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 Abstract. The synthesis and characterization of a new Co(III) complex of a salphen-type Schiff base ligand,
 (E)-2-{[(2-aminopyridin-3-yl)imino]methyl}-4,6-di-tert-butylphenol (HL), are reported. The characterization
 has been carried out using X-ray single crystallographic, thermogravimetric, and spectroscopic techniques. The
 complex has been combined with polyvinyl chloride (PVC) membrane of various compositions and tested
 as an electrochemical electrode towards recognition of several anions. The electrode exhibits exceptional
 electrochemical recognition for the nitrite (NO−2)anion in aqueous media. The electrode exhibited a linear
 response to NO−2 with a detection limit of 5.76μM and displayed a linear Nernstian slope over the nitrite
 concentration range of 1.0×10−5–1.0×10−1M in the pH range of 3–7 and a fast response time of less
 than 10 seconds. Theoretical calculations showed that the sensing could be via anion exchange in the Co(III)
 complex.


Keywords. Schiff base; nitrite; anion sensor; electrochemical recognition; salphen ligand.


1. Introduction



Designing anion selective receptors has drawn great scientiﬁc attention over the recent years.
1–4 The sens- ing is basically an observable response of the receptor upon interacting with an anion, which can be done by a variety of mechanisms including but not limited to chromatographic,
5–9optical (spectroscopic),
10–15and electrochemical methods.
16–20


The nitrite ion
 (NO
−2) plays a signiﬁcant role in producing toxic, mutagenic and carcinogenic N-nitosamines; in producing NO, which is a diverse and potent biological messenger;
21–23 and as a food preservative.
24–26 Thus, determination of the nitrite anion at the trace levels is still a great deal of interest.
27


Salphen and salen-type ligands and their correspond- ing metal complexes, apart from applications such as intercalation to the DNA base pairs,
28 have the poten- tial use for potentiometric detections of biologically


*For correspondence


Electronic supplementary material: The online version of this article (doi:10.1007/s12039-017-1363-6) contains supplementary material,
 which is available to authorized users.



and environmentally common anions.
29 Malinowski and coworkers showed a highly ﬂuoride
 (F−) selec- tive electrode by a Zr
2+ complex of salphen type ligands.
30There are several other potentiometric anion selective electrodes including the nitrite anion. The metal complexes of phthalocyanine, porphyrin and carbazole rings are a few examples of ionophores for the nitrite anion. These types of sensors suf- fer from either having narrow linear ranges, having higher detection limits or having interference from other anions.
31 Thus, there are still scientiﬁc efforts to develop potentiometric nitrite sensors with lower detection limits and more selective toward the nitrite ion. Recently, Ganjali et al., reported for the ﬁrst time that salphen-type ligands can also be used as nitrite sensors.
27


Herein, we report experimental and computational studies of the Co(III) complex of the HL ligand, includ- ing synthesis and characterization to the potentiometric nitrite selective electrode application.
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(2)2. Experimental and Computational Methods
 
2.1 Reagents


For the synthesis and characterization, all chemicals and sol-
 vents were purchased from commercial suppliers (Aldrich or
 Merck) and used with no more puriﬁcation unless otherwise
 speciﬁed.


For the anion recognition application studies, the reagents
 used for the preparation of the electrode membrane, tetrahy-
 drofuran (THF), graphite, high molecular weight poly(vinyl
 chloride) (PVC), dioctyl sebacate (DOS), sodium tetraphen
 ylborate (NaTPB) and potassium tetrakis (p-chlorophenyl)bor
 ate (KTClPB) were obtained from Fluka (Bucks, Switzer-
 land). Hardener (Desmodur RFE) and epoxy (Macroplast
 Su 2227) were obtained from Bayer AG (Darmstadt, Ger-
 many) and Henkel (Istanbul, Turkey). All aqueous solutions
 were prepared with salts of the highest purity available using
 freshly deionized water. For each anion, 10−1mol L−1stock
 solutions were prepared by using sodium salts. The dilute
 solutions (10−2–10−7mol L−1)were prepared by dilution of
 the stock standard solutions.



