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Abstract

The purpose of present study is in the direction of development of an

anticorrosive coating formulation of high durability for carbon steel corrosion

in 3 wt% NaCl medium. The formulation comprises of a macromolecular epoxy

coating (DGEDDS-MDA) based bisphenol S diglycidyl ether (DGEDDS) cured

with a methylene dianiline (MDA). The formulation was characterized by FT-

IR spectroscopy method. Performance of the epoxy coating was represented

using PDP and EIS approaches. The formulation acts as effective anticorrosive

coating for long durability (180 days). Surfaces of the specimens before and

after 180 days exposure to UV radiation were examined using SEM. PDP, SEM,

and EIS studies showed that DGEDDS-MDA acted as highly durable and effec-

tive anticorrosive formulation. Results also showed that the formulation acts as

Abbreviations: CE, assisting electrode; DFT, density functional theory; DGEDDS, bisphenol S diglycidyl ether; EHOMO, energy of highest occupied
molecular orbital; EIS, electrochemical impedance spectroscopy; ELUMO, energy of lowest unoccupied molecular orbital; GDP, gross domestic product;
HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital; MC, Monte Carlo; MD, molecular dynamics; MDA,
methylene dianiline; MEP, molecular electrostatic potential; MO, molecular orbital; NACE, National Association of Corrosion Engineers; OCP, open
circuit potential; PDP, potentiodynamic polarization; SCE, saturated calomel electrode; SEM, scanning electron microscopy; UV, ultraviolet; WE,
working electrode.
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interface type inhibitor and its presence enhances the polarization resistance

(Rp) value. DFT study suggests that the formulation DGEDDS-MDA possesses

strong ability to interact with metal surface through its several electron rich

centers. MD and MC simulations showed that studied formulation effectively

adsorb on the substrate (metallic surface). Results of EIS, PDP, and SEM stud-

ies (experimental) were well-supported by DFT, MD, and MC (computational)

simulations.

KEYWORD S

coatings, electrochemistry, morphology, resins, surfaces and interfaces

1 | INTRODUCTION

Metallic resources are extremely susceptible to react with
the environment components that result into their con-
siderable loss due to corrosion. Corrosion is an instinctive
property of most of the metals that is allied with massive
security and monetary fatalities. According to the statisti-
cal classification of economic activities in the European
Community (NACE), the annual global cost of corrosion
has reached nearly $ 2.5 trillion USD, which represents
about 4.2% of total GDP (Gross Domestic Product).[1,2]

Therefore, corrosion inhibition is an extremely essential
demand especially in industrial sectors. Use of polymer
coatings is one of the most effective and economic
methods of corrosion protection.[3,4] Coatings are widely
used as anticorrosive technique of high durability and
respecting the sustainable development on metal sup-
ports in a lot of engineering applications for example in
automotive, aeronautics, ships, architecture, and oil
tanks.[5,6] Anticorrosive polymer coatings are now devel-
oped in the context of current environmental standards,
but the question of their durability remains unresolved.
The main environmental factors that degradation of poly-
mer coatings are water, temperature, and UV radiation,
and so forth.[7,8] Accelerated aging tests are used to esti-
mate the service life of polymer coatings.[9,10] The pur-
pose of this work is lying on the validation of durability
of a new coating by means of electrochemical, surface,
and computational techniques.[11,12] The polymer coat-
ings usually avoid the leaching of reactive (corrosive) spe-
cies from electrolyte to metallic surface. Epoxy-polymer
are the furthermost imperative polymeric supplies to
remain used as anticorrosive coating since of their low
shrinkage, simplicity of curing and extraordinary resis-
tance to moistness, solvents and chemicals and their bril-
liant linkage enactment. Apart from the above, epoxy
coatings are also associated with perfunctory properties,
better-quality adhesion to the substrate, good thermal
immovability, excellent corrosion resistance, and

chemical resistance.[13–15] The attractive properties could
be attributed to the high cross linking density and func-
tional groups such as the amines and hydroxyls present
in the epoxy coating. However, long-term exposure to
corrosive materials causes partial diffusion of corrosive
species into the epoxy coating, inherent scratches, or
pores.[16,17]

