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Copper (Cu?*) is an essential trace element involved in various enzymatic and physiological processes.
However, it becomes toxic when accumulated beyond permissible limits. In this work, we report the
design of a water-soluble, fluorescence-responsive sensor based on a Schiff base formed through the
condensation of polyethylenimine (PEI) and vanillin, a naturally derived aromatic aldehyde, engineered
specifically for the selective recognition of Cu* ions in aqueous environments. The synthesized Schiff-
base ligand was characterized by UV-Vis, FTIR, and *H NMR spectroscopy, while its interaction with Cu?*
was confirmed through fluorescence spectroscopy and XPS analysis. This method offers a remarkably
simple and straightforward sensing strategy, using minimal synthetic steps and entirely aqueous
processing. The sensor exhibited a distinct fluorescence response upon interaction with Cu?*, attributed
to coordination at the imine (—~C—N-) site and vanillin donor groups. The system showed high selectiv-
ity toward Cu?* over other competing metal ions in the 800-100 pM and 1000-10 nM regimes, with a
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limit of detection of 290 nM. The probe was synthesized via a simple aqueous-phase reaction between
the sensing components to form fluorescent Schiff-base sites, eliminating the use of organic solvents,
and it enabled sensitive and selective fluorescence-based detection of heavy-metal ions under ambient
conditions. In addition to liquid phase sensing, the compatibility of the probe with porous substrates
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1 Introduction

Contamination of water resources by heavy metal ions (HMIs)
remains a pressing global concern, with heavy metals such as
lead, arsenic, mercury, and cadmium among the most common
toxic species in aquatic environments."”> Among these toxic
metal ions, copper presents a unique challenge because it
exhibits a dual nature as both an essential micronutrient and
a potential environmental toxicant. Its widespread use in
industrial, agricultural, and domestic applications significantly
increases the risk of overexposure.®* While Cu®" ions serve
critical functions in biological systems, particularly in enzy-
matic redox processes and oxygen activation through complex
copper active sites,’ their excessive accumulation has been
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suggests the potential for the future development of portable paper-based detection platforms.

associated with liver cirrhosis, kidney dysfunction, and neuro-
degenerative disorders.® Given its dual role as both a necessary
micronutrient and a potential toxicant, the selective and eco-
friendly detection of Cu®" in aqueous environments is both
scientifically and environmentally relevant. Therefore, main-
taining copper concentrations within the permissible range is
essential for protecting both environmental and public health.
Recognizing the potential health risks associated with copper
exposure, the World Health Organization (WHO) and the Uni-
ted States Environmental Protection Agency (USEPA) have set
the maximum allowable limits for copper in drinking water at
2.0 mg L' and 1.3 mg L™, respectively.” The growing demand
for real-time, cost-effective and field-deployable copper ion
detection systems has therefore driven significant research to
develop selective and sensitive sensing platforms, especially
those that are environmentally benign and user-friendly.*°
In recent years, various analytical techniques have been
explored for HMI detection, among which optical approaches
have gained considerable attention due to their operational
simplicity, rapid response, and non-destructive characteristics.
Fluorescence-based sensing, in particular, has emerged as a
powerful strategy owing to its high sensitivity, real-time
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monitoring capability, and adaptability to portable formats.""
These sensors can detect target analytes through measurable
changes in emission intensity, wavelength, or fluorescence
lifetime, enabling sensitive monitoring even at trace concentra-
tions. Owing to these advantages, a diverse range of fluorescent
materials, including organic dyes, rare-earth complexes, metal-
organic frameworks (MOFs), semiconductor quantum dots,
metallic nanoparticles, and carbon-based quantum dots, have
been investigated for HMI sensing applications.”>"®> Among
these, MOF-based fluorescent sensors have attracted significant
attention because of their high surface area, tunable pore
structures, excellent chemical stability, and intrinsic lumines-
cent properties, enabling highly selective and sensitive detection
of a wide range of analytes. Recent studies have demonstrated
that rationally designed luminescent MOFs can achieve nano-
molar detection limits with excellent selectivity, anti-interference
capability, and recyclability through mechanisms such as photo-
induced electron transfer (PET), the inner filter effect (IFE), and
competitive absorption (CA). These advances highlight the grow-
ing potential of MOFs as versatile fluorescent sensing platforms
for environmental monitoring and biomedical analysis.'®°

In parallel, considerable progress has also been achieved
using ratiometric fluorescent probes, FRET-based sensing
systems, graphene-assisted fluorescence amplification, and
near-infrared fluorescent probes, which significantly improve
sensing accuracy by minimizing background interference and
enhancing signal reliability.>'* These advanced fluorescence
strategies have enabled ultrasensitive detection of diverse
biomarkers and pollutants while expanding the applicability
of fluorescence sensing to biological imaging, food safety, and
environmental monitoring. Despite their promising analytical
performance, several of these systems suffer from drawbacks
such as complicated synthesis routes, poor water solubility, or
reliance on expensive and non-biodegradable components.
Furthermore, many recently reported fluorescence probes
are primarily designed for biomedical imaging or specific
molecular biomarkers rather than routine heavy metal mon-
itoring in aqueous environments. Consequently, increasing
attention has been directed toward developing simple, struc-
turally tunable, water-compatible, and environmentally
benign molecular platforms for selective heavy metal ion
detection.

Among the numerous molecular fluorophores explored for
metal ion sensing, Schiff bases have attracted considerable
interest as fluorescent chemosensors due to their straightfor-
ward synthesis via condensation of amines and aldehydes,
structural versatility, and strong metal-chelating ability.****
Schiff bases often exhibit fluorescence due to n-n* transitions
originating from their extended conjugated m-electron system
formed by the imine (C=N) bond and aromatic moieties.**"*
In addition, the presence of azomethine (C—=N) groups along
with additional donor sites such as phenolic -OH groups
enables efficient coordination with transition metal ions, often
resulting in measurable fluorescence modulation.>**°
ous Schiff base-based probes have been reported for selective
metal ion detection.*’** Nevertheless, most reported Schiff

Numer-
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base sensors for HMI detection are derived from synthetic
aldehydes®*° or are based on low molecular weight fluoro-
phores, which often exhibit limited aqueous stability and
reduced processability and comparatively lower suitability for
practical sensing applications. This underexplored area high-
lights an important opportunity for the development of envir-
onmentally benign and practically viable Schiff base sensing
materials.?”

