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ARTICLE INFO ABSTRACT

Keywords: Since Hg?* ion contamination constitutes a global threat, the necessity for a rapid, selective and sensitive sensing
Mercury methods for Hg?*" ions has attracted growing research interest in recent years. Herein, we present the devel-
Chromenylium cyanine opment of a new “ratiometric” and “turn-on” fluorescent probe NIR-12 having absorption and emission prop-
;Eiitei }clgr?:e erties within the near-infrared (NIR) spectrum. The probe was constructed on a chromenylium cyanine platform

decorated with 2-amino-5-bromothiazole for the purpose of efficiently detecting Hg?* ions in an aqueous me-
dium. Structural analysis of NIR-12 and its interaction with Hg?" ions were confirmed by several spectropho-
tometric techniques. The non-fluorescent probe NIR-12 selectively interacted with Hg?* ions, resulting in a ring
opening on the platform. This process led to the generation of strong NIR absorption and emission signals, as well
as a substantial color change. Consequently, this enabled the execution of colorimetric analyses. The probe
responded to Hg?* ions very rapidly within 10 s, and exhibited wide linear ranges (1.68-9.81 yM for UV-Vis and
0.85-42.98 pM for fluorescence methods) and remarkably low detection limits for Hg2+ ions (LOD) (0.057 pM
(11.40 ppb) for UV-Vis, 0.277 uM (55.53 ppb) for fluorescence). The probe was also applied to real drinking
water samples with high recovery ranges (95.13% - 106.62%). The application of smartphone-assisted analysis
for Hg?" ions was thoroughly investigated, demonstrating a linear range between 5.32 x 10~ M and 9.49 x
107 M and a low LOD of 3.42 x 107® M.

Near-infrared

1. Introduction development [11-13]. According to the U.S. Environmental Protection

Agency (EPA), the maximum concentration of inorganic mercury in

Engineering innovative molecular probes for the detection and real-
time tracking of toxic metal ions, particularly within biological and
environmental contexts, has recently become a highly significant
research focus [1-6]. Mercury (Hg2+) has been found in a variety of
everyday products. These include batteries, thermometers, jewelry,
paints, pesticides, barometers, dental amalgams, and electronic devices.
Despite its ubiquity, it is regarded as one of the most hazardous and
persistent environmental pollutants [7-10]. Mercury, present in ionic,
metallic, inorganic, and organic forms, is recognized as highly toxic even
at trace levels. Its occurrence in water systems constitutes a serious
environmental and public health issue. After entering the body, mercury
can interfere with neurological and endocrine functions, producing
long-lasting systemic damage and posing particular risks during fetal
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drinking water is 2 ppb, emphasizing the high toxicity of mercury [14,
15].

A variety of analytical techniques are currently employed for the
determination of Hg?* ions, for instance, inductively coupled plasma-
atomic emission spectrometry (ICP-AES) [16], atomic absorption spec-
troscopy (AAS) [17], voltammetric methods [18], infrared spectroscopy
(IR) [19], and atomic fluorescence spectrometry (AFS) [20]. Even
though these conventional analytical techniques are effective and pro-
vide both precise and sensitive results, they are limited by high instru-
mentation costs, time-consuming sample preparation, and the need for
skilled operators. To address these limitations, targeted fluorogenic and
colorimetric chemosensors have recently attracted considerable atten-
tion from researchers due to their ease of use in biological and
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Fig. 1. Synthesis route for probe NIR-12.

environmental samples, capability for visual detection, and high selec-
tivity and sensitivity [21-26].

Numerous organic fluorometric and colorimetric compounds, such
as rhodamine [27], pyrene [28], BODIPY [29], coumarin [30], quinoline
[31], and cyanine [32], have been documented across literature as
effective approaches for identifying Hg?" ions. Despite their usefulness,
many of these platforms exhibit weak stability in complex matrices, long
response times, and, most importantly, emission wavelengths below
650 nm, restricting their applicability in biological studies.

Near-infrared (NIR) organic platforms with emission wavelengths
above 650 nm have become increasingly popular, especially for che-
mosensor development and biological applications, owing to strong
tissue penetration, low tissue damage, and minimal background auto-
fluorescence. In addition, NIR probes with high brightness and quantum
efficiency are anticipated to provide enhanced sensitivity for detecting
analytes [33-36].

