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Two a-aminophosphonates derivatives,

namely Diethyl

((phenylamino)(pyridine-2-yl) methyl) phosphonate

(0-DPAPMP) and Diethyl ((phenylamino)(pyridine-3-yl) methyl) phosphonate (m-DPAPMP), have been synthesised using
the Kabachnik Fields reaction, and their structures have been confirmed through melting point, UV-visible absorption,
FT-IR, and NMR ('H, “C, *'P) spectroscopy techniques. Their potential as anticorrosion agents for XC48 carbon steel in a
0.5 M H,SO, solution are evaluated using various techniques, including weight loss measurements, Tafel polarization,
electrochemical impedance spectroscopy, atomic force microscope, contact angle measurements, density functional theory
(DFT), and molecular dynamics (MD). The results revealed that o-DPAPMP and m-DPAPMP exhibited inhibition
efficiencies of 94.56% and 93.66%, respectively. The inhibition mechanism involved the adsorption of the inhibitors onto
the metal surface via the Langmuir adsorption isotherm, with the energy-free standard values revealing both physical and
chemical. AFM analyses demonstrated that both inhibitors prevented the normal functioning of carbon steel, with
0-DPAPMP showing stronger inhibitory efficiency than m-DPAPMP. Contact angle measurements confirmed the surface’s
hydrophobic nature of the. Theoretical analyses using DFT and MD showed a strong correlation with experimental results.
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Introduction

Carbon steel accounts for approximately 85% of
global annual steel production, with a consumption of
around 700 million tons per year. It is the most widely
used material in large quantities across various
industries, including marine applications, nuclear
power, fossil fuel power plants, petroleum production,
chemical processing, refining, construction, and
metal-processing equipment'?. Despite its widespread
use, carbon steel's main drawback is its limited
resistance to corrosion in harsh environments.
Corrosion significantly diminishes the material's
effectiveness, leading to increased maintenance costs
and lost production, which negatively impacts
numerous industrial sectors. It is estimated that
corrosion causes damage to about 150 million tons of
steel annually, which represents roughly one-quarter
of the total steel production worldwide’. Therefore, it
is essential to protect steel and prevent corrosion.
The use of inhibitors to protect the metal surface from

acidic aggression has proven to be highly beneficial in
various industries.

Studies have shown that organic compounds
containing nitrogen, oxygen, sulfur, and phosphorus, as
well as unsaturated bonds and conjugated systems,
are effective inhibitors in various corrosive
environments*’. Among these, organophosphorus
compounds have been particularly studied as inhibitors
for metals and alloys in electrochemical settings due to
their low cost, easy production, high purity, and low
toxicity®’. One important group of organophosphorus
compounds is a-aminophosphonates, which are
considered structural analogues of amino acids. These
compounds are used in various applications, including
industrial detergents and cleaners®’, as antioxidants
agents'’, antitumor activity'' and are increasingly being
used as corrosion inhibitors’'2. One of the simplest
methods for synthesizing these compounds is the
Kabachnik—Fields reaction’, a three-component
organic reaction that produces o-aminophosphonates
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from an amine, a carbonyl compound, and dialkyl
phosphite. Several publications in recent years have
documented the synthesis of a-aminophosphonates
using this approach'> ',

Recently, computational chemistry techniques have
been extensively applied to study organic compounds
as corrosion inhibitors, helping to understand the
relationship between their molecular structures and
their inhibition effectiveness™®. These methods
calculate the electrical characteristics that are key to
the inhibitory action. Additionally, molecular
dynamic simulations are commonly used to analyze
the adsorption of inhibitor molecules onto metal
surfaces”"”. These simulations provide insights into
how the inhibitor molecules adsorb to the metal
surface and allow for the measurement of the
adsorption energy between the organic inhibitor and
the metal surface.

Given the importance of corrosion inhibitors in
various industries, the present study aims to
synthesize, characterize, and evaluate the inhibitory
properties of two mnovel a-aminophosphonate
derivatives based on pyridine in the ortho and meta
positions. The focus is to investigate their corrosion
inhibition performance on XC48 carbon steel in a 0.5 M
H,SO, medium. Atomic force microscopy (AFM) and
contact angle measurements will be employed to
examine the surface morphology and composition of
XC48 carbon steel. These techniques will assess the
hydrophilic and/or hydrophobic properties of the
carbon steel samples protected from corrosion.
Additionally, theoretical calculations and molecular
dynamics simulations will be conducted to explore the
relationship between the inhibitors' molecular
structures and their inhibitory effectiveness.

Experimental Section

Material and solutions

The material used for corrosion study is carbon
steel X48, which had the following composition (in
weight percent): 0.50% C, 0.8% Mn, 0.40% Si, 0.10%
Mo, 0.4% Ni, 0.40% Cr, 0.045% P, 0.045% S, with
the remaining 95% being Fe. The aggressive solution
consists of a freshly prepared 0.5 M H,SO, solution,
made for each experiment using distilled water
and analytical-grade H,SO, (97%). The inhibitor
concentration range used in the study was between
10° and 10° M. All chemicals employed were
purchased from Aldrich Chemical Company and were
of high purity.

