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Abstract. A novel piperazine derivative (3E,30 E)-3,30 -(((piperazine-1,4-diyl bis (ethane-2,1-diyl)) bis
(azanediyl)) bis (ethan1-yl-1-ylidene)) bis (6-methyl-2H-pyran-2,4(3H)-dione) (2E-Peaemp) has been synthesized and characterized by ESI-MS, Single-crystal X-ray diffraction, NMR (1H NMR, 13C NMR and 2D
NMR), ATR-FTIR, UV-Visible and SEM. The theoretical study of chemical reactivity of 2E-Peaemp was
investigated using DFT method. The oxidation-reduction processes and interaction between 2E-Peaemp and
nitrite ions were studied using cyclic voltammetry technique. In addition, the detection of NO2- was
investigated in 0.1 M PBS solution (pH = 7.0) using a carbon paste electrode modiﬁed with reduced graphene
oxide-graphite carbon/2E-Peaemp system (rGO-GC/2E-Peaemp). XRD study showed that 2E-Peaemp
crystallizes in a monoclinic system with P21/c space group, and the results obtained from theoretical study
well support the experimental results. According to DFT study, HOMO (Highest Occupied Molecular
Orbitals)-LUMO (Lowest Unoccupied Molecular Orbitals) energy gap (Egap) and other reactivity descriptors
were calculated. The results showed that the ligand exhibits a high chemical reactivity and low kinetic
stability. Finally, the cyclic voltammetry measurements showed signiﬁcant current responses of rGO-GC/2EPeaemp electrode towards NO2- in the concentration range of 0–4 mM with a low limit of detection (LOD =
0.83 lM).
Keywords. Symmetric ligand; Single-crystal X-ray Diffraction; Characterization; DFT; Nitrite detection.

1. Introduction
In recent years, heterocyclic ligands have been widely
used in different scientiﬁc ﬁelds,1–5 and the majority
of drugs developed in the pharmaceutical industry
contain molecules of this family of compounds.6 Bis

