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Abstract: Ion sensing is crucial in industries for quality control of products such as food and water. In 

this work, a dinaphthyl-based saline compound (DiNa) was used as a chemosensor for anion detection 

in solution. The selectivity and sensitivity of DiNa for the anions (CN−, F−, I−, Br−, Cl−, AcO−, NO3
−, 

and ClO4
−) were determined with UV-Vis titration and it was found that DiNa can be employed for the 

detection of CN−, F−, and I−, which showed a strong interaction with the probe in the presence of other 

ions as competitors. Colorimetric and fluorescence changes visible to the naked eye and under 365 nm 

UV light were observed upon addition of CN−, F−, and I− to the solution of DiNa in EtOH/H2O (9:1, 

v/v) binary solvent. The chemosensor showed no chromogenic and fluorescence responses for other 

competing anions (Br−, Cl−, AcO−, NO3
−, and ClO4

−). The mechanisms for the signaling of the anions 

have been found to be by H-bonding, then followed by deprotonation, and by addition to the imine (–

C=N-) bond. The sensing mechanisms of the chemosensor were verified by DFT and TD−DFT 

calculations to support the experimental results. The results of this research have the potential to guide 

subsequent designs of probes of similar functionalities for selective anion detection. Finally, the probe 

could be utilized in the detection of CN−, F−, and I− in samples in solution.   

Keywords: multi-anion detection; chemosensor; DFT and TD-DFT calculations; deprotonation; 

selectivity. 
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1. Introduction 

In recent decades, there has been significant interest in anion detection across various 

applications, including physiological and environmental monitoring [1,2]. Due to increasing 

industrialization, several anions are generated as part of industrial pollutants. For instance, 

cyanide anions, which are extremely toxic to humans and other living organisms [3-5], are 

predominant wastes produced from gold mining, electroplating, and metallurgy industries [6]. 

It has been reported that gold mining and electroplating industries consume about 1.1 million 
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tons of cyanide annually [7]. Cyanide from industrial waste effluents eventually enters the 

aquatic environment, thereby poisoning organisms through the food chain [8]. The health 

implications of other anions, such as the halides, cannot be overemphasized. Fluorides, though 

essential in human health, can cause several health conditions, including risk of fluorosis in 

children, kidney diseases, and cancer [9, 10]. In addition to its effect on human health, excess 

fluoride in plants is known to retard plant growth and reduce yield [11,12]. The significance of 

iodine in maintaining human health cannot be overestimated, and eliminating its presence from 

our diet would invite illnesses such as goiter. However, an excess of it can be detrimental to 

some individuals. Over the years, various kinds of molecules that contain acidic protons, such 

as -NH and -OH, and the imine moiety (-C=N-) have been studied for their ability to sense 

these anions (CN−, F−, and I−) using a sensor [13-18]. Some of these molecules are able to 

sense single anions, while others could detect multiple anions. For instance, Uahengo and co-

workers used naphthyl-based hydrazone receptors to detect cyanide, hydroxide, and other 

anions in real time, naked-eye, from tap water [14]. Similarly, Yahaya et al. employed 

coumarin-thiophene amides, sulfonamide, and urea derivatives to sense multiple singly 

charged anions, including cyanide, chloride, bromide, acetate, and several other anions [16]. 

The mechanisms of ion sensing are thought to vary depending on the receptor's functional 

groups and the type of anion. In this work, we studied the interactions of cyanide, fluoride, 

iodide, and bromide ions with a dinaphthyl-based probe and performed DFT calculations on 

the interactions of cyanide and fluoride with the probe.  

2. Materials and Methods 

2.1. Chemicals and general instrumentation. 

All chemicals were of analytical grade and used without further purification. The 

compounds, 2-Hydroxy-1-naphthaldehyde and o-phenylenediamine, were obtained from 

Sigma Aldrich. All solvents were dried on molecular sieves prior to use. The infrared (IR) 

spectra were recorded on a Bruker Platinum ALPHA ATR FT-IR Spectrometer in the region 

of 4000–400 cm−1. The 1H NMR spectra were recorded on a Bruker 500 MHz high-temperature 

superconducting NMR spectrometer using CDCl3 as the internal standard. All UV-Visible 

spectrometric data were acquired using a SHIMADZU UVmin-1800 UV-Vis 

Spectrophotometer and glass cuvettes (1 cm x 1 cm x 4.5 cm). 

