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A B S T R A C T

A new fluorescent chemosensor based on quinoxaline was successfully synthesized through a facile and green
catalytic reaction of ortho-phenylenediamine (O-PDA) and acenaphthylene-1,2-dione in the presence of SBA-Pr-
SO3H. Prepared a “switch-off” quinoxaline-based receptor to recognized Hg2þ ion in high selectively and, without
any interference from other metal ions, was developed. The photophysical behavior of this fluorophore was
studied in acetonitrile by using fluorescence spectra. The fluorescence properties of several cations to ace-
naphtoquinoxaline were investigated in acetonitrile, and the competition test displayed that the probe fluores-
cence changes were specific for Hg2þ ion. The obtained results have shown high selectivity and sensitivity only for
Hg2þ. Also, the detection limit was as low as 42 ppb, and a top linear trend was observed between the concen-
tration of Hg2þ ions and fluorescence intensity. The binding stoichiometry between chemosensor L and Hg2þ was
found to be 1:1. Moreover, a computational study was performed to obtain an electronic description of the
fluorescence emission and quenching mechanisms. The optimized structures and binding mechanisms were
supported with a high correlation and agreement by spectroscopy and DFT calculations.
1. Introduction

Quinoxaline moiety, as an attractive building block, has been widely
applied as a ubiquitous motif in pharmaceuticals [1, 2, 3, 4, 5]. Mainly,
quinoxaline displays potential antibacterial, antiprotozoal, antiviral,
anti-inflammatory, and kinase-inhibitory properties [6, 7, 8, 9]. This
scaffold is also utilized as electroluminescent materials, cavitands,
organic semiconductors, dyes, and chemically controllable switches [10,
11, 12]. Additionally, it could be used as the electron-withdrawing group
for intramolecular charge transfer in push-pull structures due to highly
π-deficient aromaticity [13, 14, 15]. Detection and removal of heavy
metals and toxic materials are pivotal from environmental points of view
[8,10,16, 17, 18, 19, 20, 21]. The ionophore moiety contains nitrogen
atoms that have an affinity for soft metal, including Hg2þ ion [22]. It is
expected that the electron density of the fluorophore moieties can be
reduced through the effect of an electron-withdrawing coordinated
cation. Also, remarkable changes in the absorption spectra and fluores-
cence intensity should be raised by the complexation of ionophore to
metal ion [23,24].
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The pollution of heavy metal ions possesses violent risks for the
environment and human health. Due to the high risk of water contami-
nation and to the conservation of the environment, water quality moni-
toring is a contemporary concern. The pollution of heavy metal ions
possesses violent risks for the environment and human health. Due to the
high risk of water contamination indicating environmental protection,
water quality monitoring is a contemporary concern [14,15]. Thus, the
development of novel, highly sensitive, and selective chemosensors for
the convenient and rapid detection of metal ions is considerably
increased. The design and synthesis of highly selective sensors for metal
ion in the aqueous or non-aqueous media have been received much
attention as an active area of research, exclusively, fluorescent sensors
are a rapidly developing field of research [25, 26, 27, 28, 29, 30], which
have gained significant attention because of their exciting features as
high reversibility, specificity, and sensitivity [31,32]. A chemosensor
fluorophore is immensely demanded in terms of economic viewpoint [33,
34, 35]. Among various toxic metal ions, Hg2þ is vital due to its biological
significance as well as its adverse influence on living organisms [36, 37,
38, 39]. On the other hand, Understanding of the detrimental effects of
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Scheme 1. Synthetic route of acenaphtoquinoxaline.