[3-(1-{[2-(dimethylamino)ethyl]amino}ethyl)-6methyl-2H-pyran-2,4(3H)-dione] and its derivatives
are interesting ligands due to their variety of potential
oxygen and nitrogen donor atoms which can be good
chelating agents for metal ions.7,8 All properties of
organic molecules, such as length, geometry and
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relative position of the donor groups, play a very
important role in the production of various hybrid
compounds with interesting three-dimensional networks, layers, chains and ribbon structures.9 These
compounds are important ﬂavoring ingredients in
food,10,11 and many metal complexes containing this
kind of molecules have been reported for their
potential biomedical applications.12–14
Among heterocyclic ligands, piperazine is a sixmembered ring possessing two nitrogen atoms at
opposite positions. Recently, a study performed on the
composition of drugs administered orally showed that
60 out of 1000 molecules contain piperazine fragments15,16 with very interesting biological activities.17–25 Indeed, to study the structure and the
chemical reactivity properties of these organic ligands,
various methods of quantum chemistry and molecular
modelling techniques have been used.26–28
In recent years, various organic molecules were
used as sensors for anion recognition such as BF4-,
H2PO4-, I-29 F-, OAc- and H2PO4-.30 On the other
hand, the use of organic molecules to analyze NO2- is
very rare, except in a few works whose authors were
used pyronin31 and lumimol32 to detect NO2- in
solution. However, to our knowledge, there are no
works cited in the literature reporting the modiﬁed
electrodes with piperazine derivatives like 2E-Peaemp,
which contains several active sites, to determine nitrite
ions in the concentration range of 0*4 mM at pH = 7.
Indeed, since these species (NO2-) are known as
undesirable residues in the food chain with potentially
carcinogenic effects, the development of simple sensors becomes very important to detect nitrite ions.
To quantify nitrite concentrations, different methods
have been developed,33,34 including chromatographic,35 spectroscopic36,37 and electrochemical.38,39
Among them, electrochemical methods are the most
appropriate because of their advantages such as fast
response time, inexpensive and effective. In this work,
a new piperazine derivative :(3E,30 E)-3,30 -(((piperazine-1,4-diyl bis (ethane-2,1-diyl)) bis (azanediyl))
bis (ethan1-yl-1-ylidene)) bis (6-methyl-2H-pyran2,4(3H)-dione) was synthesized and characterized by
different spectroscopic methods (ESI-MS, ATR-FTIR,
NMR, UV-Visible and SEM), cyclic voltammetry and
Single-crystal X-ray diffraction analysis. Theoretical
calculations at the DFT/B3LYP level of theory, with
the standard basis set 6-31G?(d), were employed to
understand the chemical reactivity at the atomic level
and the structural properties of the synthesized molecule (2E-Peaemp) that could not be found experimentally. Finally, a new electrode based on reduced
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graphene oxide-graphite carbon/2E-Peaemp system
was developed to analyze nitrite ions at pH = 7.
2. Materials and methods
2.1 Reagents and apparatus
All reagents and solvents used to prepare the measurement solutions were of the highest purity and
analytical grade from Sigma–Aldrich or Fluka chemicals Company and the different solutions were prepared in free CO2 deionised water. XRD data were
collected on a D8 Venture Bruker AXS diffractometer
equipped with a CMOS PHOTON 100 detector,
Mo-Ka radiation (k = 0.71073 Å and multilayer
monochromator at 150 K. SEM characterization and
ESI-MS (Positive ion electrospray ionization mass
spectrum) were performed using LC/MS-MS Agilent
Technologies’ spectrometer and a scanning electron
microscope FEI QUANTA 250, respectively. ATRFTIR spectrum was realized on a Bruker LPHA-T
spectrometer, and all 1H NMR, 13C NMR and 2D
NMR measurements were recorded at 25 C on a
Bruker 400 Avance III HD spectrometer. UV-Visible
spectrum was recorded on a SPECORD plus spectrophotometer in the range 200–1000 nm. DFT calculations and electrochemical measurements were
carried using DFT/B3LYP/6-31G? (d) level of theory
and Potentiostat/Galvanostat Metrohm Autolab 302N,
respectively.
2.2 Synthesis of ligand
The new ligand ((3E,30 E)-3,30 -(((piperazine-1,4-diyl
bis (ethane-2,1-diyl)) bis (azanediyl)) bis (ethan1-yl-1ylidene)) bis (6-methyl-2H-pyran-2,4(3H)-dione)) was
synthesized by adding 1.72 mL of 2,20 -(piperazine1,4-diyl) bis (ethan-1-amine) (10 mmol) to 20 mmol
(3.36 g) of dehydroacetic acid dissolved in 20 mL of
absolute ethanol. Then, the mixture was stirred for
24 h, and a white precipitate was formed, collected by
ﬁltration and washed with ethanol. The single crystals
of the product (2E-Peaemp) were obtained after
reﬂuxing in hot dichloromethane, according to the
reaction mechanism that describes the synthetic pathway for the formation of 2E-Peaemp (Scheme 1). This
synthesis was obtained by a nucleophilic attack of
NH2 group on the extracyclic carbonyl of dehydroacetic acid followed by the elimination of two
molecules of water. The formed crystals are insoluble
in acetone, ethanol, water and dichloromethane
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Scheme 1. Proposed mechanism for the formation of 2E-Peaemp.

(DCM). However, it is soluble in hot chloroform
(CHCl3) and dimethylsulfoxide (DMSO). The characterization results of 2E-Peaemp are as follows:
Yield: 63% (2.977 g); M.p. 230 C. ESI-MS (in
H2O (0.1% HCOOH/CH3CN (50%/50%): m/z found
(calc.): 473.100 (473.534) [M?H]?; 237.100
(237.267) [M/2?H]?, with (M=C24H32N4O6) (M
refers to the molecular weight of Ligand). 1H NMR
(400 MHz, CDCl3, 25 C, ppm, d): 2.12 (s, 6 H14,
CH3); 2.60 (s, 8 H1and H3, CH2); 2.65 (s, 6 H8, CH3);
2.68–2.71 (t, J/Hz 6.2, 4 H4, CH2); 3.53–3.58 (dd, J/
Hz 11.4, 5.8 Hz, 4 H5, CH2); 5.65 (s, 2 H15, CH);
14.05 (broad s, 2NH). 13C NMR (101 MHz, CDCl3,
25 C, ppm, d): 18.49 (C8); 19.76 (C14); 41.65 (C5);