2.2. Synthesis of probe DiNa.  

The synthesis of DiNa was performed in a similar manner as described in the literature 

[16]. Compound, 2-Hydroxy-1-naphthaldehyde (0.2 g, 1.16 mmol), was dissolved in 15.0 mL 

of ethanol, followed by the addition of o-phenylenediamine (0.062 g, 0.58 mmol), as depicted 

in Scheme 1. The solution was stirred and refluxed for 4 h. The solution was cooled, the 

precipitate filtered, washed with cold ethanol, and dried in vacuo to obtain a bright yellow 

solid. Yield: 0.20 g (85.71%). 1H NMR (CDCl3): δ 7.27 (d, benzene-CH, 2H), 7.32 (d, benzene-

CH, 2H), 7.36 (d, benzene-CH, 4H), 7.38 (d, benzene-CH, 2H), 7.45 (d, benzene-CH, 2H), 

7.69 (d, benzene-CH, 2H), 7.77 (d, benzene-CH, 2H), 8.10 (d, benzene-CH, 2H), 9.42 (s, 

N=CH, 2H), 15.03 (s, Ar-OH, 2H). IR (ATR): 1150 (C-O stretch), 3047 (Aromatic C-H 

stretch), 1650 (C=N stretch), 1600 (C=C stretch). 
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Scheme 1. Synthesis of probe DiNa.  

2.3. Spectroscopic measurements of DiNa toward various anions. 

Titrant (DiNa) solution was freshly prepared with a concentration of 30 μM in 

EtOH/H2O (9:1, v/v). To study the wide-spectrum application of the sensor DiNa, eight 

different anions (CN−, F−, I−, Br−, Cl−, AcO−, NO3
−, and ClO4

−) were interacted with it, and the 

various mixtures were examined by UV-Vis spectroscopy. All measurements were completed 

in UV quartz cuvettes (path length, l = 1 cm) at room temperature. The UV-Vis analysis was 

initially scanned from 200 to 800 nm and was later set at 200 to 300 nm as the maximum 

absorption for all anion interactions with the probe occurs within this region.  

2.4. Computational methods for sensing mechanism of the anions. 

The density functional theory (DFT) at the B3LYP/6-311++G(d,p) level was used to 

optimize the interaction mechanism of the anions sensed by DiNa [19–22]. 

The hybrid functional can be used to investigate spectroscopic parameters and elucidate 

the mechanisms of anion interactions in various chemosensors [15,16,23,24]. The optimized 

molecular geometries were characterized as true minima by full harmonic vibrational 

frequency calculations. Solvent effects of THF, H2O, and DMSO were taken into account by 

full optimization of the gas phase structures through the polarizable continuum model (PCM) 

[25-27]. At the same level, the electronic absorption spectra were acquired using time-

dependent DFT (TD-DFT) [28,29]. The Gaussian 09 software was utilized for all DFT and TD-

DFT computations [30]. Additional estimated free energies are relative energies, since the 

reactant energy is set to zero [31]. 

3. Results and Discussion 

3.1. Interaction of DiNa toward various anions. 

The probe, DiNa, demonstrates distinct UV-visible absorption changes in response to 

the various anions (CN−, F−, I−, Br−, Cl−, AcO−, NO3
−, and ClO4

−). The optical properties of 

DiNa, measured as absorbance at different wavelengths, reveal selective interactions with these 

anions, as evidenced by wavelength shifts and intensity variations. 

Differences in absorption intensities and wavelength shifts, including bathochromic 

shifts and minor signals (minor peaks), point to the extent of DiNa's interaction with these 

anions. Acetate absorbs moderately across three key wavelengths, with slight variations in the 

240-250 nm range (Figure 1). These secondary peaks may indicate a weaker binding interaction 

between acetate and DiNa, with fewer π−π* or n−π* transitions at these wavelengths (Figure 

1). 

Iodide shows a strong binding affinity for DiNa, as reflected by the high absorbance, 

particularly at 236 nm, and a distinct band at 242 nm (Figure 2). The intensity suggests 

significant electronic interaction or charge-transfer processes, which may indicate a strong 

interaction between iodide and the receptor [32]. 
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Figure 1. UV–visible titration investigation with gradual addition of acetate ion (10 mM) against the probe 

DiNa (30 μM). 