To overcome these limitations, integrating Schiff base func-
tionality into polymeric frameworks has emerged as an effective
strategy to enhance stability, water compatibility, metal-
binding density, enhanced selectivity and sensitivity toward
target metal ions.***° Among various polymeric matrices,
polyethyleneimine (PEI) has emerged as an attractive platform
because of its highly branched structure, excellent water solu-
bility, biocompatibility, and exceptionally high amine density.
PEI readily undergoes condensation with aldehydes to form
Schiff base linkages in solution.**™** The abundance of pri-
mary, secondary, and tertiary amines in PEI enables rapid
imine formation and provides multiple coordination sites for
metal ions, thereby enhancing the binding efficiency and signal
responsiveness.*’ Furthermore, its excellent film-forming abil-
ity, biocompatibility, and fast response characteristics make
PEI-based systems promising for real-time environmental mon-
itoring applications.*®

Beyond the incorporation of Schiff base functionality into
polymeric frameworks, the choice of aldehyde component
plays a crucial role in modulating the optical and coordina-
tion properties of the resulting Schiff base. While several
studies have employed synthetic aldehydes such as salicylalde-
hyde (SA), 2-hydroxy-1-naphthaldehyde, and other fluorophore-
containing derivatives for PEI-based sensing systems, these
materials are often commercially sourced and less environmen-
tally sustainable.*>** For example, Tan et al. developed a PEI-
SA system for Zn** and Cd*" detection, though it required
additional reagents for ion differentiation and exhibited
limited selectivity.* Mondal and Dey reported PEI-based
fluorescent composites derived from aldehydes such as 4-
hydroxybenzaldehyde, 2-hydroxynaphthaldehyde, and SA,
demonstrating ion-dependent fluorescence responses; how-
ever, the systems relied on synthetic aldehydes.*>*® Similarly,
Fan et al fabricated a solid-phase sensor through multi-step
surface modification involving PEI and salicylaldehyde, which,
despite its effectiveness, required chemical pre-treatment and
sequential processing steps.** Relatively few studies have
explored naturally derived aldehydes for constructing environ-
mentally sustainable polymeric fluorescent probes capable of
direct Cu®* detection in aqueous media.

In this regard, vanillin, a naturally derived aromatic aldehyde,
offers a sustainable and biocompatible alternative. Its aldehyde
functionality readily forms imine bonds with amine-containing
compounds, while the phenolic group promotes electron deloca-
lization and provides favorable sites for metal ion interaction.*>*®
Zhao et al. demonstrated that vanillin-derived polymers can
undergo efficient Schiff base reactions under mild conditions,
enabling functional material development.*” Kumar et al.
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reported vanillin-based Schiff bases capable of forming stable
coordination complexes with metal ions, achieving high extrac-
tion efficiencies.”® These findings suggest that vanillin-based
Schiff bases can provide strong coordination ability while main-
taining environmental compatibility. Based on this rationale, we
designed a green, liquid-phase sensing platform by combining
PEI and vanillin to spontaneously form a Schiff base in aqueous
media. The resulting PEI-vanillin probe leverages the high amine
density of PEI and the phenolic-imine coordination sites of
vanillin to achieve selective fluorescence quenching in the
presence of Cu”*. A schematic depicting this typical reaction is
presented in Fig. 1.

To further demonstrate its practical applicability, the synthe-
sized PEI-vanillin probe was immobilized onto cellulose-based
Whatman filter paper (WFP) through a straightforward drop-
casting process to fabricate disposable paper-based sensing
strips. The resulting platform exhibited selective fluorescence
quenching and distinct visual responses toward Cu®* demon-
strating its suitability for rapid on-site monitoring. The
combination of sustainable molecular design, aqueous synth-
esis, polymeric stability, and portable paper-based implemen-
tation distinguishes the present work from previously
reported Schiff base and polymeric fluorescent sensing sys-
tems. Furthermore, the development of environmentally
benign fluorescent sensors for heavy metal monitoring con-
tributes directly toward several United Nations Sustainable
Development Goals (SDGs), notably SDG 6 (Clean Water and
Sanitation), SDG 3 (Good Health and Well-being), and SDG 12
(Responsible Consumption and Production), by enabling fast
and precise detection of toxic metal pollutants in water,
thereby contributing towards better public health and envir-
onmental protection.
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2 Materials and methods
2.1 Materials
Polyethylenimine (PEI, branched, average M,, ~25000, M,

~10000; CAS No. 9002-98-6) was purchased from Merck. Vanil-
lin (extrapure AR, 99%, 4-hydroxy-3-methoxybenzaldehyde; MW
152.15, CgHgO;) was purchased from SRL. Solutions of Cu™',
cd*, cr*t, Co**, Fe**, Zn**, Mn**, A**, Pb*", Hg?", and Ni** were
prepared from cupric chloride (170.48), cadmium chloride
(183.32), chromium(m) nitrate (400.15), cobalt(u) nitrate
(291.03), iron(m) chloride hexahydrate (270.30), zinc sulphate
heptahydrate (287.54), manganese(n) chloride tetrahydrate
(197.90), aluminium chloride hexahydrate (241.43), lead(u)
nitrate (331.21), mercuric chloride (271.50) and nickel(u) chloride
hexahydrate (237.7), respectively. Deionized (DI) water with a
specific conductance below 1 S cm™ ' at 25 °C (specific gravity 1.0)
was procured from Nice Chemicals Pvt. Ltd, India. All the
reagents (solvents and chemicals) were used without any addi-
tional purification.

