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peak self-referencing fluorescent
sensor based on a bipyridine-linked covalent
organic framework for highly sensitive copper ion
detection†

Tongfu Huang, a Wei Xiong,a Fusheng Liao,a Guobing Wei, a Zhaojiang Yin*b

and Hao Fan *a

This study reports a novel ratiometric fluorescence sensor based on a tetraphenylethylene-bipyridine

covalent organic framework (TPE-Bpy-COF) for the sensitive detection of Cu2+, leveraging the unique

coordination properties of the bipyridine moieties. The interaction between Cu2+ and the nitrogen atoms

in the bipyridine units induces fluorescence quenching at 500 nm through an efficient host–guest

electron transfer mechanism, where excited-state electrons from the COF framework are transferred to

the vacant orbitals of Cu2+. Upon excitation at 410 nm, the sensor exhibits a primary emission peak at

500 nm, which is quenched in the presence of Cu2+, while an overtone peak at 820 nm remains stable,

serving as an internal reference for ratiometric measurements and significantly enhancing the accuracy

and reliability of the sensor. The detection limit for Cu2+ is 0.1 mM, with the dual-emission system and

the strong affinity of the bipyridine units for Cu2+, further improving the sensor's sensitivity and

selectivity. Additionally, the sensor demonstrated excellent recovery rates in real water samples,

confirming its practical applicability in environmental monitoring.
1. Introduction

Copper is a widely distributed element in nature, crucial for
physiological processes in the human body, and is a common
environmental heavy metal contaminant.1–3 It is essential for
neurotransmitter regulation,4 hematopoiesis,5 cellular metabo-
lism,6 and the growth of vital organs, including the liver and
heart.7,8 Nevertheless, an excess of copper in the body can
trigger the overproduction of reactive oxygen species (ROS),
leading to oxidative stress and disrupting normal cellular
metabolic processes.9 Conversely, copper deciency can cause
health issues such as osteoarticular diseases10 and anemia.11

According to guidelines from the World Health Organization
(WHO) and the Environmental Protection Agency (EPA), the
maximum allowable concentrations of copper ions in drinking
water are 1.3 mg L−1 (20.4 mM) and 2.0 mg L−1 (31.4 mM),12

respectively. Therefore, enhancing the selectivity and sensitivity
of copper ion detection in environmental and medical appli-
cations is of critical importance.
n Chang, Jiangxi 330004, China
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tion (ESI) available. See DOI:

–1370
Traditional methods for detecting copper ions, such as ame
atomic absorption spectroscopy (AAS) and inductively coupled
plasma mass spectrometry (ICP-MS),13,14 typically involve
complex and costly instrumentation, limiting their widespread
use. In contrast, uorescence analysis has been widely
employed for detecting copper ion levels in environmental and
biological samples due to its high sensitivity, strong selectivity,
low detection limits, rapid response, and ease of operation.15,16

In recent years, various novel nano-uorescent materials,
including polymers,17,18 nanoparticles,19,20 quantum dots,21,22

and organic dyes,23,24 have been developed for copper detection.
Despite advancements in uorescence sensors for copper ion
detection, single-emission methods are easily inuenced by
factors such as concentration, stability, instrumentation, pH,
temperature, and buffer solutions, leading to unstable results or
indistinguishable false positives and negatives. By contrast, the
overtone peak reference approach uses specic emission peaks
to monitor environmental uctuations, where shis in the
intensity or position of these peaks indicate disturbances in the
environment. Monitoring these variations allows for correction
of errors from environmental factors, thereby improving
analytical accuracy and reliability.25–27 Consequently, there is
a pressing need to develop uorescence detection methods with
multi-emission strategies for targeted detection.

Covalent organic frameworks (COFs) are highly ordered
materials formed by the covalent bonding of organic
This journal is © The Royal Society of Chemistry 2025

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ay01738b&domain=pdf&date_stamp=2025-02-03
http://orcid.org/0009-0005-1643-4342
http://orcid.org/0009-0007-2946-3171
http://orcid.org/0000-0002-4582-7250
https://doi.org/10.1039/d4ay01738b
https://doi.org/10.1039/d4ay01738b
https://pubs.rsc.org/en/journals/journal/AY
https://pubs.rsc.org/en/journals/journal/AY?issueid=AY017006


Paper Analytical Methods

Pu
bl

is
he

d 
on

 2
1 

Sa
nd

a-
pp

n 
20

25
. D

ow
nl

oa
de

d 
on

 2
02

6/
03

/1
4 

9:
02

:4
0 

PM
. 

