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A chemosensor based on pyridoxal hydrazone was prepared in a two-step synthesis with a high yield.
Chemosensor 1 exhibits high sensitivity and anti-disturbance for aluminium(III) ions among other biologically important metal ions. Aluminium(III) ion sensing was accomplished using a chelation enhanced
ﬂuorescence (CHEF) effect and photoinduced electron transfer (PET) inhibition. Chemosensor 1 shows a
high association constant (1  105 M  1) towards aluminium(III) ions in DMSO-H2O (9:1, v/v). The
detection limit of the ﬂuorescence response of chemosensor 1 for aluminium(III) ions is 6  10  7 M.
& 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Aluminium is one of the most common metals in nature. Aluminium ions are indispensable for living organisms; however, high
concentrations can cause serious health problems including organ
and tissue damage. Excess aluminium can cause many serious
diseases, such as bone and joint diseases and neuronal disorders
leading to dementia, myopathy and Alzheimer's disease. The effect
of aluminium ions on human health has been well described in the
literature [1]. The main sources of aluminium are food additives,
aluminium-based pharmaceuticals, aluminium containers and
cooking utensils and contaminated drinking water. Thus, the
detection of aluminium is crucial, and monitoring and controlling
its concentration in the environment will minimise its impact on
human health.
Measuring aluminium in the environment can be achieved using
sophisticated instrumental analytical methods, such as atomic
absorption spectroscopy (AAS), voltammetry, inductively coupled
plasma emission spectrometry (IPC-AES) or potentiometric and spectrophotometric sensors [1–6]. Many of these techniques have limitations due to their poor selectivity and sensitivity. One of the most
n
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promising methods relies on the use ﬂuorescent sensors. These sensors are very attractive tools for the sensing and recognition of
environmentally and biologically important metal ions due to their
simplicity, high sensitivity, good selectivity and rapid response time
[7–11]. Nevertheless, the determination of aluminium has always been
complicated because Al(III) ions display a poor coordination ability,
strong hydration ability and a lack of spectroscopic characteristics [12].
At present, several types of selective ﬂuorescent chemosensors are
known. The most common types are based on Schiff bases such as 2hydroxy-1-naphthaldehyde [13–20], 2-hydroxy-4-(dialkylamino)benzaldehyde [21–23], rhodamine derivatives [24–26] or formyl chromone derivatives [27,28]. Only a few examples of pyridoxal-based
chemosensors for the determination of copper, zinc or silver have
been reported [29–31].
Herein, we report novel pyridoxal hydrazone as a “turn-on“
ﬂuorescence chemosensor for the selective and sensitive detection
of aluminium in aqueous dimethyl sulfoxide. The free chemosensor 1 shows weak ﬂuorescence due to photoinduced electron
transfer (PET) and by excited-state intramolecular proton transfer
(ESIPT) [32]. The effective coordination of aluminium ions by a
binding system containing heterocyclic nitrogen, enamine nitrogen and a phenolic hydroxy group leads to a signiﬁcant
enhancement of the ﬂuorescent output of pyridoxal hydrazone
that is attributable to the chelation enhanced ﬂuorescence (CHEF)
effect, inhibition of both PET and ESIPT.
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Scheme 1. Preparation of chemosensor 1.

Scheme 2. Prototropic tautomerism of 1,2-benzothiazole 1,1-dioxide-3-hydrazones.

2. Experimental

additional portions of water (2  20 mL) and dried at 50 °C under a
vacuum. 3-(2-((3-Hydroxy-5-(hydroxymethyl) 2-methylpyridin-4-yl)
methylene)hydrazinyl) 1,2-benzothiazole
1,1-dioxide
(1)
was
obtained as an orange solid with a yield of 223 mg (92%).
1
H NMR (DMSO-d6) δ 2.48 (s, 3H); 4.70 (s, 2H); 5.58 (bs, 1H); 7.86
(m, 2H); 8.01 (s; 1H); 8.04 (m; 1H); 8.14 (m, 1H); 9.01 and 9.38 (2x s,
1H). 13C NMR (DMSO-d6) δ 17.9; 58.8; 121.4; 121.6; 123.4; 127.7;
133.2; 133.6; 133.7; 142.2; 146.9; 149.6; 152.2; 157.6. Elem. Anal.
calcd. C, 52.02; H, 4.07; N, 16.18; found C, 51.98; H, 4.09; N, 16.16.
HRMS (ESI): m/z calcd. for C15H14N4O4S: 347.0814 [MþH] þ ;
369.0633 [Mþ Na] þ ; found: 347.0811 [Mþ H] þ ; 369.0629 [MþNa] þ .