2.2 Synthesis of the polyethylenimine and vanillin-based
Schiff base

The Schiff base-based liquid sensor material was prepared by
reacting PEI with vanillin through imine bond formation
between the amine groups of PEI and the aldehyde group of
vanillin. Briefly, PEI (0.5 g, 1.0 wt%) was dissolved in 50 mL of
deionized water under continuous stirring for 60 min to obtain
a homogeneous solution. Subsequently, vanillin (25 mg,
0.05 wt%) was added to the PEI solution, maintaining a PEI
molar ratio of 1:8, and the reaction mixture was stirred
continuously for 3 h at room temperature to facilitate Schiff
base formation. No additional pH adjustment was performed,
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Fig. 1 PEl and vanillin Schiff base reaction mechanism.
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and the reaction was carried out under the inherent pH condi-
tions of the PEI-vanillin system. The obtained PEI-vanillin Schiff
base solution was stored at room temperature under light-
protected conditions by wrapping the container with aluminum
foil. For characterization and HMI sensing experiments, the
prepared solution was diluted 17-fold with deionized water.

2.3 Detection of heavy metal ions in water

To evaluate the sensing performance of the prepared PEI-vanillin
sensor solution, fluorescence emission studies were carried out in
the presence of various HMISs. In a typical experiment, 2 mL of the
PEI/vanillin solution was placed in a quartz cuvette, and different
concentrations of target analytes were gradually introduced. For
selectivity studies, the sensor was tested against eleven HMIs:
cu*, cd*, cr*, co*, Fe*', zn>*, Mn**, AP", Pb>*, Hg”*, and Ni*".
The resulting mixtures were gently agitated and allowed to
stabilize for a few minutes to ensure adequate interaction
between the analytes and the sensing matrix. Fluorescence emis-
sion spectra were then recorded, and the fluorescence intensity at
the characteristic emission wavelength was monitored to assess
the selectivity and sensitivity of the sensor. Changes in fluores-
cence intensity, either enhancement or quenching, were used to
evaluate the extent of interaction between each analyte and the
PEI/vanillin system.

The efficiency of detection (1) was quantified using the
equation®®:

My— M
n= My x 100, (1)

where M, denotes the fluorescence intensity of the blank PEI/
vanillin solution, and M represents the fluorescence intensity
after addition of the analyte. This calculation helps to determine
the relative change in the intensity of the emission, reflecting the
responsiveness of the sensor to each specific metal.

2.4 Characterization of the PEI-vanillin Schiff base system
and its response to heavy metal ions

The synthesized polyethylenimine and vanillin-based Schiff
base complexes were characterized using a series of spectro-
scopic and analytical techniques to confirm structural for-
mation and their sensing behavior toward HMIs. UV-vis
absorption spectra were recorded using a UV-Vis-NIR spectro-
photometer (V-770, JASCO, Japan), capable of measuring in the
wavelength range 190-2700 nm, to monitor changes in electro-
nic transitions associated with imine bond formation. The
vibrational properties were examined using a single reflection
ATR-IR spectrophotometer (FT/IR-4X, JASCO, Japan) in the
wavenumber range of 400-4000 cm™ ', which confirmed the
formation of Schiff bases by examining the emergence of C=N
stretching bands and distinctive peaks of functional groups in
PEI and vanillin. To preliminarily evaluate the fluorescence
behavior of the sensor material, the sample is observed under
450 nm filtered light using a solar simulator (SLB-300-A,
Sciencetech Inc., Canada) powered by a xenon arc lamp and
set to AM 1.5G-1 sun illumination. Fluorescence emission of
the PEI-vanillin system and its response to HMIs is further
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examined using a spectrofluorometer (Jobin Yvon Fluorolog-3,
Horiba, France). In addition, fluorescence lifetime measure-
ments were carried out using time-correlated single photon
counting (TCSPC) on a Fluorocube Lifetime System (Jobin-
Yvon, Horiba, France), equipped with pulsed-diode excitation
sources (LEDs: 280, 295, 340, 370, 390, and 460 nm), to assess
the fluorescence lifespan and investigate the excited-state
dynamics before and after metal ion contact. 'H Nuclear
magnetic resonance (NMR) spectra were recorded at 500 MHz
(Bruker Avance III, Bruker, Germany) to confirm the formation
of the Schiff base by identifying the characteristic imine proton
signals and observing changes in the chemical shifts of PEI and
vanillin after they were combined. X-ray photoelectron spectro-
scopy (XPS) measurements were carried out using a K-Alpha X-
ray Photoelectron Spectrometer (Thermo Fisher Scientific, Wal-
tham, USA) to investigate the changes in the surface chemical
composition and binding environments of the PEI-vanillin
probe before and after Cu®>" coordination.

3 Results and discussion
3.1 Structural confirmation

The formation of the PEI-vanillin Schiff base was confirmed by
FTIR spectroscopy,”””" which provides evidence for the con-
densation reaction between the amine groups of PEI and the
aldehyde functionality of vanillin. The reaction proceeds through
a nucleophilic attack by the lone pair of electrons on the nitrogen
atom of the primary amine groups in PEI, targeting the electro-
philic carbon within the carbonyl group (C—O0) of the aldehyde
moiety in vanillin.** This leads to the formation of an imine
(Schiff base; C=N) via a condensation reaction, with the release
of a water molecule, as shown in Fig. 1.>> The imine linkage
serves as the core sensing motif, with the phenolic ~-OH and
aromatic ring from vanillin potentially enhancing electron delo-
calization and metal-binding capacity.”***

FTIR analysis revealed the disappearance of characteristic
peaks corresponding to primary amine (-NH,) and aldehyde
(-CHO) groups, along with the appearance of a distinct stretch-
ing vibration near 1643 cm ™", attributed to the imine (-C=N-)
bond as shown in Fig. 2a. The emergence of the imine (C—=N)
stretching band at 1643 cm™ ", along with the disappearance of
the aldehyde (C=O0) peak at 1662 cm ™, indicates successful
Schiff base formation within the network.*> As supporting
evidence, the "H NMR spectrum in Fig. (2b) reveals a character-
istic signal at 8 ppm after vanillin is added to PEI, attributable
to the azomethine (-CH=—N-) proton, thereby confirming Schiff
base formation.** This signal, although relatively weak, which
is typical due to low proton density and peak broadening in
polymer-based systems, supports the successful condensation
reaction between the amine groups of PEI and the aldehyde
moieties of vanillin. The azomethine group, representing the
imine (-C=N) linkage, plays a crucial role in the sensing
functionality of the material. The FTIR spectrum of the
PEI-vanillin film after Cu®** coordination is provided in the SI

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2026
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Fig. 2 (a) FTIR and (b) *H NMR spectra of PEI, vanillin, and PEI-vanillin.

