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Abstract 

An asymmetric diimine Schiff base, 2-((4-((2-hydroxybenzylidene)amino)benzylidene)amino) 

phenol (2-HBP), was covered to a glassy carbon (GC) electrode surface in nonaqueous medium 

to fabricate a modified electrode. Cyclic voltammetry was applied for the surface modification 

experiments in 1 mM diimine solution. Cyclic voltammetry, contact angle measurement, 

electrochemical impedance spectroscopy and X-ray photoelectron spectroscopy techniques were 

employed to characterize the modified GC (2-HBP-GC) surface. Electrochemical impedance 

results showed that the modified surface blocked the electron transfer with a 98.9% surface 

coverage value. Additionally, theoretical study was performed to gain insight into the structural 

and tautomeric aspects of the asymmetric diimine Schiff base. The phenol-imine and keto-

amine tautomerism forms of the asymmetric diimine Schiff base were investigated by using 

DFT calculations. 
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1. INTRODUCTION 

The electrode surface modification with a chemical compounds that contain heteroatom has became 

useful for analytical applications due to being high sensitive, selective, stabile and economic. 

Additionally, they are easy to prepare and provide determination of low detection limit. Electrochemically 

modification of electrodes have advantages [1,2] in electrocatalysis [3,4], electron transfer kinetics [5,6], 

corrosion studies [7,8].  

 

Schiff bases are significant chemical compounds that can be used for coating electrode surfaces. They 

contain an azomethine group. These ligands can bind transition metals and compose complexes. They are 

prefered to perapare modified electrodes owing to contain of amines and substituents on the aromatic 

rings [9].  

 

Over the last few years, many researchers have interested in asymmetric Schiff bases. There are a lot of 

studies about Schiff bases and their metal complexes [10] . However, asymmetric Schiff bases have been 

rarely discussed [11-13]. There are some studies about electrochemical behavior of asymmetric Schiff 

bases [14-16], but we haven’t yet seen any studies about their modification to electrode surface. 

 

This study supports to prepare a modified surface by oxidation of 2-((4-((2-

hydroxybenzylidene)amino)benzylidene)amino) phenol (2-HBP) on GC electrode. The cyclic 

voltammetry (CV), contact angle measurements (CAM), X-ray photoelectron spectroscopy (XPS) and 
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electrochemical impedance spectroscopy (EIS) were used to clarify modified surface. These techniques 

have been efficiently applied to investigate the microscopic and spectroscopic properties of the coated 

surfaces.  

 

The tautomeric preferences between the phenol-imine and keto-amine tautomer forms were discussed 

theoretically in the present paper. The relative abundances of the possible tautomer conformers were 

calculated. The phenol-imine and keto-amine tautomerisms of the asymmetric diimine Schiff base were 

investigated by FT-IR, 
1
H NMR, 

13
C NMR and UV–vis spectroscopies in our previous study [17]. In this 

paper we differently focused theoretically on the tautomerism in gaseous phase.   

 

 

2. MATERIALS AND METHODS 

 

2.1. Chemicals 

 

Potassium ferrocyanide ( ≥99%), potassium ferricyanide ( ≥99%), potassium chloride (KCl; 99-100.5% ), 

acetonitrile (ACN; 99.9%), ferrocene (≥98%), tetrabutylammonium tetrafluoroborate (TBATFB; 99%) 

were obtained from Merck and Sigma Aldrich. All chemicals used in this study were of analytical grade 

and don’t need purification. All solutions were prepared at the concentration of 1mM in electrochemical 

and modification experiments. Ultra-pure water quality with a resistance of ~18.3 MΩ.cm was used in all 

aqueous solutions and cleaning process of the electrodes. High purity nitrogen gas (99.999%) was used 

due to remove oxygen from the solution during the experiments. All experiments were carried out at room 

temperature (25±1°C).  

