
Photochemical &
Photobiological Sciences

PAPER

Cite this: Photochem. Photobiol. Sci.,
2018, 17, 1247

Received 23rd April 2018,
Accepted 17th July 2018

DOI: 10.1039/c8pp00171e

rsc.li/pps

A multifunctional selective “turn-on” fluorescent
chemosensor for detection of Group IIIA ions
Al3+, Ga3+ and In3+†

Hyo Jung Jang, Ji Hye Kang, Dongju Yun and Cheal Kim *

A versatile chemosensor 1 (E)-2-(((8-hydroxy-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)

methylene)amino)-1H-benzo[de]isoquinoline-1,3(2H)-dione, based on naphthalimide and julolidine moi-

eties, was developed for highly distinguishable and selective recognition of Group IIIA metal ions (Al3+,

Ga3+ and In3+). Sensor 1 exhibited significant ‘off–on’ fluorescence responses at 488 nm in the presence

of Al3+ and at 570 nm in the presence of Ga3+ and In3+. The same emission of Ga3+ and In3+ could be

distinguished through different color changes (from colorless to yellow for Ga3+ and no color change for

In3+). Binding constants of 1 for Ga3+ and In3+ are the highest reported to date for an organic chemo-

sensor. A 2 : 1 binding mode between 1 with Al3+, Ga3+ and In3+ is proposed based on electrospray ioniza-

tion mass spectrometry, Job plot analysis, and theoretical calculations.

1. Introduction

Development of a selective chemosensor capable of detection
of trivalent metal ions in Group IIIA such as Al3+, Ga3+ and
In3+ is of interest since various roles are played by these metal
ions in a broad range of biological and environmental pro-
cesses.1,2 For instance, aluminum is extensively used in daily
life, for example in water purification, manufacturing industry,
and food packaging.3,4 Owing to its extensive use, it can be
easily accumulated into human body and is toxic to humans in
excessive amounts.5–7 The excessive accumulation of Al3+ in
the brain can lead to neurodementia, including neurological
damages such as Alzheimer’s and Parkinson’s diseases.8–10

Thus, there is strong demand for a highly sensitive and selec-
tive chemosensor for Al3+.11–19

Gallium, a silvery metal, is extensively applied in chemical
synthesis, fuel storage and the semiconductor industry, for
example in light-emitting diodes and lasers.20,21 Moreover, its
nitrate salt has been used as an antitumor pharmaceutical
owing to the high affinity of gallium for tumors.22 Though the
physiological function of gallium in the human body is not
known, there is no doubt that it is carcinogenic and toxic to
animals and humans. Chronic exposure to gallium causes
severe disease, such as gastrointestinal disease, coma, anemia,

leucopenia and skin cancer, and sometimes death.23

Therefore, it is essential to design and synthesize sensors for
detecting Ga3+.23–27

Indium, a lustrous and malleable metal, has been widely
used in many industrial fields, for example in transparent elec-
trically-conductive films and gas sensors.28,29 However, In3+

has direct impacts on sites of absorption, storage, transpor-
tation and utilization in cells, causing interference with Fe3+

metabolism.30,31 To date, several chemosensors for indium
have been developed, but many of them still have trouble dis-
tinguishing In3+ from Al3+ and Ga3+ owing to their similar
physical properties.32 Thus, it still remains a huge challenge to
develop novel chemosensors with high sensitivity and selecti-
vity for In3+ detection.

In recent year, research in the chemosensor field has exten-
sively focused on development of multifunctional sensors,
because they are more effective and economical than sensors
with single-ion responses.33–45 Nevertheless, most multifunc-
tional sensors for the trivalent metal ions Al3+, Ga3+ and In3+

have difficulty in distinguishing between them because of
their similar physical properties.46–50

Herein, we report a multifunctional fluorescent chemo-
sensor 1 based on the combination of napthalimide and julol-
idine for the detection of Group IIIA metal ions (Al3+, Ga3+ and
In3+). Sensor 1 showed discernible fluorescence enhancement
toward Al3+, Ga3+ and In3+ over various metal ions. Importantly,
1 can differentially detect Al3+, Ga3+ and In3+ at two different
wavelengths along with a difference in color change. Sensing
mechanisms of Al3+, Ga3+ and In3+ are proposed based on
various spectroscopic methods and theoretical calculations.
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2. Experiments
2.1. Instruments and materials

All chemicals were commercially available from Sigma-Aldrich.
Fluorescence spectra were obtained with a PerkinElmer
spectrophotometer. A PerkinElmer UV-vis spectrometer was
used to obtain absorption spectra. 13C and 1H NMR spectra
and ESI-MS data were collected with a Varian spectrometer
and a Thermo Finnigan MAX quadrupole machine.

