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Abstract: Interest in developing selective and sensitive metal sensors for environmental, biological,
and industrial applications is mounting. The goal of this work was to develop a sensitive and
selective sensor for certain metal ions in solution. The goal was achieved via (i) preparing the sensor
((E)-2-((pyridine-3-ylimino)methyl)phenol) (3APS) using microwave radiation in a short time and
high yield and (ii) performing spectrophotometric titrations for 3APS with several metal ions. 3APS,
a Schiff base, was prepared in 5 min and in a high yield (95%) using microwave-assisted synthesis.
The compound was characterized by FTIR, XRD, NMR, and elemental analysis. Spectrophotometric
titration of 3APS was performed with AI(III), Ba(II), Cd(II), Co(II), Cu(Il), Fe(III), Mn(II), Ni(II), and
Zn(IT). 3APS showed good abilities to detect Al(III) and Fe(III) ions fluorescently and Cu(II) ion
colorimetrically. The L/M stoichiometric ratio was 2:1 for Cu(II) and 1:1 for AI(III) and Fe(III). Low
detection limits (ug/L) of 324, 20, and 45 were achieved for Cu(Il), Al(II), and Fe(III), respectively.
The detection of aluminum was also demonstrated in antiperspirant deodorants, test strips, and
applications in secret writing. 3APS showed high fluorescent selectivity for Al(III) and Fe(III) and
colorimetric selectivity towards Cu(II) with detection limits lower than corresponding safe drinking
water guidelines.

Keywords: Schiff base; sensors; salicylidimines; fluorescence; aluminum; iron; copper; antiperspirant;
secret writing

1. Introduction

Due to the essentiality and toxicity of metal ions to living organisms, there is a great
interest in developing sensitive and selective chemical sensors for the detection and quan-
tification of metal ions in environmental and biological matrices. Among the metal ions
that are of interest in this contest are aluminum (AI(III), copper (Cu(ll), and iron (Fe); the
three metal ions that are selectively sensed by 3APS in the current work.

Aluminum is the third most abundant metal on the earth’s crust and is widely used in
domestic and industrial structural components, such as electrical and electronic devices,
household utensils, and packaging and building materials. It is also used in common
medications, such as antiulcer and antacids, and in antiperspirants. As a result of its
wide usage, aluminum has already caused environmental contamination mainly from
industrial waste discharge, which results in a high degree of soil and water pollution due
to leaching via acid rain [1-3]. Exposure to aluminum causes neurotoxicity and many
other health complications, including Alzheimer’s disease [4,5]; respiratory, bladder, and
breast cancers [6,7]; toxicity and iron deficiency in infants and genotoxicity [8,9]; cognitive
impairment [10]; and kidney and bone diseases [11-13]. Consequently, safe limits have
been introduced for aluminum in drinking water. For example, the maximum acceptable
concentration for total aluminum in drinking water in Canada is 2.9 mg/L [14], and a
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secondary maximum contamination limit of 0.05 to 0.2 mg/L has been established by the
USEPA [15].

Copper is one of the major micronutrients in the human body that is vital for the for-
mation of red blood cells. It is also important for bone growth, nerves, the immune system,
and iron absorption. While low levels of Cu(Il) are known to cause metal deficiency, high
Cu(II) concentrations may induce toxicity. For instance, ingesting excessive concentrations
of Cu(Il) causes gastrointestinal disturbance, and prolonged exposure can cause liver and
kidney damage [16-19]. Copper is also known to cause toxicity in plants [18,20].

Iron is an essential element for the human body growth and development, particularly
at early stages of growth, as it makes an integral part of hemoglobin, myoglobin, and
several hormones. Exposure to excessive concentrations of iron in humans is highly toxic
and leads to many health problems, such as organ damage [21], oxidative stress and
neurodegeneration [22], and several types of cancers [23,24]. On the other hand, iron
deficiency is a leading cause of diseases worldwide, particularly in low-income countries.
Anemia, for example, is a major manifestation of iron deficiency, especially in children,
which is associated with several types of behavioral and cognitive abnormalities. It is also
associated with heart failure and several other diseases [25-29].

Therefore, it is important to develop simple and cost-effective detection methods for
metal ions in environmental and biological samples. However, it has been a challenge
for chemists to design and synthesize chemosensors that can efficiently sense metal ions
of biological and environmental relevance, such aluminum, zinc, iron, lead, mercury,
and copper. Current literature is witnessing increased interest in developing selective
metal probes [30-32]. Many fluorescent molecular probes have been developed for the
detection of metal ions, such as azo arm functionalized sensors for Al(IIT) [33], FRET
amplifier chemosensors for AI(III) [34], polyfluorene sensor for the detection of Fe(Ill) [35],
aminopropyl-functionalized mesoporous material for Zn(Il) [36], and merocyanine, a
polymethine dye, for Cu(Il) [37]. Interestingly, dual metal ion colorimetric and fluorescent
chemosensors have also been developed for Cu(II) [38] and Al(III) [39-41]. The julolidine
and imidazole imine colorimetric sensor for Fe(IIl) / Fe(Il) and the fluorimetric sensor for
AI(IIT) [42] and a series of bishydrazide compounds as AI(III) and Zn(II) sensor [43] have
also been reported.

Even though extensive work has been reported in the literature for developing chem-
ical sensors for metal ions, there is always a demand on synthesizing more efficient and
accessible sensors with wider application and specific properties. In here, we are reporting a
simple, easy, and fast method to synthesize a chemical probe capable of detecting aluminum
and iron ions using fluorescence and copper ions with UV-VIS absorption spectroscopy.
The detection of aluminum was demonstrated in real cosmetic samples.