2.1. Measurements and materials
2.4. Fluorescence experiments
All chemicals were purchased from commercial suppliers and
used without further puriﬁcation. The salts used as the metal ion
sources were nitrates. NMR spectra were recorded on the Varian
Gemini 300 HC (300.077 MHz) at room temperature (  25 °C). The
chemical shifts (δ) are presented in ppm, and the coupling constants ( J) are presented in Hz. The programme MestReNova ver.
8 was used to process the NMR spectra. Mass spectra (HRMS) were
obtained using electrospray ionisation (ESI) with a LTQ Orbitrap
spectrometer. Elemental analysis was performed using the Elementar Vario El III analyser. Fluorescence spectra were recorded
on a FluoroMax 2 spectrophotometer equipped with quartz cuvettes with a 1 cm path length. Excitation and emission bands were
set at 2.5 and 5 nm, respectively.
2.2. Preparation of 3-hydrazinyl-1,2-benzothiazole 1,1-dioxide
1,2-Benzothiazol-3(2H)-one 1,1-dioxide (saccharin) (3664 mg;
20 mmol) was dissolved in hydrazine hydrate (20 mL; 400 mmol),
and the reaction mixture was heated at 120 °C overnight [33].
Then, an excess of hydrazine hydrate was evaporated under
reduced pressure. Acetic acid (5 mL) and water (15 mL) were
added to the residue; then, the solid material was ﬁltered off,
washed with cold water (3  10 mL) and dried at 50 °C under a
vacuum. 3-Hydrazinyl-1,2-benzothiazole 1,1-dioxide was obtained
as a white solid with a yield of 3668 mg (93%).
1
H NMR (DMSO-d6) δ 5.69 (bs, 2H); 7.55 (m, 2H); 7.70 (m, 1H);
7.75 (m, 1H). 13C NMR (DMSO-d6) δ 120.4; 121.5; 130.5; 131.5;
131.6; 142.6; 153.0. Elem. Anal. calcd. C, 42.63; H, 3.58; N, 21.31;
found C, 42.60; H, 3.60; N, 21.33.
2.3. Preparation of 3-(2-((3-hydroxy-5-(hydroxymethyl)
2-methylpyridin-4-yl)methylene)hydrazinyl)1,2-benzothiazole
1,1-dioxide (Chemosensor 1)
3-Hydrazinyl-1,2-benzothiazole 1,1-dioxide (138 mg; 0.7 mmol)
was suspended in isopropanol (6 mL) and preheated to 75 °C; then,
pyridoxal hydrochloride (163 mg; 0.8 mmol) and sodium acetate
(70 mg; 0.85 mmol) in water (12 mL) were added to the solution. The
reaction mixture was stirred at 75 °C for 24 h. After cooling, water
(50 mL) was added and the product was ﬁltered, washed with