2.2. Synthesis of sensor 1 ((E)-2-(((8-hydroxy-2,3,6,7-
tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)methylene)
amino)-1H-benzo[de]isoquinoline-1,3(2H)-dione)

Compound 2 (2-amino-1H-benzo[de]isoquinoline-1,3(2H)-
dione) was synthesized according to the literature method
(Scheme 1).51 Yield: 0.22 g (52.38%); 1H NMR (DMSO-d6): δ
8.42 (doublet, J = 8 Hz, 2H), 7.86 (triplet, J = 8 Hz, 2H), 8.49
(doublet, J = 8 Hz, 2H), 5.78 (singlet, 2H). Compound 1 was
obtained from the reaction of 2 (0.11 g, 0.5 mmol), 8-hydroxy-
julolidine-9-carboxaldehyde (0.7 mmol, 0.16 g) and five drops
of H3PO4 in methanol. The reaction mixture was stirred for
half a day at 20 °C. A pale orange precipitate was filtered,
washed four times with ether, and dried to give the pure
product. Yield: 0.07 g (34.1%); 1H NMR (DMSO-d6): δ 11.55 (s,
1H), 8.52 (m, 5H), 7.89 (t, J = 4 Hz, 2H), 6.82 (s, 1H), 3.24 (s,
4H), 2.62 (t, J = 4 Hz, 4H), 1.86 (q, 4H); 13C NMR (DMSO-d6): δ
172.75, 151.18, 156.84, 147.56, 135.02, 131.81, 130.58, 106.12,
105.10, 49.80, 49.34, 26.98, 21.72, 20.83, 20.47. ESI-MS: m/z
[1 + H+ + 3·H2O + MeCN]+ calcd 507.22, found, 507.23.

2.3. Fluorescence titrations

A stock solution of 1 (0.005 mmol, 2.05 mg) was prepared in
dimethyl sulfoxide (DMSO) (1 mL). 12 μL of the sensor solu-
tion (5 mM) was diluted with 2.98 mL methanol to afford a
20 μM solution. Al(NO3)3 (0.02 mmol) was dissolved in metha-
nol (1 mL). 6–66 μL of the Al3+ solution (20 mM) was trans-
ferred into probe 1 solution (20 μM, 3 mL). After stirring for
5 s, fluorescence spectra were measured. Similar experimental
methods were also applied for Ga3+ and In3+.

2.4. UV-vis titrations

A stock solution of 1 (0.005 mmol, 2.05 mg) was prepared in
DMSO (1 mL). 12 μL (5 mM) of the sensor solution was diluted
with 2.98 mL methanol to give a 20 μM solution. Al(NO3)3
(0.02 mmol) was dissolved in methanol (1 mL). 3–30 μL
(20 mM) of the Al3+ solution were transferred into probe 1
solution (20 μM, 3 mL). After stirring for 5 s, UV-vis spectra

were measured. Similar experimental methods were also
applied for Ga3+ and In3+.

2.5. Job plot

A stock solution of 1 (0.005 mmol, 2.05 mg) was prepared in
DMSO (1 mL). 120 μL of the probe 1 solution (5 mM) was
diluted with 28.8 mL methanol to afford a 20 μM solution.
2.7–0.3 mL, at regular intervals, of the diluted probe 1 was
added to quartz cells. 30 μL (20 mM) of Al(NO3)3 solution was
diluted with 29.97 mL methanol. 0.3–2.7 mL, at regular inter-
vals, of the diluted Al3+ solution was taken and added to each
probe 1 sample. Each cell was filled with methanol to afford a
total volume of 3 mL. After stirring for 5 s, fluorescence
spectra were measured. Similar experimental methods were
also applied for Ga3+ and In3+.

