
J Fluoresc (2007) 17:81–87
DOI 10.1007/s10895-006-0140-6

ORIGINAL PAPER

A Fluorescein-based Fluorogenic Probe for Fluoride Ion Based on
the Fluoride-induced Cleavage of tert-butyldimethylsilyl Ether
Xiao-Feng Yang · Si-Jie Ye · Quan Bai ·
Xiao-Qing Wang

Received: 2 August 2006 / Accepted: 10 October 2006 / Published online: 2 December 2006
C© Springer Science+Business Media, LLC 2007

Abstract A highly sensitive and selective fluorogenic probe
for fluoride ion, fluorescein di-tert-butyldimethylsilyl ether
(FTBS), was designed and synthesized. FTBS was a color-
less, non-fluorescent compound and was synthesized via the
one-step reaction of fluorescein with tert-butyldimethylsilyl
chloride. Upon incubation with fluoride ion in DMF-water
solution (7 : 3, V/V), the Si-O bond of FTBS was cleaved,
causing a large increase in fluorescence intensity and thereby
allowing a selective detection of fluoride ion. The fluores-
cence increase is linearly with fluoride concentration in the
range 0.1–2.0 µmol L−1 with a detection limit of 0.041 µmol
L−1 (3σ ). The excellent selective signaling behavior of the
proposed probe was found to originate from the high affinity
of silicon toward fluoride ion. The method has been suc-
cessfully applied to the fluoride determination in multi-trace
elements injection and toothpaste samples, and the results are
agreed well with those obtained by the fluoride-ion selective
electrode method.
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Introduction

Fluoride, the smallest anion, has unique chemical properties
and its recognition and detection are of growing interest
because of its biologically important role in dental care and
clinical treatment for osteoporosis. An acute intake of a large
dose or chronic ingestion of lower doses of fluoride ions
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can result in acute gastric and kidney disorders, dental and
skeletal fluorosis, and even death [1]. For these reasons, it is
important to develop new selective and sensitive methods for
monitoring of fluoride concentration in environments that are
not easily served by conventional ion selective electrodes.

Several method have been developed for fluoride deter-
mination, including fluoride-ion selective electrodes (ISE)
[2–4], spectrophotometry [5–8], ion chromatography [9–12],
HPLC [13] and fluorimetry [14, 15]. Recently, some selec-
tive fluorescent chemosensors for fluoride ion have received
considerable attention [16–18]. These chemosensors have
enjoyed success and in some cases have resulted in the abil-
ity to visually detect fluoride ions [17, 18]. However, in most
cases fluorescence changes can only be observed in non-
aqueous solvent and there are relatively few chemosensors
that can work in aqueous media, which greatly limits their
analytical application in real samples.

Since the introduction of tert-butyldimethylsilyl (TBS)
group by Corey in 1972 [19], the tert-butyldimethylsilyl
ether has been extensively utilized as protecting group in
organic synthesis for hydroxy functionality [20–23]. The re-
sulting silyl ethers can be easily converted to their parent
compounds under a variety of conditions [19, 24–26]. One
of the most effective ways for the cleavage of silyl ethers is
based on exploitation of the high affinity of silicon toward
fluoride ion. And the treatment of silyl ethers with tetrabuty-
lammonium fluoride (TBAF) in tetrahydrofuran (THF) is the
most popular condition for the removal of TBS group, which
has been utilized in the synthesis of a variety of compounds
[27, 28]. The strength of the Si-F bond has been claimed as
the “driving force” of the reaction between silyl ethers and
fluoride ion [19, 23].

Based on the above mechanism, Descalzo developed
a new approach for fluoride determination based on the
coupling between a MCM-41 silica matrix and a sensing
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molecule [29]. Zhu et al. synthesized a cyanine dye, 1-
ethyl-4-(p-tert-bytyldimethylsilane ether styryl) quinolin-
nium iodide, and determined fluoride ion by colorimetric
method [30]. Though optical probes for fluoride based on
the fluoride-ion-triggered Si–O bond cleavage mechanism
has been reported, some disadvantages can be cited about
these probes, such as low sensitivity, longer reaction time,
and cumbersome procedure to prepare [29].

