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INTRODUCTION

In the lithosphere, aluminium is one of the most available
elements, which is widely used in the paper industry, electronic
industry, pharmaceutical industry, food processing industry,
etc. [1-3]. Beyond to the permissible limits, aluminum lead to
disorders in people can lead to Alzheimer’s, Parkinson’s and
dialysis encephalopathy, which are neurological diseases [4-6].
Humans are recommended to consume about 7 mg of Al3+ per
kilogram of body weight per week, according to WHO recomm-
endations [7]. In addition to retarding plant growth, it damages
cellular membranes via oxidative damage. Although Al has
several disadvantages, its mass usage in daily life can accum-
ulate Al3+ and cause toxicity to humans and the environment.
Aluminum increases the acidity of soil, so it is very fetal for
the agricultural production [8]. On account of close relationship
between aluminum and human health, there is an urgent need
to develop a chemosensor for Al3+.

Fluorescence method is more advantageous than other
sophisticated methods as its operational simplicity, sensitivity,
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high selectivity, easy sample preparation and detection by both
visual and instrumental methods and obviously for low cost
[9,10]. Due to its weak coordinating abilities, Al3+ is more
challenging to work with than other metals when it comes to
making sensors [11]. As a result, Al3+ chemosensors in aqueous
media require high selectivity and sensitivity.

Schiff bases are often used as chemosensors because they
are easy to make and inexpensive [12-14]. For Al3+ chemosensors
to work well in aqueous media, they need to be sensitive and
selective. Thus, in this work, an attempt is made to construct  a
novel fluorescent ‘turn-on’ chemosensor for Al3+ ions based
on simple Schiff-base molecule through PET mechanism. A
diphenolic Schiff base molecule (EAMHM) was synthesized
by the condensation reaction of multiple phenolic aldehyde
molecules with a diamine containing multiple aldehyde reacting
primary amine moieties.

EXPERIMENTAL

Commercially available reagents and solvents were proc-
ured from Sigma-Aldrich Chemicals Pvt. Ltd., USA, whereas
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the spectroscopic grade solvent was purchased from E. Merck,
India. The solvents were purified and dried by distillation proc-
edure and used only after checking their purity fluorimetrically
in the interest range of wavelength. Water (Milli-Q Millipore
18.2 MΩ cm–1) was used throughout the study. Solvent mixture
MeOH-HEPES buffer (25 mM, pH 7) (1:1 v/v) was used for
all the spectroscopic measurements.

Characterization: LAMBDA 25 and LS-55 instruments
(Perkin-Elmer, USA) were used for the UV-Vis absorption
and fluorescence emission spectra, respectively. Quartz cells
with a path length of 10 mm were used for absorption spectrum
recording. For all measurements, the excitation wavelength was
365 nm, while the emission wavelength was between 8 and 3
nm. The fluorescence spectra were calibrated with respect to
the instrumental response. To check the reproducibility, every
spectroscopic measurement was conducted three times. An
NMR spectrometer with a Bruker Advance DPX 300 MHz was
used to measure 1H NMR spectra in DMSO-d6 with tetra-
methylsilane as an internal standard. Also, all the spectroscopic
measurements were peformed with freshly made solutions,
and the experiments were conducted at 25 ºC.