(Fig. S3), and the observed spectral changes further support the
proposed coordination mechanism.

3.2 Photophysical and fluorescence characteristics of PEI-
vanillin

3.2.1 Absorption characteristics and band gap analysis of
PEI/vanillin. Fig. 3a shows the UV-Vis absorption spectrum of
the sensor material,>*> which exhibits a broad absorption band
from 250-500 nm. Pristine PEI exhibited minimal absorbance
throughout this range. Vanillin showed two characteristic
absorption peaks at approximately 270 and 310 nm. Upon imine
formation with PEI, a new bathochromically shifted peak
appeared at ~360 nm in the UV-Vis spectrum of the PEI/vanillin
system (Fig. 3a), which is attributed to the n-n* transition of the
imine (-CH=N-) bonds.’® This spectral shift confirms the
successful formation of Schiff base linkages in the PEI-vanillin
network.”” The Tauc plot as shown in Fig. 3b reveals that the
sensor material has an optical band gap of approximately 3.2 eV.
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3.2.2 Excitation-dependent fluorescence and emission pro-
file of PEI-vanillin. To assess the fluorescence behavior of the
components, visual observations were carried out under 450 nm
filtered light using a solar simulator. Visual observations under
450 nm filtered light using a solar simulator revealed a greenish-
yellow emission as shown in Fig. S1a, indicating strong emissive
behavior. This is further supported by the chromaticity diagram,
which confirms emission in the yellow region as shown in Fig.
S1b. Additionally, the 2D excitation-emission map demonstrates
a broad fluorescence profile across the visible range, while the
3D surface plot illustrates the overall photoluminescence inten-
sity distribution as shown in Fig. Sic and d, respectively, high-
lighting the robust emission characteristics of the system.
Excitation-dependent emission spectra recorded in the excita-
tion range of 400-650 nm showed a broad emission spanning
from ~500 to 550 nm, with a prominent emission peak observed
around 550 nm. In particular, as shown in Fig. 4a excitation at
410 nm, corresponding to the maximum absorbance region,
produced the strongest fluorescence response. Under this
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(a) UV-Vis absorption spectra of pristine PEI, vanillin, and the synthesized PEI-vanillin conjugate. The bathochromically shifted absorption band at

~360 nm in the PEl-vanillin system indicates Schiff-base (-CH=N-) formation and enhanced n-conjugation. (b) Tauc plot of the PEl-vanillin system
derived from UV-Vis data, indicating an optical bandgap of approximately 3.2 eV.
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(a) Excitation-dependent fluorescence emission spectra of the PEI-vanillin system recorded across excitation wavelengths from 380 to 490 nm.

A broad emission band spanning 400-650 nm is observed, indicating strong visible-range fluorescence. (b) Fluorescence excitation and emission
spectra of the PEl-vanillin system at the optimized excitation wavelength of 410 nm, showing a maximum emission peak at 516 nm.

condition, a distinct emission peak appeared at ~516 nm, as
shown in Fig. 4b. Additionally, the image in Fig. Sla shows a
visible greenish-yellow fluorescence observable to the naked eye,
confirming effective emission in the visible range. This greenish-
yellow fluorescence is attributed to the formation of -CH—N-
linkages and enhanced m-conjugation within the PEI-vanillin
network, which promote efficient fluorescence, consistent with
previous reports on imine-linked n-conjugated polymer networks
exhibiting visible-light activity.>® Also it should be noted that,
although vanillin and PEI exhibit negligible fluorescence, the
formation of the PEI-vanillin Schiff base network induces a
significant fluorescence response, which can be attributed to the
formation of the imine linkage and the constrained polymeric
environment that limits molecular motion (as shown in Fig. S2).

3.2.3 pH responsiveness and long-term photostability of
the PEI-vanillin sensor. The photophysical characteristics of
the PEI-vanillin system, including its fluorescence emission,
chromaticity coordinates, and excitation-emission behavior,
are provided in the SI (Fig. S1). The photophysical stability of
the PEI-vanillin sensor under changing pH settings was exam-
ined using fluorescence emission spectra (lex = 410 nm). The
sensor material was subjected to fast pH variations over a wide
range (pH 1-12) using HCI and NaOH to replicate acidic and
basic conditions. As shown in Fig. 5a the fluorescence intensity
of the PEI-vanillin system remained stable across a wide pH
range (pH 4-12), with the highest emission observed at neutral
pH (~ 7, DI water). A marked decrease in fluorescence occurred
under strongly acidic conditions (pH 1-3), likely due to proto-
nation of imine linkages disrupting the conjugated structure.>
In general, the luminescent properties of Schiff base molecules
are largely influenced by protonation and deprotonation pro-
cesses at specific sites within the molecule.®® Schiff bases
typically remain stable in aqueous solutions and can reversibly
switch between protonated and deprotonated forms depending
on pH.®! As shown in Fig. 5a, at higher pH values (pH 7-12), the
system maintained its emission, suggesting that imine bonds
remain stable in alkaline environments. They tend to degrade
under strongly acidic conditions (pH < 3) due to protonation of
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the imine bond. Furthermore, the actual pH of the sensing
system was monitored before and after Cu®" addition to eval-
uate any possible pH variation during the detection process.
The pristine PEI-vanillin solution exhibited a pH of 7.5, while
the pH after Cu®>" addition was found to be 7.3. The negligible
change in pH indicates that the fluorescence quenching
observed upon Cu** addition is not primarily induced by pH
variation but is associated with the coordination interaction
between Cu** ions and the nitrogen/oxygen donor sites of the
PEI-vanillin network.

