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The chemosensor selectivity of 3-oxo-3H-benzo[f]chromen-2-carboxylic acid 
(ABKK) toward Na+ metal ion has been successfully studied in silico using FMO 
(Frontier Molecular Orbital) analysis method. The geometry of the ABKK 
structure was optimized by the DFT (Density Functional Theory) method with a 
function/basis set: M06/6-31G (d, p). Afterward, the electronic properties of the 
ABKK structure before and after binding to sodium ion were analyzed and 
compared with the ABKK+other metal ion structures representing valence 
charges 1-3 and within the constraints of the basis set used. The results of 
geometry optimization showed that 1ABKK+Na+ has a more positive 
frequency/minima than 2ABKK+Na+ with interaction energies of 145 and 200.5 
kcal/mol, respectively. Ignoring the role of solvents, FMO analysis revealed that 
the bandgap energy of fluorophore and receptor interactions (∆E LUMO Fl-Rs 
1ABKK+Na+) and (∆E HOMO Fl-Rs 2ABKK+Na+) were 0.631 and 0.336 eV, 
correspondingly. In addition, the bandgap energy of fluorophore/∆E Fl 
1ABKK+Na+ and 2ABKK+Na+ were calculated at 4.347 and 4.362 eV. Comparing 
those two types of bandgap energies with the bandgap belonging to ABKK+other 
metal ions, the excitation, and PET (Photoinduced Electron Transfer) processes 
were estimated to be relatively favorable experienced by 2ABKK+Na+. Finally, the 
selectivity of ABKK toward sodium metal ions from the computational 
calculations was relatively in agreement with the laboratory experimental results.  

 

1. Introduction 

Chemosensors are sensor-type chemical compounds 
that can provide accurate information in real-time about 
the presence of specific compounds or ions in even 
complex samples. Metal ion chemosensors based on 
fluorescent compounds work by chelating metal ions 
contained in the analyte, thus forming a complex 
followed by changes in fluorescence intensity that can be 
monitored by spectrofluorometry [1, 2]. Among several 
metal analysis techniques, chemosensors have 
advantages over other methods, including low cost, 
convenience, and fast response [3, 4, 5, 6]. Fluorescent 
chemosensors consist of two parts, namely, the 
fluorophore and the receptor. The fluorophore part 

functions as a signal marker in the form of fluorescence 
intensity, while the receptor part functions as the binding 
site of the analyte, which can be a cation [3, 7, 8], anion, 
or neutral species [9, 10]. 

Some studies reported that the interaction of 
chemosensor compounds and metal ions could be 
explained using DFT computational methods at a level of 
function/basis set M06/6-31G (d, p) [3], B3LYP/6-
311+G(d) [7], and B3LYP/LanL2DZ [11]. Further studies of 
the electronic distribution of HOMO and LUMO at 
molecular orbitals of the optimized fluorophores and 
receptors have been shown to explain the mechanism of 
interaction. Specifically, through Frontier Orbital 
Molecule (FMO) analysis [12], which studied the 
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interaction mechanism of HOMO-LUMO of donor-
acceptor of chemosensor bearing coumarin aromatic 
skeleton [3], aromatic Schiff base [7], aromatic β-
naphthol [8], and heteroaromatic BODIPY [11], the 
probability of whether or not the PET (Photoinduced 
electron transfer) process occurs can be estimated [13, 14, 
15]. Especially for chemosensors with coumarin aromatic 
structure, Mergu et al. [3] have successfully validated the 
selectivity data and mechanism of its chemosensor 
interaction against Cu2+ ion using DFT computational 
methods at the M06 level theory with a basis set of 6-31G 
(d, p). Studying the interaction mechanism between a 
chemosensor receptor and a substrate is critical in 
developing chemosensor applications in various fields 
such as medicine, clinics, catalysts, environmental 
chemistry [13, 14, 15], biology, and foods [16, 17]. 