View Article Online
monomers. Owing to their chemical stability, tunable func-
tionality, large specic surface area, uniform pore structure,
and abundant binding sites, COFs have been widely investi-
gated for their potential in ion detection.28–32 Specically,
innovative COFs with adjustable properties and functional
groups show great promise as uorescent materials for
addressing environmental issues related to heavy metal ion
contamination. Previous studies have demonstrated that
incorporating different luminescent units into COFs can lead to
the development of highly efficient luminescent COF
sensors.33–35 Therefore, the organic ligand tetraphenylethylene
(TPE), known for its aggregation-induced emission (AIE), is an
ideal choice for designing uorescent COFs.36,37 The porous
structure of COFs creates a favorable microenvironment for the
aggregation of TPE molecules, thereby enhancing the AIE effect
and uorescence emission.38

Based on the above considerations, we designed a uores-
cent covalent organic framework with abundant coordination
sites, synthesized by a condensation reaction using
tetraphenylethene-4-carboxaldehyde (TPE-CHO) and 5,50-dia-
mino-2,20-bipyridine (Bpy) as building units. Under 410 nm
excitation, the COF exhibits a overtone peak at 820 nm, which
serves as a self-referencing signal to minimize signal deviation
due to environmental uctuations. The bipyridine groups show
high affinity for Cu2+ ions, and during coordination, Cu2+ acts
as an electron acceptor, coordinating with the bipyridine groups
in the COF and accepting the lone pair electrons from nitrogen
atoms. This coordination induces electron transfer from the
excited TPE-Bpy-COF to the unlled 3d orbitals of Cu2+, result-
ing in uorescence quenching at 500 nm (Scheme 1). Based on
this characteristic, we successfully constructed a uorescence
sensor using the overtone peak as a self-referencing signal,
enabling high-sensitivity detection of Cu2+ ions in water
samples.
Scheme 1 Schematic diagram of Cu2+ detection by the TPE-Bpy-COF

This journal is © The Royal Society of Chemistry 2025
2. Experimental
2.1. Reagents

Tetra-(4-formylphenyl)ethylene (TPE-CHO) and 5,50-diamino-
2,20-bipyridine (Bpy) were obtained from Macklin Biochemical
Technology Co., Ltd (Shanghai, China). o-Dichlorobenzene (o-
DCB), N,N-dimethylacetamide (DMAC), glacial acetic acid, and
ethylenediaminetetraacetic acid (EDTA) were obtained from
Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). Copper chloride was obtained from Xilong Scientic
Co., Ltd (Guangdong, China). All other chemical reagents were
of analytical grade and were used without further purication.
Ultrapure water (18.2 MU cm) was supplied by a Milli-Q system
(Millipore).

2.2. Instruments

The morphology of the TPE-Bpy-COF was examined using
a LEO-1530VP scanning electron microscope (SEM) from Zeiss,
Germany. The Fourier-transform infrared spectra (FT-IR) were
recorded using a Bruker VERTEX70 spectrometer (Ettlingen,
Germany). X-ray photoelectron spectroscopy (XPS) was per-
formed at 77 K using a Thermo Escalab 250xi photoelectron
spectrometer (USA). Fluorescence lifetimes were measured
using an Edinburgh Instruments FLS920 system. Emission and
excitation spectra were obtained using a Hitachi FL-4500 uo-
rescence spectrometer. In the uorescence experiments, the
excitation wavelength was set to 410 nm, with slit widths of
5 nm for excitation and 2.5 nm for emission. All uorescence
measurements were conducted under consistent experimental
parameters.

