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INTRODUCTION

Aqueous corrosion of many metals and alloys can be
retarded by the organic compounds that have demonstrated a
great effectiveness in reduction the aqueous corrosion [1,2].
Recently, these safe compounds are used as inhibitors because
of their good effectiveness. The adsorbtion of these compounds
on metallic surfaces in acid solutions is to slow down the
cathodic and/or the anodic process of dissolution of the metal.
Such effect is obtained by forming a barrier of diffusion or by
means of the blockage of the reaction sites. The synthesis of
new pyrazolic, bipyrazolic and tripyrazole compounds that
include several heteroatoms and several substituents is very
easy method. It is well known that pyrazole [3-6], bipyrazole
[7-12], tripyrazole [13], triazole [14-20] and tetrazole [21-24]
derivative compounds are excellent inhibitors for many metals
aggressive solutions. The aim of this work is devoted to study
the inhibition characteristics of these compounds for acid
corrosion of mild steel using weight loss and electrochemical
methods. From experimental data of the studies of inhibition
process at different temperatures, thermodynamic parameters
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are obtained and discussed. The inhibition action of bipyrazole
derivatives (Fig. 1) was performed by density functional theory
(DFT) and molecular dynamic (MCs) simulation as powerful
tools for designing and to correlate molecular structure to
electronic calculations.
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M1: N,N’-bis[(3,5-dimethyl-1H-pyrazol-1-yl)methyl]-N,N’-
dimethylethane-1,2-diamine; M2: N,N’-bis[(3-ethylcarboxylate-5-

methyl-1H-pyrazol-1-yl) methyl]-N,N’-dimethyl ethane-1,2-diamine

Fig. 1. Synthesis of new bipyrazole derivatives



EXPERIMENTAL

Specimen and solution preparation: Coupons of commer-
cial sheets of mild steel (containing in wt %: 0.09 % P, 0.38 %
Si, 0.01 % Al, 0.05 % Mn, 0.21 % C, 0.05 % S and the remainder
iron) were used for chemical and electrochemical studies. The
surface was abraded using emery paper nos. 260, 400 and 1200;
they were degreased with AR grade ethanol, acetone and dried
at room temperature before use. The test solutions (1 M HCl)
were prepared by dilution of an analytical reagent grade 37 %
HCl with doubly distilled water.

Weight loss measurements: The steel specimens used
had a rectangular form (1.5 cm × 1.5 cm × 0.05 cm), was
completely immersed at a double walled glass cell equipped
with a thermostat-cooling condenser containing 100 mL test
solution for duplicate experiments weight loss measurements
for 6 h at 308 K. After the weight loss test, the electrode was
withdrawn, rinsed with doubly distilled water, washed with
ethanol, dried and weighed. The mean value of the weight
loss has been recorded. The weight loss was used to calculate
the corrosion rate (W) in milligrams per square centimetre
per hour (mg/cm2 h).

Potentiodynamic measurements: Potentiodynamic tests
were carried out in three-electrode cylindrical glass cell. The
working electrode was a disc of 1 cm2 mild steel. A platine
electrode and saturated calomel electrode (SCE) were used as
auxiliary and reference electrodes, respectively. The potentio-
dynamic curves were recorded with a potentiostat type AMEL
550 using a linear sweep generator type AMEL 567 at scan
rate of 30 mV/min. Before each cathodic curve, the mild steel
electrode was polarized at 800 mV/SCE for10 min. For anodic
polarization curves, the potential of the working electrode was
swept from its open circuit potential value after 30 min at rest.
The test solutions were de-aerated with nitrogen. The nitrogen
bubbling was maintained in the solutions during the electrode
chemical measurements.

Electrochemical impedance spectroscopy (EIS): The
electrochemical system (Tacussel) included a digital potentio-
stat model Voltalab PGZ 100 computer for EIS measurements
in the Nyquist representation. The measurements were carried
out at Ecorr after immersion the mild steel in solution without
bubbling. Circular surface of working electrode was about 1
cm2. Sine wave voltage (10 mV) peak to peak, at frequencies
between 100 kHz and 10 MHz was superimposed on the rest
potential after steady-state current after 30 min of exposure at
a given potential. The cell was thermostated at 308 K.