Synthesis route

The two inhibitors o-DPAPMP and m-DPAPMP
(Fig. 1) were synthesised in the lab using a reported
procedure'®. 2-Pyridine formaldehyde (1 mmol) or
3-pyridine formaldehyde (1 mmol) was added to
aniline (1 mmol) and triethyl phosphite (1 mmol) in
the presence of solid CoCl,.6H,O (1 mmol). After
being heated to 373.15 K, the solution was refluxed
for the proper amount of time. The progress of the
reaction was observed using TLC (n-hexane/ethyl
acetate). After extracting the reaction mixture, after
being separated, the organic phase was dried over
anhydrous MgSO,. Filtrates were evaporated and
recrystallized using ethanol before being dried at
room temperature. The two molecular structures of
the compounds were examined using melting point,
FT-IR, UV—Vis, and NMR ('H, "*C, *'P) spectroscopy
(Supplementary Information).

Diethyl ((phenylamino) (pyridin-2-yl) methyl)
phosphonate (o-DPAPMP): Brown solid: Yield 77%;
melting point 110°C; UV-Vis (MeOH): A1 =
206.64 nm, Apaxo = 243.76 M, Ay = 293.539 nm. IR
(Solid state), v (cm™): vx 1) (3298), Vic 1) atiphatic (2853-
3050), Vic=c), Vic=N) aromatic (1603-1500), vp-0) (1235),
Vip.0), Vip-0 _c) (696-745). 'TH NMR (400 MHz, DMSO-
d 6), & (ppm): 1.162 (3H, t, J=7.1, -CH,-CHs;),1.271
(3H, t, J= 7.1, -CH,-CH3), 3.901 - 4.149 (4H, m,
-CH,- CHj3), 4971 (1H, H-C-P), 5.031 (1H, -NH),
6,617 (1H,-CHa,), 6.698 (2H, -CHar ), 7.051(1H,
-CHar), 7.122(1H, -CHar), 7.192 (1H,-CHa,),
7.505(1H,-CHa, ), 7.641(1H,-CHas, 8.600 (1H,
-CH,,). °C NMR (400 MHz, DMSO-d 6):5 (ppm):
16.281 (1C, d, J=6.0, CH;-CH,-), 16.456 (1C, d,
J=6.0, CH;-CH,-), 55.957-57.467 (2C, CH;-CH,-),
63.688 (1C, H-C-P), 114.036 (2C, -CHa,), 118.410
(1C, -CHa,), 123.565 (1C, -CHa,), 123.740 (1C, -
CHay), 129.412 (2C, -CHa,), 137.775 (1C, - CHay),
146.830 (1C, -CHa,), 148.944 (1C, -CH,,), 156.176
(1C, -CHy). *'P NMR (400 MHz, DMSO-d 6),
o (ppm): 21.452 (1P, -C-PO (OC,Hs),.

Diethyl ((phenylamino) (pyridin-3-yl) methyl)
phosphonate (m-DPAPMP): Brown solid: Yield 75%;
melting point 113°C; UV—Vis (MeOH): Apag =
206.520 nm, Apaxo = 230.804 nm, Aypaxs = 259.184 nm.
IR (Solid state), v (cm ™): v o) (3308), Vic_m) aiphatic

(@) OC2H5 Catalyst \N/H
+ RNH, + | R
b ~~ o
R H HSCZO OCZHS R P%
R: 2-Pyridinecarboxaldehyde - \\OC2H5
3-Pyridinecarboxaldehyde Ri: Phenyl OC,Hg

Fig. 1 — Synthesis of o-DPAPMP and m-DPAPMP
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(2853- 3033)> V(C=C), v (C=N) aromatic (1603'1509), V(P=0)
(1236), V-0), V(P-0 -C) (692-754) 1H NMR (400 MHZ,
DMSO-d 6),8 (ppm): 1.064 (3H, t, J=7.0, -CH,-CH3),
1.188 (3H, t, J=7.0, -CH,-CH3), 3.815-4.070 (4H, m,
J=28.9, CH,-CHj;), 5.133 (1H, H-C-P), 5.197 (1H,
-NH), 6.375 (1H, -CH,,), 6.549 (1H, -CH,,), 6.821
(2H, -CHy,), 7.018 (1H, -CHy,), 7.343(1H, -CHy,),
7.906 3 (1H, -CHy,) , 8.432(1H, -CH,,), 8.716(1H,
-CHy,). °C NMR (400 MHz, DMSO-d 6), & (ppm):
16.500 (1C, d, J=6.2 Hz,CH;-CH2-), 16.748 (1C, d,
J=6.2,CH;-CH,-), 51.328- 52.815 (2C, CH;-CH,-),
63.022 (1C, H-C-P), 114.087 (2C, - CHy,), 117.652
ppm (1C, - CHy,), 123.681 (1C, - CHy,), 129.142
(2C, - CHyy), 133.276 (I1C, - CHy,), 136.083 (1C,
- CHa,), 147.369 (1C, - CHy,), 148.915 (1C, - CHyy),
150.147(1C, - CH,). °*'P  NMR (400 MHz,
DMSO-d 6), & (ppm): 22.080 (1P, -C-PO (OC,Hs),.

Experimental techniques

Weight loss experiments

For a 24 h immersion period at room temperature
with aeration, all procedures were conducted in
50 mL of 0.5 M H,SO, solution containing varying
concentrations of oa-aminophosphonate compounds.
The cylindrical XC48 carbon steel samples were first
abraded with abrasive paper, then thoroughly cleaned
with distilled water, degreased with acetone, and
finally dehydrated before each handling. After each
test, the samples were cleaned with distilled water,
dried, and weighed. The corrosion rate was calculated
using the following equations™”.

