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A B S T R A C T   

A new chemosensor based on Seleno-BODIPY (4) was designed and synthesized for the rapid and sensitive 
detection of CN–, F− , and OH– ions in THF, exhibiting ultra-low detection limits of 26.26 nM, 43.05 nM, and 8.64 
nM, respectively, through a turn-on fluorescent process. The seleno-funcionalization step was based on a novel 
methodology developed by our group, allowing direct functionalization of the BODIPY core. This procedure 
involves a quick reaction utilizing Ph2Se2 as a selenium source, BPO (benzoyl peroxide), and p-TSA (p-tolue
nesulfonic acid) in acetonitrile, enabling the production of the corresponding chalcogenated BODIPYs containing 
one to four selenium groups, demonstrating its versatility. The structure of BODIPY 4 was confirmed by HRMS, 
1H, 13C, 77Se NMR, and IR spectra, and its photophysical properties were also evaluated. BODIPY 4 was applied 
to detect CN–, F− , and OH– ions in dual-mode detection (UV–Vis and fluorescence spectra), displaying a ratio
metric response. The new probe exhibited a fast response time, visual color change from blue to fluorescent 
yellow, and high sensitivity and selectivity for these analytes over other selected anions. Mechanistic investi
gation through mass analysis revealed that the detection of these anions by BODIPY 4 occurs via an Aromatic 
Nucleophilic Substitution reaction with phenylselenide as the leaving group.   

1. Introduction 

In recent decades, the interest in developing new sensors for anion 
recognition has been a growing due to their fast response time, high 
selectivity, and sensitivity [1–3]. Among the various anions studied, 
fluoride (F− ) and cyanide (CN–) are particularly important in environ
mental, clinical and biological process, and in industrial settings. CN– is 
widely used in industrial processes, including the production of syn
thetic fibers, metal cleaning, and electroplating [2,4]. It can also be 
found in pigments and certain foods such as almonds, cassava, and 
soybeans [5–7]. Additionally, cyanide is used in analytical chemistry 
quantification methods. Due to its extreme toxicity, the World Health 
Organization (WHO) has established a maximum permissible level of 
1.9 μM of CN– in drinking water [8]. F− is prevalent in everyday life, 
being used in dental care, osteoporosis treatment, and tooth decay 
prevention. It is commonly found in toothpaste and water samples. In 

industry, F− is used in the manufacture of insecticides, analytical re
agents, and surface cleaning agents [9,10]. However, excessive F− can 
lead to kidney and gastric diseases when concentrations exceed 2.0 mg/ 
L and fluorosis when above 4.0 mg/L [10,11]. Therefore, monitoring the 
concentration of F− and CN– in everyday goods samples is extremely 
important for public health. 

In this context, numerous conventional methods for detecting and 
quantifying CN− and F− ions have been developed, including potenti
ometry, voltammetry, titration, electrochemistry, and others [12–15]. 
Although these techniques are effective, their use is often constrained by 
the need for expensive equipment, rigorous sample preparation, and the 
necessity of highly trained personnel. Therefore, fluorescent sensors 
present a compelling alternative [16–18]. They offer several advantages, 
such as experimental simplicity, real-time analysis, cost-effectiveness, 
and the capability to perform non-destructive sample analysis 
[7,19,20]. Consequently, a variety of sensors have been developed for 
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the detection of F− and CN–. Numerous sensors have been reported for 
the specific detection of F− ions, as well as for CN– ions. Moreover, 
several studies have described sensors capable of detecting both F− and 
CN– ions. These advancements highlight the potential of fluorescent 
sensors to surpass traditional methods, making them highly valuable in 
various applications [10,21,22]. 

Another anion that deserves attention is the hydroxide (OH–). 
Caustic soda (NaOH) is involved in numerous industrial processes, 
including high-concentration alkaline baths for neutralization reactions, 
removal of acid gases, sodium salt production, electroplating, and 
wastewater treatment. As a result, NaOH is considered one of the most 
significantly manufactured industrial feedstocks worldwide [23,24]. 
Due to its corrosivity, the development of online monitors for detecting 
high concentrations of OH– is limited [24,25]. While electrochemical 
sensors are commonly used to measure pH, they tend to produce sig
nificant experimental errors in extreme alkaline conditions (above pH 
11) and reduce the durability of pH-meter materials [23,24,26]. Other 
methods for quantifying OH– include flow injection analysis (FIA), near- 
infrared spectroscopy (NIRS), conductometry, and titrimetry [24,27]. 
Considering the need for practicality, quick response time, and real-time 
analysis, optical sensors offer a promising alternative to these chal
lenges. Despite their potential, optical sensors have been underexplored 
for OH– ion detection [28]. 

