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ARTICLE INFO ABSTRACT

Keywords: Three pyrazolo-pyridine derivatives namely, (PPs) (4-(4-methoyphenyl)3,5-dimethyl-1,4,7,8-tetra-
Inhibition hydrodipyrazolopyridine) (PP-1), 3,5dimethyl-4-phenyl-1,4,7,8-tetrahydrodipyrazolopyridine (PP-2) and (3,5-

pyraZOI?Pyridiﬂe dimethyl-4-(3-nitrophenyl)-1,4,7,8-tetrahyddrodipyrazolopyridine) (PP-3) having different substituents was
gifr‘)fptwﬂ synthesized using ultrasound mediated one step multicomponent reactions and evaluated as corrosion inhibitors

for mild steel in acidic medium of 1M HCI. Protection ability of the synthesized PPs was determined using
several experimental and computational modeling methods. Results showed that PP-3 having electron with-
drawing nitro (-NO,) substituent showed lowest inhibition ability and PP-1 having electron releasing methoxy
(-OCH3) substituent showed the highest inhibition efficiency. Inhibition efficiencies of the tested PP molecules
followed the order: PP-1 (96.4%; -OCH3) > PP-2 (94.2%; -H) > PP-1 (91.1%; -NO,). Electrochemical studies
suggested that PPs acted as interface and mixed type of corrosion inhibitors and their adsorption at the metal-
electrolyte interfaces obeyed the Langmuir adsorption isotherm model. SEM and AFM analyses were adopted to
measure the surface morphology of inhibited and uninhibited metallic surfaces. Experimental results were
corroborated by results derived from DFT modeling and MD simulations.

MD Simulation
Diffusion model

Introduction promising class of heterocyclic compounds. They exhibit a wide range

of biological activities, such as antimicrobial, insecticidal, and anti-in-

Ultrasound-assisted synthesis has recently emerged as a powerful
and green approach for synthesis of organic compounds which can be
used as corrosion inhibitors. It offers several benefits compared with
conventional techniques. In some cases, ultrasonic irradiation can in-
crease reactivity by several fold [1,2]. It takes place through the process
of acoustic cavitation i.e. the formation, growth, and implosive collapse
of bubbles in liquid. A large number of organic reactions can be carried
out under ultrasonic irradiation with a short reaction time, high yield,
and milder conditions [3-6]. While, Conventional thermal methods
used for synthesizing organic inhibitors are expensive, take long reac-
tion times involving harsh reaction conditions. Pyrazolopyridine is a

flammatory properties, and they are also used for the treatment of
several diseases, including bipolar disorder, diabetes, dementia, Alz-
heimer’s disease, schizophrenia, depression, and cancer [7-10].

A literature survey revealed that a number of methods have been re-
ported for the synthesis of pyrazolopyridines [11-13] but all these
methods suffered from drawbacks such as longer reaction time, lower
yield, use of hazardous organic solvents and reagents, tedious workup
procedures, and co-occurrence of several side reactions with less se-
lectivity of the process. A few of the pyrazolopyridine compounds have
been investigated as corrosion inhibitors for metals and alloys in acid
medium such as, Sorkhabi et al. [14] investigated Schiff base derived
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Fig. 1. Synthetic scheme for the synthesis of PP molecules.

Table 1
Molecular structure and analytical data of PPs.

Inhibitor Structure

Analytical data

4-(4-Methoyphenyl) 3,5-dimethyl-1,4,7,8-tetrahydrodipyrazolo
pyridine) (PP-1)

3,5dimethyl-4-phenyl-1,4,7,8-tetrahydrodipyrazolopyridine (PP-2)

3,5-dimethyl-4-(3-nitrophenyl)-1,4,7,8-tetrahyddrodipyrazolo
pyridine) (PP-3)

White crystalline powder; m.p = 321-323 °C; 'H NMR (500 MHz, DMSO) &
(ppm): 1.48, 3.77, 4.38, 4.63, 6.87-7.32, 10.93, 11.96

White crystalline powder; m.p = 271-273 °C; 1H NMR (500 MHz, DMSO) 8
(ppm): 1.49, 4.65, 4.41, 7.12-7.56, 6.87-7.32, 10.96, 11.99

Pale yellow crystalline powder ; m.p = 271-273 °C; 1H NMR (500 MHz, DMSO)
8 (pp): 1.93, 4.0, 5.34, 7.53-8.16, 7.59 12.62

from2 amino pyridine as corrosion inhibitors. These compounds exhibited
maximum IE of 85-95% at 200 mg L™ Yan Ji et al. [15] reported cor-
rosion inhibition action of pyridin-2-ylmethyl-N,N-diethylaniline (BPMA)
shows corrosion inhibition efficiency 88.1% at 450 ppm. Mhammedi et al.
[16] studied the corrosion inhibition behavior of pyrazole fused with
pyridine as corrosion inhibitors on mild steel in IM HCI solution. These
authors have reported 92% IE at 150 mg L™ '. Singh et al. [17] investigated
corrosion inhibition effect of tetrahydro-2H-pyrazolo [3,4-b] pyridine de-
rivatives on mild in 1 M HCL These compounds exhibited maximum IE
85-95% at 200mgL ™. In our earlier publication [18] we have synthe-
sized fused pyrano-pyrazole derivatives. These compounds showed in-
hibition efficiency of 97-98% at concentration as low as 100mgL~'. In
view of the better performance of condensed heterocyclic compounds as
corrosion inhibitors than single ring compounds, In the present work, we
wish to report the synthesis of pyrazolopyridine derivatives under ultra-
sound irradiation, namely, (4-(4-methoyphenyl)3,5-dimethyl-1,4,7,8-tet-
rahydrodipyrazolopyridine) (PP-1), 3,5dimethyl-4-phenyl-1,4,7,8-tetra-
hydrodipyrazolopyridine (PP-2) and (3,5-dimethyl-4-(3-nitrophenyl)-
1,4,7,8-tetrahyddrodipyrazolopyridine) (PP-3) and studied their corrosion
inhibition performance on mild steel in 1 M HCl using gravimetric, po-
tentiodynamic polarization measurements, electrochemical impedance
spectroscopy. Surface morphology of the inhibited MS specimens was
examined by scanning electron microscope (SEM), atomic force micro-
scopy (AFM).

