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A B S T R A C T   

A novel ratiometric fluorescent probe based on aromatization drive of isoquinolinium salts was designed, syn-
thesized to recognize fluoride. The applications have shown that the probe has high selectivity and sensitivity to 
fluoride. Fluoride induces a cascade reaction of hydroxyl deprotection and 1,6-oxidative elimination, and causes 
a remarkable fluorescence enhancement. The relative fluorescent intensities (I398/I522) increased linearly with F�

concentration in the range of 0–9.0 μmol L� 1. The limit of detection was very low (3.7 nM) due to the intrinsic 
aromatization drive of probe induced by F� . The recognition mechanism was demonstrated by mass spectrum 
(MS) and 1H NMR. The in vitro imaging results showed that the new probe BIQS (2-[4-(tert-butyl-diphenyl- 
silanyloxy)-benzyl]-3-(4-methoxy- phenyl) -isoquinolinium nitrate) was membrane-permeable and could be 
applied into the determination of fluoride ions in living cells.   

1. Introduction 

With the rapid development of fluorescent analytical sensing and 
optical imaging, fluorescent probes based on organic dyes have become 
important tools in the research of biological and medical fields because 
of their high sensitivity and technical simplicity. The fluorescent signal 
of chemosensors will be inhibited or enhanced during the interaction 
with the target species by quenching off or removing quenching effects. 
Fluorescent probes are commonly used in many areas such as analytical 
chemistry, biochemistry, medicine and environmental monitoring 
because of the real-time and on-line detection or monitoring of target 
objects with the help of changes in fluorescent signals [1–5]. The fluo-
rescent probes are roughly divided into three types: fluorescence 
quenching, fluorescence enhancement and ratiometric probes. The first 
two types provide only a single emission feature, and it may be difficult 
to quantify the target analyte due to the interference from various 
analyte-independent factors, such as instrument parameters, the 
microenvironment surrounding the probe molecule, and the local con-
centration of the probe [6–10]. To conquer this limitation, the 

ratiometric fluorescent probes that harvest the target-induced fluores-
cent intensity changes from two different emission bands were explored. 
Most importantly, the ratiometric fluorescent sensing characteristic 
improves signal-to-noise ratios and enhances accuracy for much reliable 
quantification of specific analytes. 

Fluoride is one of the important trace elements which play crucial 
roles in human body and is an indispensable component of teeth and 
bones [11,12]. The proper amount of fluoride in body not only makes 
the bone hard, but also benefits the uptake of calcium and phosphorus to 
consolidate the formation of bone [13,14]. Therefore, fluoride ion is 
often observed in toothpaste and in pharmaceutical agents as an 
essential ingredient. On the other hand, over deposition of fluoride in 
human body would lead to dental and skeletal fluorosis, which can cause 
severe toxicity to the biological tissue and even lead to many serious 
neurodegenerative diseases [15–18]. For example, in cell biology sys-
tem, an excessive absorption of sodium fluoride can affect a number of 
essential cellular signal transduction processes and obstruct normal 
cellular metabolism [19]. In view of the importance of its homeostasis in 
physiology, tremendous effort has been devoted to the development of 
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highly selective and sensitive chemosensors for the detection of fluoride, 
in biological systems, even in living animals. Among the reported 
methods, such as ion selective electrodes (ISE) [20–22], high perfor-
mance liquid chromatography (HPLC) [23,24], spectrophotometry [25], 
ion chromatography [26,27], fluorimetry and fluorescent probes 
[28–32], fluorescence sensing is a powerful method for recognition of 
fluoride in biological systems, even in living animals due to its superi-
orities of high sensitivity and selectivity, simple operation, low cost. 

