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ABSTRACT: A chemosensor for the Al3+ ion, 1-[(3-
hydroxypyridin-2-ylamino)methylene]naphthalen-2(1H)-
one (H2L), based on inhibited excited-state intramolecular
proton transfer was synthesized. The experimental and
theoretical calculations at B3LYP+PCM/6-31G(d) re-
vealed that Al3+ and H2L form a 1:1 complex, [AlL(OH)-
(H2O)]2, in dimethyl sulfoxide that exhibits two
remarkably enhanced fluorescent emissions at 523 and
553 nm. It is confirmed that H2L could be used to detect
Al3+ ions in cells by bioimaging.

As is known, the Al3+ ion existing in natural waters and most
plants1 can enter the human body through foods and

water.2 The average daily intake of Al3+ ions for the human body
is about 3−10 mg/day.3 Excess aluminum could induce health
issues, for instance, Parkinson’s disease.4 Thus, the detection of
Al3+ has attracted increasing interest in the areas of chemical and
biological sciences. Compared with some conventional methods,
fluorescent chemosensors have attracted significant focus
because of their high sensitivity, simplicity, and real-time
monitoring with rapid response time.3,5,6 Recently, some
fluorescent sensors for detection of the Al3+ ion have been
reported.5b,7 However, most of them require complicated
syntheses involving harsh reaction conditions and expensive
chemicals. Therefore, it is important to develop sensors with high
selectivity and sensitivity for Al3+, and it should be easily prepared
and can be applied in cell bioimaging. As a chemosensor, a Schiff
base is popular owing to its good photophysical properties;8

Schiff base derivatives equipped with a fluorescence moiety are
attractive tools for the detection of metal cations. Some Schiff
base chemosensors for the Al3+ ion have been reported.7c,h

Meanwhile, several sensing mechanisms of fluorescent chemo-
sensors have been exploited. Among these mechanisms, excited-
state intramolecular proton transfer (ESIPT)-based chemo-
sensors are ideal candidates for fluorescence probes because of
the almost complete lack of spectral overlap between absorption
and emission.9 The ESIPT process generally involves the transfer
of a hydroxyl (or amino) proton to a neighboring carbonyl
oxygen (or imine nitrogen) through a preexisting six- or five-
membered ring of hydrogen-bonding configuration, which leads
to very weak fluorescence or nonfluorescence.9,10 If they are
coordinated with metal ions, metal coordination will remove this
proton and inhibit the ESIPT process, and a significant emission

enhancement can be observed. Herein, we report a chemosensor
for AlIII based on inhibition of ESIPT. The complex species
formed in the solution and the two-band emission were inferred
through experimental and theoretical methods. Furthermore, the
chemosensor was used to detect the AlIII ion in cells by
bioimaging.
2-Hydroxy-1-naphthaldehyde and 2-amino-3-hydroxypyridine

were selected as the reactants to obtain the Schiff base. Single-
crystal X-ray diffraction revealed that it forms a six-membered
ring of intramolecular hydrogen bonding.11 Also, it exists in the
form of its isomer, a ketoamine form, 1-[(3-hydroxypyridin-2-
ylamino)methylene]naphthalen-2(1H)-one (H2L). It can
change to its phenolimine form through intramolecular proton
transfer, as shown in Scheme 1.12 Its crystal structure is similar to

that reported.13 H2L in dimethyl sulfoxide (DMSO) displays
very weak fluorescence with a low quantum yield (Φ = 0.007)
when excited at 466 nm. Then, the selectivity of H2L to various
metal ions was examined in DMSO. In the emission spectra, as
shown in Figure 1, the addition of 1.0 equiv of Na+, K+, Mg2+,
Ca2+, Mn2+, Fe3+, Co2+, Cr3+, Cd2+, Cu2+, Pb2+, Ni2+, and Zn2+

had no effect on the fluorescence. However, upon the addition of
1.0 equiv of Al3+, the fluorescence intensity of dual emission
bands at 523 and 553 nm with a high quantum yield (Φ = 0.425)
was largely enhanced. The fluorescence lifetime for the AlIII