 

2.2. Apparatus 

 

All electroanalytical measurements were performed with CHI 660B electrochemical Workstation. The 

experiments were practiced in a voltammetric cell using conventional three-electrode system containing 

glassy carbon (GC) electrode (BAS Model) as the working (geometric area is 3 mm
2
), an Ag/AgCl/KCl 

(sat.) used in aqueous media or an Ag/Ag
+
 (0.01M) used in acetonitrile (ACN) as the reference and 

platinum wire as the counter electrodes. 

 

Contact angle measurements were performed using Krüss DSA100 system. EIS measurements were 

carried out in the presence of a 1.0 mM ferrocyanide / 1.0 mM ferricyanide (1/1) mixture containing 0.1 

M KCl. EIS measurements were performed from 100 kHz to 0.05 Hz using an AC amplitude set in 5 mV 

and at a DC potential of 0.215 V. 

 

Thermo K-Alpha spectrometer equipped with Al Kα X-rays (monochromatic) was used for the XPS 

results. It is realized out at 90
◦
 electron take-off angle. The pressures were kept below 10

−7
 mbar during 

the experiments. 

 

2.3. Computational Details 

 

The possible conformations of the tautomers were determined by the relaxed PES scan for two dihedral 

angles, C6-C8-C11-N12 and N26-C27-C29-C31. The PES scan was performed in 10
o
 intervals in the 

range 0–360
o
 at the HF level, with the 6-31G(d) basis set. The possible conformers of four tautomeric 

forms of the asymmetric diimine Schiff base were fully optimized at the B3LYP/6-311 + G(d,p) level. All 

the computations were performed using Gaussian 09 program [18]. 

 

2.4. Cleaning of GC Electrode Surfaces 
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GC electrode was manually polished first with emery papers (Buehler) and then with 0.05 μm alumina 

slurry (Baikowski Int. Corp.) on a microcloth pad (Buehler). Polished GC electrode was firstly cleaned by 

sonication in ultra-pure water and then in ACN for 10 min. for removal of alumina from the surface. 

Finally, GC electrode was rinsed with ACN. 

 

2.5. 2-HBP-GC Electrode Preparation 

 

The GC electrode surface coating process was practiced in 2-HBP solution (1mM) (synthesized procedure 

was given in reference [17]), in supporting electrolyte which is an ACN containing 0.1 M TBATFB. The  

CV technique was used with a sweep rate of 100 mV s
-1

 vs. Ag/Ag
+
 (0.01 M) reference electrode for 30 

cycles from 0 V to 1.7 V to cover GC electrode [19,20]. After coating, the electrode was rinsed with ACN 

to purify materials from the electrode surface that physisorbed or unreacted. Figure 1 shows that while the 

number of CV cycles increases, the currents of anodic peaks decrease and reach a steady state value after 

30 cycles. 

 

 

Figure 1. The coating CVs of 1mM 2-HBP solution on GC electrode vs. Ag/Ag
+
.  0.1 M TBATFB in 

acetonitrile was used as a supporting electrolyte and sweep rate is 100 mV s
−1

 

 

The surfaces passivation process by the modification is also important for the prevent or minimize 

corrosive effects against the materials [21]. 

 

During anodic scan, two oxidation peaks were observed for 2-HBP at around 1.1 and 1.35 V, 

respectively. This should be attributed to the oxidation of hydroxy (OH) groups present on the 2-HBP 

molecule [22,23]. A decrease in peaks’ currents was observed in following cycles for 2-HBP presumably 

because the OH group was converted to a free radical and stabilized by C-O-C coupling at the electrode 

surface [24,25].  

 

 

3. RESULTS AND DISCUSSION 

 

3.1. Electrochemical Characterization of 2-HBP-GC Surface by CV 

 

The electrochemical characterization of the proposed modified GC was performed using redox probes of 

ferrocene and ferricyanide. For comporison, the cyclic voltammograms (CVs) of the bare and 2-HBP-GC 

with redox active molecules in solution were analyzed. Figure 2 shows that the redox probes’ peaks were 



127 Demet UZUN et al. / GU J Sci, 30(4): 124-138 (2017) 

 

disappeared. This is because the 2-HBP-GC electrode blocked the heterogeneous electron transfer rate of 

redox probes [26].  