One of the organic compounds that can be used as 
chemosensors is coumarin derivatives, which have 
advantages such as large Stockes shift, high fluorescent 
quantum yield, good light stability, absorption and 
emission profile in visible light regions, and non-toxic 
[18]. Among the many coumarin-derived compounds that 
have been successfully reported as selective and sensitive 
chemosensors to Na+ metal ion was 3-oxo-3H-
benzo[f]chromen-2-carboxylic acid (ABKK) with an 
"on- off" chemosensor model through fluorescence 
quenching by oxidative and reductive PET [2]. 

To the best of our knowledge, the selectivity of the 
ABKK interaction towards Na+ metal ion, among others, 
has never been studied. Therefore, researchers are 
interested in further investigating the interaction 
mechanism of ABKK with Na+ metal ions compared to 
other metal ions in silico with an FMO analysis approach. 
Perhaps the computational study of ABKK selectivity 
towards Na+ metal ion obtained can be used to design 
further the derivative structure of ABKK that can be 
selective against other metal ions. In the end, ABKK 
compound and their derivatives can be applied more 
widely in health, environment, and food. The in silico 
method is the leading choice in studying the mechanism 
of chemosensor interaction with the substrate because it 
is considered more economical than a laboratory 
experiment. 

2. Experimental 

2.1. Materials and Tools 

The materials used in this study were the ABKK 
structure model and several representative models of 
valence metal ions of 1, 2, and 3, including Na+, K+, Li+, 
Mg2+, Ni2+, Cu2+, and Al3+ ions. The type of metal ions was 
selected based on the laboratory test results [2] and the 
basis set’s limitations. DFT calculation was performed on 
a PC with Intel®Xeon(R) Processor CPU E5-2650 
v2@2.60 GHz ×32, 16 GB RAM, with Gaussian 09 software 
[19]. 

2.2. Procedures 

2.2.1. Computational Calculations 

Computational calculation methods were adapted 
from the procedure reported by Mergu et al. [3] to study 

the mechanism of interaction of coumarin-skeleton 
chemosensors and their derivatives with metal ions. The 
structure of the ABKK chemosensor and its chelate 
compound with Na+, K+, Li+, Mg2+, Ni2+, Cu2+, and Al3+ 
metal ions was optimized at 1:1 and 2:1 ratios under 
non- solvent conditions using the DFT at the level of M06 
method with a basis set of 6-31G (d, p) [3, 19]. The 
optimization ratio of ABKK to metal ions was based on the 
results of fluorimetric titration of ABKK with metal ions 
in the laboratory [2]. Next, the electronic properties of the 
molecular orbital of ABKK and its chelates with metal ions 
were analyzed. 

The molecular orbitals of HOMO and LUMO 
(benzocoumarin fluorophores and carboxylate receptors) 
and their energy differences (EHOMO-LUMO) were 
investigated at the same theoretical level. The energy data 
of HOMO-LUMO generated from optimized molecular 
geometry were further studied in its interaction with the 
FMO analysis [3, 7, 8, 11]. In addition, the interaction 
energy of the chemosensor-metal ion [7], basis set 
superposition error (BSSE) [20], and the vibrational 
frequency were also calculated. The calculation method 
was also validated by comparing the measured infra-red 
spectral frequency with the calculated one. 

3. Results and Discussion 

3.1. Geometry Optimization and FMO Analysis of ABKK 
Structure 

The method of structural optimization of ABKK with 
a benzocoumarin framework in this study was adapted 
from the process of the geometric optimizing structure of 
coumarin derivative compounds, DFT-M06, basis set 
6- 31G(d, p) [3], where the DFT M06 method belongs to 
the functional meta-GGA class with 27% HF exchange 
and is very well used to calculate non-covalent 
interactions, thermochemistry of transition metals, 
organometals [21] and electronic excitation energy [22]. 
Based on the results of the geometry optimization of the 
ABKK, a positive vibrational frequency value was obtained 
(Figure 1). The value indicated that the structure of the 
ABKK has reached a stable form with a minima state. The 
optimization results have also been confirmed by the 
emergence of vibrational absorption of O-H stretching, 
C=O (carboxylate) stretching, and C=O (lactone) 
stretching at wavenumbers of 3543, 1892, and 1821 cm-1, 
respectively. The vibrational absorption of the three main 
groups of ABKK was in the range of tolerant frequency 
differences (100 cm-1) against the FTIR results of ABKK 
from the laboratory [2]. 