Density functional theory (DFT) and Molecular dynamics have been
used to predict the reactivity and adsorption behavior of inhibitors
molecules on the metal surface. A good correlation has been found

between these methods. Pyrazolo-pyridine inhibitors showed better
performance (97% IE at 100mgL’1) than hexamine (90% IE at
100 mg L™ !). Hexamine is used in industry as pickling inhibitor Also
the use of hexamine is not safe due to its toxicity which limits its
practical application. The survey of literature reveals that these pyr-
azolo-pyridine derivatives (PPs) have not been investigated as corrosion
inhibitors.

Experimental
Materials and solution

MS specimens, having composition (in wt %) 0.076C, 0.012P,
0.026Si, 0.192 Mn, 0.050 Cr, 0.135 Cu, 0.023 Al, 0.050 Ni and the
remainder iron, The MS was successively cleaned with emery papers of
different grade (600, 800, 1000, and 1200), washed with de-ionized
water, degreased with acetone, ultrasonically cleaned with ethanol and
dried, before being used in the experiments. Hydrochloric acid (HCI,
37%) and double distilled water were used for preparation of test so-
lution (1 M HCI).

Synthesis of inhibitors

A mixture of hydrazine hydrate (2.0 mmol), S-dicarbonyl compound
(2.1 mmol), appropriate substituted aldehydes (1.0 mmol) and (4.0 mmol)
of ammonium acetate in 10 mL EtOH was introduced in a heavy walled
beaker. The beaker was attached to a 12 mm tip diameter probe, and the
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Fig. 2. (a): Variation of inhibition efficiency (7%) with inhibitor concentration at 308 K. (b): Variation of inhibition efficiency (%) with solution temperature
(308-338 K) at optimum concentration of PPs. (¢): Arrhenius plots of the corrosion rate (CR) of mild steel in absence and presence of optimum concentration of PPs.

(d): Langmuir adsorption isotherm plots.

Table 2
Thermodynamic and activation parameters for mild steel corrosion in 1 M HCl
at optimum concentration (100 mgL~') of PP molecules.

Inhibitor Kags (10°M ™) —AGYs (kI mol™1) E, (kJ mol™1)
Blank - - 28.74
PP-1 2.5 36.26 120.04
PP-2 1.8 35.38 95.54
PP-3 1.2 34.51 83.06
Table 3

Slope and correlation coefficient values for different tested adsorption isotherm
for the adsorption of PP molecules on metallic surface at 308 K.

Adsorption isotherm Inhibitor Correlation coefficient Slope
Langmuir PP-1 0.996 0.997
PP-2 0.998 0.987
PP-3 0.999 0.945
Temkin PP-1 0.884 0.048
PP-2 0.897 0.037
PP-3 0.897 0.014
Frumkin PP-1 0.885 4.367
PP-2 0.886 4.369
PP-3 0.875 0.602

reaction mixture was sonicated for the specified period at 50% power of
the processor and in a 5s pulse mode until a solid product separates out.
Completion of the reaction was monitored by TLC using n-hexane:ethyl
acetate (7:3) as the eluent. All the reactions were invariably complete in
30-40 min. The scheme is shown in Fig. 1 (Scheme 1). The molecular

structure, analytical data and abbreviations of the inhibitors are given
Table 1.Ultrasound irradiation was provided by an ultrasonic processor
probe (Processor Sonics and material inc. VCX75 S/N 79348AE-03-14Ul-
trasonics with power input 230V, 50Hz, 8 Amps, and power variac
0-230V and 8 Amps) operating at 20 kHz and 750 W with 6 mm/12 mm
tip diameter probes. Earlier these compounds were synthesized by che-
mical method under reflux condition in 4-8 hr [19].

Gravimetric experiment

Gravimetric experiment was performed according to ASTM standard
method [20]. The corrosion rates CR (mg cm? h™1) were calculated
using equations.

w

&= ar &)

Here, w is the weight loss of MS coupon, A is the total area of a MS
coupon; t is immersion time (3h) d is the density in g cm™>. With the
calculated corrosion rate, the inhibition efficiency 7% was calculated as
follows [21]

Cr — Crei
RZ RO & 100
Cr (2

The surface coverage (0) was calculated using following equations:

n% =

_ & -G
Cr (3)

]

where Cy is the corrosion rate in absence and Cgg) presence of in-
hibitors.
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Fig. 3. (a): Nyquist plots for the mild steel at optimum concentration of PPs. (b): Equivalent circuit model used to fit the EIS data. (c-e) Fitted Nyquist (c) PP-1 (d) PP-
2 (e) PP-3. (f-h): Fitted Bode plot (f) PP-1 (g) PP-2 (h) PP-3. (i): Bode (log f vs. log |Z|) and phase angle (log f vs. ao) plots in the absence and presence of optimum

concentration of PPs at 308 K.

Table 4
Electrochemical impedance parameters ( = SD) for mild steel in 1 M HCl in the
absence and presence of optimum concentration (100 mg L™ ") of PPs at 308 K.

