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A new aza-BODIPY based NIR region colorimetric 

and fluorescent chemodosimeter for fluoride 

Bin Zou,a Hui Liu,a John Mack,c Sisi Wang,a Jiangwei Tian,b Hua Lu,a,* Zhifang 
Li,a and Zhen Shen b,* 

The synthesis and characterization of a novel NIR region fluoride sensor, that makes use of 

the aza-boron-dipyrromethene (aza-BODIPY) fluorophore, is described.  An arylmagnesium 

bromide was formed by reacting 4-bromophenol with a tert-butyldimethylsilyl protecting 

group and magnesium, which was then used to prepare the aza-BODIPY through a reaction 

with phthalonitrile.  The unusually strong affinity between the fluoride anion and silicon is 

used to create a sensor dye, which exhibits a highly specific, rapid colorimetric and ‘turn-

off’ fluorescent response for F– in solution and in living HeLa cells.  Upon F–, there is 

enhanced intramolecular charge transfer within the S1 state and this results in efficient 

nonradiative decay and hence in a marked decrease in fluorescence emission intensity. 

 

1. Introduction 

In recent years, there has been considerable interest in 
developing efficient artificial receptors for molecular 
recognition and the sensing of biologically important anions 
that play indispensable roles in physiological processes.1-4 The 
fluoride anion is one of the most significant in this regard due 
to its associated health and environmental issues.  For example, 
fluoride deficiency causes poor dental health and osteoporosis, 
while overexposure may result in fluorosis and urolithiasis.5-7  
A number of fluorescent and/or chromogenic chemosensors 
have been designed for the fluoride anion.8-13  Most have been 
based on hydrogen bonding or Lewis acid coordination and 
tend to be unsuitable for use in aqueous solution.  In recent 
years that has been considerable interest in chemodosimeter 
approaches, which take advantage of the unusually strong 
affinity between fluoride and silicon.14-17  These sensors have 
very high optical selectivity, fast response times and high 
sensitivity.  Although various ratiometric, “turn-on” and “turn-
off” fluorescent chemodosimeters have been investigated,18-28 
no example of emission in the near infrared (NIR) region has 
been reported to date, despite the fact that dyes that emit 
beyond 700 nm are more favorable for biological imaging 
applications, since environmentally induced light scattering is 
minimized, there is less photodamage and deeper tissue 
penetration during cell imaging is enabled.29  The main goal of 
this study was to address this by making use of the aza-boron-
dipyrromethene (aza-BODIPY) fluorophore.  The potential 
utility of aza-boron-dipyrromethene (aza-BODIPY) fluorescent 
dyes, due to their favourable spectroscopic properties (such as 
high molar absorption coefficients, narrow and structured 
absorption and emission bands, small Stokes shifts, excellent 

photostability and their intense red/NIR region absorption and 
emission bands) has long been recognized.29-31   
There have only been a few reports of aza-BODIPYs with 
sensor properties, since the absence of a meso-substituent limits 
the scope for ion binding and molecular recognition.  Examples 
have included sensors for Hg2+,32 NH4

+,33 pH,34-38 cysteine, 39 
and saxitoxin.40.  Recently, the Shen and Kobayashi group 
reported a novel synthetic method for obtaining benzo-fused 
aza-BODIPYs through a two-step reaction of phthalonitrile and 
an arylmagnesium bromide.38  Benzo-fused aza-BODIPYs have 
intense absorption and emission bands in the NIR region 
beyond 700 nm, with high molar absorption coefficients and 
moderately high fluorescence quantum yields.  The 
spectroscopic properties make these compounds suitable for use 
as NIR sensors.  With this in mind, a novel NIR region fluoride 
sensor, aza-BODIPY 1, has been designed in a rational manner 
by taking advantage of the very strong affinity between fluoride 
and silicon, and its properties have been explored.  Confocal 
fluorescence microscopy experiments demonstrate that 1 can 
successfully be used to monitor fluoride in living cells.  
Theoretical calculations have been used to investigate the 
reasons for the quenching of the fluorescence emission intensity 
upon F–. 
 