Synthesis of Schiff-base probe: 2-Hydroxy-3-(hydroxy-
methyl)-5-methylbenzaldehyde (HHMB) was synthesized
from p-cresol with yield of 62% by following reported method
[15]. To synthesize Schiff-base molecule 6,6′-(1Z,1′Z)-
(ethane-1,2-diylbis(azan-1-yl-1-ylidene))bis(methan-1-yl-1-
ylidene)bis(2-(hydroxymethyl)-4-methylphenol) (EAMHM),
ethylenediamine (EDA) (0.066 mL, 1 mmol) was added drop-
wise with constant stirring to a methanolic solution of HHMB
(0.322 g, 2 mmol) followed by the addition 3 drops of acetic
acid. The reaction mixture was then refluxed for 2.5 h at 45 ºC
and finally the crude product was collected under reduced pres-
sure. The product was purified by column chromatography to
obtain deep yellow solid product and dried over CaCl2 under
vacuum (Scheme-I). 1H NMR (DMSO-d6, 300 MHz) δ ppm:
2.22 (s, 6H, Ar-CH3), 2.49,3.31 (due to H20 presence in DMSO-
d6), 3.83 (s, 4H, N-CH2), 4.45 (s, 4H, CH2-OH), 4.97 (s, 2H,
CH2-OH), 7.1-7.23 (s, 4H, Ar-H), 8.51 (s, 2H, imine-H), 13.41
(s, 2H, Ar-OH) ppm.

Determination of fluorescence quantum yield: The
quantum yield of EAMHM as well as EAMHM-Al3+ were deter-
mined using standard method [16]. The standard fluorophore
used was 9,10-diphenylanthracene in ethanol with emission
quantum yield (φr) = 0.95. Using the following equation, the
φf for the different systems was calculated:

sample standard

standard sample
f f

sample standard

OD A

OD A

×
φ = × φ

×

where, Ai is the absorbance at the excitation wavelength, Fi is
the integrated emission area and n is the refractive index of
solvent used. Subscripts refer to the reference (r) or sample(s)
compound. The Schiff base EAMHM as well as EAMHM-Al3+

fluorescence spectra were recorded by 365 nm excitation at
25 ºC in 1:1 MeOH-HEPES buffer (v/v). At 450 nm fluorescence
intensity band the quantum yield of EAMHM and EAMHM-
Al3+ were determined 0.02 and 0.2, respectively.
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Scheme-I: Synthesis of the Schiff base molecule (EAMHM)

Theoretical calculation: By utilizing Gaussian 09, the
ground state geometries of the probe (EAMHM) and its chelate
complex with Al3+ were fully optimized in the gas phase to
study their molecular and electronic structure [17]. The B3LYP
functional with standard 6-31G basis set for all atoms had
been adopted for this calculation. All of these species’ global
minima were confirmed using positive vibrational frequencies.
The electrochemical properties of singlet excited states were
investigated using B3LYP density functional theory (TD-DFT)
based on the optimized geometry of their ground states (S0).
A ground state geometry was then evaluated with respect to
excitation energies and respective oscillator strengths. Based
on TD-DFT calculations, the UV-Vis spectra were calculated
in a water medium between 250 and 650 nm. In aqueous
medium, the conductor-polarized continuum model (CPCM)
was adapted to calculate the fluorescence wavelength for the
lowest singlet excited states using TD-DFT. Calculations based
on theoretical models were found to reproduce experimentally
obtained trends satisfactorily.

RESULTS AND DISCUSSION

UV-Vis studies: The UV-Vis absorption spectrum of the
Schiff base ligand (EAMHM) was recorded at 25 ºC in 1:1
aqueous-methanol solution showing two well-defined intensity
maxima at ~ 330 and 420 nm, respectively (Fig. 1a). It has
been shown that the visible absorption intensity appears due
to formation of deprotonated phenolate chromophore due to
solvent polarity induced ground state proton transfer reaction
from phenolic-OH to adjacent imine-N to generate partially
charge separated zwitterionic species [18], while 330 nm inten-
sity indicates that the second phenol-moiety remain as proto-
nated form. The Schiff-base molecule containing multiple
N- and O-centers (EAMHM) produces large affinity to interact
various metal ions. To monitor the metal ion-induced comple-
xation reaction for EAMHM, the changes in UV-Vis absorption
for EAMHM were investigated in presence of various metal
ions, such as Al3+, Ni2+, Mg2+, Co2+, Cu2+, Zn2+, Cr3+, Cd2+, Fe3+,
Ba2+, Hg2+ (Fig. 1b). Interestingly, the absorption intensity profile
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of the EAMHM remains almost unchanged in presence of those
various individual ions except Al3+. It has been observed that
both 330 and 420 nm absorption intensity for EAMHM grad-
ually decreases with concomitant formation of new absorption
intensity centered at ~ 365 nm until saturation was observed
in presence of 9-equivalents of Al3+ ions (Fig. 1a). Most import-
antly, the appearances of two different isosbestic wavelengths
~ 334 and 390 nm justify a formation of new molecular species
between Al3+ and EAMHM. Therefore, it has been considered
that the Schiff-base molecule involved in complexation only
with Al3+ ions among those various metal ions and the saturation
in the absorption profile originated because of no other free
EAMHM molecule present in solution to participate any further
complexation reaction. The Al3+ ion-induced such change in
UV-Vis absorbances of EAMHM may be useful for detection
of Al3+ in aqueous solution. To observe the sensing applicability,
the normalized 365 nm absorption intensities (normalized by
365 nm absorption intensity in absence of Al3+) were plotted
with the concentration of Al3+ ions and the linear correlation
curve upto 4 equiv. of Al3+ is highly beneficial for detection of
unknown Al3+ present in solution (Fig. 1c).