Stock solutions were prepared of chemosensor 1 (21 mmol L  1)
in DMSO-H2O (9:1, v/v) and the metal ions (Fe(II), Fe(III), Al(III), Co
(II), Ni(II), Cu(II), Zn(II), Hg(II), Pb(II), Cd(II), Cr(III), Na(I), K(I), Mg
(II) and Ca(II) as nitrate salts at a concentration of 210 mmol L  1) in
DMSO-H2O (9:1, v/v). Test solutions were prepared by placing
0.3 mL of the chemosensor 1 stock solution into cuvettes, adding
an appropriate aliquot of each metal ion stock solution, and
diluting the solution to 3 mL with DMSO-H2O (9:1, v/v). The concentration of chemosensor 1 in the measured solution was 2.1 mM.
The ﬂuorescence emission and excitation spectra were recorded
after equilibration at room temperature for 5 min.
2.4.1. Study of inﬂuence of DMSO-H2O ratio on ﬂuorescence behaviour
of chemosensor 1 in the presence of aluminium(III)
Inﬂuence of DMSO-H2O ratio on ﬂuorescence of 1 with aluminium(III) was studied using ﬂuorescence spectroscopy. The ratio
of DMSO-H2O was varied from 10:0 to 0:10, v/v. The concentration
of 1 was 2.1 mmol L  1; the concentration of aluminium(III) was
21 mmol L  1. The ﬂuorescence emission and excitation spectra
were recorded after equilibration at room temperature for 5 min.
2.4.2. Study of inﬂuence of pH on ﬂuorescence behaviour of chemosensor
1 in the presence of aluminium(III)
Inﬂuence of pH on ﬂuorescence of 1 with aluminium(III) was
studied using ﬂuorescence spectroscopy in DMSO-H2O (9:1, v/v).
pH was varied from 1–11. The range of pH was adjusted by using
0.1 M HCl or 0.1 M NaOH (both in DMSO-H2O 9:1, v/v). The concentration of 1 was 2.1 mmol L  1; the concentration of aluminium
(III) was 21 mmol L  1. The ﬂuorescence emission and excitation
spectra were recorded after equilibration at room temperature for
5 min.
2.4.3. Determination of conditional binding constants and complex
stoichiometry of 1 with aluminium(III)
The association of 1 with aluminium(III) was studied using
ﬂuorescence spectroscopy in DMSO-H2O (9:1, v/v). Because the
solvent environment always signiﬁcantly affects the binding constants, the titrations were performed in the same environment
and the ratio of DMSO to water was maintained as a constant.
Conditional constants (Ks) were calculated from the ﬂuorescence
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Fig. 1. 1H NMR spectra of CH ¼ N proton of 1 in different solvent systems.

2.4.4. Determination of the detection limit of 1 for aluminium(III)
The detection limit was determined from the ﬂuorescence
titration data according to a widely used method [13,35,36] in
DMSO-H2O (9:1, v/v). According to the results of the titration
experiment, the ﬂuorescence intensity data at 468 nm were normalised between the minimum intensity (0.0 equiv. free Al(III))
and the maximum intensity. A linear regression curve was ﬁtted to
the normalised ﬂuorescence intensity data. The detection limits
were calculated using the following equation:
Detection limit ¼ D=k
where D is the absolute value of the above curve for a zero concentration of Al(III) and k is the slope between the normalised
ﬂuorescence emission intensity ((I  Imin)/(Imax  Imin)) versus the
concentration of Al(III).

3. Results and discussion
3.1. Synthesis of the chemosensor
The chemosensor was prepared in a two-step synthesis (Scheme 1).
In the ﬁrst step, saccharin (1,2-benzothiazol-3(2 H)-one 1,1-dioxide)
was reacted with hydrazine hydrate at 120 °C to provide 3-hydrazinyl1,2-benzothiazole 1,1-dioxide with a 93% yield [33]. In the next step, the
hydrazine derivative was reacted with pyridoxal in a mixture of water
and isopropanol at 75 °C to provide 3-(2-((3-hydroxy-5-(hydroxymethyl) 2-methylpyridin-4-yl)methylene)hydrazinyl) 1,2-benzothiazole 1,1-dioxide (chemosensor 1) with a yield of 92%.
Fig. 2. Prototropic tautomerism of 1.

3.2. Prototropic tautomerism
changes of 1 using the maximum of their complexes with aluminium(III) (ΔF) by nonlinear regression with the Letagrop Spefo
2005 software. The computational model was described in detail
and discussed by Sillén [34]. The concentration of 1 was
2.1 mmol L  1. The concentrations of aluminium(III) varied in the
range of 0–0.2 mmol L  1.

In some cases, the 2-N-heterocyclic hydrazones showed prototropic tautomerism involving their acidic hydrogen [37]. There was
equilibrium between the amino form (proton on the hydrazine
nitrogen) and imino form (proton on the heterocyclic nitrogen)
(Scheme 2). As a result, the 1H and 13C NMR showed two different
sets of signals. The ratio of tautomers is dependent on the pH and
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Fig. 3. Fluorescence images of 1 in the presence of various metal ions (10 equiv.) under UV-light (366 nm).

