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A novel highly sensitive and selective ‘off-on’ fluorescent probe for detecting 
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thiophenols has been developed by an ICT mechanism through a rational design. It 
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displays a large Stokes shift (140 nm), a good linearity range, a rapid signal response 
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16 
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17 
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18 

 19 

 20 

 21 

 22 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 2

A rapid and highly sensitive fluorescent imaging materials for thiophenols 23 

 24 

Weijie Zhang,a,1 Fangjun Huo, b,* Tao Liu,a,1 Yin Wen,a Caixia Yin a,** 25 

 26 

a Institute of Molecular Science, Key Laboratory of Materials for Energy Conversion 27 

and Storage of Shanxi Province, Shanxi University, Taiyuan, 030006, China. 28 

b Research Institute of Applied Chemistry, Shanxi University, Taiyuan, 030006, China. 29 

*Corresponding author:  30 

C.X. Yin, E-mail: yincx@sxu.edu.cn,Tel/Fax: +86-351-7011022;  31 

F.J. Huo, E-mail: huofj@sxu.edu.cn. 32 

1Weijie Zhang, Tao Liu contributed equally to this work. 33 

 34 

Abstract: Thiophenols, a class of toxic and polluting compounds, are widely used in 35 

industrial production. Meanwhile, some aliphatic thiols play important roles in living 36 

organisms. Therefore, the development of probes for specific thiophenol detection is 37 

of great importance. Herein, a novel highly sensitive and selective ‘off-on’ fluorescent 38 

probe for detecting thiophenols has been developed by an ICT mechanism through a 39 

rational design. The probe displays a large Stokes shift (140 nm) and 60-fold 40 

fluorescence intensity enhancement. More importantly, the probe features a rapid 41 

signal response time (within 100 s), a good linearity range and the detection limit is as 42 

low as 13 nM. In addition, the ability of the probe to detect thiophenols in living cells 43 

(HepG2 cells) via an enhancement of the fluorescence has also been demonstrated. 44 

Keywords: Thiophenols; Detection; Fluorescent probe; Bioimaging. 45 
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1. Introduction 49 

Thiophenols, also named benzenethiols, are extensively used in organic synthesis for 50 

preparing various products in the agrochemical industry and pharmaceutical industry. 51 

However, thiophenols are poisonous to aquatic bio-organisms and animals, possessing a 52 

median lethal concentration (LC 50 ) of 0.01−0.4 mM in fish and a median lethal dose 53 

(LD 50 ) of 46.2 mg/kg in mouse. It was also reported that thiophenols can enter into the 54 

human body easily by inhalation and skin absorption to induce systemic injuries 55 

including shortness of breath, muscular weakness, nausea, vomiting, and even death [1-3]. 56 

Despite high toxicity, thiophenols are essential and widely used chemicals for the 57 

preparation of agrochemicals, pharmaceuticals, and various industrial products [4-6]. 58 

Considering their toxicity and the continuing environmental concerns, simple, rapid, 59 

sensitive, and selective detection of thiophenols is therefore of considerable interest in 60 

both environmental and biological science. 61 

Fluorescence detection using fluorescent probes has been recognized as one of the 62 

most attractive methods to monitor and visualize molecules due to its simplicity, 63 

convenience, and great potential for use in a wide range of chemical, biological, and 64 

environmental applications. Since Wang et al. [7] reported the first reaction based 65 

fluorescent turn-on probe for selective detection of thiophenols, a number of fluorescent 66 

probes have been developed for these compounds [8-20]. Because of the similarity of 67 

chemical properties among aliphatic thiols and thiophenols, most of these probes are 68 

designed mainly for discrimination of aliphatic thiols such as cysteine and glutathione 69 

from other amino acids, and in general, they cannot clearly discriminate thiophenols 70 
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over aliphatic thiols [21-24]. 2,4-Dinitrobenzenesulfonyl (DNBS) was first used by 71 

Maeda et al. as a sulfonate ester of a fluorophore for the detection of thiols [25]. The 72 

high level of electron deficiency enables the DNBS moiety to act as an electron sink 73 

and incur intramolecular charge transfer (ICT), resulting in the quenching of the 74 

fluorescence. The DNBS ester can easily undergo desulfonylation in the presence of 75 

thiophenols through a nucleophilic aromatic substitution (SNAr) mechanism, 76 

liberating SO2 and the attached fluorophore, thus resulting in an increase in 77 

fluorescence. 78 

Herein, we report a novel type of highly sensitive and selective fluorescent probe 79 

toward thiophenols which operates through an ICT pathway by selecting 80 

N-butyl-4-amino-1,8-naphthalimide as a fluorophore, the 2,4-dinitrobenzene- 81 

sulfonamide group as a recognition unit, and a piperazine moiety as a linker to extend 82 

the fluorophore and reactive sulfonamide bond. The masked sulfonamide moiety can 83 

be easily removed by a highly nucleophilic thiolate anion through the SNAr process 84 