W, — W,

Where: W; and W, are the mass of the specimen
before and after corrosion, respectively, S stands for
overall sample area, ¢ for each experience's duration,
and W for corrosion rate, the equation (2) was used to
compute the inhibitory efficiency (IE %)

Wo — Winn
— x 100 .. (2
W 2)

0

IE % =

Where: W, and W;,, represent the corrosion rate
without and with the inhibitor, respectively.

Electrochemical measurements

Electrochemical measurements were conducted in a
conventional three-electrode glass cell, using a large
grid platinum auxiliary electrode (CE) with an area of
2 cm’, a calomel reference electrode (SCE), and an
XC48 working electrode (WE) in the form of a disk

with an exposed area of 0.2 cm’ to the corrosive
solution. Before use, the working electrode was
abraded with various grades of abrasive paper, then
cleaned with acetone and distilled water. The electrode
was then immersed in the test solution at open circuit
potential (OCP) for 30 min to achieve maximum
stability. Electrochemical measurements were carried
out using a PGZ 301 Volta Lab-40 model, and the data
were analyzed with Volta Master IV software.

Polarization curves were obtained by automatically
varying the electrode potential from -800 to -200 mV
at as can rate of 0.5 mV/s. The corrosion current
density (icory) and corrosion potential (E.,,) were
determined, and the inhibition efficiency (IEp) was
calculated using Eq. (3) based on the polarization
curve data®’.

[Ep% = (M) x 100 (3
ICOI‘I‘

Where, i and i°,, represent the corrosion current

density values with and without the inhibitors,

respectively.

Electrochemical impedance spectroscopy (EIS)
measurements were performed over a frequency range
of 100 kHz to 10 MHz, with signal amplitude of
10 mV. The charge transfer resistance (Rct) was
determined from the diameter of the semicircle in the
Nyquist plot. The inhibition efficiency obtained from
EIS was calculated using Eq. (4) .

(Rct - ROct)

ct

[Egis(%) = x 100 .. (4)
Where, the charge transfer resistance values for steel
with and without the inhibitors are denoted as R, and
R°, respectively.

Surface analysis

Atomic force microscopy

The surface images of the corroded samples, both
with and without the addition of inhibitors, were
obtained using atomic force microscopy (AFM). After
immersion in a 0.5 M H,SO,; solution, with and
without the addition of 10° M of 0-DPAPMP or
m-DPAPMP at 25°C for 24 h, the samples were
washed with distilled water, dehydrated, and then
examined using an MFP-3D Classic AFM system
from Asylum Research and Oxford Instruments.

Contact angle measurements
Contact angle measurements were performed at
room temperature after 24 h of immersion, with the
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angles measured from droplet images using an optical
goniometer equipped with Meter (Biolin Scientific)
image capture software. Initially, a baseline test was
conducted without corrosion inhibitors. Following
this, the inhibitors were applied to the XC48 steel
surface by placing a 3 to 5 uL drop of the selected
solvent using a syringe. The drop was immediately
observed after deposition and equilibration, and
the device software automatically determined the
contact angle.

Calculation method
Quantum chemical

The relationship between the inhibitive efficiency
and the molecule's structure was explained using
quantum chemical calculations. The Lee-Yang-Parr
correlation functional (B3LYP) was applied with a
basic 6-31G (d,p) set and Beck’s three-parameters
hybrid exchange functional'®. Density Functional
Theory (DFT) was used to optimize the geometry of
ligands, and further optimization was carried out
using the Gaussian 09 application package'’, with
the results visualized through Gauss View 5.0.8
software'®. Molecular orbital energies (HOMO and
LUMO), dipole moment (u), energy gap (AEgy),
global hardness (1)), global softness (o), absolute
electronegativity (x), electrophilicity index (w),
electron transfer (AN), and back-donation (AEgg.
donation) OF the molecules were all estimated using the

following formulae'®*°.
AEgp = Erumo—Enomo ...(5)
_ ErLumo —2 Enomo . (6)
1
o == . (7)
n
—(Exomo + Erumo)
1= > .. (8)
2
X
=L ..(9
® <2ﬂ> 9
Xre—Xinh
AN = ——— .. (10)
2(77Fe + ninh)
n
AE pack-donation) = 2 . (11D

Molecular dynamic simulations

Molecular dynamics (MD) simulations are
commonly used to investigate the mechanism and
configuration of inhibitor molecule adsorption on

metal surfaces, as well as to calculate the adsorption
and absorption interaction energies between inhibitors
and iron®*". The molecular dynamics simulations
(MDS) were conducted using the Materials Studio
7.0 program®. A simulation box of dimensions
17.20 x 22.93 x 22.93 A’ was employed for the MD
simulations. The Fe (110) crystal surface was chosen
for this simulation, as it is the most stable surface
reported in the literature”. Using the corrosion
method, a blank plaque of 15 microns thickness was
created after applying the a-aminophosphonates to the
Fe surface. The MD simulations were carried out at
298 K, NVT, with a simulation time of 50 ps and a
time step of 0.1 fs. The interaction energy (Eiteraction)
and binding energy (Epinding) of the inhibitor molecules
on the Fe (110) surface were calculated using the
equations 12 and 13*,

. (12)
. (13)

Where: Ey, is the system's total energy, Eg.: is the
energy of the iron surface in combination with H,O
molecules, Einpor 1S the energy of the inhibitor
molecule alone, and the binding energy is the negative
value of Eineraction-