The chromenylium-cyanine (CS) platform operates through a sensing
mechanism closely resembling that of rhodamine and possesses a closed
spirolactam ring after proper modification with convenient amines,
resulting in pale-yellow, “turn-off” fluorescence [37]. When exposed to a
suitable analyte or acidic conditions, the ring opens, extending conju-
gation throughout the molecule. Consequently, this results in the gen-
eration of a strong absorbance and fluorescence responses within the
NIR spectral range (>700 nm), and promoting a visible color change to
green. The open-ring structures generally exhibit high quantum yields,
making CS platforms highly suitable for both chemosensing and bio-
logical imaging applications [21,22,24,38].

In light of these hypotheses, the CS-based rigid NIR-12 chemosensor
decorated with 2-amino-5-bromothiazole was designed and synthesized
for the first time. In its closed spirolactam form, NIR-12 remains in a
fluorescence “off” state. When Hg?" ions are introduced, hydrolysis in-
duces a ring opening which gives rise to the formation of the CS2
molecule (the acid form), and the resulting extended conjugation leads
to strong absorption at 717 nm and intense emission at 740 nm. Probe
NIR-12 showed great limits of detection (LOD) (0.057 pM (11.40 ppb)
for UV-Vis, 0.277 pM (55.53 ppb) for fluorescence) with a wide linear
range (1.68-9.81 pM for UV-Vis and 0.85-42.98 pM for fluorescence
methods), ultrafast response time of 10 s, and excellent selectivity and
sensitivity for Hg>" ions detection. Moreover, the probe NIR-12
demonstrated high recovery ranges (95.13% - 106.62%) for real drink-
ing water sample analysis. In addition, the sharp color transition of the
probe in response to Hg?" concentration allows sensitive on-site anal-
ysis, which can be readily performed by the naked eye, and with a
smartphone, eliminating the need for complex equipment. In view of all
these properties of NIR-12, the comparison table clearly demonstrates
that the probe outperforms many previously reported probes. Also, the
following section outlines five important examples of probes designed to
sense HgZ" ions. Du et al. developed probe InRhH which is an indazole-
fused rhodamine fluorescent probe, for the selective and sensitive

detection of Hg2+ ions [39]. The probe detects via a fluorescence
“off-on” mechanism, accompanied by an observable shift in color, which
is initiated by the Hg?" induced spirolactam ring opening in an aqueous
acetonitrile medium (CH3CN/H20, v/v, pH 6.0). This sensing system
demonstrated a low LOD (0.33 nM) and a response time of 40 min.
Furthermore, the practical applicability of InRhH was successfully
established through fluorescence imaging experiments in living HeLa
cells and tracing using test strips. Hong et al. reported a
rhodamine-based fluorescent probe (RTTU) for detection of Hg2+ ions in
acetonitrile/HEPES medium (9/1, v/v, pH 7.21) [40]. The probe ex-
hibits a linear fluorescence response between 25 pM and 200 pM, a
detection limit of 3.04 x 10”7 M, and the maximum signal was achieved
within 30 min. Also, the probe demonstrated selectivity and applica-
bility for Hg?" ions in real water samples. Liu and Qian designed a
chemodosimeter (REPN), composed of 1,8-naphthalimide and rhoda-
mine units, as a ratiometric fluorescent sensor for Hg?* and Fe3*
detection [41]. The reported detection limit for HgZJr was 2.72 x 107°
M. The probe demonstrates a markedly lower sensitivity toward Hg?*
compared to Fe>™ (LOD = 5.7 x 1077 M). Zhang et al. synthesized a
rhodamine-anthracene based ratiometric fluorescent probe. The probe
exhibited high specificity for Hg?>* ions and worked with FRET mecha-
nism [42]. The detection limit for Hg" ions was reported as 0.38 pM.
Additionally, the probe was demonstrated to be applicable for Hg"
imaging in living cells. Biswal et al. synthesized two rhodamine based
probes coupled with substituted pyrroles (Probe 1 and Probe 2) [43].
Both probes showed interaction for Hg?*, Fe?* and Pb?' ions. The
response time for Probe 1 to Hg?" was determined as 15 min. Limit of
detection was calculated as 0.6 nM. Also, imaging Hg?* ions in living E.
coli cells were successfully tested. Considering all these parameters
(response time, selectivity, applicability to real samples, etc.) there
remain unmet needs in the literature regarding chemosensors for the
detection of Hg?" ions. Therefore, owing to its low limit of detection,
rapid response and high selectivity the probe (NIR-12) developed in this
study is anticipated to make a noteworthy contribution to the literature
of sensor studies.

