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1. Introduction 

Quinoxaline derivatives are an important class of heterocyclic compounds, in which N replaces one or more 

carbon atoms of the naphthalene ring [1]. They are important in industry due to their ability to inhibit the metal 

corrosion [2-5], in the preparation of the porphyrins, since their structure is similar to the chromophores in the 

natural system, and also in the electroluminescent materials [6]. In pharmacological industry, they have 

absorbed a great deal of attention due to their wide spectrum of biological properties [1, 7-10]. For example, 

they can be used against bacteria, fungi, virus, leishmania, tuberculosis, malaria, cancer, depression, and 

neurological activities, among others. The quinoxaline structural nucleus renders all these activities possible. 

Quinoxaline structure acts as a precursor to assembly a large number of new compounds for diverse applications 

[1]. Recent demonstrations showed that 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione derivatives act a 

good inhibitor for the corrosion of mild steel in 1M HCl [11] Figure 1. 

 

2. Experimental  
2.1. Materials  

In this study our material was the mild steel with a chemical composition (in wt %) of 0.09 % P; 0.38 % Si; 0.01 

% Al; 0.05 % Mn; 0.21 % C; 0.05 % S and the remainder iron (Fe). Two batches of tests were performed, we 

report here on the average values.  
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Abstract 

The inhibitory effect of 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2)  on the 

corrosion of mild steel in 1 M hydrochloric acid was studied using mass loss, 

potentiodynamic polarization technique and electrochemical impedance spectroscopy 

measurements at 308K. The investigation results indicate that the Quinoxaline derivative 

with an average efficiency of 86% at 10-3M of additive concentration have fairly 

effective inhibiting properties for mild steel in hydrochloric acid, and acts as cathodic 

type inhibitor character. The inhibition efficiencies measured by all measurements show 

that the inhibition efficiencies increase with increase in inhibitor concentration. This 

reveals that the inhibitive mechanism of inhibitors was primarily due to adsorption on 

mild steel surface, and followed Langmuir adsorption isotherm. Moreover, to provide 

further insight into the mechanism of inhibition, quantum chemical calculations of the 

inhibitor were performed. 
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Figure 1 : Chemical structure of 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2). 

 

2.2. Synthesis of inhibitor 

 Synthesis of 6-methyl-1,4-dihydroquinoxaline-2,3-dione (1) 

To a solution of 4-methyl-o-phenylenediamine 1 (8 mmol) was added oxalic acid 2 (8 mmol) in 16 ml of 

hydrochloric acid (4M). The mixture was refluxed for 4 hours. The black precipitate obtained is washed several 

times with distilled water (Scheme1). 
 

 Synthesis of inhibitor 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2). 

To a solution of 6-methyl-1,4-dihydroquinoxaline-2,3-dione 0,3g (1,73 mmol) in DMF (20 ml), were added 

0.47g (3,61 mmol) of potassium carbonate and 0,1 mmol of tetra-n-butyl ammonium bromide (TBAB). After 10 

minutes of stirring 3,46 mmol of allyl bromide was added, then the mixture was allowed to stir at room 

temperature for 12 hours. After filtration of salts, the solution was evaporated under reduced pressure and the 

residue obtained was dissolved in dichloromethane, the organic phase was dried over Na2SO4 and then 

concentrated. The mixture obtained was chromatographed on silica gel column (eluent: hexane/ethylacetate 

(3/1)) (Scheme1). 

 
Scheme 1. Synthesis of 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2). 

The analytical and spectroscopic data are conforming to structures of compounds (1) and (2) formed. 
1
H-NMR 

and 
13

C-NMR spectrums of compound (2) are showed below (Figure 2). 

  

Figure 2: 
1
H-NMR and 

13
C-NMR spectrums of 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2). 
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(1):Yield: 90%; mp: 536K; RMN
1
H (DMSO-d6) δ ppm: 2,26 (s, 3H, CH3) ; 6,87-7,28 (m, 3H, CHarom) ; 

11,83 (s, 2H, 2 NH);RMN
13

C (DMSO-d6) δ ppm: 155,76 (C=O) ; 155,44 (C=O) ; 132,73 (Cq) ; 125,92 (Cq) ; 

124,23 (CHarom) ; 123,76 (Cq) ; 115,61 (CHarom) ; 115,44 (CHarom) ; 21,01 (CH3). 