2.3. Synthesis of the TPE-Bpy-COF

The TPE-Bpy-COF was synthesized with Bpy and TPE-CHO as its
structural components, forming a bipyridine-linked COF through
a solvothermal reaction. TPE-CHO (0.05mmol) was rst dissolved
sensor.

Anal. Methods, 2025, 17, 1362–1370 | 1363
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in a glass vial containing a DMAC/o-DCB solvent mixture (0.8 mL,
v/v = 3 : 1) using sonication. Subsequently, Bpy (0.1 mmol) was
added to the solution, and the mixture was sonicated until fully
dissolved. Next, glacial acetic acid (12.0 M, 80 mL) was added, and
the vial was vacuum-sealed. Themixture was subsequently heated
at 120 °C for 3 days, yielding a yellow precipitate. Aer cooling to
room temperature, the mixture was centrifuged at 10 000 rpm for
10 minutes, and the resulting solid was washed three times with
methanol to remove unreacted starting materials and solvents
trapped within the pores. The nal material was dried at 60 °C for
8 hours, resulting in a light yellow powder.
2.4. Optimization of experimental conditions for the TPE-
Bpy-COF

TPE-Bpy-COF suspensions (0.1 mg L−1) were prepared in
various solvents, including DMF, DMSO, methanol, ethanol,
acetonitrile, water, and water/ethanol mixtures. Following
ultrasonic mixing, the uorescence intensity was measured
immediately. To examine the effect of TPE-Bpy-COF concen-
tration on uorescence intensity, a series of samples with
varying concentrations were prepared. Additionally, the pH of
a 0.06 mgmL−1 suspension was adjusted between 3 and 9 using
HCl and NaOH to evaluate its inuence on uorescence
intensity.
2.5. Fluorescence detection of Cu2+

The TPE-Bpy-COF (1.2 mg) was dispersed in a 20 mL ethanol/
water mixture (8 : 2 v/v) and sonicated for 10 minutes to
Fig. 1 (A) FT-IR spectral images of tetra-(4-formylphenyl)ethylene, 5,50-
TPE-Bpy-COF. (C) C 1s, (D) N 1s.

1364 | Anal. Methods, 2025, 17, 1362–1370
prepare a 0.06 mg mL−1 TPE-Bpy-COF suspension. Two milli-
liters of this suspension was placed in a quartz cuvette, and
Cu2+ solutions (0.05–16.0 mM) were incrementally added in 10
mL aliquots, resulting in nal Cu2+ concentrations ranging from
0 to 8.0 mM. Aer each addition, the uorescence spectra were
recorded to evaluate the uorescence response of the TPE-Bpy-
COF to Cu2+.
2.6. Preparation of real samples

To evaluate the practical applicability of the proposed sensor,
copper ion levels were detected in tap water and river water
samples. The river water samples were rst centrifuged and
ltered using a 0.45 mm syringe lter to remove any insoluble
particles. The tap water samples were used without treatment.
Different concentrations of Cu2+ solution were then added to
the processed water samples for the analysis.
3. Results and discussion
3.1. Characterization of the TPE-Bpy-COF

The occurrence of the Schiff base reaction was conrmed
through Fourier-transform infrared spectroscopy (FT-IR). As
shown in Fig. 1A, a characteristic band at 1627 cm−1 corre-
sponding to the stretching vibration of the C]N bond was
observed, indicating a successful Schiff base reaction between
the monomers.39,40 Furthermore, the absorption peaks at
3416 cm−1 and 3330 cm−1 are associated with the amino groups
of 2,20-bipyridine-5,50-diamine, while the characteristic peak at
diamino-2,20-bipyridine, and the TPE-Bpy-COF. (B) XPS spectra of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (A) lEx = 410 nm for the TPE-Bpy-COF, the fluorescence emission spectra are lEm = 500 nm and lEm = 820 nm. (B) Fluorescence
emission spectra of TPE-CHO (black line), Bpy (blue line), and the TPE-Bpy-COF (red line). The upper right side of the image is the luminescent
image of the sample, from left to right, Bpy, TPE-CHO and the TPE-Bpy-COF.
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1697 cm−1 is attributed to the aldehyde groups of tetra-(4-for-
mylphenyl)ethylene. The peaks at 3062 cm−1 and 2862 cm−1

correspond to the stretching vibrations of unsaturated –CH
groups.39 The disappearance of the peaks for Bpy (–NH2 at
3282 cm−1) and TPE-CHO (–CHO at 2896 cm−1), along with
a signicant reduction in the absorption intensity of –C]O at
1697 cm−1 in the FT-IR spectrum, further conrms the
successful formation of the COF.