52.91 (C1and C3); 55.90 (C4); 96.66 (C9); 107.50
(C15); 162.46 (C13); 163.91 (C10); 175.46 (C7); 184.51
(C16). HSQC NMR (101 MHz, CDCl3, 25 C, ppm,
d): 2.12:19.76 (H14: C14); 2.60:52.91 (H1:C1) and
(H3:C3); 2.65:18.49 (H8:C8); 2.68:55.90 (H4:C4);
3.53:41.65 (H5:C5); 5.65:107.50 (H15:C15). HMBC
NMR (101 MHz, CDCl3, 25 C, ppm, d):
2.12:107.50:162.46 (H14:C15:C13); 2.60:55.90 (H1:C4);
2.65:96.66:175.46 (H8:C9:C7); 2.68:41.65 (H4:C5:C7);
3.53:55.90
(H5:C4:C7);
5.65:19.76:96.66:162.46:184.51 (H15:C14:C9:C13:C16).
UV-Vis (DMSO, k :nm (e :L mol21 cm21): 201 nm
(e= 13379.61 L mol-1 cm-1); 247 nm (e= 4417.52 L
mol-1 cm-1); 315 nm (e= 5427.46 L mol-1 cm-1);
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384 nm (e= 3039.9 L mol-1 cm-1). ATR: cm21: 3088
t(N-H); 2949 tCH (CH3); 2833 tCH (CH2); 2802
tCH (CH); 1689 t(O–C=O); 1665 t(C–C=0); 1577
d(N–H).
3. Results and Discussion
3.1 Characterization of the ligand
3.1a X-ray crystallography of the ligand: Welldeﬁned colorless crystals with a size of about 0.550 x
0.370 x 0.340 mm3 have been selected and mounted
on a cryoloop for X-ray diffraction analysis. Crystal
data for 2E-Peaemp showed that the ligand crystallizes
in monoclinic system and space group P 21/c, with the
lattice parameters of a = 7.3809(9) Å, b = 13.2331(14)
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Å and c = 12.0852(15) Å. A total of 10330 reﬂections
were collected, of which 2609 were independent (Rint
= 0.0336). The ﬁnal reﬁnement converged to R value
of 0.0434 [I [ 2r(I)] and wR = 0.1162 (all data). An
ORTEP representation of ligand is shown in
Figure 1a. In addition, the crystal data, the
conditions of X-ray data collection, isotropic and
anisotropic displacement parameters are summarized
in Tables S1–S4, Supplementary Information.
In the view of the ligand’s crystalline packing along
(100) shown in Figure 1b, the parameters of C–H—O
and C–H—N hydrogen bonds (length and binding
angles) are collected in Table S5, Supplementary
Information. The results showed that there are several
inequivalent hydrogen bonds in the crystal of 2EPeaemp: the shortest are C15-H15…O17 (2.4594 Å)

