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ABSTRACT

It is particularly important to develop effective and specific detection methods for
harmful metal ions Ag* and Hg** sensing. In this paper, a new near infrared (NIR)
fluorescent probe N-FP based on intramolecular charge transfer (ICT) effect was
designed and synthesized, which exhibited the characteristics of large Stokes shift (163
nm) and excellent stability. Addition of Ag* or Hg*" to probe N-FP solution in
EtOH/H,0 (9:1, v/v) caused remarkable enhancement of fluorescence emission at 661
nm, bathochromic shift of UV-vis absorption wavelength, and color change from
orange to red or purple. While adding other metal ions including Li*, Na*, K*, Ag",
Cu?*, Fe**, Zn®*, Co*, Ni**, Mn%, Sr**, Ca?*, Mg®*, AI**, Cr** and Fe** did not bring
about substantial spectral and color change. The detection limit of probe N-FP for
Ag" and Hg*" was calculated to be 1.1 uM and 0.72 pM, respectively. Probe N-FP
could be used to recognition Ag* and Hg** in a wide pH range of 1-10. The sensing
mechanism was proposed and demonstrated by 'H NMR, HPLC and MS
measurements.

Keywords: Near infrared; Fluorescence probe; Stokes shift; Ag*; Hg**

1. Introduction

Nowadays people are more and more concerning of the use and impacts of heavy
metals. Among them Hg** and Ag"* ions have been designated as typical hazards as
they can cause permanent adverse effects on human organs like liver, kidney, lung,
and nervous system [1]. In view of the harm of Hg®* and Ag* ions to the environment
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and human body, it is particularly necessary to develop effective analytical methods
for Hg”* and Ag" detection. Many analytical methods include atomic absorption
spectrometry [2,3], plasma atomic emission spectrometry [4], and atomic fluorescence
spectrometry [5] have been applied for determination of Hg** and Ag*. However,
these methods are too complicated and time-consuming and vulnerable to other
factors. In contrast, fluorescent probe detection has attracted much attention due to its
rapidity and convenience, short response time, high sensitivity and strong
anti-interference ability and over the past years numerous fluorescent probes have
been developed for detection of Hg®* and Ag* [6-13]. Multifunctional fluorogenic
chemosensors for simultaneous or discriminative detection of Hg”* and Ag* have also
been reported based on metal-organic frameworks (MOFs) [14-16], polymers [17-19],
DNA [20,21], quantum dots [22—24], carbon dots [24,25], gold nanoclusters [26,27],
nanoparticles [28,29], nanoribbons [30], fluorescent silk [31], chromatography paper
[32], and small organic molecules such as 1,8-naphthalimides [33-35], calix[4]arenes
[36,37], BODIPY derivatives [38], thienyldiketopyrrolopyrrole [39], 9,9'-bianthracene
[40], 1,8-naphthyridine derivatives [41], 7-nitrobenzo-2-oxa-1,3-diazolyl (NBD) [42],
rhodamine B [43], fluorescein derivatives [44], coumarins [45], triarylamine
rhodanine derivatives [46], chromene-imidazophenazine [47], and pyridyl azo
compounds [48].

