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Abstract 

A simple polynuclear hetero atom (N and O) containing molecular organic 

scaffold/probe, 3 has been designed and synthesized and explored as a potential 

chemosensor to detect Al3+ (22 nM; ~0.6 ppb) ion in HEPES buffer. Upon interaction 

with different metal ions and anions the weak emission intensity (switched –Off) of 3 

(at 528 nm; λex= 376 nm) enhanced significantly (switched–On; ~6.0 fold; Φ3+Al3+ = 

0.07) only in the presence of Al3+ wherein, the color of solution changed from a 

naked-eye sensitive fluorescent dark green to bright yellow-green. The observed 

chelation enhanced fluorescence (CHEF) is attributable to restricted ESIPT and C=N 

isomerization processes due to complexation between the potential coordination sites 

(N and O atoms; Hard Base) of 3 and Al3+ (Hard Acid) in a 1:1 stoichiometry, 

consequently. The mechanism of interaction has been confirmed by the change in 

optical behaviors, 1H/13C NMR, FTIR, and ESI-MS spectroscopy data analysis. 

Moreover, chemosensor 3 has also been utilized to detect Al3+ in real water sample 

and on test paper strips.    

Key Words: Chemosensor, Al3+, CHEF, ESIPT 
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Introduction 

The design and synthesis of new molecular scaffolds for the recognition and sensing 

of biologically and environmentally important species are always essential for 

practical research in various fields of science.1 Among the available detection 

methods, chemosensors displaying ion induced fluorescence change are 

predominantly attractive in terms of sensitivity, selectivity, response time, simplicity, 

high degree of specificity and low detection limit.2 The development of fluorescence 

turn-on chemosensors still remains a challenging task due to the fluorescence 

quenching effect of biologically important metal ions.1-3 Thus, seeing the advantage 

of relatively higher detection sensitivity fluorescence turn-on probes, in comparison to 

turn-off probes, are in great demand in the recognition event of important metal ions, 

anions and biomolecules.1-4   

Aluminium (Al3+) is the third most prevalent (8.3% by weight) metallic element in the 

earth’s crust and has wide application in our day-to-day life.  Despite being a non-

essential element in living organism people are widely exposed to aluminum by the 

frequent use of aluminium containing compounds in the form of food additives, paper 

and packing materials, water treatment, colors and pharmaceutical drugs.5-6 The 

optimum concentration of Al3+ is crucial for human health, animals, aquatic biota and 

agricultural soil.6,7 The unregulated concentration of aluminium in human body is 

believed to affect central nervous system, and cause diseases like Parkinson, 

Alzheimer, dementia, cancers and dialysis encephalopathy.8 World Health 

Organization (WHO) considered aluminium as a food pollution source and limited 

Al3+ concentration to 200 g L-1 (7.41 mM) in drinking water, [3–10 mg daily intake 

of Al3+ ions] for a healthy human body.9  
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Further, the detection of Al3+ is challenging due to the some inherent associated 

properties such as, lack of specific spectroscopic characteristics, fluorescence 

quenching behavior, poor coordination and strong hydration abilities.4a,10 Recently, 

some fluorescent chemosensors based on different photophysical mechanisms have 

been reported for Al3+ ion.11,12 However, most of the chemosensors reported so far 

have faced limitation in the sense of aqueous medium compatibility of the probes, 

good photophysical behavior and most importantly interference of metal ions (like 

Cu2+, Zn2+, Fe3+) and/or anions (like F-, CH3COO-).13 Therefore, it is highly desirable 

to develop some small synthetic molecular scaffolds/ fluorescent probes which can 

detect Al3+ selectively and sensitivity through a fluorescence turn-on response in the 

environment of competitive metal ions in a suitable complete or partial aqueous 

medium.  

The structural motif for an efficient fluorescence signaling system involves three-

components; a fluorophore, spacer and fluoroionophore/receptor, that are architected 

in a such fashion that the electronic communication between the fluorophore and 

receptor initially leads to low fluorescence (switched–Off) state, while upon 

interaction with a specific guest the communication between the two moieties break 

down to exhibit bright fluorescence (switched–On) in the medium.14 Based on this 

unique design, we recently developed some sensitive molecular scaffolds to detect 

metal ions and anions in different medium.15 Additionally, the structural motifs 

involving C=N isomerization and intramolecular proton transfer (ESIPT) exhibit 

weak emission in the ground state, and  upon interaction with guest species are 

expected to display high-intensity, “turn-on”  emission. Therefore, the signal 

transduction occurrence via chelation enhanced fluorescence and hindered ESIPT 

Page 5 of 43 RSC Advances



5 

 

processes are good strategy to detect metal ions. Based on this concept, in the present 

communication we wish to report design and synthesis of a new polynuclear hetero 

atom containing fluorescent chemosensor 3 to detect Al3+ion. The chemosensor 3 has 

hard base type potential coordination sites in the form of N and O heteroatoms and is 

expected to tether the complementary hard acid species like, Al3+ ion. Moreover, to 

accomplish the objective of –C=N, isomerization and ESIPT process we designed 

probe 3 keeping aldimine and phenolic –OH function in a close proximity. Notably, 

upon interaction with different metal ions and anions 3 displayed naked-eye sensitive 

chelation enhanced fluorescence (CHEF) to detect Al3+ selectively in HEPES buffer, 

in which the emission intensity of chemosensor enhanced significantly, “turn-on 

response” due to restricted ESIPT and C=N isomerization processes.  