2.2 Apparatus


The1H-NMR spectrum was recorded on a Bruker AVANCE
 III 400 MHz NMR spectrometer (Germany). The sample was
 dissolved in CDCl3 using tetramethylsilane as an internal
 standard. The IR spectra were recorded on a Perkin Elmer
 Spectrum 100 spectrometer in the range 4000–600 cm−1. The
 MALDI-TOF-MS spectra on a Microﬂex LT spectrometer
 were recorded in ethanol with no matrix. The elemental anal-
 ysis measurements were performed on a LECO CHNS-932
 elemental analyzer (USA). The thermal analysis of HL was
 recorded on a TGA/SDTA-851 instrument, within 25–700◦C
 temperature range, in argon atmosphere at a heating rate of
 10◦C/min. The thermal analysis measurement of Co(III) com-
 plex was conducted with a Perkin Elmer Pyris 1 TGA thermal
 analyser (USA), within 50–700◦C temperature range, in static
 air atmosphere at a heating rate of 20◦C/min.


A computer-controlled, laboratory-built, high-input
 impedance eight-channel potentiometric system was used for
 the potentiometric measurements. The measurement system
 used a home-made software to observe the potentiometric
 response of the prepared electrodes. A saturated Ag-AgCl
 reference electrode (Gamry) was used as the reference elec-
 trode, throughout the potentiometric measurements. A glass
 pH electrode (Schott) with a Jenway 3040 model Ion Ana-
 lyzer was used for the pH measurements. An Ultrasonic LC30
 stirrer (Germany) was used for the homogenization of the
 prepared and diluted solutions. ElgaPureLab Option Q Water
 Puriﬁcation System was used for the puriﬁcation of the water.



2.3 Synthesis


The HL ligand was synthesized by the condensation of
 2,3-diaminopyridine with 3,5-di-tert-butyl-2-hydroxybenzald


ehyde. The procedure for the synthesis of HL was described
 elsewhere.32–35The Co(III) complex was synthesized using
 this ligand.



2.3a Synthesis of HL:
 A 30 mL ethanol-methanol (2:1,
 v/v) solution of 3,5-di-tert-butyl-2-hydroxybenzaldehyde
 (0.47 g, 2 mmol) was gradually added to a 30 mL ethanol-
 methanol (2:1, v/v) solution of 2,3-diaminopyridine (0.22
 g, 2 mmol). The mixture was reﬂuxed for 5 h and stirred
 for 16 h at room temperature. Then it was ﬁltered and
 the precipitate formed after standing was washed with
 methanol, diethyl ether and dried in air. The yellow prod-
 uct was obtained. Yield: 60%. 1H-NMR spectrum (400
 MHz; CDCl3), δ/ppm: 13.0 [s, OH]; 8.6 [s, CHimine];

8.0–6.7 [m, CHAr]; 4.8 [s, NH2]; 1.5 [s, C(CH3)3]; 1.3
 [s, C(CH3)3]. IR spectrum, ν,cm−1:3469ν(O-H); 3259-
 3134 ν(NH2); 2959ν(C-H);1607ν(C=N); 1588ν(C=C).


MALDI-TOF-MS spectrum m/z: 325. Found, %: C 73.98;


N 11.51; H 8.46. Calculated(C20H27N3O), %: C 73.81; N
 12.91; H 8.36.



2.3b Synthesis of Co(III) complex:
 A 30 mL ethanol
 solution of Co(NO3)2·6H2O (0.29 g, 1 mmol) was added
 dropwise to a 30 mL ethanol solution of HL (0.65 g,
 2 mmol). The mixture was reﬂuxed for 3 h and stirred
 for 8 h at room temperature. Then it was ﬁltered and
 brown crystals suitable for X-ray diffraction were obtained
 by slow evaporation of the solvent. Yield: 50%. IR spect
 -rum, ν,cm−1:3372ν(O-H);2957ν(C-H);1610ν(C=N);

1578ν(C=C). MALDI-TOF-MS spectrum m/z: 708 (com-
 plex ion, [CoL2]+). Found, %: C 59.20; N 12.07; H 6.60.