 
Figure 2. UV–visible titration investigation with gradual addition of iodide ion (10 mM) against the probe DiNa 

(30 μM). 

Bromide exhibits a small interaction, with an isolated peak at 209 nm (Figure 3). The 

relatively high absorbance observed with bromide ions indicates moderate selectivity of the 

probe for bromide, though not as strong as for iodide [33]. The absence of multiple peaks 

suggests simpler binding dynamics compared to other ions. Chloride shows intermediate 

binding, with noticeable absorption at three distinct wavelengths (Figure 4). The band at 259 

nm is relatively strong, suggesting charge transfer, while the additional absorptions may 

indicate structural interactions between DiNa and chloride.  

 
Figure 3. UV–visible titration investigation with gradual addition of bromide ion (10 mM) against the probe 

DiNa (30 μM). 
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Figure 4. UV–visible titration investigation with gradual addition of chloride ion (10 mM) against the probe 

DiNa (30 μM). 

Fluoride exhibits a strong interaction with DiNa, with the maximum absorption at 227 

nm, showing a bathochromic shift. The high intensity at this wavelength may suggest 

significant hydrogen bonding or a stronger binding mechanism [34] compared to that of other 

halide ions (Figure 5). Nitrate has a weak interaction with DiNa, as indicated by the low 

absorbance. This suggests either a low binding affinity or minimal charge-transfer interactions 

between DiNa and the nitrate ion (Figure 6).  

 
Figure 5. UV–visible titration investigation with gradual addition of fluoride ion (10 mM) against the probe 

DiNa (30 μM). 

 
Figure 6. UV–visible titration investigation with gradual addition of nitrate ion (10 mM) against the probe DiNa 

(30 μM). 
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Cyanide shows the strongest interaction with DiNa among the ions tested, with a 

significant bathochromic shift and an absorption intensity of 2.444 at 230 nm (Figure 7). The 

shift indicates a strong interaction of the CN- with the probe, possibly through π−acceptor 

binding, or formation of covalent-like bonds with DiNa [35]. Chlorate indicates the weakest 

interaction with DiNa, with very low absorbance across the spectrum. The multiple weak peaks 

imply only minor interaction, suggesting a weak selectivity of DiNa towards chlorate (Figure 

8). 

 
Figure 7. UV–visible titration investigation with gradual addition of cyanide ion (10 mM) against the probe 

DiNa (30 μM). 

 
Figure 8. UV–visible titration investigation with gradual addition of chlorate ion (10 mM) against the probe 

DiNa (30 μM). 

3.2. Selectivity of the probe DiNa towards various anions. 

We have also studied the extent to which different anions can interfere with the probe. 

The selectivity profile of DiNa towards the anions (CN−, F−, I−, Br−, Cl−, AcO−, NO3
−, and 

ClO4
−) reveals varied interaction strengths (Figure 9). Among the anions investigated, CN− and 

F− show the strongest interaction, making them the most selective targets of the probe. 

However, I− and Cl− exhibit moderate interactions, though weaker than cyanide and fluoride. 

The other anions, Br−, AcO−, and NO3
− show poor binding, with bromide and nitrate having 

particularly weak affinities. Interaction of ClO4
− with the probe did not result in any significant 

changes in the absorption, which demonstrates minimal interaction and selectivity towards this 

ion. Overall, DiNa exhibits high selectivity for small, highly electronegative, or nucleophilic 

anions such as F− and CN−, while showing weaker responses to larger or less polarizable 

anions such as Br− and ClO4
−. 
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Figure 9. UV–vis absorption spectrum of DiNa in the presence of variety of anions for Selectivity and 

interference studies. 

3.3. Chromogenic reaction to the competing ions. 

20 equiv of each of the anions (CN−, F−, I−, Br−, Cl−, AcO−, NO3−, and ClO4−) were 

added to the chemosensor DiNa to induce a chromogenic response. But the only ones that 

responded significantly were CN−, F−, and I−. No coloration change was seen for the other 

competing anions (Br−, Cl−, AcO−, NO3−, and ClO4−), as Figure 10 illustrates. 