However, these reported probes generally exhibited poor selectivity due to the
serious interference from Cu®* [24,29,37,49,50], Pb*" [20,23,51,52], F~ [39,41,53],
Ni?* [15], CIO™ [17], or carbonate [54]. Moreover, the Stokes shifts of these probes
are small and their emission wavelengths are short and do not reach near infrared
(NIR) region. Recently, on purpose of eliminating autofluorescence, improving
signal/noise ratio, and increasing tissue penetration depth, we developed a new NIR
spectroscopic probe for simultaneous sensing of Hg?* and Ag®, which displayed an
extremely large Stokes shift and excellent pH adaptability and was successfully
applied to in vitro U87MG cell imaging [55]. Nevertheless, the chemosensor based on
coumarin-dicyanoisophorone dyad suffers from multistep synthesis. In order to obtain
novel NIR fluorescent probes that are structurally simple and can be facilely
synthesized, we abandon the coumarin moiety and resort to the dicyanoisophorone
fluorophore because its derivatives constitute a reservoir of NIR sensors with simple
structures by straightforward modification of dicyanoisophorone [56-63]. In this
paper we envisage to design and synthesize a fluorescently activated NIR probe for
the detection of Ag*/Hg?" based on intramolecular charge transfer (ICT) effect, by
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condensation of 4-diethylamino salicylaldehyde with dicyanoisophorone and
subsequent esterification with phenyl chlorothionocarbonate. Dicyanoisophorone as
strong electron-withdrawing group and diethylamino as electron donor were
introduced into the probe N-FP to achieve large Stokes shift, strong luminescence and
ICT effect, and the emission wavelength in NIR region. The phenyl thionocarbonate
moiety serves the recognition site and when Ag*/Hg?* is added the probe N-FP can be
hydrolyzed to induce remarkable fluorescence enhancement and color change [64].
Owing to the ICT effect, this fluorophore exhibits long-wavelength red emission.
These characteristics enable the probe to have a large Stokes shift, good selectivity,
and low detection limits. It also has superb pH adaptablity and thereby good
application prospect in complex environments.

2. Experimental section

2.1 Materials and equipments

All chemicals used in the experiment including isophorone, malononitrile,
triethylamine, dichloromethane, piperidine, 4-(diethylamino)-2-hydroxybenzaldehyde,
phenyl chlorothionocarbonate, ethanol, and metal salts are purchased from common
commercial sources, unless otherwise indicated, no purification is required prior to
direct use.

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AM-400
spectrometer. Mass spectrum was measured on an Agilent LC-MS 6120 spectrometer.
UV-vis absorption spectra were measured by using a Shimadzu UV-3600 Plus
UV-visible and near infrared spectrophotometer. Fluorescence emission spectra were
obtained on a Hitachi F 7000 fluorescence spectrophotometer.

2.2 Synthesis of compound N-OH

Compound 1 was synthesized according to known procedure reported in literature, mp:
70-71 °C (literature value: 70.2-72.6 °C [65]). Compound 1 (558 mg, 3.0 mmol) and
4-(diethylamino)-2-hydroxybenzaldehyde (579 mg, 3.0 mmol) were dissolved in 25
mL of anhydrous ethanol. Then 0.3 mL of piperidine was added and the mixture was
heated to 80 °C with stirring for 7 h. After reaction the solvent was removed in
vacuum. Purple red solid of N-OH was obtained by silica gel column chromatography
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in 74% vyield with petroleum ether/ethyl acetate (6:1, v/v) as eluent, mp: 160.1-
161.4 °C. IR (KBr pellet): v 3333, 2961, 2923, 2219, 1526, 1490, 1129, 1073 cm .

2.3 Synthesis of probe N-FP

Compound N-OH (722 mg, 2.0 mmol) and phenyl chlorothionocarbonate (413 mg,
2.4 mmol) were mixed and dissolved in dichlooromethane (DCM, 15 mL).
Triethylamine (0.34 mL, 202 mg, 2.0 mmol) was added and the mixture was stirred at
0 °C overnight. Thin layer chromatography was used to monitor the reaction with
petroleum ether/ethyl acetate (8:1, v/v) as developer. After the reaction was completed
water was added for quenching. The organic layer was extracted with DCM and dried
with anhydrous magnesium sulfate. Black solid of N-FP was obtained after
purification with silica gel column chromatography with petroleum ether/ethyl acetate
(15:1, v/v) as eluent. Yield: 646 mg (65%), mp: 140.5-142.6°C. The purity of N-FP
was 99.08% measured by HPLC under conditions: column dimensions 150 mm x 4.6
mm x 5 um, WondaSil-C18 as the stationary phase, acetonitrile/water (9:1, v/v) as the
mobile phase: detection wavelength 498 nm, flow rate 2 mL min ™, temperature 30°C.
IR (KBr pellet): v 3068, 2957, 2213, 1547, 1501, 1206, 1154 cm™. *H NMR (400
MHz, DMSO-dg) & 7.79-7.76 (m, 1H), 7.57-7.49 (m, 2H), 7.40-7.36 (m, 1H), 7.31—
7.29 (m, 2H), 7.17-7.04 (m, 2H), 6.78 (s, 1H), 6.70 (dd, J = 9.0, 2.7 Hz, 1H), 6.62 (d,
J=2.6 Hz, 1H), 3.42 (q, J = 7.0 Hz, 4H), 2.61 (s, 2H), 2.53 (s, 2H), 1.12 (t, J = 7.0 Hz,
6H), 1.04 (s, 6H). *C NMR (101 MHz, DMSO-ds) & 193.91, 170.38, 156.87, 153.72,
153.58, 150.33, 131.27, 129.71, 127.58, 126.18, 122.10, 121.64, 114.76, 114.57,
113.96, 111.00, 105.11, 74.72, 44.53, 42.74, 38.63, 32.09, 27.94, 12.98. LR-MS: m/z
498 (M+1)". HR-MS: m/z 497.2113; calcd. for C5oH31N30,S 497.2137.