Calculated for [CoL2]NO3·2H2O(C40H56CoN7O7), %: C
 59.62; N 12.17; H 7.00.



2.4 X-ray data collection and structure reﬁnement

Data were obtained with a Bruker APEX II QUAZAR
three-circle diffractometer. Indexing was performed using
APEX2.36 Data integration and reduction were carried out
with SAINT.37 Absorption correction was performed by
multi-scan method implemented in SADABS.38 The struc-
ture was solved and reﬁned using Bruker SHELXTL software
package.39The H atoms bound to the aromatic and aliphatic
C atoms were positioned geometrically and reﬁned using
a riding mode. The H atoms bound to the N atoms were
placed in calculated positions. For the cobalt(III) complex,
the unit cell consists of badly disordered solvents which could
not be modelled as discrete atomic sites. Herein, the contri-
butions of the seriously disordered solvent molecules were
eliminated from the structure using SQUEEZE in PLATON40
program suite. Crystal structure validations and geometrical
calculations were performed using PLATON.40MERCURY
software41was used for visualization of the crystallographic
information ﬁle (cif).


(3)
2.5 Preparation of electrodes


Nitrite-selective PVC-based membrane solid contact elec-
 trodes were prepared in the same manner as described in our
 previous work.42The electrodes were prepared in two steps.


In the ﬁrst step, a conductive solid contact was prepared by
 using an appropriate mass ratio of graphite, epoxy and hard-
 ener. A shielded copper wire, 0.5 mm in diameter and 15.0 cm
 in length was dipped into conductive mixture for a few times
 to obtain a solid contact with a coating thickness of about 0.2
 mm and then dried at room temperature for 1 day to evap-
 orate THF, leaving the solid contact layer coating the wire.


In the second step, 250 mg membrane cocktail was prepared
 by dissolving polymeric membrane components, ionophore,
 PVC and DOS {bis(2-ethylhexyl) sebacate} at different ratios
 in 3.0 mL THF. The surface of the conductive solid contact
 was coated with the membrane cocktail by dipping the coated
 copper wire into the cocktail 4–5 times. Then, the membrane
 coated electrode surface was left to be dried in laboratory con-
 ditions overnight. The prepared electrodes were equilibrated
 in 0.1 M nitrite solution for 24 h and used further for potential
 measurement studies. The used electrodes were equilibrated
 before each measurement process for about half an hour to
 obtain stable emf readings.



2.6 Electrochemical measurement protocol


All electromotive forces (emf) were recorded at room tem-
 perature in stirred solutions with the following cell assembly:


SC-ISE|test solution|Ag-AgCl, KCl (sat’d). The cell consists
 of SC-ISE (ion selective electrode) as the indicator electrode,
 a saturated Ag-AgCl reference electrode. The performance of
 the prepared electrodes was examined by measuring the emf’s
 of sodium nitrite solutions prepared in the concentration range
 10−1–10−6mol/L by serial dilutions. Prepared electrodes and
 reference electrode were washed with deionized water and
 dried with an adsorbent paper before changing the test solu-
 tions. Each measurement was performed simultaneously on
 three electrodes from the same mother membrane.



2.7 Theoretical calculations


All the calculations were carried out in the gas phase using
 Gaussian 09 program.43 In the calculations, no restrictions
 have been applied. All the geometries for[CoL2]+, free X−
 (NO−3 and NO−2) ions and the [CoL2]X complexes were
 relaxed to their minimum energies without freezing any atom
 or applying any restriction. In addition, symmetry constraints
 were also removed from all the calculations. All optimizations
 were conﬁrmed for their minima by frequency calculations.