2. Experimental section
2.1. Materials and instruments

Supplementary Materials have been provided for further information
regarding the chemicals and instrumentation utilized in this study.

2.2. Synthesis of NIR-12

Fig. 1 represents the synthesis of NIR-12 probe starting from CS2
compound which was synthesized according to the literature [44]. The
synthetic route and characterization of CS2 compound were shared in
Supporting Information (Figure S1-S7). CS2 (0.66 g, 1 mmol) and
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Fig. 2. (a) UV-Vis and (c) fluorescence spectra of the probe NIR-12 (1 x 107° M) in the presence of various cations (5 x 107> M), and the corresponding (b)
absorbance (b,inset) colorimetric responses for several analytes, and (d) emission intensity bar graphs in EtOH/H,0 (3/1, v/v, pH 7.4 HEPES). (Aex = 650 nm, slit

width = 5 nm x 10 nm).

benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphoniumhexafluoro
phosphate (BOP) reagent (0.44 g, 1 mmol) were mixed in dry
dichloromethane (DCM) (15 mL) under N, atmosphere for 30 min. Then,
2-amino-5-bromothiazole monohydrobromide (0.52 g, 2 mmol) is dis-
solved in triethylamine (1 mL) and it is gradually added into the mixture
while under continuous stirring in an ice bath. Following the completion
of the addition step, stirring was maintained for 2 h at room temperature
[45]. Then, the solvent of the mixture was then removed under reduced
pressure. The obtained residue was dissolved in DCM, followed by
sequentially washing with brine and water. Afterwards, the organic
layer was isolated and dried with Na;SO4. After that, the product was
purified via silica gel column chromatography employing ethyl aceta-
te/hexane (1/10, v/v) as the mobile phase. As a result, a pure NIR-12
probe is obtained as yellow powder (yield 61%). 'H NMR (Figure S8)
(500 MHz, DMSO-dg) 6 7.95 (d, J =7.7 Hz, 1H), 7.71 (td, J = 7.5, 1.2 Hz,
1H),7.61 (t,J = 7.5 Hz, 1H), 7.50 (s, 1H), 7.41 (d, J = 12.6 Hz, 1H), 7.31
-7.26 (m, 1H), 7.14 (td, J = 7.7, 1.3 Hz, 1H), 6.86 — 6.75 (m, 2H), 6.32 —
6.21 (m, 3H), 5.38 (d, J = 12.7 Hz, 1H), 3.29 (t, J = 7.0 Hz, 3H), 3.13 (s,
3H), 2.47 - 2.17 (m, 2H), 1.65 (d, J = 14.5 Hz, 6H), 1.58 — 1.46 (m, 1H),
1.45 - 1.27 (m, 4H), 1.24 (d, J = 12.7 Hz, 1H), 1.07 (t, J = 7.0 Hz, 6H).
13C NMR (Figure S9) (126 MHz, DMSO-dg) & 166.91, 157.74, 155.35,
152.24, 152.18, 148.67, 146.97, 145.43, 139.79, 138.63, 135.63,
129.80, 128.19, 127.64, 127.17, 124.20, 123.81, 122.08, 119.85,
119.78, 119.71, 108.37, 106.61, 105.55, 103.48, 103.32, 97.39, 92.45,
69.83, 45.37, 44.02, 29.36, 28.57, 25.11, 22.96, 22.04, 12.85. APT,
COSY, HSQC and HMBC NMR studies were performed as other charac-
terization methods and are shared in Figures S10-S13. HRMS m/z:
observed peak at 721.20343 corresponding to the [M+H] " peak consist
of isotopic Br ion (®'Br) calculated accordingly for C40H39BrN40»S
[M]*: 720.19566 (Figure S14). FT-IR (ATR) (cm’l): 3055 (=C-H), 2973
(-C-H), 1703 (C=0), 1617 (C=N) (Figure S15).