2.4 Measurement of absorption and fluorescence spectra

Probe N-FP was dissolved in solvents to prepare the stock solution (20 uM) for
spectral measurements. The required metal ion stock solution (20 uM) was prepared
before fluorescence and UV-vis spectral tests by dissolving the salts LiCl, NaNOs,
KNOs;, AgNOs, Cu(NOs),, Fe(SOu),-7H,0, Zn(NO3),, CoCly-6H,0, NiCl,-6H,0,
Mn(NO3),-4H,0, SrCl,, Hg(OAC),, CaCl,, Mg(NO3),, Al(NO3)s-9H,0, Cr(NO3); and
Fe(NO3)3-9H,0 in deionized water. UV-vis absorption and fluorescence emission
measurements were performed at around 25 °C. The excitation wavelength was 498
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nm for fluorescence spectral test with both the excitation and emission slits being 5.0
nm.

3. Results and discussion

3.1 Synthesis and structural characterization of probe N-FP

The target probe N-FP was synthesized by a three step protocol, as showed in Fig. 1.
Compund 1 was prepared by a simple condensation reaction between malononitrile
and isophorone and was used to react with 4-(diethylamino)-2-hydroxybenzaldehyde
catalyzed with piperidine in anhydrous alcohol. The Knoevenagel reaction generated a
bright NIR fluorophore N-OH in 74% yield and its structure was confirmed by FTIR
spectrum (Fig. S1) [66]. Thiocarbonate acceptor part of Hg**/Ag* has a strong affinity
so was selected as the recognition group. In the third step, the probe N-FP was
prepared by the reaction of N-OH with phenyl chlorothiocarbonate under the
condition of acid reagent. The chemical structure of the target probe N-FP was
confirmed by *H NMR (Fig. S2), *C NMR (Fig. S3), mass spectrum (Fig. S4), and
FTIR spectrum (Fig. S5). All the spectral data were in good accordance with the target
structure. The purity of probe N-FP was determined to be 99.08% by HPLC (Fig. S6
and Table S1).

W TP e U o o

/@\ —h /6\42)_» CN¢> CN
1 (N-OH) (N-FP)

Fig. 1. Synthetic route of probe N-FP. Reaction conditions: (a) malononitrile,

anhydrous ethanol, piperidine, argon atmosphere, refluxed at 80 °C for 13 h. (b)

4-(diethylamino)-2-hydroxybenzaldehyde, anhydrous ethanol, piperidine, refluxed at

80 °C for 6 h. (c) phenyl chlorothionocarbonate, dry DCM, piperidine, stirred at 0 °C
for 6 h.

3.2 Fluorescence emission spectra of probe N-FP in different solvents
Fluorescence spectra of probe N-FP (20 uM) in different solvents including methanol

