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ABSTRACT 
 
pyrido[2,3-b]pyrazine (P1) was synthesized and its inhibiting action on the corrosion of mild steel in 1 M 
hydrochloric acid was examined by different corrosion methods, such as weight loss, potentiodynamic polarization 
and electrochemical impedance spectroscopy (EIS). The experimental results suggest that this compound is an 
efficient corrosion inhibitor and the inhibition efficiency increases with the increase in inhibitor concentration. 
Adsorption of this compound on mild steel surface obeys Langmuir’s isotherm. Correlation between quantum 
chemical calculations and inhibition efficiency of the investigated compound is discussed using the Density 
Functional Theory method (DFT). 
 
Keywords: corrosion inhibition, pyrido[2,3-b]pyrazine, weight loss, polarization, adsorption, DFT. 
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INTRODUCTION 
 

Pyrido[2,3-b]pyrazine (5-azaquinoxaline) derivatives  is a structural analogue of pteridine and quinoxaline. They 
constitute a very important nitrogen-containing heterocycles, widely used for theirs pharmacological, therapeutic 
and others properties [1-3]. Studies have shown that such compounds are widely involved in several fields, as anti-
malarial [4], anti-cancer [5], antibacterial [6] and antiallergic properties [7]. pyrido[2,3-b]pyrazine derivatives 
continue to attract considerable attention because of their strong inhibitory activities of phosphodiesterase IV (PDE 
IV) and the production of tumor necrosis factor (TNF) [8]. Several classes of organic compounds like 
pyridopyrazine derivative are broadly used as corrosion inhibitors for metals in acid environments, since they own 
the nitrogen and oxygen atoms which can easily be protonated to exhibit good inhibitory action on the corrosion of 
metals [9-13]. 
 
In this work, we have chosen to synthesis a new compound named [7-bromo-1,4-bis(acétate d’éthyl-yl)pyrido[2,3-b] 
pyrazine-2,3(1H,4H)-dione]:(P1) by the N-alkylation of 7-bromopyrido [2,3-b] pyrazine-2,3 (1H, 4H) -dione (2) 
with ethyl 2-bromoacetate under the conditions of the phase transfer catalysis solid-liquid [14] allows to isolate the 
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expected compound (P1) and evaluate the corrosion inhibition efficiency of mild steel in 1 M hydrochloric acid 
solution. 
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Scheme 1: 7-bromo-1,4-bis(acétate d’éthyl-yl)pyrido[2,3-b]pyrazine-2,3(1H,4H)-dione: (P1) 
 

MATERIALS AND METHODS 
 

2.1. Synthesis of inhibitors 
In a flask equipped with a magnetic stirrer, we put 7-bromopyrido [2,3-b] pyrazine-2,3 (1H, 4H) -dione (2) (1 mmol, 
0.25g), 20 ml of DMF, potassium carbonate K2CO3 (2.1 mmol, 0.29g), tétra-n-butylammonium bromide (TBAB) 
(0.2 mmol, 0.064g) with stirring for 5 min; Then, we added dropwise 0.18 ml of ethyl 2-bromoacetate (2 mmol). 
The reaction is brought at room temperature for 6 hours. After removal of salts by filtration, the DMF is evaporated 
under reduced pressure and the residue obtained is dissolved in dichloromethane. The rest of the salts are removed 
by washing the organic phase three times with distilled water. Concentrated to dryness, the compound desired is 
purified by flash column chromatography (on silica-gel with ethyl acetate: hexane, 1:1) to afford 7-bromo-1,4-
bis(acétate d’éthyl-yl)pyrido[2,3-b] pyrazine-2,3(1H,4H)-dione (P1) (R= 85%) as a yellow solid. (M.p 465-466 K) 
Scheme 2: 
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Scheme 2: Synthesis of 7-bromo-1,4-bis(acetate d’éthyl-yl)pyrido[2,3-b]pyrazine-2,3(1H,4H)-dione (P1) 

 

Compound (P1): Yield = 90%; M.p 465-466 K;   RMN 
1

H δppm: 8.274 (d, 1H, H pyr); 7.408 (d, 1H, H pyr); 

5.136, 4.924 (s, 4H, CH2 -N); 4.215-4.349 (2q, 4H, O-CH2-); 1.305, 1.329 (2t, 6H, 2 -CH3). RMN
13

C δppm: 166.93 
(2 O-C=O); 166.02 (2 C=O); 143.39, 124.06 (-CH pyr); 137.26, 123.99, 114.92 (Cq); 62.57, 61.85 (N-CH2); 44.13, 
43.10 (2 O-CH2); 14.08 (2 CH3). 
 