To identify the complex stoichiometry between EAMHM
and Al3+, absorbance related with the EAMHM-Al3+ complex
was plotted against different mole fractions of Al3+, while volume
of solution had remained constant according to the Job’s plot
(Fig. 2) [19]. The maximum amount of complexation at 0.5
mole-fraction of Al3+ convincingly suggests the formation of
1:1 complex between EAMHM and Al3+ ions.

The influence of different anions to dissociate the EAMHM-
Al3+ complex was also studied. A 365 nm absorption peak for
the complex remains unperturbed in presence of various poten-
tial anions, such as Cl–, BH4

–, Br–, NO3
–, SCN–, NO2

–, CN–, S2O3
2–

(Fig. 3b), which indicates that the complex is highly stable
towards those anions. On the other hand, a notable change of
absorption was identified in presence of 10 equiv. of S2– (Fig.
3a). More specifically, an identical spectrum between the final
absorption spectrum of the complex in presence of saturated
S2– ion and EAMHM clearly suggests that Al3+ is displaced as
insoluble Al2S3 from the complex to generate free EAMHM.

Fluorometric detection: The fluorometric studies for
EAMHM with or without the presence of various metal ions
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Fig. 2. Job’s plot for determining the stoichiometry of the complex between
EAMHM and Al3+ ion. The difference between the observed and
EAMHM absorbance at 365 nm were plotted with mole fraction of
Al3+ in the mixture of EAMHM and Al3+ with various compositions

were performed by maintaining conditions identical to that of
absorption studies in 1:1 methanol/buffer mixed solvent medium.
The Schiff-base molecule (EAMHM) shows very weak fluore-
scence intensity centered at ~ 510 nm (relative φF < 0.01) for
420 nm excitation (Fig. 4a), whereas the molecule behaves
completely non-fluorescent due to excitation by 330 nm light.
The results indicates that the zwitterionic residue containing
phenolate-conjugated with protonated imine is responsible for
weak fluorescence intensity, however, the protonated phenol
conjugated with imine moiety in the other half of molecule is
completely non-fluorescent in nature. The extremely low fluore-
scence intensity of EAMHM is highly useful for its application
as off-mode of fluorescence sensing. As a fluorescent sensor
in aqueous media, EAMHM may be detected by enhancing its
fluorescence with a suitable external reagent in its “on” mode.

