Fluorometric detection of fluoride ion by ligand exchange reaction
with 3-hydroxyflavone coordinated to a zirconium(iv)-EDTA

complex
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An aqueous solution composed of [Zr(H,0),edta]-2H,0O and 3-hydroxyflavone (flavonol) exhibits an intense blue
fluorescence (4,,,, =460 nm) upon excitation at 400 nm and the signal intensity decreases with the addition of fluoride
ion. This observation has been interpreted by the ligand exchange of flavonol coordinated to Zr(1v) with fluoride ion.
Based on this phenomenon, we have fabricated a simple fluorescent detection system of fluoride ion available in
aqueous media. The present signaling system provides a simple, rapid and selective detection method of fluoride

ion, which covers the concentration range from 1 x 1073 to 3 x 107® M without any significant interference from

common anions.

Introduction

Rapid, sensitive and convenient determination of fluoride ion
in an aqueous solution is essentially important for monitoring
of the ion in industrial and environmental wastewaters.! While
there are widely available methods of fluoride analysis such as
ion selective electrodes and F NMR, optical sensing systems
provide a simple method for trace analysis of fluoride ion due
to the possibility of naked eye detection.? Owing to the high
electronegativity,® the fluoride ion can form stable fluoro com-
plexes with tervalent and tetravalent metal ions and their com-
plexes. Metal complexes of La(mr), Ce(mr) and Zr(1v) with dye
compounds have been conventionally used for the colorimetric
determination of fluoride.* However, these systems lack chem-
ical stability and take some time for color development. Por-
phyrin related macroazacycles and heteroaromatic compounds
have been examined as fluoride ion receptors via strong hydro-
gen bond formation.® Organometallic compounds having a
Lewis acid center including B(mi), Sn(iv) and Si(iv) have
revealed a unique property with respect to a selective receptor
of fluoride ion.>®* However this property occurs only in organic
solvents.

Anion ligation to Zn(u1) and Cu(u1) complexes and their
behavior in the presence of various anions has been studied in
aqueous media.” An attractive approach has been reported
using Eu(ir) and Tb(ur) complexes as emission switching
devices associated with the exchange of coordinated water with
anions.® It has been demonstrated that [Zr(H,0),edta]-2H,0O
can bind fluoride ion as well as oxo anions of arsenic and
selenium by ligand exchange with coordinated water.® Thus,
combined use of [Zr(H,0),edta]:2H,0O as an anion receptor
and appropriate probe molecules provides a feasible detection
system of fluoride ion.

In the present study we have found that flavonol exhibits an
intense fluorescence in the visible region in the presence of
[Zr(H,0),edta]-2H,0O. Furthermore, the signal intensity readily
decreases by the addition of fluoride ion. These observations
enabled us to construct a fluorometric detection system of
fluoride ion in aqueous solution by monitoring the change in
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fluorescence intensity induced by the ligand exchange reaction
(Scheme 1).
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Scheme 1 Ligand exchange reaction of Zr-EDTA-flavonol with
fluoride ion.

Results and discussion

Ternary complex formation

Ethylenediamine-N,N,N’,N'-tetraacetic acid (EDTA) forms a
remarkably stable 1 : 1 complex with Zr(1v), whose formation
constant has been determined as log Ky = 29."° Therefore the
complex can be present in an aqueous solution over a wide pH
range without hydrolysis of the zirconium ion. On the basis
of X-ray structural analysis,"* the [Zr(H,0),edta] complex is
composed of a mononuclear eight-coordinate structure in
which Zr(1v) is surrounded by hexadentate EDTA and two
water molecules. Ternary complex formation has been demon-
strated by replacement of the water molecules bound to Zr(1v)
with various bidentate ligands.'?> Flavonol is known as a typical
fluorescent compound that can be used for the detection of
Zr(1v) since a particularly intense fluorescence is induced by
metal complex formation.”* The pK, value of flavonol was
determined to be 9.23 by spectrometric titration in an ethanol-
water (20 v/v%) solution. We have attempted to use flavonol
as the signal probe molecule by ternary complex formation
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Fig. 1 Absorption and fluorescence spectra of (A) equimolar mixture
of [Zr(H,0),edtal-flavonol and (B) flavonol in ethanol-water (20 v/v%):
a) UV-VIS absorption spectrum, b) fluorescence spectrum. [Zr(H,0),-
edta] = 1 x 107> M; [flavonol] = 1 x 107> M; pH 5.0 (acetate buffer);
Aex =400 nm.

with Zr-EDTA, thereby the signal can be switched by ligand
exchange.