Quantum chemical calculations: Full geometry optimi-
zations of the investigated inhibitors (M1 and M2) have been
performed by B3LYP/6-31G** level of theory using Gaussian
software 09 [25]. The quantum chemical parameters of M1
and M2 such as the energies of highest occupied molecular
orbital (EHOMO) and the lowest unoccupied molecular orbital
(ELUMO), the energy gap (∆E) between EHOMO and ELUMO, dipole
moment (µ), ionization potential (I), electron affinity (A),
global hardness (η), global electrophilicity index (χ), softness
(S) and back donation energy (∆Eback donation) and total energy
charge were used to explicate the electron transfer mechanism
between one inhibitor molecule onto the mild steel surface in
aqueous solution.

Molecular dynamics (Monte Carlo) simulation measure-

ments: The Monte Carlo (molecular dynamic) simulation
(MCs) was carried out using Materials Studio DMol3 code
and Adsorption locator commercialized by Accelery Materials
Studio version 8.0 [26].

The geometry optimization of investigation molecular
structures (one of M1/M2 molecules) are performed with DMol3

code. The generalized-gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional and the double numerical plus polarization (DNP+)
basis set was used [27]. The simulation was carried out with
iron (111) crystal with a slab of 5 Å in depth with periodic
boundary circumstances in order to simulate a representative
part of an interface devoid of any arbitrary boundary effects.
The simulation was carried out in a simulation box (30 Å ×
30 Å × 35 Å) with periodic boundary conditions in order to
simulate a representative part of an interface devoid of any
arbitrary boundary effects. After minimizing the Fe (111) surface
and one of (M1/M2) molecules in water solvent molecules
(30H2O), the corrosion system will be built by layer builder to
place the (M1/M2) molecules on the iron (111) surface and the
adsorption of bipyrazole derivatives on the iron (111) surface
were simulated using the COMPASS (condensed phase opti-
mized molecular potentials for atomistic simulation studies)
force field [28]. The lower energies adsorption centers are
identified by carrying out a MCs search of the configurationally
space for (M1 & M2)/Fe (111) system [29,30]. All calculations
related to the single and neutral form of bipyrazole derivatives
and iron (111) surface obtained by Dmol3 code and adsorption
locator module are done in 30 molecules of water.

RESULTS AND DISCUSSION

Weight loss measurements: Table-1 collects the corrosion
rate of mild steel in 1 M HCl (W0

corr) and at various amount of
M1 and M2 (Wcorr) determined at 308 K after 1h of immersion
rate and inhibition efficiencies E %, determined by eqn. 1:

corr corr ' inh

corr

W W
E (%) 100

W

 −
= × 
 

(1)

where Wcorr and W°corr are the corrosion rates of mild steel
with and without bipyrazole derivatives.

TABLE-1 
GRAVIMETRIC RESULTS OF MILD STEEL IN  

1 M HCl WITH AND WITHOUT THE BIPYRAZOLE  
DERIVATIVES AT VARIOUS CONCENTRATIONS 

Inhibitors C (M) W (mg/cm2 h) Ew (%) θ 

Blank 1 1.855 × 10-3 - - 
10-3 2.550 × 10-4 87.00 0.8700 

5 × 10-4 3.880 × 10-4 79.08 0.7908 
10-4 1.200 × 10-3 35.00 0.3500 

5 × 10-5 1.285 × 10-3 31.00 0.3100 
10-5 1.651 × 10-3 11.00 0.1100 

M1 

10-6 1.720 × 10-3 08.00 0.0800 
10-3 8.830 × 10-5 95.23 0.9523 

5 × 10-4 1.782 × 10-4 90.40 0.9040 
10-4 2.110 × 10-4 88.62 0.8862 

5 × 10-5 2.520 × 10-4 86.41 0.8641 
10-5 4.854 × 10-4 73.83 0.7383 

M2 

10-6 7.526 × 10-4 59.42 0.5942 
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The presence of compounds decreases the corrosion rate
in HCl solution. The inhibitory effect increases with increasing
concentration of bipyrazoles derivatives. The inhibition
efficiency (E %) reaches a maximum of 95 % at 10-3 M for
M2. The presence of the ester group in M2 which has mesomer
effect, reinforce the effectiveness of it compared to inductive
effect by methyl in M1. The interaction between π-electrons
of the pyrazole rings and heteroatom with positively charged
steel surface increase the protective properties of these
compounds [31,32]. Generally (M1 and M2) compounds can
be defined as good inhibitors of steel corrosion in 1 M HCl
solution.