M. Darroudi et al. Heliyon 6 (2020) e04986
Hg2þ ion exposure has sparked interest in the progress of new tools for
detecting Hg2þ ion in the environment. As a heavy metal ion, mercury is
notorious as a highly poisonous and precarious ion, but it is still
employed in various anthropological, agricultural, and industrial activ-
ities [40, 41, 42, 43, 44]. These collectively have led to the urgent
development of an efficient and appropriate chemosensor for Hg2þ metal
ion that is capable of detecting this ion in environmental and biological
samples in the presence of other interfering ions. Mostly, the Hg2þ is
commonly known to effectively quench the receptor fluorescence
through its efficient spin-orbit coupling [39,45, 46, 47]. In recent years,
more and more Hg2þ fluorescent sensors have been developed due to
their rapidity, high sensitivity, and selectivity. However, some prepared
sensors have much more detection limit to Hg2þ ion detection in high
sensitivity, most of these receptors are difficult to prepare, or the re-
actions are not cost-effective. Herein, we prepared a fluorescent sensor by
organic synthesis, which has some superior as simple operation, low-cost
starting material, avoiding by-product, high yield, and in short reaction
time [48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65,
66].

As a part of our ongoing research on the design of fluorescent probes
for ions [41,43,67, 68, 69, 70, 71, 72], a novel acenaphtoquinoxaline
containing fluorescent probe was designed and synthesized through
acidic mesoporous catalyst SBA-Pr-SO3H and also examined for ion
detection compared to other chemical receptors. Furthermore, the
computational studies implementing DFT calculations were used to
justified the experimental observations for probable binding modes
studies.
Figure 1. Fluorescence spectra of acenaphtoquinoxaline (2.5 ml, 0.001 M) aft
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2. Experimental

2.1. Materials and instruments

All the commercial-grade chemicals and metal salts in the analytical
grade were used without further purifications. Stock solutions of metal
ions (Ba2þ, Ca2þ, Cd2þ, Csþ, Co2þ, Cr3þ, Fe3þ, Fe2þ, Hg2þ, Kþ, Liþ, Mg2þ,
Mn2þ, Naþ, Ni2þ, Sr2þ, and Zn2þ) were prepared using their nitrate salts
purchasing from Merck company.

The Infrared spectra (IR) of the sample was recorded from the KBr
disc by Fourier-Transform (FT-IR) Burker Tensor 27 instrument. The
melting point of the sample was measured through the capillary tube
method with an Electrothermal 9200 device. All the fluorescence mea-
surements (PL) were recorded on a Cary Eclipse fluorescent spectrometer
(Agilent Technologies, USA) equipped with a fluorescence 10 nm quartz
cell (Ex Slit:5.0 nm; Em: 10.0 nm; PMT Voltage:650V) at room
temperature.

2.1.1. SBA-Pr-SO3H preparation
The SBA Pr-SO3H was synthesized as reported articles [73, 74, 75].

The experimental method was demonstrated in the Supporting Infor-
mation file.

2.1.2. Synthesis of acenaphtoquinoxaline
To a solution of ortho-phenylenediamine (1 mmol) in dichloro-

methane (5 ml), acenaphthylene-1,2-dione (1 mmol), and 0.02 g catalyst
SBA-Pr-SO3H were added. The solution was stirred at room temperature,
and the progress of the reaction was monitored by TLC. The reaction
mixture was filtered to recover the catalyst, and the filtrate evaporated
under the vacuum to obtain the crude product, which is recrystallized
from ethanol to give pure acenaphtoquinoxaline at a high yield 99%
(Scheme 1) [76].

MP: 237–239 �C, 1H NMR (400 MHz, CDC13): 8.21 (d, 2H, J ¼ 6.8
Hz), 8.02 (dd, 2H, J¼ 6.2, 3.2 Hz), 7.90 (d, 2H, J¼ 8.4 Hz), 7.65 (t, 2H, J
¼ 7 Hz), 7.57 (dd, 2H, J ¼ 6.4, 3.6 Hz); 13C NMR (100 MHz, CDC13):
155.19, 142.39, 137.60, 132.92, 131.10, 130.47, 130.59, 130.36,
129.78, 122.96; IR (KBr): 3443, 3047, 2922, 2361, 1614, 1481 cm�1

2.1.3. Ligand preparation
Acenaphtoquinoxaline (254.3 mg, 1 mmol) as a ligand was dissolved

in CH3CN (10 ml) to have a stock solution (1 � 10�1 mol L�1). The stock
er the addition of different cations (100μL, 0.001 M) with λex at 380 nm.