The initial geometry of[CoL2]+was retrieved by remov-
 ing the counter ion atoms from the crystal structure of the
 cobalt(III) complex. The initial coordinates of the nitrate
 anion were generated from its position in the crystal structure
 of the cobalt(III) complex. We have generated several start-
 ing structures for[CoL2]NO2by removing one of the oxygen
 atoms from the counter ion of [CoL2]NO3 each time and


changing the distance of NO−2 from the Co3+cation. These
 possible structures of[CoL2]NO2were separately calculated
 and the minimum energy structure was used in comparison to
 [CoL2]NO3.


In spite of the difﬁculty of the most DFT calculations for
 predicting long distance interactions, recent studies have been
 successfully performed to describe the covalency along with
 long range interactions including theπ–πstacking interaction
 and hydrogen bonding.44–49 In particular, M06-2X45–49 is
 widely used for its capability of describing hydrogen bonding
 as well asπ–πstacking interactions.28


Thus, we used M06-2X and B3LYP with Grimme’s dis-
 persion functions in the calculations. In order to ease the
 computational cost, we used the following generic basis set:


6-311++G(d,p) for Co3+, 6-31+G(d) for the ligands coor-
 dinating to the Co3+ion and 3-21G for thetert-butyl groups
 on the ligands.


3. Results and Discussion



3.1 Characterization of synthesized compounds 3.1a
 1H-NMR spectroscopy: In the spectrum of HL, the singlets observed at 13.0 ppm and 4.8 ppm are due to the chemical shifts of the -OH and -NH
2 pro- tons, respectively. Other observed peaks in the spectrum belong to the CH protons including the azomethine pro- ton (-CH=N-), the singlet at 8.6 ppm, and the tert-butyl groups, the multiplet at 1.5 and 1.3 ppm. The signals of the aromatic protons appeared at 8.0 - 6.7 ppm (Figure S1 in Supplementary Information).



3.1b IR spectroscopy: The IR spectrum of HL (Fig- ure S2 in Supplementary Information) shows several bands in the region of 4000 and 1500 cm
−1. Among these, the band at 3469 cm
−1, the doublet at 3259–



3134 cm
−1 and the band at 2959 cm
−1 were assigned as the stretch modes of the -OH, -NH
2 and -CH groups, respectively. The peaks at 1607 and 1588 cm
−1
 were assigned as C=N and C=C stretching frequencies, respectively.



Upon formation of the complex, a new broad band peaking at 3372 cm
−1 and suppressing -NH
2 stretches was appeared, which is most likely due to the –OH stretches of the crystal water molecules (Figure S3 in Supplementary Information). The –C-H stretches were almost unaffected by the complexation. The C=N and C=C stretching vibrations were also observed at 1610 and 1578 cm
−1.



3.1c Mass spectroscopy: The MALDI-TOF-MS spec-

trum of HL shows the molecular ion peak at m/z: 325

(Figure S4 in SI). The characteristic molecular ion peak



(4)
of
 [CoL
2]+ was observed at m/z: 708, conﬁrming the formation of the
 [CoL
2]+ complex ion (Figure S5 in SI).



3.1d Thermogravimetric (TG) analysis: Figure
 1a
 shows the plot of the relative weight loss against increas- ing temperature for the HL ligand. The HL ligand is stable up to 96
◦C and the thermal decomposition of HL takes place in two main stages. The ﬁrst decomposition occurs between the temperatures of 96
◦C and 163
◦C.



This stage corresponds to the elimination of the pyridin- 2-amine
(C
5H
6N
2)residue from HL (calc. 28.9%; exp.



28.4%). The intermediate product remains stable from 163
◦C to 180
◦C. The second decomposition starts at 180
◦C and continues up to 345
◦C. This stage is related to the decomposition of the remaining organic residue.



A little organic sediment remained at the end of the decomposition process since heating was carried out in argon atmosphere.



The TG plot of the Co(III) complex in Figure
1b, on
 the other hand, shows that the complex starts to decom- pose at
∼70◦C and this ﬁrst decomposition continues up to
 ∼150
◦C. At this stage, the crystal water molecules were removed from the complex (calc. 4.5%; exp.