(2):Yield: 92%; mp: 306K; RMN
1
H (DMSO-d6) δ ppm: 2,40 (s, 3H, CH3) ; 4,87 (m, 4H, 2CH=CH2) ; 5,31 

(m, 4H, 2N-CH2) ; 5,94 (m, 2H, 2CH=CH2) ;7,03-7,15 (m, 3H, CHarom) ; RMN
13

C (DMSO-d6) δ ppm: 154,22 

(C=O) ; 153,81 (C=O) ; 134,13 (Cq) ; 130,56 (CHarom) ;126,52 (Cq) ; 124,85 (2CHarom) ; 124,75 

(CHarom) ;124,40 (Cq) ; 118,19 (2CH2) ; 116,01 (CH=CH2) ; 115,51 (CH=CH2) ; 45,45 (N-CH2) ;45,39 (N-

CH2) ; 28,90 (2CH2) ; 21,12 (CH3). 
 

2.3. Materials and solutions  

2.3.1. Weight loss measurement  

the gravimetric study were performed using sheets in dimensions of 1.5cm x 1.5cm x 0.25cm, in order to 

prepare the specimens, the sheets were abraded by different grades of emery papers (180, 400, 800, 1000, 1200), 

and washed by bidistilled wated, degreased by acetone and dried. The experiments carried out in 1M HCl 

medium, triplicate experiences were made to ensure the reproducibility. The inhibition efficiency Ew% was 

calculated using the following equation: 

𝑬𝑾(%) =
Wcorr −Wcorr /inh

Wcorr
× 100 Wcorr    (1) 

 Wcorr and Wcorr/inh are the corrosion rate of steel without and with inhibitors, respectively. 
 

2.3.2. Electrochemical measurements  

Electrochemical experiments were recorder using a potentiostat PGZ 100 piloted by Voltamaster software, the 

electrochemical measurements were carried out in conventional three electrode electrolysis cylindrical Pyrex 

glass cell. The working electrode (WE) has the form of a disc cut from the steel sheet, the area that is exposed to 

the corrosive solution was 1 cm
2
.A satured calomel electrode (SCE) and a platinum electrode were used 

respectively as reference and auxiliary electrode. The temperature of the cell was controlled by a 

thermostatically at 308 K. Before start any test, it is necessary that the potential must stabilized for 30 min. 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. Each experiment was 

repeated at least three times to check the reproducibility.  

The inhibition efficiency was calculated from the charge transfer resistance values using the following equation: 

E% = ((Rct- R
0
ct) / Rct) x100    (2) 

Rct and R
0

ct are the charge transfer resistance in absence and in presence of inhibitor, respectively.  

The polarisation curves are obtained from −800 mV to −200 mV with a scan rate equal 1mV per second vs. free 

corrosion potential (Ecorr vs. SCE). The inhibition efficiency was evaluated from the measured Icorr values using 

the following relationship:                     

EI % =
 𝐼corr −  𝐼corr(i) 

𝐼corr
x100    (𝟑) 

Where Icorr and Icorr(i) are the corrosion current densities for steel electrode in the uninhibited and inhibited 

solutions, respectively. 
 

2.3. Theory and computational details 

Quantum chemical calculations are used to correlate experimental data for inhibitors obtained from different 

techniques (viz., electrochemical and weight loss) and their structural and electronic properties. According to 

Koop man's theorem [12], EHOMO and ELUMO of the inhibitor molecule are related to the ionization potential (I) 

and the electron affinity (A), respectively. The ionization potential and the electron affinity are defined as I = 

−EHOMO and A = −ELUMO, respectively. Then absolute electronegativity (χ) and global hardness (η) of the 

inhibitor molecule are approximated as follows [13]: 
 

χ =
I+A

2
  ,  χ = −

1

2
(EHOMO – ELUMO)       (4) 
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η =
I−A

2
  , η = −

1

2
(EHOMO – ELUMO)    (5) 

Where I = -EHOMO and A= -ELUMO are the ionization potential and electron affinity respectively.  