Inhibitor Ry R, N Yo Ca n

(@ (Q cm?) (WF/em®)  (WF/em®) (%)
Blank 1.02(0.02) 7.44 (0.02) 0.798 481.2 137.9 -
PP-1 0.615(0.02) 221.4(0.02) 0.853 85.9 48.0 96.63
PP-2 0.653(0.02) 116.52(0.02) 0.818 170.2 76.8 93.61
PP-3 0.758(0.02)  86.4(0.02) 0.807 250.5 103.2 91.38

Electrochemical method

The MS specimens with exposed area of 1 cm? were utilized for all
electrochemical measurements under potentiodynamic condition by
using Gamry Potentiostat/Galvanostat (Model G-300) instrument.
Gamry Echem Analyst 5.5 software was used to fit and analyzed all
electrochemical data. The instrument consists of a MS as working
electrode (WE), platinum as a counter electrode and a saturated

calomel electrode (SCE) as a reference electrode. Before starting the
electrochemical experiments, the working electrode was allowed to
corrode freely for 30 min in order to attain steady open circuit potential
(OCP). During polarization measurements, the cathodic and anodic
Tafel slopes were recorded by changing the electrode potential from
—0.250 to +0.250V vs. corrosion potential (E.,) at a constant sweep
rate of 1.0mV s~ '. The corrosion current density (icorr) Was calculated
by extrapolating the linear segments of Tafel slopes and the inhibition
efficiency was calculated using the following relation [20]:

i .
n% = (1 - _Cl?ﬂ(lnh_)) X 100
Leorr Q)

where, icor(y and icorr are corrosion currents, in the presence and ab-
sence of PPs, respectively. Electrochemical impedance measurements
were carried out at open circuit potential in the frequency range of
100 kHz to 0.01 Hz using AC signal of amplitude 10 mV peak to peak.
The polarization resistances were calculated from Nyquist plots. The
inhibition efficiency was calculated using following equation [22]:
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Fig. 4. Polarization curves for corrosion of mild steel in the absence and pre-
sence of optimum concentrations of PP molecules.

Table 5

Potentiodynamic polarization parameters ( = SD) for mild steel in 1 M HCl in
the absence and presence of optimum concentration (100 mgL~") of PPs at
308K.

Inhibitor Ecorr icorr Ba —Be n
(mV/SCE) (uA/cm?) (mV/dec) (mV/dec) (%)
Blank — 445 1320(0.03) 74.6 123.9 -
PP-1 —-513 49.9 (0.04) 84.3 174.3 96.21
PP-2 —-512 68.0(0.04) 83.9 170.3 94.84
PP-3 —506 74.7 (0.03) 69.5 153.6 94.34

Ryiy — R
% = (M) % 100
p (i)

(5)

where, R, (sum of R, and R¢) and R, respectively represent the po-
larization resistance in absence and presence of optimum concentration
of inhibitors.

Surface study (SEM and AFM)

The MS coupons were exposed in 1 M HCI solution, in the absence
and presence of optimum concentration (100 mg L~ ") of PPs for 3h at
room temperature. SEM study was carried out at an accelerating vol-
tage of 5kV and 5k X magnification by using a Ziess EVO 50 XVP
instrument, and AFM study was done using NT-MDT multimode,
Russia, controlled by a solver scanning probe microscope controller.

Quantum chemical calculations

Quantum chemical calculations were performed using density
functional theory (DFT) with the Beck's three parameter exchange
functional along with the Lee-Yang-Parr nonlocal correlation func-
tional (B3LYP) with 6-31G (d, p) basis set using Gaussian 03 program
[23,24]. All the theoretical parameters obtained were Eyomo, Erumos AE
(ELumo-Enomo),Mullikan charge on heteroatoms (N, O), and dipole
moment (p). Other parameters such as hardness (17), softness (o), global

Table 6
Mullikan charge on different heteroatoms of PP molecules.

Results in Physics 13 (2019) 102344

electro negativity (), and the fraction of electron transfer (AN), from
the metal atom were calculated according to the following equations
respectively [25,26].

AE = Erymo — Eromo (6)
= L Bromo - Bowo)
n= 5, \WLumo HOMO %)
1
o=—
7 (8
= L Brumo + Euiowo)
X= 5 LUMO 'HOMO )
AN = ¢ — Xinh
2(77F<e + ninh) (10)

where ¢ and 7,,, denote the is work function and electronegativity of
iron and inhibitor, respectively. A value of 4.82 was used for the ¢,
while 7, was taken as O for bulk Fe atom [15].

The Fukui functions were calculated using the UCA-FUKUI v 1.0
software [27] via Finite Difference (FD) method with the use of the
output file from Gaussian 03. The Fukui function (fi) is the first deri-
vative of the electronic density o(7) with respect to the number of
electrons N, in a constant external potential v(7) and written as fol-
lows:

9 (r)
n=t——)
oN o(7) an

Finite difference approximations have been used to get Fukui
functions in favor of nucleophilic and electrophilic attacks as [28-30]:

& = g (N + 1) — g, (N)(For nucleophilic attack) 12)
fe = q.(N) — q, (N — 1)(For electrophilic attack) 13)
o BN+ =g N -

2 14)

Here, gross charge of the atom k is denoted by qi. The gx (N + 1), gk
(N\) and gx (N — 1) are the charges of the anionic, neutral and cationic
species, respectively.