To evaluate the photostability of the PEI-vanillin system
over extended storage, fluorescence emission was monitored
periodically for over six months under ambient temperature
conditions, with the samples stored in the dark (wrapped in
aluminum foil). The progressive increase in fluorescence inten-
sity over the first few days (as shown in Fig. 5b) is most likely
caused by the dynamic nature of the imine bonds in the PEI-
vanillin network,®®® which continue to reorganize and stabi-
lize after initial synthesis. The observed rise in fluorescence
intensity over the aging period (up to 8 days) is likely due to the
progressive restriction of intramolecular motions and the for-
mation of a more rigid polymer environment. Consistent with
this evolution, the sensor solution also exhibits a gradual visual
color change from pale yellow to deep brownish-yellow (Fig. 5c),
indicating increased conjugation and electronic delocalization
within the PEI-vanillin network as imine linkages continue to
form and reorganize. This behavior is well aligned with
aggregation-induced emission (AIE) in polymeric systems, where
increasing structural rigidity and aggregation constrain molecular
motion and lead to enhanced fluorescence.”* Once the polymer
network reaches a stable configuration, both the color and
fluorescence intensity remain unchanged over prolonged storage.

3.3 Fluorescence quenching response: metal-induced
quenching behavior of the PEI-vanillin sensor system

To explore the sensing capability of the PEI-vanillin system
towards various HMIs, both visual and fluorescence responses
were systematically examined. As shown in Fig. 6a, the addition

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2026
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(a) Fluorescence emission spectra of the PEI-vanillin sensor recorded under varying pH conditions, demonstrating its pH-responsive behavior. (b)

Long-term photostability assessment of the PEl-vanillin system (at pH 7) over a six-month period, with fluorescence spectra recorded at periodic
intervals under ambient conditions. (c) Time-dependent behavior of the PEl-vanillin system under simulated solar irradiation (2 > 450 nm),
demonstrating stable fluorescence with no observable color change, whereas under natural light, the solution undergoes a gradual transition from

pale yellow to deep brownish-yellow over extended periods.

of 10 mM metal ion solutions to the PEI-vanillin sensor
revealed distinct responses depending on the ion. Visually,
only Cu induced a pronounced greenish-blue coloration, sug-
gesting strong complexation or redox-driven changes. Under
450 nm excitation using a solar simulator, Cu”>* led to signifi-
cant fluorescence quenching (Fig. 6b). Interestingly, Fe*" ions
also induced fluorescence quenching, but instead of simply
dimming the signal, the emission color shifted to pink (Fig. 6¢),
suggesting a unique interaction or altered emission pathway. In
contrast, Co induced only slight quenching (Fig. 6d), demon-
strating comparatively weaker interaction.

To further evaluate the sensing performance of the PEI-
vanillin system, fluorescence responses were recorded against a
range of HMIs (Fig. 7a). Among the ions tested, Cu®** induced
the most significant quenching of the emission intensity, while
Co”" and Fe** showed moderate effects and Ni** caused only

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2026

slight changes. Other ions produced negligible influence, con-
firming the selectivity of the sensor. The time-dependent study
with Cu®" (Fig. 7b) revealed an immediate and pronounced
quenching of the emission signal, with a marginal further
decrease observed within the first 2 minutes. Thereafter, the
fluorescence intensity remained essentially unchanged across
the measured intervals up to 45 minutes. This trend indicates
that the interaction between Cu”>* and the PEI-vanillin system
is both rapid and stable, underscoring the importance of
defining a consistent contact time when assessing the sensor
response towards other HMIs.

To quantitatively evaluate the fluorescence quenching effi-
ciency of the PEI-vanillin sensor system, fluorescence spectra
were recorded across three concentration regimes, millimolar
(mM), micromolar (uM), and nanomolar (nM), for Cu®>*. Copper
concentration varies significantly depending on the source,

New J. Chem.
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Fig. 6 (a) Visual color change of PEl-vanillin aqueous solution after
adding 10 mM of various heavy metal ion salts; only Cu®* produces a
noticeable blue coloration. Fluorescence response under a solar simulator
with a 450 nm filter shows (b) strong quenching with Cu?*, (c) pink
fluorescence observed with Fe®*, indicating selective emission behavior,
and (d) slight quenching with Co?*.

reflecting differences in the degree of anthropogenic and
natural contamination. Industrial effluents such as electroplat-
ing and mining wastewater exhibit relatively high Cu** levels
(0.5-1000 mM range), whereas environmental and biological
samples like municipal wastewater, surface water, and drinking
water typically contain much lower concentrations (UM to nM
range).®® This wide concentration range highlights the impor-
tance of developing sensors capable of detecting Cu®" across
both high (mM) and trace (uM-nM) levels.

As Cu*" displayed pronounced and progressive quenching
over the entire range, measurements were extended down to
the 10 nM concentration level to establish the full dynamic
response. Since Co*", Ni**, and Fe*" also exhibited noticeable
quenching effects, as evident from the comparative fluores-
cence response, Fig. 7a, their spectra were likewise recorded.
However, for these ions, the quenching trend reached satura-
tion around 1 mM concentration, and therefore further dilution
into the lower concentration ranges was not pursued. As shown
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in Fig. 8a, a gradual decrease in fluorescence intensity with
increasing Cu”* concentration confirmed the effective quench-
ing behavior of the system over a broad dynamic range. The
corresponding fluorescence intensity values plotted against Cu®*
concentration with error bars (n = 3) are presented in Fig. 8b,
demonstrating reproducibility, sensitivity, and a well-defined
linear response across all regimes. This linearity highlights the
potential of the PEI-vanillin system for the quantitative detection
of unknown Cu”* concentrations in aqueous samples.

