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An ESIPT-based novel fluorescent chemosensor, 1,8-anthraquinonylcalix[4]monocrown-6 (1), which dis-
played a selective fluorescent change with In3+ among various metal ions, was rationally designed and
synthesized. Upon the addition of In3+, the probe displayed a fluorescence decrease at 625 nm, at the
same time, an increase of the band centered at 535 nm was observed. This sensing process was also
proved by the 1H NMR titration and electrochemical tests.

� 2010 Elsevier Ltd. All rights reserved.
Fluorescent chemosensors are powerful tools for the efficient
detection and quantitative determination of target ions or mole-
cules.1 In particular, the development of fluorescent probes for
heavy metal ions, which play critical roles in biological metabolism
and environmental processes, has received much interest.2 In the
past decade, the great consumption of indium, a well-known heavy
metal widely used in the semiconductor industry and solar cells,3

aggravated already serious heavy metal pollution. Indium is con-
firmed to interfere with iron metabolism from the sites of absorp-
tion, transportation, utilization, and storage in cells.4 According to
animal studies on the toxicity of In3+, acute intravenous adminis-
tration of In3+, which is extremely poisonous to the liver and kid-
ney, has been reported.5 In addition, In3+ was found to be
capable of causing severe lung damage and the development of
fibrosis.6 Among the traditional techniques to detect and quantify
In3+, spectro-photometric titration and equilibrium dialysis tech-
niques have been widely employed.4 Very few chemosensors with
fluorescence enhancement for In3+, which are capable of displaying
high selectivity over other metal ions, however, have been re-
ported. Therefore, the exploration of simple, quick, and efficient
In3+-selective fluorescent chemosensor is necessary not only for
the fundamental research but also for biological application in liv-
ing systems.

1-Aminoanthraquinone (1-AAQ), a chromofluorophore well
known by the excited-state intramolecular proton transfer (ESIPT),
ll rights reserved.
has been reported to show intrinsic photophysical properties such
as intense luminescence, large Stokes shifts, and significant
photostability, and has been applied in various chemical fields.7,8

However, the anthraquinone-based chemosensor with ESIPT was
rarely studied.8 Therefore, in the design of In3+ sensor 1, anthraqui-
nones were chosen as the signaling unit because the proton of
amine substituent, attached to 1- or 8-position of anthraquinone,
could form an intramolecular H-bond, which enables a rapid
photo-induced proton transfer by converting the keto form of
quinone to enol at the excited state.8 The ESIPT system in 1 was ex-
pected to present significant optical signal transitions when the
In3+ ions were added to the testing system.7

In our previous work, we reported a calix[4]arene-based
chemosensor, p-tert-butylcalix[4]arene-di(1-AQQ) with ESIPT sys-
tem, exhibiting F� selectivity over other anions.8 As calix[4]arenes
are famous for basic molecular scaffolds with structural rigidity,
special molecular appearance, and facile introduction of fluoro-
phore,9 in present work, the introduction of calix[4]arenes to ami-
noanthraquinone would therefore form a rigid scaffold to insure
the recognition of In3+ ions.

Herein, we report a novel fluorescent chemosensor, 1,8-anthra-
quinonylcalix[4]monocrown-6 (1), which displayed a selective
fluorescent change with In3+ over various metal ions examined in
CH3CN. Results showed that with the addition of In3+ to the solu-
tion of 1, the fluorescence band at 625 nm decreased gradually,
at the same time, the increase of the band centered at 535 nm
was observed. To the best of our knowledge, this is the first In3+

fluorescent chemosensor based on excited-state intramolecular
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Figure 1. Crystal structure of 1 showing displacement atomic ellipsoids drawn at
the 50% probability level. Hydrogen and dichloromethane molecules were omitted
for clarity.
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proton transfer (ESIPT) with diaminoanthraquinone appended to
an calix[4]arene skeleton.

