIE or ACQ effect based on the same fluorescent
group through the modification of substituted moieties. Mean-
while, it is a good reference for the development and application
of fluorescent sensors in the aqueous detection field.
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