Einteraction = Etotal - EFe+H20 - Einhibitor

Ebinding = —Einteraction

Results and Discussion

Weight loss experiments

Table 1 and Fig. 2, combine weight loss values for
carbon steel following 24 h of insertion in 0.5 M H,SO,
solutions with and without varying concentrations of the
two inhibitors. The increasing inhibition efficiency with
increasing concentration of the studied inhibitors
indicates that these inhibitors protect the surface of the
carbon steel where, the two inhibitors reach an inhibition
rate of 94.56% and 93.66% at 10°M for o-DPAPMP
and m-DPAPMP, respectively.
Tablel —Corrosion parameters of carbon steel X48 obtained from

gravimetric measurements in 0.5 M H,SO, solution containing
various concentrations of o-DPAPMP and m-DPAPMP

Inhibitors Con(M) W (mgem?h?')  IEy (%)
Blank 2.4230 -
0-DPAPMP 10°¢ 0.4157 82.84
107 0.2482 89.75
10 0.0934 93.17
10° 0.0744 94.56
10 0.3700 84.72
m-DPAPMP 107 0.2331 90.37
10* 0.2031 91.61
10° 0.1534 93.66
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Fig. 2 — Relation between W and IEw of carbon steel X48 electrode obtained in 0.5 M H,SO, solution containing different

concentrations of 0o-DPAPMP and m-DPAPMP
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Fig. 3 — Polarization behaviour of carbon steel X48 in 0.5M H,SO, solution containing different concentrations of o-DPAPMP and

m-DPAPMP

Electrochemical measurements
Potentiodynamic polarization study

The polarization graphs of carbon steel XC48
immersed in 0.5 M H,SOy solution containing various
concentrations of a-aminophosphonates are shown in
Fig. 3. The electrochemical parameters, including
corrosion current densities (icoy), corrosion potential
(Ecorr), cathodic Tafel slope (B.), anodic Tafel slope
(B.) and inhibition efficiency (IE%) values, were
calculated from the corresponding polarization
curves, and are summarized in Table 2. An initial
analysis of these curves reveals that both anodic and
cathodic reactions are affected by the addition of
inhibitors in 0.5 M H,SO, solution, leading to a
reduction in the following:

The anodic current associated with the metal
dissolution process, represented by the reaction:
Fe - Fe?t + 2e~

The cathode current related to the proton reduction
process:
2H* + 2e™ > H,

The results of Table 2 indicate that the investigated
inhibitors act on both the cathodic and anodic
processes, effectively reducing the corrosion of
carbon steel, thus functioning as mixed-type
inhibitors. The increase in inhibition efficiency with
concentration suggests that these inhibitors protect the
carbon steel surface, likely due to their adsorption
onto the metal surface, forming a protective layer that
shields it from corrosion®”. This can be explained
by the presence of N, O, and P atoms in the
aminophosphonates structure, which form
coordination bonds with free electron pairs and the
d-orbitals of the iron surface, and the benzene ring
is a excellent electron transporter’®. Table 2 also,
highlights that o-DPAPMP achieves the highest
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Table 2 — Polarization parameters and corresponding inhibition efficiency for the carbon steel X48 in 0.5 M H,SO, without and with
addition of various concentrations of 0-DPAPMP and m-DPAPMP compounds

Inhibitors Cin(M)  Eonr (mV/SCE)  igor (mA/cmz) Ba (mV/decade) -B. (mV/decade) Rp (Q.cmz) 1Ep (%)
Blank -422.5 1.636 61.8 102.7 8.30 -
o-DPAPMP 10° -468.1 0.3075 43.0 139.6 37.07 81.20
107 -467.3 0.1820 33.7 99.0 63.71 88.87
10* -473.7 0.1169 36.1 81.3 94.53 92.48
107 -475.9 0.0989 36.0 73.3 148.83 93.95
10°° -405.0 0.2672 48.8 158.9 43.99 83.66
m-DPAPMP 10° -410.7 0.2104 34.4 146.4 50.94 87.13
10* -413.8 0.1690 32.4 148.4 56.16 89.66
103 -434.0 0.1315 23.6 121.9 147.98 91.96
100 80
(a) 0-DPAPMP (b) m-DPAPMP
90 704
" ——Blank
_'_Blfzk 60 ——10m
70 —-—105M . 1075
~g0] ——10°M ~ 50+ 4
NE . 10_4M Ng — 10_3M
= 50 R 2 40- 107°M
é " 10°M .g
§ § %7
30
P 20_ '
20 ”
10 ( 10
0 ’.’ 04
O 10 20 30 40 50 60 70 8 90 100 0 10 20 30 40 50 6 70 80

Zr (ohm.cmz)

Zr (ohm.cmz)

Fig. 4 — Nyquist plots for carbon steel X48 in 0.5M H,SO, solution containing different concentrations of a-aminophosphonates

compounds at 25°C

inhibition efficiency value of 93.95%. This result can
be attributed to the position of the
N atom in the pyridine structure, which acts as an

electron-donating  group. Its location  within
thearomatic structure influences the molecule's

capacity to inhibit’?*,
Electrochemical impedance spectroscopy study (EIS)

The Nyquist plots of carbon steel in a 0.5 M H,SO4
solution, both with and without various concentrations
of 0-DPAPMP and m-DPAPMP are given in Fig. 4.
The impedance parameters derived from these plots,
including charge transfer resistance (R;) and double-
layer capacitance (Cq4) are given in Table 3. From the
plots, it is evident that all impedance spectra exhibit a
single capacitive loop, indicating that the corrosion of
carbon steel in 0.5 M H,SO, is mostly controlled by
the charge transfer process, which is typically
associated with double-layer behaviour™’*’. All plots
correspond to a depressed semi-circular shape at
high frequencies and a small inductive loop at low