In contrast, the quenching responses observed for Fe**, Co*",
and Ni** were less consistent. For Co>" as shown in Fig. 8c, a
moderate quenching effect with some degree of linearity was
observed in the higher concentration range (10 mM to 1 mM);
however, at micromolar levels, the fluorescence intensity values
remained nearly unchanged, indicating poor sensitivity and no
clear linear trend, as shown in Fig. 8c and d. A similar pattern
was observed for Fe*" (as shown in Fig. 8e and f), where initial
quenching occurred at 10-1 mM concentrations but plateaued
quickly, showing negligible changes at lower concentrations. The
response for Ni*" was especially weak and erratic across the
tested regimes (as shown in Fig. S6). Thus, while the sensor
demonstrated strong and selective fluorescence quenching
toward Cu”", its responses to Fe**, Co®", and Ni** were weak,
inconsistent, and non-linear, underscoring its limited applic-
ability for these ions.

3.4 Investigation of Cu** induced fluorescence quenching

To investigate the interaction between PEI-vanillin and Cu®*
ions, UV-Vis absorption experiments were carried out by gra-
dually increasing the concentration of Cu”>*. As shown in Figure
S8, the characteristic absorption band of PEI-vanillin centered
at approximately 350 nm gradually decreased in intensity with
increasing Cu®" concentration, while no significant shift in the
absorption maximum was observed.®® The decrease in absor-
bance indicates the interaction of Cu®" ions with the Schiff base
moieties of PEI-vanillin through coordination with the imine
nitrogen and phenolic oxygen atoms. The absence of an appre-
ciable wavelength shift suggests that Cu** binding does not
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Fig. 7 (a) Fluorescence responses of the PEI-vanillin sensor towards different heavy metal ions. (b) Time-dependent fluorescence quenching of Cu*.
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substantially alter the electronic structure of the chromophore
but instead favors the formation of a coordination complex in
the ground state.®”

To further verify the coordination of Cu** with the PEI/
vanillin network, XPS analysis was also performed before and
after Cu®>* addition, as shown in Fig. S4 and S5. The XPS survey
spectrum of the Cu’*-treated sample (Fig. S4) exhibits the
characteristic Cu 2p signal (approximately 930-955 eV), which
is absent in the pristine PEI/vanillin film, confirming the suc-
cessful incorporation of Cu®" into the polymer matrix.*®%%° In
addition, the survey and high-resolution spectra show noticeable
changes in the chemical environments of the C, N, and O atoms

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2026

following Cu®" binding, indicating interactions between the
metal ions and the functional groups present in the PEI/vanillin
framework. These observations, together with the FTIR results
(as illustrated in Fig. S2), provide strong evidence for the
formation of a PEI/vanillin-Cu®" coordination complex respon-
sible for the fluorescence sensing behavior.

Fig. S5 presents the high-resolution C1s, N1s, and O1s XPS
spectra of the PEI/vanillin film before and after Cu®" addition.
Following Cu®" coordination, subtle changes in the peak posi-
tions and line shapes of the C1s, N1s, and O1s spectra are
observed, reflecting modifications in the local chemical environ-
ments of carbon-, nitrogen-, and oxygen-containing functional

New J. Chem.
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groups. The most noticeable changes occur in the N1s and O1s
spectra, suggesting the involvement of amine/imine nitrogen
and oxygen-containing groups in Cu®" coordination. These spec-
tral variations, together with the FTIR results, provide strong
evidence for the formation of a PEI/vanillin-Cu>" coordination
complex. The fluorescence quenching behavior of PEI-vanillin
toward Cu”" was further evaluated using the Stern-Volmer
relationship”®:

Fy

7= 1 + Ksv[Q]

(2)
where F, is the fluorescence intensity in the absence of the
quencher, F is the fluorescence intensity in the presence of the
quencher, Kgy is the Stern-Volmer quenching constant, and [Q]
is the concentration of the quencher (Cu*).

A linear Stern-Volmer plot was obtained in the concen-
tration range of 100-1000 pM (as shown in Fig. S9), following
the equation,

F
70 =0.99274 + 1.57513 x 10~4[Cu?']

&)
with a correlation coefficient (R*) of 0.98449. The calculated
Stern-Volmer quenching constant (Kgy) was 157.5 M, indi-
cating efficient interaction between Cu®" ions and the PEI-
vanillin fluorescent network. The observed linear relationship
suggests that the quenching process proceeds predominantly
through a single quenching mechanism within the investi-
gated concentration range.

Furthermore, the fluorescence lifetime measurements
revealed a slight decrease in the average lifetime of PEI-vanillin
after Cu®" addition, suggesting changes in the excited-state
dynamics of the probe upon Cu”* interaction. The detailed life-
time analysis and its implications for the quenching mechanism
are discussed in the following section. When considered together
with the UV-Vis absorption, XPS characterization, and Stern-
Volmer analysis, these results demonstrate that Cu®* forms a
coordination complex with the imine nitrogen and phenolic
oxygen atoms of PEI-vanillin. The resulting coordination-
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induced structural changes facilitate non-radiative deactivation,
leading to efficient fluorescence quenching.

3.5 TCSPC-based lifetime analysis, deconvoluted PL spectrum
and band structure evaluation

To gain deeper insight into the fluorescence behavior of the PEI/
vanillin-based system, time-correlated single-photon counting
(TCSPC) was employed to measure the fluorescence lifetime.
This technique is highly sensitive and well-suited for capturing
fluorescence decay profiles on the picosecond to nanosecond
timescale. The average lifetime of the system was determined by
fitting the decay profile to a multi-exponential model. The
corresponding fluorescence decay can be expressed as:

I(t) — Ble—t/n + Bzeft/rz + 33e7t/‘rs

4)

where I(t) is the fluorescence intensity at time ¢, and the
component lifetimes (74, 75, 73) and their corresponding pre-
exponential factors (By, B, B3).