Molecular dynamic simulations

Molecular modeling details

MD simulations were carried out in a simulation box with periodic
boundary conditions using Materials Studio 6.0 (from Accelrys Inc.)
[31]. The iron crystal was imported and cleaved along (1 1 0) plane and
a slab of 5A was employed. The Fe (110) surface was relaxed by
minimizing its energy using smart minimiser method. Fe (1 1 0) surface
was enlarged to a (10 X 10) super cell to provide a large surface for the
interaction of the inhibitors. A vacuum slab with zero thickness was
built. A supercell with a size of a = b = 24.82 A ¢ = 25.14 A, contains
500 H,0, 5H;0", 5CI~ and one molecule of tested inhibitors was cre-
ated. The simulation was carried out in a simulation box
(24.82 x 24.82 x 35.69 1&3) using discover module with a time step of
1 fs and simulation time of 500 ps performed at 303K, NVT ensemble
(constant number of atoms, constant-volume, constant-temperature)

Inhibitors Mullikan charge on heteroatom’s
Na Np Ne Na Ne Ng O¢ On O;
PP-1 —0.404 —-0.410 —0.760 —-0.419 —0.411 - —-0.516 - -
PP-2 —0.404 —0.409 —0.760 —-0.418 —0.411 - - - -
PP-3 —0.402 —0.402 —-0.761 —0.412 —0.409 —-0.241 - —-0.415 —0.419
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Fig. 5. SEM images of corroded metallic surface in the absence (a) and presence of (b) PP-1 (c) PP-2 (d) PP-3 molecule.

and COMPASS force field [28]. In simulation system, the interactions
between the inhibitor and Fe (11 0) can be understood by interaction
and binding energies calculated using Egs. (1) and (2) [32,33]:

Einteraction = Etotal - (Esurface+solution + Einhibitor) (15)

EBinding= —Einteraction (16)

where Ey, is the total energy of the entire system Egyface + solution I'€-
ferred to the total energy of Fe (11 0) surface and solution without the
inhibitor and Ejynvitor represent the total energy of inhibitor.

Results and discussion
Gravimetric measurement

Inhibitor concentration effect

Fig. 2(a) shows variation in efficiency with inhibitors concentration.
From Fig. 2(a) it is revealed that on increasing the inhibitor con-
centration, the inhibition efficiency increased. The maximum inhibition
efficiency was obtained for PP-1 sowed maximum IE 97.5% among the
three studied inhibitors at optimum concentration 100 mgL~'. The
inhibition efficiency of PPs follows the order: PP-1 > PP-2 > PP-3
respectively at 100 mg L™ !. The maximum inhibition efficiency for PP-1
was 97.5% at 100 mg L.~ ! the better performance of PP-1 was due to the
presence of electron donating methoxy group, and lower LE of PP-3 is
attributed to the presence of electron withdrawing NO, group.

Temperature effect

The effect of temperature on the inhibition efficiency (%) of PPs
was studied on MS in the temperature range of 308-338K in 1 M HCl
for 3h immersion time at optimum concentration (100 mgL~ 1y of PPs.
From the Fig. 2(b), it is clear that inhibition efficiency (1%) slightly
decreased with increase in temperature, which is attributed to partial
desorption of the PPs molecules from the MS surface [13]. The Ar-
rhenius plot, which is the linear function of logarithm of Cg vs. 1/T and
given by the following equation:

_E3

108(CR) = 5 353y 1084 a7
where, E, represents the apparent activation energy and A denotes the
pre-exponential factor. The activation energy was calculated by plotting
a graph between log Cr and 1/T and is represented in Fig. 2(c). From
the slope of the obtained straight line, the activation energy was cal-
culated and presented in Table 2. An inspection of Table 2 reveals that
the values of activation energy are more in presence of inhibitors than
in their absence [35,36]. This indicates that as the temperature in-
creased there is an appreciable decrease in the adsorption of inhibitors,
which in turn increases the corrosion rate because more metal steel
surface area is now exposed to the acidic environment [37-39].

Adsorption consideration

The adsorption behavior of inhibitor molecules on mild steel surface
can be studied by using adsorption isotherms. The commonly used
adsorption isotherms in corrosion study are Frumkin, Langmuir and
Temkin, in this study, Langmuir adsorption isotherm, which is a plot of
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Fig. 6. AFM images of corroded metallic surface in the absence (a) and presence of (b) PP-1 (c) PP-2 (d) PP-3 molecule.

C/0 vs C was found to be the best fit because their R? and slope values
are close to 1 and are shown in Fig. 2d and the result listed in Table 3.
The Langmuir adsorption isotherm can be given by the following
equation [40].

C/8 =1/Kygs + C (18)

where 0 is the surface coverage, C is the inhibitor concentration, K,qs is
the equilibrium constant of adsorption process. Kags is calculated from
the intercepts of the straight lines, and it is correlated with the standard
free energy of adsorption (AG,q4s) by the following equation [37].

AGys = —RTIn(55.5Kp4s) (19)

where R is the gas constant and T is the absolute temperature. The value
of 55.5 is the concentration of water in solution in mol L.~ '. The equi-
librium constant value of adsorption (K,q4s) and standard free energy of
adsorption (AG°,qs) are listed in Table 2. The calculated values of AG’ 4
for studied inhibitors range from —36.26 to —34.51 kJmol ™! which
indicate their mixed mode of adsorption on to the MS surface [41,42].
Also higher values of K,4s suggest a higher inhibition effect.

