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Complexes of tetravalent metal ions with chromogenic chelating reagents having only one methyliminodiacetate group 
ortho to OH group were examined for spectrophotometric or fluorometric determination of fluoride. Zirconium(IV) 
and hafnium(IV) were superior to thorium(IV) as a central metal ion. Three triphenylmethane dyes showed comparable 
sensitivities. Although two azo dyes had lower blank values and higher sensitivities than triphenylmethane dyes, further 
modification involving enhancement of solubilities is required for practical use. Zirconium(IV) complex of a new 
fluorescent reagent derived from sulfonefluorescein showed an increase in fluorescence intensity on the reaction with 
fluoride. The mechanism of this change in spectroscopic properties is discussed.
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 A new spectrophotometric method for fluoride ion 
using the zirconium(IV) complex of Semi-Xylenol 
Orange (SXO) was recently developed from a systematic 
examination of various chromogenic chelating reagents.' 
An equilibrium study on this ternary system with a 
fluoride ion-selective electrode (F-ISE) demonstrated 
formation of a mixed-ligand complex. A partly hydro-
lyzed Zr(IV)-SXO complex with only methyliminodiace-
tate (mida) group bound to the metal center reacts with 
fluoride to cause the deprotonation and coordination of 
a phenol group, giving rise to color intensification. On 
the other hand, the Zr(IV) complex of Xylenol Orange 

(XO) having two mida groups showed a low affinity to 
fluoride and caused little absorbance change. This 
suggests the importance of only one mida group ortho to 
an OH group within a molecule for such reactions. 

 In this work, several compounds [Semi-Methylthymol 
Blue (SMTB), Semi-Methylxylenol Blue (SMXB), Semi-
Bromocresol Orange (SBCO), Methylnaphthol Orange 

(MNO), Naphthol Violet (NV); Fig. 1] belonging to this 
category of organic reagents have been examined for the 
validity of the hypothesis and improvement in sensi-
tivities of spectrophotometric determination of fluoride. 
The effect of central metal ions other than Zr(IV) has also 
been studied. 
 For fluorometric determination of fluoride, more than 

ten reaction systems have been proposed. They cause a 
decrease in fluorescence intensity by substitution reac-
tions, except for zirconium(IV)-4-methylumbelliferone-
8-methyleneiminodiacetic acid (Zr-Calcein Blue, CB) 
complex, which shows an increase due to mixed-ligand 
complex formation.2 Other fluorophores with the same

Fig. 1 Chelating reagents used in this study.
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set of coordinating groups as CB and SXO might also be 
used. For the purpose of verifying this point, a new 
reagent, here named Semi-Sulfocalcein (SSC; Fig. 1), 
has been synthesized by Mannich condensation using 
sulfonefluorescein(SF), and its Zr(IV) complex has been 
examined as a fluorometric reagent for fluoride. 
Finally, the reactions of Zr(IV)-SSC and Zr(IV)-CB with 
fluoride have been studied and compared with that of 
Zr(IV)-3, 5-dimethyl-2-hydroxyphenylmethyliminodi-
acetic acid (X), which is one of the simplest compounds of 
this group.

Experimental

 Chromogenic reagents such as SXO, SMTB, SMXB, 
MNO and NV were prepared as described previously.3~' 
Two new reagents, SBCO and SSC, were similarly 
synthesized from Bromophenol Red and sulfonefluores-
cein, respectively. These compounds except NV were 
chromatographically purified at least twice with cellulose 

powder as a stationary phase and BuOH/CH3COOH as 
a mobile phase, to separate from the starting material and 
corresponding bis(mida)-type compounds. In the syn-
thesis of SSC, several by-products, which might differ in 
number and position of mida groups, were found; a 
major species was fractionated. Reversed-phase HPLC 
using an ODS-column as a stationary phase and an 
CH3CN/H20 solution of tetrabutylammonium bromide 
as a mobile phase indicated the presence of only one 
component in this fraction. The structure has not been 
identified completely but was reasonably assigned as 