Present study composed of two parts, first part is
focused toward the synthesis and applying of DGEDDS-
MDA coating on the carbon steel as well as monitoring
the anticorrosive performance in 3% NaCl by the PDP
and EIS. The anticorrosive performance was also demon-
strated using SEM technique. In the second part of the
study, DFT, MC and MD simulations were adopted to
corroborate the experimental studies. The DGEDDS-
MDA was synthesized and employed as anticorrosive
coating materials for the first time. More so, DGEDDS-
MDA showed reasonably good anticorrosive formulation
for carbon steel in neutral solution. Both experimental
and computation studies were consistent. It is important
to mention that previously our research group is also
demonstrated the inhibition effect of other epoxy resins
using experimental and theoretical methods in coating
phase. The demonstrated epoxy resins showed relatively
lower protection efficiencies as compared to the protec-
tion effectiveness of DGEDDS-MDA.[10,18]

2 | EXPERIMENTAL

2.1 | Materials and methods

All the chemicals employed in the study including
bisphenol S (98%), epichlorohydrin (99%), triethylamine
(≥99.5%), 4,40-methylene dianiline (97%) be purchased
from Sigma–Aldrich and used devoid of any extra saniti-
zation. Test material (carbon steel) having element com-
position reported prior was used the same as working
electrode in the study.[19] Preparation of the electrolyte
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(3 wt% NaCl solution) and metallic specimens adopted in
the study can be found elsewhere.[20]

2.2 | Epoxy coating application and
evaluation in accelerated of corrosion

DGEDDS and MDA in 1:2 weight proportion was taken
individually and diluted by means of ethanol. The curative
agent was then supplemented slowly to the epoxy resin.
After the mixing, the produced mixture was applied on car-
bon steel samples by a layer (film) applicator after under
vacuum at 70�C for 4 hr. Breadth of the epoxy coating was
in the assortment of 170 ± 10 μm which was restrained by
an alphanumeric coating thickness gauge (Layercheck
750 USB FN). To get more accuracy for the population of
coating thickness, the measurements were carried out in
triplicate and mean values are reported. The macromolecu-
lar epoxy coating (DGEDDS-MDA) on the steel after coat-
ing was characterized by FT-IR (were registered with a
Bruker) spectroscopic technique. Instruments and experi-
mental used in this work were described in earlier
reports.[8,10] The anticorrosion effectiveness of the macro-
molecular epoxy coating samples was evaluated exposing
the coated specimens to UV radiation. Molecular structure
of DGEDDS and MDA are given in Figure SI 1 and
Table SI 1 and DGEDDS-MDA are shown in Figure 1.

2.3 | Coating evaluation under
accelerated exposure conditions

The coating evaluation under accelerated exposure condi-
tions was carried out by exposing the coated specimens
to UV radiation. Commercial UV-A lamps (center wave-
length of radiation 340 nm) were used this purpose. The

UV radiation with a power density of 50 mW/cm2 was
applied. The aging temperature was regulated at 30�C in
presence of oxygen (at room temperature range between
293 and 303 K). All samples were exposed to UV radia-
tion for 180 days with a geometric area of 1 cm2.

2.4 | Electrochemical test

Electrochemical measurements performed on carbon steel
with and without the epoxy coating in 3 wt% NaCl solution
previous to and subsequent to 180 days of UV exposure
using Potentiostat PS 200 device as described in our previous
studies.[21,22] The device is connected by means of a three-
electrode arrangement consisting of pure Pt as the auxiliary
or assisting electrode (CE), saturated calomel the same as
the reference electrode (SCE) and carbon steel panels the
same as the working electrode (WE). Prior to starting the
electrochemical experiments, the WE permitted to corrode
liberally for the macromolecular epoxy coating before and
after 180 days of UV exposure for 1,800 s in order to acquire
the establishment of OCP (open circuit potential). Instru-
mentation employed in present study for EIS and PDP stud-
ies was identical as reported previously.[21,22]