2. RESULTS AND DISCUSSION 

2.1. Synthesis, metal ion selectivity and fluorogenic response of probe 3  

The multi-component reactions (MCRs) involving three or four different substrates 

has emerged as a powerful one-pot transformation strategy for the synthesis of 

chemically and biologically important diverse organic frameworks.16 Therefore, we 

adopted MCR method to synthesis probe 3 as shown in Scheme 1. First compound 1 

has been synthesized by reacting m-hydroxybenzaldehyde, benzil, aniline and 

ammonium acetate in acetic acid.17a Compound 1 was treated17b with CHCl3 in KOH 

to get formyl derivative 2, which was subsequently refluxed in ethanol with o-

aminophenol using catalytic amount of iodine to obtain probe 3 as a red color solid in 

80% yield. The products were characterized by 1HNMR, 13CNMR, FTIR and MS 

spectroscopy data (Figure S7-S11, Supporting Information). 
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Scheme 1. Synthesis of probe 3 

The photophysical behavior of 3 and a complex, 3+Al3+ have been studied in different 

solvents and water gradient systems (Table S1). The photophysical behavior 

displayed by probe 3 was found to be relatively good in ethanol and ethanol-water 

gradient systems hoever, overall analysis seems to be good in HEPES buffer. 

Therefore, the photophysical behavior of 3 in the absence and presence of different 

metal ions has been examined in HEPES buffer (10 mM, 50% THF/H2O v/v, pH 

7.04) through the absorption and emission spectroscopy. The electronic transition 

spectrum of 3 (10 µM) displayed (Figure 1) a low energy absorption band at 376 nm 

(ε = 1.41 x 104 M-1cm-1) and upon excitation at 376 nm displayed a weak emission 

band at 528 nm (Ф3 = 0.006; Stokes shift 7656 cm-1) due to the excited state 

intramolecular proton transfer (ESIPT) process. Upon addition of Al3+ (2.0 equiv) to a 

solution of 3, the absorption band centered at 376 nm disappeared and two new bands 

appeared at 347 nm (ε = 1.31 x 104 M-1cm-1) and at 441 nm (ε = 4.58 x 103 M-1cm-1). 

Similarly, upon interaction with Al3+ (2.0 equiv) the weak emission intensity of 3 (at 

528 nm; λex= 376 nm) exhibited enhanced “turn-on” emission (~6.0 fold) in which 

quantum yield was increased (Φ3+Al3+ = 0.07) and the visual naked eye sensitive color 

of solution changed from a fluorescent dark green to a bright yellow-green color 

(Figure 1a, images). Additionally, upon interaction with other metal ions such as Na+, 

Page 7 of 43 RSC Advances



7 

 

K+, Ca2+, Mg2+, Co2+, Ni2+, Zn2+, Fe2+, Cr3+, Pb2+, Ag+, Cd2+, and Hg2+ (as their nitrate 

salts ) the electronic transition spectrum of 3 remained almost consistent except with 

Hg2+, Fen+ and Cu2+ ions. The absorption spectrum of 3 upon interaction with Cu2+ 

showed new broad red shift band at 440 nm (ε = 9.33 x 103 M-1cm-1) with a shoulder 

at 339 nm (ε = 8.38 x 103 M-1cm-1) (Figure 1a). Similarly, 3 upon interaction with 

tested metal ions illustrated high selectivity for Al3+ but relatively weak emission 

intensity at 488 nm and 494 nm has been also observed with Hg2+ and Fe3+ ions, 

respectively and the color of the probe solution varied, accordingly. However, in 

comparison to a probable complex, 3+Al3+ the other tested metal ions revealed almost 

negligible or weak fluorescence response (Figure 1b and 2, bar diagram). 

 

 

 

 

 

 

 
 
 
 
Figure 1: (a) Absorption and (b) emission spectra of 3 (10 μM) upon interaction with 
different metal ions (2.0 equiv) in HEPES buffer (50% H2O/THF v/v, pH 7.04). 
Images: Chromogenic and fluorogenic (under UV light at 365 nm) response of 3 (10 
M) upon addition of various metal ions in HEPES buffer. 

To ascertain the high selectivity of probe 3 for Al3+ ion interference studies have 

been performed in the presence of competitive metal ions particularly, Hg2+, Cu2+, 

Fe3+, and Cr3+ . It is important to mention that upon addition of tested metal ions (in 

excess, 50 equiv.) to a solution of 3+Al3+ or reversibly, addition of Al3+ (5 equiv) to 
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the solution of 3 containing other metal ions (3+Mn+; 50 equiv.) the relative 

fluorescence intensity and color of a probable complex, 3+Al3+ remained unchanged 

except, a marginal interference of Fe3+ and Hg2+ ions in which relative fluorescence 

intensity quenched marginally (~5%) (Figure 2, bar diagram and S13). Thus, the 

experimental observation clearly favored the high sensitivity of 3 for Al3+ and the 

observed enhanced fluorescence is attributed to chelation-enhanced fluorescence 

effect (CHEF) as well as cation-induced inhibition of the ESIPT process due to the 

complexation of Al3+ with potential coordination sites present in probe 3 in the form 

aldimine (–HC=N) and hydroxy (–OH)  functions.4a,11,12,18 Additionally, the observed 

bright fluorescent color may also be attributed to the aggregation enhanced 

fluorescence which is very much possible in such kind of sytem.18c 

The binding affinity of probe 3 with Al3+ has been realized through the absorption 

and emission titration studies (Figure 3a). Upon a gradual increase in the 

concentration of Al3+ ions (0-1.5 equiv) to a solution of 3 the absorption maxima 

centered, at 376 nm decreased and two new absorption bands appeared at 347 and 441 

nm. The formation of two isosbestic point at 356 nm and 415 nm revealed the 

existence of more than one species in the medium. Similarly, the addition of Al3+ (0-