Fig. 4. Fluorescence spectra of 1 (2.1 μM) in the presence of different metal ions (10 equiv.) in DMSO-H2O (9:1, v/v). (A) Fluorescence emission spectra of 1 with an excitation
of 399 nm. (B) Relative emission intensity of 1 at 468 nm with an excitation of 399 nm. (C) Fluorescence emission spectra of 1 with an excitation of 420 nm. (D) Relative
emission intensity of 1 at 468 nm with an excitation of 420 nm. (E) Fluorescence excitation spectra of 1 with an emission of 468 nm.
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Fig. 5. (A) Changes in ﬂuorescence emission spectra of 1 (2.1 μM) upon addition of increasing concentrations of Al(III) (0–62 equiv.) with an excitation of 399 nm in DMSOH2O (9:1, v/v). (B) Fluorescence intensity at 468 nm versus the equivalents of Al(III) added.

Fig. 6. (A) Changes in ﬂuorescence emission spectra of 1 (2.1 μM) upon addition of increasing concentrations of Al(III) (0–62 equiv.) with an excitation of 420 nm in DMSO-H2O (9:1,
v/v). (B) Fluorescence intensity at 468 nm versus the equivalents of Al(III) added.

Fig. 7. (A) Changes in ﬂuorescence excitation spectra of 1 (2.1 μM) upon addition of increasing concentrations of Al(III) (0–62 equiv.), with an emission of 468 nm in DMSO-H2O (9:1,
v/v). (B) Fluorescence intensity at 399 and 420 nm versus the equivalents of Al(III) added.

solvent. When the 1H NMR was performed in pure DMSO-d6, the ratio
of tautomers calculated from the signals of the CH¼ N protons was
11:1, in DMSO-d6 with 10% D2O (v/v) the ratio was 33:1, in DMSO-d6
with 10% CD3OD (v/v) the ratio was 14:1, in DMSO-d6 with 10% pyridine-d5 (v/v) the ratio was 10:1, and in DMSO-d6 with 10% TFA-d1
(v/v) there was only one singlet (Fig. 1).
The colourless amino form was preferred in acidic medium,
while the yellow imino form was present in neutral and basic
media [33] (Fig. 2).

3.3. Fluorescence studies
The ﬂuorometric behaviour of chemosensor 1 to the metal ions
(Fe(II), Fe(III), Al(III), Co(II), Ni(II), Cu(II), Zn(II), Hg(II), Pb(II), Cd(II),
Cr(III), Na(I), K(I), Mg(II) and Ca(II) as nitrate salts) was studied
(Fig. 3). Measurement in water is complicated due to aggregation
of chemosensor. This problem can be solved by application of
organic co-solvents as medium [14,38,39]. Nevertheless pure
organic solvent may be considered as unnatural environment for
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Fig. 8. Job's plot used to determine the stoichiometry of the 1-Al(III) complex with excitation spectra of 399 nm (A) and 420 nm (B) in DMSO-H2O (9:1, v/v). The ﬂuorescence
intensity was measured at 468 nm.

Fig. 9. Fluorescence intensity of 1 (2.1 μM) upon the addition of Al(III) ions (2.1 μM) in the presence of various metal ions (2.1 μM) with excitation spectra of 399 (A) and 420
(B) nm in DMSO-H2O (9:1, v/v). The ﬂuorescence intensity was measured at 468 nm.