Table 3 — Electrochemical impedance parameters for carbon
steel X48 in 0.5 M H,SO, without and with various concentrations
of a-aminophosphonates compounds

Inhibitors Cinn(M) Ry R, Ca IEgis
(Q.cm®)  (Q.em®) (UF.cm?) (%)

Blank 1.126 7.802 3222 -

o-DPAPMP 106 2.958 31.93 1245 75.56
10° 3.603 44.85 88.69  82.60

10 2.278 76.76 65.51 89.83

107 1.434 80.43 49.45 9029

10 0.989 37.24 72.18  79.04

m-DPAPMP ¢ 1.681 55.11 67.52 85.84
10* 1.288 63.89 64.56 87.88

107 0.882 77.88 62.27 89.98

frequencies®. The capacitive semi-circular loop at
high-frequencies is attributed to the charge transfer
resistance (R.), while the small inductive loop at low-
frequencies may be attributed to the relaxation
process of the adsorbed intermediates®. The increase
in R values is a result of inhibitor adsorption on
metal surface, indicating a reduction in the exposed
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surface area, likely due to the formation of a
protective layer and increased surface coverage.
While the decrease in Cy values may be attributed to
a reduction in local dielectric constant and/or an
increase in courant density, suggesting that the
inhibitors act by adsorbing onto the metal-solution
interface™. Additionally, the diameters of the semi-
circles in these plots depend on the concentration of
the inhibitors, increasing as the concentration rises.
This suggests that the exposed surface area of the
metal increases with higher inhibitor concentrations,
leading to increased the inhibition efficiency. These
results correlate with the results obtained from weight
loss and polarization measurements.

After examining the impedance plots, an equivalent
electrical circuit was developed to model the
behaviour of the metal/solution interface. The
impedance plots were created using the ZSimpWin
impedance fitting software for both the blank and
inhibitor- containing solutions. The resulting circuit is
shown in Fig. 5. This equivalent circuit consists of
five components: a constant phase element (CPE),
which replaces the double-layer capacitance (Cg)
to account for surface inhomogeneities™"’;
R;, representing the electrolyte resistance; R, the
charge transfer resistance; L, the inductance; and RL,
the resistance of the inductor element.

INDIAN J CHEM TECHNOL, JULY 2025

Numerous studies have demonstrated that
heteroatom-containing  compounds,  such  as
a-aminophosphonates and organophosphorus

compounds, possess inhibitory effects on the corrosion
of carbon steel’™'. In Table 4, we compare o-
DPAPMP and m-DPAPMP with other inhibitors and
their corresponding efficiencies to evaluate their
effectiveness as anticorrosion agents. As shown in
Table 4, 0-DPAPMP and m-DPAPMP, members of
the a-aminophosphonates family, exhibit significant
potential as novel inhibitors for carbon steel in acidic
environments. These inhibitors are also anticipated to
have a significant impact on the inhibition of other
metals and under various conditions.

Adsorption isotherm

Calculating the adsorption isotherm is critical for
understanding the corrosion inhibition process, as it
characterizes the nature of the interaction between the
inhibitor molecules and the metal surface. In this
study, the Langmuir isotherm provides the best fit,
and the following equation was used to describe it*>.

C:
mh . (14)

! +C
0 - Kads inh
Where: 6 is the surface coverage, Ciy, is the inhibitor
concentration, K4 is the equilibrium constant.
The adsorption constant values derived from the

CI P{E plots of Cw/6 versus Cyy, plots (Fig. 6). The
| | regression  coefficient R”* was found to be
approximately 0.9999, indicating that the adsorption
—_— L —— }——  process of the o-DPAPMP and m-DPAPMP on the
SII0 Rs metal surface supports the validity of this model.
—} |-r I Additionally, the inhibition mechanism of the
R corrosion process can be deduced from the adsorption
Ry isotherm by estimating the standard Gibbs free energy
Rp=R+R| (AG®,4s) using the following equati0n32.
Fig. 5 — Equivalent circuit for XC48 carbon steel obtained under 1 (_AGe(\)ds)
: Kags = ex ..(15)
0.5 M H,S0; ads = 555 P pp
Table 4 —Comparison of corrosion inhibition efficiency of 0o-DPAPMP and m-DPAPMP with the literature data on XC48
carbon steel under acidic environments
Inhibition efficiecy at optical concentration in acidic medium
Reference Dijenane et al.* Moumeni et al.*’ o-DPAPMP m-DPAPMP
Structure
Hac\O H\N/CH3 = CHj — CHj — CHy
o ) \ ) N o
& Br-  Row Yo
te O O
Erpp (%) 89.16 63.82 93.95 91.96
Egis (%) 81.91 83.34 90.29 89.98
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Where: 55.5 is the molar concentration of water in the
solution expressed in mol/L, R is the gas constant
(8.314 J/K mol), T is the absolute temperature (K).

