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NEW SELECTIVE FLUORESCENT "TURN-ON" SENSOR
FOR DETECTION OF Hg2+ BASED ON A 1,-NAPHTHALIMIDE
SCHIFF BASE DERIVATIVE

H.-L. Wu,” J.-P. Dong, F.-G. Sun, UDC 535.372
R. X. Li, and Y.-X. Jiang

A new fluorescent "turn-on" sensor for Hg2+, N-allyl-4-(ethylenediamine-5-methylsalicylidene)-1,8-naphthalimide
(HL) has been designed by combining a 1,8-naphthalimide moiety as a fluorophore and a Schiff base as a recognition
group. As expected, HL displays high selectivity for ng " over other ions (Na*, K", ca’, Mg2 t AP, P’ R
Ni2+, Zn2+, Hg2+, Ag+, C02+, Cr3+, Mn2+, and Cd2+) with obvious fluorescence enhancement in solution (DMF/
Tris—HCI buffer, 1:1, v/v, pH 7.2). Moreover, the fluorescence intensity of HL has shown good linearity with a
correlation coefficient (R2 ) of 0.99, confirming that HL could be applied to quantitatively detect mercury ions in the
range of 0.5—4.0 um, whereby the detection limit reaches 0.26 um. Meanwhile, the association constant (K,) between
ng * and HL achieves 7.35 x 10" M'. Based on the fluorescence titration and Job's plot analysis, the formation of
a complex between HL and ng " is by 2:1 complex ratio.

Keywords: 1,8-naphthalimide, fluorescent sensor, HgZJr ion, Schiff base.

Introduction. Mercury, which can be generated through both natural and anthropogenic activities, is a common
toxicological pollutant [1, 2]. What's worse, Hg2+ is the only heavy metal ion that can complete the cycle of the ecosystem,
and it can be converted into methylmercury by bacteria and then continuously accumulated through food chains, causing
a lot of serious health issues to organisms like neurological disorders, hepatitis, nephritis, and uremia, even at very low
concentrations, due to their high lipophilicity [3—7]. Therefore, it is of considerable significance, for exploring efficient,
reliable, selective, and sensitive methods to monitor Hg2+ in the real environment.

Many modern analytic techniques such as spectrophotometry, atomic absorption spectroscopy and voltammetry
have been developed to determine the concentration of Hg2+, but they are not suitable for online or in-field monitoring,
since their sensing operation needs fine instrumentation and sample pretreatment [8—12]. To date, the fluorescent sensor
technology is believed to be an attractive and easy-to-use detection method, due to its low requirement for instrumental
implementation and sample preparation [13—17]. Among them, 1,8-naphthalimide derivatives with high stability, quantum
yield, large Stokes shift, and easily modified properties, have been widely used as fluorescent sensors and switchers [ 18-22].

In previous work, a series of fluorescent sensors based on 1,8-naphthalimide moiety to efficiently detect harmful
and polluting anions and cations have been synthesized [23-35]. Based on the preceding consideration, and as a part of the
continuing studies, herein, a new 1,8-naphthalimide-based fluorescent "off—on" sensor HL was designed, synthesized, and
characterized for the Hg2+ detection, exhibiting large fluorescence, increasing with the existence of Hg2+, and could be used
for rapid, highly selective and sensitive detection of ngJr in the real environment.

Experimental. All chemicals and solvents used for the synthesis were obtained from commercial sources and
used without further purification. Dilute hydrochloric acid or sodium hydroxide was used for tuning pH values. Tris-HCI
buffer (pH 7.2) was prepared using double distilled water. The metal cation sources, NaNO3, KNO3, CaCl,, MgSOy, AICl;,
Pb(NO3)2, FC(NO3)3‘9H20, Ni(NO3)2'6H20, ZH(NO3)2'6H20, Cu(NO3)2~5H20, Hg(NO3)2'H20, AgNO3, CO(NO3)2‘6H20,
Cr(NO3)3-9H,0, Mn(NO3),, and Cd(NO3),-H,0 were of analytical reagent grade and were dissolved using double distilled
water.
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C, H, and N contents were determined using a Carlo Erba 1106 elemental analyzer. 'H and 3C NMR spectra were
obtained with a Varian VR 400 MHz spectrometer with TMS as an internal standard. Electrospray ionization mass spectra
(ESI-MS) were obtained on a BRUKER micrOTOF-Q system. The IR spectra were recorded in the 4000—400 cm! region
with a Nicolet FT-VERTEX 70 spectrometer using KBr pellets. Electronic spectra were recorded on a LabTech UV Bluestar
spectrophotometer. Fluorescence spectra were recorded with an F-7000 FL spectrophotometer, which had been subjected
to normalized absorbance. The pH values were measured with a DELTA 320 pH meter. The melting points were measured
by X-4 microscopic melting point apparatus and TLC was performed on silica gel, Fluka F60 254, 20 x 20, 0.2 mm. All the
detections were carried out at 25°C.