sensing transition metals, mixed solvent system are used in these
studies [40]. In addition, high supplement of organic solvent leads
to suppression of aggregation of chemosensor and helps to
improve ﬂuorescence response of chemosensor to analyte. Fluorescence emission and excitation spectra of chemosensor 1 in the
presence of 10 equivalents of aluminium(III) ion were measured in
DMSO-water (0:1 to 1:0, v/v) to determine the optimal ratio of
solvents. The highest ﬂuorescence emission was found for DMSOH2O 9:1, v/v. It is obvious, that hydrazone tautomers can displayed
various ﬂuorescence behaviour in the presence of metal ion such
as aluminium(III). The effect of pH on ﬂuorescence behaviour of
chemosensor 1 in the presence of 10 equivalents of aluminium(III)
at various pH (from 1 to 11) was studied. Whereas imino form
(preferred at basic medium) shows only low ﬂuorescence emission
upon addition of aluminium(III), amino ones (preferred in acidic
medium) provide very strong ﬂuorescence emission. The most
intensive emission was observed in pH 4–7.
Chemosensor 1 itself displayed only negligible ﬂuorescence. In the
presence of aluminium(III), chemosensor 1 showed intense ﬂuorescence enhancement (more than two orders of magnitude) coupled
with a blue shift (from 540 nm to 468 nm). It is most probably caused
by blockage of excited state intramolecular proton transfer (ESIPT)
[32]. It is known that this phenomenon can induce blue shift at
interaction of aluminium(III) with Schiff bases [41–43].
Two excitation maxima at 399 nm and 420 nm were detected
for the ﬂuorescence peak of the aluminium complex with chemosensor 1 (Fig. 4). In contrast, either no or negligible spectral

changes of sensor 1 occurred in the presence of 10 equivalents of
the Cd(II), Cu(II), Ni(II), Fe(II), Fe(III), Co(II), Cr(III), Hg(II), Mg(II), Ca
(II), K(I) and Na(I) ions for both excitation maxima. Zn(II) also
generated a certain ﬂuorescence enhancement. However, the
intensity was signiﬁcantly lower compared to Al(III). Fig. 4 shows
the ﬂuorescence emission and excitation spectra of 1 in the presence of Cd(II), Cu(II), Ni(II), Zn(II), Fe(II), Fe(III), Co(II), Cr(III), Hg
(II), Mg(II), Ca(II), K(I), Na(I), and Al(III) ions (10 equiv.) in DMSOH2O (9:1, v/v).
3.4. Binding mode studies
The ﬂuorescence titration experiments were performed by
gradually increasing the aluminium(III) ion concentration in a
DMSO-H2O (9:1, v/v) solution of 1 (2.1 μM) (Figs. 5–7). Two
emission spectra (λex ¼399 nm and 420 nm) and the excitation
spectrum (λem ¼468 nm) of chemosensor 1 were measured upon
addition of an increased concentration of aluminium(III) ions. The
ﬂuorescence intensity increased with the addition of up to 62
equivalents and then no change was observed. The conditional
constant (K) of 1 with Al(III) and its complex stoichiometry were
calculated by nonlinear regression using the programme Letagrop
Spefo 2005. The obtained value of K was 1  105 M  1 for the
complex with a stoichiometry of 1:1. Figs. 5–7 show the ﬂuorescence emission and excitation spectra of 1 upon addition of
increasing concentrations of Al(III) (0–62 equiv.) in DMSO-H2O
(9:1, v/v).
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Table 1
Comparison of some hydrazone-based ﬂuorescent chemosensors for Al(III) detection.
Detection limit

Solvent

Refs.

6.0  10  7 M

DMSO-H2O (9:1, v/v)

This work

1.9  10  6 M

H2O

[45]

8.2  10  7 M

EtOH

[46]

7.2  10  7 M

EtOH

[38]

1.9  10  7 M

EtOH

[28]

1.5  10  6 M

H2O-MeCN (4:1, v/v)

[47]

1.0  10  7 M

EtOH

[48]

3.3  10  6 M

EtOH-H2O (9:1, v/v)

[20]

Job's plot was used for the determination of 1-Al(III) complex
stoichiometry (Fig. 8). The ﬂuorescence emission intensity at
468 nm was measured with an excitation of 399 (a) and 420
(b) nm in DMSO-H2O (9:1, v/v). The plots of ﬂuorescence emission
versus the mole fraction ([Al(III)]/([Al(III)] þ[1]) are shown on
Fig. 8. The measured ﬂuorescence emission intensity indicated a
maximum when the molar fraction of Al(III) was 0.5, which
demonstrated the formation of a 1:1 complex of 1 with Al(III).