1.5 equiv) to a solution of 3 the emission intensity centered, at 528 nm (λex= 376 nm) 

enhanced, “turn-on” (about ~ 6 fold) significantly (Figure 3b) and the color of 

solution changed from a fluorescent dark green to a naked-eye sensitive bright 

yellow-green. 
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Figure 2: Bar diagram illustrate the change in emission intensity of 3 and a complex, 
3+Al3+ (10 μM) upon addition of tested metal ions in HEPES buffer (50%, H2O/THF 
v/v, pH 7.04). Image: Change in color of a complex, 3+Al3+ upon interference of 
tested metal ions under UV light at 365 nm. 

To quantify the reaction stoichiometry between 3 and Al3+ absorption and 

emission spectra were acquired as a function of Al3+ ion concentration. Job’s plot 

analysis revealed maxima at a mole fraction of 0.5 consistently. Thus, for a 1:1 

stoichiometry between 3 and Al3+ the binding constants have been estimated through 

a nonlinear fittings of both absorption and emission spectra, using Benesi-Hildebrand 

(B-H) method20 and were found to be Kass(abs) = 7.8 x 105 /M  and Kass(em) = 8.46 x 

105 /M, respectively (insets of Figure 3). Additionally, the molecular ion peak [3 + Al 

+ 3NO3 + MeOH + H]+ appeared at m/z 753.7 in a positive ion ESI-MS spectrum 

confirmed the formation of a 1:1 complex, 3+Al3+ (Figure S12). 
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Figure 3: (a) Absorption and (b) emission titration spectra of 3 (10 μM) upon addition 
of 0-1.5 equiv of Al3+ ions in HEPES buffer (50% H2O/THF v/v, pH 7.04). Insets: 
Job’s plot and Benesi-Hildebrand plots. 

2.2 Anion selectivity, reversibility and pH dependence of probe 3:   

Additionally, to understand the high selectivity of 3 for Al3+ we also examined the 

photophysical behavior of 3 and its complex, 3+Al3+ in the presence of different class 

of anions (F-, Cl-, Br-, I-, NO3
-, N3

-, SO4
2-,S2-, H2PO4

-, CO3
2-, AcO-, and SCN- (as their 

inorganic salts)) under the similar experimental condition in the HEPES buffer. It is 

important to mention that both the probe 3 and its complex, 3+Al3+ have not shown 

any considerable affinity with anions as well as hindrance in the selective and 

sensitive detection of Al3+ (Figure S14).  

Furthermore, to realize that the process of complexation between probe 3 and Al3+ 

is reversible a strong chelating agent, EDTA (25.0 equiv) was added to a solution of 

0.0 0.2 0.4 0.6 0.8 1.0
8

12

16

20

24

I

3 / [3 + Al3+]

0 5 10 15 20 25 30

0.02

0.04

0.06

0.08 Y = 0.0026x + 0.0022
R2 = 0.9988

1/
I

1 / [Al3+] (M)

400 500 600 700
0

100

200

300

400 (b)

Al3+

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

0.0 0.7 1.4 2.1

100

200

300

400

In
te

ns
ity

 (a
.u

.)

Al3+ ( equiv )

300 350 400 450 500
0.00

0.05

0.10

0.15 (a)

Al3+

A
bs

or
ba

nc
e

Wavelength (nm)

0.0 0.2 0.4 0.6 0.8 1.0

0.014

0.021

0.028


A

3 / [3 + Al3+]

0 4 8 12 16

50

100

150 Y = 8.9211x + 6.9689
R2 = 0.9996

1 
/ 

A

1 / [Al3+] (M)

Page 11 of 43 RSC Advances



11 

 

probable complex, 3+Al3+. The fluorescence intensity revived and was found almost 

close to the intensity of 3 (Figure 4a). In contrast, when Al3+ ions were added to a 

solution of probe 3 containing EDTA (in excess) insignificant change was observed 

probably due to the formation of a strong EDTA-Al3+ complex  (Figure 4b). These 

results thus, suggested about the reversible mode of complexation between 3 and Al3+ 

and can be potentially utilized to detect aluminium in a repeated cycle. 

 

 

 

 

Figure 4: Change in emission spectra of 3 upon addition of (a) EDTA to a solution of 
3 + Al3+ and (b) Al3+ ions to solution of 3+EDTA in HEPES buffer (50% H2O/THF 
v/v, pH 7.04). 