2. Results and Discussion
2.1. Synthesis of 3APS

The compound was synthesized efficiently under microwave irradiation in just 5 min
(Scheme 1) with an excellent yield (95%). The chemical structure of the compound was
confirmed using FTIR, ITH-NMR, 13C-NMR, and XRD, as shown in Figure 1. In fact, the
preparation of 3APS has already been reported in the literature based on conventional
methods similar to that reported by Smith and Warren [44], which requires reflux and
long times to prepare. For instance, the compound was synthesized via condensation
of 3-aminopyridine with salicylaldehyde and heating for 15 min over a steam plate and
leaving the reaction overnight for the product to appear [45] or refluxing for 1 h [46]. The
preparation of similar compounds (i.e., 2-(3-pyridylmethyliminomethyl)phenol) required
refluxing for 2 h [47]. Therefore, the method of synthesis that is developed in the current
work (Section 3.2) is superior to the methods already reported in the literature due to the
short synthesis time (5 min compared with 15-60 min heating or refluxing) without the
need for waiting overnight for the product to appear as reported in the literature.
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Scheme 1. Synthetic route of 3APS.
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Figure 1. X-ray structure of 3APS.
2.2. Absorption Behavior of the 3APS Sensor in Different Solvents

To study the solvent effect on the absorbance of the sensor, solutions of 1.0 x 1073 M
of 3APS in ethanol, acetonitrile (ACN), methanol, and water were prepared, and their
absorbance spectra were measured. The compound showed similar absorbance profiles
in all investigated aprotic polar solvents. However, due to the low solubility of 3APS in
water, its aqueous solution showed very low absorbance over the investigated wavelength
range. For environmental applications, it is crucial to develop sensors that work in aqueous
media; therefore, the use of HyO-ACN (9:1) as a mixed solvent was adopted.

2.3. UV-VIS Studies on 3APS as a Metal Sensor

A known volume of the 3APS stock solution (2 x 10~# M) in ACN was mixed with a
known volume of each of the following metals: AI(III), Ba(Il), Cd(II), Co(Il), Cu(II), Fe(IlI),
Fe(IT), Mn(II), Ni(II), and Zn(IT) (1 x 10~3 M in water). The final concentrations of 3APS
and each of the metal ions were kept at 2 x 107> M and 1 x 10~* M, respectively. The
final solutions of the 3APS-metal mixtures were diluted with water or ACN to achieve
the desired final HyO-ACN ratio (i.e., 9:1 or 1:9). The absorbance was taken at 1 min,
and the spectra are shown in Figure 2. No absorbance was observed after 500 nm. The
selectivity of 3APS to metal ions was found to be solvent ratio dependent. Interestingly,
an aqueous medium of 90% water showed good selectivity towards Cu(Il) at 385 nm
(Figure 2a). Moreover, Al(IIl) and Fe(IlI) displayed an absorption band at 250 nm. On the
other hand, 3APS in 90% organic phase showed no selectivity towards any of the tested
metals (Figure 2b).
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Figure 2. UV-VIS absorption of 3APS (2 x 107> M) in the absence and presence of tested metal
solution (AI(IIT), Ba(II), Cd(II), Co(II), Cu(II), Fe(IIT), Fe(II), Mn(II), Ni(II), and Zn(Il)) at 1 x 10~* M
each in HO-ACN (9:1) (a) and in H;O-ACN (1:9) (b).

The interaction of metal ion solutions with 3APS in HyO-ACN (9:1) was also visually
examined. The results are displayed in Figure 3a (metal solutions only) and Figure 3b
(metals with 3APS). Only Fe(III) gave a detectable color change after mixing with 3APS.
Fe(IlI) is known to give a violet color with the phenolic hydroxyl group, while AI(III)
decolorizes the pale-yellow color of 3APS.
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Figure 3. Visual representation of metal solutions (1 x 10~* M) without (a) and with 3APS
(2 x 1075 M) (b) in HyO-ACN (9:1) under normal light.

2.4. UV-VIS Titration of Cu(Il) against 3APS

To investigate the interaction of Cu(Il) with 3APS, the sensor solution (2 x 1075 M)
was titrated with varying concentrations of Cu(Il) solution (5-1000 uM) in HyO-ACN
(9:1), and the spectra are shown in Figure 4a. A new peak at 380 nm is observed with
increasing Cu(Il) concentration, and the original 336 nm peak decreased subsequently, a
sign of forming the 3APS—Cu(ll) complex. The titration of Cu(ll) was studied using the
Benesi-Hildebrand method, and the binding constant was calculated to be 6.5 x 103 M1,
as shown in Figure 4b. The limit of detection (3.30/slope) of Cu(Il) in HyO-ACN (9:1) [48]
was found to be 0.12 uM (0.324 mg/L), which was lower than the USEPA’s allowed limit of
copper in drinking water (1.3 mg/L) [49].

2.5. Job’s Plot for the 3APS-Cu(1l) System

The stoichiometric ratio of Cu(II) to 3APS was calculated from Job’s plot, as shown
in Figure 5a. Solutions of equal concentrations (1 x 10~% M) of Cu(II) in water and 3APS
in ACN were mixed at varying ratios (9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9, and 0:10) to
produce a final concentration of 1 x 107> M, and the absorbance of each solution was
measured at 385 nm. The apex indicates a stoichiometric ratio of 2:1 between 3APS and
Cu(II). The possible structure for the complex is presented in Figure 5b, where Cu(Il) binds
the two 3APS molecules at the phenolic-OH groups and the imine Ns, as reported by Wang
and Zheng [50]. We were unable to obtain crystals of the complex, possibly due to the
solubility of the complex in water, causing it not to crystalize. This proposed structure for
the complex is mainly based on Job’s plot and published data [50].
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Figure 4. UV-VIS titration spectra of 3APS (1 x 10~3 M) with varying concentrations of Cu(II)
solutions (5 x 107%-1 x 10~* M) in HyO-ACN (9:1) (a). In the Benesi-Hildebrand plot, Ay is
the absorbance of 3APS in the absence of Cu(Il), and A is the absorbance upon adding Cu(Il) in
ACN-water (1:9). Both A and Ay were recorded at 385 nm (b).
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Figure 5. Job’s plot for the 3APS—Cu(IIl) interaction at 385 nm (a). The possible structure of the
3APS-Cu(Il) complex (b).

2.6. Interference of Other Metal Ions with 3APS—Cu(Il)

To investigate the interference caused by other metal ions with the 3APS—-Cu(II) com-
plex, solutions of each metal ion were added individually to the 3APS—Cu(II) mixture at a
molar ratio of 1:2, and the absorbances were measured (see Figure 6). All metal ions did
not show considerable interference with the 3APS—-Cu(Il) complex except Al(III) and Fe(III),
where they reduced the absorbance by less than half. This reduction might be due to the
stronger binding of 3APS with AI(III) or Fe(III).
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Figure 6. Absorbance interference of other metal ions with a 3APS-Cu(II) system measured at 385 nm.
The blue color represents the absorbance of the mixture of 3APS with each metal ion individually,
and the orange color represents the absorbance of the 3APS-Cu after the addition of each metal ion at
a molar ratio of 1:2.

