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Abstract

The objective of our work is to study, develop, relaéerize and apply a new epoxy
macromolecular matrix in coatings, and their optiation for the conservation of
marine heritage. Epoxy resins are technologically mano-technologically compatible
thermosetting macromolecule matrices that are éasgnplement, according to their
structures, viscosimetric and rheological propsrtier the protection of the heritage
possibly subject to atmospheric corrosion. In thénse, we have tested the new
macromolecular binder, hexaglycidyl ethylene of my&tne dianiline (HGEMDA),
crosslinked and formulated for studying the behawb steel coatings in a marine
environment. In order to evaluate HGEMDA coatingf@enance, we have studied its
adsorption behavior onto the surface of corrodeélsiand explained the interactions
between the coating macromolecule and the ste@cgurThe coating effect on E24
steel was studied by quantum chemical calculatidhs. adsorption of HGEMDA onto
the surface of E24 steel has been well describedhbyQuantitative Structure of
Relation Property model (QSPR). The stationary @adsient electrochemical studies
are very interesting, since the prediction of tbatmg behavior was performed by the
semi-empirical PM6, DFT methods and the methodhoéd Becke compounds of
parameter (UB3LYP), based on 6-311 G. All our clatons were performed using
Gaussian software (03).

Keywords HGEMDA, coating, crosslinking, formulation, E24 est, QSPR,
electrochemical studies and heritage.
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Introduction

Epoxy polymers are very important technologicalrtm@setting materials that
have been widely used in several industrial fiellsch as electronics [1, 2],
coating [3], corrosion inhibition [4], packaging o&dioactive wastes [5, 6],
viscosimetric and rheological behavior [7, 9]. Tlag also used as adhesives in
aeronautical construction [10] and in space consbm [11, 13]. The objective
of our work is to develop a new coating for E24ektavhich is easy to
implement, and inexpensive for the protection oé theritage subjected to
standard atmospheric corrosion. The field of coret@yn/restoration uses some
means of protection against corrosion, developeadirddustrial applications,
among which are the so-called chemical or elecenubal conversion coatings,
metallic deposits or organic polymer films, whiche anow commonly used.
However, their use requires cleaning and prepasunéaces before application,
which means the removal of corrosion products. Assalt, these processes have
been used in the field of heritage, for the provecof metal elements stored in
the exterior. This research involves the physicaubal application and study of
a new hexafunctional epoxy prepolymer, and itscantosive behavior towards
E24 steel in the marine environment. These masertan be corroded in
aggressive environments [14, 15], so, the best twayprotect them against
corrosion is to apply protective coatings [16, 1Xinong the various types of
coatings, we find organic polymers which can playeay important role in the
prevention of oxidation corrosion, thus avoiding theritage degradation [18,
19].

The epoxy prepolymers coating method remains a \effgctive approach
against accentuated and rapid corrosion, due goitsl adhesion and acid/alkali
resistance, and high crosslinking density [20],nHsato its macromolecular
structure.

In this work, we have applied the new hexafunctioapoxy prepolymer:
hexaglycidyl ethylene of methylene dianiline, sydized in laboratory [21].
Evaluation of the coating impacby E1 (HGEMDA/MDA) and B
(HGEMDA/MDA/PN) protectiveformulations on E24 steel was made by two
electrochemical methods, namely stationary and sii@ry methods. The
prediction of the coating behavior was carried loptsemi-empirical equations
[22, 23], molecular dynamics simulations [24, 25]damathematical tools,
including neural networks [26, 27], fuzzy sets [28]d graphs of theoretical
indices [29, 30].

This led to the confirmation of the correlationtbé molecular properties of this
epoxy prepolymer (HGEMDA) with quantum chemistryccgations.

Materials and methods

Hardware

Products used

We have used several products among which arehélafunctional epoxide
prepolymer, that is, hexaglycidyl ethylene of mégime dianiline (HGEMDA),
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synthesized in laboratory [21]; methylene dianilinatural phosphate; and 3.5%
NaCl. The latter products have been marketed byi&idChemical Co.

Electrochemical cell with three electrodes

The electrochemical measurements were obtained $senably of an
electrochemical cell with three electrodes, as showFig. 1.

A platinum electrode was used as counter electradsaturated calomel as
reference electrode, and a cylindrical E24 ste&@king electrode. The surface
of contact with the corrosive solution was 1 cméfdde each test, the working
electrode was polished to an abrasive grade p&p6r:1200 and 1500.

