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Abstract Two simply and highly selective aluminium ion
fluorescent probes based on 4-aminoantipyrine derivate have
been successfully synthesized and systemically characterized,
The investigation of absorption and emission spectra revealed
that the compounds exhibited highly selective fluorescence
behaviours toward Al3+ in aqueous media and showed differ-
ential fluorescent emission peaks corresponding to blue and
green. which resulted from different fluorophores, and the
fluorescence process is attributed to the Photoinduced Elec-
tron Transfer (PET) mechanism, In addition, the association
constants between sensors L1 and L2 with aluminum ion are
1.58×106 M−1 and 8.72×106 M−1, respectively, which were
obtained by fluorescent titration experiments. Moreover, the
binding site of sensors with Al3+ were determined by 1HNMR
titration experiments.
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Introduction

Aluminium is the third most abundant metallic element in the
earth, which accounts for 7.45% of the total of the earth's crust

[1, 2]. Despite being a non-essential element in living organ-
ism, the detection of aluminum is very necessary and of great
interest due to its potential toxicity and extensive application
in packing materials, clinical drugs, deodorants and food ad-
ditives et al. [3–7]. Aluminium has been proved to be a neu-
rotoxin for a long time, and the abnormal content of alumin-
ium can cause many health hazards such as alzheimer's dis-
ease, osteomalacia and the risk of breast cancer, meanwhile, it
can damage the brains and kidneys [8–11]. Some relevant
aluminium compounds are frequently utilized as pharmaceu-
tical drugs in the human body, for example, the drug aspirin
containing aluminium glycinate is commonly used as an an-
algesic, the antacids is a kind drugs of regulating pH in organ-
ism. Additionally, theWHO (World Health Organization) pre-
scribed the average human intake of aluminum as around 3–
10 mg day−1 with a weekly dietary intake of 7 mg kg-1 body
weight. Meanwhile, as far as can be determined, 40 % of soil
acidity arises from aluminum toxicity, furthermore, high con-
centration of aluminium in ecosystem is toxic to plant, fish,
algae and other species, and can enter into human body along
with biocycle to cause other relevant diseases [12–16].

Because of the potential harm of aluminium on environ-
ment and human health, the researchers attempted to explore
more efficient analytical methods toward aluminium [17–19].
In recent years, compared with the traditional detection
methods (graphite furnace atomic absorption spectrometry
and inductively coupled plasma atomic emission spectrome-
try), fluorescent probe has been regarded as an effective meth-
od for tracing relevant metal ions and shows its special advan-
tages [20–23]. As already reported, some fluorescent probes
toward aluminium ion derived from coumarin, 8-
hydroxyquinoline and rhodamine et al. have been reported,
but some metal ions (Cu2+, Cd2+, Zn2+ et al.) can interfere
with the detection of aluminium ion [24–26]. Additionally,
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aluminium ion exists in aqueous environment in general and
most of the reported fluorescent probes of Al3+ have weak
water-solubility, which limits its application prospect, so the
design of highly selective and sensitive probe of Al3+ is very
necessary for its practical application. Based on the features,
there is a extra demand for the design and synthesis of fluo-
rescent probe for detecting aluminium ion in natural environ-
ment and living organism.

In the process of the development of fluorescent sensors, 4-
diethylaminobenzaldehyde and naphthalene moiety have been
proved as ideal fluorophores and some correlative derivates have
been synthesized as effective fluorescent probes in determination
of some cations [27–29]. Especially over the years, some highly
selective and sensitive fluorescent probes for Al3+ from their
derivates have been reported, which exhibit high signal response
toward Al3+. 4-aminoantipyrine is an important organic com-
pound which can be acted as a color development reagent and
chelating group which is applied in coordination chemistry [30,
31]. But to date, the study of fluorescent probes based on 4-
aminoantipyrine derivates are scare.

In continuation of our work on biological and environmen-
tal important cations probes, herein, two fluorescent probes
based on 4-aminoantipyrine have been exploited, the strong
binding property between fluorescent probe and Al3+ leads to
high selectivity and sensitivity over competing metal ions.
According to the spectral analysis, the two fluorescent probes
exhibited different emission wavelengths, the typically spec-
tral characters, which can be used combinedly to detect Al3+,
will enhance the accuracy and sensitivity. The spectra proper-
ties of probes for Al3+ improve the prospects in environment
monitoring and biological analysis.

Experimental

Instrument and Reagents

1HNMR spectra were recorded on a Bruker Avance III 400
spectrometer with TMS as an internal standard. The melting
points of the compound were determined on a Beijing XT4-
100Xmicroscopic melting point apparatus. The UV–vis spec-
tra were recorded on a Perkin-Elmer Lambda-35 UV–vis
spectrophotometer. Fluorescence spectra were obtained on a
Cary Eclipse spectrophotometer at room temperature.