Electrochemecal polarization measurements: The inhi-
bition efficiency (E %) from polarization method was deter-
mines using eqn. 2:

corr
I o

corr

i
E 100 1

i

 
= × − 

 
(2)

where i°corr and icorr are the uninhibited and inhibited corrosion
current densities, respectively. Polarization behaviour of mild
steel in 1 M HCl is shown in Fig. 2, in the presence and absence
of inhibitors. The values of corrosion current (icorr), corrosion
potential (Ecorr), cathodic Tafel slope (βc) and inhibition effi-
ciency (E %), are shown in Table-2.

TABLE-2 
POLARIZATION PARAMETERS FOR STEEL IN ACID  
AT DIFFERENT CONTENTS OF M1 AND M2 AT 308 K 

Inhibitors C (M) Ecorr 

(mv/SCE) 
icorr 

(mA/cm2) 

βc 

(mV/dec) 
EI (%) 

HCl 1 M -478.0 0.5735 -152.0 – 
10-6 -469.7 0.4744 -145.2 17.30 
10-5 -476.7 0.3797 -201.2 33.80 
10-4 -470.5 0.2617 -128.7 54.36 

 M1 

10-3 -461.5 0.0754 -166.5 87.00 
10-6 -465.6 0.1430 -123.0 75.00 
10-5 -466.9 0.0463 -192.9 92.00 
10-4 -480.9 0.0375 -178.3 93.00 

M2 

10-3 -454.5 0.0256 -173.1 95.53 

 

Fig. 2 and Table-2 show that the presence of M1 and M2
decreases icorr values. The reduction is more pronounced with
the increase of the bipyrazole derivatives concentration. The
cathodic curves indicate that the mechanism of hydrogen
reduction is activation control. In addition, the mechanism of
H+ reduction is not modified with the M1 and M2 presence.
Corrosion potential Ecorr shifts have no definite trend, which
indicate that these bipyrazoles act as mixed inhibitors by simple
blocking the available active sits on the surface. At 10-3 M of
M1 and M2, the inhibition efficiency reaches 87 % and 95.5 %
respectively. This phenomenon is interpreted by the adsorption
of the bipyrazoles molecules on mild steel surface leading to
the increment of the surface coverage θ determine by E %/
100. The inhibition efficiency (E %) increases with test
compound concentration.

Electrochemical impedance measurements: Nyquist
plots for mild steel in Fig. 3 in 1M HCl consist of one capacitive
loop with one time constant in absence and presence of diffe-
rent concentrations of bipyrazole compounds M1 and M2.

The interpretation of Nyquist spectra in Fig. 3 allow to
determine the electrochemical parameters of the steel electrode
such as the charge transfer resistance values (Rct) and constant
phase element (CPE). These parameters acquire information
about the corrosion process and mechanism. The inhibition
efficiency (E %) is calculated using charge transfer resistance
from the following equation [33,34]:

( )t t
inh

t
inh

R R
E (%) 100

R

−
= × (4)

where Rct and Rct inh are the charge transfer resistance values in
absence and presence of inhibitor for mild steel in 1 M HCl,
respectively. Table-3 shows that these compounds obviously
slow down the corrosion of mild steel in 1 M HCl by rising
the Rct and constant phase element values decrease. The inhi-
bition efficiency rises by increasing the M1 and M2 concen-
tration. The decrease in the constant phase element values may
be explained by the modification of the structure of double
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Fig. 2. Typical polarization curves of steel in 1 M HCl for various concen-trations of M1 and M2
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TABLE-3 
IMPEDANCE DATA OF MILD STEEL IN 1 M HCl IN ABSENCE 
AND PRESENCE OF DIFFERENT CONCENTRATIONS FROM 

BIPYRAZOLE ACID DERIVATIVES 

Inhibitors C (M) Rs (Ω 
cm2) 

Rt (Ω 
cm2) 

Fmax 
(Hz) 

CPE 
(µF 

cm-2) 
E (%) 

1 M HCl 2.00 20 113.70 70.00 – 
10-6 M 1.95 25 98.70 64.50 20.00 
10-5 M 1.95 60 44.14 60.10 66.66 
10-4 M 1.93 75 38.44 55.20 73.33 

M1 

10-3 M 1.92 190 15.86 52.80 89.47 
10-6 M 1.93 200 12.89 61.70 90.00 
10-5 M 1.87 350   7.70 59.07 94.28 
10-4 M 1.90 460   6.03 57.30 95.56 

M2 

10-3 M 1.82 450 12.54 56.40 95.55 

 
layer due to the adsorption of the inhibitor on the steel surface
[35] expressed in the Helmholtz model by:

0
dl

·
C S

ε ε
=

δ

where δ is the thickness of electrical double layer, S is the
surface of the electrode, ε0 is the permittivity of vacuum and ε
is the medium dielectric constant.