2.2. Solutions 
The aggressive solutions of 1.0 M HCl were prepared by dilution of an analytical grade 37% HCl with double 
distilled water. The concentration range of inhibitor P4 employed was 10-6-10-3 (mol/l). 
 
2.3. Weight loss Method 
Coupons were cut into 1.5× 1.5 × 0.05 cm3 dimensions having composition (0.09%P, 0.01 % Al, 0.38 % Si, 0.05 % 
Mn, 0.21 % C, 0.05 % S and Fe balance) used for weight loss measurements. Prior to all measurements, the exposed 
area was mechanically abraded with 180, 400, 800, 1000, 1200 grades of emery papers. The specimens are washed 
thoroughly with bidistilled water degreased and dried with ethanol. Gravimetric measurements are carried out in a 
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double walled glass cell equipped with a thermostated cooling condenser. The solution volume is 100 cm3. The 
immersion time for the weight loss is 6 h at (308±1) K. In order to get good reproducibility, experiments were 
carried out in duplicate. The average weight loss was obtained. The corrosion rate (v) is calculated using the 
following equation: 
 
v = W / S.t                    (1) 
 
Where W is the average weight loss, S the total area, and t is immersion time. With the corrosion rate calculated, the 
inhibition efficiency (Ew) is determined as follows:  
 

                 (2) 

 

Where V0 and V are the values of corrosion rate without and with inhibitor, respectively. 
 
2.4. Polarization Measurements 
The electrochemical study was carried out using a potentiostat PGZ100 piloted by Voltamaster soft-ware. This 
potentiostat is connected to a cell with three electrode thermostats with double wall. A saturated calomel electrode 
(SCE) and platinum electrode were used as reference and auxiliary electrodes, respectively. Anodic and cathodic 
potentiodynamic polarization curves were plotted at a polarization scan rate of 0.5mV/s. Before all experiments, the 
potential was stabilized at free potential during 30 min. The polarisation curves are obtained from −800 mV to −200 
mV at 308 K. The solution test is there after de-aerated by bubbling nitrogen. Inhibition efficiency (Ep%) is defined 
as: 
 

x 100                (3) 

 
Where icorr(0) and icorr(inh) represent corrosion current density values without and with inhibitor, respectively. 
 
2.5. Impedance measurements 
 The electrochemical impedance spectroscopy (EIS) measurements are carried out with the electrochemical system, 
which included a digital potentiostat model Voltalab PGZ100 computer at Ecorr after immersion in solution without 
bubbling. After the determination of steady-state current at a corrosion potential, sine wave voltage (10 mV) peak to 
peak, at frequencies between 100 kHz and 10 mHz are superimposed on the rest potential. Computer programs 
automatically controlled the measurements performed at rest potentials after 0.5 hour of exposure at 308 K. The 
impedance diagrams are given in the Nyquist representation.  
 
Inhibition efficiency (ER%) is estimated using the relation: 
 

                  (4) 

 
Where Rt(0) and Rt(inh) are the charge transfer resistance values in the absence and presence of inhibitor, 
respectively. 
 
2.6. Computational Chemistry 
All the quantum chemical calculations have been carried out with Gaussian 09 programme package [15-16]. In our 
calculation we have used B3LYP, a hybrid functional of the DFT method, which consists of the Becke’s three 
parameters; exact exchange functional B3 combined with the nonlocal gradient corrected correlation functional of 
Lee-Yang-Par (LYP) has been used along with 6-31G(dp) basis set. In the process of geometry optimisation for the 
fully relaxed method, convergence of all the calculations has been conirmed by the absence of imaginary 
frequencies. The aim of our calculation is to calculate the following quantum chemical indices: the energy of highest 
occupied molecular orbital (EHOMO), the energy of lowest unoccupied molecular orbital (ELUMO), energygap (∆E), 
hardness (η), sotness (σ), electrophilicity index (ω), the fraction of electrons transferred (∆N) from inhibitor 
molecule to the metal surface, and energy change when both processes occur, namely, and correlate these with the 
experimental observations. The electronic populations as well as the Fukui indices and local nucleophilicities are 
computed using different populations analysis MPA (Mulliken population analysis) and NPA (natural population 
analysis) [17-19]. The cationic systems, needed in the calculation of nucleophilic Fukui indices, are taken in the 
same geometry as the neutral system. Our objective, in this study, is to investigate computationally inhibitory action 