Then, the mean lifetime (z,) is calculated as:

Bt + Byt + Bytd?
Ty =
Byt + Bty + Bt

(5)

Fig. S10-S12 show the time-resolved fluorescence decay
profiles of PEI-vanillin in the absence and presence of Cu®",
respectively. From the decay curve, the calculated mean lifetime
is 4.17 ns, which supports the radiative recombination process
responsible for the observed fluorescence® of the PEI-vanillin
system. In both cases, the decay follows a multiexponential
behavior, indicating the presence of multiple emissive sites in
the system. From Table S1, it is evident that in the presence of
HMI Cu”", the fluorescence lifetime decreases marginally (from
4.17 ns to 3.788 ns), suggesting the involvement of additional
non-radiative decay pathways,”" thereby leading to fluorescence
quenching. The ;> value (1.5) indicates that the decay curve is
well fitted.

The fluorescence spectrum was subjected to Gaussian fitting
deconvolution (as illustrated in Fig. 9a) to better understand
the emission mechanism. The resulting emission peaks at 2.80,
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~
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Incident Photon
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(a) Deconvoluted photoluminescence spectra and (b) bandgap alignment.
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2.64, 2.46, and 2.27 eV indicate the presence of multiple
emissive states, each arising from distinct radiative recombina-
tion pathways within the Schiff base-functionalized polymer
matrix (C-N derived n-n* and n-n* transitions or aggregation
effects or exciplex formation).>**®”> The higher energy emis-
sion peak at 2.80 eV may be associated with n-rm* transitions
localized within the imine (C=N) moiety, which serves as the
primary fluorophore in the system. The subsequent peak at
2.64 eV likely arises from n-n* transitions, possibly involving
lone pair electrons on nitrogen atoms of the PEI chain inter-
acting with the conjugated system. The lower energy peaks at
2.46 eV and 2.27 eV can be attributed to localized states
influenced by hydrogen bonding, molecular aggregation, or
the formation of weakly emissive exciplexes within the poly-
meric framework. The presence of multiple emissive states
highlights the heterogeneous nature of the PEI/vanillin compo-
site. This multi-channel emission process, as depicted in the
energy alignment diagram (Fig. 9b), involves electronic transitions
from the HOMO to different LUMO-adjacent states influenced by
structural and chemical heterogeneity. The superposition of these
emissions results in the observed greenish-yellow fluorescence,
making the system suitable for optical sensing applications.

3.6 Fluorescence-based sensitivity profiling of the PEI-
vanillin sensor against different metal ions

Fluorescence quenching experiments performed at an analyte
concentration of 10 mM show a clear and selective response
toward Cu®" as shown in Fig. 10. Cu produced a 43.17% decrease
in emission intensity, whereas Co’>*, Fe**, Ni”" and the remaining
tested ions produced substantially lower effects (Co 21.21%, Fe
13.57%, Ni 7.63%, Pb 3.92%, Mn 2.80%, Cr 1.79%, Al 1.16%, Hg
0.82%, Zn 0.01%, Cd —0.004%). These results indicate that Cu is
the dominant quencher under the conditions tested, with Co
and Fe as the only moderately interfering species. Importantly,
we verified that at substantially lower analyte concentrations, the
responses of non-target ions diminish to negligible levels and
the sensor’s Cu selectivity improves markedly.

50
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Fig. 10 Fluorescence quenching (%) of the sensor toward different metal

ions (10 mM), showing strong selectivity for Cu?*.
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The selectivity of the PEI-vanillin sensor system toward Cu>"
was further tested using a fluorescence-based interference
study, which was conducted using ten different HMIs. Fluores-
cence measurements were first recorded for Cu®" alone at a
concentration of 10 mM, followed by measurements of Cu®" in
the presence of each HMI at the same concentration. As shown
in the bar graph (Fig. 11a), most of the tested HMIs caused
minimal interference with Cu®>" induced quenching. However,
Co**, Ni**, and Fe** showed a modest reduction in quenching
efficiency, indicating potential interference at a higher concen-
tration range. To further evaluate this, a second set of measure-
ments was conducted at a lower concentration (600 pM),
focusing only on these three ions. At this concentration level,
interference from Co**, Ni**, and Fe** was found to be negli-
gible (as shown in Fig. 11b), confirming the sensor’s reliable
selectivity for Cu®>" in lower concentration regimes.

As summarized in Table 1, while several reported sensors
offer ultra-low nanomolar detection limits for trace-level ana-
lysis, the WHO guideline for Cu®>" in drinking water is about 2
uM.® In this context, the PEI-vanillin polymer sensor remains
highly relevant, as its detection capability adequately aligns
with regulatory thresholds while ensuring reliable monitoring.
Additionally, as highlighted in the table, it offers key advan-
tages such as a fully aqueous system, the absence of toxic
materials, low cost, and simple synthesis. These features make
it a practical and sustainable platform for real-time and field-
deployable copper ion detection.

3.7 Future directions: immobilization of PEI-vanillin on
Whatman filter paper for Cu®>* sensing

To demonstrate the feasibility of portable sensing as a proof-of-
concept, the PEI-vanillin probe was immobilized onto WFP. The
excitation-emission behavior was examined by exciting the
sensor system from 340 to 490 nm in steps of 20 nm. The
strongest emission was obtained at 470 nm excitation (Fig. 12a),
which was used for subsequent measurements. In solution, the
PEI-vanillin fluorophore is well-dispersed, which allows a max-
imum excitation at 410 nm, as was found in Fig. 4b. However,
when coated and dried on WFP, the molecular environment
changes: fluorophores become immobilized or may have aggre-
gated and interacted with the cellulose matrix, altering the local
polarity and molecular motion. Such transitions often lead to
red-shifted excitation,®" which explains why the maximum
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Fig. 11 Fluorescence interference study of the PEI-vanillin sensor system
toward Cu?*: (a) comparative fluorescence response at 10 mM concen-
tration of Cu* with different HMIs, (b) fluorescence response at a lower
concentration (600 pM) of Cu* with Co?*, Ni%*, and Fe’*.
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Table 1 Comparative evaluation of reported Cu?* sensors based on detection limits and practical applicability
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Sensor/probe Medium LOD Remarks (material + practical insight) Ref.