2.3. Solutions and optical studies

The stock solution of the NIR-12 probe was generated using ethanol
(1 x 10~*M) as the solvent. The stock solution of the analytes (Li*, Na™,
Cst, K*, Ca2t, Mg2", Sr2*, Ba2*, A3", Ag*, Pb2", Co?*, Cu®*, Cd?",
Mn%*, Ni?*, Zn?*, Fe?t, Fe®" and Hg?") (5 x 1072 M) as perchlorate

salts were prepared using deionized water. The sensor studies were
conducted with the solution of the probe NIR-12 (1 x 10~° M) prepared
in EtOH/H20 (3/1, v/v, pH 7.4 HEPES (1 mM)) according to optimi-
zation studies shown in Figure S16. All experiments were conducted in
triplicate at room temperature. An excitation wavelength of 650 nm was
utilized, and the slit widths for excitation and emission were adjusted to
5 and 10 nm, in that sequence. During the titration experiments, the
concentration of probe NIR-12 was maintained at 1 x 10~> M to ensure
optimal analytical performance.

2.4. Preparation of solutions for use in the smartphone-based analysis

The capability of probe NIR-12 for smartphone based Hg?* detection
was thoroughly examined using a Samsung S24 FE smartphone. For this
study, the quartz cuvette was placed securely in a holder inside a small
studio and filled with the probe NIR-12 in EtOH/H»0 (3/1, v/v, pH 7.4
HEPES). Subsequently, a titration study with Hg?" ions was performed,
and every image was captured after each addition of Hg" ions. The
collected data were processed to obtain RGB values. The Green values
versus Hg?t concentration exhibited the best linear correlation for the
smartphone titration study.

2.5. Measurements of Hg?" concentrations in different real samples

The probe NIR-12 was tested to detect Hg?" ions in real sample
matrices. Therefore, three commercial drinking water brands were ac-
quired. Each real sample was diluted tenfold using ultrapure water.
Then, various concentrations within the determined linear range were
carefully selected and analyzed using both UV-Vis and fluorescence
spectroscopic methods.

3. Results and discussion
3.1. Design and synthesis
Here, a 2-amino-5-bromothiazole-appended CS rigid platform (NIR-

12) was designed and utilized for the selective and sensitive detection of
Hg?* ions. In its ring-closed form, NIR-12 exhibits no fluorescence and
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Fig. 3. Titration study of probe NIR-12 (1 x 10> M) for Hg2+ ions in EtOH/H20 (3/1, v/v, pH 7.4 HEPES). For UV-Vis method (a) spectral changes, (b) ratiometric
response, (c) linear range. For fluorescence method (d) spectral changes, (e) total signals of titration study (f) linear range. (Aex = 650 nm, slit width = 5 nm x

10 nm).

displays a pale-yellow color. Upon the addition of Hg?*, a process of
hydrolysis induces a ring opening, thereby generating the CS2 acid form.
This results in strong absorption (717 nm) and emission (740 nm) in the
NIR region, enhanced quantum yield, and an observable color shift from
pale yellow to bright green. This platform represents a new generation of
molecular design in sensor chemistry. The incorporation of the 2-amino-
5-bromothiazole moiety imparts selective recognition of Hg?", attrib-
uted to the high affinity of the thiazole sulfur towards Hg?" ions, as well
documented in the literature [45-47].

Synthesis of NIR-12 was accomplished through the nucleophilic
addition of 2-amino-5-bromothiazole to the CS2 intermediate in the
presence of BOP reagent, which promotes the amidification reaction.
The CS2 precursor was synthesized following reported procedures [44].
Subsequent purification of NIR-12 by column chromatography afforded
the pure pale-yellow product in high yield (61%). The characterization
of the probe NIR-12 is presented in Figures S8-S15. Solvent/water ratio
and response time optimization for sensor studies were investigated and
shared in Figures S16-18. Furthermore, NIR-12 and its molecular
interaction with Hg?" ion (Figure S19 and 20) were thoroughly inves-
tigated using nuclear magnetic resonance (‘H NMR, 3C NMR, APT,
HMBC, HSQC NMR), Fourier-transform infrared spectroscopy (FT-IR),
high-resolution mass spectrometry (HR-MS), UV-Vis, and fluorescence
spectroscopic techniques.