As the concentration of Al3+ was increased in presence of
25 mL of Schiff base (EAMHM), a significant increase of fluore-
scence centered at 450 nm was observed. It reached saturation
at 10 equiv. in  1:1 methanol/buffer (20 mM HEPES) medium
(pH 7.0) (Fig. 4a). This indicates that the EAMHM-Al3+ complex
may be responsible for the large fluorescence enhancement
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Fig. 1. (a) UV-Vis absorption spectra of EAMHM (25 mM) in 1:1 methanol-HEPES buffer solvent mixture with increasing concentration of
Al3+ ion (0-225 µM); the changes in absorbance on addition of Al3+ is depicted by arrow. (b) The spectra in presence of various metal
ions (10 equiv. w.r.t. Al3+) are depicted. Black and pink spectra are for bare ligand EAMHM and in presence of Al3+ ion respectively.
(c) Plot of normalized absorbance as a function of Al3+ ion concentration at 365 nm
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since the amount of Al3+ required for fluorescence saturation
is equal to that required for UV-Vis intensity saturation. When
reaching saturation, Al3+ generated a 150-fold increase in the
fluorescence at 365 nm (Fig. 4a).

Using DFT-based theoretical calculations, the low fluore-
scence intensity of free ligand (EAMHM) is due to the electron
delocalization process (PET) caused by phenoxide oxygen
atoms delocalizing electrons to a π-conjugated system of two
aromatic rings and imino groups. There is a large increase in
fluorescence intensity in the presence of Al3+ ions, which is
likely due to the PET process being restricted efficiently to the
EAMHM. Due to the reduction of electron-accepting abilities
of the two aromatic rings and imine groups in the EAMHM-
Al3+ coordinated complex, the PET process within the ligand
would become weak. Additionally, the redshift of the emission
wavelength of Schiff base ligand to 450 nm is also peculiar to
the intensity of fluorescence emitted by Al3+ complexes [20].
A trace amount of Al3+ in an analytical medium can be detected
by the large fluorescence intensity caused by Al3+.

To verify Al3+ selectivity, the fluorescence of EAMHM
(25 µM) was monitored individually in presence of different
biologically or industrially important cations viz. Ni2+, Mg2+,
Co2+, Cu2+, Zn2+, Cr3+, Cd2+, Fe3+, Ba2+, Mg2+, Hg2+ Na+, Ca2+, K+,
Fe2+ (~ 10 equivalent each w.r.t. Al3+) in 1:1 methanol/buffer
(20 mM HEPES) medium, pH 7.0 (Fig. 5) but failed to generate
any noticeably enhanced fluorescence with an exception for
the Al3+ ion with a very small fluorescence increment for the
same cations. Interestingly, Al3+ induced fluorescence incre-
ment was not disturbed in presence of various other cations
under identical solvent composition (Fig. 5). It is also important
for Al3+ detection in the presence of other cations to have an
unperturbed ratiometric response for EAMHM in the presence
of large excess of those cations. In addition to limit of detection
(LOD) of 1.0 M obtained, it is noteworthy that a trace amount
of Al3+ can be detected with this LOD.

To determine the binding stoichiometry between Schiff
base EAMHM and Al3+ as well as the binding constant, Benesi-
Hildebrand procedure was adopted [21], where the change in
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Fig. 3. UV-Vis absorption spectra of EAMHM-Al3+ in 1:1 methanol-HEPES buffer solvent mixture (a) with increasing concentration of S2–

ion (0-250 mM); the changes in absorbance on addition of S2– is depicted by arrow. (b) In presence of different anions (10 equiv. w.r.t.
S2–). Black and magenta spectra are for bare ligand EAMHM and EAMHM-Al3+ in presence of S2– respectively
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Fig. 4. Changes in the fluorescence spectra of EAMHM (25 µM) in 1:1 HEPES buffer-methanol solvent mixture (a) with increasing
concentration of Al3+ ion (0-250 µM); the changes in fluorescence intensity on addition of Al3+ ion is depicted by arrow. (b) in presence
of different anions (10 equiv. w.r.t. S2–): wine, bare ligand EAMHM; red, EAMHM-Al3+ in presence of S2. Excitation wavelength was
365 nm. (c) Plot of normalized fluorescence as a function of Al3+ion concentration at 450 nm
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Fig. 5. Bar diagram indicating the Al3+ selective fluorescence increase over
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fluorescence intensity factor ((Fmax-F0)/(Fx-F0)) shows linear
relation with inverse of Al3+ concentration indicating 1:1 binding
stoichiometry between EAMHM and Al3+ (Fig. 6). On the other
hand, the binding constant (ka) ~ 3.4 × 104 M-1 was determined
from the slope value ~ 2.99 × 10-5 M.