The adsorption of these compounds on mild steel surface
can occur either directly on the basis of interaction between
the π electrons (donor) and the vacant d-orbitals of steel surface
atoms (acceptor). Also by interaction of them with already
adsorbed chloride ions on the surface [36,37].

 Adsorption might also occur in the positively charged
part (cationic form) of the bipyrazole compounds oriented
toward negative ends of the halide metal dipoles. This fact
supports the observed reducing in Cdl values in the EIS measu-
rement (Table-3). It is clear that compound M2 which include
ester group is the best inhibitor. This group has powerful
mesomer effect, which facilitate the delocalization of electron.
The impedance response of mild steel in 1 M HCl has signifi-
cantly changed after the addition of bipyrazole derivatives in
the corrosive system.

Equivalent circuit of the electrical double layer shown in
Fig. 4 has been used to model the mild steel/HCl interface.
Nyquist spectra in Fig. 3, are depressed and not perfect semi-

Rs

Rct

CPE

Fig. 4. Suggested equivalent circuit model for the studied system

circles into the Zr as a result of the roughness and/or homo-
geneities of the metal surface [38,39]. This type of phenomena
is call ‘‘the dispersing effect’’ [40,41]. The result of this dis-
persing effect is due to the deferent of the sepsis on the metal/
solution sides. On the metal side, electrons control the charge
distribution whereas on the solution side it is controlled by
ions which are much larger than electrons. So, quite large
volume of equivalent ions to the charge will occupy the solution
side of the double layer [38].

Effect of temperature: Temperature influence on the
efficiency of M1 and M2 was studied in 1M HCl using weight-
loss measurements in the temperature range 318-348 K at
various M1 and M2 concentrations during 1 h of immersion.
For blank solution, the rising of corrosion rate is more pro-
nounced with the rise of temperature (Table-4). In the addition
of the bipyrazole compounds, Wcorr is highly reduced. The E %
depends on the temperature and reduces with the rise of
temperature. This can be explained by physical adsorption
mode where the strength of the adsorption process decreased
at elevated temperature.

Arrhenius eqn. 5 and its alternative formulation called
transition state eqn. 6 were used to calculate the energy Ea, the
entropy ∆S° and the enthalpy ∆H° of activation:

aE
W k exp

RT
 

= − 
 

(5)

o o
a aS HRT

W exp exp
Nh R RT

   ∆ ∆
= −   

   
(6)

where T is the absolute temperature. K is a constant and R is
the universal gas constant. h is Plank’s constant and N is
Avogadro’s number.
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TABLE-4 
EFFECT OF TEMPERATURE ON THE CORROSION RATE OF STEEL IN 1 M HCl (W0) WITHOUT AND WITH  

M1 AND M2 AT 10–3 TO 10–6 M AND THE CORRESPONDING CORROSION INHIBITION EFFICIENCY 

Inhibitor T (K) C (M) W  
(mg/cm2 h) 

E (%) θ Inhibitor T (K) C (M) W  
(mg/cm2 h) 

E (%) θ 

Blank 1 M 1.908 – – Blank 1 M 1.908 – – 
10-6 1.602 16.00 0.1600 10-6 1.050 45.00 0.4500 
10-5 1.526 20.00 0.2000 10-5 0.7250 62.00 0.6200 
10-4 1.135 40.50 0.4050 10-4 0.4357 77.16 0.7716 

 318 

10-3 0.2671 86.00 0.8600 

318 

10-3 0.243 87.26 0.8726 
Blank 1 M 2.092 – – Blank 1 M 2.092 – – 

10-6 1.882 10.00 0.1000 10-6 1.360 35.00 0.3500 
10-5 1.757 16.00 0.1600 10-5 0.9523 54.00 0.5400 
10-4 1.360 35.00 0.3500 10-4 0.6440 69.20 0.6920 