3.2. Spectrophotometric properties and optimization

To investigate spectrophotometric properties, the UV-Vis absorbance
and fluorescence emission spectra of the NIR-12 probe in varying con-
centrations of ethanol solution were recorded (Figure S16). The ob-
tained spectra showed that the probe had no absorption or emission in
the visible region (400-750 nm). To determine the solvent conditions in
which spectrophotometric studies would be conducted, Hg?" ion was
added to the probe in EtOH/H,0 mixtures at different ratios, and then
the UV-Vis and fluorescence responses were recorded. Upon introduc-
tion of Hg2+ ions, a new absorption band at 719 nm appeared in the UV-
Vis spectrum and a new emission intensity at 745 nm in the fluorescence
spectrum. As a result of tests conducted in varying EtOH/H,0 mixtures,
the most ideal signals were obtained in EtOH/H,O0 (3/1, v/v)
(Figure S16). The pH-dependent optical behavior of NIR-12, both in the
absence and presence of Hg?" ions was carefully studied and recorded
by UV-Vis and fluorescence methods (Figure S17). Consequently, EtOH/
H20 (3/1, v/v, pH 7.4 HEPES) medium was selected as the operating

condition, and all spectrophotometric studies were conducted in this
environment.

To evaluate the response time for sensor studies, the response of the
NIR-12 probe to Hg?" ion was recorded over time. It was observed that
the UV-Vis and fluorescence signals of the NIR-12 probe increased
immediately after the addition of Hg?* ion, and within 10 s this increase
remained constant (Figure S18). Therefore, the response time was
established as 10 s, and this response time was used in all spectropho-
tometric studies. The ability of NIR-12 to detect Hg2" ions so quickly is a
prominent feature for real-time detection. A very rapid response is
especially critical for the practical application of chemosensors, allow-
ing on-site and fast analysis in environmental matrices [48].

3.3. Selectivity study

To investigate the spectral response of NIR-12 for various cations,
Lit, Na™, GsT, K", Ca?t, Mg?*, sr?*, Ba®', AI®, Ag™, Pb%", Go?*, cu?™,
cd?*, Mn?*, Ni?*, Zn?*, Fe?*, Fe3*, Hg?", 1A group mixture and 2A
group mixture (5 x 107> M) were individually added to a solution of
probe NIR-12 (1 x 107> M) prepared in EtOH/H,0 (3/1, v/v, pH 7.4
HEPES), and UV-Vis and fluorescence spectra were recorded. As pre-
sented in Fig. 2, a significant spectral change was recognized solely upon
the introduction of Hg?" ions. The presence of Hg?" ions caused an in-
crease in absorbance at 717 nm in the UV-Vis and emission signal at 740
nm in the fluorescence spectrum (Fig. 2a and c). This selective
enhancement of the spectral response shows that probe NIR-12 exhibits
high specificity toward Hg>" ions among all studied cations. Fig. 2b and
d shows bar graphs of the absorbance signal at 717 nm and emission
intensity at 740 nm of probe NIR-12, respectively. As shown these
graphs, the spectral changes caused by the Hg?" ion were very signifi-
cant compared to other cations.

3.4. Titration study and LOD

The spectral responses of probe NIR-12 in EtOH/H,0 (3/1, v/v, pH
7.4 HEPES) increased proportionally with the gradual addition of Hg?*
ions. As shown in Fig. 3a-b, while the absorbance signal at 717 nm was
enhanced, the band at 377 nm was declined with the addition of Hg*"
ions, which indicates a ratiometric response in UV-Vis spectrum. This
ratiometric behavior provides superior analytical accuracy of the
method when compared to relying single absorption signal. As illus-
trated in Fig. 3d, the fluorescence intensity at 740 nm increased with the
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Fig. 4. UV-Vis responses of the probe NIR-12 (1 x 10~> M) in the presence of various cations (5 x 10> M) (a) and anions (5 x 10~> M) (b), and the fluorescence
emission responses in the presence of various cations (5 x 10~ M) (c) and anions (5 x 10~ M) (d) of probe NIR-12 (1x10~> M) EtOH/H,0 (3/1, v/v, pH 7.4

HEPES). (Aex = 650 nm, slit width = 5 nm x 10 nm).

addition of Hg?" ions. The linear ranges of these signals were shown in
Fig. 3c—f. Accordingly, Hg?" concentrations with the range of 1.68 -
9.81 pM and 0.85 - 42.98 pM were found to be working linear ranges for
probe NIR-12 for the UV-Vis and fluorescence methods, respectively.
Moreover, LOD values of probe NIR-12 for Hg>" ions were calculated
using the 3xo/k equation in the light of titration experiments. The LOD
values were calculated as 0.057 pM (11.40 ppb) for the UV-Vis method
and 0.277 pM (55.53 ppb) for the fluorescence method. These LOD
values shows that probe NIR-12 exhibits superior sensitivity for Hg?"
ion detection compared with similar probes reported in the literature.