2.7. Fluorescence of the 3APS—Metals System

A solution of 3APS (2 x 10~% M) in ACN was mixed with various metal solutions
(1 x 1073 M) in deionized water, one at a time to produce solutions containing 2 x 107 M
3APSand 1 x 10~ M of each metal in HyO—-ACN (9:1). The emission for each solution was
measured at an excitation wavelength of 350 nm. It is obvious that the intensity of 3APS
at 403 nm enhanced greatly (sevenfold) after the addition of Al(III), followed by Fe(III)
(sixfold), Fe(Il) (fourfold), and Cu(II) and Co(Il) (about twofold each). The rest of the metals
did not provide any appreciable enhancement, as shown in Figure 7a. The fluorescence of
the 3APS—metal interactions was also visually taken at 365 nm, as shown in Figure 7b,c.
Apparent fluorescence was observed upon the addition of AI(II), Cu(Il), Fe(IIl), and Fe(II).
It is worth mentioning that 3APS was employed earlier [51] as a sensor for the detection of
Ba(II) in the presence of several metal ions similar to those investigated in the current work.
However, the 3APS—metal mixtures investigated in Zhao et al. [51] were buffered at pH 7.0
using HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid). Discrepancies between
our results and the reported one could be explained by the effect of buffer on the binding
ability of 3APS to different metal ions.
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Figure 7. Fluorescence intensity of 3APS (2 x 10~® M) upon complexation with various metal
solutions (1 x 10~# M each) in ACN-water (1:9) (a). Photo of 3APS upon the addition of metal ions
under UV lamp at 365 nm (b) and photo of 3APS before and after adding 10 equivalents of AI(III)
under UV lamp at 365 nm (c).

2.8. Fluorimetric Titration of 3APS with AI(III)

A solution of 3APS (2 x 10~° M each) was titrated with varying concentrations of
an AI(ITI) solution (1.7 x 10~7 M~1x 10~* M) at an excitation wavelength of 350 nm. The
fluorescence intensity of 3APS at 405 nm enhanced gradually upon adding Al(III) and
reached a saturation level at a concentration of 9 x 107> M, as shown in Figure 8a. The 3APS
binding constant with AI(IIT) was determined using the Benesi-Hildebrand method and
found tobe 3.2 x 10* M1, as shown in Figure 8b. The limit of detection (3.30/slope) [52,53]
for AI(III) was found to be 0.75 uM (0.020 mg/L), which is much lower than the maximum
acceptable concentration for total aluminum in drinking water in Canada (2.9 mg/L) [14]
and the USEPA secondary maximum contamination limit (0.05 to 0.2 mg/L) [15].
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Figure 8. Emission of 3APS (2 x 107% M) upon titration with varying concentrations of AI(III)
(1.7 x 1077-1.0 x 10~* M) at an excitation wavelength of 350 nm (a). In the Benesi-Hildebrand plot,
Iy is the emission intensity of 3APS alone, and I is the intensity upon adding varying concentrations
of AI(IT) in HyO-ACN (9:1). Both I and I, were recorded at 405 nm (b).

2.9. Job’s Plot for 3APS—-Al(Ill) Interaction

To further assess the coordination stoichiometry of 3APS with Al(III), solutions of
3APS in ACN and AI(III) in water of equal concentration (2 x 10~* M) were mixed in
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varying ratios of 9:1-0:10 to obtain a final concentration of 5 x 10~¢ M. Job’s plot indicates
a ratio of 1:1 for the 3APS: AI(IIT) complex as illustrated in Figure 9a and as reported by
others for the complexation of Al(III) with other tridentate ligands [42]. The proposed
structure of the complex could be formed from two 3APS molecules binding two AI(III)
molecules, as demonstrated in Figure 9b. This binding is believed to occur through the
phenolic-OH group and the imine N in the first 3APS molecule and the pyridine N of the
other 3APS molecule with the first AI(III) atom. The same would occur for the other AI(III)
atom to satisfy the oxidation number of Al. We attempted to synthesize the complex but
were unable to get crystals for X-ray.
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Figure 9. Job’s plot of the 3APS-AI(III) system (a). The proposed structure of the 3APS-AI(III)
complex (b).

2.10. Interference of Other Cations on the Interaction of 3APS with Al(11I)

To evaluate the interference of other metal ions with the 3APS-AI(III) interaction, the
fluorescence response of 3APS to various metal ions in the presence of Al(III) in HyO-ACN
(9:1) was investigated, and the results are shown in Figure 10a. The concentration of each of
the other metal ions added to the 3APS-AI(III) solution was 10-fold higher. Only minimal
interferences in the 3APS-AI(III) emission intensity were observed from all metals (£10%),
except Ni(Il) (reduction in intensity) and Fe(III) (enhancement in intensity) with about 20%
interference, while Cu(II) showed about 35% interference as intensity reduction. This effect
may be due to the similar coordination behaviors of the later three metal ions (i.e., Ni(I),
Fe(IIl), and Cu(Il)) [54]. The interference of various metal ions with 3APS-AI(III) interaction
was also visually investigated under UV lamp at 365 nm, as illustrated in Figure 10b, which
exhibits a clear visual effect for Fe(IlI) on the 3APS-AI(III) complex.
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Figure 10. Fluorescence response of the 3APS-AI(III) system to various metal ions in ACN-water
(1:9) at Aem = 405 nm and Aex = 350 nm (a). Visual fluorescence of the 3APS-AI(III) system in the
absence and presence of various metal ions in ACN-water (1:9) under UV lamp at 365 nm (b).