Herein, we developed a new fluorogenic probe, fluores-
cein di-tert-butyldimethylsilyl ether (FTBS) for the selective
determination of fluoride ion in aqueous media. Our strat-
egy for the fluorescent detection of fluoride ion relies on the
selective fluoride-mediated cleavage of Si-O bond to yield
phenol, resulting in the formation of fluorescent compound
and hence leading to a dramatic increase in fluorescence in-
tensity. Based on the above mechanism, a new fluorimetric
method for fluoride determination is developed. The fluores-
cence increase is linearly with fluoride concentration in the
range 0.1–2.0 µmol L−1 with a detection limit of 0.041 µmol
L−1. The proposed method proves to be simple, sensitive and
highly selective and has been successfully applied to the flu-
oride determination in multi-trace elements injection and
toothpaste samples.

Experimental

Apparatus

The fluorescence spectra and relative fluorescence intensity
were measured with a Sanco CRT-970 spectrofluorimeter
(Shanghai, China) with a 10 mm quartz cuvette. The exci-
tation and emission wavelength bandpasses were both set
at 10 nm. Unless specific noted, the sensitivity of the spec-
trofluorimeter was set at “1.” The absorption spectra were
recorded with a Shimadzu UV-1700 spectrophometer. The
pH was measured with a Model pHs-3B meter (Shanghai,
China). Infrared spectrum was taken in KBr disks on a Bruker
Tensor 27 FTIR spectrophotometer. Mass spectra were ob-

tained with AXIMA-CFR plus MALDI-TOF Mass Spec-
trometer. Uncorrected melting points were measured on an
X-4 melting point apparatus (Beijing Tech Instrument Co.,
LTD).

Chemicals

A stock solution of 0.01 mol L−1 fluoride was prepared by
dissolving 42.0 mg of sodium fluoride in 100 mL water.
Standard test solutions were prepared by appropriate dilu-
tion of the stock solution. FTBS solution (0.5 mmol L−1)
was prepared by dissolving 28.1 mg of the probe in 100 mL
ethyl acetate. A 0.2 mol L−1 Na2HPO4 –NaH2PO4 buffer so-
lution (pH 7.0) was employed. The sources of reagents were
as follows: Fluorescein was obtained from Xi’an Chemi-
cal Reagent Co.; tert-butyldimethylsilyl chloride was ob-
tained from Shanghai Heqi Chemical Reagent Co.; Sodium
fluoride was obtained from Beijing Chemical Reagent fac-
tory; Dimethylformamide (DMF) was obtained from Tianjin
Chemical Reagent factory.

All the reagents were of analytical-reagent grade, and
doubly distilled water was used throughout.

Synthesis of FTBS

The synthesis of FTBS was employed a one-step reaction
of fluorescein with tert-butyldimethylsilyl chloride by us-
ing imidazole as catalyst and DMF as solvent (Scheme 1).
Fluorescein (1.6 g, 4.9 mmol) was combined with imida-
zole (1.72 g, 25.6 mmol) in 17 mL dry DMF and stirred. To
the above solution was added tert-butyldimethylsilyl chlo-
ride (2.8 g, 18.6 mmol). The reaction mixture was stirred
overnight at room temperature. The reaction mixture was
then poured into saturated brine ( ∼ 60 mL) and extracted
with ethyl acetate. The combined organic extracts were
washed with saturated brine, dried over anhydrous Na2SO4

and the solvent evaporated to dryness, giving 2.1 g of orange
solid. After purification by column chromatography (200–
300 mesh silica, 2.5:1 petroleum/ethyl acetate), the desired
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Scheme 1. Synthesis of FTBS
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product which was obtained as off-white solid (1.8 g, 67.6%
yield). The product was shown to consist of only one sub-
stance by thin layer chromatography (TLC), and its Rf value
was 0.75 (petroleum/ethyl acetate, 2:1). mp: 154–155◦C; IR
(KBr, cm−1) 2930.74, 2858.48, 1769.37, 1611.35, 1468.70,
1422.35, 1279.35, 1257.23, 1220.75, 1179.70, 1083.42. MS
(MALDI-TOF): Calculated for MH+, 561.87; Found 561.8.

