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a b s t r a c t

Three merocyanine dyes (two pyridiniophenolates and Brooker’s merocyanine) were dissolved in tri-
chloromethane in their protonated form, and their potential as anionic chromogenic chemosensors was
explored by adding various anions. The experimental data collected were treated considering a model
based on the proton transfer from the protonated dye to the anion. One of the dyes was used in the
development of an anionic colorimetric assay based on a trichloromethane–water biphasic system,
which was able to selectively detect cyanide among other anionic species.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The recognition and detection of anions is a field that has re-
ceived considerable interest due to the fact that these species play
a very important role in many chemical and biological processes.1

Therefore, many optical chemosensors have been developed to
perform selective anion detection visually and, in addition, to allow
the quantification of such species.2–5 Of the strategies used for the
development of anionic chemosensors, the most simple involves
the design of molecules that change color following an alteration in
their molecular structure due to their contact with anions. In this
case, the selectivity of the chemosensor toward an anion is related
to the fact that anionic species have differentiated capabilities to
interact with the receptor site in the chemosensor, for instance,
through hydrogen bonding (HB). In relation to this feature, the
observation made by Steiner6 should be considered, i.e., that all HB
processes should be characterized as incipient proton-transfer
processes and that for strong hydrogen bonds these reactions can
be found in a very advanced state.

These aspects have been observed in the past few years in the
development of anionic chromogenic chemosensors,7–10 particularly
x: þ55 47 3321 0512.
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for F�. The greater effect of this anion in comparison with other
anionic species is related to its smaller size, higher charge density,
and higher electron affinity. These important properties make F�

capable of forming a stronger interaction with, for instance, phenol
groups. The development of simple chemosensors for F� is of great
interest due to its importance in the clinical treatment of osteopo-
rosis, the role it plays as an environmental pollutant, and the dis-
eases related to its over-accumulation in the bones.11 Another
interesting target in terms of detection is CN�, an extremely toxic
anion, which is lethal in very small amounts due to its strong binding
to the active site of cytochromo-oxidase, which inhibits the mito-
chondrial electron-transport chain, leading to a decrease in the ox-
idative metabolism due to the non-use of oxygen.12 Besides its
recognized toxicity, CN� is used in the fishing, metallurgy, and
mining industries as well as in the fabrication of polymers. Also, it is
formed through hydrolysis in many foods, such as some fruit seeds
and roots.12 It is also important to emphasize that many chemical
warfare nerve agents deliver F� and CN�, through hydrolysis, such as
sarin, soman, and tabun,13 and this represents an important feature
in the development of chemosensors for detection of these
compounds.14

Merocyanine dyes are heterocyclic compounds which have
many applications15 and, among these compounds, two examples
are well known: Brooker’s merocyanine,16 4-[(1-methyl-4(1H)-
pyridinylidene)-ethylidene]-2,5-cyclohexadien-1-one (1a), and
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2,6-diphenyl-4-(2,4,6-triphenylpyridinium-1-yl)phenolate, known
as Reichardt’s betaine (2a).17–19 Many studies have been carried out
with these dyes due to the fact that they are solvatochromic, i.e.,
their UV–vis spectrum changes if the medium polarity is altered.17–19

The maximum absorption of 2a in different solvents represents the
basis of the Reichardt polarity parameter ET(30), one of the most
popular solvent polarity scales.17–19 Besides the classical applica-
tions of dyes 1a20,21 and 2a,10,17–19,20,22 which are based on their
perichromic properties, they have been recently used as signalizing
units in the development of chemosensors for anionic10,23 and
neutral24 analytes.

Hong and co-workers reported an F�-selective chromogenic
chemosensor based on the structure of azophenols able to interact
with anions through HB and on the basicity of the anions.25 More
recently, we have shown that pyridiniophenolate 2a in trichloro-
methane, after protonation at the phenolate oxygen atom in tri-
chloromethane, generates 2b, which acts as an anionic
chemosensor for F� and H2PO4

�.10 These anions are able to abstract
a proton from the phenol group in the protonated dye, which
makes its solutions colored. In its protonated form, it acts as an
anionic chemosensor for F� and H2PO4

�. Compound 2b was also able
to signal the presence of I�, through the complexation of the anion
with the pyridinium group.10

In this paper, compounds 1b and 2b were compared in the
presence of various anions using trichloromethane as the
solvent. Pyridiniophenolate 3a, 4-(2,4,6-triphenylpyridinium-1-
yl)phenolate, was also used in its protonated form with the
same aim, as well as in the construction of a CN�-selective
chemosensor based on a trichloromethane–water biphasic
system.
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2. Results and discussion