Figure 2. The effect of interfering ion on the emission of (100μL, 0.001 M) Hg2þ ion, and inset: Fluorescence emission spectra of acenaphtoquinoxaline solution (2.5
ml, 0.001 M) after addition of various cations (100μL, 0.1 M) with λex at 380 nm n ¼ 3, Sd avrage ¼ 2.13.

M. Darroudi et al. Heliyon 6 (2020) e04986
solution (1 � 103 μL) was diluted to acetonitrile (100 mL) to prepare the
final concentration (1 � 10�3 mol L�1).

2.1.4. Metal-salt solution preparation
The stock solutions of a various metal salt such as Ba2þ, Ca2þ, Cd2þ,

Csþ, Co2þ, Cr3þ, Fe3þ, Fe2þ, Hg2þ, Kþ, Liþ, Mg2þ, Mn2þ, Naþ, Ni2þ, Sr2þ,
and Zn2þ (1 � 10�2 mol L�1) were prepared by dissolving a suitable
amount of nitrate salts in double-distilled pure water.

2.1.5. Fluorescence studies
The experiment was performed in acetonitrile as a solvent at 25 �

1�C, and before recording any spectrum, sufficient time was given to
ensure the solution uniformity. Florescence measurement of acenaphto-
quinoxaline (1 � 10�3 mol L�1) was evaluated by adding aliquots of
metal salts solution (1� 10�2 mol L�1) with the excitation wavelength at
385 nm, and emission spectra were recorded in the range 385–600 nm.
For cation sensing experiments, 100 μl of each ion (1 � 10�2 mol L�1)
mixed with the ligand acenaphtoquinoxaline L solution (2.5 mL), which
were used for fluorescence measurement. Among all studied metal ions,
only mercury ion could impose fluorescent intensity of ligand ace-
naphtoquinoxaline, as shown in Figure 1. However, upon the Hg2þ

addition, a strong redshift is observed, while the other ions affect slightly.

2.1.6. Titration
To monitor the fluorescence property of ligand, prepared ace-

naphtoquinoxaline (2.5 mL, 1 � 10�3 mol L�1) was transferred into a
quartz cell, then an incremental amount of Hg2þ solution from 0 to 400
μL (1 � 10�4 mol L�1) was added to the resulting suspension. The fluo-
rescence spectra were recorded after 3 min at room temperature.

2.1.7. Adverse cations
The adverse effects of other cations were studied by addition of a

certain amount of cation solution (1� 10�3 mol L�1, 100 μL) individually
to a suspension mixture of Hg2þ ion (100 μL) and acenaphtoquinoxaline
(2.5 ml, 1 � 10�3 mol L�1). After adequately mixing and enough resting
to reach equilibrium, the fluorescence spectra were recorded.

2.1.8. Computational
To gain more insights about the electronic properties of the Hg2þ-

ligand complex, the acenaphtoquinoxaline and acenaphtoquinoxaline-
3

cation geometries were optimized by the DFT calculation in the solu-
tion state [77, 78, 79]. These calculations were corresponded to specious
with B3LYP/6–311þþG(2d,p) level of theory. The solvent effect is
considered by using of CPCM calculations in acetonitrile [80, 81, 82, 83].
In this investigation, we used a simple approach to provide a
semi-quantitative explanation for experimental results. The reported
energies are Gibbs free energies, including zero-point vibrational cor-
rections, entropy, and thermal corrections at 298 K. Moreover, to obtain
more accuracy in our calculations, all energies were corrected with
dispersion effect using the DFT-D2method of Grimme [84]. The essential
frontier molecular orbitals (FMO) was used for explaining the concerning
charge transfer for acenaphtoquinoxaline.

3. Results and discussion

3.1. Synthesis acenaphtoquinoxaline

The classical method for synthesis of quinoxaline involves the reac-
tion of O-PDA with acenaphthylene-1,2-dione using SBA-Pr-SO3H as
nanocatalyst in the dichloromethane at room temperature condition with
good yield and short reaction time (Scheme 1).