given in Fig. 1, from the chemical similarity to the other 
compounds. Since NV was decomposed on evaporat-
ing the eluted fraction, it was purified by repeated 
precipitation with an acid. 
 Purity of the reagents was also checked by following 

the spectral change on the dissociation of a phenolic 
hydroxy group. Discrete isosbestic points were ob-
served for all the reagents except MNO. Protonation 
constants obtained from the absorbance change agreed 
well with those in literature for SXO, SMTB and SMXB 
(Table 1).5'89 The pKa's of SBCO and NV were 
determined for the first time. For NV, 20% dioxane was 
used and readings of a pH meter, which was calibrated 
with aqueous buffers, were used without any correction. 
In the case of MNO, a complicated spectral change was 
observed, which may be ascribed to the surface-active 
nature of this reagent. The concentrations of these 
reagent solutions were determined by using the reaction 
with Cu(II); this also gave clear isosbestic points. 
 Zirconium(IV) and hafnium(IV) stock solutions were 

prepared as described elsewhere.lo,ll All the solutions 
for both stocking and measuring were carefully prepared 
so as not to cause irreversible hydrolysis. Spectroscopic 
and potentiometric measurements were performed as 
described previously.l

Results

General behavior of spectrophotometric systems 
 Using Zr-SMXB as a typical example, we describe the 

general behavior of reaction systems for spectrophoto-
metric determination of fluoride. When varying 
amounts of Zr(IV) (Czr=O - 2X10-5 mol dm 3) were re-
acted with a fixed concentration of SMXB (CSMXB= 
1X10-5 mol dm 3) at pH 2.25, the absorbance at 575 nm 
reached the maximum at Czr/ CsMxB=0.5 (Fig. 2). At 
this ratio where two SMXB ligands may coordinate to 
one Zr(IV) center, both mida and phenolate groups are 
utilized to form fully colored complexes. At Czr/ 
CL=1.0, on the other hand, the absorbance is much lower 
than the maximum. Since a 1:1 complex, ML is 
coordination-unsaturated, a portion depending on pH 
hydrolyzes to form less colored complexes. This is 
more clearly shown by the pH dependence of absorption 
spectra of 1:1 mixtures (Fig. 3a). A strong absorption 
around 565 nm found at pH 0.35 diminishes with the 
increase in pH up to 4. When fluoride was added to this 
mixture at pH 2.25, the absorbance recovered linearly 
with its concentration up to 10-5 mol dm 3 (Fig. 3b); in a 
higher region, it reached a maximum and then decreased 
due to the substitution reaction of SMXB with fluoride. 
The best conditions were found out for each system by 
measuring the absorbance of a 1:1 mixture (CML=10-5 
mol dm-3) in the presence (CF=0.5X10-5 mol dnr3) and 
absence of fluoride at varying pH values (Fig. 4).

Comparison of spectrophotometric systems 
 Performances of three metal ions were compared using 

SXO as a chromogenic reagent (Figs. 4a - c, Table 1). 
Hafnium(IV) showed similar behavior to zirconium(IV)

Fig. 2 Molar ratio plots for the reaction between Zr(IV) and 
 SMXB and that between Th(IV) and SXO. CsMXB=Csxo= 
 10-5 mol dm_.3. Reaction system, wavelength/nm, pH: (0) 

 Zr(IV)-SMXB, 575, 2.25; (~) Th(IV)-SXO, 530, 4.0.
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whereas thorium(IV) was quite different from these two 
metal ions in this respect. First, the maximum col-
oration attained at CTn/ Csxo=0.5 in the binary system 
was kept at a higher ratio (Fig. 2). This agrees with the 
successive formation of ThL and ThL2 complexes with 
molar absorptivities of 1: 2 and implies that the ThL-type 
complex has less tendency to hydrolyze. Second, a 
decrease in absorbance rather than an increase was 
observed by the addition of fluoride at pH around 2 