It has been reported that energy-free standard
values of -20 kJ/mol or less are associated with
electrostatic interaction between charged molecules
and metals, indicating physisorption as the adsorption
mechanism. In contrast, values greater than
-40  kJ/mol suggest chemisorption, implying
coordination with a metal band> *°. According to
previous studies, a high value of the adsorption
equilibrium constant (K.4) indicates that the
inhibitors are more readily and effectively adsorbed
onto the metal surface™ . In this investigation, both
inhibitory showed K,4 values in the range of 105,
providing superior inhibition performance of these a-
aminophosphonates compounds. As shown in
Table 5, the calculated standard Gibbs free energies
for the investigated inhibitors, o-DPAPMP and
m-DPAPMP, range from -37 to -38 kJ/mol is
suggesting both physical and chemical adsorption®.
These values also indicated that the inhibitors are
strongly bonded to the metal surface.
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Fig. 6 —Langmuir adsorption plots for carbon steel X48 in H,SO,
M containing different concentrations of o-DPAPMP and
m-DPAPMP

Surface analytical AFM analyses

AFM analyses

Atomic force microscopy (AFM) is gaining
recognition as an effective tool for investigating the
corrosion process at the metal/solution interface, as it
allows for detailed examination of surface
morphology at both microscopic and nanoscale
levels*. Fig. 7 displays both two-dimensional and
three-dimensional AFM images of the carbon steel
X48 surface before and after 24 h of immersion in a
solution of 0,5 M H,S0, with and without the
presence of 0-DPAPMP and m-DPAPMP. Table 6
summarizes the roughness values. The average
roughness before and after immersion in the 0.5 M
H,S0, solution were found to be 15.600 nm and
134.278 nm, respectively (Figs 7a & 7b). In contrast,
in the presence of 10° M of o-DPAPMP and
m-DPAPMP, the roughness values were 100.757 nm
and 103.395 nm respectively (Figs 7c & 7d). The
reduced roughness values observed in the presence
0-DPAPMP and m-DPAPMP, particularly when
compared to the roughness after immersion in the acid
solution without the inhibitors, suggest that these
compounds are effective in reducing the corrosion
rate and minimizing surface metal deterioration.

Contact angle measurements

The hydrophobic or hydrophilic characteristics of
the surface, both in the presence and absence of
inhibitors, can be easily detected by measuring the
water contact angle. A contact angle greater than 90°
indicates water-repellent properties, while an angle
less than 90° signifies typical wetting behaviour®. For
a freshly polished XC48 carbon steel surface, the
contact angle is 69.60°. However, when the surface is
immersed in a 0.5 M H,SO, solution for 24 h, the
contact angle raised to 42.14° (Fig. 8a
and 8b). In contrast, when the surface is exposed to
the highest concentration of inhibitor molecules in the
H,SO, solution, the contact angles increase. In
presence of 10~ M concentrations of o-DPAPMP and
m-DPAPMP inhibitors, the contact angles raised to

Table 5 — Thermodynamic parameters of the adsorption of o-DPAPMP and m-DPAPMP on XC48 surface

Inhibitors Methods Slope
Gravimetric 1.0450

o-DPAPMP Polarization 1.0542
Impedance 1.0884

Gravimetric 1.0675

m-DPAPMP Polarization 1.0864
Impedance 1.1104

R? Kogs (M AGP 45 (kJ.mol™)
0.99991 8.1766.10° -37.9570
0.99998 6.7267.10° -37.4745
0.99988 5.6983.10° -37.0647
0.99999 8.3843.10° -38.0200
0.99999 8.7634.10° -38.1296
0.99999 9.1157.10° -38.2271
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0 5 10 15 20

Fig. 7— AFM image in 2D for inhibitors, after immersion in 0.5 M H,SO, of carbon steel surface (a) Polished carbon steel, (b) Carbon
steel in 0.5 M H,SOy, (¢) with 10~ M of 0-DPAPMP and (d) with 10°M of m-DPAPMP

Table 6 —Roughness values of the XC48 steel obtained
from AFM measurements in 0.5 M H,SO, solutions with and
without investigated inhibitors

AFM data Polished Blank 0.5 M 10 M Inhibitor
XC48 H,SO,

Roughness 15.600 134.278 100.758* 103.395°

(nm)

35-DPAPMP and "m-DPAPMP

63.98° and 60.64°, respectively (Figs 8c and 8d).
These results suggest that a water-repellent film forms
on the steel surface in the presence of the inhibitor
molecules. Moreover, the study reveals that the
surface treated with o-DPAPMP exhibits better water-
repellent propertiescompared to the surface treated
withm-DPAPMP.

Quantum chemical parameters

To investigate the relationship between the
molecular structures of these compounds and their
inhibitory effectiveness, various quantum chemical
simulations were performed. Fig. 9 shows the
optimized molecular structures of the compounds,
while Table 7 presents the key quantum chemical
parameters that were evaluated.

The terms HOMO (Highest Occupied Molecular
Orbital) and LUMO (Lowest Unoccupied Molecular
Orbital) are key indicators of chemical reactivity,
representing the ability of a molecule to donate and
accept electrons, respectively. A low Erymo value
indicates the molecule's ability to accept electrons,
while a high Egomo value suggests better inhibitory
action and enhanced adsorption of the inhibitor on the
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Fig. 8 — Contact angles measurements (a) on water (b) on polished carbon XC48 surface immersed in 0.5 M H,SO, solution for 24 h
with no inhibitor, (c) with 10~ M of inhibitor 0o-DPAPMP and (d) with 10° M of inhibitor m-DPAPMP