The fluorescence behavior of probe 3 as a function of pH in the absence and 

presence of Al3+ has been examined in HEPES buffer (Figure 5). It is interesting to 

note that relative fluorescence intensity of 3 increases marginally (~1.5 fold) from pH 

6 to 1 while considerable fluorescnec enhancement ocurs (~4 fold) under alkaline 

condition (pH 8 to 14), respectively. The observed relative emission intensity was 

high in alkaline medium and is attributed to deprotonation as well as existence of 

isomeric quinonoid form due to –C=N isomerization, while in acidic medium the 

observed increase in relative fluorescence intensity is attributed to protonation of 

either hydroxyl or amino function. In contrast, the emission behavior of a complex, 

3+Al3+ almost remained consistent in the pH range of 4 to 9 and beyond that could not 
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400 500 600 700
0

100

200

300

400
(a)

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

 3
 3 + Al3+

 3 + Al3+ + EDTA

400 500 600 700
0

20

40

60

80

100
(b)

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

 3
 3 + EDTA
 3 + EDTA + Al3+

Page 12 of 43RSC Advances



12 

 

amino function or the decomposition of the 3-Al3+ complex in acidic medium while 

the hydrolysis of Al3+ ion under the alkaline condition.21 The other reason may be by 

the increase in pH the proton from the side functional groups remove and increase the 

extent of negative charges. Consequently, the highly charged functional groups repel 

each other as much as possible, causing the size of binding cavity to increase. When 

the cavity is stretched to a larger size, the binding force and interaction towards Al3+ 

ion are expected to decrease.13 Thus, it is noteworthy to mention that probe 3 can 

work well at physiological pH (5 < pH < 7.5) and can be employed to detect Al3+ ions 

in pH range of 4-9 within which most of the biological and environment samples 

(5.25-8.93) can be also tested.22  
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Figure 5: Change in emission intensity of 3 (10 μM, ex=376 nm) at 528 nm in the 
absence and presence of 2.0 equiv of Al3+ as a function of pH in HEPES buffer (50% 
H2O/THF v/v, pH 7.04). 

2.3 Limit of Detection 

The limit of detection (LOD) for Al3+ has been estimated through the fluorescence 

spectroscopic method, as reported previously.15 A calibration curve was obtained by 

measuring the fluorescence spectra of probe 3 at different concentration (from 10 M 

to 1.05 M). An approximately straight calibration curve suggested about a linear 
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correlation between relative fluorescence intensities and concentrations of 3 along 

with standard deviation (σ) 0.5078 (Figure 6a). To estimate calibration sensitivity (m) 

fluorescence plots between I (I – I0) (where I0 and I illustrate the emission intensities 

of 3 in the presence and absence of Al3+ ions) and concentration of Al3+ were obtained 

in the aforementioned range (Figure 6b). From the slope of fluorescence curve the 

calibration sensitivity (m) was found to be 68.5842 for which the limit of detection 

(LOD) has been estimated, employing equation (3), and was found to be 2.2 x 10-8 M 

(22 nM or ~0.6 ppb) which is comparable to other reported methods11i-k, 14c,23, 24a-f 

(Table -1) and well below the WHO acceptable limit (7.41 mM) in drinking water. 

Thus, the 3 can be applied to detect Al3+ in nM range which might fulfill the 

requirement of a potential fluorescent chemosensor to sense Al3+ in drinking water as 

well as in biosensing. 

 

 

 

 

 

 
Figure 6: (a) Calibration curve for 3 (b) Calibration sensitivity curve (m) for 3 with 
Al3+ (where I shows the change in emission intensity of 3 upon addition of Al3+). 
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Table 1: Comparison of some Schiff base chemosensors for Al3+ detection 
 

Entry              Solvent system                            LOD (M)                     Quantum yield ()                              Binding Constant                        References 
                                                                                                              (Probe to Probe+Al3+) 
1.                   MeCN-H2O                    0.42 x 10-6 M                         -                                        7.0 x 103 M-1                                [14c] 
         (1:1, v/v) 
2.            EtOH                                10-7 M                                  -                                       1.24 x 107 M-1                             [24a] 

                                             
3.                   MeCN-H2O                    3.24 x 10-8 M                     0.01 to 0.42                                          -                                        [24b] 
 HEPES Buffer (1:1, v/v) 

    
4.                  MeCN-H2O                     6.03 x 10-6M                         -                                         5.02 x 104 M-1                             [24c] 
 HEPES buffer (9:1, v/v) 

    
5.                  DMF-H2O                          5 x 10-6 M                              -                                          5.1 x 103 M-1                             [24d] 
 HEPES buffer (7:3, v/v) 
    
6.                  THF-H2O                             3 x 10-6 M                               -                                         9.91 x 103 M-1                            [24e] 
 HEPES buffer (7:1, v/v) 

    
7.                 EtOH-H2O                       3.28 x 10-6 M                         -                                         8.32 x 106 M-1                            [24f] 

 (95:5, v/v) 
8.        MeOH                            1.81 x 10-8 M                          -                                                       -                                    [11i] 

    
9.                  MeOH                             4.79 x 10-8 M                         -                                        1.41 x 104 M-1                            [11j] 
   
10.                MeOH                              8.28 x 10-8 M                          -                                              1.59 x 104 M-1                       [11j] 
 
11.  MeOH-DMSO               6.0 x 10-7 M               < 0.001 to 0.11                                    5.7 x 103 M-1                          [11k] 
 (9:1, v/v) 
12. MeOH-DMSO                     5.8 x 10-7 M               < 0.001 to 0.059                                  1.6 x 104 M-1                         [11k] 

 (9:1, v/v)  
13. MeOH-DMSO                     5.0 x 10-7 M                < 0.001 to 0.054                                  1.9 x 103 M-1                         [11k] 
 (9:1, v/v) 
14. THF-H2O                           2.2 x 10-8 M                  0.006 to 0.07                                      8.46 x 105 M-1                Present work 
 HEPES buffer (1:1, v/v) 
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2.4 Nature of Interaction between 3 and Al3+ 