X-ray photoelectron spectroscopy (XPS) was utilized to
analyze the chemical composition and surface electronic states
of the TPE-Bpy-COF. The presence of C 1s, N 1s, and O 1s was
indicated by peaks at 284.4, 399.1, and 531.4 eV, respectively
(Fig. 1B). The high-resolution C 1s spectrum revealed peaks at
284.8 eV, 286 eV, and 288.1 eV, corresponding to C–C/C–H in
aromatic rings, C–N/C]N, and aldehyde C]O groups
(Fig. 1C).39 N 1s peaks at 399.1 eV and 400.3 eV indicated the
presence of –C]N, pyridinic nitrogen, and free secondary
amines (–NH) (Fig. 1D).41 The appearance of –C]N conrms
the formation of imine bonds, verifying the successful synthesis
of the TPE-Bpy-COF. Moreover, SEM images of the TPE-Bpy-COF
(Fig. S1A†) showed a rough surface featuring nanosheets and
aggregated structures. Elemental mapping (Fig. S1B–D†) further
reveals that carbon, nitrogen, and oxygen are evenly distributed
throughout the framework.

The uorescence spectra of the TPE-Bpy-COF were recorded,
revealing strong emission at 500 nm under 410 nm excitation
Fig. 3 (A) Fluorescence emission spectrum of the TPE-Bpy-COF in differe
concentration. (C) TPE-Bpy-COF fluorescence emission spectra at diffe

This journal is © The Royal Society of Chemistry 2025
(Fig. 2A). Comparative spectra showed that the TPE-Bpy-COF
exhibited signicantly higher uorescence intensities at
500 nm and 820 nm compared to the tetra-(4-formylphenyl)
ethylene monomer (Fig. 2B), conrming that the AIE effect
within the TPE-Bpy-COF's porous framework enhances uo-
rescence emission.

3.2. Optimization of the experimental conditions

The uorescence emission spectra of the TPE-Bpy-COF in
various solvents are presented in Fig. 3A. Compared to disper-
sion in DMF, methanol, ethanol, acetonitrile, and water, the
TPE-Bpy-COF exhibited higher uorescence intensity when
dispersed in DMSO and the water/ethanol mixed solvent.
Considering the high toxicity of DMSO, its practical application
is limited. In contrast, the water–ethanol mixed solvent
provides moderate aggregation, prevents excessive aggregation,
and enhances the AIE effect. Therefore, the water–ethanol
mixed solvent was selected for subsequent experiments. The
uorescence intensity reached its maximum when the TPE-Bpy-
COF concentration was 0.06 mg mL−1 (Fig. 3B). As the
concentration increased further, the intensity of the uores-
cence emission peak slightly decreased. Therefore, 0.06 mg
mL−1 was selected as the optimal concentration of the TPE-Bpy-
COF for subsequent experiments. In addition, the effect of pH
on the uorescence intensity of the TPE-Bpy-COF was examined
over a pH range of 3 to 9 (Fig. 3C). Under acidic conditions, the
nt solvents. (B) The plot of fluorescence intensity versus TPE-Bpy-COF
rent pH values.

Anal. Methods, 2025, 17, 1362–1370 | 1365
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Fig. 4 (A) Fluorescence spectrum of the TPE-Bpy-COF at different Cu2+ concentrations. (B) Diagram of the fluorescence intensity at 500 nm
and 820 nm versusCu2+ concentration (0–7.85 mM). Inset: Linearity of Cu2+ concentration (1–5.0 mM) and fluorescence intensity ratio (I500/I820).
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nitrogen atoms in the pyridine rings of the TPE-Bpy-COF are
protonated to form pyridinium groups, which leads to a redis-
tribution of the electronic structure and makes the charge
transfer transition more efficient. Protonation also reduces the
LUMO–HOMO energy gap, thus lowering the energy required
for the transition and making uorescence more easily excit-
able.42 Notably, at pH = 5, the uorescence intensity reaches its
maximum. Under overly acidic or basic conditions, excessive
protonation or deprotonation enhances intermolecular repul-
sion, affects the stability of the electronic structure, and
increases non-radiative energy dissipation, thereby reducing
uorescence. Therefore, pH = 5 was selected as the condition
for metal ion sensing to achieve the optimal uorescence
response.