The insertion of chalcogenated groups into a chemosensor is a 
recently prominent and advantageous strategy [29], as these groups lead 
to fluorescence quenching [30] through mechanisms like Photoinduced 
Electron Transfer (PeT) and Internal Charge Transfer (ICT) [31]. This 
quenching often results in a non-fluorescent emission background, 
enabling chalcogenated sensors to function as on/off fluorescence sen
sors. In the presence of analytes that interact or react with the chalco
genated portion of BODIPY, a turn-on fluorescence process occurs, 
allowing the BODIPY to serve effectively as a sensor. Common post- 
functionalization strategies for BODIPY core with selenium-containing 
groups include reactions using Ph2Se2 and NaBH4 or selenomorpho
line requiring prior halogenation of the BODIPY nucleus [32,33], sele
nylation reactions of previously halogenated aldehydes often involving 
multiple steps followed by the synthesis of functionalized BODIPY 
[34,35], coupling reactions with palladium [36], reactions of BODIPY 
with benzoyl chloride previously functionalized from Ph2Se2 [37], and 
direct functionalization of the BODIPY core with PhSeCl without prior 
halogenation [38]. These methods generally necessitate previous core 
functionalization, such as halogenation, or the use of expensive transi
tion metal catalysts before introducing the chalcogen atom. Therefore, 
direct and metal-free methods are highly desirable to simplify the 
functionalization of BODIPYs. 

Herein, we report a novel multifunctional fluorescent sensor for the 
selective detection and quantification of F− , CN–, and OH– ions in dual 
modes (colorimetric and fluorometric), featuring a ratiometric response, 
high sensitivity, fast response time, ultra-low detection limits, and high 
fluorescence quantum yield. The probe was synthesized via a one-step 
metal-free direct functionalization of the BODIPY core. To the best of 
our knowledge, this represents the first selenium-based BODIPY sensor 
specifically designed for cyanide detection. 

2. Experimental 

2.1. Spectrophotometric and spectrofluorimetric measurements 

The fluorescence emission spectra were recorded on a HORIBA 
JOBIN YVON FluoroMax-4 Spectrofluorometer, the emission spectra for 
fluorescence quantum yield were obtained on a JASCO FP-8350, and the 
UV–vis spectra on a JASCO V-650 spectrophotometer (PROTEOMASS- 
BIOSCOPE Scientific Society Facility). A stock solution of the BODIPY 
was prepared in THF (ca. 10− 3 mol/L) in a 1 mL volumetric flask for the 
titrations, kinetic studies and characterizations of 4. The stock solutions 
of anions were prepared in Milli-Q water (0.1 mol/L). Study solutions 

were prepared by appropriate dilutions of the stock solutions in THF to 
the desired final concentration. When it was necessary, a correction for 
the absorbed light was conducted. Quartz cuvettes (3 mL) were used in 
all experiments. The experiments were all performed at 298 K. 

The limit of detection (LOD) and limit of quantification (LOQ) were 
calculated through the equation (1) and (2), respectively, performing 
ten different analyses in the equipment: 

LOD =
3σ
k

(1)  

LOQ =
10σ
k

(2)  

where σ is the standard deviation obtained for 10 blank measurements 
(BODIPY 4 solution without the presence of any analyte), and k is the 
angular coefficient of the linear correlation obtained through the signal 
(emission) and the concentration of the analyte desired. 

2.2. Fluorescence quantum yield 

The fluorescence quantum yield (Φ) of the compounds obtained were 
calculated through Equation (3). 

Φs = Φr

(
Ar

As

)(
Es

Er

)(
ns

nr

)2

(3) 

Where Φ ¼ fluorescence quantum yield, A = absorbance at excita
tion wavelength of solution, E = area under the emission curve, n =
refractive index of the solvent. Subscripts “s” and “r” denotes sample and 
standard, respectively [39]. 

2.3. Synthetic procedures 

a) Synthesis of aldehyde (1) (4-(2-(2-(2-hydroxyethoxy)ethoxy) 
ethoxy)benzaldehyde) [40]: 

In a 50 mL flask, 4-hydroxybenzaldehyde (6.6 mmol, 0.8 g), potas
sium carbonate (13 mmol, 1.8 g) and 2-(2-(2- chloroethoxy)ethoxy- 
ethanol (5.9 mmol, 0.862 mL) were added in 10 mL of dry DMF. The 
system was kept under stirring, in an atmosphere of N2 and at 120 ◦C for 
20 h. After this period, the system was cooled to room temperature and 
the solvent was removed in a rotary evaporator. The obtained residue 
was suspended in CHCl3, filtered and dried with magnesium sulfate. 
Purification was carried out on a flash silica chromatographic column 
using ethyl acetate and methanol (20:1, v/v) as solvent. The product was 
obtained in the form of a colorless oil with 83 % yield (4.91 mmol, 
1.2488 g). 1H NMR (300 MHz, CDCl3) δ 9.88 (s, 1H), 7.83 (d, J = 8.8 Hz, 
2H), 7.03 (d, J = 8.7 Hz, 2H), 4.22 (tap., J = 4.5 Hz, 2H), 3.90 (tap., J =
6.0 Hz, 2H), 3.79 – 3.68 (m, 6H), 3.62 (tap., J = 4.5 Hz, 2H). 13C NMR 
(75 MHz, CDCl3) δ 190.89, 163.74, 131.97, 130.03, 114.86, 72.53, 
70.83, 70.27, 69.40, 67.65, 61.65. HRMS m/z for C13H18O5: [M + Na]+