Figure 1. Molecular Structure of ligand: (a) ORTEP representation; (b) Crystal packing view of 2E-Peaemp.
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and C8-H8A…O12 (2.6994 Å), while the longest are
C4-H4B…O11 and C5—H5A—O11 with hydrogen
bond distance of 2.9876 Å and 2.9529 Å, respectively.
These hydrogen bonds are responsible for the potential
stabilization of the formed molecule.
3.1b Mass spectrometry (ESI-MS): The mass
spectrum of 2E-Peaemp recorded in H2O (0.1%
Formic acid)/Acetonitrile (50%/50%) (Figure S1,
Supplementary Information) showed molecular ion
peaks assigned to the molecular weight of the ligand.
The peak at m/z found (calc.): 473.100 (473.534) with
high relative abundance corresponds to [M?H]? (M =
C24H32N4O6) (M refers to the molecular weight of
ligand). On the other hand, the second molecular ion
peak at m/z 237.100 (237.267) is assigned to [M/
2?H]?. The presence of these fragments conﬁrms the
structure of the ligand.
3.1c Infrared
spectrometry: The
ATR-FTIR
spectrum of the ligand (Figure S2, Supplementary
Information) shows a band at 3088 cm-1 associated
with the stretch vibration of the NH group.40 The two
intense peaks observed at 1689 and 1665 cm-1 are
attributed to the stretching vibration of O–C=O
(Lactone) and C–C=O groups, respectively.41,42
While, the peak appeared at 1577 cm-1 is attributed
to NH deformation vibration (dNH). The pyrazine ring
showed C–N and C–C stretching vibrations at
1357 cm-1 and 1591 cm-1, respectively.43–45 The
peaks at 2949 cm-1, 2833 cm-1 and 2802 cm-1 are
due to the stretching vibration tC-H in CH3, CH2 and
CH groups, respectively, and the band observed at
1466 cm-1 is related to the C=C bond stretching
vibration (tC=C). In contrast, the remaining bands
localized between 1000 cm-1 and 700 cm-1 are
assigned to the out-of-plane bending modes C=C, C–N
and C–C of the heterocycle.24
3.1d NMR spectrometry: NMR spectroscopy is a
powerful technique that provides detailed information
about the structure of the ligand. Knowing that the
ligand is symmetrical, its NMR spectra show the
appearance of half number of protons and carbons.
The experimental results obtained by 1H NMR
spectroscopy
(Figure
S3a,
Supplementary
Information) showed two singlet peaks at 2.12 and
2.65 ppm, corresponding to three protons of each CH3
group (s, H14 and H8, CH3). Between these signals, we
observe an intense singlet peak attributed to the eight
protons of four CH2 of the piperazine cycle at 2.60
ppm (s, 4 H1 and 4 H3, CH2). The triplet signal
between 2.68 and 2.71 ppm corresponds to the

Page 5 of 11

18

equivalent protons (4 H4) of the extracyclic
methylene with coupling constant 3JH–H/=6.2 Hz
(calculated 3JH–H =8 Hz). The methylene at position
5 appears as a doublet of doublet signal at 3.53–3.58
ppm, with coupling constant 3JH–H=11.4 and
3
JH–H=5.8 Hz (calculated 3JH–H=12 Hz, 3JH–H=8
Hz), due to the adjacent NH and CH2 groups. The
singlet peak at 5.65 ppm is attributed to H15 proton,
and the broad singlet signal showed at 14.05 ppm
corresponds to the hydrogen atom directly attached to
nitrogen of NH group. Furthermore, the 13C NMR
spectrum (Figure S3b, Supplementary Information)
showed 11 signals representing 22 carbon atoms
appeared between 18 and 184 ppm, corresponding to
C8, C14, C5, C1, C3, C4, C9, C15, C13, C10, C7 and C16.
All proton and carbon atoms have been precisely
attributed based on 2D NMR analysis cross-peak
correlations. In fact, the HSQC NMR spectrum (Figure S4a, Supplementary Information) indicated the
direct correlation between protons and their associated
carbons. Therefore, the appearing cross-peaks correspond to 2.12:19.76 (H14:C14); 2.60:52.91 (H1:C1 and
H3:C3); 2.65:18.49 (H8:C8); 2.68:55.90 (H4:C4);
3.53:41.65 (H5:C5) and 5.65:107.50 (H15:C15). On the
other hand, the HMBC NMR spectrum (Figure S4b,
Supplementary Information) showed obvious coupling
with long-range connectivity between protons and
neighboring carbons and all quaternary carbons:
2.12:107.50:162.46 (H14:C15:C13); 2.60:55.90 (H1:C4);
2.65:96.66:175.46 (H8:C9:C7); 2.68:41.65 (H4:C5:C7);
and
3.53:55.90
(H5:C4:C7)
5.65:19.76:96.66:162.46:184.51 (H15:C14:C9:C13:C16).
3.1e UV-Visible spectrophotometry: The electronic
spectrum was recorded between 200 nm and 600 nm in
chloroform (Figure S5, Supplementary Information) in
the presence of 10-5 M of ligand (‘=1 cm). Four bands
assigned to p?p* and n?p* transitions appeared
around the range of 201–384 nm.46 The bands
observed at 201 nm and 247 nm are assigned to
C=C transition, and those located at 315 nm and
384 nm are attributed to C=O groups.
3.1f Surface
morphology: Through
scanning
electron
microscopy,
beautiful
homogeneous
monoclinic prismatic crystals of the same size well
deﬁned were reported in Figure S6, Supplementary
Information. The recorded SEM image showed that
the ligand exhibits a uniform crystal structure in its
crystal lattice. In addition, SEM micrograph of this
compound revealed that the structure of the crystal has
variable lateral dimensions.
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3.2 Quantum chemical calculations
The theoretical parameters of the ligand were calculated with theoretical DFT using Gaussian 09,47
involving the well-known Becke-three-parameter LeeYang-Parr function (B3LYP) with 6-31G?(d) level of
theory in the vapor phase. The experimental parameters (XRD) and the optimized geometric parameters
(DFT; Figure 2a), such as bond lengths, bond and
torsion angles were calculated and shown in Table S2,
Supplementary Information. By neglecting the signal
of the dihedral angle values (torsion angles),48 a
potential agreement between the experimental and
theoretical results has been obtained.
3.2a Chemical reactivity: The HOMO and LUMO
are useful to determine the different electronic and
optical properties of molecules.49 The HOMO-LUMO
energy gap of the molecule as well as ionization
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potential (I.E), electron-afﬁnity ionization energy
(E.A), energy gap (gap), chemical potential (l),
electronegativity (v), chemical hardness (g),
chemical softness (S) and electrophilicity index
(w) are useful for understanding the chemical
reactivity of molecules at the atomic level.50,51
The reactivity parameters (global reactivity
descriptors) given in Table 1 were calculated using the
following equations:
I:E þ E:A
I:E þ E:A
; l¼
;
2
2
I:E  E:A
1
l2
g¼
; s¼
; w¼
2
2g
2g