(MeOH), ethanol (EtOH), DCM, ethyl acetate (EA), acetonitrile (CH3CN), DMSO
and dimethylformamide (DMF) were measured and showed in Fig. 2 (a). It could be
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observed that the maximum absorption wavelength and the fluorescence intensity of
probe N-FP varied in different solvents. Ethanol was selected as the test solvent
because probe N-FP exhibited relatively strong fluorescence in ethanol and distinct
color change after addition of Ag* and Hg?* in ethanol. Though the fluorescence
intensities of probe N-FP in DMSO and DMF were much stronger than that in ethanol,
the color change of probe N-FP solution upon addition of Ag* and Hg?* in DMSO or
DMF was not sufficiently obvious. To ascertain whether probe N-FP was applicable
in aqueous solutions, fluorescence spectra of probe N-FP (20 uM) in EtOH/H,0 of
different ratio (10:0, 9:1, 8:2, 7:3, 6:4, 5:5, 4.6, 3:7, 2:8, 1:9, 0:10, v/v) were measured
and showed in Fig. 2 (b). With the increase of water content in the solvent, the
fluorescence intensity of probe N-FP decreased significantly. When the water content
was more than 50%, the fluorescence was almost quenched. So EtOH/H,0 (9:1, v/v)
was chosen as the medium for subsequent detection tests based on the results.

= —
(a) (b) 25 p — .
— / — L
Fong — J £~ N
? 2 :-\4 E aand 1 /’/ = -~ 4
2 — £ 2w i €
= = 'y
» Y o2 -
Z £ 2w |
: £ \
3 N
3 = o
-
~n
N
Wavelengthinm) Wavelengthinm)

Fig. 2. Fluorescence spectra of probe N-FP (20 uM) in different solvents (a) and in
EtOH/H,0 of different ratio (10:0, 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9, 0:10, v/v)
(b) with excitation wavelength of 498 nm.

3.3 Selectivity of probe N-FP for detection of Ag*™ and Hg?*

Color of the solution of probe N-FP in EtOH/H,O (9:1, v/v) turned out to be orange.
Addition of Ag" and Hg®" to the solution caused the color change from orange to red
and purple, respectively. While adding other metal ions including Li*, Na*, K*, Cu®*,
Fe?*, Zn?*, Co™, Ni**, Mn?*, Sr**, Ca?*, Mg®*, AI**, Cr*" and Fe*" failed to bring
about obvious color change, as showed in Fig. 3. Therefore, probe N-FP can be used
for naked eye detection of Ag* and Hg?*. The maximum absorption wavelength of
probe N-FP in EtOH/H,O (9:1, v/v) appeared at 498 nm. When Ag* and Hg*" were
added, the absorption wavelength bathochromically shifted to 533 nm and 535 nm,
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respectively, while addition of other metal ions (Li*, Na*, K*, Cu®*, Fe**, Zn**, Co*,
Ni?*, Mn?", Sr**, Ca®*, Mg, AI**, Cr* and Fe*") did not cause substantial change in
the absorption spactrum, as showed in Fig. 4 (a). This means that probe N-FP is
applicable for spectral detection of Ag* and Hg?* from other common competitive
metal ions.

By exciting at a wavelength of 498 nm, fluorescence emission spectra of probe
N-FP (20 uM) before and after addition of equimolar different metal ions (Li*, Na",
K*, Ag", Cu®*, Fe**, Zn?*, Co®*, Ni**, Mn?*, Sr**, Hg?*, Ca**, Mg*, AI**, Cr** and
Fe**) in EtOH/H,0 (9:1, v/v) were determined and showed in Fig. 4 (b). It was visible
that the intensity of the fluorescence emission peak at 661 nm increased significantly
after addition of Ag* and Hg®*, while the fluorescence emission of probe N-FP
remianed essentially unchanged upon addition of other common metal ions. So probe
N-FP served fluorogenic chemosensor for detection of Ag™ and Hg2+ and was useful

for distinguishing Hg”* from Ag* by UV-vis absorption spectral measurement.

Fig. 3. Color of probe N-FP solution in EtOH/H,O (9:1, v/v) after addition of 1
equivalent of different metal ions (Li*, Na*, K*, Ag*, Cu®*, Fe**, zn*, Co*, Ni*,
Mn%, Sr?*, Hg®*, Ca**, Mg?*, AI**, Cr** and Fe*).
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Fig. 4. UV-vis absorption (a) and fluorescence emission spectra (b) of probe N-FP (20
uM) before and after addition of equimolar different metal ions (Li*, Na*, K*, Ag",
Cu?, Fe**, zn*, Co*, Ni**, Mn?*, Sr**, Hg*, Ca®, Mg*", AI**, Cr*" and Fe*") in
EtOH/H,0 (9:1, v/v) with excitation wavelength of 498 nm.
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3.4 Anti-interference test on probe N-FP for detection of Ag* and Hg**