2.5 | SEM surface study

In order to sustain the PDP and EIS studies, surface mor-
phological study was carried out by means of SEM
method. For SEM study, the surface morphologies of the
macromolecular epoxy coating (DGEDDS-MDA) on car-
bon steel were allowed to corrode before and after
180 days of exposure to UV light. Thereafter, the macro-
molecular epoxy coating were taken out washed with dis-
tilled water, dried out in vacuity and examined for

FIGURE 1 Molecular structure of DGEDDS-MDA as coating
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surface morphology using S3000H, Hitachi-Field Emis-
sion SEM instrument.

2.6 | Theoretical study

DFT studies were performed using the Gaussian16 suite of
programs. Geometry optimization was performed using the
Austin-Frisch-Petersson (APFD) density functional
methods[23] in combination with the 6–311 g basis sets.
Water is taken into account as solvent using the SMD salva-
tion model.[24] The energy minima of the computed struc-
ture was characterized by performing a vibrational analysis
to confirm the absence of imaginary frequencies.[24] MD
simulations studies were achieved by means of Materials
studio 6.0 software.[25] Adsorption of the macromolecular
epoxy coating (DGEDDS-MDA) on the Fe (110) was repli-
cated using the Forcite module. During calculations follow-
ing steps were adopted: cut the Fe(110) face, then locate
a = b = 27.306 A� and c = 6.29 A� super-cell and a 25 A�

vacuum layer. Subsequently, setting the sites of entirely the
steel atoms, the vacuum layer was packed by way of
DGEDDS-MDA molecule with 500 molecules of water
(H2O), 10 sodium chloride ions (Na+) and 10 chloride ions
(Cl−), set NVT and force field COMPASS II (Version 1.2).

3 | RESULTS AND DISCUSSION

3.1 | FT-IR analysis

The FT-IR spectrum of the macromolecular epoxy coating
(DGEDDS-MDA) on the Fe afterward coating is shown in
Figure 2. A broad peak at 3,480 cm−1 might be resulted
for O H and/or NH stretching frequency whereas peaks
at 3,074, 2,632, and 1,708 cm−1link to stretching fre-
quency of C H. FT-IR peaks at 1,591, 1,495, and
1,415 cm−1are resulted due to aromatic ring and bands
produced at 1,293 and 585 cm−1 are resulted due to SO2

vibration. The adsorption bands at 1,258, 1,104, and
1,028 cm−1are resulted for stretching vibrations (symmet-
ric and asymmetric) of C O. Finally, peaks at 1,295 and
1,370 cm−1are characterized by C N vibration.

3.2 | Electrochemical study

Open circuit potential (OCP) can be defined the same as
“potential originated over the working electrode (carbon
steel in this case) without applying any external current or
potential.” Figure 3 represents the OCP versus time curves
for WE corrosion of the bare carbon steel substrate and for
the macromolecular epoxy coating before and after

180 days of UV exposure for 1,800 s. Figure 3 showed that
OCP curves for carbon steel with DGEDDS-MDA epoxy
coating before and after 180 days of UV exposure are
shifted to higher values (more positives) compared with
the OCP curve of bare carbon steel. On the basis of this
observation, it can be inferred from this observation that
the DGEDDS-MDA epoxy coating mainly affects the
cathodic reactions and behaves as cathodic inhibitor.

Polarization Tafel (anodic and cathodic) curves for car-
bon steel corrosion in 3 wt% NaCl solution before and after
180 days of UV are shown in Figure 4. It can be seen that
DGEDDS-MDA epoxy coated specimen showed reasonably
lower current density and corrosion potential (Ecorr) shifted
in positive direction with respect to the Ecorr of blank. It is
also important to mention that in the presence of DGEDDS-
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MDA causes significant change in the shape Tafel polariza-
tion curves which resulted due to blocking of the active sites
over the metallic surface due to interactions between
DGEDDS-MDA and carbon steel.[25–27] Polarization indices
are presented in Table 1. It can be clearly seen that Ecorr
value for DGEDDS-MDA coated specimen without exposing
to the UV radiation is shifted in positive (anodic) direction.
On the other hands, Ecorr value for DGEDDS-MDA coated
specimen on exposing to the UV radiation is shifted in nega-
tive (cathodic) direction. This observation suggested that
DGEDDS-MDA behaves as anodic and cathodic type with-
out and with exposing to the UV radiation, respectively.