2.11. Fluorimetric Titration of 3APS with Fe(III)

Solutions of 3APS (2 x 10~® M each) were titrated with Fe(III) solutions of varying con-
centrations (3.3 x 1077 M=6 x 10> M) at Aex 405 nm. Upon adding Fe(III), the fluorescence
intensity of 3APS increased from its initial value to reach a saturation level at 5.0 x 1075 M
and started to diminish afterwards, as shown in Figure 11a. The Benesi-Hildebrand plot
was developed, and the binding constant was calculated to be 1.25 x 10° M~!, as shown in
Figure 11b. The limit of detection (3.30/slope) [52,53] for Fe(Ill) turned out to be 1.19 uM
(0.0066 mg /L), which is lower than the USEPA secondary maximum contamination limit
(0.300 mg/L) [15]. To further clarify the coordination stoichiometry of 3APS with Fe(III),
Job’s plot using fluorescence data was developed, and a ratio of about 1:1 was observed, as
shown in Figure 11c. Similar findings were reported by another researcher [42]. A possible
complex structure could be with the binding sites as the phenolic-OH group, the imine N
and the pyridine N, as suggested earlier for AI(III) to satisfy the oxidation state of Fe(III),
as shown in Figure 11d. Attempts to synthesize the complex were unsuccessful, and no
crystals were obtained to confirm the structure by X-ray.
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Figure 11. Fluorescence titration spectra of 3APS (2 x 10~® M) with Fe(III) (3.3 x 10~7-6 x 107°) in
ACN-water (1:9) at 405 nm (a). In the Benesi-Hildebrand plots for the titration of 3APS with Fe(III) at
405 nm, Ay is the absorbance of 3APS in the absence of Fe(IlI), A is the absorbance of the 3APS-Fe(IlI)
complex in ACN-water (1:9) (b). Job’s plot of 3APS with Fe(Ill) at 405 nm (c).The predicted structure
of the 3APS—Fe(III) complex (d).
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2.12. Interference of Other Metal lIons on Interaction of the 3APS—Fe(III) Complex

The fluorescence response of 3APS solutions (2 x 10~ M each) to Fe(III) (1 x 10~° M)
before and after the addition of various metal ions (1.0 x 10~5 M each) in HO-ACN (9:1)
was investigated, and the results are shown in Figure 12. The fluorescence was recorded at
Aex 350 nm and Aem, 405 nm. Apart from Al(III), the 3APS sensor showed high selectivity
for Fe(Il) in the presence of other metal ions, where the interference was ~5%.

60,000

50,000
40,000
30,000
20,000
10,000
i

Emission intensity at 405 nm

0
> N N N\ N\ N\ N N\ N N\
F SN SS
N N A v
m 3APS + a metal ion at a time m 3APS + Fe(lll) + other metal ions, one at a time

Figure 12. Fluorescence response of 3APS (2 x 10~6 M) to various metal ions (1.0 x 10~° M each) and
selectivity of 3APS for Fe(IIl) in the presence of other metal ions at Aex = 350 nm and Aem = 405 nm.

2.13. Application of 3APS to Detect Aluminum in Cosmetic Products

To demonstrate the capability of 3APS as a chemosensor for AI(III), the sensor was
employed in several real samples, including cosmetic products, secret writing, and alum
crystal (as prepared in Section 2.14).

We chose four bars of antiperspirant deodorants (C, D, E, F) and two antiperspirant
dry sprays (G and H), which are commercially available in Qatar, of which D was labelled
as containing aluminum zirconium tetrachlorohydrex GLY 15.2%, F contained 19.2% Al,
G and H contained aluminum chlorohydrate, and C and E were aluminum free. To test
the applicability of employing 3APS as a sensor for Al(III) in these commercial products,
16 strips of Schleicher and Schuell ashless filter papers were grouped into two sets. For
the first set (Set I, Figure 13a), each sample was applied to a different strip. A blank strip
containing only 3APS and a control strip coated with AI(III) solution were also used. The
same application was performed to the other set but with 3APS applied to each strip (Set II,
Figure 13b). The two sets were visualized under UV lamp at 365 nm. It is obvious that the
samples containing aluminum (D, F, G, and H) showed blue fluorescence, while the Al-free
samples (C and E) showed no fluorescence. The control strip (B), which is 3APS-AI(III)
coated, also showed blue fluorescence.
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Figure 13. Set I: A: 3APS alone; B: Al(III) alone; C-H: commercial samples only (C and E are Al-free)
(a). Set II: A: 3APS alone; B: Al(II) + 3APS; C-H: commercial samples + 3APS (b).

3APS was also utilized in secret writing by applying its solution on a filter paper and
allowed to dry. Then aluminum solution was used to write on the 3APS-coated filter paper
and visualized under normal light (Figure 14a) and under UV light at 365 nm (Figure 14b).
While the application of the Al(III) solution displayed a blue fluorescence under UV light
(Figure 14b), no fluorescence was observed under normal light (Figure 14a).

2.14. Synthesis of BAPS—Alum Crystals

Two grams of aluminum foil was dissolved in 1.5 M NaOH solution by heating.
Hydrogen gas was released, and the obtained solution was filtered while hot. To the filtrate,
300 mg of 3APS was added, and the solution turned yellow as the 3APS encountered
deprotonation in basic conditions. On neutralization with 5 mL of 9 M H,SOy, the yellow
color diminished, and a fluorescent creamy precipitate formed, as shown in Figure 15a,
while alum did not show any fluorescence (Figure 15b). Large crystals were formed with
the one preincorporated with 3APS showing fluorescence under UV lamp at 365 nm, while
the one with no 3APS added did not fluoresce (Figure 15c).



Int. . Mol. Sci. 2022, 23, 13113

16 of 19

(a) 3APS pre-incorporated alum (b) Alum alone

(a) (b)

Figure 14. 3APS-coated filter paper with writing by the Al(III) solution under normal light (a) and
UV light (b).

(¢) Alum lage crystals with and without 3APS

Figure 15. 3APS preincorporated with alum under UV lamp at 365 nm (a); alum by itself under
UV lamp at 365 nm (b); two large crystals of alum, the first preincorporated with 3APS during its
preparation and the other without 3APS under UV lamp at 365 nm (c).