In order to further verify whether probe N-FP had high selectivity for detection of
Ag" and Hg®" in the presence of common competitive metal ions, fluorescence
emission intensities at 661 nm of probe N-FP (20 uM) after addition of different
metal ions (20 uM) without (black bars) or with 20 uM of Hg®* or Ag" ions (red bars)
in EtOH/H,0 (9:1, v/v) were obtained and showed in Fig. 5. Addition of different
metal ions (Li*, Na*, K*, Cu?*, Fe**, Zn?*, Co*, Ni¥*, Mn**, Sr**, Ca®*, Mg*", AI*",
Cr¥ and Fe*") to the test solution containing probe N-FP and Ag* or Hg?* (20 uM)
did not cause substantial change in the fluorescence intensity at 661 nm. These test
results demonstrated that other common metal ions had little effect on the selective
detection of Ag* and Hg?* by probe N-FP which showed high anti-interference ability
for the fluorogenic sensing of Ag* and Hg?".
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Fig. 5. Fluorescence emission intensities at 661 nm of probe N-FP (20 uM) upon
addition of different metal ions (20 uM) without (black bars) or with 20 pM of Hg?*
ions (red bars) (a) or Ag" ions (red bars) (b) in EtOH/H,0 (9:1, v/v).

3.5 Study on Ag* and Hg?* detection limits by probe N-FP

In order to study the minimum detectable concentrations of Ag* and Hg”* by probe
N-FP, fluorescence spectra of probe N-FP containing different concentrations (2, 4, 6,
8, 10, 12, 14, 16, 18, 20 uM) of Ag* or Hg”* were measured and showed in Fig. 6 (a)
and (c), respectively. From the figures the relationahip between the fluorescence
emission intensity at 661 nm and concentration of Ag" or Hg®* was obtained as
showed in Fig. 6 (b) and (d), respectively. The spectral results revealed that the
fluorescence intensity at 661 nm of the solution increased with the increase of Ag™ or
Hg?* concentration. The fluorescence intensity of the solution has a good linear
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relationship with Ag® concentration and the linear correlation equation could be
described as Y = 83.68182X + 2904.6, with the correlation coefficient R? = 0.99601.
Similarly, the good linear relationship between the fluorescence intensity of the
solution and Hg?* could be described by the equation Y = 121.3X + 3853.4, with the
correlation coefficient R> = 0.98275. According to the formula L = 3S/K, the
minimum limit of detection (LOD) of probe N-FP for Ag" and Hg®" ions was
calculated to be 1.1 uM and 0.72 uM, respectively, where L is the detection limit, S is
the standard deviation, and K denotes the slope of the fitting curve.

Ao
(a)uml b (b) 1oim b
NN ARIRIN 4 2004,00
g g W0, 99001
g o T 4200
R | B Joe
oaod | LI
A\
20
j M p
- 1o b 1200
e
[ =" AL At a A
50 [} b} 4 0" L LI A ¥ B T | N [ R 5 )
Wavelength(nm) Concentration of Ag' (WM)
N
(c) (d) YoI2LIXA IR 4

ok RI-00R27TS

A0 p

S p

Fluorescence Intensity

.
2
3

Fluorescence Intensity

LU J

0 : 4 L] . " 12 M I N

Wavelengthinm) Concentration of g’ (nM)

Fig. 6. Fluorescence spectra (a) and fluorescence emission intensities at 661 nm (b) of
probe N-FP containing different concentrations of Ag* and fluorescence spectra (c)
and fluorescence emission intensities at 661 nm (d) of probe N-FP containing
different concentrations of Hg*".