Y. Kandri Rodi et al Der Pharma Chemica, 2016, 8 (4):85-95 
_____________________________________________________________________________ 

88 

of quinoline derivative P1 with chloridric acid  in  gas and in aqueous phase  using  B3LYP  method  with  6-
31G(d,p)  basis  set. 
 
2.6.1. Theory and computational details 
Theoretical study of quinoline derivative with chloridric acid as corrosion  inhibitors was done by using the Density 
Functional Theory (DFT) with the B3LYP [20] /6-31G(d,p) method implemented in Gaussian 09 program package.  
 
In  this  study,  some molecular  properties were  calculated  such  as  the  frontier molecular  orbital (HOMO and 
LUMO) energies, energy gap  (EGap), charge distribution, electron affinity  (A),  ionization 
 
Popular qualitative chemical concepts such as electronegativity [21, 22] (χ) and hardness [23] (η) have been 
provided with rigorous definitions within the purview of conceptual density functional theory [24-26] (DFT). 
Electronegativity is the negative of chemical potential defined [27] as follows for an N-electron system with total 
energy E and external potential ν( ) 
 

            (5) 

 
µ is the Lagrange multiplier associated with the normalization constraint of DFT [28, 29]. 
 
Hardness (η) is defined [30] as the corresponding second derivative, 
 

                            (6) 

 
Using a finite difference method, working equations for the calculation of χ and η may be given as [24]: 
 

     or            (7) 

 

     or            (8) 

 
Where I = -EHOMO and A= -ELUMO are the ionization potential and electron affinity respectively. 
 
Local quantities such as Fukui function f(r) defined the reactivity/selectivity of a specific site in a molecule. The 
Fukui function is defined as the first derivative of the electronic density q(r) of a system with respect to the number 
of electrons N at a constant external potential v(r) [31]. 
 

            (9) 

 
Using left and right derivatives with respect to the number of electrons, electrophilic and nucleophilic Fukui 
functions for a site k in a molecule can be defined [32]. 
 

          (10) 
 

            (11) 
 

       (12) 
 
Where, Pk(N), Pk(N+1) and Pk(N-1) are  the natural populations  for  the  atom k  in  the neutral, anionic and cationic 
species respectively. 
The fraction of transferred electrons ∆N was calculated according to Pearson theory [33]. This parameter evaluates 
the electronic flow in a reaction of two systems with different electronegativities, in particular case; a metallic 
surface (Fe) and an inhibitor molecule. ∆N is given as follows:   
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             (13) 

 
where  χFe and  χinh denote  the absolute electronegativity of an  iron atom (Fe) and  the inhibitor molecule, 
respectively;  ηFe and ηinh denote the absolute hardness of Fe atom and the inhibitor molecule,  respectively.  In  
order  to  apply  the  eq.  8  in  the  present  study,  a  theoretical  value  for  the electronegativity of bulk iron was 
used  χFe = 7 eV and a global hardness of ηFe = 0, by assuming that for a metallic bulk I = A because they are softer 
than the neutral metallic atoms [33]. 
 
The electrophilicity has been introduced by Parr et al. [34], is a descriptor of reactivity that allows a quantitative 
classification of the global electrophilic nature of a compound within a relative scale. They have proposed the ω as a 
measure of energy lowering owing to maximal electron flow between donor and acceptor and ω is defined as 
follows. 

                        (14) 

 
The softness σ is defined as the inverse of the η [35] 

                          (15) 

 
RESULTS AND DISCUSSION 

 
3.1. Gravimetric measurements 
The effect of addition of P1 at different concentrations on the corrosion of Mild steel in 1M HCl solution was 
studied by weight loss at 6 h. Table 1 gathers the values deduced of Wcorr and the inhibition efficiency (EW%) 
determined. 
 