Under the ambient light, as depicted in Figure 10, the probe DiNa showed a change in 

coloration from light brown to colorless for CN−, F−, and I−, but the coloration remains 

unchanged with the remaining anions (Br−, Cl−, AcO−, NO3
−, and ClO4

−).  

Under the 365 nm UV light, the chemosensor DiNa showed a change in coloration from 

light brown to deep greenish for CN−, F−, and I−, but the coloration with the remaining anions 

(Br−, Cl−, AcO−, NO3
−, and ClO4

−) was blue-black (Figure 11).  

 
Figure 10. Colorimetric and fluorescence changes of DiNa with the addition of 20 equiv of the anions under 

ambient light. 

 
Figure 11. Colorimetric and fluorescence changes of DiNa with the addition of 20 equiv of the anions under 

365 nm UV light. 

3.4. Sensing mechanisms. 

In 2020, Yahaya et al. published a paper detailing various mechanisms in signaling 

anions, which included H-bonding, di-deprotonation, and de-monosulfonation [16]. Again, In 
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2024. Kiran et al. [35] reported a similar deprotonation approach in the recognition of cyanide 

in aqueous medium with a solid-state. This research is aligned with these findings. This is due 

to the reasoning that our probe may show H-bonding, di-deprotonation, and also a nucleophilic 

attack on the imine (-C=N-) part of our chemosensor (Scheme 2). Therefore, we probed and 

identified the sensing mechanisms involved in the recognition of the signaled anions (CN−, 

F−, and I−) that interact with the chemosensor DiNa. The sensing mechanism for the anions 

(CN−, F−, and I−) using DiNa via the anions' initial hydrogen bonding with the chemosensor, 

which ensues by deprotonation, and then, anion addition to imine carbon is shown in Scheme 

2. These mechanisms have been confirmed by using DFT calculations.  

 
Scheme 2. Proposed binding mechanisms of chemosensor DiNa with CN−, F−, and I− in a binary solution 

(EtOH/H2O:9/1 v/v). 

3.5. DFT Calculations and computational details for sensing mechanism of the anions. 

Initially, four different reaction pathways were proposed based on the literature [16,36-

38] for the interaction mechanism of DiNa with anions, as illustrated in Scheme S1 of the 

Supplementary information. Pathway one (PATH 1) illustrates a process where the anion forms 

a hydrogen bond with the −OH on DiNa and subsequently deprotonates the −OH group to form 

the final product (P1). In the second path, the anion would first attack the carbon bonded 

directly to the −OH. This condition makes the −OH a good leaving group and hence, would 

undergo substitution by the anion to form P2. For PATH 3, there is first an intermolecular 

transfer of a proton from the −OH group to the nitrogen in DiNa through hydrogen bonding, 

and this creates the condition for the anion to attack the imine carbon to form the final product 

(P3). In the last proposed pathway (PATH 4), the anion attacks the nitrogen of DiNa, breaking 

the pi-bond between the −C=N−, to form product P4. 

Table 1. Calculated reaction energies of products from the interaction between DiNa and CN− for the different 

proposed pathways. 

Product Reaction energy 

P1 7.49 

P2 64.73 

P3 −14.80 

P4 62.01 

The reaction energies of the various products generated for all four pathways for CN− 

interaction with the probe are shown in Table 1. From these results, only the reaction energy 

of the product (P3) along PATH 3 is exergonic with a reaction energy of −14.80 kcal/mol and 
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hence thermodynamically feasible. On the basis of these findings, the remaining pathways (P1, 

P2, and P4) were eliminated for the sensing mechanism of CN− by DiNa since their final 

products will not be stable. 

In order to further investigate the sensing mechanism of CN− by DiNa along PATH 3, 

the calculated Gibbs free energy profile is shown in Figure 12. The reaction of DiNa to afford 

P3 is a four-step process involving intramolecular proton abstraction reaction steps to generate 

the corresponding intermediates that further undergo a nucleophilic attack by the anion (CN−) 

to form P3. As shown in Figure 12, the formation of intermediate INT3A proceeds via 

transition state TS3A, with an activation energy of 3.5 kcal/mol. Due to the symmetrical nature 

of DiNa, the second step is also an intramolecular proton abstraction through TS3B to form 

INT3B with a barrier of 2.4 kcal/mol. However, the third step is when the first CN− comes in, 

and this step is a barrierless process with an activation energy of –12.6 kcal/mol through TS3C 

to form INT3C. The final step then proceeds via TS3D to produce P3 with a high activation 

barrier of 41.1 kcal/mol. 