3.3. Quantitative determination of the Cu2+ ions

To assess the sensing capabilities of the TPE-Bpy-COF for Cu2+,
various concentrations of Cu2+ solution were gradually added to
the TPE-Bpy-COF suspension, and the uorescence emission
spectra of the resulting mixtures were recorded at 500 nm and
820 nm upon excitation at 410 nm. The emissions at both
500 nm and 820 nm were utilized to quantify the concentration
of Cu2+. Notably, the emission at 820 nm remained stable even
Fig. 5 (A) Selectivity of the TPE-Bpy-COF sensor for Cu2+. (B) Fluorescen
of various interfering substances.

1366 | Anal. Methods, 2025, 17, 1362–1370
with the addition of varying concentrations of Cu2+. As a result,
the overtone peak at 820 nm was employed as a self-referencing
signal to minimize interference, ensuring the consistency of
results across parallel samples and mitigating the effects of
temperature and concentration variations.43 As illustrated in
Fig. 4A, the uorescence quenching effect became more
pronounced with increasing concentrations of copper ions,
with approximately 90% of the initial COF uorescence inten-
sity quenched at a Cu2+ concentration of 7.85 mM. Fig. 4B shows
that the uorescence intensity ratio of the TPE-Bpy-COF at
500 nm and 820 nm decreases as the Cu2+ concentration
increases. The linear relationship between the uorescence
intensity ratio and Cu2+ concentration is shown in Fig. 5B,
exhibiting good linearity within the range of 1.0–4.8 mM, with
a detection limit (3s) of 0.1 mM. The regression equation is I500/
I820 = 2.57452 − 0.38179C, with R2 = 0.99378.

To further assess the detection capability of the TPE-Bpy-
COF, the detection limits of various Cu2+ uorescent probes
reported in the literature are summarized in Table 1. The TPE-
Bpy-COF sensor demonstrates superior detection performance
compared to most single-emission and multiple-emission
uorescent probes. As one of the few ratiometric uorescent
sensors based on COF materials, it exhibits enhanced anti-
ce intensity ratio (I500/I820) of the TPE-Bpy-COF sensor in the presence

This journal is © The Royal Society of Chemistry 2025
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Table 1 Comparison with other previously reported Cu2+ fluorescent sensors

Fluorescent probes Methods Linear range (mM) LOD (mM) Ref.

TFPB-DHzDs COF Fluorescence 0.1–5.0 47.8 44
Sugar and rhodamine based probe Fluorescence 0.5–4 10 45
Shiff base containing ferrocenyl-1,3,4-thiadiazole Fluorescence 2–4.8 0.44 46
Sulfur quantum dots Fluorescence 20–200 6.78 47
ZnSe quantum dots Fluorescence 0–6 0.47 48
AuNCs/PQD@SiO2 Ratio uorescence 0–160 3 49
PTA-NH2@GSH-AuNCs Ratio uorescence 1–150 0.275 50
NCs/QDs Ratio uorescence 0.3–3 0.12 51
TPE-Bpy-COF Ratio uorescence 1.0–4.8 0.1 This work
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interference capabilities, further improving the reliability and
precision of detection.
3.4. Selectivity assessment of the sensor for Cu2+