 328 

10-3 0.4602 78.00 0.7800 

328 

10-3 0. 3240 84.51 0.8451 
Blank 1 M 3.890 – – Blank 1 M 3.890 – – 

10-6 3.5729 08.15 0.0815 10-6 2.746 31.00 0.3100 
10-5 3.4366 11.65 0.1165 10-5 2.145 46.10 0.4610 
10-4 3.112 23.00 0.2300 10-4 1.452 63.50 0.6350 

 338 

10-3 1.280 67.12 0.6712 

338 

10-3 1.120 71.21 0.7121 
Blank 1 M 8.744 – – Blank 1 M 8.744 – – 

10-6 8.1124 07.22 0.0722 10-6 6.808 22.13 0.2213 
10-5 7.3323 16.14 0.1614 10-5 5.819 33.45 0.3345 
10-4 7.257 17.00 0.1700 10-4 4.284 51.00 0.5100 

 M1 

 348 

10-3 3.733 57.31 0.5731 

M2  

348 

10-3 3.497 60.00 0.6000 
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From this relation in Fig. 6, the values of ∆H° and ∆S°
can be calculated. The decrease of M1 and M2 efficiencies
with temperature rise leads to higher values of Ea (Table 5),

when compared to that in a blank acid. The higher values of
Ea are  interpreted as an indication of electrostatic character of
the inhibitor's adsorption [42]. Data in Table-5 provide that the
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TABLE-5 
VALUES OF ACTIVATION PARAMETERS  
Ea. ∆Ha

0 AND ∆Sa
0 FOR MILD STEEL IN 1 M  

HCl IN THE ABSENCE AND THE PRESENCE OF  
DIFFERENT CONCENTRATIONS OF M1 AND M2 

 C (M) Ea (kJ 
mol-1) 

∆Ha
0  

(kJ mol-1) 
∆Sa

0 (J 
mol-1 K-1) 

Ea-∆Ha
0 

(kJ mol-1) 

Blank Blank 47.33 44.54 -101.87 2.79 
10-6 M 81.92 79.16 -09.10 2.76 
10-5 M 58.46 54.20 -71.15 4.26 
10-4 M 49.16 46.39 -97.74 2.77 

M1 

10-3 M 48.27 45.54 -93.75 2.73 
10-6 M 84.55 81.79 -02.55 2.76 
10-5 M 70.20 67.43 -42.11 2.77 
10-4 M 67.43 61.84 -55.58 5.59 

M2 

10-3 M 46.77 54.94 -73.98 8.17 

 
dissolution reaction is an exothermic process (positive sign of
∆H°) [43]. The more positively entropy ∆S° positively reflects
the formation of an ordered stable layer of the inhibitor on the
steel surface [44].

Adsorption isotherm: Adsorption isotherms give the
basic information of the interaction between the inhibitor and
the metal. The surface coverage θ of the metal surface by the
adsorbed inhibitor was calculated using the eqn. 7:

corr corr(inh)

corr

W W

W

−
θ = (7)

By far the best fit is obtained with Langmuir isotherm.
According to this isotherm θ is related to concentration
inhibitor C via

C 1
C

K
= +

θ
(8)

with
o
adsG1

K exp
55.5 RT

 −∆
=  

 
(9)

where K is the adsorptive equilibrium constant and ∆G°
ads is

the free energy of adsorption.
The straight lines of the plot θ/C versus C with slope equal

or nearly equal to 1.00 for 318. 328. 338 and 348 K (Fig. 7).
The values of K were used to estimate  ∆G°ads  values at

different temperatures according to eqn. 9 and show sponta-
neous adsorption process [45-49]. The high values of ∆G°ads

obtained in presence of bipyrazole derivatives in 1M HCl reveal
chemisorption of these compounds on the metal [50-54].