Table 1 indicates clearly a decrease in the corrosion rate in the presence of P1. This effect is hugely marked at 
higher concentration of inhibitor P1. The inhibitive action is more explicit by Ew% data which increases with 
inhibitor concentration to reach 93% for P1 at 10−3M to exhibit the best inhibitory action. 
 
Table 1. Corrosion parameters obtained from weight loss measurements for mild steel in 1 M HCl containing various concentrations of 

(P1) at 308 K 
 
 
 
 
 
 
 
 
Adsorption isotherms are very important in determining the mechanism of organic electrochemical reactions. The 
most frequently used adsorption isotherms are Langmuir, Temkin and Frumkin. So several adsorption isotherms 
were tested for the description of adsorption behaviour of studied compound and it is found that adsorption of 
compound under study obeys the Langmuir adsorption isotherm (Figure 1). The experimental result is in good 
agreement with the Langmuir adsorption isotherm, which is represented by the following equation (eq. 16) [36]: 
 
C/θ = 1/Kads + C                (16) 

 
where θ is the degree of surface coverage, Kads is the equilibrium constant of the adsorption process and Cinh is the 
concentration of the inhibitor. 
 
Kads is the equilibrium constant of the adsorption process and is related to the standard Gibbs energy of adsorption, 
∆Gads, according to: 
 
∆Gads = -RTLn(55.55Kads)                   (17) 
 
Where R is the universal gas constant and T is the absolute temperature. The value 55.55 in the above equation is the 
concentration of water in solution in mol/l. Thermodynamic parameters is important to study the inhibitive 
mechanism. The values of Kads, R

2 and ∆Gads are calculated and are (out) given in Table 2. The relation between 

Inhibitor 
Concentration 

(M) 
w 

(mg.cm-2 h-1) 
Ew 
(%) 

1 M HCl -- 0.82 -- 

Inhibitor P1  

10-6 0.45 45 
10-5 0.23 72 
10-4 0.11 87 
10-3 0.06 93 
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Cinh/θ and Cinh is shown in Figure 1. These plots are linear with a slope equal to unity. This suggests that the 
adsorption of P1 on metal surface followed the Langmuir adsorption isotherm [37].  
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Figure 1. Langmuir adsorption isotherm of synthesized P1 on mild steel in 1 M HCl 

 
Table 2: Parameters of the linear regression between C/θ and C and thermodynamic values of adsorption P1 on the steel mild in 1M HCl 

media 
 

Inhibitor  
Linear 

correlation 
Slope K  

∆G°ads 
(kJ mol-1) 

AE1 0.999 1.075 2.53 105 -42.12 

 
The free energy of adsorption ∆G°ads negative values show a spontaneous process, according to the reference, if the 
∆G°

ads value is up to -20 kJ/mol, it is consistent with a physisorption; and those around -40 kJ/mol or higher are 
consistent with chemisorptions. Our results reveal some values in the average of -40 kJ/mol, which means that the 
adsorption of P1 on the mild steel is chemisorption [38]. 
 
3.2. Polarization curves 
Anodic and cathodic polarization curves for mild steel in 1M HCl with and without various concentrations of used 
inhibitor is shown in Figure 2. Various corrosion parameters such as corrosion potential (Ecorr), corrosion current 
density (Icorr) and the inhibition efficiency (Ep%) were determined by Tafel extrapolation method and are given in 
Table 3.  
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Figure 2. Potentiodynamic polarization curves for mild steel in 1 M HCl without and with various concentrations of the inhibitor (P1) 
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It is seen that the addition of inhibitor P1 affects the polarisation curves and consequently decreases Icorr 
significantly for all the studied concentrations, due to increase in the blocked fraction of the electrode surface by 
adsorption. The cathodic current versus potential curves gave rise to Tafel lines indicating that the hydrogen 
evolution reaction is activation-controlled, βc values is quietly modified and then the addition of inhibitor P1 
modifies the mechanism of the proton discharge reaction.  
 
In the anodic domain, the presence of P1 hugely decreases anodic current density, the highest effect is observed with 
P3 and corresponding Ep% attains 94% at 10-3M.  
 