2.6. Competition experiments

A stock solution of 1 (0.005 mmol, 2.05 mg) was prepared in
DMSO (1 mL). 12 μL of the probe solution (5 mM) was diluted
with 2.98 mL methanol to afford a 20 μM solution. 0.02 mmol
of MNO3 (M = Ag, Na and K) or Fe(ClO4)2 or M(NO3)2 (M = Pb,
Ca, Ni, Hg, Mg, Cd, Zn, Co, Cu and Mn) or M(NO3)3 (M = In,
Ga, Cr, Fe and Al) was dissolved in methanol (1 mL). 66 μL of
each metal-ion solution (20 mM) was added to 3 mL of probe 1
(20 μM). Then, 66 μL of the Al3+ solution (20 mM) was taken
and added to the mixture of each ion and probe 1. After stir-
ring for 5 s, fluorescence spectra were measured. Similar
experimental methods were also applied for Ga3+ and In3+.

2.7 Theoretical calculations

Density functional theory (DFT) and time-dependent DFT
(TD-DFT) were used for theoretical calculations using the
Gaussian 09 program.52 On the basis of the hybrid exchange–
correlation functional B3LYP,53,54 the main elements were con-
sidered with the 6-31G (d, p) set,55,56 and the aluminum,
gallium and indium elements were considered for the
LANL2DZ effective core potential (ECP).57–59 The solvent
effects of MeOH were applied to all calculations by using the
CPCM (Cossi and Barone’s conductor-like polarizable conti-
nuum model).60,61 In order to explore the transition energies
of the minimized structures of 1, Al3+-2·1, Ga3+-2·1 and In3+-2·1
complexes, the lowest 12 singlet–singlet transitions were exam-
ined by TD-DFT calculations in the ground state geometry (S0).
The contribution of molecular orbitals (MOs) was analyzed by
GaussSum 2.2.62

3. Results and discussion

Compound 2 was prepared by the substitution reaction of 1,8-
naphthalenedicarboxylic anhydride and hydrazine hydrate
according to the literature,51 and sensor 1 was also obtained
by the substitution reaction of 2 and 8-hydroxyjulolidine-9-
carboxaldehyde with 34.1% yield in MeOH (Scheme 1). Sensor 1
was characterized by electrospray ionization mass spectrometry
(ESI-MS), 1H and 13C NMR (Fig. S1a and 1b†) analyses.Scheme 1 Synthetic procedure of 1.
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3.1. Fluorescence studies of 1 with Al3+

We studied the fluorescence selectivity of 1 to various metal
ions (Zn2+, Cu2+, Cd2+, In3+, Fe2+, K+, Na+, Mg2+, Pb2+, Cr3+,
Co2+, Ni2+, Fe3+, Ca2+, Mn2+, Al3+, Ga3+, Ag+ and Hg2+) in MeOH
with excitation at 368 nm (Fig. 1). Upon the addition of
various metal ions to sensor 1 solution, Al3+ emitted bright
blue–green fluorescence at 488 nm. Ga3+ and In3+ showed
some fluorescence enhancements along with yellow–orange
fluorescence. In3+ displayed the most red-shifted fluorescence,
probably due to its heavy mass. In contrast, other metal ions
displayed no significant spectral changes. The fluorescence
response of 1 to Al3+ took about 10 min (Fig. S2†). These
results demonstrated that probe 1 could be utilized as a “turn-
on” chemosensor for Al3+ over the metal ions tested.

To examine the chemosensing properties of 1, fluorescence
titration of 1 with Al3+ was carried out (Fig. 2). With increasing
amounts of Al3+, the fluorescence of 1 gradually increased at
488 nm and reached a maximum at 22 equiv. of Al3+. The
photophysical properties of 1 were also studied by variations
in the UV-vis spectrum of 1 upon treatment with Al3+ (Fig. 3).
Upon gradual addition of Al3+ (0–9 equiv.) to sensor 1 solution,
the absorbance peak of 1 at 367 nm steadily shifted to 412 nm,
creating a new absorption band, which was accompanied by
two clear isosbestic points at 268 nm and 384 nm. This obser-
vation indicated the formation of a single species. The absor-
bance maximum attained saturation with 8 equiv. of Al3+.