calcd 277.1046; found 277.1051. 
b) Synthesis of dipyrromethane (2) (2-(2-(2-(4-(di(1H-pyrrol-2-yl) 

methyl)phenoxy)ethoxy)ethoxy) ethan-1-ol): 
The synthesis of the dipyrromethane was adapted by a previously 

described procedure [41]. In a 50 mL flask, 1 (4.45 mmol, 1.1318 g), 
pyrrole (86.5 mmol, 6.0 mL) and DCM (15 mL) were added. The system 
was stirred under an N2 atmosphere and, subsequently TFA (1.183 
mmol, 90.53 μL) was added. The solution immediately turned light 
brown and was kept under stirring for 2.5 h. The extraction was carried 
out using 15 mL of NaHCO3 and (15 mL x 3) of dichloromethane. The 
organic phase was dried with magnesium sulfate and concentrated on 
the rotary evaporator. The product obtained was purified on a flash 
silica chromatographic column using a mixture of ethyl acetate and 
hexane (10:1 v/v) as solvent, obtaining 2 in 73 % yield (3.25 mmol, 
1.2013 g) as an oil yellowish. Rf = 0.56 in ethyl acetate and hexane (10:1 
v/v). 1H NMR (300 MHz, CDCl3) δ 8.10 (s, 2H), 7.09 (d, J = 8.6 Hz, 2H), 
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6.84 (d, J = 8.7 Hz, 2H), 6.65 (dd, J = 4.2, 2.6 Hz, 2H), 6.13 (dd, J = 5.8, 
2.8 Hz, 2H), 5.88 – 5.85 (m, 2H), 5.38 (s, 1H), 4.09 (tap., J = 4.5 Hz, 2H), 
3.83 (tap., J = 4.5 Hz, 2H), 3.73 – 3.64 (m, 6H), 3.57 (tap., J = 4.5 Hz, 
2H), 2.60 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 157.59, 134.68, 132.95, 
129.44, 117.17, 114.66, 108.26, 107.01, 72.48, 70.78, 70.35, 69.77, 
67.40, 61.72, 43.13. HRMS m/z for C21H26N2O4: [M + Na]+ calcd 
393.1785; found 393.1803. IR (ATR, Ge, cm− 1): v 3386.37412, 
2879.06289, 2367.45241, 1612.2179, 1509.03595, 1458.87806, 
1246.78184, 1177,99388, 1119.23749, 1066.21343, 1026.08712, 
912.87361, 844.08564, 772.43151, 725.13978. 

c) Synthesis of BODIPY (3) (2-(2-(2-(4-(5,5-difluoro-5H-4 l4,5l4- 
dipyrrolo[1,2-c:2′,1′-f][1-3]diazaborinin-10-yl)phenoxy)ethoxy) 
ethoxy)ethan-1-ol): 

The synthesis of the BODIPY 3 was adapted by a previously described 
procedure [42]. In a 500 mL flask, 2 (3 mmol, 1.113 g) was added in 100 
mL of CHCl3. The solution was stirred in an N2 atmosphere. Simulta
neously, in another flask, DDQ (3.5 mmol, 0.8 g) was added in 100 mL of 
CHCl3 and 32 mL of dry THF, under a N2 atmosphere. The solution 
containing DDQ was transferred using a cannula to the flask containing 
dipyrromethane 2. The reaction mixture was kept under stirring for 30 
min. DIPEA (116.5 mmol, 20.35 mL) and BF3.OEt2 (145.85 mmol, 18 
mL) were added successively without any delay time. The reaction 
medium was kept under stirring at room temperature and in an inert 
atmosphere for 4 h. Extraction was carried out with saturated potassium 
bicarbonate solution (200 mL) and chloroform (3 x 200 mL). The 
organic phase was collected and, after drying with magnesium sulfate, 
the solvent was removed by rotary evaporation. The reaction crude was 
purified on a silica flash chromatographic column, using a mixture of 
ethyl acetate and hexane (4:1 v/v) as eluent, resulting in a red product in 
75 % yield (2.25 mmol, 0.935 g). Rf = 0.30 (4:1; ethyl acetate and 
hexane, v/v). 1H NMR (300 MHz, CDCl3) δ 7.92 (s, 2H), 7.53 (d, J = 8.6 
Hz, 2H), 7.07 (d, J = 8.7 Hz, 2H), 6.96 (d, J = 4.1 Hz, 2H), 6.55 (broad 
dd, J = 4.0, 1.5 Hz, 2H), 4.24 (tap., J = 4.5 Hz, 2H), 3.93 (tap., J = 4.5 Hz, 
2H), 3.79 – 3.71 (m, 6H), 3.64 (tap., J = 4.5 Hz, 2H), 2.64 (s, 1H). 13C 
NMR (75 MHz, CDCl3) δ 161.23, 147.35, 143.44, 134.81, 132.42, 
131.40, 126.52, 118.35, 114.65, 72.54, 70.87, 70.33, 69.55, 67.62, 
61.75. The melting point was not possible to be obtained since the 
product is a wax-like material. HRMS m/z for C21H23BF2N2O4: [M +
Na]+ calcd 439.1615; found 439.1612. IR (ATR, Ge, cm− 1): v 
2932.08695, 1602.18632, 1543.42993, 1413.01942, 1388.65701, 
1256.81342, 1182.29312, 1116.37132, 1074.81193, 980.22848, 
912.8736, 776.73075, 743.76986. 