 

Figure 1. The calculated vibration frequency of ABKK in a 
minima state 
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Figure 2. Calculated HOMO-LUMO energy of ABKK, 
optimized by DFT-M06, basis set 6-31G(d, p). Molecular 

orbital of fluorophore (left) and receptor (right) 

Furthermore, from the results of optimized ABBK, 
the HOMO-LUMO energy of molecular orbitals was also 
obtained (Figure 2). In addition, their electron 
distribution (green and red clouds) was also achieved, 
representing part of fluorophore and receptor groups. 
The moiety of fluorophore, which acts as a fluorescence 
signaling unit, was represented by a benzocoumarin 
group. In contrast, the receptor, which acts as a metal ion 
binding site, was expressed by a carboxylate group. 
Computational data revealed that the benzocoumarin 
fluorophore has HOMO and LUMO energies of −6.836 eV 
and −2.594 eV, respectively. With a bandgap energy of 
4.242 eV, thus the benzocoumarin group will be relatively 
favorable to undergo excitation and decay through the 
fluorescence process without being quenched by an 
electron transfer from the carboxylic receptor, which has 
lower HOMO energy than the HOMO of fluorophore one 
(E = 1.024 eV) (Figure 2). Thereby, no PET occurred 
(non-PET). 

3.2. Geometry Optimization and FMO Analysis of 
ABKK+Na+ Structure 

The geometry optimization of one and two 
equivalents of ABKK compound chelating one equivalent 

of Na+ metal ion was carried out by the same method as 
the optimization of ABKK without metal ion, DFT-M06, 
basis set 6-31G(d, p) (Figure 3). The results revealed a 
positive vibrational frequency of 1ABKK+Na+ (Figure 4). 
Moreover, the optimized 1ABKK+Na+ also exhibited more 
minima/positive frequency values than 2ABKK+Na+ with 
the first three frequency values of 28, 45, and 61  cm-1 
(1ABKK+Na+) and 10, 11, and 20 cm-1 (2ABKK+Na+). It was 
implied that the structure of 1ABKK+Na+ has reached a 
stable form with the minima state. The data was also 
reinforced by the interaction energy of 1ABKK+Na+ 
(145 kcal/mol), which was 55.5 kcal/mol lower than the 
interaction energy of 2ABKK+Na+ (200.5 kcal/mol) 
(Figure 3), with the BSSE correction values being −145 and 
−200.5 kcal/mol, respectively. 

Furthermore, the optimization also resulted in 
bandgap energy of chelating one and two equivalents of 
ABKK with one equivalent of Na+, with the values of ∆E Fl 
of 4.347 and 4.362 eV, respectively (Figure 5). In 
particular, the compound 1ABKK+Na+ showed a receptor 
value of LUMO of −2.199 eV and HOMO of −6.579 eV. In the 
meanwhile, the energy of HOMO and LUMO of the 
fluorophores were −5.915 and −1.568 eV, respectively 
(Figure 5). According to FMO analysis, the low bandgap 
energy between the LUMO of the receptor and the LUMO 
of the fluorophore (0.631 eV) allows the transfer of excited 
fluorophore electrons to the LUMO of the receptor. 
Afterward, the electrons will be transferred back to the 
HOMO of the fluorophore, resulting in a fluorescence 
quenching through the Intermolecular Charge Transfer 
(ICT) process [3]. This mechanism was recognized as the 
oxidative PET, which will reduce the fluorescence 
intensity of the ABKK compound. Similar phenomena are 
also found in several other models of chemosensor 
compounds [13, 14, 15]. 

 

Figure 3. Optimized geometries of (a) 1ABKK+Na+ 
(Einteraction 145 kcal/mol) and (b) 2ABKK+Na+ (Einteraction 

200.5 kcal/mol) 

 

Figure 4. Calculated vibrational frequency of 1ABKK+Na+ in a minimum state 
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Figure 5. Calculated bandgap energy of HOMO-LUMO 
fluorophores and receptors and their FMO analysis. 