v¼

According to Figure 2b, the spatial distribution of the
LUMO is mainly delocalized over the p system of
(3E)-3-(1-aminoethylidene)-6-methyl-2H-pyran-2,4(3H)dione group (derivative dehydroacetic acid) and the free
electronic doublet of the nitrogen atom of –NH group of
the molecule. The occupied frontier orbitals (HOMO) is
located over the p system of (3E)-3-(1-aminoethylidene)6-methyl-2H-pyran-2,4(3H)-dione and on half of the
piperazine cycle. It should be noted that the HOMO
involves predominantly the p system and the electronic
density of 2E-Peaemp.
The HOMO-LUMO gap is 4.569 eV and ionization
potential and electron-afﬁnity ionization energy are
I.E = - EHOMO = 6.271 eV and E.A = - ELUMO=
1.702 eV, respectively. Knowing that the soft molecule is characterized by low hardness, high softness,
small energy gap and excitation energies,45 so this
molecule will react by interference between the wave
functions of their HOMO and LUMO orbitals and their
electron densities, involving easy modiﬁcations to be
more reactive. The remarkable values of chemical
potential and electrophilicity index indicate that the
electrons tend to escape into the molecule. In addition,

Table 1. Global reactivity descriptors (eV) for 2EPeaemp by DFT/B3LYP/6-31 ? G(d) method.
Reactivity descriptors

Figure 2. Optimized geometry diagram of 2E-Peaemp:
(a) Optimized structure view; (b) Frontier molecular
orbitals (HOMO and LUMO); (c) Molecular electrostatic
potential (MEP).

|DE| (Gap/HOMO-LUMO)
Ionization potential (I.E)
Electronic afﬁnity (E.A)
Electronegativity (v)
Chemical potentiel (l)
Chemical hardness (g)
Chemical softness (S) (eV)-1
Electrophilicity index (x)
Dipole moment (D)