Dyes 1a–3a were initially dissolved in trichloromethane which
contained traces of water. A solution of 1a in the same solvent is
blue, displaying two absorption bands in the visible region, one
with lmax at 619 nm and a molar absorptivity of 2.28�
104 dm3 mol�1 cm�1, and another band with lmax at 579 nm and
a molar absorptivity of 1.47�104 dm3 mol�1 cm�1. This pattern is
typical for this dye in solvents with low polarity, as is the case of
trichloromethane, and this aspect has been well discussed.16f,26

A solution of 2a in this medium is green, having a solvatochromic
absorption band with lmax at 725 nm and a molar absorptivity of
5.48�103 dm3 mol�1 cm�1. Trichloromethane solutions of com-
pound 3a are deep blue, because of a charge-transfer band
exhibiting a lmax¼609 nm, with a corresponding molar absorp-
tivity of 3.98�103 dm3 mol�1 cm�1. Protonation of these com-
pounds makes solutions of 2b and 3b colorless and that of 1b pale
yellow. This is due to the disappearance of the solvatochromic
band, having a charge-transfer nature involving the phenolate
donor group and the pyridinium acceptor group in these dyes.
Figure 1 shows the effect of addition of different anions
(CN�, Cl�, Br�, I�, H2PO4

�, HSO4
�, NO3

�, and F�) to the colorless
solution of compounds 1b–3b. It can be observed that the ad-
dition of F� and CN� caused the reappearance of the color
characteristic of the dyes 1a–3a, while H2PO4

� caused the
reappearance of the color in the solutions of 2b and, although to
a lesser extent, also of 3b. None of the other anions caused the
reappearance of the original color typical of deprotonated dyes,
although some anions were responsible for the appearance of
yellowish colors in solutions of 2b (I�) and 3b (Cl� and I�) due
to charge transfer or HB phenomena. Figure 2 shows UV–vis
spectra of the compounds 1b–3b in the absence and in the
presence of the anions responsible for the alterations in the
color of the solutions. It can be verified for 2b that addition of
CN�, F�, and H2PO4

� caused the reappearance of the sol-
vatochromic band of the deprotonated dye, and that using the
same concentration of each anion, the effect of the anions fol-
lows the order: CN�>F�>H2PO4

�. For solutions of 1b, only CN�

and to a lesser extent F� were responsible for the reappearance
of the solvatochromic band typical of the deprotonated dye.
Finally, compound 3b provided the same order observed for
solutions of 2b.

Figure 3 shows the relative absorbance values for solutions of
1b–3b in the presence of F�, CN�, and H2PO4

� anions. The highest
absorbance values found for protonated dyes were in the pres-
ence of CN�, followed by F�. While H2PO4

� caused a small in-
crease in the solvatochromic band of the pyridiniophenolates, no
effect was observed on addition of this anion to the solution
of 1b.

It has been observed that dye 2a is preferentially solvated by
the hydroxylic component in mixtures of trichloromethane with
alcohols due to HB between the alcohol and the phenolate do-
nor group in the dye.27 In addition, another recent study has
shown that the addition of methyl-b-cyclodextrin to a solution
of dye 2a in trichloromethane leads to a significant hyp-
sochromic band shift due to a strong cyclodextrin–dye in-
teraction by means of HB.20b Thus, our experimental results
indicate that a full proton transfer from the protonated dye to
the anion occurs, since a hydrogen-bonded interaction alone,
involving the protonated dye and the anion, would lead to
a visible band corresponding to a hypsochromic shift in relation
to the deprotonated dye.
2.1. Titration of protonated dyes with the anionic species

Compounds 1b–3b were titrated in trichloromethane with the
anions able to change the color of the solutions. The absorbance
values for solvatochromic bands of the deprotonated dyes were
plotted as a function of the concentration of the anion added and
the experimental data were fitted with the use of Eqs. 1–4,28–30

which relate to the following situations according to different dye–
anion stoichiometries:

Case 1. 1:1 stoichiometry

Abs ¼ Abso þ ðAbs11 � AbsoÞ=2Cdye

�
Cdye þ CA� þ 1=K11
�
h�

Cdye þ CA� þ 1=K11

�2
� 4CdyeCA�

i1=2
�

ð1Þ

Case 2. 1:3 stoichiometry

Abs ¼
h
Abso þ Abs13K13C3

A�
i
=
h
1þ K13C3

A�
i

(2)



Figure 1. Solutions in trichloromethane of (a) dyes 1a–3a, (b) 1b–3b, and protonated dyes in the presence of (c) CN�, (d) Cl�, (e) Br�, (f) I�, (g) H2PO4
�, (h) HSO4