(see Scheme 1)[26]. More importantly, we found that this probe not only shows high 85 

selectivity and sensitivity (DL = 13 nM) but also offers a rapid fluorescence turn-on 86 

sensing process (100s) for detecting thiophenols. Furthermore, this probe was 87 

successfully applied in fluorescent imaging in living cells. 88 

2. Materials and methods 89 

2.1. Materials 90 

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was purchased 91 

from Sigma-Aldrich (St. Louis, MO). Sodium hydroxide solution (0.1 mol/L) was 92 
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added to aqueous HEPES (10 mmol/L) to adjust the pH to 7.4. Amino acids were 93 

purchased from Shanghai Experiment Reagent Co., Ltd (Shanghai, China). All other 94 

chemicals used were of analytical grade. 95 

2.2. Instruments 96 

A pH meter (Mettler Toledo, Switzerland) was used to determine the pH. 97 

Ultraviolet–visible (UV–vis) spectra were recorded on an Agilent 8453 UV-Visible 98 

spectrophotometer. Fluorescence spectra were measured on F-7000 FL 99 

Spectrophotometer. A PO-120 quartz cuvette (10 mm) was purchased from Shanghai 100 

Huamei Experiment Instrument Plants, China. 1H NMR, 13C NMR spectra were 101 

recorded on a Bruker AVANCE-600 MHz and 150 MHz NMR spectrometer, 102 

respectively (Bruker, Billerica, MA). ESI determinations were carried out on AB 103 

Triple TOF 5600plus System (AB SCIEX, Framingham, USA). The ability of the 104 

probe to react with thiophenols in living cells was also evaluated by laser confocal 105 

fluorescence imaging using an Olympus FV1000 laser scanning microscope. 106 

2.3. Preparation and characterization of the probe 107 

2.3.1.Synthesis of N-butyl-4-Br-1,8-naphthalimide 108 

The route employed to synthesise of the probe is summarized in scheme 2. 109 

4-Bromo-1,8-naphthalic anhydride (2.76 g, 10 mmol) and N-butylamine (0.8 g, 11 110 

mmol) was taken in EtOH (20 mL) and stirred at 55◦C monitoring with TLC. After the 111 

reaction was complete, the reaction mixture was evaporated in vacuum and the 112 

residue was washed with water and dried to give a solid product. The solid obtained 113 

was purified by column chromatography (silica gel dichloromethane) to give a white 114 
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product in 88% yield. mp, 104℃-106℃. IR (KBr): 3389.40, 3340.32, 3308.66, 115 

3069.14, 2954 45, 2930.41, 2871.51, 1700.09, 1658.69, 1616.26, 1590.03, 1569.12, 116 

1502.94, 1460.23, 1435.22, 1402.59, 1380.89, 1359.43, 1342.57, 1259.15, 1229.36, 117 

1191.63, 1151.33, 1116.74, 1098.79, 1075.34, 1042.95, 996.06, 940.45, 899.29, 118 

873.13, 858.94, 848.36, 780.97, 748.66, 730.67, 711.70, 659.48, 567.65, 424.73. 1H 119 

NMR (DMSO-d6, 600 MHz): δ (ppm): 8.54 (d, J = 7.2 Hz, 1H), 8.51 (d, J = 8.7 Hz, 120 

1H), 8.30 (d, J = 7.6 Hz, 1H), 8.19 (d, J = 7.7 Hz, 1H), 7.98 (t, J = 7.8 Hz, 1H), 4.02 121 

(t, J = 7.3 Hz, 1H), 1.61 (m, 1H), 1.35 (m, 1H), 0.93 (t, J = 7.4 Hz, 2H); 13C NMR 122 

(DMSO-d6, 150 MHz): δ 163.22, 163.17, 132.95, 131.94, 131.74, 131.32, 130.14, 123 

129.51, 129.17, 128.61, 123.10, 122.32, 30.02, 20.27, 14.17. ESI–MS m/z: [B + H]+ 124 

Calcd. for C16H15BrNO2 332.0286, Found 332.0286 (Fig. S1). 125 

2.3.2. Synthesis of N-butyl-4-(piperazin-1-yl)-1,8-naphthalimide 126 

N-butyl-4-Br-1,8-naphthalimide (1.65 g, 5 mmol) and Piperazine(0.52 g, 6 mmol)  127 

was taken in 20 mL of 2-methoxyethanol. The mixture was stirred at 130℃ with 128 

monitoring by TLC. After the reaction was complete, the clear solution obtained was 129 

concentrated and left to cool. The brown solid was collected by filtration, washed 130 

with water and dried to give a solid product. After crystallization from MeCN, a solid 131 

was obtained to give a brown product in 82% yield. mp, 102℃-104℃. IR (KBr): 132 

3374.44, 3324.79, 3291.76, 3066.96, 2956.74, 2927.13, 2862.04, 2837.13, 2748.11, 133 

1691.30, 1652.99, 1613.22, 1588.15, 1512.96, 1456.36, 1427.33, 1384.64, 1355.30, 134 

1287.47, 1243.90, 1181.73, 1164.87, 1137.39, 1118.77, 1089.48, 1070.96, 1024.50, 135 

1001.53, 949.56, 929.37, 893.57, 873.89, 848.70, 835.18, 783.44, 758.58, 746.45, 136 
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671.98, 656.48, 412. 20. 1H NMR (600 MHz, DMSO) δ 8.41 (dd, J = 11.9, 8.0 Hz, 137 