2E-Peaemp
4.569
6.271
1.702
3.987
- 3.987
2.284
0.437
3.479
1.312
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the chemical activity parameters reported in Table 1
showed that the ligand presents an electrophilic (high
electrophilicity) and nucleophilic (high electronegativity) characters, involving complexation with various
species. These results revealed that the ligand exhibits
high chemical reactivity and low kinetic stability. On
the other hand, the global reactivity descriptors are
calculated in order to evaluate the nature of this ligand
(electrophilic and nucleophilic (by C=O and C-O-C
groups)). Indeed, it is precisely because of the electrophilic nature of the ligand that we decided to make
an application to detect NO2- ions (NO2--2E-Peaemp
interaction via –NH groups after protonation) (see the
reaction mechanism in section 3.3.2).
3.2b Molecular
electrostatic
potential
(MEP): Molecular electrostatic potential was
evaluated using the B3LYP/6-31?G(d) method. This
technique gives information about the total charge
distribution of molecules. While MEP map was
investigated to identify the reactive sites of
electrophilic and nucleophilic attacks on the
functional groups present in the studied molecule.
According to the calculations, the MEP map shows
different regions (Figure 2c): those colored in red and
yellow correspond to electron-rich, while the blue
region corresponds to electron-poor sites (nucleophilic
attack). MEP map showed that the maximum negative
surface potential (red or yellow) was located on the
oxygen atoms and the positive regions (blue) were
observed mainly on the hydrogen atoms of ligand (2EPeaemp). The high electronegativity of –C=O and –C–
O–C– groups present the most suitable sites for the
electrophilic attack of 2E-Peaemp. Whereas, the blue
region represents the site of the highest reactivity to
nucleophilic attack.
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attributed to the oxidation-reduction process of C=O
and NH groups, respectively.52
3.3b Nitrite analysis: The electrocatalytic behavior
of the modiﬁed electrode (rGO-GC/2E-Peaemp)
towards nitrite determination was investigated by
cyclic voltammetry (CV) at various concentrations of
nitrite, and the oxidation currents of nitrite ions were
recorded at room temperature at a potential scan rate
of 20 mV s-1. The modiﬁed carbon paste electrode
was prepared by adsorption of a solution of 10 mg of
2E-Peaemp in 5 mL of dimethyl sulfoxide on a
compound containing 100 mg of reduced graphene
oxide and 100 mg of graphite powder for 24 h, and
then the mixture was ﬁltered and washed with distilled
water several times. The resulting product was dried in
an oven at 60 C and mixed with few drops of parafﬁn
oil to obtain a uniform paste. Finally, this paste is
inserted into a 2 mm diameter glassy tube. The cyclic
voltammograms obtained using the modiﬁed electrode
(rGO-GC/2E-Peaemp) in 0.1 M PBS solution (pH =
7.0) in the absence and the presence of nitrite are
reported in Figure 3.
The electrochemical behavior of nitrite ions on this
electrode showed an oxidation wave around 0.8 V,
attributed to the oxidation peak of nitrite53–55 which is
close to the oxidation potential of the ligand (0.83 V)
observed on rGO-GC/2E-Peaemp in PBS buffer solution. Figure 3 clearly shows the current response of the
rGO-GC/2E-Peaemp electrode towards nitrite oxidation. The electrocatalytic behavior of 2E-Peaemp
towards oxidation of nitrite (Figure 4) revealed that

3.3 Electrochemical study
3.3a Electrochemical behavior of ligand: The
electrochemical behavior of the ligand was studied
in
DMSO
and
tetrabutylammonium
hexaﬂuorophosphate (TBAPF6) at 20 mV.s-1 scan
rate by cyclic voltammetry using a platinum wire,
glassy carbon and saturated Ag/AgCl as working
electrode, a counter electrode and reference electrode,
respectively. The voltammogram of the ligand
(Figure S7, Supplementary Information) showed two
cathodic waves associated to two anodic waves
observed at Epa1=0.86 V (Epc1 = 0.92 V) and
Epa2=0.36 V (Epc2 = - 0.56 V). These peaks are

Figure 3. Cyclic voltammograms recorded on rGO-GC/
2E-Peaemp electrode in 0.1 M PBS solution in the absence
and the presence of 0.00101M NO2- (V vs. saturated Ag/
AgCl working electrode).
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(a)
(b)

Figure 4. (a) Amperometric response of rGO-GC/2EPeaemp modiﬁed electrode vs. concentration of nitrite in
PBS (pH = 7); (b) Calibration plot of current response vs.
concentration of NO2- (V vs. saturated Ag/AgCl working
electrode).