2. Experimental Section 

2.1 Materials and Instrumentation. 

All reagents were obtained from commercial suppliers and used 
without further purification unless otherwise indicated.  All air 
and moisture-sensitive reactions were carried out under a 
nitrogen atmosphere.  Benzene and THF were distilled over 
calcium hydride and sodium, respectively.  Triethylamine was 
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obtained by simple distillation.  Deionized distilled water was 
used throughout.  NMR spectra were recorded on a Bruker 
DRX400 spectrometer and referenced to the residual proton 
signals of the solvent.  Mass spectra were measured with a 
Bruker Daltonics AutoflexIITM MALDI–TOF spectrometer. 

2.2. Synthesis 

Synthesis of (4-bromophenoxy)(tert-butyl)dimethylsilane 
4-Bromophenol (3 g, 17.3 mmol) and TBSCl (2.6 g, 17.3 
mmol) in 30 mL of anhydrous THF was added to a Schlenk 
flask under argon.  Et3N (5 mL, 34.6 mmol) was then added 
dropwise into the mixture.  The solvent was stirred overnight at 
room temperature.  After completion of the reaction, the 
precipitate was removed by filtration and washed with 
dichloromethane.  The organic fraction was collected, dried 
over sodium sulfate, concentrated under reduced pressure and 
purified through a silica-gel chromatography using petroleum 
ether as eluent to provide (4-bromophenoxy)(tert-
butyl)dimethylsilane in 85% yield. 1H NMR(400 MHz CDCl3) 
δ = 0.23 (s, 6 H), 1.02 (s, 9 H), 6.75 (d, J = 8, 2 H), 7.36 (d, J = 
12, 2 H). 

Synthesis of aza-BODIPY 1 
A Grignard reagent was prepared from (4-bromophenoxy)(tert-
butyl)dimethylsilane(4 g, 14 mmol) and magnesium turnings 
(400 mg, 16.7 mmol) in anhydrous THF.  At room temperature, 
the Grignard reagent solution was then added to a vigorously 
stirring solution of phthalonitrile (5.6 mmol) in dry benzene (5 
mL) and the resulting mixture was stirred for a further 1 h.  The 
solvent was removed by using a rotary evaporator and the 
residue distilled with water steam, filtered, dried, and 
subsequently treated with BF3·OEt2 in the presence of 
triethylamine in refluxing dry benzene.  The crude product was 
purified through silica-gel chromatography (1:1 (v/v) 
CH2Cl2/petroleum ether as the eluent.) and recrystallized from 
CH2Cl2/hexane to provide aza-BODIPY 1 in 18% yield.  1H 
NMR (400MHz,CDCl3) δ = 0.28 (s, 12 H), 1.01 (s 18 H), 6.97 
(d, J = 8, 4 H), 7.31 (d, J = 8, 2 H), 7.47−7.51 (t, 2 H), 7.66 (d, 
J = 8, 2 H), 7.83 (d, J = 8, 4 H), 8.10 (d, J = 8, 2 H); 13C NMR 
(100 MHz, CDCl3): δ 157.9, 133.5, 132.1, 131.1, 130.1, 126.8, 
124.3, 123.4, 121.3, 120.0, 25.6, 18.2, -4.3;  MALDI-TOF MS: 
m/z calcd for [C40H48BF2N3O2Si2]

+• m/z = 705.3, found m/z = 
705.6 [M]+, 686.8 [M-F]+; HRMS-ESI: m/z: calcd 
[C40H47BF2N3O2Si2+H]+ m/z = 706.3262, found m/z = 
706.3266. 

2.3 Spectroscopic Measurements 

UV-visible absorption spectra were recorded on a Shimadzu 
3000 spectrophotometer.  Fluorescence spectra and lifetimes 
were measured on Horiba Jobin Yvon Fluorolog-3 
spectrofluorimeter.  Absorption and emission measurements 
were carried out in 1 × 1 cm quartz cuvettes.  For all 
measurements, the temperature was kept constant at (298 ± 2) 
K.  Dilute solutions with absorbance values of less than 0.05 at 
the excitation wavelength were used for the measurement of 
fluorescence quantum yields.  Zinc phthalocyanine was used as 
the standard (ΦF = 0.30 in benzene).41  The quantum yield, Φ, 
was calculated using equation (1): 
 

Фsample=Фstd [
�	������

�	�	

][	

�	�	


�	������
][	
�������

��	

]2  (1) 

 
where sample and std subscripts denote the sample and 
standard measurements, respectively, I is the integrated 

emission intensity, A stands for the absorbance, and n is the 
refractive index of the solvent.  