d) Synthesis of BODIPY (4) 2-(2-(2-(4-(5,5-difluoro-2,3,7,8-tetrakis 

(phenylselanyl)-5H-4 l4,5l4-dipyrrolo[1,2-c:2′,1′-f][1-3]diazaborinin- 
10-yl)phenoxy)ethoxy)ethoxy)ethan-1-ol: 

BODIPY 3 (0.85 mmol, 354 mg), diphenyl diselenide (2.13 mmol, 
664 mg), BPO (2.13 mmol, 516 mg) and ACN (32 mL) were added to a 
round-bottom flask (50 mL). A solution of p-TSA (1.38 mmol, 237.64 
mg) in MeCN (10 mL) was added to the reaction flask, and the solution 
was stirred under heating (70 ◦C) for 3.5 h. The reaction was quenched 
by adding 50 mL of distilled water and then, extracted with DCM (3 x 50 
mL). The organic phase obtained was dried over anhydrous MgSO4, 
filtered, and concentrated at a rotary evaporator. The purification was 
performed by a C18-reversed phase silica column chromatography using 
9:1 MeCN/H2O (v/v) to afford BODIPY 4 (349.9 mg, 40 %) as a dark 
green solid. Rf = 0.16 (9:1; MeCN/H2O, v/v). 1H NMR (300 MHz, CDCl3) 
δ 7.65 – 7.57 (m, 4H), 7.32 (d, J = 8.7 Hz, 2H), 7.28 – 7.10 (m, 17H) 
[obs: together with residual CHCl3], 6.91 (d, J = 8.7 Hz, 2H), 6.76 (s, 
2H), 4.15 (tap., J = 4.5 Hz, 2H), 3.87 (tap., J = 4.5 Hz, 2H), 3.76 – 3.67 
(m, 6H), 3.61 (tap., J = 3 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 161.04, 
151.14, 140.08, 136.74, 134.91, 133.90, 132.26, 131.65, 131.16, 
129.82, 129.26, 129.15, 128.03, 127.25, 127.09, 125.61, 114.60, 72.45, 
70.82, 70.29, 69.47, 67.51, 61.72. 77Se NMR (57 MHz, CDCl3, using 
Ph2Se2 as external standard) δ 378.10, 311.65. The melting point was 
not possible to be obtained since the product is a wax-like material. 
HRMS (m/z): [M + Na]+ for C45H39BF2N2O4Se4 = 1060.9531 (− 2.7 
ppm). Calculated [M + Na]+ for C45H39BF2N2O4Se4 = 1060.955933. 
[M]+ for C45H39BFN2O4Se4 = 1018.9647 (− 3.0 ppm). Calculated [M]+

for C45H39BFN2O4Se4 = 1018.967766. IR (ATR, Ge, cm− 1): v 
2874.76364, 1603.6194, 1572.09158, 1531.96527, 1474.64197, 
1306.97131, 1225.38033, 1220.98635, 1177.99388, 1092.00892, 
1020.35479, 997.42547, 904.2751, 841.21947, 733.73828, 689.31272. 

3. Results and discussion 

3.1. Design, synthesis and structure characterization of the BODIPY 4 

In this work, we designed and synthesized a new BODIPY derivative 
(4) containing four phenylselenide groups through a new synthetic 
methodology developed in our group for acting as a fluorescent probe 
for CN–, F− , and OH–. In the first step, the 4-hydroxibenzaldehyde was 
submitted to reaction with 2-(2-(2-chloroethoxy)ethoxy-ethanol, 
allowing the formation of the aldehyde 1 containing 3 polyethylene 
glycol (PEG) units, aiming to increase the solubility of the final BODIPY 
in more polar solvents and facility the purification process. The synthesis 
of BODIPY core was carried out based on an adaptation of a previously 

Scheme 1. Synthesis of the seleno-BODIPY.  
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reported procedures [41,42] and consists of the reaction of compound 1 
with pyrrole, using TFA as a catalyst, leading to the formation of 
dipyrromethane (2) in 73 % yield. Next, a sequence of an oxidation 
reaction with DDQ followed by complexation with BF3.OEt in the 
presence of DIPEA, was performed, leading to the formation of product 3 
in 75 % yield. The post functionalization of BODIPY 3 was conducted in 
one step, using Ph2Se2, BPO, and p-TSA in MeCN resulting in the desired 
compound 4 in 40 % yield (Scheme 1). The structures of all products 
were confirmed by NMR 1H, 13C, and 77Se (for BODIPY 4), HRMS and 
infrared spectroscopy (Figs. S31-S54). Compound 4 was also charac
terized by UV–visible absorption and fluorescence emission spectros
copy (Fig. 1). 