complex with H2L in DMSO was measured from the decay
profile (Figure S1 in the Supporting Information, SI) to obtain τ
= 3.50 ± 0.01 ns. When the solutions of H2L with various metal
ions were excited at 365 nm, only the one with Al3+ showed
strong yellow fluorescence that could be easily observed by the
naked eye (Figure S2 in the SI).
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Scheme 1. Structures of Keto and Enol Forms of H2L
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To validate the high selectivity of H2L for detection of Al3+ in
practice, competitive fluorescence titration was carried out. H2L
was treated with 1.0 equiv of Al3+ in the presence of 1.0 equiv of
other metal ions. There is no interference for the detection of
Al3+ in the presence of all other metal ions (Figure S3 in the SI).
A relatively low but clearly detectable fluorescence was observed
in the presence of Cu2+ and Fe3+. These results demonstrate that
H2L is highly selective for Al3+ in a DMSO solution.
To investigate the complexation of H2L with Al3+ in DMSO, a

Job plot based on fluorescence was operated. As shown in Figure
S4 in the SI, a 1:1 stoichiometric complexation between H2L and
Al3+ was confirmed. In the fluorescence titration profiles, the
intensity increases remarkably at 523 and 553 nm upon addition
of the Al3+ ion until 1.0 equiv, and upon a further increase of the
Al3+ concentration, the intensity tends to be the same (Figure S5
in the SI). To further know the detailed complexation of Al3+

with H2L,
1H NMR spectra of H2L upon the addition of different

concentrations of Al3+ in DMSO-d6 were recorded. The label of
H is shown in Scheme 1a. As shown in Figure 2a, the proton of C-

NH locating at >15 ppm is characteristic of an intramolecular
hydrogen bond (Figure 2a).14 Besides, both protons of C-NH
and CH-N (H1) exhibited doublets because of their intercou-
pling. Upon the addition of 1.0 equiv of Al3+, the proton signals of
−C-NH at 15.14 ppm and pyridine hydroxyl at 10.87 ppm
disappeared (Figure 2b). The proton peak (H1) of CHN at
9.70 ppmwas downfield shifted to a singlet at 10.05 ppm, and the
protons (H2−10) of naphthalene and pyridine at 6.70−8.10 ppm
also experienced a downfield shift to 6.80−8.25 ppm upon
complexation of Al3+ and H2L.

12a Compared to Figure 2b, there
were no significant changes with the proton peaks upon the
addition of 1.5 equiv of Al3+ to H2L (Figure 2c). These results

suggest that H2L is coordinated to Al3+ by imine, naphthol
hydroxyl, and pyridine hydroxyl, and the inhibition of ESIPT
happens in a tridentate fashion for binding of Al3+. In fact, even
the small amount of moisture introduced with hydrated
aluminum salts may suffice to hydrolyze and form hydroxylated
aluminum compounds.15 Besides, OH− and H2O can supply a
hard-base environment for the hard-acid Al3+, which makes it
easier to form the AlIII complex.16 Comparing parts b and d of
Figure 2, one can find that signals at 11.98 and 11.42 ppm in
Figure 2b disappeared in Figure 2d, showing possible
coordination of the OH− group and H2O to the Al3+ ion. Also
in the literature, a number of six-coordinated Al3+ complexes with
μ-OH and H2O could be found.17 Furthermore, electrospray
ionization mass spectrometry (ESI-MS) also indicates the 1:1
binding stoichiometry of H2L with Al

3+. Upon the addition of 1.0
equiv of Al3+ to H2L, the mass spectrum (Figure S6 in the SI)
exhibited an intense peak at m/z 289.1 and a weak one at m/z
307.1, corresponding to the ion [AlL]+ (calcd m/z 289.3) and
[AlLH2O]