Naphthol aldehyde, 4-aminoantipyrine and 4-diethylamino
benzaldehyde were purchased from aladdin reagent corpora-
tion. All the chemicals were of reagent grade and were used
without further purification.

All spectroscopic measurements were performed in
Ethanol-HEPES buffer solution (99:1, pH=7.0).

Stock solutions (1.0×10−3 M) of metal ions (metal chlo-
ride) were prepared in two-distilled water. The stock solution
of sensors (1.0×10−3 M) was prepared in two-distilled water.

In titration experiments, each time a 20 μL solution of sensor
(1.0×10−3 M) was filled in a quartz optical cell of 1 cm optical
path length. Then equal amount of Al3+ stock solution (5 μL)
was added to the compound solution with micro-pippet. Spec-
tral data was recorded at 1 min after addition. In selectivity
experiment, the test samples were prepared by placing appro-
priate amounts of metal ion stock into 3 mL solution of sensor
(6.67×10−6 M). For fluorescence measurements, the excita-
tion wavelength is at 360 nm.

The binding constant between sensor and Al3+ was calcu-
lated by the linear Benesi-Hildebrand expression [32, 33].

I0= I−I0ð Þ ¼ I0= L½ � þ I0= L½ �:Ks: M½ �

Where I is the change in the fluorescence intensity at 450
and 485 nm, Ks is the stability constant, and [L] and [M] are
the concentration of L1, L2 and Al3+, respectively. I0 is the
fluorescence intensity ofL1 andL2 in the absence of Al3+. On
the basis of the plot of 1 / (I-I0) versus 1 / [Al3+], the stability
constant can be obtained.

Synthesis of Compounds
4-diethylaminobenzaldehyde-4-aminoantipyrine Schiff-Base
(L1) and Naphthol aldehyde-4-aminoantipyrine Schiff-Base
(L2)

The two compounds were synthesized by the reported methods
[34, 35]. The synthetic route of 4-diethylaminobenzaldehyde-4-
aminoantipyrine schiff-base was shown in Scheme 1. An ethanol
solution (10 mL) of 4-aminoantipyrine (1 mmol, 0.2032 g) was
added to another ethanol (10 mL) containing 4-
diethylaminobenzaldehyde (1 mmol, 0.1932 g), Then the solu-
tion was reflux for 4 h and cooled to room temperature. The
mixture was filtered and dried under vacuum. Recrystallization
from C2H5OH/H2O (V:V=1:1) gave the target product 4-
diethylaminobenzaldehyde-4-aminoantipyrine schiff-base (L1),
which was dried under vacuum. Yield, 86 %. m.p.: 236–
238 °C. 1HNMR (DMSO–d6 400 MHz): δ 13.361 (1H, s,
−O2–H), δ 9.505 (1H, s, −C1–H), δ 7.541–7.577 (2H, m, −C11,

13–H), δ 7.399–7.418 (3H, d, −C10,12, 14–H), δ 7.175–7.196 (1H,
d, −C6–H), δ 6.277–6.296 (1H, d, −C7–H), δ 6.083 (1H, s, −C3–
H), δ 3.153 (3H, s, −C9–H), δ 3.532 (4H, m, −C4,4’–H), δ 2.372
(3H, s, −C8–H), δ 1.123–1.155 (6H, m, −C5,5’–H).

Naphthol aldehyde-4-aminoantipyrine schiff-base (L2)
was synthesized by the same route withL1 (Scheme 1), Yield,
85 %. m.p.: 258–260 °C. 1HNMR (DMSO–d6 400 MHz): δ
15.001 (1H, s, −O2–H), δ 10.864 (1H, s, −C1–H), δ 8.102–
8.123 (1H, d, −C3–H), δ 7.975–8.102 (1H, d, −C11–H),, δ
7.900–7.902 (1H, d, −C15–H), δ 7.571–7.624 (3H, m,
−C12,13,14–H), δ 7.399–7.457 (4H, m, −C5,6,7,8–H), δ
7.199–-7.222 (1H, d, −C4–H), δ 3.268 (3H, s, −C10–H),
δ 2.472 (3H, s, −C9–H).
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Investigation of UV–vis Spectra between Probes L1, L2
and Al3+

Figure 1a and b showed the change in the UV–vis spectra of
sensors L1, L2 (6.67×10−6 M) with addition of Al3+ (0–4
equiv.) in Ethanol-HEPES media. The compounds L1 and
L2 exhibited obvious maximum absorption. With the gradual
addition of Al3+ in Ethanol-HEPESmedia, the UV–vis spectra
from L1 and L2 showed significant changes. Figure 1a
showed the UV–vis titration spectrum changes of L1 with

Al3+ in Ethanol-HEPES media, The absorption bands at 375
and 380 nm disappeared with the generation of new bands at
350 and 430 nm, which illustrated that there was intense in-
teraction between L1 and Al3+. As listed in Fig. 1b. UV–vis
titration spectrum ofL2with Al3+ showed the absorption band
at 375 nm exhibited gradual decrease with red shift of absorp-
tion peak in the range. Simultaneously, The isoabsorptive
point at 400 nm proved the form of coordinative compound
betweenL2 andAl3+. But it needed to be demonstrated further
by fluorescence measurement.