3.2. Fluorescent response to cations

The detecting metal cation ability of acenaphtoquinoxaline could be
evaluated in acetonitrile by fluorescence response toward a wide range of
cations including Ba2þ, Ca2þ, Cd2þ, Csþ, Co2þ, Cr3þ, Fe3þ, Fe2þ, Hg2þ,
Kþ, Liþ, Mg2þ, Mn2þ, Naþ, Ni2þ, Sr2þ, and Zn2þ, which are capable of
changing the fluorescence spectrum of acenaphtoquinoxaline (Figure 1).
It was instantly recorded after adding cations to the ligand upon excita-
tion at 310 nm. Acenaphtoquinoxaline represents an intense emission
band at 385 nm. However, upon the Hg2þ ion addition, a redshift in the
fluorescence emission band is observed at 520 nm; while the other cat-
ions affect the emission spectrum barely.

3.3. Interfering cations

The proposed method's selectivity was investigated through the study
of the effect of the consistent mixtures of target metal ion and common
interfering cations on the emission spectrum of chemosensor (Figure 2).



Figure 3. Fluorometric titration of acenaphtoquinoxaline (2.5 ml, 0.001 M) Hg2þ ion aqueous (10–400 μL, 0.0001 M), inset: the relationship between the emission
maximum intensity λem, 520 nm and concentration of Hg2þ. n ¼ 3, SD avrage ¼ 1.79.

Figure 4. Fluorescence response of Acenaphtaquinoxaline-Hg2þ ensemble
to S2-.
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Generally, the emission spectra of acenaphtoquinoxaline solution were
monitored in the presence of Hg2þ ion and higher amounts of competing
cations. In the presence of other cation species, the Hg2þ ion created a
significant redshift in the fluorescent emission of acenaphtoquinoxaline.

In order to determine the influence of other metal ions on the fluo-
rescent detection of Hg2þ in CH3CN, Ba2þ, Ca2þ, Cd2þ, Csþ, Co2þ, Cr3þ,
Fe3þ, Fe2þ, Hg2þ, Kþ, Liþ, Mg2þ, Mn2þ, Naþ, Ni2þ, Sr2þ, and Zn2þ (0.001
M) were added to the acenaphtoquinoxaline solution (0.1 M) with Hg2þ

(0.0001 M). The interfering ions induced small or no tangible changes in
the fluorescence intensity of the chemosensor. As a result, the ace-
naphtoquinoxaline can be considered as a highly selective and reliable
chemosensor for Hg2þ ion detection.

3.4. Titration experiments

For evaluation of the quantitative interaction between chemosensor
and Hg2þ, a titration experiment was performed (Figure 3).

By increasing concentration Hg2þ ion from 0 to 0.004 M, the fluo-
rescence intensity was constant at 435 nm, but the intensity linearly
increased at 520 nm (inset in Figure 3). The results indicated that the
stoichiometry ratio of Hg2þ to the ligand is 1:1. The linear equation of
fluorescence intensity vs. Hg2þ ppm was;

Y ¼ -6.8(�17.8)þ126.2(�5.7) �Cppm

at 520 nm as emission wavelength. Furthermore, the detection limit
calculated based on the above equation as the signal of the blank was -6.8
þ 3�17.8, and the calculated detection limit was 42 ppb. Fluorescence
redshift by the addition of Hg2þmetal ion could be explained through the
heavy metal effect or due to its large size and low tendency towards a
covalent bond with an N-donor. Moreover, the high sensitivity toward
the Hg2þ ion is possibly owing to high affinity and fast chelating kinetics
with a nitrogen group on the ligand acenaphtoquinoxaline.

3.5. Reusability

Addition of 1 Equiv. Na2S restores the fluorescence of the sensor back
to the baseline level at 520 nm. It is found that sulfide ion also decreased
the fluorescence intensity of the L-Hg2þ ensemble in concentration
dependence. This sensor displays high sensitivity to sulfide ion to form
the stable species, which may be attributed to the high affinity of Hg2þ
4

toward S2-, such that it binds effectively with sulfide ion and sulfur-
containing compounds. The formation constant for HgS is high; hence
the probe-Hg2þ ensemble prefers to bind with sulfide. The sensor can
also be recovered, but the process (Figure 4).