2.4 Cell Culture and Confocal Imaging 

The human cervical carcinoma HeLa cell line was obtained 
from the American Type Culture Collection (ATCC).  HeLa 
cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM) containing 10% fetal bovine serum (FBS), 100 µg 
mL–1 streptomycin and 100 U mL–1 penicillin at 37 °C in a 
humidified incubator containing 5% CO2 and 95% air.  The 
medium was replenished every second day and the cells were 
subcultured after reaching confluence.  Confocal fluorescence 
imaging studies were performed on a confocal laser scanning 
microscope (CLSM; TCS SP5, Leica, Germany).  Before 
imaging, the cells were rinsed three times with phosphate 
buffered saline.  The cells were excited at 633 nm with a 
helium-neon laser and the emission was collected from 
700800 nm.  All images were digitized and analyzed by Leica 
Application Suite Advanced Fluorescence (LAS-AF) software 
package. 

2.5 Preparation of Solutions 

Solutions of a series of ions (1 mM for Cl–, Br–, I–, NO2
–, NO3

–, 
SCN–, HSO3

–,  ClO4
–, HSO4

2–, HPO4
2–, and H2PO4

– and 10 
mM, 1 mM for TBAF) were prepared in deionized water.  In 
the titration experiments, a 2 mL solution of 1 was poured into 
a quartz optical cell with a 1 cm optical path length and the 
anion solution were then added using a micro-pipette.  Spectral 
data were recorded immediately after each addition.  For all 
measurements, the excitation and emission slit widths were set 
at 5 nm. 

2.6 Theoretical Calculations 

Geometry optimization and DFT calculations were carried out 
for a 3,5-diphenyl-aza-BODIPY (aza-BODIPY) model 
compound, 1 and its unprotected aza-BODIPY-O2– dianion 
using the B3LYP functional of the Gaussian 09 software 
package 42 with 6-31G(d) basis sets.  TD-DFT calculations 
were carried out in a similar by using the CAM-B3LYP 
functional, since TD-DFT calculations with the B3LYP 
functional are known to be problematic when significant charge 
transfer character is involved. 50,51 

3. Results and discussion 

 Scheme 1. Top: Synthesis and structure of aza-BODIPY 1. I) Mg, THF, 2h; II) 
dry benzene, RT, 1h, water steam distillation; III) BF3·Et2O, Et3N, benzene, 

reflux. Bottom: F
– 

recognition mechanism. 

Page 2 of 7RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
3 

O
ct

ob
er

 2
01

4.
 D

ow
nl

oa
de

d 
by

 M
on

as
h 

U
ni

ve
rs

ity
 o

n 
06

/1
0/

20
14

 0
6:

29
:2

1.
 

View Article Online
DOI: 10.1039/C4RA06416J

http://dx.doi.org/10.1039/c4ra06416j


Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

 

Aza-BODIPY 1 was synthesized through the reaction of 

phthalonitrile with an arylmagnesium bromide (Scheme 1).  

The active hydroxyl group of the starting material was 

protected with a tert-butyldimethylsilyl group, and then reacted 

with magnesium to afford an arylmagnesium bromide, which 

was reacted with 1,2-dicyanobenzene to give product 1.  The 

new dye was characterized by high-resolution MALDI MS 

(HR-MS) and 1H NMR spectroscopy.  A molecular ion peak 

was observed at 706.3266 (calcd for [M+H]+ = 706.3262) by 

HR-MS, and the isotopic pattern was in agreement with that 

calculated for the molecular structure.  The absorption and 

fluorescence spectra of 1 (Fig. 1) are similar to those that have 

been reported previously for BODIPY sensors, 45-47 but there is 

a marked red-shift of the main spectral bands into the NIR 

region, due to the introduction of the aza-nitrogen atom.  In 

CH3CN, an intense S0−S1 band is observed at 718 nm and there 

is a pronounced shoulder of intensity at shorter wavelength at 

ca. 665 nm.  The fluorescence spectrum exhibits mirror 

symmetry with the main absorption band with a maximum at 

750 nm.  The fluorescence quantum yield is 0.21 in CH3CN.  A 

fluorescence lifetime of 1.16 ns is obtained based on a single-

exponential fit (Table 1). 

 

 
Fig. 1 Absorption and emission spectra of 1 in CH3CN ( λex = 680 nm). 