Rhodamine-CdTe Ethanol/water 8.4 nM Although the sensing medium is a relatively mild ethanol-water mixture, the 73

QD hybrid use of cadmium-based quantum dots introduces significant toxicity concerns,
limiting environmental friendliness and sustainability

Cytidine-stabilized =~ Water + citrate 0.032 M Biomolecule-stabilized, relatively biocompatible. However, reliance on metal 74

Cu nanoclusters buffer nanoclusters may raise concerns regarding metal-associated toxicity and
environmental impact

Spiropyran-based Ethanol/PVC 0.15 uM Uses organic solvent and polymer membrane; not fully aqueous and involves 75

sensor membrane synthetic dye components

Optical fiber SiQD  Aqueous buffer (BR  3.58 nM Aqueous system but relies on a nanomaterial-based probe and optical fiber 76

sensor buffer)/hydrogel setup, making it instrument-dependent and less convenient for routine
applications

Lysozyme-Au Water-based system ~9 nM Green synthesis (protein-based), but relies on gold nanoclusters (metal-based 77

nanoclusters probe)

BODIPY dye sensor  Acetonitrile/water 1.28 uyM Uses organic solvent and synthetic dye; not fully aqueous and requires an 78
organic medium for sensing

Carbazole-based DMSO-H,0 mixed 11.9 nM Organic-aqueous medium required, limiting full water compatibility despite =~ 79

fluorescent probe solvent good sensitivity and selectivity

CdSe/ZnS QD opti-  PEGDA hydrogel/ 0.8 nM Ultra-sensitive and fast optical fiber sensor, but uses CdSe/ZnS QDs (toxic 80

cal fiber sensor water heavy-metal nanomaterial), limiting sustainability and environmental safety

PEI-vanillin based =~ Water 290 nM The sensing system is based on an aqueous medium and avoids the use of This
heavy metal components. Although PEI exhibits dose-dependent cytotoxicity, =~ work

the low concentration employed minimizes environmental and biological risks

compared to nanomaterial- or synthetic probe-based systems

excitation shifted from 410 nm in solution to 470 nm when
immobilized on WFP. For instance, phosphorus-doped carbon
dots exhibit a tunable emission red-shift with an increase in
concentration, from 455 to 595 nm by virtue of a phenomenon
termed aggregation-induced red shift emission (AIRSE).*?

The identified excitation wavelength of 470 nm was then
applied to study Cu®** interactions on the PEI/vanillin-coated
WEFP surface. The addition of 1 mM Cu®" ions induced a clear
fluorescence quenching response (Fig. 12b), demonstrating the
selective sensing capability of the PEI/vanillin-WFP composite.
In addition to the fluorescence response, a distinct bluish-green
coloration was visually observed on the PEI/vanillin-coated WFP

49 PEU Vanillin on WFP
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Fig. 12 (a) Fluorescence excitation—emission spectra of PV in aqueous
solution recorded at excitation wavelengths from 340 to 490 nm (20 nm
intervals), showing maximum emission intensity at 470 nm excitation. (b)
Fluorescence emission spectra of PV-coated Whatman filter paper in the
absence and presence of Cu?* ions (1 mM). (c) Comparison of pristine
Whatman filter paper (i), PV-coated paper (i), and the same after Cu?* (10
mM) treatment, showing the distinct bluish-green coloration upon com-
plexation (iii).
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upon exposure to Cu®’, as shown in Fig. 12c. This observable
color change enables rapid, naked-eye detection without the
need for sophisticated instrumentation. The fluorescence emis-
sion spectra of the PEI-vanillin coated WFP sensor recorded on
Day 2 and Day 10 are shown in Fig. S14. The spectra demonstrate
that the fluorescence response was retained during storage, with
only a slight shift in the emission maximum and no significant
loss in fluorescence intensity. Since the PEI-vanillin probe exhi-
bits excellent long-term stability in the liquid state (up to nine
months), these preliminary results provide a promising founda-
tion for future optimization of the paper-based sensor with
respect to repeatability, response time, and extended storage
stability. These results also highlight the potential for adapting
the aqueous PEI-vanillin system into disposable paper-strip
sensors, with future opportunities for integration into simple
portable readout platforms, such as smartphone-assisted detec-
tion, for practical point-of-use water quality monitoring.

4. Conclusion

Unlike many previously reported PEI-based fluorescent sensors
that rely on synthetic aldehydes, multistep surface functionali-
zation, or complex immobilization strategies, the present sen-
sing platform was successfully fabricated through a simple one-
pot aqueous Schiff base reaction between PEI and the naturally
derived aldehyde vanillin, without requiring additional chemical
modification or hazardous reagents. The resulting PEI-vanillin
fluorescent probe exhibited efficient and selective fluorescence
quenching toward Cu®" ions in aqueous media over a broad
concentration range, with a low limit of detection of approxi-
mately 290 nM.

Mechanistic investigations using UV-Vis absorption, X-ray
photoelectron spectroscopy (XPS), Stern-Volmer analysis, and
fluorescence lifetime measurements collectively revealed that

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2026
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Cu”’ ions coordinate with the imine nitrogen and phenolic
oxygen atoms of the PEI-vanillin network. The resulting
coordination-induced complex formation promotes non-
radiative relaxation pathways, leading to efficient fluorescence
quenching. The sensor also demonstrated excellent selectivity
toward Cu®*. Interference studies using ten common HMIs
confirmed negligible overlap at low concentrations (micromo-
lar level of 600 uM) and only modest overlaps for Co**, Ni**, and
Fe’* at elevated concentration (10 mM), affirming high selec-
tivity for Cu®".

The aqueous compatibility, environmentally benign synth-
esis, and reproducible sensing performance highlight the prac-
tical advantages of the proposed platform over conventional
PEI-based fluorescent sensors. Furthermore, the successful
proof-of-concept demonstration on Whatman filter paper sug-
gests the feasibility of developing portable and low-cost paper-
based sensing devices for rapid on-site Cu®" detection.
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