Electrochemical measurements

Electrochemical impedance spectroscopy

The electrochemical impedance measurements in the absence and
presence of PPs at their optimum concentration (100mgL~!) are
shown in Fig. 3(a),it is observed from Fig. 3(a), that the diameter of
semicircle significantly increases on the addition of the PPs [43]. The
Nyquist plots show single capacitive semi-circles loop which indicates
that corrosion inhibition is governed by the charge-transfer process.
Also these semi circles loops are depressed with their centers under the
real axis, which is due to the surface roughness and frequency

dispersion [44,45]. All the impedance parameters were calculated from
the equivalent circuit model shown in Fig. 3(b), which consists of (Rs) is
the solution resistance, (Ry,) is the polarization resistance and CPE is the
constant phase element. The fitness accuracy of the used equivalent
circuit is shown by the fitted Nyquist plots of PPs [Fig. 3(c-e)]. The
impedance, Zcpg of constant phase element, is expressed as [46]

Zepr = Y§ ' (jw) ™ (20)

where Yo is the magnitude, j is the square root of —1, w is angular
frequency (o = 2n fmax) at which the imaginary part of the impedance
(—Z;y) is maximum and fi,x is AC frequency at maximum value of
—Zim, 1 is the phase shift. From the data of Table 4, it is seen that the
polarization resistance values (R,) are higher in presence of PPs as
compared in their absence, which indicates that PPs molecules forms
protective film on the metal surface. The double layer capacitance (Cdl)
values can be calculated by using the following equation [47]

_ YC()n_l
" sin(n(x/2)) (21

where w is angular frequency (0 = 27 f;,,o,) at which the imaginary part
of the impedance (—Z;,) is maximum and n is the phase shift. Ac-
cording to Table 4, the Cq values decreases with the addition of in-
hibitors, due to increase in the electrical double layer at the metal/
solution interface and decrease in the local dielectric constant. Also the
values of “n” in presence of inhibitors increased revealing that the metal
surface becomes smooth due to replacement of water molecules from
the metal surface.

The Bode impedance magnitude and phase angle plots recorded for
mild steel in 1M HCI in the absence and presence of the optimum
concentration of inhibitors are shown in Fig. 3f. The fitted Bode plots of
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Fig. 7. Optimized and Frontier molecular orbital’s of neutral PP-1 (a) HOMO (b) LUMO, PP-2 (¢) HOMO (d) LUMO and PP-3 (e) HOMO (f) LUMO of neutral (a) PP-1

(b) PP-2 (c) PP-3.

PPs are shown in Fig. 3 (g-i).

Generally for the ideal capacitor slope and the phase angle values
should be —1, and 90° respectively [48]. It is seen that Bode plots in-
volve only one phase maximum revealing that corrosion process takes
place in one step, which corresponds to one time constant [44]. It is also
seen that from Fig. 3f that phase angle values is less than —90°, which
signified the non ideal behavior of capacitor. For the present case the
phase angle values is less than —90°, which signified the non ideal

behavior of the capacitor. The more negative value of phase angle and
the high value of absolute impedance in the presence of PPs indicate the
superior performance of PPs [49].

Potentiodynamic polarization

The potentiodynamic polarization plot in the absence and presence
of PPs in 1 M HCI at 308K are shown in Fig. 4. Potentiodynamic po-
larization parameters were evaluated such as corrosion potential (E.o,),
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Table 7

Different DFT parameters derived for neutral and protonated form of PP molecules.
Inhibitors u (Debye) Enomo Erumo AE n by X AN

Neutral form All energy values are in eV; o is in eV ™!
PP-1 2.855 —5.320 —1.048 4.272 2.136 0.4681 3.184 0.3829
PP-2 3.003 —5.421 —-1.033 4.388 2.194 0.4557 3.227 0.3630
PP-3 3.384 —5.812 —-1.029 4.783 2.391 0.4148 3.4205 0.2925
Protonated form All energy values are in eV; "o is in eV !

PP-1 11.155 —7.541 —5.463 2.078 1.039 0.9624 6.502 —0.8094
PP-2 8.025 -9.736 —5.321 4.415 2.207 0.4530 7.528 —0.6134
PP-3 7.2935 —9.681 —5.141 4.540 2.270 0.4405 7.411 —0.5767

Table 8

Fukui functions on different atoms of the neutral as well as protonated forms of PP molecules.
PP-1 fle— fl+ PP-2 fl— fl+ PP-3 fl— fk+
C1 0.0464 0.0004 Cl 0.0000 —0.0050 C1 0.0488 0.0001
Cc2 0.0435 0.0014 Cc2 0.0091 0.1732 Cc2 0.0412 0.0009
C3 —0.0038 0.0025 Cc3 0.0001 0.3246 C3 —0.0036 0.0007
Cc4 0.0424 0.0010 Cc4 0.0001 0.0019 c4 0.0405 0.0006
C5 0.0428 0.0004 C5 0.0000 0.1786 C5 0.0449 0.0001
N6 0.2049 0.0000 N6 0.0002 0.3062 N6 0.2020 0.0000
N7 0.1753 0.0000 N7 0.0488 0.0007 N7 0.1749 0.0001
N8 0.0470 0.0002 N8 0.0412 0.0110 N8 0.0445 0.0001
Cc9 0.0742 0.0007 (@] —0.0036 —0.0002 C9 0.0788 0.0002
N10 0.1675 0.0001 C10 0.0404 0.0063 N10 0.1665 0.0001
N11 0.0475 0.0004 Cl11 0.0449 0.0011 N11 0.0449 0.0002
C12 0.0783 0.0005 N12 0.2021 0.0001 C12 0.0829 0.0003
C13 —0.0036 0.0008 N13 0.1749 0.0003 C13 0.0091 —0.0052
C14 —0.0035 0.0004 N14 0.0444 0.0005 Cl4 0.0000 0.1340
C15 0.0092 —0.0146 C15 0.0787 0.0007 C15 0.0003 0.0559
Cl6 0.0000 0.2046 N16 0.1666 0.0000 Cl6 0.0001 0.1453
C17 0.0002 0.2848 N17 0.0449 0.0004 C17 0.0001 —0.0036
C18 0.0000 —0.0118 C18 0.0829 0.0014 Cc18 0.0001 0.2027
C19 0.0001 0.2254 C19 —0.0038 0.0006 N19 0.0000 0.1837
C20 0.0001 0.3041 C20 —0.0037 0.0005 020 0.0001 0.1447
021 0.0000 0.0003 021 0.1454
C22 0.0000 0.0023 c22 0.0007