4.1%). The remaining anhydrous complex has another weight loss in the range of
∼230
◦C and
∼420
◦C. How- ever, a stable intermediate with a ﬁxed weight plateau did not occur in this decomposition step just because


Figure 1. Thermogravimetric plot of (a) HL in argon atmo-
 sphere, and (b) Co(III) complex in air atmosphere. The dashed
 lines and labels represent the weight loss in each step.



further reactions for a complete decomposition were initiated. It is most likely that Co
2O
3is the ﬁnal remain- der of the decomposition process in static air atmosphere (calc. 10.3%; exp. 9.4%).



3.2 Crystallographic analysis



Crystallographic data and reﬁnement details of the Co(III) complex are given in Table
 1. Single crystal
 X-ray diffraction analysis reveals that the complex crys- tallizes in the monoclinic space group, P2
1/n. The asymmetric unit comprises of nearly identical two inde- pendent
[CoL
2]+and a nitrate counter ion. The Co
3+ion is coordinated to two O atoms of the phenolate groups, two N atoms of the free
−NH
2groups and two N atoms of the –CH=N– groups in the ligands in a distorted octa- hedral environment (Figure
2).


In the CoN
4O
2 coordination sphere, the Co-N bond lengths range from 1.889(4) Å for Co1-N4 to 1.975(5) Å for Co1-N3, and the Co-O bond lengths range from 1.865(4) Å for Co1-O2 to 1.877(3) Å for Co2-O7 (Table
2). These bond lengths are comparable to those
 reported for corresponding cobalt complexes with Schiff base ligands.
50–53 The N-Co-N, O-Co-O, and N-Co- O bond angles are within the range of 84
.0
(2
)◦ and 179
.11
(19
)◦.



3.3 Application of the Co(III)-salphen complex as an ionophore



The Co(III)-salphen complexes have the potential appli- cation as ionophores for nitrite ion-selective electrodes by inducing the non-Hofmeister selectivity pattern.



Thus, we examined the complex by preparing a nitrite selective membrane electrode. The critical response characteristics of the solid contact nitrite-selective elec- trode were systematically assessed according to the International Union of Pure and Applied Chemistry, IUPAC, recommendations.
54,55


The preparation of the solid contact electrodes is discussed in section
2.5. We performed potentiometric
 measurements to assess the potentiometric response of the prepared electrodes toward some common anions in the activity
(α) range of 1
.0
×10
−1–1
.0
×10
−6 M by serial dilution. The electrodes with Co(III) complex as ionophore showed anionic potentiometric responses.



Figure
3shows the Nernstian plots of the potentiometric responses obtained for different anions. The best analyt- ical potentiometric responses in terms of detection limits and the linearity of the slopes were obtained for nitrite anion.



The selectivity and sensitivity of the membrane

electrode are signiﬁcantly related with the ionophore



(5)Table 1. X-ray crystallographic data and reﬁnement parameters for the Co(III) complex.


Formula of reﬁnement model C80H104Co2N13O7


Formula weight(g·mol−1) 1477.62


Temperature (K) 100(2)


Wavelength (Å) 0.71073


Crystal system Monoclinic


Space group P21/n


a(Å) 18.1040(9)


b(Å) 16.9425(9)


c(Å) 30.9367(15)


α(◦) 90


β(◦) 102.110(3)


γ(◦) 90


Crystal size (mm) 0.31×0.35×0.40


V(Å3) 9278.0(8)


Z 4


ρcalc(g·cm−3) 1.058


μ(mm−1) 0.409


F(000) 3140


θrange for data collection (◦) 2.95 - 25.00


h/k/l −14<=h<=21,−20<=k<=16,−35<=l<=36


Reﬂections collected 66194


Independent reﬂections 15402 [R(int) = 0.0662]


Data/restraints/parameters 15402 / 60 / 943


Goodness-of-ﬁt on F2 1.089


Final R indices[I>2σ(I)] R1=0.0980, wR2=0.2732


R indices (all data) R1=0.1599, wR2=0.2961


Largest diff. peak and hole(e·Å−3) 1.147 and -0.724


Figure 2. The asymmetric unit of the Co(III) complex. The H atoms were omitted for clarity.