3.5. Examination of interference effects

Interference experiments were carried out to examine the detection
ability of probe NIR-12 toward Hg?" ions in a medium containing a
range of other cations and anions. For this purpose, individual solutions
of Li*, Na*, Cs*, K*, ca®*, Mg?*, sr**, Ba?*, AI®", Ag*, Pb?*, Co?*,
cu?t, cd®t, Mn?t, Ni%t, Zn%*, Fe?*, Fe®" cations (5 x 10°° M) and F,
cl-, Br 17, 8%, C0%", S03, NO3, EDTA?" anions (5 x 10™> M) were
added to NIR-12 (1 x 107> M) in EtOH/H,0 (3/1, v/v, pH 7.4 HEPES)
medium. Then, Hg2+ ion (5 x 107° M) was introduced separately into
each solution, and the corresponding UV-Vis and fluorescence spectra
were recorded. As depicted in Fig. 4, the absorbance and emission in-
tensities of NIR-12 probe in the coexistence of Hg>" ion were not
affected by the presence of other cations or anions. Hence, these results
clearly exhibit the effective selectivity and strong resistance to inter-
ference of NIR-12 for sensing Hg?" ions in water.

3.6. Proposed binding mechanism between NIR-12 and Hg**

The proposed sensing mechanism proceeds via the Hg?"-induced
hydrolysis of NIR-12 generating the corresponding acid derivative, CS2,
which triggers a transition from a fluorescence “off” state to an activated
“on” state. To prove the formation of CS2 compound, purification and
characterization process were conducted after the addition of Hg?" ions

to NIR-12 solution. The purification was completed via column chro-
matography with silica gel as stationary phase and DCM/MeOH (15/1,
v/v) as eluent system. The HR-MS spectra (Figure S19) confirms that the
obtained mass of the product (NIR-12+Hg2+) (m/z = 559.29401) is in
excellent coherence with the calculated mass of CS2 derivative (m/z =
559.29552). Considering the 'H NMR analysis (Fig. 5), the aromatic
resonances of product (NIR-124+Hg2") exhibit noticeably downfield
shifts relative to those of NIR-12, indicating that the spirolactam ring
opens upon reaction with Hg?*, reflecting the characteristic green color
of the product CS2. In particular, the disappearance of alkenyl proton
signal of NIR-12 at 5.43 ppm and the appearance of a new signal
associated with the acidic proton of the product (8.44) strongly support
the formation of the acidic structure CS2. To further verify the proposed
sensing mechanism, product (NIR-12+Hg2+) spectrum was compared
with CS2. The perfect alignment of the characteristic proton peaks
provides strong support for the proposed reaction mechanism. In the FT-
IR analysis (Figure S20), the structures NIR-12, the reaction product
(NIR-12+Hg2+), and CS2 were compared. As clearly seen, NIR-12 ex-
hibits no acidic ~OH stretching band vibration around 3300 cm ™},
whereas the reaction product displays a strong —-OH band, closely
resembling that of CS2. Furthermore, the remaining characteristic bands
of the product align well with those of CS2. Taken together with the HR-
MS, NMR, and FT-IR results, these observations clearly demonstrate that
the closed-ring spirolactam framework of NIR-12 undergoes Hg?*
induced ring opening, yielding the acid derivative CS2.

3.7. Colorimetric analysis

The capability to detection via a simple color change, without
requiring any additional instrumental equipment, represents a major
advantage in sensor field. In this context, the colorimetric response of
probe NIR-12 toward Hg?" ions provide an excellent feature for
instantaneous, on-site analysis. As shown in Fig. 2b, the solution of NIR-
12 (1 x 10> M) on its own and in the presence of all cations (5 x 107°
M) exhibited a pale yellow color in EtOH/H»0 (3/1, v/v, pH 7.4 HEPES),
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Fig. 5. Full 'H NMR spectra of free NIR-12, NIR-12+Hg?* and GS2 form together with the corresponding zoomed in region (5.0-9.0 ppm) which emphasize

characteristic spectral signals.

whereas it turned green exclusively following the introduction of Hg?*
ions. The addition of other cations did not induce any remarkable color
change, indicating that the colorimetric response of probe NIR-12 is
highly selective for Hg?* ions in naked-eye detection.