+ (calcd m/z 307.2), respectively, and the peak at m/z
687.3 can be ascribed to K+[AlL(OH)(H2O)]2 (calcd m/z
687.5). From the results of fluorescence titration, the Job plot,
ESI-MS, and 1HNMR data, the species formed in the solution
can be considered as [AlL(OH)(H2O)]2.
To better understand the sensing mechanism and the

structure−property relationship of the [AlL(OH)(H2O)]2
dimer, theoretical calculations, at the B3LYP+PCM/6-31G(d)
level with DMSO as the solvent, were carried out. The obtained
results showed that the hydrogen-transfer process for H2L in
ground and excited states results in two possible isomers, i.e., a
and b (Figure S7 and Table S1 in the SI). In the ground state,
H2L is mainly in the keto form in equilibrium because the keto
isomer is about 4.3 kcal/mol lower than that of the enol form.
The hydrogen-transfer process from a to b needs to overcome an
energy barrier of 6.4 kcal/mol, but its reverse process is only 2.1
kcal/mol. However, in the excited state of H2L, such species with
high energy will lead to the hydrogen-transfer process taking
place more easily, which might result in very weak fluorescence
for H2L when excited. The cis/trans isomerization is not
responsible for the loss of fluorescence because two factors will
prevent rotation along the CN bond: one is the hydrogen
bond of N−H···O, and the other is the steric repulsion between
two terminal groups. Upon coordination with Al3+, the ESIPT
process in H2L is inhibited, resulting in large fluorescence
enhancement.
Furthermore, the ground- and excited-state geometries as well

as excited-state properties of the species [AlL(OH)(H2O)]2
dimer have been determined with theoretical calculations. The
main geometric parameters for the ground and excited states are
depicted (Figure S8 in the SI), from which one can observe that
each Al3+ displays a six-coordination with one Al←N bond and
five Al←O bonds. There is one CN π bond connected to each
Al←N bond, which is related to the molecular excitations. In the
first excited state, only one of the CN bonds in two ligands is
lengthened about 0.061 Å, while the corresponding Al←N bond
length is shortened with 0.091 Å. From the obtained ground-
state geometry, the excitation energies (λmax) and their
corresponding oscillator strengths (F) can be calculated. In
order to understand the excitations, the four frontier orbitals are
depicted in Figure 3, from which one can observe that all of four
frontier orbitals are mainly on a skeleton of ligands. LUMO and
LUMO+1 orbitals are mainly CN π* orbitals but in different
phases for two pieces of ligands. Because HOMO → LUMO is
not symmetrically allowed, only HOMO → LUMO+1 and

Figure 1. Fluorescence responses of H2L (5 μM) in DMSO with 1.0
equiv of other metal ions. λex = 466 nm.

Figure 2. 1H NMR spectra in DMSO-d6: (a) H2L only; (b) H2L and 1.0
equiv of Al3+; (c) H2L and 1.5 equiv of Al

3+; (d) a drop of D2O added to
part b.
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HOMO−1→ LUMO excitations are calculated (Figure S8 in the
SI), and their corresponding excitation energies are calculated as
442 and 440 nm, respectively. These two closer excitations will
generate two fluorescence peaks of 525 and 568 nm (Figure S9 in
the SI), with oscillator strengths being 0.30 and 0.70, which are in
good agreement with two band emissions of 523 and 553 nm
observed in our experiments. We also performed calculations for
the monomer [AlL(OH)(H2O)], but only one band emission
was found because there is only one CN π bond in the ligand L
instead of two CN π bonds in [AlL(OH)(H2O)]2.
Having investigated the selectivity and sensitivity of H2L

toward the Al3+ ion, we further observed its potential application
in cell imaging. For this purpose, the human cervical HeLa cancer
cells were first incubated with Al(NO3)3 for 4 h and then treated
with 10 μM H2L for 30 min before imaging. As shown in Figure
S10 in the SI, these cells that were not incubated with H2L
previously showed no fluorescence; in contrast, strong
fluorescence was observed in cells exposed to H2L. These results
demonstrated that the chemosensor was membrane-permeable
and could signal the presence of intracellular Al3+.
In conclusion, a turn-on two-band fluorescence chemosensor

for the Al3+ ion based on inhibition of the ESIPT process was
obtained. Theoretical calculations explained the two-band
emission phenomenon and revealed that neighboring −CN
and −C-OH groups or −C-NH and −CO groups forming a
six-membered ring of hydrogen bonding is essential for the
ESIPT process of Schiff-base receptors.
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