To validate the practical applicability of the TPE-Bpy-COF for
Cu2+ detection, its selectivity and interference resistance were
systematically evaluated. The TPE-Bpy-COF was dispersed in an
ethanol/water mixture, and equal amounts of various metal salt
solutions were added to form suspensions for uorescence
analysis. As illustrated in Fig. 5A, the transition metal ions Zn2+,
Co2+, and Ni2+ caused only minor quenching of uorescence
emission at 500 nm, while other metal ions such as Na+, K+,
Mg2+, Ca2+, Mn2+, Cd2+, Hg2+, Al3+, and Fe3+ had a negligible
impact on TPE-Bpy-COF's uorescence intensity. Among all the
metal ions tested, Cu2+ demonstrated the most signicant
uorescence quenching response. Additionally, the selectivity
of the TPE-Bpy-COF for Cu2+ was further tested in the presence
of potential interfering ions. These interference tests involved
mixing the COF suspension containing 10 mM Cu2+ with other
metal ions at a concentration of 50 mM each. Fig. 5B shows that
under optimal experimental conditions, the presence of these
interfering ions had minimal impact on Cu2+ detection by the
TPE-Bpy-COF, conrming its high selectivity and strong anti-
interference capability. Consequently, the TPE-Bpy-COF
sensing platform is effective for the selective and sensitive
detection of copper ions.
Fig. 6 (A) Fluorescence lifetime (500 nm) of the TPE-Bpy-COF sensor i
Cu2+ (red line) and excitation spectrum of the TPE-Bpy-COF sensor (blu

This journal is © The Royal Society of Chemistry 2025
3.5. Stability and regeneration performance of the sensor for
Cu2+

The optical stability and regeneration properties of the TPE-
DPE-COF sensor were evaluated. The optical stability of the
sensor in ethanol/water (8 : 2 v/v) was investigated by measuring
the uorescence intensity over time at room temperature. As
shown in Fig. S2A,† intermittent uorescence emission was
measured for 168 h, and the peak intensity remained stable.
The TPE-Bpy-COF was regenerated by adding a strong chelating
agent (EDTA) to the COF suspension containing copper ions. As
depicted in Fig. S2B,† the uorescence intensity of the TPE-Bpy-
COF nearly returned to its initial level aer EDTA regeneration.
The results showed that the TPE-Bpy-COF maintained its orig-
inal uorescence intensity even aer three cycles, demon-
strating excellent regeneration properties.

3.6. Quenching mechanism

The interactionmechanism between the TPE-Bpy-COF and Cu2+

ions was investigated using time-resolved uorescence spec-
troscopy to examine the quenching effect of Cu2+ on the TPE-
Bpy-COF. The uorescence lifetime of the COF decreased
markedly from 2.89 ns to 1.04 ns upon Cu2+ addition (Fig. 6A
and Table S1†), indicating that the quenchingmechanism likely
involves electron transfer or uorescence resonance energy
transfer (FRET).52 For FRET to occur, the excitation spectrum of
the sensor must overlap with the UV-visible absorption
n the absence of Cu2+/presence of Cu2+. (B) UV absorption spectra of
e line).

Anal. Methods, 2025, 17, 1362–1370 | 1367
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Fig. 7 (A) XPS spectra of the COF and COF loaded with Cu2+. (B) C 1s XPS spectra of the COF. (C) N 1s XPS spectra of the COF. (D) Cu 2p XPS
spectra of the COF and the COF loaded with Cu2+. (E) C 1s XPS spectra of the COF loaded with Cu2+. (F) N 1s XPS spectra of the COF loaded with
Cu2+.

Table 2 Detection of Cu2+ ions in practical samples (n = 3)

Samples Add (mM) Found (mM) Recovery (%) RSD (%)

River water 0 0.16 — —
1 1.17 101.2 4.1
2 2.14 99.2 1.2
4 4.18 100.5 1.9

Tap water 0 0 — —
1 1.03 103.3 2.1
2 2.03 101.3 2.4
4 4.00 100.1 2.6
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spectrum of the analyte. However, as shown in Fig. 6B, there is
no overlap between the excitation spectrum of the TPE-Bpy-COF
and the UV-visible absorption of copper ions, effectively ruling
out FRET as the quenching mechanism.