2H), 8.35 (d, J = 7.9 Hz, 1H), 7.76 (t, J = 7.6 Hz, 1H), 7.27 (d, J = 7.9 Hz, 1H), 4.00 (t, 138 

J = 6.7 Hz, 2H), 3.13 (s, 4H), 3.00 (s, 4H), 1.58 (d, J = 6.4 Hz, 2H), 1.39 – 1.25 (m, 139 

2H), 0.91 (t, J = 7.0 Hz, 3H). 13C NMR (151 MHz, DMSO) δ 163.98 (s), 163.45 (s), 140 

156.74 (s), 132.69 (s), 131.16 – 130.91 (m), 129.59 (s), 126.30 (s), 125.74 (s), 122.98 141 

(s), 115.70 (s), 115.32 (s), 54.57 (s), 46.14 (s), 40.48 (d, J = 16.2 Hz), 30.18 (s), 20.28 142 

(s), 14.19 (s). ESI–MS m/z: [C + H]+ Calcd. for C20H23N3O2 337.179, Found 143 

338.1839 (Fig. S2). 144 

2.3.3.Synthesis of the probe 145 

2,4-Dinitrobenzen-esulfonylchloride (0.662 g, 2.5 mmol) and N-butyl-4- 146 

(piperazin-1-yl)-1,8-naphthalimide (0.674 g, 2 mmol) in CH2Cl2 (15 mL) with 2 mmol 147 

(0.202 g) Et3N. The mixture was stirred overnight at 0-5℃ in ice-water with 148 

monitoring by TLC. After the reaction was completed, removing the solvent under 149 

reduced pressure gave a solid which was purified by column chromatography (silica 150 

gel dichloromethane) to give probe 1 in 77% yields. mp 218℃-220℃. IR (KBr): 151 

3426.36, 3105.53, 2959.04, 2924.03, 2852.91, 2170.33, 1697.12, 1650.66, 1590.96, 152 

1556.47, 1536.51, 1513.89, 1447.13, 1425.28, 1390.92, 1351.29, 1267.81, 1234.48, 153 

1162.78, 1125.57, 1073.18, 956.88, 909.84, 845.95, 832.77, 782.04, 755.27, 703.44, 154 

662.57, 620.28, 598.58, 571.76, 545.76, 515.76, 464.38. 1H NMR (600 MHz, DMSO) 155 

δ 9.08 (s, 1H), 8.65 (d, J = 6.6 Hz, 1H), 8.48 (d, J = 7.2 Hz, 1H), 8.47 – 8.42 (m, 1H), 156 

8.40 (t, J = 9.9 Hz, 1H), 8.37 (d, J = 8.7 Hz, 1H), 7.81 (t, J = 7.7 Hz, 1H), 7.39 (d, J = 157 

8.0 Hz, 1H), 4.03 (s, 2H), 3.60 (s, 4H), 3.34 (s, 4H), 1.70 – 1.54 (m, 2H), 1.34 (dd, J = 158 
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14.8, 7.3 Hz, 2H), 0.90 (dd, J = 25.9, 18.6 Hz, 3H). 13C NMR (151 MHz, DMSO) δ 159 

163.97 (s), 163.46 (s), 155.16 (s), 150.78 (s), 148.40 (s), 134.50 (s), 132.88 (s), 160 

132.48 (s), 131.23 (s), 130.84 (s), 129.45 (s), 127.51 (s), 126.86 (s), 125.96 (s), 161 

123.10 (s), 120.59 (s), 117.01 (s), 116.41 (s), 52.56 (s), 46.37 (s), 40.52 (s), 30.16 (s), 162 

20.26 (s), 14.20 (s). ESI–MS m/z: [Probe + H]+ Calcd. for C26H25N5O8S 567.14238, 163 

Found 568.1474 (Fig. S3). 164 

<Inserted Scheme 2> 165 

2.4. Optical studies of probe 1  166 

Probe stock solutions were prepared in DMSO. Other analyte solutions were  167 

prepared by using deionized water. Fluorescence measurements were carried out with 168 

a slit width of 5 nm (λex = 383 nm). UV–Vis and fluorescence spectra were obtained 169 

in DMSO–HEPES buffer (10 mmol/L, pH 7.4, 1 : 1, v/v). 170 

2.5. General UV–vis and fluorescence spectra measurements 171 

Thiophenol stock and Probe stock were prepared in DMSO. Other analytes were 172 

prepared by using deionized water. Fluorescence measurements were carried out with 173 

a slit width of 5 nm (λex = 383 nm). UV–Vis and fluorescence spectra were obtained 174 

in HEPES buffer (10 mmol/L, pH 7.4)/DMSO (v/v, 1:1). 175 

2.6. Detection wavelength range 176 

Fluorescence spectra were measured from 450 to 650 nm with excitation at 383 177 

nm (slit width: 5 nm/5 nm) in HEPES buffer (10 mmol/L, pH 7.4)/DMSO (v/v, 1:1). 178 

The detection threshold for thiophenol was 13 nM, and at this level the fluorescence 179 

color change was very obvious. 180 
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3.  Results and discussion 181 