(@) o-DPAPMP

(b) m-DPAPMP

Fig. 9 — Optimized structures of o-DPAPMP and m-DPAPMP

metal surface”**. As the HOMO energy increases and
the LUMO energy decreases, the inhibitor's ability to
bind to the metal surface strengthens. With rising
HOMO and falling LUMO energy values, the
inhibitor's ability to attach to the metal surface

increases. Fig. 10 shows the molecular orbital
diagrams of o-DPAPMP and m-DPAPMP. For
0-DPAPMP and m-DPAPMP, the respective Epomo
values are -5461 and -5.572 eV, while the
corresponding E; ymo values are -0.828 and -0.697 eV.
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Table 7 — Quantum chemical parameters of o-DPAPMP

and m-DPAPMP

Quantum chemical parameters ~ o-DPAPMP m-DPAPMP
Enomo (V) -5.282 -5.449
Erumo (V) -0.842 -0.828
AEg( ELumo-Enomo ) (V) 4.440 4.621
Ei (eV) -35346.683 -35346.547
u (debye) 3.348 2.122
nev) 2.220 2310
a(eV) 0.450 0.432
x(eV) 3.062 3.138
o(eV) 2.111 2.131
AN(eV) 0.886 0.835
AE Back-donation) (eV) 0.555 0.577
(@) o-DPAPMP

The higher Eyomo value and lower Epymo value of
0-DPAPMP indicate its superior inhibition efficiency.
Furthermore, the energy gap (AEg,) is another
important parameter for assessing the inhibitor
molecule's reactivity towards the metal surface.
Lower AEg,, values correlate with better inhibition
efficiency, as they reduce the energy required to
remove an electron from the last occupied orbital® *°.
In this investigation, AE,,, follows the order
0-DPAPMP < m-DPAPMP, suggesting that o-
DPAPMP exhibits higher reactivity and is likely to
interact more strongly with the metal surface.
Additionally, the molecular electrostatic potential
(MEP) profile of a molecule provides a visual

(b) m-DPAPMP

3:

HOMO

LUMO
Fig. 10 — Representation of HOMO, LUMO densities of (a, ¢) o-DPAPMP and (b, d) m-DPAPMP
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representation for identification of the binding sites
and the interactions between the molecules and
approaching species. The MEP's colour gradients
reflect the electrostatic potential at the molecule's
surface, with red regions indicating areas of attractive
potential (nucleophilic reactivity) and blue regions
indicating areas of repulsive potential (electrophilic
reactivity)*. In the MEP map of the studied inhibitors
(Fig. 11), negative potential zones correspond to the
electronegative atoms (such the oxygen atoms of the
phosphonate group), while, positive potential regions
are associated with electropositive atoms (like
hydrogen atoms). The MEP values for o-DPAPMP
are -6.917¢” a.u. and 6.917¢” a.u and for m-DPAPMP
are -5.668¢” au. and 5.668¢” a.u, respectively,

(a) o-DPAPMP

suggesting significant potential for both electrophilic
and nucleophilic attack. The predominantly green
regions in the MEP surfaces represent areas of
intermediate  potential, positioned between the
extremes of red and blue. A proton is attracted to
molecules with concentrated electron density (from
lone pairs, pi-bonds, etc.) when the electrostatic
potential is negative. Conversely, in areas with low
electron density and insufficient nuclear charge
shielding, the positive electrostatic potential is
associated with the repulsion of protons from the
atomic nuclei*™®. The presence of both highly
electronegative and electropositive regions, along
with moderate sections in synthesized compounds,
indicates the potential for strong electrophilic and

(b) m-DPAPMP

Fig. 11 — MEP maps in 3D and 2D of (a, ¢c) o-DPAPMP and (b, d) m-DPAPMP



530 INDIAN J CHEM TECHNOL, JULY 2025

nucleophilic attack. The distribution of electrical
density across the molecules offers insight into the
likely adsorption sites on the metal surface, such as
horizontal or parallel orientations.

The dipole moment can be used to forecast the
overall surface coverage of aminophosphonates on an
iron surface. Molecules possessing a significant
dipole moment are expected to exhibit greater surface
coverage when adsorbed onto the metal surface®*
The results indicate that o-DPAPMP has the highest
dipole moment (3.348 D), suggesting that it will
adhere more strongly to the metal surface compared
to m-DPAPMP and will therefore exhibit the highest
inhibitory efficacy. Hardness and softness are
significant variables that affect a molecule's molecular
stability ~ and  reactivity.  Higher  inhibitory
effectiveness is generally associated with higher and
lower hardness values®’. A soft molecule has a
smaller energy gap compared to the largerenergy gap
of a hard molecule’™®. In this investigation, the
0-DPAPMP compound demonstrates the highest
inhibitory efficiency, with a low hardness value of
2.316 eV and a high softness value of 0.431 eV, in
comparison to the m-DPAPMP compound. The
absolute electronegativity indicates a molecule's
ability to attract electrons into covalent bonds.
Molecules with low electronegativity values tend
to reach electronic equilibrium more easily,
resulting in increased reactivity. Conversely, a high
electronegativity value demonstrates an inverse
relationship’”. Table 8 shows that the differential
electronegativity changes between the inhibitor and
metal follow the order o-DPAPMP < m-DPAPMP.
These findings indicate that o-DPAPMP has the
lowest electronegativity (3.062 eV) compared to
m-DPAPMP, suggesting a higher inhibitory
effectiveness. The electrophilicity index measures a
molecule's capacity to accept electrons a high value of
o indicate a strong electron-accepting capacity of the
molecule®®™*’. According to the experimental data, the
electrophilicity values follow the order: o-DPAPMP >
m-DPAPMP, which aligns with experimental

Table 8 — Interactions and binding energies estimated by MD
simulations for the molecules adsorption on Fe (110) (in kJ mol™)

Energies o-DPAPMP m-DPAPMP
Total energy -91.49 -90.93
Adsorption energy -158.16 -156.27
Rigid adsorption energy -168.78 -165.12
Deformation energy 10.62 8.84
dE,¢/dy; -158.16 -156.27

observations. The AN depicts the trend of electron
donation within a group of inhibitors. To determine
the percentage of transferred electrons, the theoretical
parameters yFe = 7.0 eV and nFe = 0" ) were
applied. Furthermore, the AN values were computed
and indicate that the inhibition efficiency due to
electron donation agrees with the findings of
Lukovits’s study”**’. When AN < 3.6, the inhibition
efficiency increases as the electron-donating ability of
the inhibitors enhances their ability to donate
electrons to the metal surface. The efficiency
increases in the following order: o-DPAPMP > m-
DPAPMP. These findings demonstrate that AN is
strongly.