3.6 Study on the response time of probe N-FP to Ag* and Hg**

In order to determine the sensitivity of probe N-FP for detection of Ag* and Hg?",
fluorescence spectra of probe N-FP (Aex = 498 nm) at different time upon addition of
Ag" or Hg®* were measured. From the spectra changes in the fluorescence intensity at
661 nm of probe N-FP (20 uM) with time upon addition of 20 uM of Ag* or Hg**
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ions in EtOH/H,0 (9:1, v/v) were obtained as showed in Fig. 7 (a) and (b). After Ag*
was added, the fluorescence intensity of probe N-FP increased sharply within 3 min,
then rose gradually until the fluorescence intensity reached equilibrium after 18 min.
In the case of Hg?*, the fluorescence intensity of probe N-FP increased sharply within
1 min upon Hg*" addition, then the incease speed slowed down and the fluorescence
intensity reached the maximum value in 4 min and remained constant over the test
time. The results indicated that probe N-FP responded to Ag* and Hg** rapidy within
1-3 min.
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Fig. 7. Changes in the fluorescence intensity at 661 nm of probe N-FP (20 uM) with
time (Aex = 498 nm) upon addition of 20 uM of Ag* (a) or Hg®* ions (b) in EtOH/H,0
(9:1, viv).

3.7 Effect of pH on stability and applicability of probe N-FP

Probe N-FP solution (20 uM) in EtOH/H,O (9/1, v/v) exhibited orange or reddish
orange color at acidic, neutral, and alkaline conditions with pH less than 11. Distinct
color change occurred under strongly alkaline conditions when pH value was 12-14,
as showed in Fig. 8 (a). The results were in good accordance with the UV-vis
absorption spectral measurement of probe N-FP (20 uM) at different pH, as showed
in Fig. 8 (b). The maximum absorption wavelength at 498 nm of probe N-FP solution
under acidic, neutral, and alkaline conditions with pH less than 11 shifted to 661 nm
when pH was adjusted to 12-14. Fluorescence spectra of probe N-FP (20 puM) in
EtOH/H,0 (9/1, v/v) at different pH were also determined and showed in Fig. 8 (c). It
was observed that the fluorescence emission at 661 nm of probe N-FP solution under
acidic, neutral, and alkaline conditions with pH less than 11 shifted to around 705 nm
with significant decrease in the intensity when pH was 11-14. From the above results
it could be concluded that the structure of probe N-FP was stable under acidic, neutral,
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and weakly alkaline conditions, but transformed under strongly alkaline conditions.
To investigate the applicable pH scale of probe N-FP for Hg?*/Ag" ions detection,
fluorescence spectra of probe N-FP (20 uM) in EtOH/H,0 (9/1, v/v) at different pH
after adding Hg”* (20 uM) were measured and showed in Fig. 8 (d). It revealed that
probe N-FP showed strong emission at 661 nm under acidic, neutral, and alkaline
conditions with pH less than 11 after addition of Hg®* while the emission shifted to
about 705 nm accompanying remarkable decrease in the fluorescence intensity under
pH 11-14, indicating that probe N-FP could be used for Hg** sensing under pH 1-10
conditions. In order to further reveal the structural transformation of probe N-FP
under strongly alkaline conditions, LC-MS of probe N-FP after treatment with strong
base was determined (Fig. S7), which displayed a signal of m/z 361 corresponding to
the molecular ion peak of the hydrolyzed product of probe N-FP, as showed in Fig. 8
(e). These results indicated that probe N-FP readily hydrolyzed in the presence of
strong base, consistent with the previous report [67].
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Fig. 8. (a) Color of probe N-FP solution (20 uM) in EtOH/H,0 (9/1, v/v) at different
pH. UV-vis absorption (b) and fluorescence emission spectra (c) of probe N-FP (20
uM) at different pH. (d) Fluorescence spectra of probe N-FP (20 uM) in EtOH/H,0
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(9/1, vIV) at different pH after adding Hg®* (20 uM). (e) Plausible structural change of
probe N-FP (20 uM) in EtOH/H,0 (9/1, v/v) at strongly alkaline conditions (pH >
11).