�, (i) NO3
�, and (j) F�,

as tetra-n-butylammonium salts. For concentrations of dyes and anions, see the text.
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Case 3. 1:1 and 1:2 stoichiometries

h i

Abs ¼ Abso þ Abs11K11CA� þ Abs12K11K12C2

A� =h i

1þ K11CA� þ K11K12C2

A� ð3Þ

Case 4. 1:1 and 1:3 stoichiometries

Abs ¼
h
Abso þ Abs11K11CA� þ Abs13K11K13C3

A�
i
=h

1þ K11CA� þ K11K13C3
A�
i

(4)

In these equations, Abs is the absorbance value after each addi-
tion of the anion, Abso is the initial absorbance without anion
added, Abs11, Abs12, and Abs13 are the maximum absorbance
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Figure 2. UV–vis spectra for trichloromethane solutions of dyes 1a–3a at 25 �C. (A) dye 1a (
the presence of CN� (c), F� (d), and H2PO4

� (e). (C) dye 3a (a), 3b (b), and 3b in the presence
values obtained by addition of the anion considering 1:1, 1:2, and
1:3 dye–anion stoichiometries, Cdye is the concentration of the
dye, CA� is the concentration of the anion in each addition, and
K11, K12, and K13 are the binding constants.31 The results are given
in Table 1 and show very good fits for all systems studied
(SD<6.0�10�4).

Figure 4 shows a sequence of UV–vis spectra for a titration of
1b with F�. It can be noted that after the addition of this anion
the solvatochromic bands of the dye appear at 579 nm and at
619 nm, with the simultaneous disappearance of the band at
396 nm. An isosbestic point at 462 nm can also be observed,
suggesting an equilibrium between protonated and deproto-
nated dyes. A plot of the absorbance values at 619 nm as
a function of the F� concentration displayed a behavior typical
of a 1:1 protonated dye–anion stoichiometry (inset in Fig. 4). A
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of CN� (c), F� (d), and H2PO4

� (e). For concentrations of dyes and anions, see the text.



0.0

0.2

0.4

0.6

0.8

1.0

Dye 3Dye 2

CN- F-

R
e

l
a

t
i
v

e
 
A

b
s

o
r
b

a
n

c
e

H2PO-
4 CN- F- H2PO-

4 CN- F- H2PO-
4

Dye 1

Figure 3. Relative absorbances for compounds 1b ( ; 1.8�10�5 mol dm�3), 2b
( ; 1.3�10�4 mol dm�3), and 3b ( ; 2.5�10�4 mol dm�3) in trichloromethane,
with the addition of each anion in the concentration of 1.5�10�4 mol dm�3 for 1b,
1.5�10�3 mol dm�3 for 2b, and 1.0�10�3 mol dm�3 for 3b.

400 500 600 700
0.0

0.1

0.2

0.3

0.4

0.5

0 1 2 3 4
0.0

0.1

0.2

0.3

0.4

0.5

A
b

s
o

r
b

a
n

c
e

A
b

s
o

r
b

a
n

c
e

Wavelength/nm

[F
-
 ]/[dye]

Figure 4. Influence of the addition of increasing amounts of F� on the UV–vis spectra
of 1b (1.8�10�5 mol dm�3) in trichloromethane at 25 �C. The final concentration of F�

was 1.1�10�4 mol dm�3. The inset displays a mole ratio plot for the interaction of 1b
with F�, which clearly indicates a 1:1 dye–anion stoichiometry.
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fitting of the experimental data based on the use of a treatment
described by Valeur and co-workers28 gave a binding constant
of (7.51�0.66)�104 dm3 mol�1. Compound 1b was also titrated
under the same conditions with CN�, and it was observed that
the first part of the experiment was similar to that observed for
the titration with F�, with the appearance of the bands typical
of a deprotonated dye. A maximum in absorbance at 619 nm
was verified with addition of the anion for a concentration
nearly 5 times in excess of the dye concentration. Thereafter,
the addition of CN� led to a decrease in the maximum absor-
bance, probably due to a reaction between the deprotonated
dye and the anion.32

The UV–vis spectra in Figure 5 show the behavior of 2b dis-
solved in trichloromethane during the addition of CN�. It can be
seen that the addition of the anion led to the appearance of a band
with a maximum at 380 nm and the simultaneous appearance of
the solvatochromic band of the deprotonated dye at 725 nm. An
increase in absorbance occurs, but the anion concentration re-
quired for the full deprotonation of the dye is nearly 15 times
greater than the dye concentration, suggesting that other events
occur before the abstraction of the phenolic proton. A plot of the
absorbance values at 725 nm as a function of CN� concentration
(see inset in Fig. 5) shows a behavior typical of a 1:3 protonated
Table 1
Calculated binding constants for the interaction of compounds 1b–3b with F�, CN�, and

Compound Anion K11/dm3 mol�1

1b F� (7.51�0.66)�104

2b F� (7.08�4.03)�107 a

2b H2PO4
� (5.61�0.14)�104 a

2b CN� d

3b F� d

3b F� b (5.92�1.42)�103

3b F� c (7.69�4.15)�103

3b CN� d

3b CN�(biphasic system) (2.15�0.21)�103

a From Ref. 10.
b With 6 times excess of iodide.
c Experiment made in presence of 2% (v/v) methanol.
dye–anion stoichiometry and a fitting of the experimental data
gave a binding constant of (1.81�0.91)�109 dm9 mol�3.