3. Materials and Methods
3.1. Reagents and Instruments

O-salicylaldehyde; 3-amino pyridine; ethanol; nitrate salts of AI(III), Ba(Il), Cd(II),
Co(II), Cu(Il), Fe(IIl), Mn(II), Ni(II), and Zn(II), and sulfate salt of Fe(II) were all purchased
from Sigma-Aldrich (Steinheim, Germany) and dissolved in ultrapure water (Direct-Q
5 UV water purification system, Millipore, Burlington, MA, USA). The microwave reactions
were carried out in a Biotage Initiator system (Biotage, Sweden), the temperature and
time were preset as required, and the pressure was monitored and indicated. The identity
of the products was determined by FTIR and NMR. FTIR analysis was performed on a
Spectrum BX FTIR spectrometer (PerkinElmer, Waltham, MA, USA). The IH- and ¥C-NMR
spectra were recorded on a JNM-ECZR series 600 MHz spectrometer (JEOL, Tokyo, Japan)
operating at 600 and 100 MHz, respectively, using DMSO-d6 as a solvent. The NMR is
equipped with a Delta™ NMR data processing software. UV-VIS spectra were carried
out using an Agilent 8453 spectrophotometer (Agilent, Santa Clara, CA, USA) ina 1.0 cm
quartz cuvette. Fluorescence studies were performed on a PerkinElmer LS 45 Fluorescence
spectrometer (PerkinElmer, Waltham, MA, USA) using a 1.0 cm quartz cuvette with a scan
speed of 700 nm min~!, and an excitation and emission slit of 10 nm each.
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Stock Solutions of the Sensor (3APS)

(E)-2-((pyridine-3-ylimino) methyl) phenol, synthesized as indicated in the experi-
mental section (Section 3.2), was prepared in ACN at a concentration of 2 x 10~# M. Stock
solutions of metal ions as cations were made in ultrapure water (1.0 x 1073 M). UV-VIS
measurements were carried out using the 3APS sensor (2 X 10~° M) alone and the sensor
with metal ions (1.0 x 1073 M in H,O: ACN, 9:1), one at a time. Fluorescence measurements
were performed in a similar way as absorbance but with the 3APS sensor at 2.2 x 107 M
and varying concentrations of metal ions at an excitation wavelength of 350 nm.

3.2. Synthesis

(E)-2-((pyridine-3-ylimino) methyl) phenol (3APS) was prepared as follows: An
amount of 1.97 mmol of 3-aminopyridine was dissolved in 5.0 mL of absolute ethanol
inside a microwave glass vessel, followed by the addition of 1.2 eq of o-salicylaldehyde.
The mixture was microwaved for 5 min at 150 °C. After removal of the solvent in vacuo, the
residue was cooled to room temperature, obtaining a yellow solid. Pure 3APS was obtained
(0.37 g) after recrystallizing twice from absolute ethanol (95% yield). 'H-NMR (DMSO,
TMS): 6 12.59 (s, 1H), 9.02 (s, 1H), 8.63 (d, ] =2.4 Hz, 1H), 8.51 (d, ] =4.65 Hz, 1H), 7.88 (t,]
=9.29 Hz, 1H), 7.69 (d, ] = 7.83 Hz, 1H), 7.52-7.43 (2H), 7.01 (t, ] = 7.58 Hz, 2H). 3C-NMR
(DMSO, TMS) 165.62 (1C-O, benzene), 160.61 (1C-imine), 148.20 (1C, -N=C, 3-pyridine),
145.00 (1C, imine-N, 3-pyridine), 143.96 (1C, 3-pyridine), 34.23 (1C, benzene), 132.96 (1C,
benzene), 128.41 (1C, pyridine), 124.64 (1C, pyridine), 119.86 (1C, benzene), 119.79 (1C,
benzene), 117.17 (1C, benzene). IR: 1613 cm ™! imine group (-C=N), 1568 cm™! (C=Q),
1476.84 cm ™! (-C-N-), 1283 cm ! group (-C-O-), and OH have very low broad absorption
at 2000-3500 cm~!. Anal. Calcd for C1,H;oN,O (198.08): C, 72.71%; H, 5.08%; N, 14.13%.
Found: C, 72.72%; H, 4.08%; N, 14.39%. The structures and synthetic route are shown in
Scheme 1.

4. Conclusions

The salicylidene 3-aminopyridine Schiff base was synthesized quickly (five min) and
efficiently (95% yield) using MW, and its selectivity towards various metal cations was
evaluated. It showed high selectivity towards Cu(Il) using UV-VIS in HO-ACN (9:1)
and high selectivity for Al(III) and Fe(III) ions using fluorescence. The stoichiometric ratio
between 3APS and Cu(Il) was found to be 2:1, while it was 1:1 for AI(IIT) and Fe(III). The
lowest detection limits for the tested ions were in the micromolar levels, which were lower
than safe drinking water guidelines. The probe was applied for the fluorimetric detection
of aluminum in a solution and in commercial antiperspirant products and alum crystals.
Moreover, the sensor was applied in secret writing.

Author Contributions: Conceptualization: Y.M.H.; methodology: YM.H., R.R., and A.M.S.; formal
analysis and investigation: YM.H., R R., and A.M.S.; writing—review and editing: A.M.S. and YM.H.;
funding acquisition: YM.H. and A.M.S,; supervision: Y M.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was made possible by NPRP grant # 7-495-1-094 from the Qatar National
Research Fund (a member of Qatar Foundation). The findings achieved herein are solely the responsi-
bility of the authors. The authors also acknowledge the support of Qatar University through grant #
QUCG-CAS-20/21-1.

Acknowledgments: The authors thank Haw-Lih Su from the Central Laboratories Unit, Qatar
University, for recording NMR spectra and for his valuable inputs. We would like to thank Said
Mansour and Hamdi Ben Yehiya (Qatar Environment and Energy Research Institute (QEERI)) for
providing X-ray analysis.

Conflicts of Interest: The authors declare no conflict of interest.