Additionally, using icorr, efficiency of protection (ηPDP %)
was determined by the following Equation (1):

ηPDP %ð Þ= 1−
icorr
i0corr

� �
× 100 ð1Þ

whereas i0corr and icorr are stand for the current densities
for steel corrosion in the absence and presence of coat-
ings in corrosive medium, respectively.

It can be observed that DGEDDS-MDA acted as good
corrosion inhibitor especially in the nonradiated case.
The DGEDDS-MDA showed highest protection

efficiencies of 77.74% and 95.60 with and without expos-
ing the specimens to UV radiation for 180 days, respec-
tively. The decrease in the protectiveness of the UV
radiated specimen is might be accredited to degradation
of the epoxy coating and/ or weakening of the coating
and formation of surface pores through which electrolyte
molecules can penetrate and cause corrosive dissolution.

EIS is another appropriate electrochemical approach to
describe the protectiveness of coating.[5,7] Thus, it has been
used to evaluate the performance of the coating materials.
In the present investigation, the Nyquist plots of the bare
carbon steel substrate and for the macromolecular epoxy
coating applied on carbon steel in 3 wt% NaCl solution
before and after 180 days of UV exposure are shown in
Figure 5. Equivalent circuit engaged intended for appropri-
ately analyzing the EIS data is shown in Figure 6. The CPE
is defined as the below Equation (2)[28,29]:

ZCPE =
1

Y 0 jωð Þα ð2Þ

Here, symbols have their standard meaning.[29] The
capacitance values (Ccoat and Cdl) are derived as follows
Equation (3)[30,31]:

Cx =
Rx :CPEð Þ1=n

Rx
ð3Þ

where R represents the resistance, CPE is nonideal capacity,
C is the capacity, and n is a capacity factor. Percentage of
efficiency of protection the macromolecular epoxy coating
was calculated using following relationship Equation (4):

ηEIS %ð Þ= 1−
R0
P

RP

� �
× 100 ð4Þ

whereas Rp and Rp
0 are respectively the polarization

resistance with and without a coating.
The EIS results are presented in Table 2. It can be

observed that diameter of the Nyquist plots for DGEDDS-
MDA coated specimens are greater as compared to the
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FIGURE 4 Potentiodynamic polarization curves obtained of

the bare carbon steel and for the macromolecular epoxy coating in

3 wt% NaCl solution before and after 180 days of UV exposure

TABLE 1 Potentiodynamic polarization parameters of the bare carbon steel substrate and for the macromolecular epoxy coating

applied on carbon steel in 3 wt% NaCl solution before and after 180 days of UV exposure

Epoxy coatings Ecorr (mV) icorr (μA/cm2) βa (mV/dec) −βc (mV/dec) η%

Blank −557.77 183.33 288.0 190.7 –

DGEDDS-MDA −512.19 0.907 205.6 406.0 95.60

DGEDDS-MDA-180 days −611.00 41.29 134.7 268.2 77.74
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noncoated specimen that suggests that DGEDDS-MDA effec-
tively adsorb at interface and significantly improve the
charge transfer resistance. This observation also indicates
that DGEDDS-MDA effectively replaces the preadsorbed cor-
rosive species such as water and chloride ions from the
metallic surface. Similar to PDP analysis, EIS study suggests

that nonirradiated specimen showed higher resistance for
corrosive dissolution as compared to the radiated once.
Weakening of the strength of epoxy coating upon exposure
to UV radiations can results into the decrease in the protec-
tion effectiveness of the coating.[7]