Figure 6 shows the UV–vis spectra of the titration of 3b with
CN�. It can be observed that in the first step of the experiment
there is a significant increase in the absorbance values in the
range of 400–441 nm, with the occurrence of a bathochromic
band shift up to 441 nm. Absorbance at this wavelength then
decreased, with the simultaneous appearance of the sol-
vatochromic band of 3a with a maximum at 609 nm. The occur-
rence of an isosbestic point at 497 nm was also detected, which
suggests an equilibrium situation. Figure 6B represents these two
main features of the titration, by means of two data sets on the
influence of CN� addition on the absorbance at 441 and 609 nm.
From this latter curve it was possible to calculate the value of
K13¼(1.47�0.04)�1010 dm9 mol�3.

Titration of 3b with F� (not shown) is very similar to that with
CN�, giving a slightly larger K13 of (4.68�0.10)�1010 dm9 mol�3.
According to the titration profiles obtained with these two anions it
is possible to note three distinct trends, and thus to separate the
UV–vis spectra set into three steps, as shown in Figure 7 with F� as
the anionic species. In the first step (Fig. 7A), the absorbance in-
crease occurs close to 400 nm, with small bathochromic band
shifts, while in the second step (Fig. 7B) a bathochromic band shift
occurs up to 441 nm with a significant increase in absorbance in
this region. Finally, in the last step of the process (Fig. 7C), the ab-
sorbance decreases at 441 nm with a simultaneous increase at
609 nm and with an isosbestic point at 497 nm.
H2PO4
�

K12/dm6 mol�2 K13/dm9 mol�3 SD

d d 2�10�5

d d 5�10�5

d d 7�10�5

d (1.81�0.91)�109 2�10�4

d (4.68�0.10)�1010 4�10�5

d (1.06�0.07)�107 3�10�5

(8.27�0.27)�102 d 1�10�5

d (1.47�0.04)�1010 5�10�5

d (3.46�1.54)�104 2�10�4
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2.2. Interaction of 3b with CNL in a biphasic system

Dyes 1a–3a have low solubility in water which, in principle,
could be advantageous in the development of an anionic chromo-
genic sensing set based on a trichloromethane–water biphasic
system. The rationale here is based on the fact that basic anions in
the aqueous phase would abstract a proton of the protonated dye in
the organic phase, leading to a change in the color of this phase.
Thus, some preliminary experiments were performed with pro-
tonated dyes in trichloromethane–water in the absence of anions.
Under these conditions, it was observed that 3b remained pro-
tonated, while 1b was partially transferred toward the aqueous
phase and compound 2b underwent deprotonation in the absence
of the anions. Addition of tetra-n-butylammonium hydroxide to the
aqueous phase of the biphasic system containing 3b, followed by
stirring, led to the appearance of color in the organic phase corre-
sponding to the deprotonated dye. A UV–vis spectrum was taken
and shows a solvatochromic absorption band with a maximum at
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Figure 6. (A) UV–vis spectra of 3b (2.5�10�4 mol dm�3) in trichloromethane at 25 �C after
and 441 nm ( ) of 3b with the addition of increasing amounts of CN�. The final concent
with Eq. 2.
575 nm. Comparison with the data obtained in pure trichloro-
methane indicates a hypsochromic band shift of Dl¼34 nm, which
can be explained by the fact that the organic phase in the biphasic
system is saturated with water,33 and the hydroxylic component
preferentially solvates the deprotonated dye. The presence of color
in the organic phase was then observed with 3b by adding anions to
the aqueous phase. Addition of NaCN caused the appearance of the
solvatochromic absorption band of 3a (Fig. 8). It was also verified
that, after stirring the phases, only CN� led to a colored organic
phase, while F� and H2PO4

� did not cause any alteration in the
system (see inset in Fig. 8).