Synthesis and characterization of the sensor. Scheme 1 shows the detailed synthetic pathway of sensor HL. The
intermediate products 1-2 prepared according to the procedure previously reported [36, 37].
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Scheme 1. Chemical structure and synthetic routine of HL.

The mixture of N-allyl-4-ethylenediamine-1,8-naphthalimide (2) (1 g, 3.4 mmol), 5-methylsalicylaldehyde
(0.69 g, 5.1 mmol) and 40 ml of ethanol was heated to 80°C for 4 h. After the mixture was cooled to room temperature, the
precipitate product was filtered, washed with ethanol and dried to give 1.18 g of the final product N-allyl-4-(ethylenediamine-
S-methylsalicylidene)-1,8-naphthalimide (HL). The progress of the reaction was monitored by TLC (the TLC eluent is
dichloromethane: acetone = 1:1, Rg= 0.5). Yield: 84.3%, mp: 192—-193°C. Anal. calc. C 72.62; H 5.61; N 10.16%; found:
C 72.38; H 5.68; N 10.19%. UV-visible (in DMF); A/nm: 267, 328, 437. IR (KBr); v, cm '): 1694 (C = C), 1645 (C = N),
1572 (C = 0). ESI-MS ([C25Hp3N305] + 1) m/z = 414.2006. 'HNMR (DMSO-dg, 400 MHz): & (ppm) = 13.055 (s, 1H);
O (ppm) = = 8.682 (d, 1H, J = 8.4 Hz); 6 (ppm) = 8.492 (s, 1H); § (ppm) = 8.431 (d, 1H, J= 7.2 Hz); § (ppm) = 8.259
(d, 1H, J = 8.4 Hz); 6 (ppm) = 7.958 (s, 1H); 6 (ppm) = 7.685 (¢, H, J= 15.6Hz); 6 (ppm) = 7.156 (s, 1H); 6 (ppm) = 7.117
(d, 2H, J = 8.4 Hz); & (ppm) = 6.927(d, 2H, J = 8.4 Hz); 6 (ppm) = 6.768 (d, 1H, J = 8.4 Hz); 5 (ppm) = 5.878-5.958 (m,
1H); 6 (ppm) = 5.078 (¢, 1H, 16.4 Hz); & (ppm) = 4.623 (d, 2H, J =4 Hz); d (ppm) = 3.933 (s, 2H); & (ppm) = 3.751 (d, 2H,
J=5.2 Hz). BCNMR (DMSO-d4, 400 MHz): & (ppm) = 166.80, 163.37, 162.51, 158.13, 150.64, 134.14, 133.22, 132.91,
131.39, 130.69, 129.41 128.60, 126.97, 124.33, 121.71, 120.17, 118.29, 116.14, 115.93, 107.76, 104.15, 56.82, 43.41,
41.24, 19.80.

Results and Discussion. The proposed sensor HL was characterized by elemental analysis, 'H and 13C NMR,
UV-Vis, IR spectroscopy, and mass spectrometry. The spectral and elemental analysis data are in good agreement with its
real chemical structure. HL was easily soluble in solvents like DMF, acetonitrile, tetrahydrofuran, and dichloromethane but
insoluble in water.

Photophysical properties. The ability of HL to emit absorbed light energy is characterized quantitatively by the
quantum yield of fluorescence ®. The fluorescence quantum yield has been calculated according to

Of = Dpep (Ssample/ Sref) (Aref/4 sample) (nsample/ nref)2 (1)

using N-butyl-4-n-butylamino-naphthalimide (@ = 0.81 in ethanol) as a standard. Herein, @y was estimated from the
absorption and fluorescence spectra of HL, @ is the emission quantum yield of the standard, Aer and Agample represent
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TABLE 1. Photophysical Properties of HL in Organic Solvents with Different Polarity

Solvents A, NM &, I'mol :em ™! A, M VA — VE cm’! Op
DMF 437 17761 519 3615 0.15
Acetonitrile 429 9115 519 4040 0.16
Tetrahydrofuran 426 11,403 501 3510 0.27
Dichloromethane 423 10,801 495 3440 0.13

the absorbance of the standard and sample at the excited wavelength, respectively, while Syef and Sgampie are the integrated
emission band areas of the standard and sample, respectively, and nyef and ngapype are the solvent refractive index of the
standard and sample, respectively [38].