In Table 2, the effect of different solvents (DMSO, H2O, and THF) on the energetic 

trends was explored. From the results, the various solvents are observed to have an overall 

effect in reducing both the activation barrier and reaction energies in the order of H2O > DMSO 

> THF. However, compared to gas phase calculations, the energetic trends were consistent with 

those for all considered solvents (DMSO, H2O, and THF). 

 
Figure 12. Free energy profile of the proposed sensing mechanism by DiNa for CN− at the B3LYP/6-311++G 

(d, p) level of theory. All free energies are in kcal/mol. 

Table 2. Activation and reaction energies of transition states, intermediates, and products for the interaction 

between DiNa and CN− in different solvents at the B3LYP/6-311++G (d, p) level of theory. All free energies are 

in kcal/mol. 

Solvent TS3A INT3A TS3B INT3B TS3C INT3C TS3D P3 

DMSO −0.08 −12.32 − −7.49 − −9.81 − −8.87 

THF 0.47 −12.06 − −10.89 − −12.46 20.83 −8.15 

H2O −0.12 −12.35 − −7.25 − −9.61 17.83 −8.97 

Gas phase 3.48 −10.96 2.40 −8.25 −12.65 −37.11 41.07 −14.80 

Moreover, changes in natural charges and frontier orbital analysis may be used to 

explain changes in the experimental absorption spectra after proton transfer and DiNa’s 

interaction with CN−. The computed natural charges on the non-ring carbon, oxygen, and 

nitrogen atoms are shown in Figure 13. The natural charges on C, O, and N atoms of the ground 

state of DiNa change from 0.16e, −0.68e, and −0.52e to −0.16e, −0.82e, and −0.69e, 

respectively, after interaction with the CN−. This observed increase in negative charges on C, 
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O, and N atoms after the intramolecular proton transfer and DiNa interaction with CN− 

processes will cause an increase in the intramolecular charge transfer for the molecule [15]. 

 
Figure 13. The optimized structures of DiNa and P3 and natural charges on C, O, and N atoms at the B3LYP/6-

311++G (d, p) level of theory. Blue: N; Gray: C; Red: O; White: H. 

The frontier orbitals HOMO and LUMO energies and the gap between HOMO and 

LUMO (ΔE) for DiNa and P3 are given in Figure 14. The ΔE value decreases by 0.36 eV upon 

interaction with the CN− ion, and this leads to a bathochromic shift in the absorption spectra of 

P3. For DiNa, the electron density is observed to spread over the entire molecule in both the 

HOMO and LUMO. For P3, the electron density on HOMO shifted towards one of the naphthol 

and the benzene moieties, whereas LUMO experiences electron cloud shift towards only the 

naphthol part. These indicate that there is an increase in the intramolecular charge transition 

after the interaction with the CN−. These observations are consistent with the experimental 

findings (Figure 7). 

 
Figure 14. The frontier orbitals (HOMO and LUMO), their energies, and the energy gap (ΔE) of DiNa and P3 

(DiNa + CN−). 

The computed absorption maximum wavelengths coupled with the absolute CI 

coefficients and related oscillator strengths (ƒ) for both DiNa and P3 (DiNa + CN−) are given 
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in Table 3. The absorption peaks at 421 nm with the oscillator intensity of DiNa's computed 

first singlet transition (S0 → S1) 0.1451, whereas that of DiNa + CN− is 469 nm for the 

absorption maxima and 0.0012 for its oscillator strength. The observed bathochromic shifts can 

be associated with increased intramolecular charge transfer, due to intramolecular proton 

transfer and DiNa interaction with CN−, as previously analyzed from other parameters [13]. 

Table 3. Calculated electronic excitation energies (nm), integrating oscillator strengths (f), composition, and 

low-lying singlet excited state CI coefficients for DiNa and P3. 