To have an insight about the mode of interaction between probe 3 and Al3+ the 

1HNMR titration experiments were performed in DMSO-d6. The 1H NMR spectrum 

of probe 3 (2.1 x 10-2 M) showed resonances corresponding to aromatic protons at δ 

7.50 - 6.83 ppm (Figure – 7 and S7). The resonances appeared at δ 13.79, 9.71 and at 

δ 8.89 ppm are assignable to phenolic (–OH) Hb, Ha (disappeared completely upon 

D2O treatment, Figure S8) and aldimine (–CH=N) protons, respectively. Upon a 

sequential addition of Al3+ ions (0-1.0 equiv) to a solution of probe 3, the aldimine 

proton (CH=N-) was shifted downfield (δ = 0.012 ppm) with the subsequent 

splitting in the signal and appeared at δ 8.91 ppm. Moreover the phenolic protons Hb 

and Ha shifted downfield and become broadened while the aromatic protons exhibited 

upfield shift due to through bond charge propagation. Additionally, to understand the 

interaction of Al3+ ions with the phenolic and aldimine functions of 3 the FTIR 

spectra were acquired. The IR spectrum of 3 showed characteristic vibrations at 3430 

cm-1 and at 1615 cm-1 attributable to stretching vibrations of -OH and aldimine 

functions (Figure S10, S16). Upon interaction of 3 with Al3+ the probable OH and 

C=N stretching vibrations shifted toward the lower frequency region and appeared at 

3415 cm-1 and 1610 cm-1, respectively (Figure S15, S16). These results altogether 

clearly suggested about the structural change (E → Z) in the geometry of probe 3 as 

well as involvement of O (-OH, phenolic) and N (-CH=N, aldimine) atoms in the 

complexation with Al3+ ions as shown in Scheme 2. 
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Scheme - 2: A plausible mode of binding between probe 3 and Al3+. 

 

Figure 7: Stacked 1H NMR spectra of 3 (2.1 x 10-2 M) upon addition of Al3+ (0-1.0 

equiv) in DMSO-d6. 

3. Analytical application:  

Detection of Al3+ in real contaminated water samples: To validate the practical 

analytical utility of probe 3 to determine concentration of Al3+ in real contaminated 

water samples, we first quantified the fluorescence of probe 3 (10 M) in the presence 

of various concentration of Al3+ ion (0-0.2 M) and the corresponding calibration plot 

was used as a standard curve (Figure 8a). Considering the possible interference of 
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other components present in real samples, we applied a standard addition method15a to 

determine the level of Al3+ in real water samples. Prior to real sample detection when 

probe 3 was added directly to the water samples, no significant fluorescence 

enhancement occurred. However, when the emission spectra of treated contaminated 

water samples were acquired, the recovery of Al3+ with respect to the standard 

calibration curve was excellent and we could quantify recovered Al3+ in real water 

samples within the range of 120 to 94% (Table 2), wherein the color of solution also 

changed from a weak fluorescent to a strong yellow-green that was readily visual to 

the naked-eye (Figure 8b).  

                                                    

Figure 8: (a) Calibration sensitivity plot of 3 for Al3+ and (b) change in color of 3 and 
3+ Al3+ solution (A = 0.002, B = 0.02, C = 0.2 M) in HEPES buffer. 

Table 2 

Detection of Al3+ in real water samples 

Sample concentration               Al3+ recovered               % recovery of Al3+ from 
the sample         (M) 

           0                                                 Not detected                                       - 

          0.002                                            0.0024 ± 0.008                                120 

          0.02                                              0.0194 ± 0.014                                  97 

          0.2                                                0.188 ± 0.025                                    94 

0.00 0.07 0.14 0.21
0

2

4

6

8

10

12 (a)


I

Al3+ (M)
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Detection of Al3+ on cellulose paper strip: In order to make sure the analytical use of 

probe 3, on a solid surface, paper strip test was performed. Small cellulose paper 

strips (WhatmanTM) containing different concentration of probe 3 (1, 0.5, and 0.25 

mM) were prepared (1.5 × 2.0 cm2) in 50% aqueous THF and dried in air. The 

solution of of three different concentrations (5 × 10−6,  5 × 10−7 and 5 × 10−8 M) of 

alumenium nitrate were prepared in water. The dried test paper strips were dipped in 

different concentration solutions of Al3+ for 10-15 min and dried in air. The observed 

color change of paper strips from fluorescent green to yellow under UV light at 365 

nm (Figure-9) clearly, demonstrated the potential application of probe 3. Further the 

test paper strip was capable to detect Al3+ ion up to 20 nM. Test paper strips of 0.1 

and 0.01 mM concentration of probe were also made. The paper strip could able to 

detect Al3+ ions but the visibility of color on the strip was much better only up to 0.25 

mM range.  

 

Figure 9: Fluorescent paper strips of 3 (a) 1 mM, (b) 0.5 mM, (c) 0.25 mM before 
(green) and after addition of Al3+ (a) 2 x 10-6, (b) 2 x 10-7, (c) 2 x 10-8 M (yellow). 