1,8-Diaminoquinoline-appended 1,3-alternate calix[4] arene 1
was prepared by the synthetic route depicted in Scheme 1. To ob-
tain functionalized diaminoanthraquinone unit, compound 2 was
first synthesized by the reaction of 1,8-dichloroanthraquinone
and 2-(2-aminoethoxy)ethanol in the CH3CN and then tosylated
with 2 equiv of p-toluenesulfonyl chloride in the presence of NaOH
in THF to give 4. Calix[4]arene was cyclized with pentaethylene
glycol ditosylate to produce calix[4]monocrown-6.3,10 The target
molecule 1 was then prepared by the reaction of 4 with
calix[4]monocrown-6 (3) in the presence of Cs2CO3 in CH3CN.15

To investigate the 3D conformation of calix[4]arene scaffold and
ESIPT feature, a single crystal of 1, growing by diffusion of diethyl
ether into a dichloromethane solution, was tested by X-ray crystal-
lography. According to the data, it is confirmed that calix[4]arene
framework is in an 1,3-alternate conformation and is connected
with both 1,8-diaminoanthraquinone and crown-6 ring (Fig. 1).
As expected, the oxygen atom O(1), occupying 9-position of
anthraquinone, forms intramolecular H-bonds with two protons
of neighboring secondary amines with the distances of N(1)–
H(1)� � �O(1) = 1.917 Å and N(2)–H(2)� � �O(1) = 1.904 Å, respectively.
NMR spectra also support the crystal structure of 1 featuring 1,3-
alternate conformation, showing a singlet peak at 3.8 ppm in 1H
NMR as well as a single peak at 38 ppm in 13C NMR spectra
(Figs. S4 and S5).

To gain an insight into the ESIPT pattern of 1, the UV–vis and fluo-
rescence spectra of 1 in various solvents were obtained. As shown in
Figure 2, no obvious change of UV–vis spectra (Fig. 2a) but consider-
able changes depending on the solvents in fluorescence spectra
(Fig. 2b)12,13 were observed, which proved a typical pattern of the
ESIPT system in 1 as indicated in Scheme 2.11 In aprotic non-polar
solvents, such as toluene, emissions peaks mainly appeared at
620 nm, while in protic polar solvents, such as methanol, blue-
shifted emission band centered at 525 nm was found.

The blue-shifted emission band could be attributed to an intra-
molecular H-bond blocking by polar solvent inhibiting the ESIPT
phenomena (Fig. 2b).12,13

To evaluate the selectivity of 1 for In3+ ion, UV–vis and fluores-
cence intensity changes upon addition of ClO4

� salts of a wide
range of metal cations were measured in CH3CN solution.
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Scheme 1. Synthetic route of 1. Reagents and conditions: (i) 2-(2-aminoethoxy)ethano
pentaethylene glycol ditosylate, CH3CN, reflux (60%); (iv) 4, Cs2CO3, CH3CN, reflux (69%
Results showed no obvious change in the UV–vis spectra upon
the addition of all the metal ions (Fig. S1). However, in the fluores-
cent spectra, 1 presented a selective fluorescent change with a
fluorescent increase at 535 nm for In3+ ion over other cations such
as Li+, Na+, K+, Cs+, Ag+, Mg2+, Sr2+, Cu2+, Ba2+, Zn2+, Ca2+, Pb2+, Co2+,
and Hg2+ (Fig. 3).

The fluorescence changes were also monitored upon the addi-
tion of various amounts of In3+ in CH3CN solution. The titration
of In3+ to the solution of 1 (50 lM) resulted in a gradual decrease
of the peak at 625 nm and a progressive increase of a new peak
around 535 nm (Fig. 4). The marked blue-shift signaled that the
In3+ ions might coordinate to nitrogen atoms and therefore prohib-
ited the formation of intramolecular H-bonding of anthraquinone.
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Figure 2. (a) Normalized UV–vis and (b) fluorescence spectra of 1 (50 lM) in
various solvents (excitation at 485 nm).

Scheme 2. Excited-state intramolecular proton transfer (ESIPT) system.
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Figure 3. Fluorescence spectra of 1 (50 lM) with the addition of ClO4
� salts of Li+,

Na+, K+, Cs+, Ag+, Mg2+, Sr2+, Cu2+, Ba2+, Zn2+, Ca2+, Pb2+, Co2+, Hg2+, and In3+ (20 equiv,
respectively) in CH3CN.
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Figure 4. Fluorescence spectra of 1 (50 lM) upon the addition of various amounts
of In3+ in CH3CN with an excitation at 485 nm.
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Figure 5. Differential pulse voltammograms of 1 (0.2 mM) in the absence and the
presence of In3+ ions. Electrolyte: 0.1 M TBAP in CH3CN. Pulse amplitude: 50 mV.
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The observed blue-shifted emission band in the fluorescence spec-
tra is in good agreement with the fluorescent changes caused by
polar solvents prohibiting ESIPT phenomena.