The optimization of the selenylation reaction was previously per
formed using another BODIPY core (5) as a model (Table S2). The 
reactant concentrations, temperature, and solvent were varied having 
entry 7 as the optimal condition. It was verified that using compound 3 
under these conditions (T = 50 ◦C and 1.25 equiv. of Ph2Se2 in relation 
to 3), the BODIPY core becomes more activated due to the presence of 
the PEG-derived substituent, making it possible to obtain, after 1 h of 
reaction, BODIPYs derivatives containing 2, 3 and 4 selenium groups 
(BODIPYs 8 (20 %), 9 (6 %), and 4 (22 %), respectively), not being 
observed the formation of BODIPY with one “SePh” group (Scheme S1). 
Based on these results, an optimal condition was established for the 
selenilation step using BODIPY 3 as substrate, by increasing the tem
perature to 70 ◦C and the amount of Ph2Se2 to 2.5 equiv. giving rise to 
the product of interest 4 in 40 % yield (Scheme 1). 

This new methodology, using an electrophilic reagent of selenium 
generated in situ, is advantageous since it does not require prior func
tionalization of the BODIPY nucleus with halogens or other leaving 
groups, as is commonly reported in the literature [32,34,35]. This allows 
a direct functionalization with “PhSe” group, in a simple and practical 
procedure, and the insertion of two, three or four selenium groups, being 
a very versatile method. Also, the proportion between products can be 
controlled by varying reaction time, temperature, and proportion of the 
selenium reagent. 

The seleno-functionalization strategy of the BODIPY nucleus was 
carried out since selenium leads to the suppression of the compound’s 
fluorescence, due to the heavy atom effect [43]. In this way, this allows 
the chalcogenated group to be used as a recognition site for certain 
analytes, allowing it to be applied as an on/off fluorescent sensor. When 
in the presence of an analyte that interacts with the selenium-containing 
groups specifically, BODIPY fluorescence can be restored in a turn-on 
fluorescence process. Furthermore, chalcogenated BODIPYs exhibit 
low background fluorescence, which is a desirable characteristic in the 
design of a new sensor. Continuing our group’s interest in the synthesis 
and application of new sensors for detecting analytes of environmental 
and biological interest [44,45], in the present work we designed BODIPY 
4 and decided to study its interaction with anions of environmental 
interest. 

3.2. Photophysical characterization of BODIPY 4 

The photophysical properties of BODIPY 4 were investigated in THF. 
The compound presented optimal solubility in this solvent, and it was 

Fig. 1. Absorption, normalized emission and normalized excitation spectra of 
compound 4 in THF. (T = 298 K; [BODIPY 4] = 2 μmol/L; λem = 720 nm; λexc =

590 nm; slit = 5.0 nm). 

Table 1 
Photophysical data of compound 4 in THF at 298 K.  

Absorption data Emission data 

λabs 

(nm) 
ε (L.mol− 1. 
cm− 1) 

Fwhmabs 

(nm) 
λem 

(nm) 
Stokes 
shift 
(nm) 

Fwhmem 

(nm) 
Φ 

451  22861.03  125.76 688 73 67.77 <0.01 
615  53398.52  94.53  

Fig. 2. A) Normalized absorbance A440nm/A615nm and B) Normalized intensity (λ = 541 nm) of 4 (7.0 μM) in THF, upon addition of analytes (20 equiv.,140 μM), after 
10 min of reaction, λex 440 nm, slit 1.5 nm. Images of solutions of BODIPY 4 after addition of analytes under visible light and under UV light. 
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obtained absorption, emission, and excitation spectra (Fig. 1). From the 
absorption spectrum, it was possible to observe the presence of 2 tran
sition bands at 615 nm (ε = 53398.52 L.mol− 1.cm− 1) and 451 nm (ε =
22861.03 L.mol− 1.cm− 1) (Table 1), which is a spectral profile charac
teristic of BODIPYs [46–49]. The highest band (λ = 615 nm) corresponds 
to the vibrational transitions 0–0 and 0–1 of the strong S0 → S1 transi
tion. In some cases, the 0–1 vibrational band appears as a shoulder at the 
S0 → S1 transition, which can be more or less pronounced depending on 

the molecule [46,47]. In the case of BODIPY 4, due to the presence of 
four heavy atoms (4 groups containing selenium), the band is wider 
(Fwhmabs = 94.53 nm) and the presence of shoulder is not observed 
[35]. The weaker band of absorption (λ = 451 nm) can be attributed to 
the transition S0 → Sn (n ≥ 2) [46,47]. The emission spectrum was ob
tained as a mirror image of the absorption spectrum, with the emission 
maximum at 688 nm, corresponding to the S1 → S0 transition. The 
BODIPY 4 presented a weak fluorescence intensity with a low 