(Fig. 4c). Only a slight increase was observed at higher 
pH of 4.5. Thorium is not suited for this purpose. 
 Performances of chromogenic chelating reagents were 

compared using Zr(IV) as a central metal ion (Table 1). 
Among triphenylmethane dyes (Figs. 4a, d - f), SBCO 
showed quite different behavior in both binary and 
ternary systems, probably because of the difference in 
pKa value. The others, SMTB and SMXB, showed 
sensitivities substantially equal to or slightly less than 
that of SXO. Slow decomposition of the reagent was 
observed for Zr-SMTB. Azo compounds, on the other 
hand, had lower blank values and higher sensitivities at

slightly lower pH values than triphenylmethane dyes 

(Figs. 4g, h, Table 1). Unfortunately, however, these 
reagents have some drawbacks, such as low solubility and 
low stability of binary systems. Addition of cationic, 
neutral or anionic surfactants never improved these 
drawbacks. Further structural modification is nec-
essary for practical use.

Fluorometric systems 
 Absorption spectra of SSC were dependent on pH 

between 1- 8. Recently, the crystal structure and acid-
base equilibria of sulfonefluorescein, which corresponds 
to the fluorescent core of SSC, have been elucidated.12,13 

The neutral form of SF has two phenol groups with 

partial quinonoid structure contribution in solid. The 
pKa values for these phenol groups are 3.10 and 6.25, 
respectively. The spectral change of SSC with pH was 
consistent with these results on SF. 
 Zirconium(IV) complexes of SSC were stable over a 

wide pH range. The absorption maximum gradually 
shifted from 450 to 500 nm by the increase in pH. No

Fig. 3 Effects of pH (a) and F- (b) on the absorption spectra in Zr-SMXB system. 
 Czr=CMxB=10-5 mol dm 3. (a) pH: (1) 0.35, (2) 1.29, (3) 1.84, (4) 2.33, (5) 4.41, 

 (6) 4.48, (7) 5.97, (8) 7.51, (9) 9.08. (b) pH=2.25; CF/mol dm-3: (1) 0, (2) 5X10-6, 
 (3) 10-5, (4) 5X105.

Table 1 Reagent systems for spectrophotometry of F-

a. Phenolic hydroxy group. 

g. Complicated equilibria.

 b. Sandell sensitivity. 
h. 20% dioxane solution.

C. Linear calibration range. d. Ref. 8. e. Ref. 9. f. Ref. 5.
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Fig. 4 Plot of apparent molar absorptivity vs. pH in the presence and absence of fluoride. CM=CL=10-5 
 mol dm-3. CF/mol dm 3: (Lx) 0, (0) 5X10-5. Reagent system, wavelength/nm: (a) Zr-SXO, 530; (b) Hf-SXO, 

 532; (c) Th-SXO, 530; (d) Zr-SMTB, 565; (e) Zr-SMXB, 565; (f) Zr-SBCO, 475; (g) Zr-MNO, 585; (h) Zr-NV, 
 632.
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spectral change was observed by the addition of fluoride 
at any pH. In fluorescence spectra, on the contrary, an 
appreciable change was observed (Fig. 5). When a 1:1 
mixture of Zr(IV) and SSC at 10-6 mol dm 3 was excited 
at 475 nm, fluorescence centered at 510 nm was observed. 
At higher pH, the intensity of emission spectra decreased. 
With addition of an equivalent amount of fluoride, the 
intensity of emission decreased at pH 1. At pH 2 and 3, 
the fluorescence increased up to CF=5X 10-6 mol dm 3 
and decreased at higher than 10-5 mol dm3 (Fig. 5). At 

pH>4 or in the presence of 2-fold SSC, no change in 
fluorescence intensity was observed. This is the second 
example of a fluorescence increase by the addition of 
fluoride, but the sensitivity was almost half that of the Zr-
CB (pH 2.5, Czr/ CL=1.0) system.2

Mechanism of fluorescence enhancement 
 The Zr-SSC (1:1) and Zr-CB (1:1) complexes were 

titrated potentiometrically with potassium fluoride at 
various -log[H+] (1.6-2.5) and Cc (10-4 - 3X 10-4 mol 
dm 3) values. The results are shown as nF versus -log 

[F-] in Fig. 6. The gradual increase in nF with a decrease 
in -log[F] indicates the formation of mixed-ligand 
complexes with F- in these systems. 
 The nF versus -log[F] plot depends both upon 

-log[H+] and Czr, indicating the change in protonation 
and polymerization degrees on this reaction. The 
conventional data treatment resulted in identifying the 
following reactions (charges of complexes are omitted).