The  ∆H°ads and  ∆S°ads for the adsorption of M1 and M2
on mild steel can be calculated from eqn. 10:

o o o
ads ads adsG H T S∆ = ∆ − ∆ (10)

where  ∆H°ads and  ∆S°ads are the variation of enthalpy and
entropy of the adsorption process, respectively. The calculated
values from Fig. 8 are depicted in Table-6. The negative sign of
∆H°ads and more positive ∆S°ads indicate an exothermic process
and an increase in disordering takes places in going from
reactants to the metal adsorbed species reaction complex,
respectively [55].
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Fig. 8. Relationship between ∆G°ads and T

∆H°ads can also be calculated according to the van’t Hoff
equation (eqn. 11):

o
adsH

lnK constant
RT

−∆
= + (11)

Calculated negative ∆H°ads using the van’t Hoff equation
(Fig. 9) confirming the exothermic conduct of the adsorption
process on the steel surface. Table-7 shows good agreement
between the values of ∆H°ads obtained by the two methods.
Bipyrazole derivatives (M1 and M2) may adsorb on a metal
surface in the form of a neutral molecule via the chemisorption
mechanism [56]. This type of adsorption involving sharing of
electrons between the nitrogen atoms and iron. Also. there are
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TABLE-7 
VAN’T HOFF, GIBBS-HELMHOLTZ AND  

THERMODYNAMIC PARAMETERS 

Equation of ∆H°ads (kJ mol-1) 
van’t Hoff 

∆H°ads (kJ mol-1) 
Gibbs-Helmholtz 

M1 -31.73 -31.81 
M2 -29.46 -29.60 

 
covalent bonds with the metal formed between the unpaired
electrons of the N-atom.

Quantum-chemical calculations: The relationship bet-
ween the molecular. the electronic structure and the inhibition
efficiency of the (M1) and (M2) molecules based on density
functional theory (DFT) have been investigated. Fig. 10 shows

the full geometry optimizations of. bipyrazole derivatives. M1
and M2 using DFT based on Beck’s three parameter exchange
functional and Lee-Yang-Parr non-local correlation functional
(B3LYP) [57-59] and the 6-31G** orbital basis sets for all atoms
as implemented in Gaussian 09 program [25].

The quantum chemical parameters of M1 and M2 were
calculated and presented in Table-8. Ionization potential (I),
electron affinity (A), global hardness (η), global electro-
philicity index (χ), softness (S) and back donation energy
(∆Eback donation) were determined as in previous work [29].

TABLE-8 
CALCULATED QUANTUM CHEMICAL  

PARAMETERS OF THE STUDIED MOLECULES 

Quantum chemical parameters M1 M2 
EHOMO (eV) -5.74405361 -6.055896209 
ELUMO (eV) 0.663958066 -0.809266921 
∆Eg = ELUMO – EHOMO (eV) 6.408011675 5.246629288 
IP = -EHOMO (eV) 5.74405361 6.055896209 
EA = -ELUMO (eV) -0.663958066 0.809266921 
η (eV) 3.204005838 2.623314644 
µ (debye) 2.7007 6.4089 
χ 1.13822834 7.828645203 
S 0.312109294 0.381197125 
∆Eback donation -0.801001459 -0.655828661 

 
The shape of the HOMO and LUMO is structural depen-

dant as shown in Fig. 11. The electron density of the HOMO
location in the inhibitors under study indicates that the pyrazole
ring. The oxygen atoms and the non-cyclic nitrogen atom sp3

TABLE-6 
THERMODYNAMIC PARAMETERS FOR SOME INHIBITORS STUDIED AT CARBON STEEL SURFACE IN 1 M HCl 

Inhibitor T (K) A K B ∆G°ads (kJ mol-1) ∆H°ads (kJ mol-1) ∆S°ads (J mol-1K-1) 
318 5.7340 × 10-5 17439.83 1.11 -36.46 -31.73 14.87 
328 7.1283 × 10-5 14028.59 1.21 -37.01  16.09 
338 1.2000 × 10-4 8333.33 1.38 -36.68  14.64 

M1 

348 1.5270 × 10-4 6548.78 1.61 -37.07  15.34 
318 6.8500 × 10-6 145985.4 1.13 -35.99 -29.46 20.53 
328 1.1369 × 10-5 87958.84 1.17 -42.02  38.29 
338 8.8400 × 10-6 113122.17 1.39 -44.01  43.04 

M2 

348 1.5157 × 10-5 65976.11 1.65 -43.75  41.06 

 

M1 M2

Fig. 10. Optimized structures of the compounds M1 and M2 as calculated at the B3LYP/6-31G** level
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hybridized are the favourite sites for adsorption. This is in
good agreement with the literature where the inhibition
properties of such compounds were attributed to the interaction
between π-electrons of the pyrazole rings and heteroatoms
with the positively charged steel surface [60,61].