Figure 9 shows a plot of the absorbance values at 575 nm as
a function of the CN� concentration, taken from the spectra of Figure 8.
The data were fitted by means of Eq. 4, which is used for 1:1 and 1:3
dye–anion stoichiometries, giving K11¼(2.15�0.21)�103 dm3 mol�1

and K13¼(3.46�1.54)�104 dm9 mol�3. In order to check the function-
ality and reproducibility of the experimental conditions of this cali-
bration curve, tests were carried out by adding CN� to systems where
other anions were absent as well as in the presence of F� and H2PO4

� at
the same concentrations. It was observed that the effect of the presence
of F� is minimal in relation to the presence of only CN� in the medium,
while the presence of H2PO4

� caused a reduction in the absorbance
value at 575 nm, hindering the quantitative analysis (see inset in Fig. 9).
This latter result is due to the fact that H2PO4

� and HPO4
2� coexist in

equivalent proportions at pH 7.23,34 and these species are sufficiently
acidic to protonate a fraction of CN� anions in solution. Finally, a bi-
phasic system was prepared again mixing 3b in trichloromethane, at
the same concentration used to construct the calibration curve, with an
aqueous NaCN solution in a concentration of 5.0�10�4 mol dm�3. The
mixturewas stirred and the UV–vis spectrumwas then obtained for the
organic phase. The absorbance value collected at 575 nm was used to
calculate the CN� concentration, using the equation from the calibra-
tion curve, and it confirmed the concentration of this anion in the
system.

2.3. Behavior of protonated dyes in the presence of the anions

Table 1 compares the binding constants obtained for the in-
teraction of the protonated dyes with the anions. The experimental
data show that H2PO4

� is sufficiently basic to abstract a proton from
2b but was unable to deprotonate 1b and had little effect in the
deprotonation of 3b.35 In addition, comparison between the K11
B

0 2 4 6 8 10 12 14
[CN

-
]/10

-4
 mol dm

-3

addition of increasing amounts of CN�. (B) Variation in the absorbance at 609 nm (-)
ration of CN� was 1.4�10�3 mol dm�3 and experimental data at 609 nm were fitted



0.0

0.1

0.2

0.3

0.4
CB

A
b

s
o

r
b

a
n

c
e
 

Wavelength/nm

A

0.0

0.1

0.2

0.3

0.4

0.5

0.6

400 500 600 700 400 500 600 700400 500 600 700

0.0

0.1

0.2

0.3

0.4

Figure 7. UV–vis spectra of 3b (2.5�10�4 mol dm�3) in trichloromethane at 25 �C after addition of increasing amounts of F�. (A) UV–vis spectra of the first part of the titration, with
the concentration of F� varying between zero and 1.0�10�4 mol dm�3. (B) UV–vis spectra of the second part of the titration, with the concentration of F� varying between
1.2�10�4 mol dm�3 and 2.4�10�4 mol dm�3. (C) UV–vis spectra of the latter part of the titration, with the concentration of F� varying between 2.6�10�4 mol dm�3 and
2.6�10�3 mol dm�3.

L.M. Zimmermann-Dimer et al. / Tetrahedron 65 (2009) 4239–42484244
values for 1b and 2b shows a larger K11 value for 2b. This suggests
that 2b is more acidic than the other protonated merocyanines. In
the literature the pKa value for compound 1a in water is reported as
being 8.3736 or 8.54.37 For compound 2b, a similar pKa value of 8.6
was obtained in aqueous solution.38 Transferring these compounds
from water, a hydrogen-bond donating (HBD) solvent, to a non-
HBD medium or to a solvent with a low ability to act as an HBD will
cause a change in their pKa values because, while water is able to
solvate the phenolate moiety through HB, these latter interactions
are weaker or absent in the other media. Thus, in these non-
aqueous media, the molecular structure of the conjugated base is
crucial in order to stabilize its negative charge. Hajdu and Smith
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Figure 8. UV–vis spectra of 3b (2.5�10�4 mol dm�3) in trichloromethane at 25 �C, in
a trichloromethane–water biphasic system, after addition of increasing amounts of
NaCN in water, with a final concentration of the salt of 5.7�10�3 mol dm�3. The inset
shows solutions of deprotonated (a) and protonated (b) dyes in the absence of CN� and
biphasic systems with protonated dye in trichloromethane in the presence of
NaCN (c), NaF (b), and KH2PO4 in the aqueous phase, in a concentration of
1.0�10�3 mol dm�3.
discussed this aspect with some classical examples39,40 and the
effect of the medium and also of the molecular structure on the pKa

values of phenols was shown in a recent paper.41 With respect to
compounds 1b–3b, the only pKa value available in the literature for
a non-HBD solvent was collected in acetonitrile by Coleman and
Murray for compound 2b (pKa¼22.1�0.2).42 Thus, an experiment
was performed by titrating with F� a mixture of compounds 2b and
3b, in trichloromethane, both in the same concentration
(2.0�10�4 mol dm�3). It was verified that the addition of the anion
in the concentration range between zero and 5.2�10�3 mol dm�3