Based on the above discussion, it is proposed that the uo-
rescence quenching is primarily caused by the host–guest
electron transfer between Cu2+ and the TPE-Dpy-COF. In this
process, Cu2+ acts as an electron acceptor, coordinating with the
pyridine groups in the TPE-Dpy-COF and accepting lone pair
electrons from nitrogen atoms. This interaction facilitates the
transfer of excited-state electrons from the TPE-Dpy-COF to the
unlled 3d orbitals of Cu2+, resulting in uorescence quenching
at 500 nm. The X-ray photoelectron spectroscopy (XPS) analysis
of the TPE-Dpy-COF and TPE-Dpy-COF@Cu conrms the coor-
dination between Cu2+ ions and the bipyridine groups, with the
structural characterization showing that the presence of Cu2+ is
evident in the XPS survey spectrum (Fig. 7A) and the Cu 2p
spectrum (Fig. 7D). The signals at 936.5 eV and 956.7 eV
correspond to Cu 2p3/2 and Cu 2p1/2 respectively,53 indicating
successful binding of Cu2+ with the TPE-Bpy-COF. Comparing
the C 1s spectra (Fig. 7B and E) before and aer Cu2+ binding
reveals a shi of 0.15 eV at 287.9 eV (C]N), attributed to
changes in the electron cloud density of carbon atoms during
the binding process. The N 1s peaks at 399.1 eV and 400.3 eV
(Fig. 7C and F) correspond to pyridinic nitrogen (in imine and
bipyridine) and amine nitrogen, respectively. Aer the addition
of Cu2+, the N 1s peak at 399.1 eV in the XPS spectrum (attrib-
uted to the C]N bond in the 2,20-bipyridine group) shied by
0.35 eV towards higher binding energy. This shi indicates that,
due to the coordination between the nitrogen atoms in the
bipyridine group and Cu2+, electrons are transferred from the
nitrogen atoms to Cu2+, resulting in a decreased electron
density around the nitrogen atoms.54,55

The selectivity of the COF for Cu2+ is due to the unsaturated
electron state of the Cu2+'s outer shell (d9), which makes the
1368 | Anal. Methods, 2025, 17, 1362–1370
vacant orbitals ideal electron acceptors, thereby more effectively
accepting electrons from the nitrogen atoms. The fully lled d10

conguration of Zn2+ lacks vacant orbitals to accept electrons,
making it less likely to participate in electron transfer. In
comparison, Co2+ and Ni2+, with d7 and d8 congurations, may
accept electrons under certain conditions, but their electronic
structure and lower coordination affinity limit them from
achieving the same effect as Cu2+ ions.56,57 The slight uores-
cence quenching caused by transition metal ions Zn2+, Co2+,
and Ni2+ further supports this explanation.
3.7. Detection of Cu2+ in water samples

To evaluate the feasibility and reliability of the TPE-Bpy-COF
ratiometric uorescence sensor for Cu2+ detection, the sensor
was tested in river and tap water samples with varying
concentrations of Cu2+ to validate its effectiveness in real water
samples. As presented in Table 2, the recovery rates for Cu2+

detection ranged from 99.2% to 103.3%, with RSDs of less than
4.0%. The results conrm that the TPE-Bpy-COF ratiometric
uorescence sensor is highly effective for detecting Cu2+ in
environmental samples, demonstrating its practicality and
This journal is © The Royal Society of Chemistry 2025
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effectiveness for environmental monitoring and water quality
analysis.
4. Conclusion

In conclusion, this research developed a ratiometric uorescent
sensor founded on a TPE-Bpy-COF, incorporating an AIE-active
ligand alongside bipyridine units to construct a framework with
abundant coordination sites. Upon excitation at 410 nm, this
COF displays emissions at both 500 nm and 820 nm. By
employing the 820 nm overtone peak as a self-referencing
signal, environmental interference was effectively minimized,
enabling precise detection of Cu2+. Acting as an electron
acceptor, Cu2+ binds strongly to the bipyridine moieties in the
TPE-Bpy-COF, which in turn causes uorescence quenching at
500 nm.This sensor reached a detection limit of 0.1 mM,
maintaining a linear response from 1.0 to 4.8 mM, and showed
high recovery rates in tests with real water samples. This study
provides a novel approach for COF-based ratiometric uores-
cence detection, showing signicant potential for heavy metal
ion detection in complex environments.
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