Int. . Mol. Sci. 2022, 23, 13113 18 of 19

References

1.  Delhaize, E.; Ryan, PR. Aluminum Toxicity and Tolerance in Plants. Plant Physiol. 1995, 107, 315-321. [CrossRef] [PubMed]

2. Alasfar, R H,; Isaifan, R.J. Aluminum environmental pollution: The silent killer. Environ. Sci. Pollut. Res. 2021, 28, 44587—-44597.
[CrossRef] [PubMed]

3. Edzwald, ] K. Aluminum in Drinking Water: Occurrence, Effects, and Control. J. Am. Water Work. Assoc. 2020, 112, 34-41.
[CrossRef]

4. Van Dyke, N.; Yenugadhati, N.; Birkett, N.J.; Lindsay, J.; Turner, M.C.; Willhite, C.C.; Krewski, D. Association between aluminum
in drinking water and incident Alzheimer’s disease in the Canadian Study of Health and Aging cohort. Neurotoxicology 2021, 83,
157-165. [CrossRef]

5. Bast-pettersen, R. Neuropsychological function among workers exposed to aluminum-a mini-review. Ind. Health 2022, 60, 97-105.
[CrossRef]

6. McClure, E.S.; Vasudevan, P.; DeBono, N.; Robinson, W.R.; Marshall, S.W.; Richardson, D. Cancer and noncancer mortality among
aluminum smelting workers in Badin, North Carolina. Am. J. Ind. Med. 2020, 63, 755-765. [CrossRef]

7. Darbre, PD. Aluminium, antiperspirants and breast cancer. |. Inorg. Biochem. 2005, 99, 1912-1919. [CrossRef]

8.  Cirovic, A,; Cirovic, A. Aluminum bone toxicity in infants may be promoted by iron deficiency. J. Trace Elem. Med. Biol. 2022, 71,
126941. [CrossRef]

9.  Jalili, P; Huet, S.; Lanceleur, R; Jarry, G.; Le Hegarat, L.; Nesslany, F.; Hogeveen, K.; Fessard, V. Genotoxicity of Aluminum and
Aluminum Oxide Nanomaterials in Rats Following Oral Exposure. Nanomaterials 2020, 10, 305. [CrossRef]

10. Shang, N.; Zhang, P.; Wang, S.; Chen, ].P; Fan, R.; Chen, ].; Huang, T.; Wang, Y.H.; Duncan, J.; Zhang, L.; et al. Aluminum-Induced
Cognitive Impairment andPI3K/ Akt/mTORSignaling Pathway Involvement in Occupational Aluminum Workers. Neurotox. Res.
2020, 38, 344-358. [CrossRef] [PubMed]

11.  De Oliveira, R.B.; Barreto, F.C.; Nunes, L.A.; Custodio, M.R. Aluminum Intoxication in Chronic Kidney Disease. |. Bras. De Nefrol.
2021, 43, 660-664. [CrossRef] [PubMed]

12.  Ng, A.HM,; Hercz, G.; Kandel, R.; Grynpas, M.D. Association between fluoride, magnesium, aluminum and bone quality in
renal osteodystrophy. Bone 2004, 34, 216-224. [CrossRef] [PubMed]

13. Pierides, AM.; Edwards, W.G,, Jr.; Cullum, U.X,, Jr.; McCall, ].T.; Ellis, H.A. Hemodialysis encephalopathy with osteomalacic
fractures and muscle weakness. Kidney Int. 1980, 18, 115-124. [CrossRef] [PubMed]

14. Health Canada. Guidelines for Canadian Drinking Water Quality: Guideline Technical Document—Aluminum. Available
online: https:/ /www.canada.ca/en/health-canada/services/environmental-workplace-health /reports-publications /water-
quality.html (accessed on 1 October 2022).

15. USEPA. Secondary Drinking Water Standards: Guidance for Nuisance Chemicals. Available online: https://www.epa.gov/
sdwa/drinking-water-regulations-and-contaminants (accessed on 1 October 2022).

16. Rossi, L.; Lombardo, M.E,; Ciriolo, M.R.; Rotilio, G. Mitochondrial dysfunction in neurodegenerative diseases associated with
copper imbalance. Neurochem. Res. 2004, 29, 493-504. [CrossRef]

17.  Osredkar, J.; Sustar, N. Copper and Zinc, Biological Role and Significance of Copper/Zinc Imbalance. J. Clin. Toxicol. 2011, 3, 1-18.
[CrossRef]

18.  Rehman, M,; Liu, L.J.; Wang, Q.; Saleem, M.H.; Bashir, S.; Ullah, S.; Peng, D.X. Copper environmental toxicology, recent advances,
and future outlook: A review. Environ. Sci. Pollut. Res. 2019, 26, 18003-18016. [CrossRef]

19. Taylor, A.A;; Tsuji, ].S.; Garry, M.R.; McArdle, M.E.; Goodfellow, W.L.; Adams, W.J.; Menzie, C.A. Critical Review of Exposure and
Effects: Implications for Setting Regulatory Health Criteria for Ingested Copper. Environ. Manag. 2020, 65, 131-159. [CrossRef]

20. Kumar, V,; Pandita, S.; Sidhu, G.P.S.; Sharma, A.; Khanna, K; Kaur, P.; Bali, A.S.; Setia, R. Copper bioavailability, uptake, toxicity
and tolerance in plants: A comprehensive review. Chemosphere 2021, 262, 127810. [CrossRef]

21. Isidori, A.; Borin, L.; Elli, E.; Latagliata, R.; Martino, B.; Palumbo, G.; Pilo, F.; Loscocco, F,; Visani, G.; Cianciulli, P. Iron toxicity—Its
effect on the bone marrow. Blood Rev. 2018, 32, 473-479. [CrossRef]

22. Nufiez, M.T;; Urrutia, P; Mena, N.; Aguirre, P; Tapia, V.; Salazar, J. Iron toxicity in neurodegeneration. BioMetals 2012, 25, 761-776.
[CrossRef]

23. Torti, S.V,; Torti, EM. Iron: The cancer connection. Mol. Asp. Med. 2020, 75, 100860. [CrossRef] [PubMed]

24. Mascitelli, L.; Pezzetta, F.; Goldstein, M.R. Diabetes, cancer and iron. Diabetologia 2010, 53, 2071-2072. [CrossRef] [PubMed]

25. Brotanek, ].M.; Gosz, J.; Weitzman, M.; Flores, G. Iron deficiency in early childhood in the United States: Risk factors and
racial/ethnic disparities. Pediatrics 2007, 120, 568-575. [CrossRef] [PubMed]

26. Camaschella, C. Iron deficiency. Blood 2019, 133, 30-39. [CrossRef] [PubMed]

27. Hoes, M.E,; Beverborg, N.G.; Kijlstra, ].D.; Kuipers, J.; Swinkels, D.; Giepmans, B.N.G.; Rodenburg, R.J.; van Veldhuisen, D.J.; de
Boer, R.A.; van der Meer, P. Iron deficiency impairs contractility of human cardiomyocytes through decreased mitochondrial
function. Eur. J. Heart Fail. 2018, 20, 910-919. [CrossRef]