The fraction of transferred electrons ΔN was calculated according to Pearson theory [12]. 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. ΔN is given as follows:   
 

𝛥𝑁 =  
𝜒𝐹𝑒 −𝜒 𝑖𝑛 ℎ

2(𝜂𝐹𝑒 +𝜂𝑖𝑛 ℎ )
       (6) 

Where χFeand χinh denote the absolute electronegativity of an iron atom (Fe) and the inhibitor molecule, 

respectively; ηFe and ηinh denote the absolute hardness ofFe atom and the inhibitor molecule, respectively. In 

order to apply the eq.6  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 [14]. The electrophilicity has been introduced by Sastri and al. [13], 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. 

𝜔 =
𝜒2

2𝜂
       (7) 

The Softness σ is defined as the inverse of the η [15] 

𝜎 =
1

𝜂
     (8) 

3. Results and discussion 
3.1. Weight loss measurement  

Table 1 shows the weight loss measurement results and inhibition efficiencies for varying concentrations of 

inhibitor 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2) in HCl 1M at 308 K. The amount of weight loss 

is seen to decrease with increasing additive concentration for each compound. Instead, the highest inhibition 

efficiencies is observed for 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2)  and reach until 86% at 10
-

3
M. The variation of the inhibition efficiency (Ew%) versus the concentration for both molecule is illustrated in 

Figure 3. The inspection of these data reveals that the protection efficiency increases with increasing the 

concentration of the inhibitor and reaches a maximum (86%) at 10
-3

M. 
 

Table 1 : Corrosion rate and inhibition efficiency in absence and presence of inhibitor in 1M HCl. 

Concentrations  wcorr (mg/cm
2
 .h) Θ E (%) 

HCl (1M) 0.826 -- -- 

10
-6

M 0.412 0.50 50 

10
-5

M 0.306 0.63 63 

10
-4

M 0.234 0.72 72 

  10
-3

M 0.119 0.86 86 

 

3.2. Adsorption isotherm and thermodynamic parameter:  

The relationship between the surface covered θ and the concentration C is a practical method to read out nature 

of adsorption isotherm by fitting graphics to various isotherms [16].As the Figure 4 shows the adsorption 

isotherm plots for each inhibitor, Langmuir’s isotherm seems to be the best-fitting model for the experiment 

results, it assumes that the solid surface contains a fixed number of adsorption sites and each site holds one 

adsorbed species[17]. The following equation is applied: 
𝐶

𝜃
=

1

K
+ 𝐶      (9) 

Where Cinh is the concentration of inhibitor, Kads is the adsorptive equilibrium constant of the adsoption process 

which is related to the the standard Gibbs energy of adsorption, ΔGads to the following equation [18]:  



 

Zouhair et al., J. Mater. Environ. Sci., 2017, 8 (11), pp. 4105-4116 4109 

 
 
 

∆𝐺𝑎𝑑𝑠 = −𝑅𝑇. 𝑙𝑛(55,5. 𝐾) (10) 

where R is the universal gas constant, T is the thermodynamic temperature and the value of 55.5 is the 

concentration of water in the solution in mol/L. 
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Figure 3: Variation of the inhibition efficiency with the inhibitor 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-

dione (2) concentration in 1M HCl. 

 

The results are listed in Table 2, a very good fit is observed with the regression coefficients up to 0.99, which 

suggests that the experimental data are well described by Langmuir isotherm. From the intercepts of the straight 

lines Cinh/h-axis, the Kadsvalues were calculated and given in Table 2. The calculated ΔGads values, using Eq. 

(10), were also given in Table 2. The large negative values of ΔGads ensure the spontaneity of the adsorption 

process and the stability of the adsorbed layer on the mild steel surface as well as a strong interaction between 

inhibitors and the metal surface [19]. Figure 4 Langmuir isotherm adsorption model of each inhibitors on steel 

surface in HCl 1M solution.  
 

Table 3: Thermodynamics parameters adsorption of inhibitor 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-

dione (2) on the steel mild in HCl 1M media. 
 

Inhibitor Slope R
2
 Kads  (M

-1
) ∆G°ads (kJ mol

-1
) 

(2) 1.16224 0.999 1.09 10
5
 -34.03 

 

Generally, the energy values of -20 kJ.mol
-1

or less negative are associated with an electrostatic interaction 

between charged molecules and charged metal surface, physisorption; those of -40 kJ.mol
-1

or more negative 

involve charge sharing or transfer from the inhibitor molecules to the metal surface to form a coordinate 

covalent bond, chemisorption[20], in our case, the values of ΔGadsrang from -30 kJ.mol
-1

to -40 kJ.mol
-1

(table 3) 

it is suggested that adsorption of our molecules involves two type of interaction, chemisorption and 

physisorption.  