3.8. Analysis of Hg>" ions in real sample matrices

To investigate the capability of probe NIR-12 to recognize Hg?" in
real sample environments, analyses were conducted using commercially
available drinking water. Drinking water from three different brands
was purchased from a local supermarket and added to the probe NIR-12
in EtOH/H,0 (3/1, v/v, pH 7.4 HEPES). No remarkable changes were
observed in the absorbance and fluorescence signals, indicating the
exclusion of Hg2+ in untreated samples (as “Not Detected (ND)” in
Table 1). Afterwards, known amounts of Hg?" ions were introduced to
the drinking water samples, and analyzed by using probe NIR-12. The
concentrations found from these analyses were compared with the
added concentrations to calculate recovery rates, which were shared in
Table 1. The probe NIR-12 exhibited excellent analytical performance,
achieving recovery rates between 95.13% and 106.62%, confirming its

suitability for the quantification of Hg?' ions in real water samples.

3.9. Determination of H&" using smartphone-based analysis

The Hg?" levels in a given sample can be quantified by monitoring
the color shift of the NIR-12 solution by using a smartphone camera. The
fluorescent cuvette was placed in a photography studio with a fixed
position. Then, the EtOH/H30 (3/1, v/v, pH 7.4 HEPES) solution of the
NIR-12 (1 x 10~ M) probe was placed in this cuvette, and the solution
was gradually treated with Hg?" ions (Figure $21). After each addition,
the images were captured with a smartphone camera (Samsung Galaxy
S24 FE). Three different points were selected from these photographs to
determine the RGB (Red-Green-Blue) values. A linear calibration plot
was constructed, with an R? value of 0.991, by graphing various com-
binations of RGB values against the Hg?" ion concentrations. The cali-
bration curve was plotted using the Green values on the y-axis, and the
corresponding equation of the plot was expressed as y = —505836.423x
+ 165.882. The obtained linear range was found between 5.32 x 10~ M
to 9.49 x 10~® M Hg?" ion concentrations, and LOD value was calcu-
lated as 3.42 x 107® M. Fig. 6 shows visible-light photographs of the

Table 1
Recovery and RSD values of probe NIR-12 for three different commercial drinking water samples for Hg>" quantification by using a) UV-Vis and b) fluorescence
method.
a) Drinking Water 1 Drinking Water 2 Drinking Water 3
Added (mg/L) Found (mg/L) Recovery (%) RSD (&) Found (mg/L) Recovery (%) RSD (+£) Found (mg/L) Recovery (%) RSD ()
0 ND - - ND - ND - -
0.34 0.35 103.38 0.01 0.36 106.62 0.02 0.33 97.73 0.01
0.65 0.63 96.82 0.02 0.63 96.95 0.01 0.62 96.05 0.02
1.18 1.17 99.48 0.01 1.16 98.66 0.01 1.15 97.37 0.02
1.59 1.66 104.63 0.05 1.62 101.84 0.02 1.64 103.24 0.04
1.90 1.96 103.25 0.04 1.93 101.63 0.02 1.94 101.95 0.03
b) Drinking Water 1 Drinking Water 2 Drinking Water 3
Added (mg/L) Found (mg/L) Recovery (%) RSD (+) Found (mg/L) Recovery (%) RSD (&) Found (mg/L) Recovery (%) RSD (+)
0 ND - - ND - - ND - -
0.19 0.18 97.60 0.01 0.19 97.77 0.01 0.18 95.13 0.01
0.62 0.61 98.75 0.01 0.61 97.81 0.01 0.63 101.22 0.01
1.04 1.06 102.06 0.02 1.04 99.51 0.01 1.04 100.06 0.01
1.43 1.45 101.59 0.02 1.47 102.96 0.03 1.49 104.23 0.04
1.83 1.83 99.26 0.01 1.82 98.96 0.01 1.81 98.59 0.02
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Fig. 6. Smartphone assisted Hg>" ion detection with NIR-12 in EtOH/H,0 (3/
1, v/v, pH 7.4 HEPES). Inset: colorimetric changes with addition of ng "

probe NIR-12 titrated with Hg?" ions along with the resulting linear
range. In summary, Hg?" ions can be effectively detected using the
probe NIR-12 with a smartphone camera, without the need for
instrumentation.

