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ABSTRACT

A new chromogenic fluoride sensor based on 1,3-di-p-nitrophenylazocalix[4]arene-calix[4]pyrrole (1) was designed and synthesized. The color of the
solution of probe 1 changed upon the addition of any F�, CH3CO2

�, PhCO2
�, and H2PO4

� ions. However, from these ions the highly specific sensing
of F� is achieved by the addition of Ca2þ which leads to a color change from light sky blue (of 1 3 F

�) back to the original light orange color of 1.

Fluoride (F�) plays an important role in human life, and
the deficiency or overexposure of the amount of F� causes
osteoporosis and poor dental health.1 Many design and
syntheses of highly sensitive and selective chemosensors for
F� have been reported,2 but there is still a need for further
development. Presently, chromogenic anion sensors have
received increasing attention and have become promising
candidates for sensing probes, especially for F�, because it

allows detection of the species of interest with the naked
eye.3 Many frameworks have been developed,3 such as
porphyrin,3a calix[4]pyrrole,4 and calix[4]arene,5 but the
chromogenic azo-calix[4]arene has become a preferred
candidate for a sensing probe because of its particular
preorganized framework that promptly accommodates
ions or neutral molecules.5a,6 Azo-calix[4]arene’s selective
sensing property can be monitored by a change in the
UV�vis spectra and, more practically, by the visible
change in their solution colors. Although many chromo-
genic sensors based on calix[4]arene have been developed
for sensing specific cations and other molecules, calixarene-
based chromogenic sensors for anions have rarely been
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reported. More particularly, calix[4]arene strapped calix-
[4]pyrroles show a greater enhancement in terms of both
anion binding affinities andmodulating the inherent anion
selectivity. Moreover, previous reports have shown that
calix[4]-crown strapped calix[4]pyrroles display a highly
specific ion-pair sensing property, such as that for CsF.7

However, most anion receptors that bind F� ions do so
along with other anions, such as acetate, benzoate, or
dihydrogen phosphate ions (H2PO4

�). Some of those
receptors are chromogenic sensors, but their color changes
upon binding of the F� ion are quite similar to those upon
binding of acetate, benzoate orH2PO4

� ions. This led us to
develop a chromogenic sensor for F� ion detection based
on calix[4]arene-calix[4]pyrrole.
Here, we report the synthesis of a new design of chromo-

genic sensor, 1,3-di-p-nitrophenylazocalix[4]arene-calix-
[4]pyrrole (1), that serves as a confirmable and reversible
F� sensor. The molecule sensor 1 contains an azobenzene
moiety servingasa sensingunit aswell as enhancing theanion
binding by increasing the H-bonding ability of the calix-
[4]arene platform, while the calix[4]pyrrole acts as an anion
binding unit. The investigation of its affinity toward various
anions was accomplished by UV�vis spectroscopy and its
visible solution color changes.
The synthesis of 1was carried out as shown in Scheme 1.

The synthesis starts by the condensation of 2-(8-tosyl-
triethyleneglycol)acetophenone (2) with calix[4]arene using
K2CO3 as a base in acetonitrile to provide 1,3-calix-
[4]diacetophenone (3) (85% yield). Subsequently, the diazo-
coupling reaction of 3 with p-nitrobenzene-diazoniumtetra-
fluoroborate in the presence of pyridine in tetrahydrofuran
(THF) gave chromogenic 1,3-di-p-nitrophenylazocalix[4]-
diacetophenone (4) (24% yield). According to the 1H
NMR spectra of 3 and 4, the phenolic OH signal shifted
from 7.26 to 8.70 ppm, which implies that the azo-p-
nitrophenyl group not only can serve as a chromophore
but also increases the H-bonding ability of the phenolic
OH anion-binding site. Treating 4 with pyrrole in a
presence of a catalytic amount of trifluoroacetic acid gave
1,3-calix[4]arene-bisdipyrroethane (5) in 39% yield. This
key precursor (5) was then condensed with dry acetone in
the presence of a catalytic amount of BF3 3OEt2 at rt to
provide the desired chromogenic sensor 1 in 13% yield.
The cone conformation of compounds 1, 3, 4, and 5was

confirmed by the AB pattern of doublets at around 4.4
and 3.5 ppm (J = 13 Hz) for the methylenic protons
(ArCH2Ar) on the 1H NMR spectra and a singlet at 31 ppm
for methylene bridge carbons on the 13C NMR spectra.
Upon allowing a dichloromethane/methanol solution of

compound 4 to undergo slow evaporation at a temperature
of4�C,singlecrystals suitable forX-rayanalysiswereobtained.
TheORTEPdrawing (Figure1) confirms that4adoptsapinch
cone conformation. The p-nitrophenylazo moiety aligned ap-
proximately planar to the phenolic unit of the calix[4]arene
framework allowing electron transfer by resonance.