In recent years, several types of fluorescent probes for recognition of 
fluoride were performed by different reaction mechanisms, e.g. the 
formation of hydrogen bonds between NH and fluoride ion, the 
complexation of boron-fluoride, and the desilylation reaction by fluoride 
[33–37]. However, there are some drawbacks associated with existing 
sensing methods. For example, the “turn-on” fluorescent anion chemo-
sensors for selective fluoride determination often require complicated 
preparation procedures [38–40]. In addition, the addition of cetyl tri-
methyl ammonium bromide (CTAB) was necessary to increase the rate 
of desilylation in aqueous solution for some probes [41]. In order to 
address the solubility in aqueous solution, several cationic probes were 
designed and exhibited excellent selectivity and sensitivity for fluoride 
[42,43]. These studies further indicated that the N-alkylated cationic 
probes have the potential ability to target mitochondria of living cells. 
Isoquinoline derivatives are nitrogen-containing compounds with good 
fluorescence emission [44,45]. Due to the “push-pull” π-electron system, 
isoquinolinium salts have better fluorescence emission than isoquino-
lines. If a isoquinoline is combined with a reactive site to form a fluo-
rescent probe isoquinolinium salt for ratio sensing and imaging of 
anions, the probe will release the leaving group and restore to the parent 
structure isoquinoline in the presence of the target detection analyte. 
Methylene benzoquinone is a very good leaving molecule via oxidative 
elimination because of the stable electronic structure [46–49]. In this 
work, we developed a novel fluorescent probe which takes advantage of 
a fluoride-induced hydroxyl deprotection and aromatization of iso-
quinolinium salt for the detection of fluoride (Scheme 1). The probe has 
three advantages: detecting fluoride in aqueous solution without the 
addition of CTAB; high detection sensitivity due to the intramolecular 
aromatization; offering visual detection of fluoride on paper strip. 

2. Experimental 

2.1. Chemicals and instrumentation 

Ortho-alkynylarylaldehydes were synthesized according to 
Ref. [50–54] Benzylamine (98%) and silver nitrate (99%) were pur-
chased from Guoyao Chemical Reagent Co. (Shanghai). All other normal 
reagents and solvents were of analytical-reagent grade and used directly 
without further purification. Deionized water was employed throughout 
the whole detection procedure. The stock solution of 1.0 � 10� 3 mol L� 1 

fluoride ion was prepared by dissolving 26.1 mg of Bu4NF in 100 ml 
deionized water. Stock solutions of other control anions were obtained 
by dissolving appropriate amounts of their soluble sodium salts in 
deionized water. 

2.2. Synthesis of benzyl isoquinolinium salts 

General procedure: AgNO3 (0.5 mmol, 85 mg) was added to the so-
lution of 2-(arylethynyl)benzaldehyde (0.5 mmol) and benzylamine 
(0.50 mmol, 1.0 euqiv) in 1,2-dichloroethane (DCE, 3 ml). Then, the 
reaction mixture was stirred at 80 �C for 12 h. After been cooled to room 
temperature, H2O (5 ml) was added to the mixture. The mixture was 
extracted with DCM (3 � 10 ml). The combined extracts were washed 
with brine and dried over anhydrous Na2SO4, filtered, and the solvent 
evaporated to dryness. The crude residue was subjected to silica gel 
(200–300 mesh) chromatography eluted with DCM/MeOH (20:1, v/v) 
to afford the desired products. All synthesized dyes were fully charac-
terized and confirmed by 1H NMR, 13C NMR, IR and HRMS spectroscopy 
(see supporting information Figs. S1–S27). 

2-Benzyl-3-(4-methoxy-phenyl)-isoquinolinium nitrate (3a), pale 
yellow solid, M.p 94–97 �C. IR (KBr) cm� 1 3431, 2924, 2853, 2421, 
2049, 2025, 1639, 1608, 1504, 1458, 1380, 1251, 1180, 1093, 1021, 
905, 840, 765, 716, 695, 575, 540, 512, 473. 1H NMR (500 MHz, CDCl3) 
δ 10.769 (s, 1H), 8.615 (d, J ¼ 8.0 Hz, 1H), 8.025 (t, J ¼ 7.5 Hz, 1H), 
7.959–7.936 (m, 2H), 7.828 (t, J ¼ 7.5 Hz, 1H), 7.227–7.186 (m, 2H), 
7.159–7.101 (m, 3H), 6.945 (d, J ¼ 8.0 Hz, 2H), 6.839 (d, J ¼ 7.5 Hz, 
2H), 5.976 (s, 2H), 3.820 (3.820, 3H). HRMS calcd for C23H20NO [M]þ