3.6. Electronic characterization

Electronic characterization methods suggest one of the most reliable
data about the chemical structure of different molecules. In order to
understand the reactivity of reactants and charge transfer, FMO analysis
was performed for the acenaphtoquinoxaline (Ligand) and Ligand-Metal
(Hg2þ) in an organic environment at B3LYP/6-311þG(d,p) level. The
HOMO and LUMO energies band gap play a pivotal role in determining
the stability, electrical and chemical reactivity, and optical properties.
The HOMO term is defining as the highest occupied molecular orbital
with donating capability. Contrary, the LUMO term defining as the
lowest unoccupied molecular orbital indicates the electron-accepting
ability due to lower energy and deficiency of electrons. The conjugated
structures are characterized by the HOMO-LUMO band gap, which is the
result of intermolecular charge transfer (ICT). The ICT occurred through
a π-conjugated path from the donor group to the efficient acceptor group.



Figure 5. The HOMO and LUMO energies and the electronic bandgap (Eg) in eV for the lowest energy for (a) Acenaphto quinoxaline, (b) Complex (1:1), (c) Complex
(2:1) (e) SCF acenaphtoquinoxaline and (f) SCF of Complex (1:1).
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3.7. Mulliken charge analysis

Mulliken charge analysis was done through the calculation of the
electron population for an individual atom. In receptor L, the positive
charge was found at C11, C12, C14, and C15. The positive charge for
these carbon atoms is because of the presence of electronegative N atoms
in the closest sites. The N13, N16 atoms have negative charges; also,
some C atoms in the receptor acenaphtoquinoxaline possess a negative
charge. MEP is associated with electron density and is a very suitable
descriptor in acceptor sites for the nucleophilic and electrophilic attack as
hydrogen bonding interactions. The negative electron density localized
on the N atoms. Furthermore, C11, C12, C14, and C15 have positive
5

potential because of the N atom. The acenaphtoquinoxaline molecule has
some potential spots for the nucleophilic and electrophilic attack.

The HOMO-LUMO energy gap presented the charge transfer in-
teractions occurring inside the ligand. The metal complexes structures,
CL1, and CL2 were predicted using the DFT method to gain a better
understanding of the ICT, which took place between metal ion and re-
ceptor during complexation. The optimized structure of ligand ace-
naphtoquinoxaline was shown in Figure 5, where the
acenaphtoquinoxaline provided a pseudo cavity of two N atoms as a
donor to form a complex with Hg2þ ion. Moreover, the bandgap of
HOMO and LUMO of receptor L becomes smaller for C-L1 and C-L2
complexes. The decreasing bandgap energy was observed because of the



Table 1. The changes in binding energy €, enthalpy and Gibbs free energy in kJ
mol.

Entry ΔE ΔH ΔG

(1:1) complex -295.8 -304.6 -253.6

(2:1) complex -279.9 -287.5 -233.9

Table 2. The calculated chemical hardness η, global electrophilicity ω, global
nucleophilicity N, and global softness indices s, in eV, for Probe Quinoxaline,
(1:1) complex and (2:1) complex.

Entry ω η s N

Probe Quinoxaline 0.006 13.62 0.07 0.29

(1:1) complex 10.88 5.57 0.17 0.07

(2:1) complex 11.19 5.41 0.18 0.07
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charge transfer, which occurred between the acenaphtoquinoxaline and
the Hg2þ ion of the complex excited state (C-L1 and C-L2).