(6)Table 2. Selected bond lengths (Å) and bond angles(◦)for the Co(III) complex.


Bond lengths (Å)


Co1-N1 1.902(5) Co1-O1 1.869(4) Co2-N11 1.965(5)


Co1-N2 1.898(5) Co1-O2 1.865(4) Co2-N13 1.891(5)


Co1-N3 1.975(5) Co2-N9 1.905(5) Co2-O7 1.877(3)


Co1-N4 1.889(4) Co2-N10 1.906(5) Co2-O6 1.873(4)


Co1-N7 4.555(6) Co2-N7 5.539(2) Co2-Co1 8.962(4)


Bond angles(◦)


O2-Co1-O1 90.27(17) O2-Co1-N4 87.82(18) O1-Co1-N4 95.13(18)
 O2-Co1-N2 94.3(2) O1-Co1-N2 87.4(2) N4-Co1-N2 176.7(2)
 O2-Co1-N1 89.6(2) O1-Co1-N1 179.11(19) N4-Co1-N1 84.0(2)
 N2-Co1-N1 93.5(2) O2-Co1-N3 178.3(2) O1-Co1-N3 88.10(19)
 N4-Co1-N3 92.10(18) N2-Co1-N3 85.9(2) N1-Co1-N3 92.0(2)
 O6-Co2-O7 90.21(17) O6-Co2-N13 94.6(2) O7-Co2-N13 86.87(17)
 O6-Co2-N9 90.7(2) O7-Co2-N9 179.1(2) N13-Co2-N9 93.0(2)
 O6-Co2-N10 87.4(2) O7-Co2-N10 94.5(2) N13-Co2-N10 177.6(2)
 N9-Co2-N10 85.6(2) O6-Co2-N11 177.67(19) O7-Co2-N11 87.83(17)
 N13-Co2-N11 86.6(2) N9-Co2-N11 91.3(2) N10-Co2-N11 91.5(2)


Figure 3. Potentiometric responses for different anions.


The interfering SCN− anion is omitted from the graph for
 better appearance purposes.



concentration, the nature of the solvent mediator, the plasticizer/PVC ratio, and the nature of additives. We have tried several different membrane compositions in order to optimize the electrode (Table
 3). Since ear-
 lier studies showed that the nitrite selective membranes were prepared with DOS {bis(2-ethylhexyl) sebacate}



to exhibit the lowest limit of detection, we only tested the DOS as the plasticizer.
27,56 The sensitivity of the electrode increases with increasing ionophore concen- tration up to 2%. Further addition of ionophore resulted in performance loss of the electrode. Table
 3 also shows the effect of ionic additives of NaTPB and KTClPB on the potential responses of the electrodes.



The presence of an additive generally improves the per- formance characteristics of the membrane electrode.



However, the comparison of the two additives shows that NaTPB is more effective than KTClPB. By the addition of 0.5% NaTPB, the slope of the potential sensor response increases from a sub-Nernstian value of 52 mV/decade (run 3) to a Nernstian value of 59.1 mV/decade (run 6). The best analytical potentiomet- ric responses of the nitrite anion were obtained in the composition of 2% (w/w) ionophore, 32% (w/w) PVC, 65.5% (w/w) DOS and 0.5% (w/w) NaTPB (the run number 6 in Table
 3). Therefore, we car-
 ried out further studies with this optimum electrode composition.


Table 3. Membrane compositions and the corresponding responses in ligand-based nitrite-selective electrodes.