326.1539, found 326.1539. 
2-Benzyl-3-p-tolyl-isoquinolinium nitrate (3b), yellow oily liquid, IR 

(KBr) cm� 1 3432, 2923, 2853, 2048, 2025, 1635, 1500, 1383, 573, 515. 
1H NMR (500 MHz, CDCl3) δ 10.786 (s, 1H), 8.633 (d, J ¼ 8.0 Hz, 1H), 
8.043 (t, J ¼ 7.5 Hz, 1H), 7.990–7.963 (m, 2H), 7.840 (t, J ¼ 7.5 Hz, 1H), 
7.259 (d, J ¼ 8 Hz, 2H), 7.198–7.152 (m, 3H), 7.117 (t, J ¼ 7.5 Hz, 2H), 
6.847 (d, J ¼ 7.5 Hz, 2H), 5.980 (s, 2H), 2.399 (s, 3H). 13C NMR (125 
MHz, CDCl3) δ 153.2, 146.2, 141.4, 137.8, 137.7, 133.5, 131.8, 131.2, 
129.9, 129.7, 129.1, 129.1, 128.9, 128.2, 127,5, 127.3, 126.6, 62.1, 
21.5. HRMS calcd for C23H20N [M]þ 310.1590, found 310.1590. 

2-Benzyl-3-phenyl-isoquinolinium nitrate (3c), yellow oily liquid. IR 
(KBr) cm� 1 3432, 2921, 2845, 2048, 2025, 1715, 1635, 1381, 1227, 
572. 1H NMR (500 MHz, CDCl3) δ 10.822 (s, 1H), 8.648 (d, J ¼ 7 Hz, 
1H), 8.059 (t, J ¼ 7.5 Hz, 1H), 8.005–7.983 (m, 2H), 7.854 (t, J ¼ 7.5 Hz, 
1H), 7.521 (t, J ¼ 7.5 Hz, 1H), 7.441 (t, J ¼ 7.5 Hz, 2H), 7.301 (d, J ¼
7.5 Hz, 2H), 7.157 (t, J ¼ 7.5 Hz, 1H), 7.100 (t, J ¼ 7.5 Hz, 2H), 6.797 (d, 
J ¼ 7.5 Hz, 2H), 5.978 (s, 2H). 13C NMR (125 MHz, CDCl3) δ 153.3, 
145.9, 137.8, 137.7, 133.3, 131.8, 131.8, 131.3, 130.9, 129.8, 129.2, 
129.1, 129.1, 128.2, 127.5, 127.4, 126.7, 62.3. HRMS calcd for C22H18N 
[M]þ 296.1434, found 296.1433. 

2-Benzyl-3-(4-chloro-phenyl)-isoquinolinium (3d), yellow oily 
liquid. IR (KBr) cm� 1 3432, 2924, 2026, 1711, 1638, 1605, 1491, 1359, 
1088, 839, 763. 1H NMR (400 MHz, CDCl3) δ 10.63 (s, 1H), 8.58 (d, J ¼
8.4 Hz, 1H), 8.05–8.04 (m, 3H), 7.85–7.81 (m, 1H), 7.41 (d, J ¼ 8.4 Hz, 
2H), 7.31 (d, J ¼ 8.4 Hz, 2H), 7.20–7.11 (m, 3H), 6.79 (d, J ¼ 7.2 Hz, 
2H), 5.94 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 153.1, 144.7, 137.8, 
137.7, 137.2, 133.1, 131.6, 131.4, 131.3, 130.2, 129.4, 129.1, 128.8, 
128.1, 127.7, 127.4, 126.9, 62.6. HRMS calcd for C22H17ClN [M]þ