The HOMO-LUMO energy of acenaphtoquinoxaline was -3.12 eV and
3.69 eV, respectively, and the gap between HOMO and LUMO is 6.81 eV
(Figure 5). Also, the HOMO and LUMO of acenaphtoquinoxaline-C-L1
ions were -9.18 eV and -6.39 eV, and for another plausible complex of C-
L2 was -9.14 eV and -6.43 eV, respectively. In other words, the energy
gap of HOMO-LUMO of acenaphtoquinoxaline was much higher than
metal ion complexes structures (ΔEgap ¼ 6.81 > 2.79 > 2.71 eV). It was
noted that the HOMO of the complex in the 1:1 stochiometric is the most
stabilized level of energy than other molecular forms, whereas the
complex in 2:1 stoichiometric ratio has the most stable HOMO-LUMO
gap energy. These molecular orbitals related to the electronic transition
for acenaphtoquinoxaline and the charge transfer can occur from ace-
naphtoquinoxaline to Hg atom. A comparing of low-value EH-L of C-L1
and C-L2 complexes to L suggests a significant effect of charge transfer.
The molecular structure aromatic part of acenaphtoquinoxaline are
planer with strong fluorescence and the relevant HOMO, and LUMO of
acenaphtoquinoxaline was localized mainly on the electron donor fluo-
rene and the benzene ring of quinoxaline structure, whereas the LUMO
level is predominantly situated on the N, N-six membered ring conju-
gated to the benzene and partly located on the aromatic region. After
Hg2þ addition, the molecular structure of complex C-L1 and C-L2 is
formed, and at the same time, it can be seen that the LUMO of complexes
is mostly localized on the Hg2þ atom, and the HOMO-LUMO band gap
forming the C-L1 complex is 2.79 eV. The bandgap of the complex is
remarkably lower than that of the ligand acenaphtoquinoxaline, which
indicated the existence of a stable complex. The potential SCF spin
density plot counters are presented in Figure 5, show the density is sit-
uated on N, N0-6 membered ring toward Hg2þ ion. It was consistent with
the contribution of metal d orbitals to the orbitals involved in the charge
transition. Molecular orbitals were mostly populated by metal d orbitals
of Hg, and a ligand to metal charge transfer was observed.

In order to demonstrate a comparison between the stability of L-Hg2þ

complexes, the corresponding binding energies are listed in Table 1. It is
shown that a stronger interaction between the L and Hg2þ metal ion in
the C-L1 complex was observed, and also binding energy decreased for
(2:1) complex. So, it can be predicted that C-L1 should be regarded as the
most favorable interaction.

Further, the energies of HOMO and LUMO are used to describe the
stability, reactivity, and charge transfer through global indices. The
electronic chemical potential is defined as the mean value of HOMO and
LUMO energies as μ~(εHOMOþεLOMO)/2 and global electrophilicity,
which establish the ratio ω ¼ μ2/(2η) of the charge transfer process.
Chemical hardness is the difference of HOMO and LUMO energies as
η¼(εLUMO-εHOMO), global softness index computed as S ¼ 1/2η, and
global nucleophilicity index, which is based on HOMO energies, defined
as differences between HOMO of species and HOMO of tetracyano
ethylene (TCE) (N ¼ εHOMO(molecule)-εHOMO(TCE)) [85, 86, 87, 88].
6

To recognize that the origin of charge transfer during the reaction,
global properties for acenaphtoquinoxaline and mercury ion is shown in
Table 2.

Global nucleophilicity and electrophilicity index and electron chem-
ical potential value could be used to describe the charge transfer (elec-
tron releasing and accepting ability of molecule). The highest relative
global nucleophilicity value is found to be 0.29 eV in the ligand ace-
naphtoquinoxaline as obtained results. Moreover, the highest amount of
global electrophilicity is found to be 11.19 e.V in the L-Metal complex in
(2:1) ratio C-L2. Generally, the chemical hardness and chemical softness
of ligand and metal are found to be 0.07, 0.17, and 0.18 eV, respectively,
which is considered as a reactive compound (Table 2).

4. Conclusions

In summary, acenaphtoquinoxaline-based turn-off fluorescent ligand
was successfully synthesized through a facile reaction through a short-
time reaction between o-PDA and acenaphthylene-1,2-dione with the
excellent yield for the visual detection of Hg2þ ion in the CH3CN solution
using the fluorescence spectroscopy. The system is a highly selective and
sensitive fluorescent Hg2þ sensor over a variety of metal ions. Further-
more, excellent linearity was observed between the concentration of
Hg2þ and the fluorescence intensity variation with the detection limit of
42 ppb. It is expected that this work will enhance and improve the
development of the fluorescent chemosensors by heteroatoms, which
could be used for various practical applications in different chemical and
environmental systems. Moreover, the Hg2þ ion sensing mechanism
through the intramolecular charge transfer was investigated by DFT
calculations. The experimental and computational results could be used
for the development of many chemosensors.
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