Fig. 3. Spectrophotometric titrations of 4 in THF with increasing amounts of A) CN–, C) F− and E) OH–. Inset: Normalized A440nm/A615nm as a function of A) [CN–] (y 
= 0.036x–0.650, R2 = 0.989), C) [F− ] (y = 0.022x + 0.014, R2 = 0.991) or E) [OH–] (y = 0.046x–0.794, R2 = 0.994). Spectrofluorimetric titrations of 4 in THF with 
increasing amounts of B) CN–, D) F− and F) OH–. Inset: Emission at 545 nm as function of B) [CN–] (y = 0.034x–0.027, R2 = 0.987) and emission at 544 nm as 
function of D) [F− ] (y = 0.031x + 0.039, R2 

= 0.991) or F) [OH–] (y = 0.043x – 0.076, R2 
= 0.981) and images of visual color change under visible light and under 

UV light upon addition of each analyte. Condition: T = 298 K, [BODIPY] = 7.0 μmol/L, λex = 440 nm, slit = 1.5 nm. 
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fluorescence quantum yield (Φ < 0.01). The absence of fluorescence 
leads us to the hypothesis that the Photoinduced electron Transfer (PeT) 
[38,50,51] process caused by the electron-donating effect of the phe
nylselenide groups to the chromophoric nucleus of BODIPY is involved, 
as previously report for other seleno-BODIPYs derivatives [29,52–54]. 

3.3. Anion sensing studies with BODIPY 4 

A screening with 10 selected anions (OH–, CN–, F− , Cl− , Br− , ClO4
− , 

AcO− , SO4
2− , HSO4

− , NO3
–) from tetrabutylammonium salts was con

ducted in THF through absorption spectra (Fig. S1). It was possible to see 
a differential response of 4 for CN–, F− and OH–, accompanied by a color 
change from blue to yellow fluorescence (Fig. 2). From a spectral point 
of view, a decrease in absorbance at λ = 615 nm is observed and the final 
spectra obtained presents a maximum wavelength (λmax) at 440 nm for 
CN–, F− and OH–(Fig. S1). Ratiometric analysis considering the ratio 
A440nm/A615nm was also conducted, making it possible to better observe 
the selectivity for these analytes (Fig. 2A). The reactions were also 
accompanied by fluorescence spectra (Fig. S2). Compound 4 is non- 
fluorescent in THF, as expected, due to chalcogenated groups in the 
structure. When 4 is in the presence of excess amounts of OH–, CN–, or 

F− , occurs an instantaneous appearance of fluorescence in a turn-on 
fluorescence process, with an λmax = 544 nm, presenting a predomi
nant response for these analytes (Fig. 2, B). It was also observed a 
minimal response for AcO− under these conditions, by fluorescence. 

The spectrofluorimetric and spectrophotometric (Fig. 3) titrations of 
sensor 4 with CN–, OH– and F− were conducted. It was possible to notice 
the appearance of fluorescence emission intensity when in the presence 
of CN–, F− , or OH–, with maximum emission at 545 nm (for CN–) and 
544 nm (for F− and OH–), in a turn-on fluorescence process. A hyp
sochromic shift of 143/144 nm was observed on emission spectra, 
compared to the residual fluorescence of compound 4 (λ = 688 nm), as 
expected due to the possible inhibition of the PeT process. From the ti
trations, it was possible to obtain a linear correlation between the 
fluorescence intensity and the concentration of CN–, F− and OH– (Fig S3- 
S5). Limits of detection (LOD) and quantification (LOQ) were obtained 
for CN– (LOD = 26.26 nmol/L; LOQ = 87.53 nmol/L), F− (LOD = 43.05 
nmol/L; LOQ = 143.49 nmol/L), and OH– (LOD = 8.64 nmol/L; LOQ =
28.79 nmol/L), showing that the probe 4 is an excellent sensor for these 
analytes. The fluorescence quantum yields of the final products were 
also obtained, using benzothioxanthene imide (BTI) in chloroform as 
standard [55], resulting in 57 % for the product with OH–, 50 % for CN–, 