3.1 The Selective response of probe to thiophenols 
182 

An important feature of the probe is that it has special selectivity for for one kind 183 

of analyte over other substances. In order to study its special recognition ability, we 184 

carried out the experiment by UV-Vis and fluorescence spectrometer. Figure 1 shows 185 

the fluorescence spectral changes upon addition of various analytes (10 equiv.) in 186 

HEPES buffer (10 mmol/L, pH 7.4)/DMSO (v/v, 1:1) solution, including PhOH, 187 

PhNH2, PhCH3, KCN, H2O2, Na2S, Cl-, Br-, I-, N3
-, NO3

-, HSO3
-, SO3

2-, ME, Cys, Hcy, 188 

GSH, p-Nitrothiophenol, thiosalicyclic acid they all triggered very minor changes. 189 

However, the probe displayed obvious fluorescence enhancement (Fig.1) (λex = 383 190 

nm, λem = 523 nm) in the presence of PhSH, p-NH2-C6H4SH, p-CH3-C6H4SH in 191 

HEPES buffer (10 mmol/L, pH 7.4)/DMSO (v/v, 1:1) solution, Similarly, the probe 192 

displayed obvious UV-Vis spectral (Fig. S4a) changes in the presence of PhSH, and 193 

p-NH2-C6H4SH, p-CH3-C6H4SH. These signal changes indicate that the probe can 194 

serve as a selective chemosensor for thiophenols . 195 

<Inserted Figure 1> 196 

3.2 The UV–vis and Fluorescence spectra titration for probe 1 197 

A detailed spectral titration for thiophenol was carried out. Fig. 2 showed the 198 

fluorescence spectra change of probe 1 (2 µmol/L) upon addition of thiophenol (0-6 199 

µmol/L) in HEPES (10 mmol/L, pH 7.4)/DMSO (v/v, 1:1). Initially, the probe (2 200 

µmol/L) has no fluorescence (λex = 383 nm). The addition of thiophenol caused a 201 

remarkable enhancement (60-fold) of emission intensity at 523 nm (Fig. 2b). The 202 
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sensitivity of probe 1 was then examined by the fluorescence response of the probe 203 

toward different concentrations of thiophenol under the same reaction condition as 204 

described above (Figure 3). The increase of fluorescence intensity was displayed in a 205 

concentration dependent manner. However, when more than 3 equiv of thiophenol 206 

were used, the enhancement of fluorescence intensity reached a maximum without 207 

further alteration. 208 

The UV-Visible spectrum response of probe 1 (10 µmol/L) toward thiophenol 209 

(0-10 µmol/L) was studied in HEPES (10 mmol/L, pH 7.4)/DMSO (v/v, 1:1) solution. 210 

Fig. S4b shows the change of probe 1 (0.5 µmol/L) in the UV-Visible spectrum upon 211 

addition of thiophenol (0-10 µmol/L), the absorption peak of the probe at 375 nm is 212 

gradually increased.  213 

<Inserted Figure 2> 214 

To investigate the detection limit of probe 1 for thiophenol, probe 1 (2 µmol/L) 215 

was treated with various concentrations of thiophenol (0-6 µmol/L) and the relative 216 

emission intensity at 523 nm in HEPES (10 mmol/L, pH 7.4)/DMSO (v/v, 1:1) (λex = 217 

383 nm, slit: 5 nm/5 nm) was plotted as a function of the thiophenol concentration 218 

(Fig. 3). Subsequent data analysis revealed an excellent linear relationship (R2 = 219 

0.9999) between the relative fluorescence intensity at 523 nm and the thiophenol 220 

concentration (0-6 µmol/L). The detection limit for thiophenol, based on the definition 221 

by IUPAC (CDL=3 Sb/m) [27-31], was found to be 13 nM, which was much lower 222 

than that of the ICT probe reported by Wang et al. A summary of the comparison of 223 

recently developed fluorescent probes for thiophenol is given in Table 1. The probe 1 224 
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showed its excellent analytical performance. 225 

<Inserted Figure 3> 226 

<Inserted Table 1> 227 

3.3. pH dependence 228 

As the pH value of system is often considered as a significant influencing factor on 229 

interactions. The effect of pH on the fluorescence intensity of the probe in the absence 230 

and presence of thiophenol were also investigated (Figure S5). Experimental results 231 

indicated that the probe was pH insensitive in the pH range from pH 2 to 13. As 232 

expected, due to the enhanced ionization of thiophenol to result in a faster SNAr 233 

process, the fluorescence intensity increase with the pH ranging from pH 5 to 11, . 234 

Notably, the fluorescence changes of probe 1 to thiophenol reached a maximum and 235 

became almost constant in the pH range of 6−8, which is consistent with the pKa 236 

value of thiophenol (pK a ≈ 6.5). The weaker response at pH >8.0 was presumably 237 

attributed to diminished concentration of thiophenol, because of the disulfide 238 

formation under this conditions. Therefore, physiological pH (pH=7.4) could be 239 

selected as an appropriate working pH for the sensing of thiophenols with the 240 

designed probe. 241 

3.4. Time-dependence in the detection process of thiophenol 242 

Time-dependent modulations in the fluorescence spectra of probe 1 were 243 

monitored in the presence of 10 eq. of thiophenol. The kinetic study (Fig. 4) showed 244 

that the reaction was complete within 100 s for thiophenol, indicating that the sensor 245 

can achieve real-time detection of thiophenols. 246 
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<Inserted Figure 4> 247 