 

4. Conclusion 

In conclusion, we have developed a polynuclear hetero atom containing molecular 

organic scaffold that enabled Al3+ ion detection through fluorescence turn-on response 

in solution as well as on solid surface. The metal ion interaction studies in partial 

aqueous medium favors the complexation of Al3+ with O and N hetero atoms present 
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in the form of hydroxyl and aldimine functions of probe 3 through electrostatic 

interactions, and enabled chelation enhanced fluorescence in which the process of 

ESIPT and C=N isomerization became restricted. The probe has shown naked-eye 

sensitivity in which the color of solution turned on to a fluorescent yellow-green from 

a dark green color. We believe that the present findings have significance in the 

progress of Al3+ ion detection in the environment of competitive metal ions and 

anions. 
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Figure Captions  

 

Scheme 1. Synthesis of probe 3 

Figure 1: (a) Absorption and (b) emission spectra of 3 (10 μM) upon interaction with 

different metal ions (2.0 equiv) in HEPES buffer (50% H2O/THF v/v, pH 7.04). 

Images: Chromogenic and fluorogenic (under UV light at 365 nm) response of 3 (10 

M) upon addition of various metal ions in HEPES buffer. 

Figure 2: Bar diagram illustrate the change in emission intensity of 3 and a complex, 

3+Al3+ (10 μM) upon addition of tested metal ions in HEPES buffer (50%, H2O/THF 

v/v, pH 7.04). Image: Change in color of a complex, 3+Al3+ upon interference of 

tested metal ions under UV light at 365 nm. 

Figure 3: (a) Absorption and (b) emission titration spectra of 3 (10 μM) upon addition 

of 0-1.5 equiv of Al3+ ions in HEPES buffer (50% H2O/THF v/v, pH 7.04). Insets: 

Job’s plot and Benesi-Hildebrand plots. 

Figure 4: Change in emission spectra of 3 upon addition of (a) EDTA to a solution of 

3 + Al3+ and (b) Al3+ ions to solution of 3+EDTA in HEPES buffer (50% H2O/THF 

v/v, pH 7.04). 

Figure 5: Change in emission intensity of 3 (10 μM, ex=376 nm) at 528 nm in the 

absence and presence of 2.0 equiv of Al3+ as a function of pH in HEPES buffer (50% 

H2O/THF v/v, pH 7.04). 

Figure 6: (a) Calibration curve for 3 (b) Calibration sensitivity curve (m) for 3 with 

Al3+ (where I shows the change in emission intensity of 3 upon addition of Al3+). 

Figure 7: Stacked 1H NMR spectra of 3 (2.1 x 10-2 M) upon addition of Al3+ (0-1.0 

equiv) in DMSO-d6. 

Scheme - 2: A plausible mode of binding between probe 3 and Al3+. 

Figure 8: (a) Calibration sensitivity plot of 3 for Al3+ and (b) change in color of 3 and 

3+ Al3+ solution (A = 0.002, B = 0.02, C = 0.2 M) in HEPES buffer. 

Table 1: Comparison of some Schiff base chemosensors for Al3+ detection. 

Table 2: Detection of Al3+ in real water samples. 

Figure 9: Fluorescent paper strips of 3 (a) 1 mM, (b) 0.5 mM, (c) 0.25 mM before 

(green) and after addition of Al3+ (a) 2 x 10-6, (b) 2 x 10-7, (c) 2 x 10-8 M (yellow). 
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Figure S10: FT-IR spectrum of 3. 

Figure S11: HRMS spectrum of 3. 
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Figure S13: (a) Absorption and (b) emission spectra of interference studies upon 

addition of tested metal ions to a solution of 3+Al3+ (10 μM) in HEPES buffer (v/v = 

50%, pH 7.04). 

Figure S14: (a) Emission and Absorption (inset) spectra of 3 (10 μM) upon 

interaction of various anions (50.0 equiv) in HEPES buffer (v/v = 50%, pH 7.04). (b) 

Emission spectra of interference studies upon addition of different anions to a solution 

of 3+Al3+ (10 μM) in HEPES buffer (v/v = 50%, pH 7.04). 

Figure S15: FT-IR spectrum of 3+Al3+ complex. 

Figure S16: Stacked FT-IR spectrum of 3 and 3+Al3+ complex. 

Table S1: Photophysical properties of probe 3 and 3+Al3+ in different solvents and 

water gradient systems 
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Experimental 

General: All the reagents and solvents were purchased from Sigma-Aldrich Chemical 

Co. Pvt. Ltd. stored in a desiccator under vacuum containing self indicating silica, and 

used without any further purification. Solvents were purified prior to use. UV-vis 

absorption spectra were recorded on a Perkin Elmer Lambda-35 UV-vis 

spectrophotometer using a quartz cuvette (path length = 1cm). Infrared (IR) spectra 

were recorded in potassium bromide (KBr) on a FT-IR Perkin Elmer 

Spectrophotometer. 1H NMR spectra (chemical shifts in δ ppm) were recorded on a 

JEOL AL 300 FT-NMR (300 MHz) spectrometer, using tetramethylsilane (TMS) as 

internal standard. Fluorescence spectra were recorded on Varian eclipse Carry 

spectrofluorometer using a quartz cuvette (path length = 1 cm) at 600 PMT voltage 

and slit width 5nm/5nm. All the spectroscopic experiments were carried out at room 

temperature. The stock solution of 3 (1x10-3 M) were prepared in THF and diluted to 

obtain 10 M solution in THF/HEPES buffer (v/v = 50%, pH 7.0) for the absorption 

and fluorescence measurements, respectively. The stock solutions of different metal 

ions (1x10-1 M) were prepared by dissolving their nitrate salt in water. The cation 

interaction studies were performed by the addition of 2 equiv. of 1x10-1 M of different 

cations. The absorption and fluorescence titration experiment were performed by the 

gradual increase of concentration of Al3+ (c =1x10-3). The cation interference studies 

were performed by the addition of 50 equiv. of 1x10-1 M of different cations. For 1H 

NMR titration experiment solution of probe 3 (1x10-2 M) and Al(NO3)3  was prepared 

in DMSO-d6. 