The complexation mode of 1 with Al3+ was investigated
using Job plot analysis,63 which showed a 2 : 1 binding mode
(Fig. S3†). The 2 : 1 complexation between 1 and Al3+ was
further supported by ESI-MS. As shown in Fig. S4,† a peak at
m/z = 847.40 was indicative of [2·1 + Al3+-2H+]+ (calcd 847.28).
Using the results of fluorescence titration, the binding con-
stant of 1 with Al3+ was calculated with Li’s equation (see ESI†)
and determined to be 3.0 × 107 M−2 (Fig. S5†).64 The detection

limit of 1 for Al3+ was found to be 14.79 μM using 3σ/slope
analysis (Fig. S6†).65 Based on ESI-MS, Job plot analysis and
UV-vis titration, we propose a possible structure for Al3+-2·1
(Scheme 2).

Fig. 1 Fluorescence spectral changes of 1 (20 μM) in the presence of
various metal ions (22 equiv. Zn2+, Cd2+, In3+, Cu2+, Fe2+, K+, Na+, Mg2+,
Pb2+, Cr3+, Co2+, Ni2+, Fe3+, Ca2+, Mn2+, Al3+, Ga3+, Ag+ and Hg2+) with
an excitation of 368 nm.

Fig. 2 Fluorescence spectral changes of 1 (20 μM) in the presence of
various concentrations of Al3+ ions, with an excitation of 368 nm. Inset:
Fluorescence intensity (488 nm) vs. the number of 22 equiv. of Al3+

added.

Fig. 3 UV-vis spectral changes of 1 (20 μM) in the presence of different
concentrations of Al3+ ions.

Scheme 2 Proposed binding mode of M3+-2·1 (M = Al, Ga or In)
complexes.
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To investigate the selectivity of 1 for Al3+, competition
experiments were conducted (Fig. S7†). When sensor 1 solu-
tion was treated with Al3+ in the presence of various metal
ions, no or minor interference was observed for most compet-
ing metal ions. However, In3+, Cu2+, Cr3+ and Hg2+ inhibited
25–45% of the emission intensity of Al3+-2·1, but the fluo-
rescence intensity was still visible in their presence. Ga3+, Fe2+

and Fe3+ quenched 74%, 77% and 64% of the fluorescence
intensity.

3.2. Fluorescence studies of 1 with Ga3+ and In3+

We changed the excitation wavelength from 368 nm to
481 nm, to further examine the fluorescence variation of 1 in
response to various metal ions (Zn2+, Hg2+, Cd2+, Cu2+, Fe2+,
K+, Na+, Mg2+, Pb2+, Cr3+, Co2+, Ni2+, Fe3+, Ca2+, Mn2+, Al3+,
Ga3+, Ag+ and In3+) (Fig. 4). Among the various ions tested, 1
showed remarkable selectivity only for Ga3+ and In3+ by strong
fluorescence enhancement at 570 nm. By contrast, no fluo-
rescence response to other metal ions was observed. The fluo-
rescence responses of 1 to Ga3+ and In3+ occurred within a few
seconds. Fortunately, it is possible to distinguish Ga3+ from
In3+ through color change. When Ga3+ and In3+ ions were
added to sensor 1, Ga3+ exhibited a unique color change from
colorless to yellow (Fig. S8†). Most sensors for Al3+, Ga3+ and
In3+ generally show both a nearly identical fluorescence
change at the same position and the same color change. Thus,
this is the first report that a single chemosensor can simul-
taneously detect and differentiate between Al3+, Ga3+ and In3+

in Group IIIA.
First of all, to study the fluorescence sensing behavior of 1

to Ga3+, fluorescence and UV-vis titrations were carried out.
The fluorescence emission at 570 nm constantly increased up
to 9 equiv. of Ga3+ (Fig. 5). Upon gradual addition of Ga3+ to
sensor 1, UV-vis titration showed that the absorbance at
367 nm decreased while a novel band at 405 nm appeared,

until saturation at 14 equiv. of Ga3+ (Fig. S9†). In addition, an
isosbestic point appeared at 288 nm, indicating the generation
of a new stable complex between 1 and Ga3+.