On the other hand, the Bode plots for carbon steel in
3% NaCl are shown in Figure 7. The higher impedance
modulus value corresponding to the epoxy coating
(DGEDDS-MDA) begins at log (|Z|) at 0.01 Hz =4.4
kΩ cm2 after 1,800 s immersion. After 180 days of expo-
sure, the value of log (|Z|) at 0.01 Hz value for the macro-
molecular epoxy coating dropped to 3.5 kΩ cm2. This
finding suggests that after the UV exposure protection
efficiency of DGEDDS-MDA decreases significantly.[7]

The epoxy coating (DGEDDS-MDA) provides improved
corrosion protection for steels. Penetrations of the electrolytes
in the DGEDDS-MDA coating, is highly restricted owing to
its hydrophobic nature of the resin. Drop in protection effec-
tiveness on increasing the duration is might be resulted due
to breaking down protective film by UV radiation. The
humiliation of the DGEDDS-MDA coating after 180 days of
UV exposure resulted in a drop in coating strength.

3.3 | Morphological analysis

SEM images for carbon steel coated with and without
DGEDDS-MDA, prior to and subsequent to 180 days for
UV exposure are presented in Figure 8. As shown in fig-
ure, prior to UV exposure, the surface of the metallic
specimen coated with DGEDDS-MDA is nearly uniform
and homogeneous. However, After 180 days of exposure
to UV light, metallic surfaces undergo highly corroded.

FIGURE 5 Nyquist plots obtained of the bare carbon steel

and for the macromolecular epoxy coating in 3 wt% NaCl solution

before and after 180 days of UV exposure

FIGURE 6 Bode plots obtained of the bare carbon steel and

for the macromolecular epoxy coating in 3 wt% NaCl solution

before and after 180 days of UV exposure.

TABLE 2 Electrochemical impedance spectroscopy parameters of the bare carbon steel substrate and for the macromolecular epoxy

coating applied on carbon steel in 3 wt% NaCl solution before and after 180 days of UV exposure

Epoxy coatings Rs (Ω cm2) Ccoat (μF/cm2) Rp (Ω cm2) Cdl (μF/cm2) η% χ 2

Blank 06.08 – 0536.7 – – 0.017

DGEDDS-MDA 671.1 02.91 28,519 13.92 98.11 0.010

DGEDDS-MDA-180 days 016.2 229.8 02121 212.3 74.69 0.026

FIGURE 7 The equivalent circuit fitting the EIS data
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This observation strictly validates the order of inhibition
effectiveness derived from electrochemical methods.

4 | THEORETICAL STUDY

4.1 | DFT study

The HOMO and LUMO frontier OM and MEP picture of
the DGEDDS-MDA are presented in Figure 9 and several

DFT indices are given in Table 3. The frontier MO's pic-
ture showed that HOMO is primarily disseminated over
the one of the methylene dianiline moieties representing
that methylene dianiline moiety is allied with high elec-
tron density in the form of two aromatic rings and two

FIGURE 8 SEM images of the

macromolecular epoxy coating applied

on carbon steel before and after 180 days

of UV exposure

FIGURE 9 Optimized structure, HOMO, LUMO surfaces, and

MEP of DGEDDS-MDA

TABLE 3 Theoretical chemical parameters

Theoretical parameters DGEDDS-MDA

Energy (eV) 4.413993636

EHOMO (eV) −5.506539376

ELUMO (eV) −1.09254574

Ionization energy (I) 5.5065

Electron affinity (A) 1.092545

Dipole moment (Debye) 8.215

Electronegativity (χ ) 3.2995225

Global hardness (η) 2.2069775

Chemical potential (π) −3.2995225

Global softness (σ) 0.45310838

Global electrophilicity (ω) 2.4664612

Electrodonating (ω−) power 4.39209463

Electroaccepting (ω+) power 1.09257213

Net electrophilicity (Δω + −) 0.86489034

Fraction of transferred electrons (ΔN) −0.01575061

Energy from Inhb to metals (ΔN) 0.00054751

ΔE back-donation −0.55174438

ΔE = ELUMO − EHOMO, I = −EHOMO, A = −ELUMO, χ = 0.5(I + A), η = 0.5

(I − A), S = 1/η, ω = χ2/2η, ε = 1/ω, ΔN110 = (4.82 − χinh)/2(ηinh + ηFe),
Δψ = (χFe − χinh)