330.1044, found 330.1043. 
2-Benzyl-3-(4-chloro-phenyl)-7-methyl-isoquinolinium nitrate (3e), 

yellow solid. M.p 173–175 �C. IR (KBr) cm� 1 3434, 3033, 2960, 2920, 

Scheme 1. Possible mechanism of isoquinolinium salt for fluoride detection.  
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2851, 2049, 2025, 1636, 1612, 1497, 1454, 1376, 1198, 1088, 1015, 
853, 831, 765, 736, 703, 560, 558, 511, 474. 1H NMR (500 MHz, CDCl3) 
δ 10.574 (s, 1H), 8.335 (s, 1H), 7.918–7.879 (m, 3H), 7.387 (d, J ¼ 8 Hz, 
2H), 7.264 (d, J ¼ 8 Hz, 2H), 7.168 (t, J ¼ 7.5 Hz, 1H), 7.115 (t, J ¼ 7.5 
Hz, 2H), 6.786 (d, J ¼ 7.5 Hz, 2H), 5.938 (s, 2H), 2.543 (s, 3H). 13C NMR 
(125 MHz, CDCl3) δ 152.5, 144.0, 142.6, 140.2, 137.2, 136.0, 133.3, 
131.3, 130.3, 130.1, 129.4, 129.2, 128.1, 127.8, 127.2, 126.5, 62.1, 
21.9. HRMS calcd for C23H19ClN [M]þ 344.1201, found 344.1200. 

2-Benzyl-7-chloro-3-(4-chloro-phenyl)-isoquinolinium nitrate (3f), 
yellow solid. M.p 161–164 �C. IR (KBr) cm� 1 3417, 3061, 3030, 2924, 
2854, 2054, 2026, 1643, 1602, 1516, 1490, 1451, 1379, 1189, 1082, 
1022, 1000, 929, 833, 724, 697, 672, 602, 578, 511, 474. 1H NMR (500 
MHz, CDCl3) δ 10.744 (s, 1H), 8.520 (s, 1H), 8.016–7.969 (m, 2H), 7.882 
(d, J ¼ 8.5, 1H), 7.368 (d, J ¼ 8.5 Hz), 7.306 (d, J ¼ 8.5 Hz, 2H), 7.158 
(t, J ¼ 7.5 Hz, 1H), 7.097 (t, J ¼ 7.5 Hz, 2H), 6.773 (d, J ¼ 7.5 Hz, 2H), 
5.949 (s, 2H). 13C NMR (125 MHz, CDCl3) δ152.5, 145.2, 138.4, 137.6, 
137.4, 136.1, 132.9, 131.3, 130.0, 129.7, 129.4, 129.3, 129.2, 128.6, 
128.2, 128.2, 127.5, 62.9. LCMS calcd for C22H16Cl2N [M]＋ 364.0, 
found 363.9. HRMS calcd for C22H16Cl2N [M]þ 364.0654, found 
364.0653. 

2-Benzyl-7-chloro-3-phenyl-isoquinolinium nitrate (3g), yellow 
solid, M.p 89–91 �C. IR (KBr) cm� 1 3430, 3050, 3016, 2920, 2851, 2049, 
2025, 1638, 1598, 1515, 1492, 1451, 1383, 1188, 1102, 1078, 930, 907, 
833, 765, 729, 701, 601, 571, 510, 479. 1H NMR (500 MHz, CDCl3) δ 
10.897 (s, 1H), 8.588 (s, 1H), 8.022–7.989 (m, 2H), 7.921 (dd, J ¼ 1.5 
Hz, 8.5 Hz, 1H), 7.514 (t, J ¼ 7.5 Hz, 1H), 7.432 (t, J ¼ 7.5 Hz, 2H), 
7.325 (d, J ¼ 7.5 Hz, 2H), 7.152 (t, J ¼ 7.5 Hz, 1H), 7.089 (t, J ¼ 7.5 Hz, 
2H), 6.800 (d, J ¼ 7.5 Hz, 2H), 5.997 (s, 2H). 13C NMR (125 MHz, 
CDCl3) δ 152.5, 146.4, 138.5, 137.5, 136.2, 133.0, 131.6, 131.0, 129.8, 
129.3, 129.2, 129.1, 128.5, 128.3, 128.2, 127.4, 62.6. HRMS calcd for 
C22H17ClN [M]þ 330.1044, found 330.1043. 