Procedure

The fluorogenic reaction was performed in a 10-mL volu-
metric tube. Typically, to a test tube containing 3.5 mL of
DMF and 40 µL of 0.5 mmol L−1 FTBS, different concen-
tration of fluoride was added and the reaction mixture was
diluted to 5.0 mL with water. The reaction solution was kept
at room temperature for 30 min, then 1.0 mL of 0.2 mol L−1

Na2HPO4 –NaH2PO4 buffer solution (pH 7.0) was added
and the solution was diluted to 10 mL with water. The fluo-
rescence intensity of the above solution was recorded at an
emission wavelength of 532 nm with excitation wavelength
set at 502 nm. In the meantime, a blank solution containing
no fluoride ion was prepared and measured under the same
conditions for comparison.

Results and discussion

Fluoride ion-induced cleavage of TBS from FTBS

Upon treatment with fluoride ion in DMF – water media,
the TBS group would be cleaved from the probe and sub-
sequently generated the open, colored and fluorescent fluo-
rescein product. As FTBS has two TBS groups in its struc-
ture, there are two possible deprotection products can be
generated according to the molar ratio of FTBS to fluoride
ion (as shown in Scheme 2). If the amount of fluoride ion
is less than FTBS, the moderately fluorescent fluorescein
mono-tert-butyldimethylsilyl ether should be the major one.
Conversely, if the amount of fluoride ion is in a large ex-
cess than FTBS, the parent dye, fluorescein, should be the
fully returned. The similar reaction mechanism has been

described in the literature [31–33]. In the present study, fluo-
rescein doubly protected with TBS group was chosen as flu-
orescent probe instead of the corresponding mono-protected
one. This is not only because the former is much more easily
synthesized than the latter but also because, after screening
protective groups of choice, changing their protection mode
from bis- to mono-protected type will provide an access to
sensitive fluorogenic probe.

To ensure the single cleavage of TBS group from FTBS,
FTBS concentration should be kept at a concentration large
than that of fluoride ion. Under this experimental condition,
only one major fluorescent product was generated, which
greatly facilitated the quantitative measurement.

Spectral characteristics

The installation of TBS groups at the 3’ and 6’ positions of
a xanthenone scaffold would force this platform to adopt a
closed, colorless, and non-fluorescent lactone form. There-
fore, FTBS was a colorless solution showing no absorption
at visible spectra range. Upon incubation with fluoride ion
in DMF - water solution, a yellow green color was observed.
Fig. 1 shows a color scale obtained upon addition of differ-
ent concentrations of fluoride ion to FTBS solution. Further-
more, the absorption spectra of the above reaction solution
were measured in pH 7.0 phosphate buffer and shown in
Fig. 2. It can be seen that once one TBS group of FTBS
was removed by fluoride ion, the characteristic absorption
of initial fluorescein at about 496 nm was appeared. The
fluorescence spectra of FTBS solution containing different
concentrations of fluoride ion were measured, and a charac-
teristic fluorescence emission maximum centered at about
532 nm was recorded (Fig. 3), consistent with the fluo-
rescence emission maximum of fluorescein at the present
conditions.