The chromogenic behavior of 1was revealed byUV�vis
analysis (Figure 2). The UV�vis absorptions of 1 were
investigated upon the addition of 6 equiv of tetra-n-butyl-
ammonium (TBA) salts of F�, Cl�, Br�, I�, CH3CO2

�,
PhCOO�, NO3

�, PF6
�, ClO4

�, and H2PO4
� into a solu-

tion of 1. Free 1 exhibited one absorption band at 395 nm.
The addition of the above anion based salts in the ligand
solutiongaveabathochromic shift, from395nmtoaround
600 nm, only with F�, CH3CO2

�, PhCO2
�, and H2PO4

�,

Scheme 1. Synthetic Pathway of Chromogenic Sensor 1

Figure 1. ORTEP drawing of 4. Displacement ellipsoids are
scaled to the 50% probability level.
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while Cl�, Br�, I�, NO3
�, PF6

�, and ClO4
� did not effect

ligand color. The magnitude of these bathochromic shifts
is in the order F� > CH3CO2

� > PhCO2
� > H2PO4

�,
with significant color changes from light orange to light
sky blue, blue, light pink, and light yellow being observed,
respectively (inset in Figure 2).

The spectroscopic changes can be explained by a charge
transfer from the donor oxygen of the azophenol unit
to the acceptor substituent (�NO2) of the chromophore.
After complexation of 1 with anions, the excited state
would be more strongly stabilized by anion binding,
resulting in a bathochromic shift of the absorptionmaxima
as well as in color changes.4 Thus, 1 could enable colori-
metric differentiation of F�, acetate, benzoate and H2PO4

�

anions possessing different sizes and shapes.8

In order to investigate the stoichiometry and stability con-
stants between 1 and anions (as TBA salts), UV�vis titration
was performed using 0.02 mM 1 in CH3CN. The absorption
peakat 600nm increasedwith increasing concentrations ofF�

added (Figure 3). The stoichiometry of the 1 3F
‑complex was

determined by themole ratio plot (inset inFigure 3) and using
the SIRKO program,9 which clearly showed that at least
two species of complexes (1:1 and 2:1 (anion/ligand) with log
β = 3.07 and 11.09, respectively) existed. The association
constants of 1:1 complexes of 1 with acetate, benzoate, and
H2PO4

� are summarized in Table 1. The specific order of the
binding affinities is as follows: benzoate > acetate > F� >
H2PO4

�. The preference of 1 to bind benzoate over the
other anions studied may be due to a preorganization of 1
to accommodate benzoate,which is confirmedby 1HNMR
titration study (Figures 5 and S19).
In order to understand the binding mode of 1 with F�

ions, 1H NMR titrations were carried out. Figures 4 and

S17 show the 1H NMR spectra of 1 (3.58 mM) with
different amounts of TBAF in acetonitrile-D3 and revealed
that the phenolic protons of the azocalix[4]arene moieties
at 8.80 ppm disappeared when only 0.1 equiv of F� was
added into a solution of 1 along with displacement of
the Hc proton signal from 7.82 to 7.72 ppm. This indicates
that the phenolic protons of 1 were strongly reactive with
F�, as previously reported.4 Moreover, protons Ha and
Hb of the nitrobenzene units shifted upfield from 8.28 and
7.88 ppm to 8.26 and 7.80 ppm, respectively, which implies
that the electron was pushed from the phenolic unit by the
F� ion.
In addition, the Hd and He signals shifted upfield from

around 6.86�6.72 and 7.02 ppm to 6.66 and 6.85 ppm,
respectively, which indicated that the azocalix[4]arene plat-
form rearranged to accommodate the F� ion. The pyrrolic
NH peak shifted downfield from 8.04 to 8.09 ppm at
0.1 equiv, anddisappearedat 0.2 equiv,of addedF� anions,
which was in contrast to the case of the β-pyrrolic protons.
This suggests that the calix[4]pyrrole unit participated inF�

binding by H-bonding and also that the phenolic OH and
thepyrrolicNHofprobe1 served as anionbinding sites and
enhanced the binding ability to detect anions.
However, 1HNMRtitration revealedadifferentmanner

of complexation of benzoate by probe 1 (Figure 5).