Table 3. Tafel parameters for mild steel corrosion in 1 M HCl without and with various concentrations of the inhibitor (P1) 
 

Inhibitor Concentration 
(M) 

-Ecorr 

(mV/SCE) 
I corr 

(µA/cm2) 
-βc 

(mV/dec) 
Ep 
(%) 

1 M HCl -- 465 1386 184 -- 

Inhibitor (P1) 

10-6 455 676 149 51 
10-5 454 518 203 63 
10-4 458 123 164 91 
10-3 456 83 176 94 

 
From these results we can conclude that the corrosion densities calculated by Tafel extrapolation decreased with 
increasing of inhibitor concentrations. This behaviour reflects that the P1is adsorbed on the anodic sites and hence 
inhibition occurs. This means the inhibitor under investigation acts as a mixed type inhibitor. The corrosion potential 
of the inhibitor containing solution remains almost unchanged to that in the solution without the inhibitor. The 
slopes of the Tafel line decreases indicating that the inhibition effect is caused by adsorbed inhibiting species [39-
40]. 
 
3.3. Electrochemical impedance spectroscopic studies 
Figure 3 presents the Nyquist diagrams obtained in the absence and presence of P1 at different concentrations. The 
impedance parameters calculated are given in Table 4. The charge-transfer resistance values (Rt) were calculated 
from the difference in impedance at lower and higher frequencies as suggested by Tsuru et al. [41]. 
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Figure 3. Nyquist plots for mild steel in 1 M HCl containing different concentrations of (P1) 

 
Results obtained show that Rt increases and Cdl tends to decrease when the concentration of inhibitor increases. A 
decrease in the Cdl values, which can result from a decrease in the local dielectric constant and/or an increase in the 
thickness of the electrical double layer, suggests that the P1 function by adsorption at the metal solution/interface 
[42, 43]. 
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Table 4. AC impedance data of mild steel in 1.0 M HCl acid solution containing different concentrations of (P1) at 308K 
 

 Inhibitor  Concentration (M) 
Rt   

(Ω.cm2) 
Cdl  

 (µf/cm2) 
ERt  
(%) 

1 M HCl -- 14.7 200 -- 

Inhibitor P1 

10-3 405 76 94 
10-4 330 87 93 
10-5 300 93 92 
10-6 220 103 87 

 
From Table 4, it was clear that charge transfer resistance Rt values were increased and the capacitance values Cdl 
decreased with increasing inhibitor P1 concentration. The decrease in the capacitance which can result from a 
decrease in local dielectric constant and/or an increase in the thickness of the electrical double layer, suggests that 
the inhibitor molecules act by adsorption at the metal/solution interface. 
 
The results obtained from EIS measurements are in good agreement with that obtained from potentiodynamic 
polarization and weight loss measurements. 
 
3.4. Quantum chemical study 
The  FMOs  (HOMO  and  LUMO)  are  very  important  for  describing  chemical  reactivity.  The HOMO  
containing  electrons,  represents  the  ability  (EHOMO)  to  donate  an  electron,  whereas,  LUMO haven't  not  
electrons,  as  an  electron  acceptor  represents  the  ability  (ELUMO)  to  obtain  an  electron. The energy  gap  
between  HOMO  and  LUMO  determines  the  kinetic  stability,  chemical  reactivity,  optical polarizability and 
chemical hardness–softness of a compound [44].  
 
Firstly, in this study, we calculated the HOMO and LUMO orbital energies by using B3LYP method with 6-
31G(d,p). All other calculations were performed using the results with some assumptions. The  higher values  of 
EHOMO indicate an increase  for  the  electron  donor  and  this means a better  inhibitory  activity with increasing 
adsorption of  the  inhibitor on  a metal  surface, whereas ELUMO indicates the ability to accept electron of the 
molecule. The adsorption ability of the inhibitor to the metal surface increases with increasing of EHOMO and 
decreasing of ELUMO. The HOMO and LUMO orbital energies and image of P1 were performed and were shown in 
Table 5 and Figure 4. 
 
High ionization energy (IE = 7.09 eV) indicates high stability. The number of electrons transferred (∆N) was also 
calculated and tabulated in Table 5. The ∆N < 3.6 indicates the tendency of a molecule to donate electrons to the 
metal surface [45-46]. 