 Transition λmax (nm) ƒ Composition CI (%) 

DiNa S0 → S1 421 0.1451 HOMO → LUMO 3.75 

    HOMO+2 → LUMO 92.84 

P3 S0 → S1 469 0.0012 HOMO → LUMO 47.10 

    HOMO+1 → LUMO-1 52.30 

 
Figure 15. Free energy profile of the proposed sensing mechanism by DiNa for F− at the B3LYP/6-311++G (d, 

p) level of theory. All free energies are in kcal/mol. 

 
Figure 16. Free energy profile for PATH 3 of the sensing mechanism for F− by DiNa at the B3LYP/6-311++G 

(d, p) level of theory. All free energies are in kcal/mol. 

Contrary to the observations made for CN−, where only the PATH 3 was feasible, both 

PATH 1 and PATH 3 are probable routes for the sensing of F− by DiNa. The results indicate 

that the interaction of F− with DiNa through PATH 3 has relatively lower activation and 
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reaction energies (Figure 14) compared to that of CN−. This means that, should the mechanism 

go through the PATH 3, there will be a competition in selectivity between F− and CN− ions, 

with the F− having a slight edge over the CN−. 

As shown in Figure 15, the reaction of F- with the probe along PATH 1 produces both 

a stable intermediate and product. However, no data were obtained for its transition states 

(TS1A and TS1B) after exhaustive search.  

Nonetheless, based on these results and other experimental parameters, it can be 

inferred that the most probable mechanism for the F− interaction with DiNa is through the 

PATH 1, which results in a product with the lowest energy of -35.7 kcal/mol, and this also 

becomes the likely mechanism for all the other halides. 

To investigate competition between the two most favored anions (CN− and F−) for the 

chemosensor DiNa, we calculated their interaction energies with the DiNa, and the results are 

shown in Table 4.  

Table 4. Calculated interaction energies (Int) for DiNa with different anions (CN− and F−). 

Anions 
Eint (kcal/mol) 

Single Int Double Int 

CN− 28.86 −22.31 

F− 39.64 −12.21 

The interaction energies were calculated by using the formula: Eint = EDiNa + Eanion − 

EP3 [38,39], where Eint, EDiNa, Eanion, and EP3 represent the interaction energies, the energy of 

DiNa, the energy of anion, and the energy of P3, respectively. The findings indicate that the 

interaction energy between DiNa and F− is the largest for both the first and second interactions 

of the anion with DiNa. The large interaction energies for F−, as compared to CN−, indicate that 

the DiNa has a high selectivity towards F−, and that the other anions have little to no effect on 

DiNa. 

4. Conclusions 

In this study, a Schiff base molecule, DiNa, has shown interaction with a wide range of 

anions in solution. Cyanide, fluoride, and iodide ions exhibit highly selective, sensitive, and 

very fast responses to the sensor. The interactions of the probe with the signaled anions (CN−, 

F−, and I−) indicate two main mechanisms (a general deprotonation process and an addition 

reaction). Furthermore, the chemosensor could detect and distinguish CN−, F−, and I− even in 

the sample containing all the other competing anions. DFT calculations reveal that the 

thermodynamically favorable pathway for cyanide interaction with the probe involves 

reduction of the imine bond, with cyanide binding to the imine carbon atom. Fluoride detection 

is shown to follow the same mechanisms as cyanide and pathway 1, in which fluoride 

deprotonates the hydroxy group. Energetics revealed that both cyanide and fluoride ions prefer 

the imine carbon, leading to a reduction in the imine double bond. An alternative mechanism 

for fluoride binding to the probe is via deprotonation of the hydroxy group on the naphthyl 

moiety. This resulted in a relative free energy of -35.7 kcal for the product compared to -30 

kcal calculated when binding occurred through the imine carbon. Finally, the chemosensor 

DiNa showed fluorescence and colorimetric changes in the ambient and UV light (365 nm). 

Therefore, it is expected that this chemosensor could be employed as a sensor for immediate 

recognition of CN−, F−, and I− in solution. 
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Supplementary materials 

 

Figure S1. 1H NMR spectrum of DiNa. 

 

Figure S2. FT-IR spectrum of DiNa. 

 
Figure S3. Proposed sensing mechanism for the various anions (CN−, F− ) by DiNa. 
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