caused only the deprotonation of 2b, which was evidenced by the
appearance of a band at lmax¼709 nm, turning the solution green.
Successive additions of the anion in concentrations of
5.3�10�3 mol dm�3 up to 0.1 mol dm�3 caused a hypsochromic
shift from lmax¼709 nm to lmax¼652 nm with formation of a large
band, forming a blue colored solution, typical of dye 3a. This band
with lmax¼652 nm corresponds to the merging of the bands of dye
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Figure 9. Calibration curve for the titration of 3b (2.5�10�4 mol dm�3) in a trichloro-
methane–water biphasic system at 25 �C with the addition of increasing amounts of
NaCN in the aqueous phase. Experimental data were collected at 575 nm. The inset
shows UV–vis spectra at 25 �C of the organic phase in the biphasic system for: (a) 3b;
(b) NaCN; (c) NaCN and NaF; and (d) NaCN, NaF, and KH2PO4. All salts were added to
the aqueous phase in a concentration of 5.0�10�4 mol dm�3.
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2a (lmax¼725 nm) and of dye 3a (lmax¼609 nm) in the same con-
centration. Thus, this experiment demonstrates that, in trichloro-
methane, 2b is more acidic than 3b.

The preference of the protonated dyes for CN�, F�, and to a lesser
extent, H2PO4

� (in the case of 2b and 3b) over other studied anions
is due to the high basicity of these species, enabling them to
strongly interact with the phenol group in the chemosensors. This
explanation has been put forward in other studies on anion phenol-
based chromo- and fluorogenic chemosensors exhibiting very high
selectivity toward F� in comparison to other anions.7–10,23,25

The results show that various stoichiometries can be obtained
for the studied systems depending on the protonated dye, the
medium, and the anion used. Scheme 1 shows different behaviors
of the compound 2b, which can be generalized and applied to the
other dyes. If the dye–anion stoichiometry is 1:1, the anion is suf-
ficiently basic to completely abstract the proton and generate the
deprotonated dye. The experimental conditions that favor this
profile are a very acidic dye, a basic anion, and a medium able to
solvate both the anion (to a lesser extent) and the deprotonated dye
(to a greater extent). Another possible stoichiometry requires two
anion species for each protonated molecule to generate the
deprotonated dye. In this situation, which is discussed in some
studies in the literature,8,9,43,44 firstly the anion forms a hydrogen-
bonded complex with the protonated dye, weakening the H–O
bond in the compound. The addition of the second anion then leads
to abstraction of the proton, with formation of an [HA2]� complex,
such as the [HF2]� species whose formation and stability have been
verified by theoretical studies.45 As a new feature in relation to
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Figure 10. (A) UV–vis spectra of 3b (2.5�10�4 mol dm�3) in trichloromethane with metha
absorbance at 547 nm (-) of 3b with the addition of increasing amounts of F�. The final con
with Eq. 3.
other chromogenic systems based on proton transfer found in the
literature, in our study we obtained not a 1:2 but a 1:3 dye–anion
stoichiometry for the experimental conditions less favorable to
proton transfer. Recently, we have observed that compounds 1b–3b
showed a similar behavior in acetonitrile.46 Thus, the data suggest
that the anion would firstly form an ion pair with the pyridinium
group and after that a second equivalent of the anion would be used
to form a hydrogen-bonded complex. Finally, a third equivalent of
the anion would be needed for the abstraction of the proton, with
formation of an [HA2]� complex. In order to obtain further exper-
imental evidence for this proposal, two experiments were carried
out. In the first experiment, a solution of compound 3b in tri-
chloromethane with a 6-fold excess of I� was titrated with F�. It is
well known that N-alkyl pyridinium cations can form ion-pair
charge-transfer complexes with I� in solution.10,47 Thus, it would be
expected that the presence of I� would compete with F� for the
pyridinium center, promoting a change in the stoichiometry of the
process. The experiment revealed that this effectively occurred,
with the dye–anion stoichiometry of the process changing from 1:3
to both 1:1 and 1:3 (Table 1). In addition, a reduction in the mag-
nitude of the K13 value was observed with the addition of I�.

Another experiment was carried out to investigate the possi-
bility of the interaction of the anion with the pyridinium center of
the compound involved in the titration of 3b with F� in trichloro-
methane in the presence of 2% (v/v) of methanol. It was observed
here that addition of the anion resulted in an increase in the sol-
vatochromic band of 3a with lmax¼547 nm (Fig. 10A).48 Absorbance
values were taken at this wavelength and plotted as a function of
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centration of F� was 6.1�10�3 mol dm�3 and experimental data at 547 nm were fitted
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the anion concentration (Fig. 10B). A change in the shape of the
titration curve was verified, corresponding to a change in the dye–
anion stoichiometry from 1:3 in pure trichloromethane to 1:1 and
1:2 in the trichloromethane–methanol mixture. This occurred be-
cause the alcohol preferentially solvates the charged species
inhibiting the electrostatic interactions between the pyridinium
moiety and the anion.