Table 5. Quantum chemical descriptors of the studied inhibitor at B3LYP/6-31G(d,p)in gas, G and aqueous, A phases 
 

 Phase 
Prameters Gas Aqueous 

Total Energy TE  (eV) -102543,9 -102544,5 
EHOMO  (eV) -7,0923 -4,1327 
ELUMO (eV) -0,6949 -1,9357 
Gap ∆E (eV) 6,3973 2,1969 
Dipole moment  µ (Debye) 3.9510 8,2929 
Ionisation potential  I  (eV) 7,0923 4,1327 
Electron affinity  A 0,6949 1,9357 
Electronegativity  χ 3,8936 3,0342 
Hardness  η 3,1987 1,0985 
Electrophilicity index  ω 2,3697 4,1904 
Softness  σ 0,3126 0,9103 
Fractions of  electron transferred  ∆N 0,4855 1,8051 

 
The calculated values of the fk

+ for all inhibitors are mostly localized on the pyridopyrazine ring. Namely C2, C8, C9, 
O11, O12 and N15, indicating that the pyridopyrazine ring will probably be the favorite site for nucleophilic attacks 
[47-48]. 
 
The results also show that O11 and O12 atoms are suitable sites to undergo both nucleophilic and electrophilic 
attacks, probably allowing them to adsorb easily and strongly on the mild steel surface. 
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Table 6.  Pertinent  natural  populations  and  Fukui  functions  of  the  studied  inhibitors  calculated  at B3LYP/6-31G(d,p) in gas, G 
and aqueous, A phases 

 
Atom k Phase P(N) P(N+1) P(N-1) fk

+ fk
- fk

0 

C2 
G 6,2542 6,3797 6,2385 0,1256 0,0157 0,0706 
A 6,2455 6,3494 6,2334 0,1039 0,0121 0,0580 

C8 
G 5,3839 5,4718 5,3809 0,0879 0,0030 0,0455 
A 5,3762 5,4891 5,3597 0,1129 0,0165 0,0647 

C9 
G 5,3816 5,4721 5,3828 0,0905 -0,0012 0,0446 
A 5,3776 5,4899 5,3617 0,1124 0,0159 0,0641 

O11 
G 8,5502 8,6590 8,4409 0,1088 0,1094 0,1091 
A 8,5898 8,7139 8,4900 0,1241 0,0998 0,1119 

O12 
G 8,5517 8,6594 8,4586 0,1077 0,0931 0,1004 
A 8,5909 8,7137 8,5011 0,1229 0,0898 0,1063 

N15 
G 7,4666 7,5666 7,4557 0,1000 0,0109 0,0555 
A 7,4845 7,5612 7,4624 0,0767 0,0221 0,0494 

 

4.67 A

   
9.60 A

 
 

Figure 4. Optimized molecular structures of the studied inhibitor calculated in gas and aqueous phases at B3LYP/6-31G(d,p) level  of  P1 
 

After the analysis of the theoretical results, we can say that the acetate groups are farthest in aqueous phase (C36-
C37= 9.60 Å) than as the gas phase (C36-C37=4.67 Å) 
 

Table 7. The  HOMO  and  the  LUMO  electrons  density  distributions  of  the  studied   inhibitors computed at B3LYP/6-31G (d,p) 
level in gas and aqueous phases 

 
phase HOMO LUMO 

 
 

Gas 

 
 

 
 

Aqueous 

  

 
CONCLUSION 

 
On the basis of these results, the following conclusions may be drawn: 
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� P1 inhibit the corrosion of mild steel in 1M HCl.  
� The inhibition efficiency increases with increasing of inhibitor concentration to attain a maximum value of 94 % 
at 10-3 M. 
� Polarisation study shows that P1 act as mixed-type inhibitor. 
� In determining the corrosion, electrochemical studies and weight loss measurements give similar results. 
� The calculated quantum chemical parameters such as HOMO-LUMO gap, EHOMO, ELUMO, dipole moment (µ) and 
total energy (TE) were found to give reasonably good correlation with the efficiency of the corrosion inhibition. 
� We can also say that the acetate group distances are hisgher in aqueous phase than gas phase.  
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