 

3.3. Electrochemical Measurements 

3.3.1. Tafel Polarization Study 

The representative potentiodynamic polarization curves of the mild steel electrode, which were obtained in 1M 

HCl solution in the absence and presence of various concentrations of 1,4-diallyl-6-methylquinoxaline-

2,3(1H,4H)-dione (2) are given in Figure 5. In order to obtain information about the kinetics of the corrosion, 

some electrochemical parameters, i.e., corrosion potential (Ecorr), corrosion current density (Icorr) and cathodic 

(βc) Tafel slopes and inhibition efficiency (Ep %) values were calculated from the corresponding polarization 

curves and the obtained data are given in Table 4. 
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0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

0.0000

0.0002

0.0004
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0.0008

0.0010

0.0012

0.0014

Linear Regression for Data1_B:

Y = A + B * X

Parameter Value Error

------------------------------------------------------------

A 9.16233E-6 7.45375E-6

B 1.16224 0.01483

------------------------------------------------------------

R SD N P

------------------------------------------------------------

0.99984 1.24235E-5 4 1.62834E-4

------------------------------------------------------------
C

/

C(M)

 
Figure 4: C/θ versus C plots for mild steel in 1 M HCl at 308K at the presence of θis mean values of surface 

coverage from potentiodynamic polarization measurements). 

-800 -700 -600 -500 -400 -300 -200

-3

-2

-1

0

1

2

L
o

g
 I
( 

m
A

 /
 c

m
2
 )

E (mV / SCE)

 HCl 1M

 10
-3
M

 10
-4
M

 10
-5
M

 10
-6
M

 
Figure 5: Polarization curves of steel mild in1.0 M HCl with and different concentrations of 1,4-diallyl-6-

methylquinoxaline-2,3(1H,4H)-dione (2) at 308K. 

 

It can be noticed that the curves shift towards lower current density region in the presence of the inhibitor 

compared to the blank acid medium. This suggests that the studiedcompound1,4-diallyl-6-methylquinoxaline-

2,3(1H,4H)-dione (2) reduce the corrosion current and therefore reduce the corrosion rate. The suppression 

effect becomes more pronounced with the increase of the concentration of inhibitor 1,4-diallyl-6-

methylquinoxaline-2,3(1H,4H)-dione (2).The polarization curves also exhibit shifts in potential towards more 

cathodic regions relative to the acid blank. We can classify an inhibitor as cathodic or anodic type if the 

displacement in corrosion potential is more than 85 mV with respect to corrosion potential of the blank [21, 

22].In the presence of inhibitor1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2), the corrosion potential of 

mild steel shifted to the negative side only 18 mV (vs. SCE) for 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-

dione (2).This can be interpreted that tested inhibitor acts as a mixed type inhibitor and shows more pronounced 

influence in the cathodic polarization plots compared to that in the anodic plots. The data in Table 4 reveals that 

when the concentration of 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2).increased, the inhibition 

efficiency increases and the corrosion current density decreases sharply. This may be due to the adsorption layer 

of the inhibitor on the metal surface 
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Table 4: Polarization parameter for the corrosion of steel in HCl 1M acid with and without 1,4-diallyl-6-

methylquinoxaline-2,3(1H,4H)-dione (2) at 308K. 

Inhibitor Concentration 

(M) 

-Ecorr Icorr 

(μA/cm
2
) 

-βc 

 

E 

(%) 

1M HCl - 465 1386 184 -- 

(2) 

10
-6

 449 591 185 59 

10
-5

 447 432 175 70 

10
-4

 451 250 191 84 

10
-3

 448 137 183 89 
 

3.3.2. Electrochemical impedance spectroscopy (EIS)   

The corrosion behavior of mild steel in 1M HCl solution with and without inhibitor 1,4-diallyl-6-

methylquinoxaline-2,3(1H,4H)-dione (2) is also investigated by the electrochemical impedance spectroscopy 

(EIS) at 308 K after 30 min of immersion, The Figure 6 and Figure 7 shows the Nyquist and Bode diagrams 

obtained at open-circuit potential, when adding inhibitor 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2) 

to the aggressive medium it always lead to an increase in the large of the semi circles curve of impedance 

diagrams by increasing the concentration of each inhibitor likewise the inhibition efficiencies.  