3.5. Proposed mechanism 248 

Similar to previously reported DNBS-based thiophenol probes [33, 34], the 249 

fluorescence enhancement response of probe 1 is attributed to a thiolate anion induced 250 

SNAr process which resulted in the cleavage of the DNBS group from the probe 251 

molecule (Scheme 1). Zhao etc has reported a new fluorescent probe for thiophenols 252 

based on 2,4-Dinitrosulfonyl functional group with 1-amino BODIPY. Under their 253 

experimental conditions, the probe displayed a selective response to thiophenols over 254 

aliphatic thiols and the detection limit could be improved to 34 nM. In our work, upon 255 

addition of thiophenol, the probe caused a remarkable enhancement (60-fold) of 256 

emission intensity at 523 nm and the detecting limit is as low as 13 nM, which was 257 

much lower compared with the literature reported. But, there are still room to improve 258 

in terms of detection limit and application in vivo. As mentioned before, after reacting 259 

with thiophenol, probe produced an obviously fluorescence enhancement due to a 260 

nucleophilic aromatic substitution (SNAr) mechanism, releasing SO2 gas and 261 

N-butyl-4-(piperazin-1-yl)-1,8-naphthalimide, thus resulting in an increase in 262 

fluorescence. Furthermore, The identification of the adduct in the ESI-MS analysis 263 

made it possible to propose the signaling mechanism: a peak at m/z 338.1852 264 

corresponding to [probe-PhSH + H]+ was clearly observed (Fig. S6). Further NMR 265 

spectroscopic analysis also provided the evidence for thiophenol nucleophilic 266 

substitution reactions with probe 1. With addition of thiophenol to probe in DMSO-d6, 267 

the resonance of the original proton at 9.08, 8.66, 8.64 ppm disappeared and new 268 
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peaks at 8.90, 7.58, 7.56 ppm appeared (Fig. S7). Thus, the sensing mechanism of 269 

probe 1 towards thiophenol, is based on the nucleophilic aromatic substitution (SNAr) 270 

reactions as shown in Scheme 1. 271 

3.6. Cellular Imaging 272 

Ions play important roles in many industrial and biochemical processes[35, 36]. 273 

In order to evaluate the cell permeability and capability of probe 1 to selectively 274 

detect intracellular thiophenol, live-cell imaging studies were carried out (Fig. 5). As 275 

shown in Fig. 5a, HepG2 cells incubated with 10 µmol/L of probe for 30 min at 37 ℃ 276 

showed no fluorescence. In a further experiment it was found that HepG2 cells 277 

displayed yellow-green fluorescence when the cells were first incubated with 10 278 

µmol/L of probe for 30 min at 37 ℃ and then incubated with 20 µmol/L thiolphenol 279 

(Fig. 5b). These data demonstrated the good cell-membrane permeability of probe and 280 

it can thus be used to mark thiolphenol within living cells. 281 

4. Conclusions 282 

In summary, we have developed a “turn-on” fluorescent probe for thiolphenols based 283 

on a 2,4-dinitrosulfonyl functional group with high selectivity and sensitivity in 284 

aqueous-DMSO media. Besides, owing the merits of a high selectivity and sensitivity, 285 

this probe shows a rapid detection process (100 s), high fluorescence enhancement 286 

(up to 60-fold), large Stokes shift and the detection limit is as low as 13 nM. 287 

Moreover, fluorescence scanning microscopic experiments demonstrated that the 288 

probe can readily be used to detect the intracellular thiophenol in living HepG2 cells. 289 

 290 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 14

Acknowledgments 291 

The work was supported by the National Natural Science Foundation of China (No. 292 

21472118), the Program for the Top Young and Middle-aged Innovative Talents of 293 

Higher Learning Institutions of Shanxi (TYMIT, No. 2013802), talents Support 294 

Program of Shanxi Province (No. 2014401), Shanxi Province Outstanding Youth 295 

Fund (No. 2014021002), and Shanxi University funds for study aboard 2014. 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 15

References 315 

[1] Munday R. Toxicity of thiols and disulphides: involvement of free-radical species. 316 

Free Radic Biol Med 1989; 7: 659−673. 317 

[2] Heil TP, Lindsay RC. Toxicological properties of thio- and alkylphenols causing 318 

flavor tainting in fish from the upper Wisconsin River. J Environ Sci Health Part 319 