To determine the binding stoichiometry of 1 to Ga3+, Job
plot analysis was carried out, which indicated formation of a
2 : 1 complex between 1 and Ga3+ (Fig. S10†).63 To better
confirm the coordination mode of 1 to Ga3+, ESI-MS analysis
of probe 1 in the presence of Ga3+ was performed. As shown in
Fig. S11,† a peak at m/z = 889.29 could be assigned to [2·1 +
Ga3+-2H+]+ (calcd 889.23). On the basis of these observations, a
possible coordination mode between 1 and Ga3+ is proposed
in Scheme 2. The association constant (K) of the Ga3+-2·1
complex was determined to be 5.0 × 107 M−2 by Li’s equation
using the fluorescence titration data (Fig. S12†).64 Importantly,

Fig. 4 Fluorescence spectral changes of 1 (20 μM) in the presence of
different metal ions (10 equiv. Zn2+, Cd2+, In3+, Cu2+, Fe2+, K+, Na+,
Mg2+, Pb2+, Cr3+, Co2+, Ni2+, Fe3+, Ca2+, Mn2+, Al3+, Ga3+, Ag+ and Hg2+)
with an excitation of 481 nm.

Fig. 5 Fluorescence spectral changes of 1 (20 μM) in the presence of
different concentrations of Ga3+ ions, with an excitation of 481 nm.
Inset: Fluorescence intensity at 570 nm versus the number of 10 equiv.
of Ga3+ added.

Fig. 6 Fluorescence spectral changes of 1 (20 μM) in the presence of
different concentrations of In3+ ions, with an excitation of 481 nm. Inset:
Fluorescence intensity at 570 nm versus the number of 9 equiv. of In3+

added.
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the association constant is the highest reported to date for a
chemosensor for the detection of Ga3+.23,25–27,47,50,66

To check the fluorescence selectivity of probe 1 for Ga3+ in
the presence of competing metal ions, competition experi-
ments were carried out (Fig. S13†). Most of the competing
metal ions did not interfere with the detection of Ga3+, which
may be attributed to the stability of the complex of 1 with
Ga3+. However, Fe2+, Cu2+ and Mg2+ inhibited the fluorescence
emission of the Ga3+-2·1 species. These results indicated that
sensor 1 could selectively bind to Ga3+ without any inter-
ference from most metal ions.

Next, fluorescence titration was performed to examine the
detecting ability of probe 1 towards In3+ (Fig. 6). When probe 1

was titrated with In3+ ions, the fluorescence emission steadily
increased, until saturation at 9 equiv. of In3+ ions. To further
investigate the interactions between 1 and In3+, UV-vis absorp-
tion titration was carried out (Fig. 7). Upon titration of increas-
ing concentrations of In3+ (0–3.6 equiv.) against sensor 1 solu-
tion, the absorbance at 367 nm decreased, while a novel red-
shifted absorption band at 396 nm gradually appeared. When
the amount of In3+ was beyond 3.2 equiv., the absorbance was
saturated, with one isosbestic point at 261 nm, indicating a
definite conversion of 1 to an In3+ complex.

To determine the binding ratio of probe 1 with In3+, Job
plot analysis was conducted (Fig. S14†).63 The maximum
absorbance was found to be at a mole fraction ([In3+]/([1] +
[In3+])) of 0.3, indicating a 2 : 1 binding ratio between probe 1
and In3+. This result was consistent with the ESI-MS analysis
(Fig. 8). The positive-ion mass suggested the formation of [2·1
+ In3+-2H+]+, based on the presence of a peak at m/z = 935.32
(calcd 935.20). The association constant was determined to be
1.0 × 108 M−2 according to Li’s equation (Fig. S15†).64

Importantly, the association constant is the highest reported
to date for a chemosensor for detection of In3+ (Table S1†).
The detection limit for In3+ was calculated to be 7.92 μM
based on 3σ/slope analysis (Fig. S16†).65 On the basis of
ESI-MS, Job plot analysis, and UV-vis titration, a probable
structure for the In3+-2·1 complex is proposed in Scheme 2.