Frontier molecular orbital (FMO) theory has revealed that
the chemical reactivity includes transition of electron. This is
due to interaction between highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
of reacting species [62]. So, the inhibitor does not only donate
electron to the unoccupied d orbital of the metal ion but of a
feedback bond formed by accepting electron from the d-orbital
of the metal.

In Table-8, the trend of energy gap (∆E) values follows
the order M1 > M2. It well known that ∆E decreases. The
reactivity of the molecule increases leading to increase in the
%IE of the molecule [63]. This interpret the highest reactivity
of M2 (∆E = 5.246629288 eV) in comparison to M1 compound
and would therefore likely interact strongly with the mild steel
surface. This result is in good agreement with the mass loss
data where the inhibition efficiency (IE) for inhibitor M2 is
the higher. The dipole moment (µ) for compound M2 is about
6.4089 (Debye). This high value of µ increases the contact
area between the M2 molecule and mild steel surface and rise

the corrosion inhibition ability of this inhibitors [64]. This also
confirmed by hardness (η) and softness (S) values in Table-8.
The inhibitor M2 has the lowest hardness value. 2.623314644
eV and the highest global softness value (S). 0.381197125 eV
when compared with the corresponding values of compound
M1, respectively. The absolute hardness and softness are impor-
tant properties to measure the molecular stability and reactivity.
In order to measure the ability of the molecules to accept
electrons from other species. The global electrophilicity index,
χ detected, bipyrazole derivative M2 is with high electro-
philicity index value (7.828645203) than M1. So that M2 is
the strongest nucleophile and therefore has the highest inhi-
bition efficiency. The lower calculated ∆Eback donation value for
M2 values indicates that back-donation is favoured for this
molecule which is the best inhibitor.

The effective atomic charges from Mulliken poupulations
of the inhibitors M1 and M2 in Fig. 12 shows that oxygen
atoms of ester groups with its powerful mesomer effect which
facilitate the delocalization of electrons have as expected the
biggest negative charges (around-0.492). This followed by the
two nitrogens bearing methyl groups (-0.421) and the nitrogens
of pyrazole rings (-0.344). This clarify that these nitrogen
atoms are the negative charge centers. These centers can offer
electrons to the meta atoms to form coordinate bond. The atoms

HOMO (M1) LUMO (M1)

HOMO (M2) LUMO (M2)

Fig. 11. Schematic representation of HOMO and LUMO molecular orbital of studied molecules
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that carrying positive charges are the positive charge centers,
which can accept electrons from orbital of metal atoms to form
feedback bond.

The optimized structure can be inferred the presence of oxygen
atoms of ester groups. The two nitrogens bearing methyl groups
and the pyrazole rings are the possible active adsorption sites.

Molecular dynamic simulation study-adsorption  energy

calculations: In the present study, the molecular dynamic
(MCs) simulation incorporating molecular mechanics and
molecular dynamics can be used to simulate the adsorption
for (one of M1/M2 molecule)/30H2O/Fe (111) system. The
adsorption of single inhibitor (M1/M2) molecule on the iron
(111) surface in water solvent molecules and the formation of
the (M1-Feads/M2-Feads) organometallic complexes on the iron
surface were considered. The system was studied to find the
lowest energies adsorption active centers on the inhibitor (M1/
M2) molecules [29,30]. Full geometry optimization of all
investigated systems were performed using Materials Studio
DMol3 and Adsorption locator version 8.0 [26]. A high quality
quantum mechanics computer program [26], the neutral and
isolated form of one (M1/M2) molecules configuration are
sampled from a canonical ensemble. The DMol3 geometry
optimization of the neutral form of M2 molecule before putting
it on the iron surface using MCs are presented in Fig. 13.

M1 M2

Fig. 12. Effective atomic charges of heavy atoms from Mulliken poupulations of M1 and M2 (hydrogen atoms are not shown for clarity reasons)

The adsorption energy distribution for (one of M2 mole-
cule)/Fe (1 1 1)/30 H2O system using MCS are depicted in Fig. 14.

The total energy, average total energy, van der Waals energy,
electrostatic energy and intermolecular energy for (one of M2
molecule)/Fe (1 1 1)/30 H2O system were calculated by optimi-
zing the whole system and given in Fig. 15.