The experimental data demonstrate that although 3b in tri-
chloromethane is selective toward CN�, F�, and H2PO4

� in relation to
the other anions employed, the trichloromethane–water biphasic
set with the same protonated dye in the organic phase makes the
system very selective toward CN�. The reason for this selectivity is
related to the fact that the free energies of hydration for H2PO4

�

(�465 kJ mol�1) and F� (�465 kJ mol�1) are high in comparison to
that observed for CN� (�295 kJ mol�1).34,49 Thus, water strongly
preferentially solvates H2PO4

� and F�, and these hydrated species
become less capable of acting as bases. Since CN� is less hydrated in
the presence of water, this anion is more ‘naked’ and therefore acts
more readily as a base, promoting the abstraction of the proton
from the protonated dye in the organic phase. The influence of
water in reducing the action of F� as a base is also known.50 The
contact of trichloromethane with water makes the protonated
compound more acidic, since water stabilizes the deprotonated dye
through HB. This explains the fact that, in the mixtures of 3b with
CN� in the biphasic system, the presence of water causes a change
in the dye–anion stoichiometry from 1:3 to 1:1 and 1:3.

3. Conclusions

The ability of the compound 1b to recognize CN� and F� more
readily than H2PO4

�, as compared with the system assembled with
2b, and to a lesser extent with 3b, suggests that 1b is less acidic
than the protonated pyridiniophenolates. This may be related to the
fact that dye 1a and compounds 2a and 3a are structurally different,
although with the same donor and acceptor groups in their struc-
ture. In a solvent such as trichloromethane, the role of the structure
of the conjugate base is crucial in order to promote the stabilization
of the negative charge on the phenolate group. This observation can
help to explain the differences verified for these systems with re-
spect to the addition of the anionic species.

An understanding of these systems in trichloromethane allowed
the study of a simple chromogenic chemosensor based on a bi-
phasic system with 3b in the organic phase. This set was able to
detect selectively CN� in aqueous media and the experimental data
obtained are in agreement with the results recently described by
Raymo and co-workers.51

An aspect common to the chromogenic chemosensors pre-
sented here, and others recently used in several studies,7–10,44 is the
design of molecules with an acidic site for recognizing more basic
anions. It is important to observe that the effects observed with
these systems are not restricted to a certain anion, but can also be
caused by species acting as sufficiently strong bases, hindering the
qualitative analysis of such species. Therefore, many structural
modifications in dyes 1a, 2a, and other merocyanines can be
envisioned aiming to promote a change in the acidity of these dyes
in order to make more efficient anionic chromogenic and also flu-
orogenic chemosensors.

4. Experimental

4.1. General methods

Trichloromethane was purified according to a procedure de-
scribed in the literature.52 Karl Fischer titrations were performed
with this solvent and have demonstrated the presence of water in
a concentration of 3.56�10�3 mol dm�3. Deionized water was used
in all measurements. This solvent was boiled and bubbled with
nitrogen and kept under a nitrogen atmosphere to avoid the
presence of carbon dioxide. All anions (F�, Cl�, Br�, I�, CN�, NO3

�,
HSO4

�, and H2PO4
�) were used as tetra-n-butylammonium salts, and

were purchased from Fluka (F� (>97%), CN� (>95%), Cl� (>98%),
NO3
� (>97%), and H2PO4

� (>97%) salts) and Vetec (Br� (>99%), I�

(>99%), and HSO4
� (>99%) salts). They were dried over phosphorus

pentoxide under vacuum before use. Karl Fischer experiments were
performed for the following tetra-n-butylammonium salts in order
to determine the water content of each salt: CN� (0.116% water), F�

(1.125% water), and H2PO4
� (0.111% water). The protonated form of

dye 1a was synthesized as an iodide salt, as described previously.53

Dye 2a was synthesized according to a method described in the
literature,54 recrystallized three times from hot water and dried
under vacuum. Very small amounts of acetic acid stock solution
(3.5�10�3 mol dm�3) in trichloromethane were added with
a microsyringe to the solutions of the dye until its protonation.
Compound 3b was prepared through the reaction of 2,4,6-triphenyl
pyrylium perchlorate with 4-aminophenol.55,56
4.2. UV–vis studies of the protonated dyes with the anions

UV–vis measurements were performed with a Varian Cary Bio
50 spectrophotometer at 25 �C, using a 1 cm quartz square cuvette.
The maxima on the UV–vis spectra (lmax) were calculated from the
first derivative of the absorption spectrum.