28. Lopez, A.; Cacoub, P; Macdougall, I.C.; Peyrin-Biroulet, L. Iron deficiency anaemia. Lancet 2016, 387, 907-916. [CrossRef]

29. Pasricha, S.R.; Tye-Din, ].; Muckenthaler, M.U.; Swinkels, D.W. Iron deficiency. Lancet 2021, 397, 233-248. [CrossRef]

30. Goshisht, M.K,; Patra, G.K.; Tripathi, N. Fluorescent Schiff base sensors as a versatile tool for metal ion detection: Strategies,

mechanistic insights, and applications. Mater. Adv. 2022, 3, 2612-2669. [CrossRef]


http://doi.org/10.1104/pp.107.2.315
http://www.ncbi.nlm.nih.gov/pubmed/12228360
http://doi.org/10.1007/s11356-021-14700-0
http://www.ncbi.nlm.nih.gov/pubmed/34196863
http://doi.org/10.1002/awwa.1499
http://doi.org/10.1016/j.neuro.2020.04.002
http://doi.org/10.2486/indhealth.2021-0131
http://doi.org/10.1002/ajim.23150
http://doi.org/10.1016/j.jinorgbio.2005.06.001
http://doi.org/10.1016/j.jtemb.2022.126941
http://doi.org/10.3390/nano10020305
http://doi.org/10.1007/s12640-020-00230-z
http://www.ncbi.nlm.nih.gov/pubmed/32506341
http://doi.org/10.1590/2175-8239-jbn-2021-s110
http://www.ncbi.nlm.nih.gov/pubmed/34910802
http://doi.org/10.1016/j.bone.2003.08.006
http://www.ncbi.nlm.nih.gov/pubmed/14751580
http://doi.org/10.1038/ki.1980.117
http://www.ncbi.nlm.nih.gov/pubmed/7218657
https://www.canada.ca/en/health-canada/services/environmental-workplace-health/reports-publications/water-quality.html
https://www.canada.ca/en/health-canada/services/environmental-workplace-health/reports-publications/water-quality.html
https://www.epa.gov/sdwa/drinking-water-regulations-and-contaminants
https://www.epa.gov/sdwa/drinking-water-regulations-and-contaminants
http://doi.org/10.1023/B:NERE.0000014820.99232.8a
http://doi.org/10.4172/2161-0495.S3-001
http://doi.org/10.1007/s11356-019-05073-6
http://doi.org/10.1007/s00267-019-01234-y
http://doi.org/10.1016/j.chemosphere.2020.127810
http://doi.org/10.1016/j.blre.2018.04.004
http://doi.org/10.1007/s10534-012-9523-0
http://doi.org/10.1016/j.mam.2020.100860
http://www.ncbi.nlm.nih.gov/pubmed/32340745
http://doi.org/10.1007/s00125-010-1834-5
http://www.ncbi.nlm.nih.gov/pubmed/20567802
http://doi.org/10.1542/peds.2007-0572
http://www.ncbi.nlm.nih.gov/pubmed/17766530
http://doi.org/10.1182/blood-2018-05-815944
http://www.ncbi.nlm.nih.gov/pubmed/30401704
http://doi.org/10.1002/ejhf.1154
http://doi.org/10.1016/S0140-6736(15)60865-0
http://doi.org/10.1016/S0140-6736(20)32594-0
http://doi.org/10.1039/D1MA01175H

Int. . Mol. Sci. 2022, 23, 13113 19 of 19

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Yan, Z.; Cai, Y.; Zhang, ].; Zhao, Y. Fluorescent sensor arrays for metal ions detection: A review. Measurement 2022, 187, 110355.
[CrossRef]

Berhanu, A.L.; Gaurav; Mohiuddin, I.; Malik, A.K,; Aulakh, J.S.; Kumar, V.; Kim, K.H. A review of the applications of Schiff bases
as optical chemical sensors. Trac-Trends Anal. Chem. 2019, 116, 74-91. [CrossRef]

Banerjee, S.; Brandao, P,; Saha, A. A robust fluorescent chemosensor for aluminium ion detection based on a Schiff base ligand
with an azo arm and application in a molecular logic gate. RSC Adv. 2016, 6, 101924-101936. [CrossRef]

Arduini, M.; Felluga, F.; Mancin, F,; Rossi, P.; Tecilla, P.; Tonellato, U.; Valentinuzzi, N. Aluminium fluorescence detection with a
FRET amplified chemosensor. Chem. Commun. 2003, 13, 1606-1607. [CrossRef]

Dwivedi, A.K,; Saikia, G.; Iyer, PK. Aqueous polyfluorene probe for the detection and estimation of Fe?* and inorganic phosphate
in blood serum. J. Mater. Chem. 2011, 21, 2502-2507. [CrossRef]

Gao, L.; Wang, Y.; Wang, J.; Huang, L.; Shi, L.; Fan, X.; Zou, Z.; Yu, T.; Zhu, M.; Li, Z. A Novel ZnlI-Sensitive Fluorescent
Chemosensor Assembled within Aminopropyl-Functionalized Mesoporous SBA-15. Inorg. Chem. 2006, 45, 6844—6850. [CrossRef]
Guo, Z.-Q.; Chen, W.-Q.; Duan, X.-M. Highly Selective Visual Detection of Cu(Il) Utilizing Intramolecular Hydrogen Bond-
Stabilized Merocyanine in Aqueous Buffer Solution. Org. Lett. 2010, 12, 2202-2205. [CrossRef]

Zhang, ].E.; Zhou, Y.; Yoon, J.; Kim, Y.; Kim, S.J.; Kim, J.S. Naphthalimide Modified Rhodamine Derivative: Ratiometric and
Selective Fluorescent Sensor for Cu?* Based on Two Different Approaches. Org. Lett. 2010, 12, 3852-3855. [CrossRef]

Kim, S.H.; Choi, H.S,; Kim, J.; Lee, S.J.; Quang, D.T.; Kim, J.S. Novel Optical/Electrochemical Selective 1,2,3-Triazole Ring-
Appended Chemosensor for the A1** Ton. Org. Lett. 2010, 12, 560-563. [CrossRef]