C23 0.0003

anodic Tafel slopes (B,), cathodic Tafel slopes (.), corrosion current
density (icor) are listed in Table 5. From the Fig. 4, it could be observed
that both the anodic and cathodic Tafel curves are shifting towards
lower current density, indicating that the PPs reduced both the anodic
and cathodic corrosion reactions. Table 5 further reveals that very
slight change occurs in the values of f3, in the presence of inhibitors but
a more pronounced change occurs in . values. This indicates that in
presence of inhibitors both the anodic and cathodic reactions are af-
fected but the affect is more pronounced on the cathodic reactions.
Thus, the inhibitors are mixed type, but predominantly cathodic
[50,51]. Also the shift in E.,, is towards more negative sides i.e.
cathodic with respect to blank suggesting their predominant cathodic
behavior. It is clear from Table 5 that the values of corrosion current
density (i.or) significantly decreased in presence of inhibitors than in
their absence, suggesting their effectiveness as corrosion inhibitors
(Table 6).

Surface study

Scanning electron microscopy (SEM) study was used for de-
termining the surface morphology of mild steel. On the inspection of
SEM micrograph, the surface of uninhibited specimen is rough and
damaged due to the dissolution of metal [Fig.5(a)]. However in the
presence of optimum concentration (100 mg L.~ ") of PP-1, PP-2 and PP-
3 the specimens surface becomes relatively smooth (Fig. 5b-d), which
indicate the presence of protective film of PPs [52] on the metal sur-
face. The three dimensional (3D) AFM morphologies for uninhibited
and inhibited samples are shown in Fig. 7 (a-d). The average roughness

in absence of inhibitor (Fig. 6 a) is 400 nm. The AFM images in the
presence of inhibitors are shown in Fig. 6(b-d) and their average
roughness are reduced to 20 nm, 60 nm and 100 nm for PP-1, PP-2, and
PP-3 respectively. The maximum reduction in surface roughness was
observed for PP-1.

Quantum chemical calculations

Quantum chemical calculations of neutral inhibitor molecules

Quantum chemical calculations using DFT method is one of the
most important theoretical tools for understanding the interaction be-
tween the inhibitor molecules and metal surface [53-55]. The corrosion
inhibition performance of inhibitor can be predicted well with the
calculated parameters such as highest occupied molecular orbital
(EHOMO), lowest unoccupied molecular orbital (ELUMO), energy gap
(AE) = (ELUMO-EHOMO, global hardness (n), softness (o) electro-
negativity (), dipole moments (n) and the fraction of electron transfer.
These parameters are calculated by the optimization of the inhibitor
molecules [56-58]. For the present study all the quantum chemical
parameters were calculated for neutral and protonated molecules in the
gas phase and are shown in Table 7. The optimized structures, HOMO
and LUMO electron distribution of neutral PPs are shown in Fig. 7 (a-
i).The value of HOMO is mainly related with the electron donating
tendency of a molecule. The higher the value of EHOMO, greater is the
tendency of the molecules to donate electrons to vacant metal orbitals.
The, lower value of ELUMO, refers to tendency of inhibitor molecules to
accept electrons from metal surface [59,60]. The value of EHOMO for
the studied inhibitors follows the order; PP-3 > PP-2 > PP-1. The
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protonated (a) PP-1 (b) PP-2 (c) PP-3.
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Fig. 9. Electrostatic potential map for neutral and protonated (a-f) PP-1 (b) PP-2 (c) PP-3 respectively.

experimentally obtained values of inhibition efficiency follow the same
trend. From the Fig 7(d-i), it is clear that the HOMO regions of PP-1, PP-
2, PP-3, delocalized over the pyrazolo-pyridine ring and LUMO regions
of PP-1 and PP-2, reside over the pyrazolo-pyridine as well as sub-
stituted methoxy-phenyl ring except methoxy group, and in the case of
PP-3, it resides both over the pyrazolo-pyridine ring and the sub-
stitutedNO2 phenyl ring. Generally a molecule having low value of AE
correlated with the high chemical reactivity and high inhibition effi-
ciency. From Table 7, it is clear that, PP-1 is the best inhibitor due to its
lowest AE value as compared to PP-2 and PP-3.

The others quantum chemical parameters have also been calculated
and are given in Table 7. A chemical species with high value of softness
(0) and lower value of hardness (n) is associated with the strong in-
teraction with metal and the high IE. In the present case the order of
softness (0) is as follows: PP-1 > PP-2 > PP-3, and the hardness fol-
lows the order: PP-3 > PP-2 > PP-1. The obtained results reveal that
PP-1 has more electrons donating capacity than PP-2 and PP-. The
global electronegativity indicates the extent to which a molecule can
retain its electrons. The higher value of () can be associated with a
lower tendency of electron donation by an inhibitor molecule and vice
versa. From the Table 7 it follows the order; PP-3 > PP-2 > PP-1. The
fraction of electron transferred (AN) form inhibitors to the metal were
calculated and listed in Table 7. If AN < 3.6, the inhibition efficiency
increases with increasing electron-donation ability to the metal surface
In the present case all calculated AN values are less than 3.6. Also
fraction of electron transfer in case of PP-1 is maximum and lowest in
case of PP-3.