2ABKK+Na+ (reductive PET), 1ABKK+Na+ (oxidative PET) 

On the other side, 2ABKK+Na+ gave a HOMO value of 
the receptor of −3.589 eV and HOMO and LUMO values of 
the fluorophore of −3.925 and 0.437 eV, respectively 
(Figure 5). The FMO analysis revealed that the greater 
value of the HOMO receptor than the HOMO fluorophore 
allows for the electron transfer from the HOMO of the 
receptor to the already excited HOMO of the fluorophore. 
As a result, the HOMO electron of the fluorophore that has 
been excited to its LUMO cannot return to its origin of 
HOMO. The mechanism was recognized as reductive PET, 
which can cause a decrease in the fluorescence intensity 

of the ABKK compound. Several published chemosensor 
models with similar mechanisms align with this [13, 14, 
15]. 

3.3. Geometry Optimization and FMO Analysis of 
ABKK+Other Metal Ions 

The geometry optimization of the ABKK structure 
with several metal ions was carried out by using one and 
two equivalents of the ligand with one equivalent of 
another metal ion, including K+, Li+, Mg2+, Ni2+, Cu2+, and 
Al3+, following metal ions tested in the laboratory against 
ABKK compound [2]. In addition, the typical metal ions 
selected in this geometry optimization were limited by 
the basis set 6-31G, which cannot be used to calculate 
larger atomic orbitals such as d and f orbitals. For the 
geometry optimization data of ABKK compounds that 
interact with various metal ions to be compared equally 
with each other, the optimization of ABKK geometry with 
various metal ions also used a similar method as before, 
namely M06/6-31G(d, p) with the total charge considered 
according to the sum of the charges of ligands and metal 
ions. 

The results of geometry optimization and FMO 
analysis are presented in Table 1. The data were then used 
to study the selectivity of ABKK compound against Na+ 
instead of other metal ions by considering several factors, 
including the small bandgap energy value of the 
fluorophore and PET’s short oxidative or reductive 
distance. The small bandgap energy value of the 
fluorophore allows chemosensor compounds to excite 
their electrons by absorbing the required energy that is 
not too large. The short oxidative and reductive distances 
of PET allow electron transfer between the fluorophore 
and receptor to occur more favorably than over long 
distances so that the PET mechanisms can arise [13, 14, 
15]. 

Table 1. Data of FMO analysis and bandgap energy values of HOMO-LUMO fluorophore (Fl) and receptor (Rs) of ABKK 
and metal ions 