The quantum yields were estimated with respect to the quinine sulfate as standard in 

0.1M H2SO4 solution by secondary methods, [19] using equation (1). 

Q = QR. I/IR. ODR/OD. n2/n2
R        (1) 

Where Q is the quantum yield, I is the integrated intensity, OD is the optical density, 

and n is the refractive index. The subscript R refers to the reference fluorophore of 

known quantum yield. 
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The absorption and fluorescence experimental data were utilized to calculate 

association constants by Benesi-Hildebrand method [20] (B-H method) employing 

equations (1) for 1:1 stoichiometries. 

1/(I - Io) = 1/(I - If) + 1/K(I - If)[M]     (2) 

Where K is the association constant, I is the absorbance/fluorescence intensity of the 

free probe 3, Io is the observed absorbance/fluorescence intensity of the 3-Al3+ 

complex, and If is the absorbance/fluorescence intensity at saturation level. 

The limit of detection (LOD) was estimated by using equation (3). 

LOD = 3σ / m          (3) 

Where, σ stands for the standard deviation of blank solution of 3 and m stands for 
calibration sensitivity toward Al3+ in THF/HEPES buffer (v/v = 50%, pH 7.04) 
solution. 

 

Synthesis of compound 1: Benzil (1.05 g, 5 mmol) and m-hydroxybenzaldehyde 

(610 mg, 5 mmol) were dissolved in glacial acetic acid (20 mL) at room temperature. 

To this solution aniline (0.7 mL, 7.5 mmol) was added dropwise. After the addition of 

ammonium acetate (2.0 g, 26 mmol) the reaction mixture was heated at 110 0C for 4 

hr and monitored the reaction on TLC. After completion of reaction, the reaction 

mixture was cooled to room temperature and poured into the ice-water. The 

precipitate was filtered, washed with cold water, air dried and recrystallized from 

ethylacetate to get compound 1 as a light brown color powder. Yield 1.4 g (72%). Rf = 

0.52 (Ethylacetate:DCM:: 2:8, v/v). 1H NMR (300 MHz, DMSO-d6): δ (ppm): 9.52 

(s, 1H, -OH), 7.48-7.62 (d, 2H, J = 7.2 Hz), 7.31-7.16 (m, 13H), 7.04-6.99 (t, 1H, J1 = 

7.8 Hz, J2 =7.8 Hz), 6.94 (s, 1H); 6.67 (m, 2H). FT-IR (KBr) vmax ( cm-1); 3051, 1597, 

1582, 1497,1482, 1443, 1397, 1376, 1300, 1213, 1178, 1076, 998, 970, 884, 766, 695. 
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Synthesis of compound 2: Compound 2 was synthesized by formylation of 

compound 1 using Reimer-Tiemann reaction. Compound 1 (1.4 g, 3.65 mmol) was 

taken in dry ethanol (6 mL) and an aqueous solution (15 mL) of KOH (0.9 g, 16 

mmol) was added. The reaction mixture was heated at 70-800C and then added CHCl3 

(1.43 g, 0.97 mL, 12 mmol) dropwise for 10-20 min. Once the color of reaction 

mixture became brine red stirring was continued for 2hr and then at room temperature 

for 2-3hr. The excess of CHCl3 and EtOH were distilled off and the residue was 

treated with conc. HCl to make the pH of solution acidic (pH 2-3). After the addition 

of water (15 mL) precipitate was filtered, washed with water, air dried and purified by 

coloumn chromatography using dichloromethane as eluent. The solvent was 

evaporated in vacuum to get compound 2. Yield=100 mg (7%). Rf = 0.56 

(Ethylacetate:DCM:: 0.5:9.5, v/v), 1H NMR (300 MHz, DMSO-d6): δ (ppm); 10.76 

(s, 1H, -OH), 10.19 (s, 1H, -CHO), 7.49-7.47 (d, 2H, J = 6.3 Hz), 7.35-7.15 (m, 16H).  

13C NMR (75 MHz, DMSO-d6): δ (ppm); 190.89, 160.19, 144.60, 137.44, 137.27, 

136.33, 134.06, 132.34, 131.09, 130.01, 129.30, 129, 128.80, 128.54, 128.21, 126.68, 

126.38, 121.65, 118.99, 116.68. FT-IR (KBr) vmax (cm-1); 3415, 3051, 2962, 2924, 

2850,1662, 1626, 1595,1495, 1461, 1381, 1315, 1261, 1204, 1097, 1025, 966, 914, 

874, 805, 701. HRMS (micrOTOF-Q) m/z: [PHA + H]+ calc. for C28H20N2O2, 

417.1598; Found 417.1598. 

Synthesis of compound 3: Compound 2 (100 mg, 0.24 mmol) and 2-aminophenol 

(27 mg, 0.24 mmol) were taken in acetonitrile (10 mL) and stirred at room 

temperature for 15 min to get a clear solution. The reaction mixture was refluxed for 2 

hr in the presence of iodine (3 mol % of reactant). The red colored precipitate so 

obtained was filtered, washed with acetonitrile and dried in air to get the desired 
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compound 3 in good yield 90% (110 mg). Rf = 0.62 (Ethylacetate:DCM:: 0.5:9.5, 

v/v), 1H NMR (300 MHz, DMSO-d6) δ (ppm): 13.79 (1H, -OH, Hb), 9.71 (1H, -OH, 

Ha), 8.89 (s, 1H, -HC=N), 7.50-7.47 (d, 2H, J = 6.3Hz), 7.35-7.08 (m, 17H), 7.02-

6.99 (d, 1H, J = 7.8 Hz), 6.94-6.92 (d, 1H, J = 7.8 Hz), 6.85-6.83 (d, 1H, J = 6.3 Hz). 