3.10. Comparison of analytical performance with similar sensor systems

Recent papers about chemosensors for Hg?" ion detection have
yielded a variety of performance metrics. Du et al. reported a rhodamine
based probe having a LOD of 0.332 nM towards Hg?" ions and appli-
cability in living cells. Hong et al. developed a rhodamine based probe
with a LOD of 0.304 uM and suitability for determination of Hg?" ions in
real water samples. Liu and Qian published a study with a probe having
a LOD of 2.72 pM for Hg?* ions. Zhang et al. synthesized a rhodamine
based probe demonstrating a LOD of 0.38 pM and utility for cell imag-
ing. Biswal et al. reported two rhodamine-pyrrole based probes exhib-
iting LOD of 0.6 nM and applicability in cell imaging for Hg2+ ions.
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Drawing on the insights from these documents summarized above, this
particular study was focused on a chemosensor that addressing existing
limitations by providing enhanced functionality in aspects of response
time, selectivity, wide linear range and applicability for real water ex-
amples. The comparison of these probes with probe NIR-12 is outlined
in Table 2 below. As illustrated in the table, the probe developed in this
study above stands out among the existing studies in the literature with
its long absorption/emission wavelength, wide working range, excellent
selectivity, low LOD values, very fast response time and practical ap-
plications in real water samples.

4. Conclusion

In summary, we present an innovative near-infrared (NIR), “ratio-
metric,” and “turn-on” fluorescence probe, NIR-12, which is built on a
chromenylium cyanine framework and functionalized with 2-amino-5-
bromothiazole. The probe is capable of rapid, selective, sensitive, and
on-site recognition of Hg?* ions in real samples. Structural character-
ization and sensor studies using NMR, FT-IR, HR-MS, UV-Vis, and
fluorescence spectroscopy revealed that the non-fluorescent probe NIR-
12 selectively interacts with Hg?" ions. This interaction induces a spi-
rolactam ring opening, leading to intense absorption and emission sig-
nals in NIR area, and an observable color shift distinguishable with
human eye. The developed probe NIR-12 exhibits superior performance:
i) NIR-12 has ultra-fast response (10 s) and excellent selectivity towards
Hg?* ions in EtOH/H,0 (3/1, v/v, pH 7.4) medium, ii) NIR-12 also has
significant linear ranges (1.68-9.81 puM for UV-Vis and 0.85-42.98 pM
for fluorescence methods) and LODs (0.057 pM (11.40 ppb) for UV-Vis,
0.277 puM (55.53 ppb) for fluorescence), iii) NIR-12 is proven to be
capable for the measurement Hg?" ions in real drinking water samples,
exhibiting high recovery values (95.13% - 106.62%), and iv) NIR-12
makes Hg?" detection practical and on-site, thanks to its smartphone-
assisted measurements. The collective results indicate that the devel-
oped spectrophotometric and colorimetric methods based on the NIR-12
probe provide a simple and practical means of analyzing toxic Hg?* ions,
which pose a significant threat to human health.

It is believed that the chromenylium cyanine-based probe developed
for Hg?* analysis in this study will serve as a model for the design of new

Table 2
Comparison of analytical performance with similar sensor systems.
Sensor Medium Absorption/Emission Selectivity Linear Range UV- LOD for UV-Vis/ Response Application Reference
Wavelength (nm) Vis/Fluorescence Fluorescence Time
EtOH/H0 (3/1,v/  717/740 Only Hg** 1.68-9.81 uM/0.85-  0.057 pM/0.277 10s Smartphone, This
v, pH =7.4) 42.98 yM uM Drinking Water Study
Samples
CH3CN/H,0 (1/4,v/  510/590 Only Hg** 0.5 pM - 3.0 pM 0.332 nM 40 min Cell imaging [39]
v pH = 6.0)
CH3CN/HEPES (9/ 565/583 Only Hg?' 25 - 200 pM 0.304 pM 30 min Water samples [40]
1,v/v,pH =7.21)
EtOH/PBS (1/1, v/ 516/578 Hg?* and 0- 80 uM 2.72 yM 2s Nd. [41]
v, pH = 7.4) Fe*
o0 CH3CN/H,0 (1/1, 554/608 Hg?* and 0-30puM 0.38 uM/0.81 yM  30's Cell imaging [42]
8“9 T v cut 15 - 45 pM
7 )
CH5CN/H,0 (1/1, 558/580 Hg?", Fe?" 0.2 - 100 pM Probe 1: 0.6 nM 15 min Nd. [43]
v/v, PBS buffer, pH and Pb** Probe 2: 2.7 nM
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probes for the analysis of other toxic chemicals.
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