 

 

 

Figure 2. CVs of 1 mM redox probes of (A) ferrocene (in acetonitrile containing 0.1 M TBATFB) vs. 

Ag/Ag
+
 and (B) ferricyanide (in 0.1 M KCl) vs. Ag/AgCl/KCl (sat.) on bare GC and diimine-GC 

electrodes, sweep rate is 100 mV s
−1

 

 

3.2. EIS Measurements  
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In an attempt to evince the differences among the electrochemical performance of the GC and 2-

HBP-GC, EIS was used as an effective method for the characterization of each surface [27].  

 

EIS was used for studying interfacial properties between electrode and solution. To assess the 

activity of 2-HBP-GC electrode, the ferrocyanide/ferricyanide couple (1 mM in 0.1 M KCl 

supporting electrolyte) was employed as a redox probe in EIS measurements at the open circuit 

potential. An equivalent circuit were used to fit the measured EIS data. The Nyquist plots of the 

redox couple on GC and 2-HBP-GC surface are shown in Figure 3(a) and Figure 3(b) with the 

equivalent electrical circuit model at the diimine modified surface. This equivalent circuit 

consists following parameters: Rs, a solution resistance, Qf, a film capacitance, Rf, a coating 

resistance, Qdl, a double layer capacitance, Rct, a charge-transfer resistance and w, a Warburg 

impedance. The impedance spectra was fitted with this equivalent circuit and the values of Qdl 

and Rct were found [28,29]. 

 

As can be seen, the Nyquist curves for bare GC and coated surface are differ from each other. 

The Nyquist plot showed a Warburg line at the low frequency region which is the property of 

diffusional limiting electrochemical process with a small semicircle at the high frequency region 

on GC surface [30]. At the modified electrode the Nyquist plot exhibited a nearly straight line. 

The Rct for the modified GC electrode is 34.6 kΩ, which is higher than the Rct for bare GC 

electrode (0.374 kΩ). The Rct was increased because the diimine film blocked the access of 

ferrocyanide/ferricyanide to the electrode surface [31]; because of the large steric hindrance [32]. 

Also, the surface may be negatively charged and repulse the ferrocyanide/ferricyanide ions 

electrostaticly [33].  

 

θ=1- Rct
0
/Rct equation was applied to calculate the electrode coverage degree [34]. In this 

equation, θ is the surface coverage, Rct
0
 is the charge transfer resistance for the bare GC 

electrode and Rct is the charge transfer resistance for the 2-HBP-GC electrode. From this 

equation, the electrode surface coverage was calculated as 98.9%. This result may show that 

permeability of the modified electrode is low due to GC surface is coated with diimine film. 
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Figure 3. EIS at (a) bare GC and (b) 2-HBP-GC in 1 mM Fe(CN)6
3-/4-

 containing 0.1 M KCl. For 2-HBP-

GC electrode, the Randle’s equivalent circuit model was given in Fig. 3(b) (at the bottom on the right 

hand side). Data were measured at 5 mV wave amplitude at 0.215 V, a formal potential, from 100 kHz to 

0.05 Hz 
 
3.3. X-ray Photoelectron Spectroscopy Characterization of 2-HBP-GC Electrode 

 

XPS analysis was carried out to learn about surface chemical compositions before and after modification 

[35]. The results were exhibited in Figure 4 for bare GC and modified GC electrodes. Figure 4(b) depicts 

the survey spectrum of XPS bands for C1s (285.2 eV), N1s (399.3 eV) and O1s (532.8 eV) elements on 

the 2-HBP-GC surface. The C1s and O1s peaks were observed on the bare GC surface (Figure 4(a)). O1s 

peak apparent on the bare GC surface is probably because of the surface preparing process [36]. After the 

electrochemical process, a N 1s signal at about 399.3 eV was observed in the XPS spectra of the modified 

GC electrode. The presence of the N 1s signal, moreover, increasing and decreasing of the percentage of 

O1s and C1s peak, respectively, demonstrates that the heteroaromatic molecules are on the GC surface. 