the oxidation peak current increases linearly with
increasing the nitrite concentration in the range of
0–4.0 mM in neutral medium.
The recorded voltammograms showed a well-deﬁned anode wave corresponding to the electronic
oxidation process of the conversion of nitrite NO2- to
nitrate NO3-on the surface of the modiﬁed electrode,
with an oxidation peak potential observed between
0.80 and 0.85 V,53,54 according to equation 1:

þ

NO
2 þ H2 O ! NO3 þ 2H þ 2e

ð1Þ

The electrocatalytic characteristics of this ligand
towards nitrite oxidation are due to the presence of two
amino groups (NH) that will react with H1 which
produced during the conversion of nitrite ions to
nitrates according to equation 2:
L þ 2H þ ! H2 L2þ

ð2Þ

Combining (1) and (2), the overall catalytic mechanism is given in the following reaction (Scheme 2):
2þ
þ

þ 2H2 O ! 2NO
2NO
2 þ H2 L
3 þ L þ 6H þ 4e

ð3Þ
The limit of detection (LOD) is deﬁned as the concentration value that generates an electrical signal at
least three times the amplitude of the background
noise. LOD is determined from the calibration plot of
the current
intensity


 versus nitrite concentration
þ
b
(Figure 4b) using LOD ¼ 3S
i ¼ a  NO
2
m

Scheme 2. Schematic representation of the modiﬁed
electrode (rGO-GC/2E-Peaemp) and the oxidation mechanism of nitrite ions.

formula, where S is the standard deviation of the blank
signal and m is the slope of the linear regression
equation, respectively. Reporting i = f [NO2 ], the
linear
equation
can
be
deﬁned
as:
i=360.881[NO2 ]?0.121 with a correlation coefﬁcient
of R2 = 0.993. Based on these electrochemical results,
the rGO-GC/2E-Peaemp modiﬁed electrode exhibits
enhanced electrochemical activity in PBS (pH = 7)
with low detection limit (LOD = 0.83 lM). Thus, our
modiﬁed electrode is more suitable for the determination of nitrite. Indeed, 2E-Peaemp exhibits a better
electrocatalytic activity towards nitrite oxidation
compared to that previously reported in the literature.56–58 The limit of detection calculated in the
comparable concentration range (0*4 mM) around
neutral pH medium are summarized in Table 2.
To prove the precision of our modiﬁed electrode in
0.1 M PBS solution, the stability of the modiﬁed
electrode (rGO-GC/2E-Peaemp) was tested by
detecting 0.001 M NO2- (three replicate measurements) after 3 months of storage at 4 C (Figure S8a,
Supplementary Information). It was found that the
relative standard deviation (RSD%) of the current
response of NO2- was about 5.9%. In addition, the
reproducibility of the sensor was estimated by
detecting 0.001 M NO2- with ﬁve rGO-GC/2EPeaemp modiﬁed electrodes prepared under the same
conditions of measurement. By means of calculations
founded upon Figure S8b, Supplementary Information
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Table 2. Comparison of the performance of some different modiﬁed electrodes towards nitrite detection in the comparable concentration range around neutral pH medium.
Electrode materials
GR/Poly(nBA)
TOSC-MoS2/GCE
Myoglobin on LaF3-doped CeO2 and ionic liquid composite ﬁlm
rGO-GC/2E-Peaemp

Linear range (mM)

LOD (lM)

0.05–5.00
0.006–4.20
0.005–4.65
0–4.0

30
2
2
0.83

Reference
56
57
58

This work

GR: graphene; Poly(nBA): poly(n-butyl acrylate; TOSC: TEMPO oxidized straw cellulose; TEMPO: 2, 2, 6, 6-tetramethylpiperidine-1-oxyl; MoS2: molybdenum disulﬁde; GCE: Glassy carbon electrode; LaF3: Lanthanum triﬂuoride; CeO2:
Cerium oxide; rGO: reduced graphene oxide.

the result showed that the relative standard deviation
(RSD%) of the current response of NO2- was about
4.18%.

Tables S1–S5. Supplementary Information is available at
www.ias.ac.in/chemsci.
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