2-Benzyl-7-methoxy-3-phenyl-isoquinolinium nitrate (3h), pale yel-
low solid, M.p 98–101 �C. IR (KBr) cm� 1 3430, 3055, 3008, 2923, 2853, 
2051, 2026, 1614, 1498, 1452, 1382, 1216, 1180, 1106, 1021, 937, 838, 
763, 613, 566, 514. 1H NMR (500 MHz, CDCl3) δ 10.717 (s, 1H), 8.014 
(s, 1H), 7.878–7.852 (m, 2H), 7.650 (dd, J ¼ 2 Hz, 9 Hz, 1H), 7.512 (t, J 
¼ 7.5 Hz, 1H), 7.432 (t, J ¼ 7.5 Hz, 2H), 7.267 (d, J ¼ 7.5 Hz, 2H), 7.155 
(t, J ¼ 7.5 Hz, 1H), 7.099 (t, J ¼ 7.5 Hz, 2H), 6.797 (d, J ¼ 7.5 Hz, 2H), 
5.926 (s, 2H), 3.966 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 161.4, 150.9, 
143.8, 133.4, 131.6, 130.8, 129.9, 129.2, 129.1, 129.1, 128.1, 127.9, 
126.9, 107.9, 62.2, 56.6. LCMS calcd for C23H20NO [M]＋ 326.1, found 
326.0. HRMS calcd for C23H20NO [M]þ 326.1539, found 326.1538. 

2-[4-(Tert-butyl-diphenyl-silanyloxy)-benzyl]-3-(4-methoxy- 
phenyl)-isoquinolinium nitrate (BIQS), pale yellow solid, M.p 99–102 
�C, IR (KBr) cm� 1 3441, 2927, 2853, 2048, 2025, 1704, 1635, 1506, 
1383, 1256, 1179, 1110, 1028, 916, 826, 703, 572. 1H NMR (500 MHz, 
CDCl3) δ 10.675 (s, 1H), 8.580 (d, J ¼ 7.5 Hz, 1H), 7.999 (t, J ¼ 7.5 Hz, 
1H), 7.936 (d, J ¼ 8.0 Hz, 1H), 7.880 (s, 1H), 7.804 (t, J ¼ 7.5 Hz, 1H), 
7.572 (d, J ¼ 7.5 Hz, BIQS), 7.342 (t, J ¼ 7.5 Hz, 2H), 7.272 (t, J ¼ 7.5 
Hz, BIQS), 7.123 (d, J ¼ 8.0 Hz, 2H), 6.842 (d, J ¼ 8.0 Hz, 2H), 6.563 (d, 
J ¼ 8.5 Hz, 2H), 6.510 (d, J ¼ 8.0 Hz, 2H), 5.809 (s, 2H), 3.766 (s, 3H), 
0.975 (s, 9H). 13C NMR (125 MHz, CDCl3) δ161.3, 156.3, 152.9, 145.9, 
137.7, 137.4, 135.4, 132.4, 131.7, 131.3, 131.1, 130.1, 129.7, 127.8, 
127.4, 126.6, 125.8, 123.9, 120.3, 114.6, 62.0, 55.6, 26.4, 19.4. HRMS 
calcd for C39H38NO2Si [M]þ 580.2666, found 580.2668. 

2.3. Cell imaging 

The bioimaging application of BIQS for fluoride sensing in living 
cells was researched. CellTiter 96® AQueous One Solution Cell Prolif-
eration Assay was purchased from Promega (Madison, WI, USA). Cell 
culture media was purchased from Thermo Scientific HyClone (MA, 
USA). Hela cells were cultured in Dulbecco modified eagle medium 
(DMEM) supplemented with 10% (v/v) heat-inactivated fetal calf 
serum, 100 μg/ml penicillin, under an atmosphere of 5% CO2 at 37 �C in 
a humidified air. The cells were treated with BIQS and were allowed to 

incubate at 37 �C for half an hour in 5% CO2. Then the cells were washed 
with phosphate buffer saline (PBS) and new prepared fluoride solution 
was added. After incubation for 30 min at 37 �C and washing twice with 
PBS, the fluorescence images were acquired with an Olympus IX81 
inverted microscope with an Olympus FV1000 confocal scanning 
system. 