 

The C1s spectrum (Figure 5a) was deconvoluted into three peaks: graphitic and aromatic carbons at 284.5 

eV [37,38], carbon in C=N bond belong to imine group at 285.8eV, and C-O bond in phenolic group at 

287.4 eV [39].  

 

The N 1s spectrum of 2-HBP-GC exhibited two peaks at 398.9 eV and 400.0 eV binding energies (Figure 

5b), which can be assigned to the NH in tautomeric amino groups and the C=N [40] in imine groups.  

 

The peak spectrum of O1s (Figure 5c) was fitted with two components. The peak centred at about 531.7 

eV probably indicates a mixture of oxygen atoms in hydroxyl (C-O-H) [41] and C=O bonds [37] due to 

keto-amine tautomer form. The band was detected at about 533 eV belongs to oxygen from C-O-C [42]. 
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Figure 4. Survey spectra of XPS for the (a) bare GC and (b) 2-HBP-GC surfaces 
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Figure 5. XPS spectras for the (a) C 1s, (b) N 1s and (c) O 1s peaks on the dimine-GC surfaces 

 

3.4. Contact Angle Measurements  

 

The contact angle (CA) is a sensitive method to identify wettability [43]. The CA is used to investigate 

the polarity of the surface and also the hydrophilic and heterogenic features of surface [44]. The water CA 

measurements were measured at room temperatures. A Kruss, DSA100, Germany system was used (a 

drop shape analysis system) coupled with a Peltier element. The volume of the deionized water droplet is 

1 μL. The equilibrium CA of deionized water was found as 86°±1° on GC surface and 75°±1° on the 2-

HBP-GC surface. This differentiation in the value of the CA gives information about 

hydrophobic/hydrophilic character of the surface. This CA value for the 2-HBP-GC surface, which was 

nearly 10° smaller than bare GC confirms that the surface was modified; it also demonstrates that the 2-

HBP-GC surface is more hydrophilic than the GC surface, as awaited, due to the hydroxyl groups in 

Schiff base. This relatively hydrophilic surface is beneficial for the determination of hydrophilic species 

as a tool. 

3.5. Structure and Tautomerism 

The structure of the diimine Schiff base with numbering scheme for the atoms is presented in Figure 7. 

Selected optimized geometric parameters at B3LYP with 6-311+G(d,p) basis set are given in Table 1. All 

the possible tautomers are given in Figure 6 and they have C1 symmetry. 2-HBP has four possible 

tautomeric forms, namely A (phenol-imine/phenol-imine), B  (phenol-imine/keto-amine), C (phenol-

imine/zwitter ion) and D (keto-amine/zwitter ion). 

 

The phenol-imine/phenol-imine tautomeric form (A) contains salicyldiimine fragment as six-membered 

chelate ring (left side) formed by intramolecular hydrogen bonding feature between the H40 and N26 

atoms with a bond length of 1.740 Å. Salicyldiimine fragment twisted with a torsion angles of -34.98
o
 to 

the phenyl ring. The phenol-imine/phenol-imine tautomeric form contains phenylazomethine fragment 

(right side) as a five-membered chelate ring formed by (O24-H25. . .N12) type intramolecular hydrogen 
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bond with a bond length of 2.077 Å. The phenylazomethine fragment is nearly planar to the phenyl ring 

with a torsion angle of -2.82
o
. The keto-amine/phenol-imine tautomeric form (B) is nearly planar. The 

phenylazomethine fragment twisted 4.52
o 
to the phenyl ring and salicyldiimine fragment twisted -1.67

o
 to 

the phenyl ring. DFT quantum chemical calculations showed that the tautomer A (phenol-imine/phenol-

imine) is the most stable species in the gas phase. The most stable conformation of the tautomer A is 

shown in Figure 7 with atomic numbering. 
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Figure 6. Possible tautomeric forms of the 2-HBP 

 

 

Figure 7. The optimized geometry of the most stable tautomeric form A (phenol-imine/phenol-imine) of 

the 2-HBP 

 

Table 1. Calculated structural parameters (bond length in Å, angles in degree) of the 2-HBP. 