Sen, S.; Mukherjee, T.; Chattopadhyay, B.; Moirangthem, A.; Basu, A.; Marek, J.; Chattopadhyay, P. A water soluble A13* selective
colorimetric and fluorescent turn-on chemosensor and its application in living cell imaging. Analyst 2012, 137, 3975-3981.
[CrossRef]

Sun, X.; Wang, Y.-W.; Peng, Y. A Selective and Ratiometric Bifunctional Fluorescent Probe for AI3* Ton and Proton. Org. Lett. 2012,
14, 3420-3423. [CrossRef]

Kim, S.Y; Lee, S.Y.; Kang, ]. H.; Kim, M.S.; Kim, A.; Kim, C. Colorimetric detection of Fe3*/2+ and fluorescent detection of Al3* in
aqueous media: Applications and DFT calculations. ]. Coord. Chem. 2018, 71, 2401-2414. [CrossRef]

Boonkitpatarakul, K.; Wang, J.; Niamnont, N.; Liu, B.; McDonald, L.; Pang, Y.; Sukwattanasinitt, M. Novel Turn-On Fluorescent
Sensors with Mega Stokes Shifts for Dual Detection of AIP* and Zn%*. ACS Sens. 2016, 1, 144-150. [CrossRef]

Smith, H.E.; Cook, S.L.; Warren, M.E. Optically Active Amines. II. The Optical Rotatory Dispersion Curves of the N-Benzylidene
and Substituted N-Benzylidene Derivatives of Some Open-Chain Primary Amines1,2. J. Org. Chem. 1964, 29, 2265-2272.
[CrossRef]

Zhao, L.; Xia, W.; Yang, C. Fluorescent 1:2 demultiplexer and half-subtractor based on the hydrolysis of N-salicylidene-3-
aminopyridine. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2014, 117, 397-401. [CrossRef] [PubMed]

Al-Allaf, T. A K.; Sheet, A.Z.M. Platinum group metal Schiff base complexes—I. Platinum complexes. Polyhedron 1995, 14, 239-248.
[CrossRef]

Cimerman, Z.; Kiralj, R.; Gali¢, N. The structure and tautomeric properties of 2-(3-pyridylmethyliminomethyl)phenol. J. Mol.
Struct. 1994, 323, 7-14. [CrossRef]

Lohani, C.R.; Kim, J.-M.; Chung, S.-Y.; Yoon, ].; Lee, K.-H. Colorimetric and fluorescent sensing of pyrophosphate in 100% aqueous
solution by a system comprised of rhodamine B compound and AI3* complex. Analyst 2010, 135, 2079-2084. [CrossRef]
USEPA. National Primary Drinking Water Regulations. Available online: https:/ /www.epa.gov/ground-water-and-drinking-
water/national-primary-drinking-water-regulations (accessed on 2 October 2022).

Wang, D.; Zheng, X.-J. A colorimetric chemosensor for Cu(II) ion in aqueous medium. Inorg. Chem. Commun. 2017, 84, 178-181.
[CrossRef]

Zhao, L,; Sui, D.; Wang, Y. Luminescent properties of N-salicylidene-3-aminopyridine and selective sensing behavior to Ba
Lumines. 2015, 162, 81-86. [CrossRef]

Ono, A.; Togashi, H. Highly Selective Oligonucleotide-Based Sensor for Mercury(Il) in Aqueous Solutions. Angew. Chem. Int. Ed.
2004, 43, 4300-4302. [CrossRef]

Tsui, Y.-K.; Devaraj, S.; Yen, Y.-P. Azo dyes featuring with nitrobenzoxadiazole (NBD) unit: A new selective chromogenic and
fluorogenic sensor for cyanide ion. Sens. Actuators B Chem. 2012, 161, 510-519. [CrossRef]

Li, L.; Xiang, H.; Zhou, X.; Li, M.; Wu, D. Detection of Fe3* and A13* by Test Paper. J. Chem. Educ. 2012, 89, 559-560. [CrossRef]

2+. J.


http://doi.org/10.1016/j.measurement.2021.110355
http://doi.org/10.1016/j.trac.2019.04.025
http://doi.org/10.1039/C6RA21217D
http://doi.org/10.1039/b303195k
http://doi.org/10.1039/C0JM03054F
http://doi.org/10.1021/ic0516562
http://doi.org/10.1021/ol100381g
http://doi.org/10.1021/ol101535s
http://doi.org/10.1021/ol902743s
http://doi.org/10.1039/c2an35560d
http://doi.org/10.1021/ol301390g
http://doi.org/10.1080/00958972.2018.1478086
http://doi.org/10.1021/acssensors.5b00136
http://doi.org/10.1021/jo01031a038
http://doi.org/10.1016/j.saa.2013.08.009
http://www.ncbi.nlm.nih.gov/pubmed/24001980
http://doi.org/10.1016/0277-5387(94)00231-3
http://doi.org/10.1016/0022-2860(93)07972-Y
http://doi.org/10.1039/c0an00059k
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations
http://doi.org/10.1016/j.inoche.2017.08.017
http://doi.org/10.1016/j.jlumin.2015.02.038
http://doi.org/10.1002/anie.200454172
http://doi.org/10.1016/j.snb.2011.10.069
http://doi.org/10.1021/ed200114j

	Introduction 
	Results and Discussion 
	Synthesis of 3APS 
	Absorption Behavior of the 3APS Sensor in Different Solvents 
	UV–VIS Studies on 3APS as a Metal Sensor 
	UV–VIS Titration of Cu(II) against 3APS 
	Job’s Plot for the 3APS-Cu(II) System 
	Interference of Other Metal Ions with 3APS–Cu(II) 
	Fluorescence of the 3APS–Metals System 
	Fluorimetric Titration of 3APS with Al(III) 
	Job’s Plot for 3APS–Al(III) Interaction 
	Interference of Other Cations on the Interaction of 3APS with Al(III) 
	Fluorimetric Titration of 3APS with Fe(III) 
	Interference of Other Metal Ions on Interaction of the 3APS–Fe(III) Complex 
	Application of 3APS to Detect Aluminum in Cosmetic Products 
	Synthesis of 3APS–Alum Crystals 

	Materials and Methods 
	Reagents and Instruments 
	Synthesis 

	Conclusions 
	References