Run Composition, % (mass, w/w) Detection limit (M) Linear range (M) Slope (mV/decade)
 Ligand PVC DOS NaTPB KTClPB


1 1 32 67 9.94×10−5 1×10−1–1×10−5 47.97


2 1.5 32 66.5 8.85×10−6 1×10−1–1×10−5 50.62


3 2 32 66 7.22×10−6 1×10−1–1×10−5 52.45


4 2.5 32 65.5 9.85×10−6 1×10−1–1×10−5 49.35


5 2 32 65.5 0.5 9.12×10−6 1×10−1–1×10−5 54.42


6 2 32 65.5 0.5 5.76×10−6 1×10−1–1×10−5 59.20


7 2 32 65 1.0 6.14×10−6 1×10−1–1×10−5 52.20



(7)Figure 4. Potentiometric responses and calibration plot
 of the prepared electrode for the NO−2 ions at different
 concentrations.


Figure 5. Reproducibility of the electrode at three NO−2
 concentrations, A: 1.0 × 10−4M, B: 1.0 × 10−3M, C:


1.0×10−2M.



The potentiometric response of the electrode toward NO
−2 was recorded in aqueous solutions of NO
−2 in the concentration range of 1.0
×10
−6–1.0
×10
−1M. The calibration curve for related potentiometric signals was plotted and shown in Figure
4. The electrode shows a
 linear response in the concentration range of 1
.0
×10
−5– 1
.0
×10
−1M (R
2 = 0
.9996) with a slope of
 −59.20 mV/decade. The detection limit of the electrode was calculated by using the intersections of the two extrapo- lated segments of the calibration plot as 5.76
×10
−6M.



The response time of the electrode was determined as 10 seconds.



The reproducibility of the electrode potential mea- surements was also investigated by changing nitrite concentration back and forth among 1
×10
−4M
,1
×
 10
−3M and 1
×10
−2M (Figure
5). The average poten-
 tial values and their standard deviations for these three concentrations were calculated as 540.2
±0.8, 482.4
±
 0.9 and 424.1
±0.6, respectively. The results indicate that the prepared electrode has a good reproducibility for the analytical measurement purposes.


Figure 6. pH dependence of the potentiometric response
 of the NO−2 selective electrode, A: 1.0 × 10−4M, B:


1.0×10−5M.



We also investigated the effect of pH on the sensing capability of the electrode. To achieve this, we pre- pared two test solutions of NO
−2 with concentrations of 1
×10
−4 and 1
×10
−5 M in the phosphate buffers with pH values ranging between 1 and 10. The response of the prepared electrode persisted constant and robust in the pH range of 3.0–7.0 in both test solutions (Fig- ure
6). The notable decrease in pH below 3.0 might be
 due to the responsive behavior of the electrode toward oppositely charged H
3O
+ ion. The sharp decrease in electrode potential above pH 7.0 may be ascribed to the potentiometric response of the electrode to OH
−ion.



The potentiometric selectivity is one of the most demanded features for an ideal electrode. Here, we used the separate solution method (SSM) for the calculation of the selectivity coefﬁcients.
57In this method, logα vs.



E relations of an ISE for the primary and interfering ions are obtained independently. Then, the activities that cor- respond to the same electrode potential value are used to determine the K
Apot,B value by using the following equa- tion:



K
potA,B = a
A

(
a
B)zA/zB (1)



where,
αA and
αB are the activities (mol/L); z
A and z
B


are the charge states of primary (NO
−2 in our case) and interfering ions, respectively.



The Nikolsky coefﬁcient is determined using SSM by comparing two solutions, each containing a salt of the primary and interfering ion only.
57 The resulting val- ues of the selectivity coefﬁcients are given in Table
4.


According to the table, the ranking among the anions

is different from the Hofmeister series and most of the

anions would not affect the selectivity of the prepared

sensor. The prepared solid contact sensor can act as

selective toward NO
−2 ions, however, very lipophilic ions

such as SCN
−still exhibit major interference.



(8)Table 4. Potentiometric
 selectivity coefﬁcients calcu-
 lated according to SSM for
 NO−2 selective electrode.