 

Figure 6 : Impedance diagrams for the corrosion of steel in HCl 1M with and without inhibitor at 308K at Ecorr. 

 

Figure 7 : Electrochemical impedance Bode-Phase plots of mild steel in 1 M HCl with different concentration 

of 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2).at OCP and 308K. 
 

In order to determine the impedance parameters from the experimental results, the data were fitted to the 

electrical equivalent circuit using the Zview software. Figure 8 represents the electrical equivalent circuit in the 
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absence and presence of inhibitor 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2). Excellent fit results in 

Figure 9 were obtained using this circuit. In the equivalent circuit, Rs is the uncompensated solution resistance, 

Rct refers to the charge-transfer resistance and CPE is the constant phase element (CPE). The calculated 

impedance parameters derived from the complex plane plots are given in Table 5. In this case, due to the 

depression resulted by surface heterogeneity at a micro- or nano-level, such as the surface roughness/porosity, 

adsorption or diffusion, an acceptable fit could be obtained only if a CPE is used instead of capacitance in the 

equivalent circuit models [23-24].  
 

Table 5 : EIS parameter for the corrosion of mild steel in HCl 1M acid with and without inhibitor at 308K. 

      Concentration     

     (M) 

 

Prameters 

1M HCl 10
-6

 10
-5

 10
-4

 10
-3

 

Real Center 9.25 35.34 44.25 51.02 61.06 

Imag. Center 1.62 15.63 8.58 18.02 16.95 

Diameter 15.13 74.54 86.04 104.19 121.67 

n 0.81 0.78 0.84 0.81 0.79 

Low Intercept  Rs(Ω.cm
2
) 1.86 1.50 2.10 2.13 2.63 

High Intercept Rt(Ω.cm
2
) 16.64 69.17 86.41 99.90 119.49 

Depression Angle 12.42 24.80 11.51 20.23 16.18 

ωmax( rad s
-1

) 929.60 154.01 306.93 149.09 134.08 

EstimatedRt(Ω.cm
2
) 14.78 67.67 84.30 97.76 116.85 

Estimated Cdl(F.cm
-2

) 7.11 E-5 6.7098E-5 5.7867E-5 4.4372E-5 4.13E-5 

E (%) -- 77 82 84 88 

 

 

Figure 8 : EIS Nyquist and Bode diagrams 3D for mild steel/1 M HCl + Inhibitor interface: (------) 

experimental; (------) fitted data. 
 

As evident from Table 5, the values of charge-transfer resistance have increased with increasing the inhibitor 

concentration. This may be attributed to the decrease in local dielectric constant and/or to the increase in the 

thickness of the electrical double layer [25-26]. These results suggest that the 1,4-diallyl-6-methylquinoxaline-

2,3(1H,4H)-dione (2) act just via adsorption at the metal/solution interface.  

The dissolution mechanism could be predicted by the values of phase shift (n) as an indicator. It is clear that, no 

significant change in the value of n is observed after addition of various concentrations 1,4-diallyl-6-
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methylquinoxaline-2,3(1H,4H)-dione (2) (Table 5). The almost invariable values of n indicates that the charge 

transfer process controls the dissolution mechanism in both the absence and presence of various concentrations 

of 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2) [27].  
 

 

Figure 9 : Equivalent circuit used to model metal/solution interface of mild steel in 1 M HCl in the absence and 

presence of inhibitor (for equivalent circuit diagram, Rs: uncompensated solution resistance, Rct: charge-transfer 

resistance and CPE: constant phase element. 
 

3.4. Quantum chemical calculations 

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 [28]. Firstly, in this paper, 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 E HOMO indicate an increase for the electron donor and this means a better 

inhibitory activity with increasing adsorption of the inhibitor on a metal surface, where as 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 1,4-

diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2) were performed and were shown in Table 6 and Figure 10. 