 

Table 1 Spectroscopic properties of 1 and [1-O2]
2−−−− in CH3CN at 298K 

 λabs [nm] λem [nm] ΦF τF [ns] 

1 718 750 0.21 1.16 

[1-O2]
2−−−− 780 ND - - 

ND=Not Detected 

 

 

The anion binding properties of 1 were investigated by 

monitoring changes in the fluorescence and UV-visible 

absorption spectra.  Anion titration experiments were carried 

out in CH3CN by adding 10 eq. of F–, Cl–, Br–, I–, NO2
–, NO3

–, 

HSO3
–, SCN–, ClO4

–, HSO4
–, HPO4

2–, and H2PO4
– into 

solutions of 1 (10 µM).  When F was added, a significant 

decrease was observed in the intensity of the absorption band at 

718 nm with a concomitant increase in the intensity of a new 

band at 780 nm.  There is a sharp isosbestic point at 750 nm, 

and a visible color change from blue to indigo.  The absorption 

band at 780 nm is the main absorption band of the unprotected 

dianion of 1 ([1-O2]
2−−−−), which is red-shifted by 62 nm relative 

to that of aza-BODIPY 1.  Little or no change is observed in the 

absorption spectra of 1 in the presence of other anions (Fig. 2).  

The 780 nm band lies in the NIR region, and thus enables the 

colorimetric detection of F– in the NIR region.  The utility of 

aza-BODIPY 1 for fluorescence based detection of F− has also 

been assessed.  Pronounced quenching is immediately observed 

at 750 nm, due to a rapid reaction with F–.  Emission quenching 

is observed for 1 when F– is added (Fig. 3).  The emission peak 

at 750 nm gradually decreases in intensity as the amount of F– 

is increased, the fluorescence intensity decreased linearly with 

added fluoride concentration (Fig. 3 inset).  The detection limit 

towards F– is evaluated to be 40 ppb,  which was well below 4 

ppm, the allowed concentration level of F– in drinking water 

specified by USEPA.52 There is no obvious change in the 

fluorescence intensity upon addition of 10 eq. of Cl–, Br–, I–, 

NO2
–, NO3

–, SCN–, HSO3
–, ClO4

–, HSO4
–, HPO4

2–, and H2PO4
– 

(Fig. 3).  These results demonstrate that 1 can act with high 

selectivity as a dual-signal chemosensor for F–.  Howover, 

emission and absorption spectra almost unchanged by addition 

of 10 eqiv. F‒ to the solution of compound 1 in the presence of 

the other anions such as Br–, I–, NO2
–, NO3

–, HSO3
–, SCN–, 

ClO4
–, HSO4

–, HPO4
2–, and H2PO4

–, this meaning most of anion 

interfere in the F‒ response. 

 

 
Fig. 2 Top: Absorption spectra of 1 (10 µM) in CH3CN after the addition of 10 
equiv. of various anions.  Bottom: Absorption spectra of 1 (10 µM) in CH3CN 
after the addition of TBAF. 
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Fig. 3 Top: Fluorescence response of 1 (10 µM) in CH3CN after the addition of 

10 equiv. of various anions.  Bottom: Fluorescence spectra of 1 (10 µM) in 

CH3CN after the addition of TBAF (λex = 680 nm). Inset: Plot of emission 

intensity  versus TBAF concentration. Fluorescence measurements were 

performed immediately after adding TBAF to 1. 

Upon reaction with F− anions, the tert-butyldimethylsilyl group 

of 1 are removed to form the unprotected [1-O2]
2−−−− dianion.  

This can be expected to result in significant differences in the 

electronic structure and hence also in the photophysical 

properties.  DFT and TD-DFT calculations were carried out for 

1 and [1-O2]
2−−−−at the B3LYP/6-31G(d) level of theory to 

obtain an in-depth insight into the spectroscopic properties 

(Figs. 4−6).   

 

Fig. 4 The frontier π-MOs of aza-BODIPY 1 and [1-O2]
2−−−− at an isosurface value 

of 0.04 a.u., calculated during TD-DFT calculations using the CAM-B3LYP 
functional with 6-31G(d) basis sets.  

 

 

Fig. 5 TD-DFT spectra calculated for a 3,5-diphenyl-aza-BODIPY (aza-BODIPY) 

model compound, 1 and [1-O2]
2−−−−.  The main absorption band in each case is 

almost entirely associated with the HOMO → LUMO one-electron transition. 