B 1989; 24: 349−360. 320 

[3] Amrolia P, Sullivan SG, Stern A, Munday R. Toxicity of aromatic thiols in the 321 

human red blood cell. J Appl Toxicol 1989; 9: 113−118. 322 

[4] Love JC, Estroff LA, Kriebel JK, Nuzzo RG, and Whitesides GM,  323 

Self-Assembled Monolayers of Thiolates on Metals as a Form of 324 

Nanotechnology. Chem Soc Rev 2005; 105: 1103–1107. 325 

[5] Eychmüller, Rogach AL. Chemistry and photophysics of thiol-stabilized II-VI 326 

semiconductor nanocrystals. Pure Appl Chem 2000; 72: 179–188. 327 

[6] Juneja TR, Gupta RL, Samanta S , Activation of monocrotaline, fulvine and their 328 

derivatives to toxic pyrroles by some thiols. Toxicol Lett 1984; 21: 185−189. 329 

[7] Jiang W, Fu Q, Fan H, Ho J. and Wang W, A highly selective fluorescent probe 330 

for thiophenols. Angew Chem Int Ed Engl 2007; 46: 8445-8448. 331 

[8] Lin, WY. Long, LL. Tan, W. A highly sensitive fluorescent probe for detection 332 

of benzenethiols in environmental samples and living cells. Chem Commun 333 

(Cambridge U. K.) 2010; 46: 1503-1505. 334 

[9] Jiang W, Cao Y, Liu Y. and Wang W. Rational design of a highly selective and 335 

sensitive fluorescent PET probefor discrimination of thiophenols and aliphatic 336 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 16

thiols. Chem Commun 2010; 46: 1944–1946. 337 

[10] Zhao WW, Liu W, Ge MJC, Wu JS, Zhang WJ, Meng XM. and Wang PF. A 338 

novel fluorogenic hybrid material for selective sensing of thiophenols. J Mater 339 

Chem 2011; 21: 13561–13568. 340 

[11] Zhao C，Zhou Y，Lin Q，Zhu L，Feng P，Zhang Y. and Cao J. Development of 341 

an Indole-Based Boron-Dipyrromethene Fluorescent Probe for Benzenethiols. J 342 

Phys Chem B 2011; 115: 642–647. 343 

[12] Wang X, Cao J, and Zhao C. Design of a ratiometric fluorescent probe for 344 

benzenethiols based on athiol–sulfoxide reaction. Org Biomol Chem 2012; 10: 345 

4689–4691. 346 

[13] Wang Z, Han DM. Jia WP. Zhou QZ and Deng WP. Reaction-based fluorescent 347 

probe for selective discrimination of thiophenols over aliphaticthiols and its 348 

application in water samples. Anal Chem 2012; 84: 4915–4920. 349 

[14] Kand D, Mishra PK, Saha T, Lahiri M and Talukdar P. BODIPY based 350 

colorimetric fluorescent probe for selective thiophenol detection: theoretical and 351 

experimental studies. Analyst 2012; 137: 3921–3924. 352 

[15] Liu XL, Duan XY, Du XJ and Song QH. Quinolinium-Based Fluorescent Probes 353 

for the Detection of Thiophenols in Environmental Samples and Living Cells. 354 

Chem-Asian J 2012; 7: 2696–2702. 355 

[16] Shiraishi Y, Yamamoto K, Sumiya S. and Hirai T. Selective fluorometric 356 

detection of aromatic thiols by a chemosensor containing two electrophilic sites 357 

with different local softness. Chem Commun 2013; 49: 11680–11682. 358 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 17

[17] Zhao C. Wang X, Cao J. Feng P, Zhang J, Zhang Y Yang Y and Yang Z, 359 

BODIPY-based sulfoxide: Synthesis, photophysical characterization and 360 

response to benzenethiols. Dyes Pigments 2013; 96: 328–332. 361 

[18] Kand D, Mishra PK, Saha T, Lahiri M and Talukdar P. Iminocoumarin based 362 

fluorophores: Indispensable scaffolds for rapid, selective and sensitive detection 363 

of thiophenol. Dyes Pigments 2014; 106: 25–31. 364 

[19] Li J, Zhang CF, Yang SH, Yang WC and Yang GF. Highly Selective and 365 

Sensitive 1-Amino BODIPY-Based Red Fluorescent Probe for Thiophenols with 366 

High Off-to-On Contrast Ratio. Anal Chem 2014; 86: 3037–3042. 367 

[20] Balkrishna SJ, Hodage AS, Kumar S, Panini P and Kumar S. Sensitive and 368 

regenerable organochalcogen probes for the colorimetric detection of thiols. RSC 369 

Adv 2014; 4: 11535–11538. 370 

[21] Tang Y, Yang HR, Sun HB, Liu SJ. Wang JX, Zhao Q, Liu XM, Xu WJ, Li SB, 371 

Huang W. Rational Design of an “OFF–ON” Phosphorescent Chemodosimeter 372 

Based on an Iridium(III) Complex and Its Application for Time-Resolved 373 

Luminescent Detection and Bioimaging of Cysteine and Homocysteine. 374 

Chem-Eur J 2013; 19: 1311−1319. 375 

[22] Li X, Qian S, He Q, Yang B, Li J, Hu Y. Towards molecular diversity 376 

dealkylation of tert-butyl amine in Ugi-type multicomponent reaction product 377 

establishes tert-butyl isocyanide as a useful convertible isonitrile. Org Biomol 378 