The conformation of the most suitable inhibitor (M2)
adsorbed onto Fe (111) surface (30 H2O) in water solvent mole-
cules obtained by the adsorption location module [29,30]. The
top (right) and side (left) views of the most stable adsorption
configurations for the adsorption of bipyrazole derivatives on
iron Fe (111) surface in water solvent molecules obtained by
MCs are shown in Fig. 16.

As can be seen in Fig. 4 that the π-electrons of the pyrazole
rings, the oxygen (-O-) atoms and the non-cyclic nitrogen
(-N=) atoms are the favourite actives sites and plays the main
role of the adsorption of (M1/M2) molecules with the positively
charged iron surface in water solvent molecules. All inhibitor
molecules adsorbed nearly plane on the iron (111) surface in
water solvent molecules to maximize surface coverage and
contact (Fig. 16). This ensures strong interaction and by exten-
sion high inhibition effect observed experimentally. The values
for the outputs and descriptors obtained from the Monte Carlo
simulations are listed in Table-9.
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Fig. 13. The DMol3 geometry optimization of M2 molecule before putting it on the iron surface using MCs
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From the Table-9, the parameters include total energy
(ETotal) of the (one of M1/M2 molecules)/30H2O/Fe (111) system.
The total energy is defined as the sum of the energy of the inhi-
bitor, the rigid adsorption energy (RAE) and the deformation
energy (Edef). In addition. adsorption energy (Kcal/mol), reports
energy released when the relaxed inhibitor and some molecules
of water (one molecule of inhibitor/30H2O) are adsorbed onto
the iron (111) surface. The energy released when the unrelaxed
inhibitor molecule (before the geometry optimization step)
are adsorbed on the iron (111) surface reported by rigid adsor-
ption energy. The deformation energy reports the energy
released when the adsorbed inhibitor molecule is relaxed on
the iron surface. Table-9 shows also (dEads/dNi), which reports
the energy (Kcal/mol) of Feads-inhibitor complexes configu-
ration where one of the inhibitor molecule has been removed.

It is clear from Table-9 that the values of adsorption
energies and values of the adsorption systems were -419.515
and -425.946 (kcal/mol) for M1 and M2, respectively. Both
values are negative, which denotes that the adsorption could
occur spontaneously. The largest negative adsorption energy
value indicate the system with the most stable and stronger
adsorption [65,66]. The adsorption energies of the inhibitors
molecules are higher than that of water molecules in all cases.
That means the possibility of gradual substitution of water
molecules from the iron surface leading in the formation of a
stable layer which can protect the iron from aqueous corrosion.

It is obvious that M2 gives more negative adsorption
energy which means that adsorption of M2 on iron surface in
water solvent molecules is stronger than M1. This result is in
good agreement with the experiment where the inhibition
efficiency (IE) for inhibitor M2 is the higher.

Conclusions

The following results can be drawn from this study:
• Bipyrazole derivatives (M1 and M2) are found to act as

mixed inhibitors and their protection efficiencies increase with
inhibitors concentration.

• The weight loss, dc polarization and ac impedance are
in reasonably good agreement.

• The inhibition efficiency (E %) of M1 and M2 were
temperature-dependent and their addition led to a decrease of
the activation corrosion energy.

• The thermodynamic parameters show that the protection
of corrosion by bipyrazole derivatives is due to the formation
of a chemisorbed film on the mild steel surface.

• Adsorption of bipyrazole derivatives was found to follow
the Langmuir’s adsorption isotherm.

• DFT calculations correlate strongly with experimental
results and reveal that the inhibition efficiency grows in the
following order: M1 < M2.

• It can be concluded that M1 and M2 are good inhibitors
for the corrosion of mild steel in HCl solution. The protection

potentials of the inhibitors are due to the transfer of electron
from the inhibitor to Fe in mild steel or vice versa.

• The study emphasized that the oxygen atoms of ester
groups, the two nitrogens bearing methyl groups and the pyra-
zole rings are the possible active adsorption sites. Therefore,
the use of quantum chemical parameters is appropriate in
modelling the inhibitory of the studied bipyrazole based
molecules.

• The simulation suggest that bipyrazole derivatives adsorb
on the iron (111) surface in water solvent molecules nearly
plane with a high negative adsorption energy, yet M2 has better
corrosion inhibition performance than M1. This result is in
good agreement with the experiment where the inhibition
efficiency (IE) for inhibitor M2 is the higher.
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