Scheme 1 The structures and
synthetic route of corresponding
compounds 4-
diethylaminobenzaldehyde-4-
aminoantipyrine schiff-base (L1)
and naphthol aldehyde-4-
aminoantipyrine schiff-base (L2)

Fig. 1 The interactive UV–vis spectra of L1, L2 with Al3+ in Ethanol-HEPES media
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Investigation of Fluorescence Spectrum between Sensors L1,
L2 and Al3+

The fluorescence selective activities of L1 and L2 toward
various metal ions (Na+, Cu2+, Zn2+, Co2+, Cr3+, Cd2+,
Mn2+, Fe3+, Al3+) were evaluated in Ethanol-HEPES solution.
The fluorescence selective spectra of L1 and L2 with metal

ions were validated by the excitation at 360 nm. As shown in
Fig. 2a, in Ethanol-HEPES buffer solution, the sensor L1
exhibited almost no fluorescence at 450 nm. Upon gradual
addition of various metal ions, only Al3+ could cause a signif-
icant fluorescence enhancement from L1 (16 fold increasing),
very few of fluorescence changes were observed in the pres-
ence of other metal ions. The fluorescence behaviors showed

Fig. 2 The fluorescence spectra changes of sensors L1 (a) and L2 (b) upon addition of various metal ions in Ethanol-HEPES media

Fig. 3 The three-dimensional (3D) fluorescence spectra of sensors L1 (a) and L2 (b) upon addition of Al3+ in Ethanol-HEPES media
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that sensor L1 exhibited high fluorescent selectivity toward
Al3+ in aqueous environment. Meanwhile, to illustrate the
high selectivity of L2 toward Al3+, the fluorescence spectrum
under the same experimental conditions was also tested. As
shown in Fig. 2b, L2 showed obvious emission at 460 and
485 nm upon addition of Al3+ in comparison with other metal
ions. In addition, the 3D fluorescence spectra (Fig. 3) were
also tested to indicate the different emission bands. It demon-
strated the interaction of L1 with Al3+ lead to one emission
band at 450 nm, while the interaction between L2 and Al3+

exhibited two obvious bands at 460 and 485 nm. By compare
with the fluorescence properties of L1 and L2 toward Al3+,
the emissive wavelength were distinctly discriminating. The
emission of L1 treated with Al3+ was limited in the range of
blue light, while the fluorescence of L2 with Al3+ was green.
And they could be illustrated intuitively by the fluorescence
images under UV light (Scheme 1 insert).

The fluorescence titration experiments between L1 and L2
with Al3+ was also conducted (Fig. 4a and b). Because It could
illuminate directly the interactive fluorescence activities

between sensors with Al3+. Additionally, the binding constant
of sensors and Al3+ could be calculated by fluorescence titra-
tion spectra, which could explain quantificationally the com-
bining capacity of sensors and Al3+. As shown in Fig. 4, the
fluorescence titration spectrum showed a gradually enhanced
fluorescence with addition of Al3+. By Benesi-Hildebrand ex-
pression (Fig. 5), the binding constants L1 and L2 with Al3+

were estimated to be 1.58×106 M−1 and 8.72×106 M−1, re-
spectively, which demonstrated that L2 exhibited stronger
binding affinity with Al3+ than L1. Meanwhile, the binding
properties were proved qualitatively by molecular exchange
experiment (Fig. 6). AddingL2 to the solution ofL1-Al3+, the
fluorescence changed from blue to green along with the
change of fluorescence emission wavelength, but the revers-
ible exchange process was impracticable. The fluorescence
transition properties could be used to detect and analysis
Al3+ accurately in environment and organism.

Furthermore, to validate the high selectivity of L1 and L2
toward Al3+, the fluorescence competitive experiments of oth-
er various metal ions were also investigated. Equivalent Al3+

Fig. 4 The fluorescence titration spectra of sensors L1 (a) and L2 (b) upon addition of Al3+ in Ethanol-HEPES media

Fig. 5 The Benesi-Hildebrand expressions of sensors L1 (a) and L2 (b) upon addition of Al3+ in Ethanol-HEPES media
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was added to the aqueous solution of L1 and L2 (6.67×
10−6 M), then equivalent amount of other metal ions were also
added into the solution. Their fluorescence intensities were
recorded, respectively. The histogram of fluorescence changes
were listed in Fig. 7. As shown in Fig. 7a and b, the fluores-
cence emission intensity of L-Al3+ solution containing other
metal ions (Na+, Cu2+, Zn2+, Co2+, Cr3+, Cd2+, Mn2+, Fe3+)
showed no significant variation in comparison with the fluo-
rescence intensity of L-Al3+ solution. All the results indicated
that the L1 and L2 could be used as highly selective fluores-
cent sensors for Al3+ in aqueous environment.