Fig. 4. Time-dependent response of the absorbance at λ = 615 nm of BODIPY 4 after addition of different concentrations (5, 10, 25 and 50 equiv.) of A) CN–, C) OH– 

and E) F− . Time-dependent response of the emission at λ = 545 nm or λ = 544 nm of BODIPY 4 after addition of 5 equiv. of B) CN–, D) OH– and F) F− . Conditions: T 
= 298 K; [BODIPY 4] = 7 μmol/L in THF. λex = 440 nm, slit 1.5 nm. 
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and 11 % for F− . 
The LOD obtained for cyanide was much lower than some previously 

reported (Table S1) and 73 times lower compared with the maximum 
level permitted by WHO for CN– levels (1.9 μM) in drinking water [8]. 
Based on this information and the results obtained, we can confirm that 
our sensor is highly sensitive for CN– detection. In the case of F− the LOD 
obtained was close to some reported results for other probes and, in 
some cases, lower than others reported (Table S1). Fluorescent probes 
for hydroxide are not commonly reported, and most sensors are for 
hydroxyl radicals [56]. 

Spectrophotometric titrations were also conducted (Fig. 3), obtain
ing a linear correlation between the ratio A440nm/A615nm, allowing 
sensor 4 to be used for ratiometric detection and quantification of these 
analytes (Figs. S6-S8). Monitoring the absorption at two different 
wavelengths allows improvement in the accuracy and sensitivity of the 

Fig. 5. A) Normalized absorption and b) normalized emission of BODIPY 4 in the presence of each analyte (20 equiv. for Cl− , Br− , ClO4
− after 20 min of adding OH– 

(5 equiv.) c) Normalized absorption and d) normalized emission of 4 in the presence of each analyte (20 equiv. for Cl− , Br− , ClO4
− , OH– after 20 min of adding AcO−

(5 equiv.). Analytes: 1 = Blank; 2 = Cl− (20 equiv.); 3 = Br− (20 equiv.); 4 = ClO4
− (20 equiv.); 5 = Cl− + Br− + ClO4

− (20 equiv.); 6 = Cl− + Br− + ClO4
− (20 equiv.) 

+ OH– (5 equiv.); 7 = OH– (5 equiv.); 8 = OH– (20 equiv.); 9 = Cl− + Br− + ClO4
− + OH– (20 equiv.) + AcO− (5 equiv.); 10 = AcO− (5 equiv.). Conditions: T = 298 K, 

[BODIPY] = 7.0 μmol/L, THF, λex = 440 nm, slit 1.5 nm. 

Fig. 6. Images of paper discs after immersion in solutions containing BODIPY 4 
and each anion, after 1 min reaction, under visible and UV light. [BODIPY 4] =
1.0 × 10− 4 mol/L and [anions] = 5.0 × 10− 3 mol/L (50 equiv.) in THF. 

Scheme 2. Proposed reaction of BODIPY 4 with CN–, F− , and OH–.  
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experiment. It was observed a decrease at the larger band of BODIPY 4 
(λ = 615 nm), and the final products presented a band at λ = 440 nm, 
accompanied by the color change of the solution from blue to yellow 
(Fig. 3). The decrease in absorption at λ = 615 nm was proportional to 
the increase in fluorescence emission of the 4 when in the presence of 
CN–, F− or OH– (Figs. S9-S11). 

Time-dependent response of BODIPY 4 in the presence of different 
concentrations (5, 10, 25, and 50 equiv.) of analytes CN–, OH– and F−

were obtained by absorption (Fig. S12-S14) and emission spectra 
(Figs. S15-S17). The results were monitored through the consumption of 
reagent by absorption (λ = 615 nm) and formation of the product by 
emission (λ = 545 nm for CN– and λ = 544 nm for OH– and F− ). It was 
observed that the reactions of 4 with CN– (5 equiv.) and OH– are faster 
(taking around 10–15 min for stabilization) than the reaction with F−

(45–50 min) in the same concentration (Fig. 4). Time-dependent 
response of BODIPY 4 in the presence of the other analytes studied 
were monitored for 30 min and no significant variation was observed 
(Figs. S18-S21). Comparative analysis of response time of 4 with CN–, 
OH–, F− , and AcO− , showed that the reaction with acetate is much 
slower than the others (Fig. S22). 

In order to study the selectivity of BODIPY 4 for the detection of CN–, 
F− and OH–, an interference study was carried out. Initially, a scan was 
performed to verify the occurrence of a reaction between BODIPY 4 with 
OH– when in the presence of each analyte that did not react with 
BODIPY 4 in the previous screening in Fig. 2. In this way, 5 equiv. of OH– 

were added to solutions containing 20 equiv. of the anions Cl− , Br− , 
ClO4

− , AcO− , SO4
2− , HSO4

− and NO3
– with BODIPY 4 (7 μmol/L), sepa

rately. The occurrence of reaction with OH–, even when in the presence 
of Cl− , Br− , ClO4

− , was immediately observed, accompanied by a color 
change from blue to light yellow (Fig. S25). After 1 h of reaction, no 
significant change was observed for the solutions containing AcO− , 
SO4

2− , HSO4
− and NO3

–. After 3 h of reaction, a different response was 
noted in the solution containing OH– and AcO− , appearing an intense 
yellow color, suggesting that a different product was formed when in the 
presence of AcO− (Fig S25). After 24 h reaction, absorption (Fig. S26) 
and emission spectra (Fig. S27) of these solutions were performed and, 
visually, higher fluorescence intensity values were obtained when 
BODIPY 4 was in the presence of AcO− , SO4

2− or HSO4
− , indicating that 

different products were obtained compared to the one obtained with 
OH–. Therefore, a small variation was observed when analyses were 
conducted in the presence of Cl-, Br- or ClO4

− , without noticeable 
interference. 