13C NMR (75 MHz, DMSO-d6) δ (ppm): 160.75, 151.30, 145.25, 137.44, 136.71, 

134.76, 134.28, 134.09, 132.22, 132.10, 131.30, 130.26, 129.48, 129.20, 128.68, 

128.42, 126.92, 126.62, 119.87, 119.26, 118.77, 116.69, 116.27. FT-IR (KBr) vmax 

(cm-1); 3430, 3061, 2958, 2924, 2852, 1615, 1515, 1506, 1497, 1465, 1352, 1285, 

1224, 1163, 1119, 925, 722, 694. HRMS (microTOF-Q) m/z: [3 + H]+ calc. for 

C34H25N3O2, 508.2019; Found 508.2019. 
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Figure S1: 1H NMR spectrum of 1 in DMSO-d6. 

 

 

Figure S2: FT-IR spectrum of 1. 
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Figure S3: 1H NMR spectrum of 2 in DMSO-d6. 

 

 

Figure S4: 13C NMR spectrum of 2 in DMSO-d6. 
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Figure S5: FT-IR spectrum of 2. 

 

Page 34 of 43RSC Advances



34 

 

 

Figure S6: HRMS spectrum of 2. 

 

Page 35 of 43 RSC Advances



35 

 

 

 

Figure S7: 1H NMR spectrum of 3 in DMSO-d6. 

 

 

 

Figure S8: D2O exchange 1H NMR spectrum of 3 in DMSO-D2O (9:1). 

 

Page 36 of 43RSC Advances



36 

 

 

 

Figure S9: 13C NMR spectrum of 3 in DMSO-d6. 

 

 

Figure S10: FT-IR spectrum of 3. 
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Figure S11: HRMS spectrum of 3. 
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Figure S12: Mass spectrum of 3+Al3+ complex. 

 

 

 

 

 

 

 

 

 

 

 

Figure S13: (a) Absorption and (b) emission spectra of interference studies upon 
addition of tested metal ions to a solution of 3+Al3+ (10 μM) in HEPES buffer (v/v = 
50%, pH 7.04). 
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Figure S14: (a) Emission and Absorption (inset) spectra of 3 (10 μM) upon 
interaction of various anions (50.0 equiv) in HEPES buffer (v/v = 50%, pH 7.04). (b) 
Emission spectra of interference studies upon addition of different anions to a solution 
of 3+Al3+ (10 μM) in HEPES buffer (v/v = 50%, pH 7.04). 

 

 

 

Figure S15: FT-IR spectrum of 3+Al3+ complex. 
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Figure S16: Stacked FT-IR spectrum of 3 and 3+Al3+ complex.  
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Table S1: Photophysical properties of probe 3 and 3+Al3+ in different solvents and 

water gradient systems  

 

Solvents 

 

Water 
contents 
(vol %)  

ʎem  

(nm) 

Enhanced 
emission (in 

fold) 

Quantum yield (Φ) Enhanced 
Quantum 

yield (in fold) 

  3 3+Al3+  3 3+Al3+  

Benzene 0 432 434 5 0.004 0.011 2.75 

CCl4 0 432 434 5 0.003 0.01 3.33 

CH2Cl2 0 436 484 14 0.009 0.043 4.77 

Dioxane 0 530 506 11 0.0029 0.044 15.77 

 10 530 508 13 0.0044 0.086 19.54 

 20 530 516 8 0.0048 0.072 15 

 30 530 530 7 0.005 0.061 12.2 

 40 530 532 8 0.0059 0.077 13.05 

 50 530 532 8 0.006 0.084 14 

 60 528 536 8 0.0054 0.092 17 

 70 526 536 8 0.004 0.051 12.75 

THF 0 528 466 22 0.0028 0.068 24.28 

 10 528 502 10 0.0043 0.088 20.46 

 20 530 504 7 0.0045 0.07 15.55 

 30 528 514 6 0.005 0.067 13.4 

 40 528 526 6 0.0054 0.063 11.66 

 50 528 528 6 0.006 0.07 11.66 

 60 530 530 5 0.007 0.059 8.42 

 70 530 530 5 - - - 

ACN 0 532 546 5 0.0018 0.015 8.33 

 10 530 546 3 0.0021 0.033 15.71 

 20 526 538 5 0.0027 0.054 20 
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 30 526 530 8 0.0029 0.07 24.13 

 40 526 532 10 0.0035 0.078 22.28 

 50 524 534 11 0.0038 0.083 21.84 

 60 522 536 13 0.004 0.046 11.5 

 70 536 536 14 0.0019 0.027 14.21 

EtOH 0 524 532 6 0.01 0.102 10.2 

 10 524 533 7 0.098 0.108 1.10 

 20 522 530 7 0.097 0.125 1.28 

 30 522 530 7 0.097 0.109 1.12 

 40 522 532 7 0.098 0.109 1.11 

 50 524 532 7 0.008 0.087 10.87 

 60 526 532 8 0.0068 0.094 13.82 

 70 527 532 9 0.0076 0.067 8.81 
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