Chem 2010; 8: 3627−3630. 379 

[23] Kim GJ, Yoon DH, Yun M, Kwon YH, Ha HJ, Kim HJ. An activatable 380 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 18

fluorescent probe for targeting cellular membrane through the biothiol-mediated 381 

hydrazone-to-pyrazole transformation. Sensor Actual B-Chem 2015; 211: 382 

245-249. 383 

[24] Lee H, Kim DI, Kwon H. Kim HJ. Bromoacetylfluorescein monoaldehyde as a 384 

fluorescent turn-on probe for cysteine over glutathione. Sensor Actual B-Chem 385 

2015; 209: 652-657. 386 

[25] Maeda H, Matsuno H, Ushida M, Katayama K, Saeki K, Itoh N. 2,4- 387 

Dinitrobenzenesulfonyl Fluoresceins as Fluorescent Alternatives to Ellmans 388 

Reagent in Thiol-Quantification Enzyme Assays. Angew Chem Int Ed Engl 2005; 389 

44: 2922−2925. 390 

[26] Fukuyama T, Cheung M, Jow CK, Hidai Y, and Kan T. 2,4-Dinitrobenzen- 391 

esulfonamides: A simple and practical method for the preparation of a variety of 392 

secondary amines and diamines, Tetrahedron Lett 1997; 38: 5831-5834. 393 

[27] Xie, YS. Wei, PC. Li, X. Hong, T. Zhang, K. Furuta, H. Macrocycle contraction 394 

and expansion of a dihydrosapphyrin isomer. J Am Chem Soc 2013; 135: 395 

19119–19122. 396 

[28] Ding, YB. Li, X. Li, T. Zhu, WH. Xie. YS. α-Monoacylated and α,α’ - and α,β’  397 

diacylated dipyrrins as highly sensitive fluorescence “turn-on” Zn2+ probes. J 398 

Org Chem 2013; 47: 5328–5338. 399 

[29] Ding, YB. Xie, YS. Li, X. Hill, JP. Zhang, WB. Zhu. WH. Selective and 400 

sensitive“turn-on” fluorescent Zn2+ sensors based on di-and tripyrrins with 401 

readily modulated emission wavelengths. Chem Commun 2011; 47: 5431–5433. 402 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 19

[30] Xie, YS. Ding, YB. Li, X. Wang, C. Hill, JP. Ariga, K. Zhang, WB. Zhu, WH.  403 

Selective, sensitive and reversible “turn-on”fluorescent cyanide probes based on 404 

2,2 -dipyridylaminoanthracene-Cu2+ ensembles. Chem Commun 2012; 48: 405 

11513 –11515. 406 

[31] Chen, B. Ding, YB. Li, X. Zhu, WH. Hill, JP. Ariga, K. Xie,YS. Steric hindrance 407 

enforced distortion as a general strategy for the design of fluorescence “turn-on” 408 

cyanide probes. Chem Commun 2013; 49: 10136–10138. 409 

[32] Liu HW, Zhang XB, Zhang J, Wang QQ, Hu XX, Wang P, Tan WH.    410 

Efficient two-photon fluorescent probe with red emission for imaging of 411 

thiophenols in living cells and tissues. Anal Chem 2015; 87: 8896 −8903. 412 

[33] Ma QJ, Xu JH, Zhang XB, Zhou LY, Liu HW, Zhang J. A naphthalene-based 413 

two-photon fluorescent probe for selective and sensitive detection of thiophenols 414 

Sensor Actual B-Chem 2016; 229: 434-440. 415 

[34] Liu XJ, Yang L, Gao L, Chen WQ, Qi FP, Song XZ. A phthalimide-based 416 

fluorescent probe for thiophenol detection in water samples and living cells with 417 

a large Stokes shift. Tetrahedron Lett 2015; 71: 8285-8289 418 

[35] Ding, YB. Tang, YY. Zhu, WH. Xie. YS. Fluorescent and colorimetric ion 419 

probes based on conjugated oligopyrroles. Chem. Soc. Rev. 2015; 47: 420 

5328–5338. 421 

[36] Ding, YB. Zhu, WH. Xie. YS. Development of Ion Chemosensors Based on 422 

Porphyrin Analogues. Chem. Rev. 2016; DOI: 10.1021/acs.chemrev.6b00021.  423 

 424 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 20

Figure captions 425 

Scheme 1 Proposed detection mechanism of the probe to thiophenol. 426 

Scheme 2 The synthesis of the probe 1. 427 

Fig. 1 (a) Fluorescence spectra spectra of the probe 1 (2 µmol/L) in DMSO–HEPES 428 

buffer (10 mmol/L, pH=7.4, 1 : 1, v/v) in the presence of 60 µmol/L PhOH, PhNH2, 429 

PhCH3, KCN, H2O2, Na2S, ME, Cys, Hcy, GSH, and 6 µmol/L PhSH, p-NH2-C6H4SH, 430 

p-CH3-C6H4SH (b) Optical density two-dimensional graph of the probe at 523 nm 431 

upon the addition of various analytes. 432 

Fig. 2 Fluorescence spectra of the probe 1 (2 µmol/L) in the presence of various 433 

concentrations of thiophenol (0-6 µmol/L) in DMSO–HEPES buffer (10 mmol/L, pH 434 