11

Fukui index analysis

Fukuii index play key role to understand donor-acceptor interac-
tions between inhibitor and metal surface. These indicesdefine the
nucleophilic as well as the electrophilic nature of the inhibitors mole-
cules [15].Higher value of the fi~ predicts the electrons donation ability
of the inhibitors and higher the value of f,* defines the electron ac-
ceptance ability of the inhibitors. Table 8 shows the calculated fukuii
indices , the most electrophilic regions for PP-1 are on the C(15), C(16),
C(17), C(19) and on C(20), while the nucleophilic regions f;~ are at the
C(1), C(2), C(4), C(5), N(6), N(7), N(8), C(9), N(10), N(11), and C(12)
respectively. In the case of PP-2 the most favourable sites for electron
acceptance (fi*) are C(1), C(2), C(5), and N(6) and the nucleophilic
regions are spread over the C1, C2, N7, N8, C10, C(11), N(12), N(13), N
(14), C(15), N(16), N(17) and over the C(18) respectively. Likewise in
the case of PP-3 the f;” regions lies on the C(1), C(2), C(4), C(5), N(6), N
(7), N(8), C(9), N(10), N(11), and C(12), and the electrophilic regions
(electron accepting) fi* reside over C(14), C(15), C(16), C(18), N(19),
0(20) and O(21) these atoms respectively.

The analysis of fukuii indexes reveals that pyrazolo-pyridine ring
and phenyl ring are the reactive sites and responsible for donor—
acceptor interactions and thus facilitate bonding between metal and
inhibitor molecules.

Quantum chemical calculations of protonated inhibitor molecules
Heteroatom having more negative values of Mullikan charge is
likely to undergo protonation easily. The optimized structures, HOMO
and LUMO distribution are shown in Fig. 8(a-i). An observation of
Table 7 reveals that after protonation, the Eyono values of both in-
hibitors are shifted towards more negative side compared to that of
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Fig. 10. Temperature (a) and Energy (b) equilibrium curves of studied in-
hibitors adsorbed on the Fe (1 1 0) surface in solution.

Enomo values of neutral inhibitors. It suggests that after protonation,
the electron donating capability of inhibitors decreased. Furthermore,
Table 7 reveals that all the calculated AN values in case of inhibitors are
negative, which means that the donation of electrons from inhibitor
molecules to metal surface is not possible. It is also noted that Ejymo
values of protonated inhibitors shift towards more negative side as
compared to the neutral, which further suggests that the protonated
inhibitors have higher electron accepting capability compared to the
neutral form. All these factors cause the change in HOMO and LUMO
distribution as compared to the neutral form.

Molecular electrostatic potential

The molecular electrostatic potential (MEP) map gives the in-
formation about the low and high electron density sites which is re-
sponsible for the electrophilic and nucleophilic attack in the inhibitors
molecules. The MEP map of the inhibitors molecule was calculate by
the B3LYP/6-31G (d, p) chk file for the neutral and the protonated
inhibitors molecules and are shown in the Fig. 9(a-f) respectively. The
red color shows the region of the most negative sites and the green color
for the zero electrostatic potential. The blue region gives the most po-
sitive site of the inhibitor molecules. Fig. 9 (a-c) shows MEP map for
neutral molecules for all the three PP-1, PP-2 and PP-3 respectively, the
colour region lies in between red - green and blue. The red region oc-
cupied by the N atom of the pyrazole-pyridine ring which is the most
electronegative sites in the case of PP-1 and PP-2. But in the case of PP-

12
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3 the red color region is found over the N atoms of the pyrazole-pyr-
idine rings as well as the NO,, group of the substituent benzene ring. In
the case of 9(d-f) for protonated PP-1, PP-2 and PP-3 the deep blue
color region is spread all over the ring which indicates the deficiency of
electrons, also tells about that there is no tendency of donating the
electrons by all the three inhibitors. These data very well correlates
with the data of the AN calculated from DFT method.

MD simulations

MD simulations have been used for the study of the interaction
between inhibitors and the metal surface [33]. The studies were per-
formed in a system containing 500 water molecules, 5H;O0*, 5 Cl~and
one molecule of tested inhibitors. Each simulation was run until the
system reaches equilibrium. Fig.10(a) and 10(b) shows that after
500 ps, both the temperature and energy reach balance [61]. Figs. 11
and 12 represent the equilibrium configurations for the three corrosion
inhibitors both in the neutral and protonated forms. From the Fig (11
and 12) it is clear that all three inhibitor molecules of both forms were
moved gradually near the Fe (11 0) surface. And the calculated inter-
action and the binding energies are given in the Table 9. Higher the
negative interaction energy favors higher adsorption ability on the Fe
surface of inhibitors molecule and the higher will be the inhibition ef-
ficiency whereas the high magnitude of binding energy leads to a more
stable inhibitor/surface interaction [62-64]. Based on these data, it can
be inferred that the corrosion inhibition performance of studied in-
hibitors follows the order: PP-1 > PP-2 > PP-3. The presence of
electron releasing group (~OCH3) increasing the adsorption ability of
PP-1 [65]. The low interaction energy in case of PP-3 is attributed to the
presence of electron withdrawing NO, group [34]. The interaction
energy protonatedinhibitors with metal are more negative than neutral
inhibitors/metal, thereby suggesting that protonated inhibitors are
better adsorb than neutral inhibitors. These findings agree well with the
experimental results as well as with previously reported studies
[45,66].