3.8 Comparison of sensing performance of probe N-FP with other Hg®*/Ag* sensors
Comparison of the performance including excitation and emission wavelength,
sensing mode, LOD, and applicable pH range of probe N-FP with other documented
fluorescent probes for Hg”* and Ag" detection was summarized in Table 1. Among
these fluorescent sensors for monitoring Hg®* and Ag*, some recognized Hg®* and
Ag”® through fluorescence turn-off mode [28,33,40], which was susceptible to
interference from both background and coexisting competitive metal ions. Probe L
and RBSe exhibited high sensitivity for Hg®* and Ag* sensing, but both could not be
utilized under strongly acidic conditions [35,68]. From the table it was concluded that
probe N-FP displayed the following advantages compared to other Hg®’Ag"
fluorogenic sensors: (1) Selective detection of Hg?"’Ag"* by dual colorimetric and NIR
fluorescence turn-on mode with a large Stokes shift of 163 nm; (2) Steady sensing of
Hg?* and Ag" in a wide pH range; (3) Excellent adaptability even at extremely strong
acid conditions.

Table 1

Comparison of performance of different fluorescent probes for Hg>"Ag" detection.

Probe Aexd Nem Fluorescence Colorimetric  LOD for  Applicable Ref.

(nm) Hg*"'Ag’ pH
SiNPs  370/450 turn-off yes 2.676 uM/ >7 [28]
0.457 uM
3a 437/520 turn-off yes 0.83 uM/ 7-12 [33]
1.20 uM
L 410/~530 turn-on yes 20 nM/ 6-10 [35]
40 nM
D1 330/456 turn-off yes 0.662 uM/ 3.0 [40]
19.9 uM
CL 379/695 turn-on yes 0.83 uM/ 2-12 [55]
8.8 uM
NIFP  390/520 turn-on yes 6.0 uM/ 1-7 [64]
0.48 uM
RBSe  520/580 turn-on no 23 nM/ 7.4 [68]
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52 nM
N-FP  498/661 turn-on yes 0.72 uM/ 1-10 this
1.1 uM work

3.9 Study on the detection mechanism of probe N-FP

Possible detection mechanism of probe N-FP towards Hg®* and Ag" was showed in
Fig. 9. Owing to the blocking of the intramolecular charge transfer (ICT) by the
thiocarbonate moiety, probe N-FP exhibited weak fluorescence. When Ag* or Hg**
was added, it binded to sulfur due to its strong thiophilicity and triggered cleavage of
C-O bond and elimination of Ag,S or HgS to produce the intermediate N-OH which
was strongly fluorescent due to recovery of ICT effect. Structure of the intermediate
N-OH formed after addition of Ag" or Hg** to probe N-FP was confirmed by 'H
NMR measurement. *H NMR spectrum of the product formed after addition of Ag* to
probe N-FP (Fig. S8) was essentially the same as that of compound N-OH [66].
Supports of the above proposed sensing mechanism by HPLC (Fig. S9 and Fig. S10)
and LC-MS (Fig. S11 and Fig. S12) test were also confirmed.

Strong electron withdrawing A=68T0Mm

Ae=498nm l Ao =498nm / I AA=1 63nm

.

A =498nm

-
a
2

weak fluorescence strong fluorescence
N-FP N-OH

Fig. 9. Possible sensing mechanism of probe N-FP towards Hg”" and Ag".
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4. Conclusions

In summary, a new NIR fluorescent probe N-FP based on dicyanoisophorone was
developed for selective detection of Ag* and Hg?*. The probe displayed a large Stokes
shift of 163 nm and high stability in a broad pH range including strongly acidic
conditions. When Ag* or Hg®* was added to probe N-FP solution in EtOH/H,O (9:1,
vIv), significant enhancement of fluorescence emission at 661 nm, bathochromic shift
of UV-vis absorption wavelength, and color change from orange to red or purple were
induced. Addition of other common metal ions including Li*, Na*, K*, Ag*, Cu®*, Fe*",
Zn**, Co**, Ni**, Mn?*, Sr**, Ca?*, Mg, AI**, Cr** and Fe** failed to cause obvious
change in the spectra and color. LOD of probe N-FP for Ag* and Hg?* was calculated
to be 1.1 uM and 0.72 uM, respectively. Probe N-FP responded to Ag* and Hg®*
quickly within 1-3 min and could be utilized for sensing Ag* and Hg”" in a pH range of
1-10. *H NMR, HPLC and MS measurements revealed that the sensing mechanism
was based on Ag*/Hg**-induced hydrolysis of probe N-FP which led to recovery of
ICT and fluorescence enhancement.
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