2/4(ηFe + ηinh), ΔEd-b = −η/4.
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electron rich nitrogen atoms. On the other hands, LUMO
is chiefly dispersed over the central part of the DGEDDS-
MDA which resembles to bisphenol moiety demonstrat-
ing that central part of the DGEDDS-MDA is electron
deficient and acted as electron acceptor during the meta-
inhibitor (DGEDDS-MDA) interactions. Presence of the
electron withdrawing SO2 makes the central part of
the DGEDDS-MDA electron deficient. Relatively high
EHOMO and low ELUMO values of DGEDDS-MDA indicate
that it has strong ability to interact with metallic surface
by donating as well as accepting the electrons from and
to metallic surface, respectively. Low electron affinity
and high ionization potential values validate the same
sequence of electron exchange ability. Similarly, high
value of softness and low value of hardness also indicate
that DGEDDS-MDA is highly reactive species and can

adsorb effectively when it presents in vicinity of metal
surface. High value of dipole moment and low value of
electronegativity of DGEDDS-MDA also validate the
same outcomes. Lastly, high value of fraction of electron
transfer suggests that DGEDDS-MDA has strong ability
to donate its electron to the metallic surface.

4.1.1 | Fukui indices study

The donor–acceptor process is known as the important
interactions in the inhibition operation, in which the
inhibitor are adsorbed on the metallic surface. Therefore,
analysis of the active sites (atoms) in the molecule that
participate was proposed by Yang and Mortier[32] pro-
posed and is known as condensed Fukui functions. To

TABLE 4 Fukui functions parameters

Atom Number f +
k f −

k f2(r) Atom Number f +
k f −

k f2(r)