High ionization (I= 6.741 eV, I= 6.940 eV in gas and aqueous phases respectively) indicates high stability [29], 

the number of electrons transferred (ΔN) was also calculated and tabulated in Table 6. The ΔN < 3.6 indicates 

the tendency of a molecule to donate electrons to the metal surface [30-31]. 
 

Table 6 : Quantum chemical descriptors of the studied inhibitors at B3LYP/6-31 G** in gas, G and aqueous, A 

phases and the inhibition efficiencies as given in [32, 33]. 

 Phase  

Prameters Gas Aqueous 

Total Energy TE  (eV) -16537.4 -16537.9 

EHOMO  (eV) -6.741 -6.940 

ELUMO (eV) 0.007 0.110 

Gap ΔE (eV) 6.748 7.050 

Dipole moment  µ (Debye) 5.761 7.773 

Ionisation potential  I  (eV) 6.741 6.940 

Electron affinity  A -0.007 -0.110 

Electronegativity  χ 3.367 3.415 

Hardness  η 3.374 3.525 

Electrophilicity index  ω 1.680 1.654 

Softness  σ 0.296 0.283 

Fractions of  electron transferred    ΔN 0.538 0.508 
 

The final optimized geometries of (2) in gas and aqueous, selected valence bond angle and dihedral angles and 

bond lengths are given in Figure 10. 
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(2) Gas phase                                                        (2) Aqueous phase 

 

Figure 10. Optimized molecular structures, selected  dihedral angles (red), valence bond angle (blue)  and bond 

lengths (black) of the studied inhibitors calculated in gas and aqueous phases at B3LYP/6-31G(d,p) level of (2) 

 
Table 8  : 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. 
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After the analysis of the theoretical results obtained, we can say that the molecule (2) have a non-planar 

structure. The inhibition efficiency afforded by the quinoxaline derivative (2) may be attributed to the presence 

of electron rich O.  

3.5. Scanning electron microscopy 

The surface analysis of mild steel immersed in HCl and inhibitor was done. It is clear from the Figure 11 (a, b, 

c) showing the SEM micrographs of polished mild steel, mild steel immersed in HCl and mild steel immersed in 

inhibitor solution that (b) has rough surface with cavities and pores whereas (c) has lesser cavities and less 

rough surface. Thus, it can be thought of an evidence of adsorption of inhibitor on the surface of mild steel [34]. 
 

 
Figure 11: SEM images for a) Polished mild steel, b) mild steel in HCl, c) mild steel in Inhibitor. 

The morphology in figure (11c) shows a rough surface, characteristic of uniform corrosion of mild steel in 

acidic medium, as previously reported, that corrosion does not occur in presence of inhibitor and hence 

corrosion was inhibited strongly when the inhibitor was present in the hydrochloric, and the surface layer is very 

rough. In contrast, in the presence of 10
-3

M of 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2), there is 

much less damage on the mild steel surface, which further confirms the inhibition action. Also, there is an 

adsorbed film on mild steel surface (Figure (11c)). In accordance, it might be concluded that the adsorption film 

can efficiently inhibits the corrosion of mild steel. 

 

Conclusion  

The corrosion inhibition of mild steel in 1.0 M HCl solutions by 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-

dione (2) was studied using common electrochemical techniques and quantum chemical calculations by DFT. 

According to experimental and theoretical findings, it could be concluded that:  

 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2) is a good corrosion inhibitor for the mild steel 

protection in both acid solutions. The inhibitory efficiency of this compound depends on its 

concentration in both acid solution.  

 EIS plots indicated that Rct values increase and Cdl values decrease with increasing inhibitor 

concentration.  

 Polarization curves indicated that 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2) act as mixt 

type inhibitor.  

 The adsorption of 1,4-diallyl-6-methylquinoxaline-2,3(1H,4H)-dione (2) on the steel surface follow 

Langmuir adsorption isotherm. The thermodynamic parameters suggest that this inhibitor is strongly 

adsorbed on the mild steel surface.  

 The quantum chemical parameters (such as EHOMO, ELUMO, and dipolar moment) are obtained and 

discussed in view of experimental results.  

 Both experimental and quantum chemical results showed that the inhibition efficiency of 1,4-diallyl-6-

methylquinoxaline-2,3(1H,4H)-dione (2) is affected by the heteroatoms and π-system presented in our 

compound.  
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