Interference log
 


Kpot


N O−2,X





SCN− 0.18


I− −2.12


ClO−4 −2.34
 HCO−3 −2.56
 CH3COO− −2.85


F− −2.98


NO−3 −3.19


Cl− −3.76


Br− −3.91


H2PO−4 −3.97



3.4 DFT calculations



Since the ﬁrst coordination shell of the Co
3+ ion is fully completed by the strong chelating ligands in an



octahedral geometry, we theoretically explored the plau- sibility of sensing mechanism to be based on a reversible exchange of the NO
−3 with NO
−2 anion. In order to accomplish this, we carried out several DFT optimiza- tion calculations on both
 [CoL
2]NO
3 and
[CoL
2]NO
2


in which the anions are replaced in the outer sphere of the Co
3+ ion (Figure
 7). The results are qual-
 itatively consistent with experimental data. Table
 5
 shows the predicted binding energies along with the basis set superposition (BSSE) and zero point vibra- tional energy corrections (ZPVE). The binding ener- gies,
 E
bind were calculated based on the following equation:


Ebind=
E
C−(E
rec+E
anion) (2)



where E
C,E
rec, and E
anion are the energy terms of the optimized structures for the receptor-anion complex, receptor and isolated anion in the gas phase, respec- tively. The smaller sized NO
−2 has a greater afﬁnity to

 [CoL
2]+by
∼8 kcal/mol.


Figure 7. Optimized structures using M06-2X and the generic basis set described in Sec-
 tion2.7for a)[CoL2]NO3and b)[CoL2]NO2. Nonpolar H atoms are not shown for clarity.


Table 5. The calculated binding energies (kcal/mol) of both NO−3 and NO−2 anions to [CoL2]+ receptor in gas phase
 along with ZPVE and BSSE corrections using M06-2X and B3LYP-D3 with the generic basis set described in section2.7.


E=ENO2−-ENO3−.


M06-2X B3LYP-D3


SCF SCF (+BSSE) SCF (+BSSE+ZPVE) SCF SCF (+BSSE) SCF (+BSSE+ZPVE)
 ENO3− −93.98 −91.74 −90.80 −84.63 −82.57 −81.72


ENO2− −101.51 −99.39 −98.90 −91.88 −89.74 −89.05


E −7.53 −7.65 −8.10 −7.25 −7.17 −7.34



(9)
It should be noted that these binding energies belong to the minimum energy structures. We have found several other local minima for the proposed nitrite con- taining complex and one more local minimum for the nitrate containing complex (Figures S6-S8 in Supple- mentary Information). However, the binding afﬁnities of the nitrite anion to the
 [CoL2]+ receptor in all the calculations were still greater than those of the nitrate anion.


4. Conclusions



In this study, we synthesized and characterized a new Co(III) complex of a salphen derivative Schiff base lig- and. We used this complex as an ionophore for the application of electrochemical sensors. For that, we designed PVC-based membrane solid contact electrodes with this ionophore and tested their usage as an electrode for several anions. Among the anions, nitrite
 (NO
−2)
 showed a linear Nernstian slope over the studied con- centration range. The detection limit of the prepared electrode was calculated as 5
.76
μM for NO
−2. In agree- ment with the experiments, the DFT calculations on the binding mode showed that a exchange of anions is plau- sible.


Supplementary Information (SI)


Crystallographic data for the structural analysis of Co(III)
 complex has been deposited with the Cambridge Crystallo-
 graphic Data Centre bearing the CCDC number 1517539.


Copy of this information is available on request at free
 of charge from CCDC, Union Road, Cambridge, CB21EZ,
 UK (fax: +44-1223-336-033; e-mail: deposit@ccdc.ac.uk or
 http://www.ccdc.cam.ac.uk). The1H-NMR spectrum of the
 HL ligand, the FT-IR spectra of the HL ligand and Co(III)
 complex, the mass spectra of the HL ligand and Co(III) com-
 plex, two optimized structures of[CoL2]NO3overlapped, the
 optimized structures of[CoL2]NO2overlapped, and the min-
 imum energy structures of[CoL2]NO3and[CoL2]NO2along
 with the crystal structure of[CoL2]NO3overlapped (Figures
 S1–S8) are available atwww.ias.ac.in/chemsci.
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