7.4, 1 : 1, v/v) (λex = 383 nm, slit: 5 nm/5 nm). 435 

Fig. 3 The linearity of the relative fluorescence intensity versus thiophenol 436 

concentration. 437 

Table. 1 Summary of fluorescent probes for thiophenols. 438 

Fig. 4  Reaction time profiles of probe (2 µmol/L) with thiophenol (60 µmol/L). 439 

Fig. 5 Confocal fluorescence images in HepG2 cells. (a) Fluorescence image of 440 

HepG2 cells with adding probe (10 µM) and its bright field image (c); (b) 441 

Fluorescence image of HepG2 cells incubated with 10 µM probe for 30 min at 37 °C, 442 

then incubated with 20 µM thiophenol for 30 min at 37 °C and its bright field image 443 

(d). 444 

 445 
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Scheme 1 447 

 448 

Scheme 2 449 

 450 
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Fig. 1 (a) 451 

 452 

(b)  453 
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 454 

Fig. 2  455 

 456 
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Fig. 3 457 

 458 
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Table 1 470 

 471 
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Fig.4. 472 

 473 

Fig. 5. 474 
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 476 

Support Information 477 

A rapid and highly sensitive fluorescent imaging materials for thiophenols 478 

 479 

 480 

Figure S1:  Structure characterization of compound B  481 

Figure S2:  Structure characterization of compound C 482 

Figure S3:  Structure characterization of the probe   483 

Figure S4:  UV-Vis titration 484 

Figure S5:  PH interference to the detection 485 

Figure S6:  The ESI-MS of product obtained by reaction of probe and thiophenol 486 

Figure S7:  1D 1H NMR the probe and probe-thiophenol 487 

 488 

 489 
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Figure S1: 1D 1H NMR, 13C NMR, ESI-MS and IR of compound B. 510 

 511 

 512 

The 1H NMR (600MHz) spectra of compound B in DMSO-d6. 513 

 514 

 515 

The 13C NMR (150 MHz) spectra of compound B in DMSO-d6. 516 
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 517 

The ESI-MS of compound B: m/z: [B + H] + Calcd. for C16H15BrNO2 332.0286, 518 

Found 332.0286. 519 

 520 

The IR spectra of compound B 521 

 522 

 523 

 524 
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Figure S2 : 1D 1H NMR, 13C NMR, ESI-MS and IR of compound C. 525 

 526 

 527 

The 1H NMR (600MHz) spectra of compound C in DMSO-d6. 528 

 529 

The 13C NMR (150 MHz) spectra of compound C in DMSO-d6. 530 

 531 
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532 

The ESI-MS of probe: m/z: [C + H] + Calcd. for C20H23N3O2 337.17903, Found 533 

338.1839. 534 

 535 

The IR spectra of compound C 536 

 537 

 538 
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 539 

Figure S3: 1D 1H NMR, 13C NMR, ESI-MS and IR of the probe. 540 

 541 

The 1H NMR (600MHz) spectra of probe in DMSO-d6. 542 

 543 

 544 

The 13C NMR (150 MHz) spectra of probe in DMSO-d6. 545 

 546 

 547 
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 548 

The ESI-MS of probe: m/z: [Probe + H] + Calcd. for C26H25N5O8S 567.14238, Found 549 

568.1474. 550 

 551 

The IR spectra of the probe 552 

 553 

 554 
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Figure S4: UV-Vis spectra 555 

(a) UV–vis spectra of the probe 1 (10 µmol/L) in DMSO–HEPES buffer (10 mmol/L, 556 

pH=7.4, 1 : 1, v/v) in the presence of 60 µmol/L PhOH, PhNH2, PhCH3, KCN, H2O2, 557 

Na2S, ME, Cys, Hcy, GSH, and 10 µmol/L PhSH, p-NH2-C6H4SH, p-CH3-C6H4SH  558 

(b) UV-Visible spectrum of probe 1 (10 µmol/L) upon addition various concentrations 559 

of thiophenol (0-10 µmol/L) in DMSO–HEPES buffer (10 mmol/L, pH 7.4, 1 : 1, 560 

v/v).  561 

(a)  562 

 563 

 564 

 565 

 566 

 567 

 568 
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(b) 570 

 571 

 572 
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Figure S5: PH interference to the detection 581 

 582 

Figure S6 : The ESI-MS of product obtained by reaction of probe and thiophenol. 583 

 584 

The ESI-MS of probe: m/z: [Probe + PhSH+H] + Calcd. for C20H23N3O2 337.17903, 585 

Found 338.1848. 586 
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Figure S7:  1D 1H NMR the probe and probe-thiophenol. 587 

 588 

1 H NMR spectra of 1 upon addition of thiophenol in DMSO-d6. (1) Only probe, (2) 589 

Probe with 0.5 equal of thiophenol, (3) Probe with 1 equal of thiophenol, (4) Probe 590 

with 1.5 equal of thiophenol. 591 

 592 
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Highlights 
 

a) The interaction between probe 1 and thiophenol in solution was studied in detailed. 

b) The probe can be applied in bioimaging. 

c) The detection limit is as low as 13nM. 