The absorption spectrum of flavonol changed upon addition
of [Zr(H,0),edta]-2H,0 solution as shown in Fig. 1. Thus, an
equimolar mixture (I x 10 M, M = mol dm™) of
[Zr(H,0),edta]-2H,0 and flavonol in an ethanol-water (20 v/v
%) solution gave a characteristic absorption band with a peak
at 400 nm; the flavonol 1,,,, was shifted by more than 60 nm in
the presence of [Zr(H,0),edta]-2H,0. The appearance of a new
absorption band at 400 nm coincides with the decrease in the
absorption band due to the free flavonol at around 350 nm. In
accord with the absorption spectral change, the aqueous sol-
ution gave an intense blue fluorescence with a peak at 460 nm
upon excitation at 400 nm. The observed spectral changes can
be interpreted as being due to the complexation of flavonol
to Zr(1v)-EDTA, since fluorescence of free flavonol at around
460 nm is significantly small under the same conditions.

Molar ratio plots of fluorescence intensity against the con-
centration of [Zr(H,0),edta]-2H,0O at a fixed concentration of
flavonol (Flav) indicated the 1 : 1 complex formation as given
in eqn. (1), where flavonol acts as a bidentate ligand and
[Zr(H,0),edta]-2H,O as the ligand receptor. The conditional
equilibrium constant of this reaction was determined to be
2.7 x 10° M™" (pH = 5.0) at 293 K by curve analysis of the
molar ratio plots.

[Zt(H,0),edta] + Flav™ = [Zr(Flav)edta]” + H,0" (1)

Fluorometric detection system of fluoride ion

Notably, the absorption peak that newly appeared at 400 nm
was quenched upon addition of fluoride ion (NaF), whereas the
peak intensity around 350 nm due to the flavonol moiety
increased (Fig. 2(a)). The series of spectra observed gave dis-
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Fig. 2 Absorption and fluorescence spectral change of [Zr(H,0),-
edta]-flavonol solution upon addition of fluoride ion. [Zr(H,0),edta]
=1 x 107° M; [flavonol] = 1 x 107° M; pH 5.0 (acetate buffer); /., =
400 nm.

tinct isosbestic points. In conjunction with the change in
absorption spectra, the signal intensity of the blue fluorescence
decreased by the addition of fluoride ion (Fig. 2(b)). These
changes in absorption and fluorescence spectra apparently
depend on the concentration of fluoride ion added. The
observed quenching of fluorescence by the addition of fluoride
ion can be attributed to the replacement of flavonol by the
strongly competing fluoride ion as expressed in eqn.(2).

[Zr(Flaviedta]” + 2F = [Zr Feedtal” + Flav~-  (2)

Although a two-step reaction is involved in eqn. (2), the
presence of isosbestic points in the absorption spectra sug-
gest that release of flavonol would take place by the initial
attack of a fluoride ion. Direct binding of the fluoride ion
to Zr(1v)-EDTA giving mono and bis fluoride complexes has
been demonstrated by the significant shift of ’F-NMR peaks
(122.38 ppm, 131.57 ppm) relative to the location of free
fluoride upon addition of fluoride ion to aqueous [Zr(H,0),-
edta]-2H,O solution.’* The formation constants between [Zr-
(H,0),edta] and fluoride ion have been determined as 4.6 and
2.8 for log K, and log K,, respectively.'®

Fig. 3 shows the plots of fluorescence signal intensity against
pH in the absence and in the presence of fluoride ion along with
the intensity difference between them. The concentration of
[Zr(H,0),edta]-2H,O as well as flavonol was fixed at 1.0 X
107> M throughout these experiments. Ternary complex form-
ation with flavonol seems favorable at a pH ranging from 5.0 to
9.0. Obviously the signal intensity changes most sensitively
between pH 4.5-6.0, where ligand exchange between flavonol
and fluoride ion takes place most effectively. Time course
experiments showed that the change of fluorescence signal
intensity was appreciably rapid and terminated within 1 min
upon addition of 1 ppm fluoride ion (pH = 5.0) at 298 K.
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Fig. 3 Change in fluorescence signal intensity as a function of pH: @
equimolar mixture (1 X 107> M) of [Zr(H,0),edta]-flavonol; O in the
presence of fluoride ion (5.5 x 107° M); A difference in the intensity;
Aex =400 nm; A, = 460 nm.