The photophysical properties of the substituted 1,8-naphthalimides are known to depend mainly on the polarization
of their chromophoric system [39]. Thereby, photophysical characteristics of HL were investigated in DMF, acetonitrile,
tetrahydrofuran, and dichloromethane solution. In addition, the Stokes shift (v4 — Vg) is an important parameter for the
fluorescent compounds, indicating the difference in the properties and structures of the fluorophore between the ground state
Sp and the first excited state S} and has been calculated by the following equation [40, 41].

va—vE=(1/Ap—1/Ap) - 10" em ™. )

The absorption (L) and fluorescence (Ar) maxima, the extinction coefficient (g), the Stokes shift
(va— V), and quantum fluorescence yield (@) of HL were presented in Table 1. The values of the quantum fluorescence
yield @ are in the range of ~0.13-0.27 as presented in Table 1, showing that the ®f of HL in polar solvents is lower than
in nonpolar solvents. This fact can be explained by the photoinduced electron transfer process favored in polar solvents and
the lower fluorescence emission [42]. The Stokes shift of HL is within the scope of 3,440 (dichloromethane) to 4040 cm”!
(acetonitrile), whereby it can be seen that the Stokes shift values are influenced by the media and it is larger in the case
of polar solvents when the hydrogen bond formation or dipole—dipole interactions are favored in comparison to nonpolar
media, which is in good accordance with other investigations on 1,8-naphthalimide derivatives [43, 44]. The extinction
coefficient (g) of HL ranged from 9115 to 17,761, meaning that ¢ is larger in polar solvents. This result can be explained in
that the polarity of the organic solvents exhibits an assignable influence on & of HL.

Investigation of the pH effect on sensing performance of HL. As the pH of the system is considered to have a
significant effect on the performance of a sensor, the spectroscopic characters of HL were investigated in the pH range of
1.81-11.82. As seen from Fig. 1, the fluorescence intensity of HL is relatively stable in the range of pH from 6.37 to 10.38,
implying that HL was actually pH-independent in this range and the design of HL is reasonable. Thereby, the following
experiments were performed in a solution at pH 7.2.

Selectivity and interference investigation of HL. The signaling fluorescent properties of HL (10 um) in the presence
of various transition metal cations (Na+, K+, Caz+, Mg2+, Al +, Pb2+, Fe’ +, Niz+, Zn2+, Cu2+, Hg2+, Ag+, C02+, cr’ +, Mn2+,
and Cd2+) were investigated in solution (DMF/Tris-HCI buffer, 1:1, v/v, pH 7.2). As seen from Fig. 2a, it was found that
only Hg2+ caused a significant fluorescence enhancement of HL (®yg+ i1 /Pyr, = 1.84) at 526 nm among the various metal
ions, suggesting a strong interaction between HL and Hg2+. Furthermore, to validate the higher selectivity of HL for HgZJr
relative to other metal ions, the fluorescence competitive experiments of Hg2+ on other metal cations (Na*, K", Ca*",
Mg2+, Al3+, Pb2+, Fe3+, Ni2+, Zn2+, Cu2+, Ag+, C02+, cr’ * Mn2+, and Cd2+) to HL were investigated in solution (DMF/
Tris-HCI buffer, 1:1, v/v, pH 7.2) and their fluorescence intensities were recorded. As shown in Fig. 2b, when excited at
430 nm, the fluorescence intensity of other potentially coexisting ions showed a similar pattern to that with only Hg2+,
implying that HL is a reliable and highly selective sensor for Hg2+ in solution (DMF/Tris-HCI buffer, 1:1, v/v, pH 7.2)
and is not influenced by the subsequent addition of other competitive cations, suggesting the potential for wider use in
practical application.

Fluorescence titration of HL towards Hg2 . In order to obtain insight into the binding properties of HL (10 um)
with Hg2+, a fluorescence titration experiment at various concentrations of Hg2+ was performed in solution (DMF/Tris-
HCI buffer, 1:1, v/v, pH 7.2) at room temperature. As shown in Fig. 3a, upon addition of the increasing concentration
gradient of Hg2+, the fluorescence intensity of HL gradually increased. When the amount of Hg2+ added was about 5 um,
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Fig. 1. Fluorescent behavior of HL at different pH values (Aex = 430 nm, 25°C).
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Fig. 2. a) Fluorescence spectra of HL (10 pM) in solution (DMF/Tris-HCI buffer, 1:1,
v/v,pH 7.2) toward Na+, K+, Ca2+, Mg2+, Al3+, Pb2+, Fe3+, Ni2+, Zn2+, Cu2+, Hg2+, Ag+,
Co*", Cr3+, Mn2+, and Cd>" with an excitation at 430 nm; b) Competitive experiments

in the compound HLJng2+ system with interfering metal ions at 526 nm.