It was also found that BODIPY 4 reacts with OH– (5 equiv.) even in 
the presence of mixed Cl− , Br− , and ClO4

− (20 equiv. of each analyte) 
(Fig. 5). The results were measured by absorption and emission spectra 
(Fig. S30). It is possible to verify that the reaction occurs normally under 
these conditions, with a small increase in the emission intensity when 
Cl− , Br− and ClO4

− are mixed in the solution (Fig. 5A, B). Control ex
periments with the addition of anions separately were also carried out. 
Knowing that acetate was a potential interference in the reaction of 4 
with OH–, a similar experiment was carried out adding 5 equiv. of AcO−

to a solution containing 20 equiv. of Cl− , Br− , ClO4
− , OH–. (Fig. 5C, D). 

Higher emission intensity value was obtained comparing to the control 
experiments containing only OH– (20 equiv.) or Cl− , Br-, ClO4

− , OH– 

mixed. This probably occurs due to the product obtained in the reaction 
between BODIPY 4 and AcO− having a higher fluorescence intensity 
than the product with OH– and slower kinetics. After 48 h of reaction, 
the presence of intense yellow fluorescence was clearly observed in the 
control solution containing only AcO− (20 equiv.) (Fig. S28). 

Paper discs were impregnated with final solutions containing BOD
IPY 4 (1.0 × 10− 4 mol/L) and 50 equiv. of each analyte, making it 
possible to visualize a different response for OH– and CN– both under 
visible and UV light in solid state, immediately after reaction. It was not 
possible to visually observe any changes for F− due to slower kinetics 
(Fig. 6). 

3.4. Study by mass spectrometry and proposed sensing mechanism 

To investigate the reaction of BODIPY 4 with the anions CN–, F− , and 
OH–, high-resolution mass spectrometry (ESI-micrOTOF-MS) (Figs. S66- 
S76) were carried out. It was possible to conclude that an unexpected 
Aromatic Nucleophilic Substitution reaction occurs, in which the anions 
act as nucleophiles leading to the substitution of seleno-phenyl groups 
(Scheme 2). It was observed that in the reaction with CN– or F− (5 
equiv.), there is a monosubstitution of a SePh group at positions 3 or 5 of 
the nucleus (resulting in compounds 10 or 11, respectively, whereas 
when in the presence of OH–, a double substitution is observed (resulting 
in compound 12). This was confirmed by the identification of mass 
peaks relative to [BODIPY 10 + Na]+ = 930.0035 m/z (m/zcalcd =

930.002773), [BODIPY 11 + Na]+ = 922.9977 m/z (m/zcalcd =

922.998059), and [BODIPY 12 + Na]+ = 783.0470 m/z (m/zcalcd =

783.047848). It was also verified that the isotope pattern for all these 
cluster are very similar to the respective theoretical analysis. A similar 
Aromatic Nucleophilic Substitution reaction has already been reported 
for a seleno-coumarin, using biothiols as nucleophiles and having the 
seleno-phenyl as the leaving group [43]. Furthermore, it is known that 
positions 3 and 5 of the BODIPY nucleus are more susceptible to sub
stitution reactions compared to positions 2 and 6, being the halogena
tion of positions 3 and 5 before a nucleophilic substitution reaction a 
commonly reported strategy [51]. 

4. Conclusions 

A novel tetraseleno-BODIPY was designed and synthesized in a direct 
functionalization of BODIPY core using a new methodology of synthesis. 
The new procedure uses diphenyl diselenide, benzoyl peroxide, and p- 
TSA in ACN resulting in compounds with two to four selenium groups. 
The new chemical sensor was used for colorimetric and fluorimetric 
detection of CN–, F− , and OH– anions at ultra-low detection limits, 
presenting high sensitivity, ratiometric response in a turn-on fluores
cence process. Low detection limits (26.26 nM for CN–, 43.05 nM for F− , 
and 8.64 nM for OH–) were obtained for these analytes. Competition 
studies demonstrated that BODIPY 4 can detect OH– in the presence of 
Cl− , Br− and ClO4

− without interference. It was possible to concluded 
that BODIPY 4 reacts with CN–, OH–, and F− through Aromatic Nucle
ophilic Substitution reaction, resulting in monosubstituted products (for 
CN– and F− ) and disubstituted product for OH–. 
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