 

 

Fig. 6 The energies of the frontier π-MOs calculated for a 3,5-diphenyl-aza-

BODIPY (aza-BODIPY) model compound, 1 and [1-O2]
2−−−− during TD-DFT 

calculations using the CAM-B3LYP functional with 6-31G(d) basis sets.  Black 

squares are used to highlight occupied MOs, and red lines are used to highlight 

MOs primarily associated with the peripheral oxygen atoms.  The MO energies 

for [1-O2]
2−−−− are plotted against a secondary axis. 

The HOMO and LUMO of 1 are mainly delocalized on the aza-

BODIPY core (Fig. 4).  In contrast, the HOMO of [1-O2]
2−−−− has 

significant MO coefficients on the 3,5-substituted phenoxy 

group and the pyrrole moieties, with smaller coefficients on the 

benzo rings, while the largest MO coefficients of the LUMO 

are confined to the core aza-BODIPY fluorophore.  The S1 

excited state for [1-O2]
2−−−−, therefore, has significant 

intramolecular charge transfer from the electron donating 

phenoxy moiety to the BODIPY core (Fig. 4).  An 

intramolecular charge transfer mechanism is, therefore, the 

most probable explanation for the colorimetric response and 

fluorescent quenching of 1.  The presence of electron donating 

phenoxide ions, destabilizes the HOMO, and narrows the 

HOMO−LUMO gap (Fig. 6), and thus results in a large red 

shift of the main absorption band in both the calculated and 

observed spectra (Figs. 2 and 5).  There is still significant 
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overlap between the HOMO and LUMO, however, so the main 

S0−S1 absorption band of [1-O2]
2−−−− is predicted to retain 

significant intensity (Figs. 4 and 5).  The efficient nonradiative 

relaxation is probably caused by conical intersections formed 

between the potential-energy surfaces of the S1 excited state 

and the ground state.48,49  The spectroscopic behavior of [1-

O2]
2−−−− is similar to that of aza-BODIPYs with −N(CH3)2 

substituents, which are believed to result in an intense 

intramolecular charge transfer process from the electron 

donating dimethylamino group to the electron-deficient aza-

BODIPY core.38 

 
Fig. 7 Confocal fluorescence images of aza-BODIPY 1-incubated HeLa cells in 

the absence (a) and presence (b) of TBAF (λex = 633 nm).  Hela cells were 

incubated with 10 µM aza-BODIPY 1 for 1 h at 37 oC.  For F– imaging, the aza-

BODIPY 1-incubated Hela cells were subsequently incubated with 100 µM TBAF 

for 1 h at 37 oC. 

 
Fig. 8 Three-dimensional fluorescence image of living Hela cells incubated with 

10 µM aza-BODIPY 1 for 1 h at 37 oC (λex = 633 nm). 

 

The practical utility of 1 as a fluoride probe in living cells has 

also been evaluated by carrying out experiments with living 

HeLa cells.  Upon incubation with 10 µM of 1 for 30 min at 37 

ºC, the cells display strong intracellular fluorescence in the NIR 

region.  Further treatment with F– for 1 h in the culture medium, 

followed by washing with phosphate buffered saline to remove 

extracellular F–, resulted in the disappearance of the bright red 

fluorescence image in these cells.  Brightfield measurements 

after treatment with both F– and 1 confirm that the cells were 

viable throughout the imaging experiments.  The overlay of 

fluorescence and brightfield images reveals that the 

fluorescence signals are localized in the perinuclear region of 

the cytosol, indicating weak nuclear uptake and exclusive 

staining in the cytoplasm (Fig. 7).  This was also confirmed by 

Z-scan luminescence imaging of HeLa cells stained with 1 (Fig. 

8).  The results demonstrate that 1 is cell-permeable and can 

respond effectively to variations in the concentration of 

intracellular F–. 

4. Conclusion 

In summary, an NIR region aza-BODIPY derivative, 1, has 

been synthesized and characterized, which exhibits high 

selectivity toward F– relative to various other inorganic anions 

and bio-relevant analytes, due to the strong affinity of F– 

toward silicon.  The quenching of the fluorescence intensity 

upon addition of F– can be attributed to the intramolecular 

charge transfer character of the S1 state, since this can greatly 

enhance the rate of nonradiative decay.  Confocal fluorescence 

microscopy experiments have established the utility of 1 for 

monitoring the presence of F– in living cells. 
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GRAPHIC ABSTRACT 

The synthesis and characterization of a NIR region fluoride anion sensor based on 

aza-BODIPY fluorophore, is described.  
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