C 1 0.05105 0.00077 0.05028 C 29 −0.00016 0.03615 −0.03631

C 2 0.04860 0.00044 0.04816 C 30 0.00013 −0.00008 0.00021

C 3 0.01282 0.00053 0.01229 C 31 0.00017 −0.00007 0.00024

C 4 0.07415 −0.00051 0.07466 C 32 0.00084 −0.00001 0.00085

C 5 0.01152 0.00052 0.01100 C 33 0.00032 0.00008 0.00024

C 6 0.05060 0.00039 0.05021 C 34 0.00068 0.00008 0.00060

S 7 0.01685 0.00001 0.01684 C 35 0.00017 0.05627 −0.05610

O 8 0.01966 −0.00006 0.01972 C 36 0.00016 0.01456 −0.01440

O 9 0.04343 0.00023 0.04320 C 37 0.00035 0.11349 −0.11314

O 10 0.04036 0.00025 0.04011 C 38 0.00003 0.01413 −0.01410

C 11 0.10243 −0.00009 0.10252 C 39 0.00007 0.08317 −0.08310

C 12 0.07122 0.00005 0.07117 C 40 −0.00006 0.00001 −0.00007

C 13 0.03009 0.00004 0.03005 C 41 −0.00003 −0.02065 0.02062

C 14 0.12248 0.00010 0.12238 C 42 −0.00003 0.05431 −0.05434

C 15 0.02648 −0.00001 0.02649 C 43 −0.00013 0.00002 −0.00015

C 16 0.07638 −0.00001 0.07639 C 44 −0.00004 −0.00006 0.00002

O 17 0.02194 0.00002 0.02192 C 45 0.00003 −0.00006 0.00009

C 18 −0.00384 0.00174 −0.00558 C 46 0.00008 0.00000 0.00008

C 19 −0.00217 −0.00001 −0.00216 C 47 0.00005 0.00004 0.00001

C 20 −0.00017 0.00000 −0.00017 C 48 0.00000 0.00004 −0.00004

C 21 −0.00015 −0.00118 0.00103 N 49 0.00003 −0.00008 0.00011

C 22 −0.00036 0.00000 −0.00036 C 50 0.00006 0.01189 −0.01183

C 23 −0.00010 −0.01290 0.01280 C 51 0.00008 0.03597 −0.03589

O 24 0.00216 0.00003 0.00213 C 52 0.00004 0.02543 −0.02539

O 25 0.00108 0.01283 −0.01175 C 53 −0.00004 0.02715 −0.02719

N 26 0.00098 0.00003 0.00095 C 54 −0.00007 0.01203 −0.01210

N 27 0.00006 0.16527 −0.16521 N 55 0.00004 0.07198 −0.07194

C 28 −0.00029 0.00003 −0.00032
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calculate these indices, the Natural Population Analysis
(NPA) as implemented in G09[33] was adopted. All NBO
single point calculations for neutral, cationic and anionic
species were performed using geometrical structures of
the studied inhibitors at the same level of theory. The
sites for nucleophilic (f +k ) and electrophilic (f −k ) can be
evaluated in terms of the electronic populations as Equa-
tions (5) and (6):

f +k kð Þ= qk N +1ð Þ−qk Nð Þ Index for anucleophilic attacksð Þ
ð5Þ

f −k kð Þ= qk Nð Þ−qk N−1ð Þ Index for elecrophilic attackð Þ
ð6Þ

where qk(N), qk(N + 1), and qk(N − 1) are the net charges
of the atom k in neutral (N), anionic (N + 1), and cationic
(N − 1) molecules, respectively. Meaning and signifi-
cance of f +k andf −k k are same as described before.[34,35]

Recently, another descriptor was introduced, which is
a second order FF, also called as “dual descriptor.”[36,37]

Dual descriptor is used to give a simple and instinctive
way to chemical reactivity (Equation (7):

f 2 rð Þ≈ f + rð Þ− f − rð Þ ð7Þ

It was pointed out that,[36,37] the electron acceptor
regions are indicated by f2(r) > 0, whereas, the electron
donors regions are indicated by f2(r) < 0. For better meta-
inhibitor interactions both the regions should be aligned
together.

The calculated Fukui indices and local softness, as well
as the dual descriptor (second order Fukui indices) for the
inhibitor molecule under probe are summarized in Table 4.
According to Table SI2, the highest values of f +k follows the
following trend C14>C11>C16>C4>C12>C1>
C6>C2. These atoms form the moiety of the aromatic
benzene ring which were located at the central of the
molecule. These centers can be considered as charge
acceptors during DGEDDS-MDA-carbon steel interac-
tions. Whereas, the donor centers, which possess the
highest f +k values are arranged as the following order:
N27>C37>C39>N55>C35>C34 as atoms possess
higher f +k values. Furthermore, as displayed in Table 4
and Figure 10, the dual descriptor index (f2[r]) shows that
the locations for the highest electron acceptor regions are
follow the next pattern: C14 and C11, which indicated by
f2(r) > 0. On the other hand, the atoms that have the
highest electron donating regions are N27, C37, C39, and
N55, which are indicated by thef2(r) < 0, which corre-
spond to the p preferred sites for electron donation. These
results agree with the electron distribution over the
HOMO and LUMO surfaces, as well as with the distribu-
tion of the electron density over the MEP.

4.2 | Molecular dynamic
(MD) simulation

A computational study based on MD simulations was
carried out to demonstrate the DGEDDS-MDA orienta-
tion on Fe(110) in NaCl medium. Figure 11 shows opti-
mized configuration of DGEDDS-MDA on Fe (110)
surface in 3 wt% NaCl solution with 500H2O + 10Na+and
10Cl− ions system. According to the visualized structure,
it appears that DGEDDS-MDA macromolecular epoxy
compound effectively adsorbed on Fe (110). From the
side view of optimized structure it can be seen that
adsorbed DGEDDS-MDA is gained the parallel orienta-
tion on Fe (110) surface and such orientation tends to
maximize the surface coverage ability of coating struc-
ture. Also, a closer inspection of the side views of
DGEDDS-MDA revealed that the oxygen, sulfur, and
nitrogen heteroatoms especially S O and C N atoms of
DGEDDS-MDA are directed toward the surface.