the fluorescence intensity almost reached a maximum, showing negligible changes. No shifts of the emission spectra with
increasing Hg2+ concentration observed. The nonlinear curve fitting of the fluorescence titration gives a 2:1 stoichiometric
ratio between HL and Hg2+ (Fig. 3b). The association constant is determined by the Benesi—Hildebrand equation [45, 46]

1 1 1

+ .
F-F  K,(F, - F)Hg""  Fn-F

Here, F is the fluorescence intensity at 526 nm at any given Hg2+ concentration, F|y is the fluorescence intensity at 526 nm
in the absence of Hg2+, and F, is the maximum fluorescence intensity at 526 nm in the presence of ngJr in solution, and n
is the stoichiometric mole ratio, which is 2 in this case. The association constant K, for L—Hg2+ has been calculated to be
7.35 x 10" M™! and has been evaluated graphically by plotting log [(F — F)/(Fy, — F)] against log [Hg2+] (Fig. 3c).
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Fig. 3. a) Fluorescence titration spectra of HL with Hg2+ (0-1.5 eq) in solution
(DMF/Tris-HCI buffer, 1:1, v/v, pH 7.2) at room temperature with an excitation of 430
nm; b) Fitting of the fluorescence titration curve of HL in solution (DMF/Tris-HCl
buffer, 1:1, v/v, pH 7.2); ¢) Benesi-Hildebrand linear analysis plots of HL at different
Hg2+ concentrations; d) Curve of fluorescence intensity at 526 nm of HL (1 x 107 M)
versus increasing concentrations of Hg2+ (0.5-4.0 uM).
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Fig. 4. Job's plot at 526 nm for determining the stoichiometry of HL and Hg2+ in solution
(DMF/Tris-HCl buffer, 1:1, v/v, pH 7.2).
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Figure 3d also displayed good linearity between the emission at 526 nm and concentrations of HgZJr in the range of
0.5-4.0 uM, indicating that HL can detect quantitatively relevant concentrations of Hg2+.

The detection limit (DL) based on the definition by [IUPAC was calculated with the following equation [47]: DL= 3c/k,
where o is the standard deviation of the blank solution, & is the slope of the intensity versus sample concentration. DL was
calculated to be 0.26 uM, which is far below US EPA regulated limits of 31.5 uM [48]. This result confirms the ability of
HL to monitor low concentrations of Hg2+ ions commonly encountered in both environmental and physiological systems.

Mechanism of recognition of HL towards Hg2+. In spite of the stoichiometric ratio of 2:1 between HL and Hg2+,
obtained by the aforementioned fluorescence titration experiment, additional evidence of the exact ratio needed is provided
by the Job's method. As shown in Fig. 4, the concentration of L—Hg2+ reached a turning point when the molar fraction
of [Hg2+]/ [L + Hg2+] was about 0.354 at 526 nm, suggesting a high binding tendency between HL and Hg2+ with a 2:1
stoichiometry as expected.

Based on the fluorescence titration spectra and the Job's plot, a possible binding model of HL and Hg2+ as shown
in Scheme 1 is proposed. The fluorescence enhancement of the HL response to Hg2+ could be attributed to a photoinduced
electron transfer (PET) [12, 49-51]. Before binding with Hg2+, HL indicated moderate fluorescence intensity, probably due
to the lack of a lone pair of electrons with suitable energy in the O-hydroxy Schiff base group, therefore causing sufficient
intramolecular photoinduced electron transfer (PET) [52-58]. However, when HL was bound with Hg2+, the PET process
was blocked synchronously and the complex was more rigid, thus a significant enhancement of fluorescence was observed.

@ .
O NH Ne—
Turn-on =/—\§ . —/
4 %

e assaseeri™ PET s emiid 7( PET

CHy

Weak fluorescence Strong fluorescence

Scheme 2. Proposed binding model of HL with Hg2+.

Conclusions. A new fluorescent sensor HL was designed and synthesized for detection of Hg2+ via fluorescence
enhancement, whereby HL exhibited a high selective response to Hg2+ over other metal ions in solution (DMF/Tris—HCI
buffer, 1:1, v/v, pH 7.2). Moreover, the binding ratio of the HLngZJr complex was determined to be 2:1 according to the
fluorescence titration and the Job's plot. The detection limit of the sensor HL toward Hg2+ is 0.26 uM, confirming that HL
could be applied to analyze quantitatively low concentration levels of ngJr in both environmental samples and biological
studies.
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