Back donation (AE p,i_qonation)

Gomez et al’® recently suggested that the
interaction between the inhibitor molecule and the
metal surface may be influenced by an electronic
back-donation process, based on the charge transfer
model for electron donation and back-donation.
According to this model, when both the transfer of
electrons to the molecule and back donation from the
molecule occur simultaneously, the energy change is
directly related to the molecule’s hardness. The
transfer of charge to the molecule, followed by back-
donation from the molecule to the metal, is
energetically favoured when n>0 and AE, 4 < 0. The
calculated AE;4 values show the trend: o-DPAPMP <
m-DPAPMP, indicating that o-DPAPMP exhibits the
lowest back-donation level of back donation and the
highest inhibitory efficiency, as expected and
consistent with the experimental findings.

Molecular dynamic simulations

The standard charge molecular dynamics
simulation is essential for understanding of the
inhibitors' adsorption inhibitory on the surface of
carbon steel. After optimization, MD simulations
were used to estimate the adsorption energies of
0-DPAPMP and m-DPAPMP on the Fe (110) surface.
The corresponding adsorption geometries are shown
in Fig. 12 and Table 8 correlated with the
experimental inhibition efficiencies.

As shown in Fig. 12, the examined inhibitors are
strongly bound to the iron atoms and adsorb onto the
Fe (110) surface in a nearly horizontal orientation,
with their hard inhibitor molecule structures aligning
with the metal. Furthermore, an analysis of the
inhibitor molecules reveals that, upon adsorption onto
the metal surface, chemical interactions lead to the
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o-DPAPMP

m-DPAPMP

(b)

side view

top view

Fig. 12 — Equilibrium configurations of o-DPAPMP and m-DPAPMP on Fe(110) surface in vacuum slabs: (a) top view and

(b) side view

transfer of the electrons from the nitrogen, oxygen,
and aromatic rings of the inhibitors to iron atoms,
forming coordinating bonds. The strength of atoms,
forming physical interactions generally increases with
the size of the molecule, and the physical connection
between the inhibitor molecules and the metal
surface, driven by van der Waals dispersion forces,
may also influence the overall attraction overall the
molecules and the surface®”. The calculated
interaction  energies for the adsorption of
0-DPAPMP and m-DPAPMP are -158.16 and -156.27
kJ  mol’, respectively. The negative and
relatively high values of these interaction energies
indicate the strong adsorption of the inhibitor
molecules onto the Fe surface™*. As shown in Table 8,

Table 9 — The measured bond distances between the active
centres of the inhibitors and Fe atoms

Inhibitors o-DPAPMP m-DPAPMP
dFe_011:4.681A0 dpw11:4.716A0
Distances dFe—010:3-540A0 dFe_010:3.455Ao

dFe—012:2~403A0
dFe—N41= 4.335A°
dF&N7:3-062A0

dpw12:2.959A0
dFe—N4 1:4. 360A°
dFt&N7:3 .106A°

the binding energy follows the order o-DPAPMP> m-
DPAPMP, indicating that o-DPAPMP has a better
capacity for adsorption on the Fe surface. These
results align with previous findings from experimental
measurements and quantum mechanical calculations.
Additionally, Table 9 and Fig. S1 (Supplementary
Information) display the observed equilibrium bond
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lengths between the nearest heteroatoms of the
inhibitor molecules and the Fe (110) surface. The
significant inhibitory efficiencies were confirmed by
the identification of chemical bonds forming between
the active centres O10, O11, O12, N41, and N7 of the
studied compounds and the Fe (110) atoms.

Conclusion

Both ortho and meta diethyl [(phenylamino)
(pyridinyl) methyl] phosphonates, o-DPAPMP and
m-DPAPMP, were synthesized via the Kabachnik-
Fields reaction, with their structures confirmed using
melting point, FT-IR, UV-Vis, and 'H, “C, and *'P
nuclear magnetic resonance spectroscopy. The
investigated compounds inhibit strong corrosion
inhibition of carbon steel XC48 in a 0.5 M H,SO,
solution. As the concentrations of the inhibitors
increases, so does the inhibition efficiency. Both
inhibitors effectively reduce corrosion of the carbon
steel XC48 in 0.5 M H,SO,, with gravimetric,
polarization, and EIS measurements showing o-
DPAPMP performing better than m-DPAPMP. The
adsorption of both compounds follows the
Langmuir’s isotherm model, indicating they act as
mixed-type corrosion inhibitors. The AG®,s values
further suggest both physical and chemical adsorption
mechanisms. AFM analysis of the carbon steel XC48
surface reveals the formation of a stable, insoluble
protective layer. Contact angle measurements indicate
the development a water-repellent coating on the
carbon steel surface in the presence of both inhibitors.
Overall, the experimental results align closely
with the theoretical values derived from quantum
chemical calculations. Additionally, molecular
dynamics simulations show that the two molecules
adhere to the iron surface in a closely aligned,
parallel orientation.
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