3. Results and discussion 

The traditional method for preparing isoquinoline salt is to utilize the 
benzylation of isoquinoline. However, this method has the disadvan-
tages of low yield and difficult purification. We developed a new method 
for preparation of benzyl isoquinolinium salts from 2-ethynylbenzalde-
hyde 1 and benzylamine 2. The optimal reaction conditions were ob-
tained by screening the reaction conditions using 2-((4-methoxyphenyl) 
ethynyl)benzaldehyde 1a and benzylamine 2 as model substrates. The 
desired product 3a could be obtained in 66% yield under the presence of 
100% mol AgNO3 in DCE at 80 �C. The target compound was confirmed 
by comparison with the known isoquinolinium salts [55] with a typical 
chemical shifts at 10.7 ppm. The substituents at the benzyl group R3 

would have little effect on the fluorescent property of isoquinolinium 
salts because the conjugated structure of the dye molecular skeleton is 
not affected. In order to verify this assumption, the probe BIQS was 
synthesized under the same reaction condition. As seen from Fig. 1a, the 
fluorescent emission spectra of compounds 3a and BIQS were almost the 
same. The result confirmed the previous deduction. Consequently, a 

Fig. 1. (a) Fluorescent emission of compounds 3a and BIQS in MeCN. (b) 
Fluorescent emission of compounds 3a-3h in MeCN. 
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series of isoquinolinium salts with no substituents at benzyl R3 was 
prepared to study their spectral property without the need to synthesize 
relatively complex probe molecules. We would then synthesize the 
target probe based on the spectral properties of these compounds. 
Therefore, other benzylisoquinolinium salts having different sub-
stituents at R1 and R2 were obtained under optimal reaction conditions 
in moderate to good yields (Scheme 2). 

All isoquinolinium salts were stable under ambient conditions, and 
were soluble in common organic solvents, such as DCM, MeCN, EtOH 
and THF. The maximum absorption wavelengths of these compounds 
were between 350 and 380 nm (Fig. S28). To our delight, these iso-
quinolinium salts exhibited excellent fluorescence emission at 400–600 
nm. As seen from Fig. 1b, the maximum emission wavelengths shifted 
from 522 to 445, 421, and 428 nm, when the substituents at R2 changed 
from methoxyl (3a) to methyl (3b), hydrogen (3c), and chlorine (3d), 
respectively. Compound 3a showed the largest emission wavelength and 
highest intensity among these isoquinolinium salts because of the 
strongest electron-donating group methoxyl [56]. However, when the 
substituent at R2 was diethylamino (not show), the maximum emission 
peak shifted to a shorter wavelength than that of compound 3a and the 
intensity was also very weak. This phenomenon may be explained by the 
intramolecular charge transfer due to the presence of diethylamino. On 
the other hand, the maximum emission wavelengths exhibited an 
increasing trend when the substituents at R1 changed from methyl (3e) 
to hydrogen (3d) and chlorine (3f). Based on the above results, the dye 
BIQS having the same dye moiety of 3a, which has the best fluorescence 
performance among the obtained isoquinolinium salts, was chosen as 
the parent structure for the determination of fluoride. 

A detailed study of BIQS’s spectral properties was conducted before 
the recognition of fluoride. The UV–vis spectra of BIQS (10 μM in MeCN) 
displayed an absorption peak at 348 nm and the fluorescent spectra 
showed an emission peak at 522 nm (Fig. S29). In order to apply this dye 
to an aqueous environment, the effect of MeCN volume concentration on 
fluorescence properties was investigated, and the results were summa-
rized in Fig. S30. It indicated that the fluorescence intensity enhanced 
gradually with the increased concentration of MeCN in mixed solution. 
The fluorescent emission quenching may be caused by the aggregation 
of probe molecule in aqueous solution. To facilitate actual sample 
analysis, a 90% MeCN–H2O solution was selected as the reaction 

medium in the following experiments. The color of probe system tuned 
from yellow-green to colorless quickly after the addition of an equiva-
lent fluoride. Coincidentally, the fluorescence spectrum of the probe 
after the addition of fluoride was very similar to that of isoquinoline 4 
containing the corresponding parent structure (Fig. 2). The above results 
indicated that after the diphenyl-tert-butylsilyl group (TBDPS) of the 
dye BIQS was captured by fluoride, an oxidative elimination reaction 
was initiated by aromatization to afford the isoquinoline 4. 