Diffusion mechanism

MD simulation is considered as reliable method to estimate the
diffusion coefficients of corrosive species [67]. In this case, the mean
square displacements (MSD) functions were used to investigate the
transport of corrosive particles (CI- and H;O%) inside inhibitor films. A
small diffusion coefficient of the corrosive species means strong hinder
of simulation system which will induce to high inhibition efficiency
[68-71]. The diffusion coefficient is defined as follow [72]:

N
MSD(t) = % 3 IR - Ry(0)P o
i=1

n
D= %tlim i > IR — Ri(0)P]
- i (23)
where IR;(t) — R;(0)* and N are the mean-square displacement (MSD)
and number of target molecules respectively, while R;(t) and R;(0) are
the positions of corrosive species at time t and 0, respectively. Diffusion
coefficients have been calculated using the following equation [75]:

p=2
6
“m” is the slope of MSD curve.

Fig. 13 shows the diffusion models and MSD curves of Cl~ and H;O*
in the three corrosion inhibitor films at 303 K. Thus, Table 10 listed the
calculated diffusion coefficients of CI~ and H;O% in three inhibitor
films. It can be seen from the Table 1 that the diffusion coefficients of
Cl~ and H;O" in the inhibitor film of PP-1, PP-2 and PP-3 follow the
order of: Dy,+(PP-3) > Dy,o+(PP-2) > Dy,o+(PP-1) and Dc-(PP-
3) > D¢g-(PP-2) > Dg-(PP-1). These results are in accordance with
the reported inhibition efficiency [68]. The much smaller diffusion
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Fig. 11. Side views of the most stable configurations for adsorption of (a) PP-1 (b) PP-2 and PP-3 on Fe (11 0) surface calculated using Molecular Dynamics

simulations in the neutral phase in the aqueous medium.

coefficients of CI~ and H;O" in PP-1 indicates that the migration rate of
these corrosive species are both be inhibited. This is because; the in-
hibitor film constrains the diffusion of these particles [66]. It is also
apparent from the Table 10 that the diffusion coefficients of CI~ and
H;O% in PP-2 and PP-3 inhibitor film increased comparing with that in
PP-1 which indicates the decrease in the inhibitive capacity of these
inhibitors against the diffusion of the corrosive particles [72].

Mechanism of inhibition
The following mechanism can be proposed on the basis of experi-
mental and theoretical methods (Fig. 14):

13

(1) In hydrochloric acid solution pyrazolo-pyridine molecules can exist
in protonated and neutral form. The protonated inhibitor can ad-
sorbed on mild steel surface at previously adsorbed chloride ions

PP + H* 2 PP — H*

In the beginning Cl~ ions get adsorbed over the mild steel (MS),
which create negative charge on the metal surface. The protonated
inhibitor molecules are adsorbed on chloride ions through electrostatic
interaction (physical adsorption).

(2) The protonated inhibitor molecules get reduced by accepting the
electron from the cathode and become neutral. These neutral
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Fig. 12. Side views of the most stable configurations for adsorption of (a) PP-1 (b) PP-2 and PP-3 on Fe (11 0) surface calculated using Molecular Dynamics
simulations in the protonated phase in aqueous medium.

Table 9
Interaction energies between the inhibitors and Fe (1 1 0) surface (kJ/mol) derived in gas phase.
System Neutral form Protonated form
Elnteraction(kJ/mol) EBi.ndi.ng (kJ/mol) Elnteraction (kJ/mol) EBinding (kJ/mol)
Fe + P-1 + 500H,0 + 5H;0% + 5CI~ —701.13 701.13 —743.70 743.70
Fe + P-2 + 500H,0 + 5H;0% + 5CI~ —673.11 673.11 —711.51 711.51
Fe + P-3 + 500H,0 + 5H;0% + 5CI~ —562.51 562.51 —652.33 652.33

14
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Fig. 13. The diffusion models and MSD curves of CI- and H;0" in the three
corrosion inhibitor films at 303 K.
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Table 10
The diffusion coefficient values of CI~ and H;O" at 303 K.
System D ot Dcr-
(10~ m2/s) (10-9m?/s)
PP-1 0.0086 0.0021
PP-2 0.0410 0.0065
PP-3 0.0515 0.0227

Fig. 14. Schematic adsorption and inhibition mechanism of PP-1 molecule.

inhibitor molecules are chemically adsorbed on metal surface
through their lone pair of electrons [12].

(3) Further back-bonding (reterodonation) occurs between the in-
hibitor and the metal surface, which strengthen the adsorption of
inhibitor molecules.

Conclusions

1. All the three pyrazolo-pyridines (PPs) acted as excellent corrosion
inhibitors.

2. Among the three PPs, PP-1 having methoxy substituent exhibited
highest inhibition efficiency of 97.58% at 100 mg L~ .

3. All the pyrazolo-pyridine were found to inhibit corrosion by ad-
sorption mechanism which followed by Langmuir adsorption iso-
therm.

4. The formation of protective film was confirmed by SEM and AFM
methods.

5. PDP study revealed that all the three PPs act as mixed type corrosion
inhibitors, the high value of polarization resistance (Rp) obtained
from EIS data further confirmed the effectiveness of studied corro-
sion inhibitors.

6. The LE. predicted from theoretical data such as, Exomo, ELumo, AE
obtained by DFT approach was very well correlated with experi-
mentally obtained LE.

7. The binding energy calculated by MD method was also in good
agreement with the experimental results, and accordingly the
binding energy of PP-1 was the highest.

8. The LE. ranking for the studied inhibitors can be presented as fol-
lows; PP-1 > PP-2 > PP-3. The highest LE of PP-1 was attributed
to its parallel adsorption on the metal surface.
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