FIGURE 10 Upper: The optimized structure of the DGEDDS-

MDA inhibitor molecule with hydrogen atoms; Lower: Graphical

representation of the highest and the smallest values of the dual

descriptor (f2[r]) based on the Fukui functions for the

DGEDDS-MDA
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FIGURE 11 Top and side views

of the most stable low energy

configurations for the adsorption for

Fe (110)/without (Blank) and with

DGEDDS-MDA + 500H2O + 10Na+

and 10Cl− ions system obtained using

MD simulations

FIGURE 12 Top and side views

of the most stable low energy

configurations for the adsorption for

Fe (110)/without (Blank) and with

DGEDDS-MDA + 500H2O + 10Na+

and 10Cl− ions system obtained using

MC simulations
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4.3 | Monte Carlo (MC) simulation

Figure 12 shows least possible energy arrangement of
DGEDDS-MDA on Fe (110) surface in 3 wt% NaCl solu-
tion (500H2O + 10Na+and 10Cl− ions system). The
adsorption of DEEDDS-MDA is greatly assisted through
oxygen, nitrogen and sulfur atoms along by means of aro-
matic rings. Obviously, DGEDDS-MDA molecules
adsorbed to Fe (110) surface, which is a reflective of its
tendency to form a protective layer over the Fe (110)-
covered surface. The side view of DGEDDS-MDA mole-
cules indicate that, these molecules are distributed above
the Fe (110) surface, and able to protect the steel- covered
samples against corrosive agents by constructing macro-
molecular epoxy coating films. To quantitatively exami-
nation of DGEDDS-MDA interaction with Fe (110)
surface, adsorption energies were calculated using follow-
ing relation:

Eads =Etotal− Esurf +water +EDGEDDS−MDA+surfð Þ+Ewater

ð8Þ

where Etotal is the total energy of the system resulted
through metal-DGEDDS-MDA interactions; Esurf + water

and EDGEDDS-MDA + water represent the potential energies
of the system without and with DGEDDS-MDA, corre-
spondingly. For better approximation and reproducibility
of date, average adsorption energies (Eads) were com-
puted for DGEDDS-MDA after gaining their most stable
(lowest energy) equilibrium configuration. The Eads value
for the adsorption of DGEDDS-MDA on Fe (110) was
−300.67 kJ/mol. The high Eads could be attributed to the
maximum adsorption of DGEDDS-MDA adsorption on
Fe (110), this observation fully corroborates our earlier
findings resultant through EIS, PDP, SEM, and DFT
analyses.

5 | CONCLUSIONS

In this study, the macromolecular epoxy coating on
DGEDDS-MDA was synthesized in addition to assessed
as anticorrosive coating supplies of high durability. The
DGEDDS-MDA acted as effective anti-coating formula-
tion for carbon steel in 3% NaCl. The corrosion studies
were conducted on DGEDDS-MDA coated samples previ-
ous to and subsequent to 180 days exposure to UV radia-
tion. The PDP showed that the corrosion current value
for the epoxy coating increased about 41.29 μA/cm2after
exposing the sample to UV radiation for 180 days. The
EIS showed that the impedance of the macromolecular
epoxy coating dropped to 2.12 kΩ cm2 after exposing the

sample to UV radiation for 180 days. Along with PDP
and EIS, SEM analysis was adopted to demonstrate the
anticorrosive effect of DGEDDS-MDA formulation. The
computational consequences specify that the DGEDDS-
MDA macromolecular epoxy abide by powerfully to the
Fe (110) surface and acquired an adsorption energy of
−300.67 kJ/mol.
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