Effect of the reaction media and detection pH

In general, the optimal conditions for the removal of silyl
protecting group by fluoride ion was in aprotic medium [19].
However, non-aqueous reaction media was unpractical to
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Scheme 2. Cleavage of Si–O bond in FTBS by fluoride ion.
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Fig. 1 Color changes of FTBS
(20 µmol L−1) upon addition of
different concentration of
fluoride ion. Fluoride ion
concentration: (a), 0; (b),
2 µmol L−1; (c), 5 µmol L−1;
(d), 10 µmol L−1; (e), 20 µmol
L−1. Other reaction conditions
were the same as those
described in the procedure

real samples. In the present study, the organic solvent-water
solution was selected as the fluorogenic reaction medium.
The cleavage reaction performed at different organic solvent-
water solution was studied, and results were shown in
Table 1. It was found that organic solvent had greatly ef-
fects on the deprotection reaction. When the deprotection
reaction was performed in DMF-water solution, a high F/F0

was obtained (where F and F0 were the fluorescence signal in
the presence and absence of fluoride, respectively), indicat-
ing that the cleavage of silyl ether by fluoride ion was more
efficient in DMF-water solution. Therefore, DMF-water so-
lution was selected for the present cleavage reaction system.

The effect of DMF concentration on the fluorescence
emission of the system was further studied, and the results
were shown in Fig. 4. It can be seen that F/F0 remains almost
unchanged when DMF concentration in the range 0–40%,
and increases dramatically when the concentration of DMF
was above 40%. To facilitate the real sample analysis, 70%
DMF-water solution was selected as the fluorogenic reaction
media in the subsequent experiment.

The detection pH of the reaction solution was studied in
the range 6.0–10.4, and it was found that FTBS was unstable
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Fig. 2 The absorption spectra of FTBS (20 µmol L−1) after incubation
with increasing concentration of fluoride ion. Fluoride ion concentra-
tion: (a), 0; (b), 2 µmol L−1; (c), 10 µmol L−1; (d), 20 µmol L−1. (e),
20 µmol L−1 of fluorescein. Other reaction conditions were the same
as those described in the procedure

in high pH media and would cause a higher background sig-
nal. As the pKa,2 of fluorescein is 6.80 in aqueous solution
[34], the fluorescent product is mainly present in its dianion
form in pH 7.0 aqueous media, which has the most intense
fluorescence among all the forms. Therefore, pH 7.0 phos-
phate buffer solution was selected as the detection media in
the following study.

Effect of reaction time

The effect of the reaction time on the fluorescence emis-
sion of the system was studied and the results were shown
in Fig. 5. It can be seen that the fluorescence signal of the
system increased rapidly at the beginning, and increased
slowly when the reaction time was above 20 min. Meanwhile,
the blank signal remained almost unchanged at the same
conditions. Though the sensitivity of the present method
could be increased with increasing the incubation time, a
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Fig. 3 Fluorescence emission spectra (excitation at 480 nm) of FTBS
(2.0 µmol L−1) after incubation with increasing concentration of flu-
oride ion. Fluoride ion concentration: (a),0; (b), 0.05 µmol L−1; (c),
0.1 µmol L−1; (d), 0.5 µmol L−1; (e), 1.0 µmol L−1; (f), 2.0 µmol L−1.
Other reaction and detection conditions are the same as those described
in the procedure
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Table 1 Effect of solvent on the fluorescence signal of the system

Solventa F/F0

– 1.1
Methanol 1.2
Ethanol 1.5
Acetonitrile 2.2
Acetone 1.4
THF 1.3
DMF 20.3

aSolvent concentration: solvent/water, 7:3 (V/V).
bF and F0 was the fluorescence signal of the system in the presence and
absence of 2.5 µmol L−1 of fluoride ion, respectively.

30-min reaction time was selected as a compromise of sen-
sitivity and analytical frequency.

Interference study

The effect of foreign ions was tested by analyzing a standard
solution of fluoride ion (0.8 µmol L−1) to which increasing
amounts of interfering species were added, using an error
< 5% as the criterion. The results are shown in Table 3. It
can be seen that most of ion have little interference with
the determination of fluoride. The high selectivity of the
present probe toward fluoride over Cl−, Br−, I− can be ex-
plained by the specificity with which fluoride reacts with
silicon atom. It was found that BF4