3.5. Competition studies
To examine the possible interference of other metal ions with
aluminium(III) complexation with chemosensor 1, competition
experiments were performed in the presence of aluminium(III)
mixed with various metal ions. Chemosensor 1 was treated with
10 equivalents of aluminium(III) in the presence of other metal
ions of the same concentration. The spectra were measured for
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both excitation maximums (399 and 420 nm). Although some of
them can inhibits ﬂuorescence emission, but unlike aluminium(III)
their presence do not lead to signiﬁcantly improvement of ﬂuorescence. Thus, chemosensor 1 displayed signiﬁcant selectivity for
the aluminium(III) against other tested metal ions (Fig. 9). This
phenomena can be explained by small ionic radius (0.5 Å) and
high charge density (r ¼4.81) of the aluminium(III) ion. They
allows appropriate coordination geometry for chelating chemosensor 1 (small ionic radius) and strong coordination ability
between chemosensor 1 and aluminium(III) ions (high charge
density) [16].

3.7. Study of the interaction mode using 1H NMR

3.6. Detection limit
The detection limit of 1 as a ﬂuorescent chemosensor for the
analysis of aluminium(III) was determined from a plot of the normalised ﬂuorescence intensity as a function of the concentration of

Scheme 3. Proposed binding interaction of 1 and Al(III).

Table 2
1
H NMR shifts of related protons upon addition of Al(III) in DMSO-d6/D2O (9:1, v/v).
Ratio of 1:Al(III)

1:0
1:1
1:5
1:20

the added metal ions. The value of the detection limit was determined to be 6  10  7 M. It indicates that chemosensor 1 are suitable
for utilisation in bioanalytical applications. For example, according
WHO acceptable limit for aluminium in drinking water is
1.85  10  6 M. Overcome of this level can lead to progress of serious
diseases, for example water aluminium(III) levels at or exceeding
3  10  6 M and the risk for developing of Alzheimer's disease [44].
Detection limit of chemosensor 1 is comparable to those of other
ﬂuorescent chemosensors based on hydrazones (in general, detection
limit is in the range of 10  7 M–10  6 M; Table 1).

The 1H NMR spectra of chemosensor 1 in the absence and
presence of 1, 5 and 20 equivalents of aluminium(III) ions (as its
nitrate salt) are shown in Fig. 10. The 1H NMR spectra were
recorded in DMSO-d6/D2O (9:1, v/v). The results showed that the
signals were shifted upon the addition of aluminium(III) ions and
the proton signals of the aromatic regions broadened and overlapped. Table 2 summarised the spectral changes during 1H NMR
titration. Upon the addition of aluminium(III) ions, the imine
proton of 1 at δ 8.94 ppm was slightly shifted upﬁeld towards δ
8.98 ppm. The most signiﬁcant changes occurred for the aromatic
proton from pyridoxal (pyridine). The proton at δ 7.97 ppm was
shifted upﬁeld up to δ 8.11 ppm, while the methyl protons at δ
2.46 ppm were shifted upﬁeld up to δ 2.55 ppm (Fig. 10, Table 2).
Based on the Job's plot and 1H NMR studies, we proposed that the
pyridine nitrogen was coordinated to the aluminium bonded by
the other molecule of chemosensor 1. Scheme 3 proposed the
binding interaction of 1 with aluminium(III) ions. These results
clearly indicate the effective binding of aluminium(III) ions by
chemosensor 1.

1

H NMR shifts [ppm]

CH3 (a)

CH2O (b)

Ar-H (c)

CH¼N (d)

2.46
2.51
2.53
2.55

4.68
4.72
4.74
4.76

7.97
8.03
8.08
8.11

8.94
8.97
8.98
8.98

4. Conclusions
In summary, novel chemosensor 1 based on pyridoxal hydrazone was prepared in a two-step synthesis with a high overall
yield of 86%. In the presence of aluminium(III) ions, chemosensor 1

Fig. 10. 1H NMR spectra of 1 upon addition of Al(III) in DMSO-d6/D2O (9:1, v/v).
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displayed a dramatic enhancement of ﬂuorescent output that was
attributable to a chelation enhanced ﬂuorescence (CHEF) effect
and photoinduced electron transfer (PET) inhibition. Chemosensor
1 exhibited high sensitivity and anti-disturbance for aluminium
(III) ions among other biologically important metal ions. The
detection limit was determined to be sufﬁciently low to allow the
detection of a submicromolar concentration of aluminium(III) ions
(6  10  7 M). Thus, chemosensor 1 can serve as an effective chemosensor for aluminium detection.
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