max 0
n

x 0 a

(F F ) 1
1

(F F ) K [C]

 − = +  −  
(1)

where, Fmax, F0 and Fx are fluorescence intensities of ligand in
the presence of Al3+ at saturation, free ligand and any interme-
diate Al3+ concentration at λmax = 450 nm. Kd is the dissociation
constant of the EAMHM-Al3+complex and concentration of Al3+

is represented by C. The binding constant (ka) of the complex
has been determined using the following relation:

a
d

1
k

k
=

As similar to the UV-Vis absorption studies, the quenching
of fluorescence intensity due to dissociation of EAMHM-Al3+
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Fig. 6. Benesi-Hildebrand plot of (Fmax-F0)/(F-F0) vs. 1/[Al3+] (obtained from
emission spectra) shows a linear relationship with an intercept of
about 0.95 ± 0.1 (close to 1.0) (λex = 365 nm)

complex in presence of various anions, such as Cl–, BH4
–, Br–,

NO3
–, SCN–, NO2

–, CN–, S2O3
2– and S2– was monitored by the

fluorescence method (Fig. 4b). Except in presence of S2– anion,
almost unchanged fluorescence intensity clearly justifies the
complex is highly stable and it can be used as a fluorescence
sensor for the detection of Al3+ in presence of those anions.
Whereas, in case of S2–, almost complete quenching of the
fluorescence to a same extent as that of free EAMHM may also
indicate that such fluorescence quenching is resulted by the
generation of free EAMHM ligand.

Notably, the S2– induced selective fluorescence quenching
is useful for detection of S2– ion by observing such fluorescence
quenching. Moreover, as similar to the UV-Vis absorption
studies, the linear correlation of fluorescence intensity increase
vs. Al3+ concentration can be utilized for ratiometric detection
of Al3+ (Fig. 4c).

Theoretical calculations: Based on evidences, molecular
formula of EAMHM-Al3+ for 1:1 complex as revealed from Job’s
plot analysis, the ground state geometry for most probable
structure was optimized by DFT method for investigating the
absorption to the singlet excited states via TD-DFT calculations
in solvent MeOH (Fig. 7). In addition, similar calculation was
performed for free EAMHM to justify for present consideration
for the proposed structural geometry of the EAMHM-Al3+

complex. The geometry of complexes possess a distorted tetra-
hedral arrangement around the central metal ions. The optimized
geometry of complex is represented in Fig. 7.

(a) (b)

Fig. 7. Optimized ground state geometries of (A) EAMHM and (B)
EAMHM-Al3+ complex

For EAMHM-Al3+ complex, a band around 362 nm is
dominated by the HOMO–1(99) → LUMO (101) excitations,
while the band around 377 nm for EAMHM is mainly due to
HOMO (87) → LUMO (88) transitions. On comparing the
experimental UV-Vis spectra for free EAMHM and EAMHM-
Al3+ complex, it has been observed that the calculated electronic
transitions are very close to the experimental electronic bands
(Table-1).

Conclusion

In conclusion, a novel fluorescent ‘turn-on’ chemosensor
EAMHM based on a Schiff base molecule containing multiple
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phenol-conjugated-imine moieties derived from phenolic
aldehyde and diamine molecule is developed . The EAMHM
exhibits a high selectivity and sensitivity for the detection of
Al3+ through significant visible fluorescence enhancement in
the wavelength centered at 450 nm with a micromolar detection
limit in CH3OH/HEPES buffer (pH 7.0) binary solution mixture.
The unperturbed Al3+ induced fluorescence enhancement by
addition of different other cations justify that EAMHM molecule
can be utilized for the detection of Al3+ in the presence of other
competing metal ions also.
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