Then the titration experiments were carried out via the addition of 
increasing amounts of F� to the BIQS in 90% MeCN–H2O mixture. It can 
be seen from Fig. 3 that the emission wavelength of BIQS appeared at 
around 520 nm and the Stokes shift was about 170 nm (λex ¼ 350 nm). 
After the addition of F� , the peak at around 520 nm weakened gradually, 
and a new peak at around 400 nm began to emerge. The large shift 
(about 120 nm) between the two peaks would reduce the interference of 
background noise and increase the detection accuracy, which is a better 
advantage than the normal ratiometric or single signal sensors. With an 

Scheme 2. Different substituent isoquinolinium salts were prepared under the presence of AgNO3 in DCE.  

Fig. 2. Fluorescent emissions of BIQS, 4 and the mixed solution of BIQS 
and fluoride. 
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increasing amount of fluoride, the peak at around 400 nm enhanced 
gradually, and the peak at around 520 nm weakened accordingly. The 
calibration curve showed that there was an excellent linear relationship 
between the relative intensities (I398/I522) over the fluoride concentra-
tion range of 0–9.0 μmol L� 1. The linear regression equation was 
calculated to be F ¼ 0.269c [μmol L� 1]-0.0313 (n ¼ 11, R2 ¼ 0.991). The 
limit of detection was calculated from three times the standard deviation 
of the background noise to be 3.7 � 10� 9 mol L� 1. This value was much 
lower than the limit concentration of fluoride (211 μM) in drinking 
water determined by the United States Environmental Protection 
Agency. 

The sensing of fluoride on filter paper was subsequently conducted 
after drop-casting 12 μL of 1.0 � 10� 3 M BIQS solution in MeCN and 
drying. Then, tetrabutylammonium fluoride (TBAF) solutions from 1.0 
� 10� 3 M to 1.0 � 10� 6 M were added onto the stained filter paper, and 
pictures were recorded under ultraviolet illumination, which were 
shown in Fig. 3B. It was obvious that the dye BIQS on paper strip pro-
vided concentration-dependent fluorescence intensity decrease response 
to fluoride, and 1.0 � 10� 3 M fluoride anion could be easily identified by 
the naked eye because the probe molecular structure was destroyed in 
the presence of fluoride. This represented the dye which could provide a 
simple and visual method for fluoride recognition on paper strip. 

The higher selectivity towards F� compare to other potentially 
relevant anions is very crucial for a new fluoride sensor. For this reason, 
the anions response property of BIQS (10 μM) was subsequently inves-
tigated by adding F� and other various anions, such as Br� , Cl� , IO4

� , 

NO2
� , NO3

� , CO3
2� , AcO� , SO3

2� , SO4
2� in CH3CN/H2O ¼ 9/1 (v/v). After 

each of these anions was added for half an hour, the fluorescence spectra 
of solution BIQS were recorded. It can be seen from Fig. 4, a small 
amount of F� (0.5 equiv.) gave sharp increase in fluorescence spectra at 
398 nm and drastically decrease at emission 522 nm. No obvious 
changes were observed upon addition of other anions even at high 
concentration (3 equiv.). Due to the high affinity of fluoride to silicon, 
the reaction-based probe BIQS only triggered by fluoride and undergo 
an oxidative-elimination process to provide isoquinoline 4. Conse-
quently, these results indicated that our probe has a high selectivity 
toward F� ions. 

In order to verify our proposed fluoride-induced deprotection group, 
followed by the oxidation-elimination mechanism, 1H NMR spectra was 
applied to monitor the dynamic process of F� recognition with BIQS in 
CDCl3 before and after the addition of fluoride. It could be found from 
Fig. 5 that BIQS showed two sharp single peaks around 10.7 and 5.8 
ppm, corresponding to the signals of the proton N––CH (benzyl iso-
quinolinium salts) and the protons CH2Ph respectively. The 1H NMR 
signals of BIQS didn’t change obviously under the UV illumination for 3 
h in the absence of fluoride ion, which demonstrated the dye was stable 
in CDCl3. After the addition of fluoride in 1min, the signal of the N––CH 
was weakened dramatically and showed 1.4 ppm upfield shift, while a 
new peak at around 9.3 ppm emerged immediately. The new emerged 
peak coincided with the N––CH of isoquinoline 4 completely [50]. The 
phenomenon further confirmed the proposed mechanism that the probe 
was induced by fluoride and undergone an oxidative-elimination pro-
cess to form isoquinoline immediately after the protected group been 
deprotected. Further evidence was confirmed by the gradually disap-
pearance of the peak at 8.6 ppm corresponding to proton Hc. The signals 
of Ha and Hc were almost disappeared after 20 min. The nuclear mag-
netic dynamic monitoring process implies that the concentration of 
fluoride can be determined in a short time. The fast detection process 
indicated that the intrinsic aromatization drive of isoquinolinium salts 
was very strong. 