To confirm that the ESIPT is blocked through the coordination of
In3+ with the nitrogen atoms of 1, we investigated the 1H NMR
spectra of 1 upon the addition of In3+ and compared it with that
of free 1. When In3+ was added to 1, the two NH protons became
broad and finally diminished, and the six protons of anthraquinone
ring moved toward the downfield region (d 6.8–7.0) as shown in
Figure S4, which support that two nitrogen atoms on anthraqui-
none may participate in binding with In3+.
The In3+ coordination to the amine groups of 1 was also proven by
observing electrochemical behaviors of 1 in both the absence and the
presence of In3+. Since the electroactive group, that is, quinone, is
close to the amine groups of 1, we expected different electrochemi-
cal behaviors of 1 when the In3+ binds close to the amine groups. So,
we investigated the electrochemical behaviors of 1 by differential
pulse voltammetry (DPV) of 1 in 0.1 M TBAP/CH3CN solution.

Differential pulse voltammograms of 1 (0.2 mM) are shown in
Figure 5 as a function of added In3+. In the absence of In3+, two
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well-defined cathodic peaks of free 1 (1:In3+ = 1:0) were observed
at �1.3 and �1.8 V, which correspond to two successive one-elec-
tron transfers to two anthraquinone moieties of 1.14 Upon the
addition of successive amounts of In3+, however, the original two
cathodic peaks of free 1 disappeared and new additional cathodic
peaks resulting from the reduction processes of 1�In3+ complexes
were observed. These results indicate that In3+ ions form com-
plexes with 1 and interact with the amine groups close to the elec-
troactive quinone of 1.

Differential pulse voltammograms of 1 (0.2 mM) were also ob-
tained in the presence (1 equiv) of other cations such as Li+, Na+,
K+, Rb+, Cs+, Mg2+, Sr2+, Cu2+ , Ba2+, Ca2+, Pb2+, Hg2+, Ru2+, Co2+,
and Zn2+ in CH3CN with 0.1 M TBAP as the supporting electrolyte.
As we observed in the presence of In3+, 1 equiv addition of Hg2+ or
Pb2+ cations to 1 resulted in significant changes in the voltammo-
grams while the addition of alkali, alkali earth, or other transition
metal caused comparably negligible voltammetric changes (Figs.
S15–S17). Figure 6 shows the differential pulse voltammograms
of 1 in the presence (1 equiv) of In3+, Hg2+, or Pb2+. One equivalent
addition of In3+, Hg2+, or Pb2+ caused the disappearance of the ori-
ginal cathodic peaks of free 1 and the appearance of new cathodic
peaks at more positive potentials, which also indicates an interac-
tion of the metal cations with the amine groups located next to the
electroactive quinone of 1. However, the potential shifts of 1 upon
the addition of In3+, Hg2+, or Pb2+ are the biggest in the complexa-
tion of 1 with In3+. The potential shifts of 1 in the presence of
1 equiv of In3+, Pb2+, or Hg2+ are summarized in Table 1.

In conclusion, a new 1,8-diaminoanthraquinone derivative (1)
involving calix[4]arenemonocrown-6-moieties was explored as
the fluorescent sensor of In3+ based on ESIPT-blocking system.
Compound 1 presented a selective fluorescent change to In3+ ion
over other cations. The addition of In3+ to the solution of 1 resulted
in a gradual decrease of the peak at 625 nm and a progressive in-
crease of a new peak around 535 nm. These changes might be
attributed to that the intramolecular H-bonds were blocked by
the coordination with In3+ which therefore led to the inhibition
of the ESIPT feature. This sensing process was also proved by the
1H NMR titration and electrochemical tests. This fluorescent shift
may allow probe 1 to be employed for fluorescent detecting In3+

in various systems.
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Figure 6. Differential pulse voltammograms of 1 (0.2 mM) in the absence and the
presence (1 equiv) of In3+, Hg2+, or Pb2+ ions. Electrolyte: 0.1 M TBAP in CH3CN.
Pulse amplitude: 50 mV.

Table 1
Peak potential differences between free and complexed 1 with metal ions determined
by differential pulse voltammetry

In3+ Hg2+ Pb2+

Potential difference (mV) (DEp = Efree
p � Ecomplex

p )a 845 802 755

a Efree
p and Ecomplex

p represent the first peak potential of free 1 and 1�metal ion
complex, respectively.
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