The Job plot (Fig. 8) was described to determine the accu-
rate coordination stoichiometry of L-Al3+ complex. The fluo-
rescence emission was measured for each sample in Ethanol-

HEPES solution with the excitation wavelength at 360 nm.
The total concentration of sensors andAl3+ (1.0×10−5 M) was
fixed, in the experimental process, the concentration ratio ofL
and Al3+ changed correspondingly. In Fig. 8, the plot of fluo-
rescence intensity versus [Al3+]/[Al3++L] showed the maxi-
mum fluorescence value is 0.46 and 0.50, respectively, which
indicated that the 1:1 coordination stoichiometry between L1,
L2 and Al3+.

Investigation of 1HNMR Titration Spectrum, Fluorescence
Emission Mechanism and Detection Limit

The stoichiometry of L and Al3+ had been calculated by Job
plot, but the coordinative sites of sensor L and Al3+ was not

Fig. 6 The fluorescence
reversible process of sensors L1
(a) and L2 (b) in Ethanol-HEPES
media

Fig. 7 The selectivity of L1 and L2 for Al3+ in the presence of other
metal ions (Na+, Cu2+, Zn2+, Co2+, Cr3+, Cd2+, Mn2+, Fe3+, Al3+) in
Ethanol-HEPES media (pH=7.0). Excitation at 320 nm. The response is

normalized with respect to background fluorescence of the free L (1.0×
10−5 M). Al3+ (1.0×10−5 M) is added at first. Then other metal ions were
added (1.0×10−5 M)
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sure, so to confirm the coordinative sites, 1HNMR titration
spectrum of L with Al3+ was tested. Figure 9 showed the
1HNMR spectroscopy of L1 and L2 in the absence and pres-
ence of Al3+. As shown in Fig. 9, the 1HNMR titration spectra
showed same features. the coordination of sensor L with Al3+

lead to the departure of H ion from hydroxyl groups of sensor
L1 and L2. By the information from H-chemical shifts, we
could primarily confirm that one important coordinative cite
of L1 and L2 for Al3+ was from hydroxyl group, which is
similar to the reported fluorescent sensor [29, 36–38]. In ad-
dition, the supposed fluorescence emission mechanism was

listed in Fig. 10. Al3+ played the role of electron acceptor,
before sensor L coordinated with Al3+, L transfered the elec-
tron (non-bonding electron pair from nitrogen atom) to the
fluorophores (4-diethylamine benzyl and naphthyl ring),
which caused fluorescence quenching. After L1 and L2 coor-
dinated with Al3+, the PET (Photoinduced Electron Transfer)
process from the receptor (nitrogen atom) to the fuorophores
(4-diethylamine benzyl and naphthyl rings) was blocked and
the fluorescence switched BON^. To evaluate the sensitivity of
sensorL1 and L2with Al3+, the detection limit in recognizing
Al3+ was also tested using fluorescence spectra. The

Fig. 8 Job’s plot according to the method for continuous variations, indicating the 1:1 stoichiometry forL1-Al3+ andL2- Al3+ (the total concentration of
L and Al3+ is 1.0×10−5 M). (λex=360 nm, Slit: excitation/emission=5/5)

Fig. 9 The 1HNMR titration
experiment of L1 (a) and L2 (b)
with Al3+ in d6-DMSO solution
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fluorescence titration experiment ofLwith Al3+ demonstrated
the detection of Al3+ in aqueous media was at the magnitude
level of 1.0×10−7 M, which was relatively sensitive.

Conclusion

In summary, we have presented two simple 4-aminoantipyrine
derived fluorescent chemosensors for Al3+. They exhibits high
selectivity and sensitivity toward Al3+ over various metal ions
in aqueous media. The interaction ofL1 andL2with Al3+ lead
to intense blue and green fluorescence, respectively. More-
over, according to the spectrum investigation, the 1:1
stiochiometry between sensors and Al3+ are obtained. In ad-
dition, there is a higher association constant between L2 and
Al3+, which exhibits competitive advantage comparing with
L1. And the coordinative sites of sensors with Al3+ are con-
firmed by 1HNMR titration spectrum. The fluorescence prop-
erties of sensors L1 and L2 with Al3+ in aqueous media en-
hance their potential application value of the monitoring and
tracking of aluminum ions in biological system and
environment.
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