ABKK/eq Metal Ion (1 eq) 
HOMO 
Fl/eV 

LUMO 
Fl/eV 

HOMO 
Rs/eV 

LUMO 
Rs/eV 

E 
Fl/eV 

E LUMO Fl-Rs 
(Oxd PET)/eV 

E HOMO Fl-Rs 
(Red PET)/eV 

1 Na+ -5.915 -1.568 -6.579 -2.199 4.347 0.631  

1 Li+ -6.163 -1.870 -7.126 -2.092 4.293 0.222  

1 K+ -5.724 -1.353 -6.114 -2.208 4.371 0.855  

1 Ni2+ -9.667 -6.245 -11.375 -7.771 3.422 1.526  

1 Cu2+ -9.563 -6.096 -11.269 -7.327 3.467 1.231  

1 Mg2+ -9.117 -3.480 -10.695 -7.529 5.637 4.049  

1 Al3+ -14.589 -7.784 -13.654 -11.911 6.805 4.127  

2 Na+ -3.925 0.437 -3.589 >1.430 4.362  0.336 

2 Li+ -3.989 0.431 -3.703 >1.737 4.420  0.286 

2 K+ -3.889 0.466 -3.748 -3.482 4.355 3.948  

2 Ni2+ -6.630 -6.513 -6.739 -1.194 0.117   

2 Cu2+ -6.565 -2.454 -7.056 >-1.035 4.111   

2 Mg2+ -6.540 -2.364 -7.785 -0.046 4.176   

2 Al3+ -9.248 -2.937 -10.844 -5.738 6.311 2.801  

Note: Fl=Fluorophore, Rs=Receptor 
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FMO analysis of 1ABKK+1 metal ion. The optimized 
geometry of each 1ABKK+Mg2+ and +Al3+ ions provided a 
very high bandgap energy value so that the energy 
required for electron excitation in HOMO will be relatively 
large. In addition, the considerable distance of the LUMO 
of the fluorophore to the receptor also inhibited electron 
transfer. As a result, the quenching process of the ABKK 
compound by the two metal ions was also tricky, as found 
in the previous lab testing [2]. On the other hand, 
although the bandgap energy values of the HOMO-LUMO 
of 1ABKK+Ni2+ and +Cu2+ ions were smaller than with the 
alkali metals (3.4 eV), the bandgap interaction between 
the LUMO of the fluorophore and the receptor was quite 
significant when compared to the small values for Na+, 
Li+, and K+ (<1 eV). The smaller the bandgap interaction, 
the easier it will be in the oxidative process of PET. For the 
Li+ metal ion, the bandgap energy value of the HOMO-
LUMO and the distance to the occurrence of oxidative PET 
obtained were smaller than for the others (4.293 eV). 
These results did not match the results of lab tests [2], so 
the ABKK structure with Li+ metal ion was further 
optimized using a two-ligand approach. 

FMO analysis of 2ABKK+1 metal ion. Upon addition of 
Ni2+, Cu2+, and Mg2+ ions to the two equivalents of ABKK, 
no oxidative and reductive value of PET was obtained 
upon a geometry optimization. This was because of no 
effect of HOMO-LUMO of the receptors on the excitation 
process of the fluorophores. In this mechanism, the PET 
and fluorescence quenching did not occur (Non-PET). 
The results of FMO analysis of two equivalents of ABKK 
with three alkali metals (+Na+, +K+, +Li+) looked mutually 
competitive. Although the 2ABKK+K+ showed a smaller 
bandgap energy than the Na+ and Li+ ions, it has a 
considerable oxidative PET distance, so it was implied to 
be less selective to the ABKK compound. 

For Na+ and Li+ metal ions, the bandgap energy values 
were calculated at 4.362 and 4.420 eV, respectively, with 
a difference of 0.058 eV. Meanwhile, the PET’s reductive 
path produced bandgap energies of 0.336 and 0.286 with 
a difference of 0.05 eV. Based on the bandgap between the 
two metal ions, 2ABBK+Na+ will be more favorable to 
undergo an electronic excitation than toward the Li+ 
metal ion so that the unpair electron at the excited HOMO 
of the fluorophore could be refilled by the electron, 
transferred from the HOMO of the receptor. 
Consequently, a fluorescence quenching occurred, as was 
observed in the laboratory experiment conducted by Al 
Anshori et al. [2]. 

Overall, the computational calculations are relatively 
in line with the laboratory results. However, the accuracy 
of the calculation results must be further improved, 
including by considering the presence of MeOH: H2O 
solvents in the computational process. The presence of 
MeOH: H2O solvents was proven to cause redshift of ABKK 
emission spectra up to 10 nm when titrated with Na+ ion 
[2]. The phenomenon was implied to result from a dipolar 
interaction between ABKK+Na+ and the solvents of MeOH: 
H2O, resulting in a decrease in excitation energy [23]. 

4. Conclusion 

Based on computational calculations of DFT-M06, a 
basis set of 6-31G(d, p), optimized 1ABKK+Na+ was 
relatively more stable than 2ABKK+Na+ due to a more 
positive/minima frequency and lower interaction energy. 
FMO analysis revealed that 2ABKK+Na+ was the most 
favorable to experience an electronic excitation among 
other chelated ABKK+ion compounds because of the 
lowest E Fl value (4.362 eV). In addition, 2ABKK+Na+ 
also has a relatively small value of E HOMO Fl-Rs (0.336 
eV), making it easier for PET to take place. In general, 
these results relatively supported ABKK selectivity data 
on Na+ ions laboratory tests. However, using solvents in 
computational calculations is expected to improve 
calculations’ accuracy and suitability with laboratory 
results. 
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