MS was further used to confirm the desilylation process induced by 
fluoride. No desired peaks were observed during the deprotection pro-
cess. Fortunately, the desired intermediate, hydroxybenzyl iso-
quinolinium salt, was found in the synthesis of isoquinoline-like 
reactions. The reaction between 4-hydroxybenzylamine and o-alkyny-
larylalde catalyzed by AgNO3 produced isoquinoline 4 via a cation in-
termediate (corresponding to the peak 342.0). It would experience a 1,6- 
oxidative elimination reaction to release methylene benzoquinone 

Fig. 3. (a) Fluorescent emission changes of BIQS (10 μmol L� 1) in the presence 
of increasing amounts of F� (0, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 
8.0, 9.0, 10 μmol L� 1) in 90% MeCN–H2O (v/v) and the linear relationship 
between the relative fluorescent intensities (I398/I522, F) and concentration of 
fluoride. Incubation reactions were performed for 20 min. The fluorescence 
responses were obtained with 350 nm excitation and collected at 398 and 522 
nm. (b) Solid-state fluorescence response of the BIQS with different concen-
trations of fluoride under UV illumination at 365 nm. 

Fig. 4. Fluorescent emission changes of BIQS (10 μmol L� 1) upon addition of 
various anions in 90% MeCN–H2O solution. Incubation reaction was performed 
for 30 min. The fluorescence responses were obtained with 350 nm excitation 
and collected at 398 and 522 nm. 
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(corresponding to the peak 107.0) and provided another fluorescent 
molecule isoquinoline (corresponding to the peak 236.1) because of the 
driving of aromatization (Fig. 6). The reaction process was completely 
consistent with our assumption. 

Enlightened by the positive results, the fluorescence response of 
fluoride ion in HeLa cells using the probe BIQS was further investigated 
through fluorescence confocal microscopy. HeLa cells were incubated in 

DMEM with BIQS (10 μM) for half an hour, followed by washing three 
times with PBS buffer. The cells were then incubated with 10 and 30 μM 
F� for half an hour. Immediate visualization of fluorescence response of 
the probe BIQS to fluoride was carried out after been washed twice with 
PBS buffer. As showed in Fig. 7, the control cells displayed a strong green 
fluorescence after been stained with the probe BIQS. However, the 
cellular fluorescence intensity decreased obviously after the addition of 

Fig. 5. The changes of 1H Chemical shift (ppm) under the presence of fluoride with increasing of reaction time.  

Fig. 6. The intermediates of this determination process were detected by MS.  
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fluoride ion. In addition, higher concentrations of fluoride (30 μM) 
caused more pronounced fluorescence quenching of the probe compared 
to lower concentrations (10 μM). These results indicated that the dye 
BIQS had membrane-permeability and could be utilized to the recog-
nition and image of fluoride in living cells. 

4. Conclusion 

In summary, we have described the design and synthesis of a novel 
fluorescent probe BIQS for rapid and convenient recognition of fluoride. 
The structure-activity relationship of the substituents on the dyes was 
studied in detail, and it was found that the dye had the maximum 
fluorescence emission when the R2 position was methoxy. The probe 
exhibited higher fluoride selectivity over other anions, which was 
ascribed to the high affinity of fluoride for silicone. The detection 
mechanism was verified by mass spectroscopy analysis, and the dynamic 
detection process was further monitored by a spectrum analysis of nu-
clear magnetic resonance. Due to its high affinity to fluoride and aro-
mitization drive, the probe was very sensitive to fluoride and has a very 
low detection limit. BIQS had also been successfully applied for moni-
toring and imaging fluoride in HeLa cells under physiological 
conditions. 
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