The preferential selectivity of probe 1 towards In3+ was eval-
uated via fluorescence competition experiments over various
competing metal ions (Fig. S17†). Most of the coexisting
cations showed no or negligible interference with the fluo-
rescence intensity of the In3+-2·1 complex, except Cu2+, Al3+,
Fe2+, Cr3+ and Fe3+. Cu2+ and Al3+ reduced the fluorescence
intensity by about half, and Fe2+, Fe3+ and Cr3+ showed inter-
ference of more than 90% because of their intrinsic fluo-
rescence quenching properties.67,68

Fig. 7 UV-vis spectral changes of 1 (20 μM) in the presence of different
concentrations of In3+ ions.

Fig. 8 Positive-ion ESI-MS of sensor 1 (0.1 mM) with In(NO3)3 (1.0 equiv.).
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3.3. Theoretical calculations for Al3+-2·1, Ga3+-2·1 and
In3+-2·1 complexes

We carried out DFT and TD-DFT calculations to further investi-
gate sensing mechanisms of Al3+-2·1, Ga3+-2·1 and In3+-2·1
complexes. All calculations were performed with a 2 : 1 stoi-
chiometric ratio between 1 and metal ions, based on experi-
mental data. For 1, the energy-optimized structure showed a
twisted shape with a dihedral angle of 109.939° (1O, 2C, 3C,
4O) (Fig. 9(a)). For all complexes, the structures indicated that
Al3+, Ga3+ and In3+ were bound to the oxygen atoms of the

naphthalic and the julolidine moieties and the nitrogen atoms
of the imine moieties of 2·1 (Fig. 9(b)–(d)). Binding mecha-
nisms of Al3+-2·1, Ga3+-2·1 and In3+-2·1 complexes were exam-
ined using TD-DFT calculations. For 1, the 4th excited state of
MO contribution was analyzed to be the HOMO → LUMO+1
and HOMO−2 → LUMO transitions (342.30 nm, Fig. S18†),
which were characterized to the π → π* transition. For Al3+-2·1,
the 11th excited state of MO contribution was analyzed to be
HOMO → LUMO+2 and HOMO → LUMO+3 transitions
(393.28 nm, Fig. S19†). For Ga3+-2·1, the 12th excited state of
MO contribution was analyzed to be HOMO−1 → LUMO+3

Fig. 9 Energy-minimized structures for (a) 1, (b) Al3+-2·1, (c) Ga3+-2·1 and (d) In3+-2·1 complexes.
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and HOMO → LUMO+2 transitions (384.10 nm, Fig. S20†). For
In3+-2·1, the 12th excited state of MO contribution was analyzed
to be HOMO → LUMO+3 and HOMO−1 → LUMO+2 tran-
sitions (387.68 nm, Fig. S21†). All complexes exhibited intra-
molecular charge transfer (ICT) from the julolidine moieties to
the naphthalic and imine ones (Fig. S22†). These results
suggested that the occurrence of ICT transitions upon the che-
lating between 1 and the metal ions Al3+, Ga3+ and In3+ led to
the increase of fluorescence intensity of 1. Based on the experi-
mental data (ESI-MS and Job plot analyses) and theoretical cal-
culations, the binding mechanisms of Al3+-2·1, Ga3+-2·1 and
In3+-2·1 complexes are proposed in Scheme 2.

4. Conclusion

We present a novel multifunctional fluorescent probe 1, which
exhibits high selectivity for trivalent ions (Al3+, Ga3+ and In3+).
The sensor could simultaneously sense and differentiate
between Al3+, Ga3+ and In3+ through turn-on fluorescence at
different wavelengths. Binding modes of 2 : 1 for 1 with Al3+,
Ga3+ and In3+ are proposed based on Job plots and ESI-MS.
The association constants of Ga3+-2·1 and In3+-2·1 complex are
the highest reported to date for a chemosensor for these ions.
Importantly, this is the first report to our knowledge that a
chemosensor can selectively detect and differentiate between
Al3+, In3+ and Ga3+, while several chemosensors reported to
date have difficulty in distinguishing between Al3+, In3+ and
Ga3+ because of the similar behaviors of these ions. Thus,
these results provide new insight into the development of
novel multifunctional probes for distinguishing between metal
ions in the same group.
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