ZrL + F- ZrLF K1

Fig. 5 Effect of F- on fluorescence spectra in Zr-SSC system. 
 2ex 475 nm. pH=3. Czr=CL=10-6 mol dm3. CF/mol dm3: 

 (1) 0, (2) 5X10-', (3)10-6, (4) 5X10-6, (5)10-5, (6)10-3.

Fig. 6. Plot of nF vs. -log[F] for Zr-SSC-F- (a), Zr-CB-F-

 (b) and Zr-X-F- (c) systems. (a) -log[H+]: (~) 1.7, (A, A) 
 2.0, (~) 2.2, (U) 2.5; CML/mol dm-3: (S, A, ~, •) 10-4, (A) 
 3X104. (b) -log[H+]: (•) 1.8, (A) 2.0, (A) 2.1, (/) 2.5; 

CML/mol dm-3: (•,A,•) 10-4, (A) 3X104. (c) -log[H] 
 2.0; CML/mol dm 3: (1) 10-4, (0) 3X10-4, (A) 10-3, (U) 
 2X10-3. Solid and dotted lines were calculated using the 
 constants obtained.
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ZrLF +F- ;== ZrLF2 
2ZrL +2OH- + 2H2O Zr2(OH)4(HL)2

K2 

K

The constants obtained are summarized in Table 2, 
which also includes those for Zr-SXO. In the last paper 
on Zr-SXO1, only K1 and Kwere calculated with the data 
of nF<0.6. In this work, all the data were included to 

give K2 as well as K1 and K. The constants obtained 
resemble each other and the same reaction as in the case 
of Zr-SXO is operative to the fluorescence enhancement. 
 The zirconium(IV) complex of X, which is the simplest 

compound having one mida group ortho to OH group, 
was also subjected to the same measurement (Fig. 6c). 
The nF versus -log[F] diagram depends on -log[H] but 
not on Czr over a wider range (10-4 - 2X103 mol dm 3). 
Thus the polymerization degree does not change on the 
reaction of Zr-X with fluoride.

Discussion

 Ternary systems consisting of one metal ion and two 
ligands which have been used for various analytical 

purposes may be classified into three groups. The first 
takes advantage of the catalytic effect on the com-

plexation reaction14, the second the exchange reaction 
giving negative signals 15, and the third the mixed-ligand 
complex formation giving positive signals.l6-18 The 

third method generally suffers from less blank signals and 
has better reproducibility, but only a few have been 
known for monodentate anions. When residual water 

molecules on the metal complex of a chromogenic 
reagent are replaced by such anions to form a mixed-
ligand complex, its effect on the electronic structure of 
the reagent via a central metal ion is not large enough to 
cause a drastic change in spectral characteristics. Only 
the reagents like porphyrins having a narrow absorption 
band might be used for spectrophotometric determina-
tion of anions.19 Slight shifts of broad bands found in 
common complexes like Cu(II)-PAN cannot be used for 
such purposes.20 
 The reaction with fluoride in this study is essentially 

different from these simple reactions. Central metal 
ions of parent complexes react with hydroxide ions with 
concomitant detachment and protonation of a coor-
dinated phenolate group in acidic media.

Zr2(OH)4(HL)2 + 2F- 2ZrLF + 2OH- + 2H2O

On the reaction with fluoride, a phenolic OH group is 
deprotonated and coordinated to form mixed-ligand 
complexes having spectral characteristics similar to the 

parent complex. Dimerization of hydrolyzed species 
may also contribute to the change. In a survey of the 
literature, only one example was found, which might be 
based on a similar reaction mechanism, i.e. spectro-

photometry of halides and pseudohalides with Hg(II)-
methylthymolblue complex.21-23
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Table 2 Equilibrium constants for Zr-L-F- systems