Potential utility of the present system

Fluoride concentration dependency of the signal intensity was
examined at pH 5 to elucidate the applicability of this system
and the result is given in Fig. 4. It is of note that the profile of
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Fig. 4 Change in fluorescence signal intensity at 460 nm as a func-
tion of fluoride ion concentration: + excitation wavelength, 400 nm;
@ cxcitation wavelength, 365 nm (wavelength at isosbestic point in
the absorption spectra of Fig. 2(a). [Zr(H,0)edta] = 1 x 107° M;
[flavonol] = 1 x 107> M; pH 5 (acetate buffer).

the intensity change excited at 400 nm (absorption peak of the
ternary complex) coincides with that excited at the isosbestic
point (365 nm, see Fig. 2(a)); however the fluorescence intensity
of the former is apparently much higher than that excited at
365 nm. This means that the observed fluorescence is mainly
due to the contribution of the ternary complex and not of free
flavonol. The detection range of fluoride ion is from 3 x 107 to
1 x 1073 M; the lower limit of detection reaches 3 x 107 M
(60 ppb). Five repeated analyses of the 0.2 ppm fluoride sample
gave reproducible results with a variation coefficient of 0.6%.
The fluorescence spectrum of each solution did not change for
more than one week at room temperature. This can be attrib-
uted to the remarkable chemical stability of the Zr—-EDTA
complex ' as well as the flavonol molecule.

One of the important characteristics of the signaling system
is its selectivity in the presence of foreign ions since a practical
sample can contain various competing ions. As shown in Table
1, the presence of common anions including C1~, SO,*~, NO,~,
H,PO, and acetate did not interfere significantly with the sig-

Tons Conc./M Recovery“ (%)
None 100.0
Cl 1x107? 103.9
Nokha 1x107° 100.9
NO;~ 1x107? 101.4
PO~ 1x1073 102.2
Al(1m) 1x107° 121.4
+ EDTA 1x107* 108.9
+ DTPA 1x107* 104.8
Fe(1r) 1x1073 7.6
+ EDTA 1x107* 100.6
Cu(1) 1x10°° 98.3
+ EDTA 1x107* 100.3

“Recovery denotes the percentage of fluorescence signal intensity
before and after addition of foreign ions.

nal intensity up to 100 times that of the fluoride ion (0.2 ppm).
While metal cations including Al(mr), Fe(mr), Cu(ir) appreciably
interfered due to the competing complexation of flavonol with
these metal ions. However, addition of EDTA solution effect-
ively masked these cations except for Al(m)."> An improved
tolerance for Al(mr) was realized by the use of N,N,N',N",N"-
diethylenetriaminepentaacetic acid (DTPA).

In conclusion, the ligand exchange reaction between fluor-
ide ion and flavonol coordinated to Zr-EDTA leads to a
rapid change in the fluorescence intensity, providing a simple
and particularly selective detection system of fluoride ion in
aqueous solutions.

Experimental
Reagents

A stock solution of fluoride ion was prepared by dissolving
guaranteed reagent grade NaF into deionized water. [Zr-
(H,0),edta]-2H,0 was synthesized according to the reported
procedure ' and was dissolved in deionized water to give a 5 X
107 M stock solution. 3-Hydroxyflavone (flavonol) purchased
from Tokyo Kasei Ltd. (Tokyo, Japan) was recrystallized three
times from methanol and dissolved in ethanol to give a 5 X
107 M stock solution. Stock solutions of anions for the inter-
ference study were prepared by dissolving NaCl, Na,SO,,
NaNO; and K,HPO, in deionized water. All other reagents and
solvents used were of guaranteed reagent grade.

Instruments

The fluorescence spectra were recorded on a Hitachi F-3000
fluorescence spectrophotometer at a band path of 3 nm for
both excitation and emission. Absorption spectra were
recorded on a Hitachi U-3310 spectrophotometer with 1 cm
quartz cells.

Spectral measurements

Typically, 50 pl of 5 x 107° M [Zr(H,0),edta]-2H,0, 5 ml of
5 x 107° M flavonol solution and 250 pl of 1 M acetate buffer
solution (pH 5) were added to solutions of various fluoride ion
concentrations. The mixture was made up to 25 ml with deion-
ized water and used for the absorption and fluorescence spectra.
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