− can also lead to the
cleavage of TBS from the proposed probe at the present
conditions and may cause interference for fluoride deter-
mination, which was agreement with that reported in the
literature [24].
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Fig. 4 Effect of DMF concentration on fluorescence intensity of the
FTBS cleavage system by fluoride ion. F and F0 were the fluorescence
signal in the presence and absence of 0.8 µmol L−1 fluoride ion, re-
spectively. Other conditions are the same as those described in the
procedure
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Fig. 5 Effect of reaction time on the fluorescence intensity of FTBS
cleavage system by fluoride ion. Fluoride ion concentration: (a), 0; (b),
0.8 µmol L−1. Other reaction and detection conditions are the same as
those described in the procedure

Analytical characteristics of FTBS for fluoride ion

Under the selected experimental conditions, the enhance-
ment value of the fluorescence intensity in contrast to the
blank solution without fluoride ion (�F) is directly pro-
portional to the fluoride concentration (C) in a range of
0.1–2.0 µmol L−1. The linear regression equation was deter-
mined to be �F = 129.6 × 106C [mol L−1] + 12.45 (n = 8,
r = 0.9972). According to IUPAC, the detection limit was
determined from three times the standard deviation of the
blank signal (3σ ) as 0.041 µmol L−1. The relative standard
deviation (n = 7) was 3.1% for 0.8 µmol L−1 of fluoride
ion.

Sample analysis

The proposed method was applied to the determination of
fluoride in multi-trace elements injection (Xi’an Anjian Phar-
macy Co., LTD). The multi-trace elements injection samples
were diluted appropriately with doubly distilled water and
then analyzed by the proposed method. The results are shown
in Table 3, which are in agreement with those obtained by
fluoride ISE standard method.

Table 2 Tolerance limits of some foreign ions on the determination
of fluoride ion

Foreign ions Molar ratio to fluoride iona

Br−, I−, SO4
2−, NO3

−, SCN−,
Cl−, Ba2+, Co2+, Mn2+

100

Ni2+ 50
Pb2+, Cu2+ 10
P2O7

4− 5

aFluoride concentration: 0.8 µmol L−1.
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Table 3 Results of determination of fluoride ion in multi-trace
elements injection and toothpaste

Sample Proposed method ISE method

Injection 1 99.8 ± 4.1 µg mL−1 98.6 ± 2.6 µg mL−1

Injection 2 97.3 ± 3.2 µg mL−1 95.2 ± 1.8 µg mL−1

Toothpaste 1 0.992 ± 0.043 mg g−1 1.07 ± 0.015 mg g−1

Toothpaste 2 1.06 ± 0.034 mg g−1 1.10 ± 0.022 mg g−1

Note. Average of four measurements ( ± S.D.)

Furthermore, the proposed method was applied to the flu-
oride determination in toothpaste. An accurately weighed
amount of the commercial toothpaste (Jiajieshi) sample
( ∼ 1.0 g) was dispersed in 30.0 mL of double-distilled water,
and stirred for 3 h at 70 ◦C in a polypropylene vessel at with
a magnetic stirrer. The resulting solution was cooled to room
temperature and then filtered to eliminate solids in suspen-
sion. The insoluble part was washed several times with water,
and the resulting solution was diluted to100 mL with water.
This solution was diluted appropriately with water and was
analyzed by the proposed method and fluoride ISE standard
method, respectively, and the results are shown in Table 2.
From the above results, it can be seen that the proposed was
reliable.

Conclusions

In summary, a fluorescein-based fluorogenic probe for fluo-
ride ion was prepared and its fluorogenic behavior was in-
vestigated. The method was based on the selective cleavage
of Si-O bond in FTBS by fluoride, yielding highly fluores-
cent compound, and hence leading to a dramatic increase in
fluorescence intensity of the reaction solution. Because of
the specific affinity of fluoride for TBS group, the proposed
probe shows excellent selectivity toward fluoride ion over
other anions. The method is proved to be simple, selective
and highly sensitive and can be broadly applicable to detec-
tion of fluoride ion in an aqueous environment. Moreover,
the color changes of the proposed probe from colorless to
yellow green would allow the “naked-eye” detection of fluo-
ride without resorting to any spectroscopic instrumentation,
which is of particular interest because of convenience.
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