The experiments were performed as follows: a stock solution of
the dye (1.8�10�5 mol dm�3 for dye 1a, 1.3�10�4 mol dm�3 for dye
2a, and 2.5�10�4 mol dm�3 for dye 3a) was prepared in trichloro-
methane in its protonated form. Protonation was performed cau-
tiously, because an excess of the acid in the medium would
adversely affect an analysis of the titration results. Thus, in all ex-
periments, protonated solutions were slightly colored, presenting
always a very small fraction of the dye in its deprotonated form. The
protonated dye solution was then used to prepare the stock solu-
tion of each anion in a concentration of 1.5�10�4 mol dm�3 for dye
1a, 1.5�10�3 mol dm�3 for dye 2a, and 1.0�10�3 mol dm�3 for dye
3a. These solutions were prepared and transferred using volu-
metric flasks and cuvettes hermetically closed with rubber stoppers
in order to minimize problems with the evaporation of the tri-
chloromethane. All experiments were carried out at 25 �C.
4.3. UV–vis titrations

Titration experiments were performed with the preparation of
the solutions of protonated dyes as described previously. Stock
anion solutions were prepared in flasks closed with rubber stop-
pers and the titrations were carried out by adding small amounts
(2–10 mL) of the salt stock solution with a microsyringe to closed
quartz cuvettes containing the protonated dye solution. After each
addition the UV–vis spectra were taken and the absorbance values
were collected at 619 nm for dye 1a, 725 nm for dye 2a, and 609 nm
for dye 3a. Absorbance values were collected at 547 nm in the ti-
tration of 3b with F� in trichloromethane with 2% (v/v) of metha-
nol. A titration of 3b in trichloromethane with F� was also carried
out with an excess of 6 times of tetra-n-butylammonium iodide in
relation to the concentration of the dye (2.5�10�4 mol dm�3).

The titration of the solution with compounds 2b and 3b, both
in a concentration of 2.0�10�4 mol dm�3, was carried out as
follows. From the solution containing the protonated dyes, a
volume of 2 cm3 was used to prepare a stock solution of F� (1.0�
10�2 mol dm�3). This latter solution was utilized to titrate, by
adding increasing amounts with a microsyringe, a solution con-
taining 2b and 3b, as described in the previous paragraph. UV–vis
spectra were collected after each addition of the anion.
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4.4. Anion detection in the biphasic system

A biphasic system was studied comprising 1.5 cm3 of an organic
phase with 3b (2.5�10�4 mol dm�3) and 1.5 cm3 of an aqueous
phase containing the salt (NaCN, NaF, and KH2PO4, each in a con-
centration of 1.0�10�3 mol dm�3). In all experiments, the pH of the
aqueous phase was 7.1 and the ionic strength was kept constant
with NaCl at a concentration of 5.0�10�4 mol dm�3. Firstly, the
following systems were prepared to give a set for naked-eye de-
tection: (a) 3a in the organic phase, without the salt in the aqueous
phase; (b) 3b in the organic phase, without the salt in the aqueous
phase; (c) 3b in the organic phase, NaCN in the aqueous phase; (d)
3b in the organic phase, NaF in the aqueous phase; and (e) 3b in the
organic phase, KH2PO4 in the aqueous phase. Then, the systems
were stirred to observe whether the anion would be able to abstract
the proton from the protonated dye and UV–vis spectra were per-
formed for the organic phase.

4.5. Calibration curve for the quantitative determination
of CNL in aqueous systems

A calibration curve was obtained through a titration in the bi-
phasic system, containing the organic phase comprising 1.6 cm3 of
3b (2.5�10�4 mol dm�3) in trichloromethane and 1.6 cm3 of aque-
ous phase. An aqueous titrating stock solution containing NaCN
(9.2�10�2 mol dm�3) was prepared. The first reading of the UV–vis
spectrophotometer was taken without the anion and the following
readings were performed after each anion addition, stirring the
system, and waiting for the separation of the phases. Absorbance
values were then collected for the organic phase at 575 nm.

The next step was the evaluation of the calibration curve in the
quantitative detection of CN� in aqueous media. Therefore, a bi-
phasic system was prepared again mixing 3b in trichloromethane, in
the same concentration used to make the calibration curve, with an
NaCN aqueous solution in a concentration of 5.0�10�4 mol dm�3.
The mixture was stirred and the UV–vis spectrum was then
obtained for the organic phase.

4.6. Calculations

The binding constants were calculated through least squares
regression curve-fitting using the ORIGIN 6.1 program.
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hedron 2005, 61, 10309; (i) Hill, J. P.; Schumacher, A. L.; D’Souza, F.; Labuta, J.;
Redshaw, C.; Elsegood, M. R. J.; Aoyagi, M.; Nakanishi, T.; Ariga, K. Inorg. Chem.
2006, 45, 8288; (j) Bonizzoni, M.; Fabbrizzi, L.; Taglietti, A.; Tiengo, F. Eur. J. Org.
Chem. 2006, 3567; (k) Yu, M.; Lin, H.; Zhao, G. H.; Lin, H. K. J. Mol. Recognit. 2007,
20, 69.
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