Parameter Tautomers   Parameter Tautomers 

Bond lengths A B C D 

 

Bond angles A B C D 

C29-C27 1.448 1.446 1.397 1.397 

 

C29-C27-N26 122.40 122.39 122.13 121.93 

C27-N26 1.295 1.297 1.335 1.337 

 

C27-N26-C1 121.44 121.70 128.58 128.71 

N26-C1 1.404 1.400 1.400 1.395 

 

C4-C8-C11 122.39 123.81 122.38 123.89 

C8-H11 1.462 1.441 1.462 1.440 

 

C11-N12-C14 122.47 132.85 122.42 132.87 

C11-N12 1.286 1.314 1.286 1.315 

 

N12-C14-C15 114.42 110.68 114.50 110.64 

N12-C14 1.403 1.378 1.403 1.377 

 

C14-C15-O24 119.79 119.53 119.83 119.49 

C15-O24 1.357 1.264 1.357 1.264 

 

Torsion angles         

C14-C15 1.416 1.462 1.416 1.463 

 

C31-C29-C27-N26 179.34 179.10 -180.00 -180.00 

C29-C31 1.412 1.413 1.432 1.432 

 

C29-C27-N26-C1 177.01 176.68 -179.98 -180.00 

C2-C4 1.388 1.386 1.387 1.385 

 

C27-N26-C1-C3 147.26 149.40 178.55 -179.97 

O39-H40 1.357 0.996  -   -  

 

C6-C8-C11-N12 176.63 -179.79 -175.67 180.00 

O24-H25 0.976  -  0.976  -    C11-N12-C14-C15 162.54 -179.87 -161.26 180.00 
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Tautomerism of the 2-HBP was investigated theoretically. The total energies, relative energies and mol 

fractions of tautomers of the asymmetric diimine Schiff base are given in Table 2. The relative 

abundances of the possible tautomers A, B, C and D were calculated using the Boltzmann distribution 

equation. According to the calculation results the asymmetric diimine Schiff exists completely in phenol-

imine/phenol-imine tautomeric form (A) as expected because intramolecular O-H...N bonds stabilizes this 

form. 

 

The experimental results showed that the 2-HBP existed in completely phenol-imine/phenol-imine 

tautomeric form (A) in solid state and solutions [17]. Theoretical results showed that the 2-HBP existed in 

tautomeric form A in gaseous phase, too. 

 

Table 2. The total energies, relative energies and mol fractions of tautomers of the 2-HBP. 

Tautomer Total energy (a.u.) 
Relative energy 

(kJ/mol) Mol fractions of tautomers 

A -1031.784231   0.00 1.0 

 
 

B -1031.762312 57.55 0.0 

 
 

C -1031.776905 19.75 0.0 

 
 

D -1031.754565 77.89 0.0 

 
 

 

4. CONCLUSION 

 

A new asymmetric diimine Schiff base modified GC electrode was fabricated by the electrochemical 

oxidation method using CV. This simple and cost-effective surface was characterized by different 

techniques such as CV, EIS, XPS and CAM. EIS results show that the charge transfer resistance of the 2-

HBP-GC surface for probe ions increased greatly with a high surface coverage (98.9%). The higher Rct 

value shows that the surface is more compact and less permeable. XPS was fundamentally used for the 

specify of chemical bonding in the structure of diimine which were coated to the GC surface. We expect 

that this novel surface can be used in the protecting the materials against corrosion also separation and 

detection of biological or ionic samples. DFT calculation results showed phenol-imine/phenol-imine 

tautomer is the most stable tautomeric form in gaseous form. 
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