Figure 2. Wavelength changes of 1 upon the addition of various
anions. Condition: 1 (0.02 mM)/CH3CN; TBA salts (6 equiv)/
CH3CN; (inset) color change of 1 (A = Ligand 1, B = 1 þ F�,
C = 1 þ CH3CO2

�, D = 1 þ PhCO2
�, E = 1 þ H2PO4

�).

Figure 3. UV�vis titration of 1 (0.02 mM) in CH3CN upon
addition of F� (0�6 equiv). (Inset) Plot of absorbance at 396 nm
as a function of [F�].

Table 1. Stability Constants (log β) of the 1:1 Complexes of 1
with the Indicated Anions in MeCN, as Evaluated by UV�vis
Titration (t = 25 �C, I = 0.01 M Bu4NPF6)

anions log β

F� 3.07 (0.08), 11.09 (0.07)a

H2PO4
� 2.55 (0.02)

acetate 4.81 (0.06)

benzoate 5.64 (0.09)

a 2:1 complex (A2L).
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The phenolic OH signal at 8.80 ppm became a broad peak
and then dissapeared when only 0.1 and 0.2 equiv of
benzoate were added into the solution of 1, respectively,
without displacement of the Ha and Hb signals. This
implies that electron push did not occur. The NH peak
gradually shifted downfield from 8.16 to 8.65 ppm while
the pyrrolic signals were displaced upfield from 5.80 and
5.61 ppm to 5.75 and 5.57 ppm, respectively, upon the
addition of the benzoate salt solution. This suggests that
receptor 1 bound the benzoate ion by H-bonding from
the�NHand�OHgroupsof thecalix[4]pyrrole andazocalix-
[4]arene, respectively. Moreover, these 1H NMR titration
studies also showed that probe 1 preorganized prior to
binding benzoate over F�, since therewere fewer peak shifts
of 1. The acetate�receptor 1 interactionwas in between that
for the F� and benzoate complexes with 1. The 1H NMR
titration studies also demonstrate that the complexation
mode of receptor 1 with F�, acetate, and benzoate was
endocomplexationwithdifferentmagnitudesof interactions
with phenol and calix[4]pyrrole units.
The decomplexation of the 1 3F

� complex occurred
upon the addition of Ca2þ (2 equiv) into the solution of
1with F� (6 equiv) in CH3CN. The UV�vis spectrum and
color change showed that the addition of Ca2þ to the
solution of 1 3F

� results in a revival of the absorption
spectra of free receptor 1 (Figure 6). This finding suggests
that ion pair complexation did not occur but that the F�

ion was stripped out by Ca2þ to form the CaF2 salt.
Contrastingly, the ion pair complexes, 1 3CH3CO2

�
3Ca

2þ

and 1 3PhCO2
‑
3Ca

2þ, formed after addition of 2 equiv
of Ca(NO3)2 into 1 3CH3CO2

� and 1 3PhCO2
� complexes

(Figures S23 and S24).
In summary, a chromogenic anion sensor 1was success-

fully synthesized. The integration of an azobenzene unit
onto the calix[4]arene framework enhanced the anion
binding ability of the phenolic OH group of the calix-
[4]arene by the electron pull from the phenolic groups to
the nitrobenzene units and provided naked-eye detection
ability for anions. It was demonstrated spectroscopically

and chromogenically that probe 1 could discriminate
between F�, acetate, benzoate and H2PO4, which possess
different sizes and shapes, with binding affinities in the
order benzoate> acetate>F�>H2PO4

�. The detection
of F� can be confirmed by the addition of CaNO3 solution
into the solution of 1 3F

�.
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Figure 4. 1H NMR spectra of compound 1 (3.58 mM) inMeCN
in the presence of different amounts of TBAF. Figure 5. 1HNMRspectra of compound 1 (3.58mM) inCD3CN

in the presence of different amounts of benzoate ions.

Figure 6. Reversibility of F� coordination by 1 due to the
addition of Ca(NO3)2 solution.
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