These three electrodes were immersed in a 100 mtaicer, in which orifices
of well-designed diameters and spacings were foyraedbling the introduction
of the three electrodes, and also allowing systemsgitation, temperature
control, aeration and deaeration.

Figure 1. Three electrodes electrochemical cell.

Electrochemical measurements

The stationary measurements were carried out imtangodynamic mode by
using a potentiostat/galvanostat SP-200 Biologicers® Instruments. The
working electrode was previously kept immersedhat free corrosion potential
for 30 min. The scanning speed was 1 mV/s. The rok@tion of the
electrochemical parametersofi Ecor, Ba and fc) from the polarization curves
was done by using a nonlinear regression by Ecdadtware. Thus, the coating
efficiency was calculated from the following forraul

;0
|

n%:[—m't(f ‘o Jxloo ©

corr

where Yo and ior are corrosion current densities (Aémrespectively, with
and without the coating polymer, in different forations.

Ba and Bc are, respectively, the Tafel constants of the mn@ohd cathodic
reactions (V). These constants are related to the slope ofl Baf¢.dec?), and
the form on the logarithmic scale is given by:
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_In(10) _ 2.303

o b b

(2

The measurements of the electrochemical impedgpeetrescopy were carried
out by using the same apparatus with a signal amdgliof 0 mV. The explored
frequency range varied from 100 kHz to 10 mHz. Efieciency of coating
protection was evaluated by using the equation:

R -R

n% =| ——2"x100 (3)
RP

where R, and R are, respectively, the polarization resistorshia absence and

presence of the coating polymer with different falations.

The curing of hexaglycidyl ethylene from methyledeniline

We have used methylene dianiline as a hardenerrasslink the epoxy
prepolymer, due to its high thermal stability angod mechanical properties
towards the prepolymer. It is often used for higbkt applications with an
implementation in the desired form. The chemicauature of methylene
dianiline is shown in Fig. 2:

Ho
HQN@C —@—NHz

Figure 2. Semi-developed formula of methylene dianiline.

The ratio’s calculation

The stoichiometric coefficients’ calculation

In order to obtain the optimum properties whileiegra multifunctional epoxy
resin with methylene dianiline, it is also desimlb make the resin and the
curing agent react until approximately stoichioncetmounts [9]. This is the
calculation of the epoxy equivalent weight (EEW)loé synthesized prepolymer
(HGEMDA):

EEsz (4)
where f is the epoxy resin’s functionality.
Therefore:
EEW =222 (F
6
EEW= 158.7 gleq (6)

The calculation of the AHEW (Amine Hydrogen Equisi Weight) constitutes
the mass of the hardener containing an amine elguiva
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M., (MDA)

AHEW = (7)

Methylene dianiline: M = 198;f=4

AHEW =198 (8
4
AHEW= 49.5 (9)

Calculation of the ratio by weight
The hardener’s ratio by weight, with regard to thksin, is calculated, in the
majority of cases, by PHR (parts per hundred ahjes

Amin (PHR) = _AHEW x100 (1
equivalent epoxy

In this case, HGEMDA:
Amin (PHR) = (49.5/158.7) x 100 (11)

Amin (PHR) = 31 g/eq (1
Therefore, it will be necessary to make 31 g ofhyleine dianiline per 100 g of
HGEMDA, in order to reach the optimum properties ewhwe cure the
prepolymer with methylene dianiline.
The ratio to the weight of natural phosphate iscwaked by the following
equation:
X

y % =—— 13
resin + MDA + X

where x is the quantity of HGEMDA resin and y e tamount of the natural
phosphate charge.

The coating of E24 steel by HGEMDA

The metallic material was cut into plates of 12cin order to obtain reliable and
reproducible results before each test, the surbhtbe plates was polished with
abrasive paper of increasing fine granulometry (600 and 1500), before
being soaked in the corrosive solution; then, is wased with distilled water and
finally dried in the air. The used experimentaltpoml was as follows:
Formulation 1 (HGEMDA/MDA): we have mixed 1 g of HEMDA with 0.30 g
of MDA as hardener, stirred the mixture, and thenleit it for about 30 min to
homogenize it. The formulation was applied to E2delk by using a film-
producing rod. This coated plate was placed inxandor 24 hours at 70 °C, to
crosslink the polymer deposited on the substrate.

Formulation 2 (HGEMDA/MDA/PN): we have followed th@evious protocol
(formulation 1) with the addition of 5% of natuggiosphate as filler.
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Methodology for calculating the parameters of quamb chemistry

The quantum chemistry calculations have been widseéd to study the reactions
mechanisms [31]. They also proved to be a veryasteng tool in studying the
molecules properties [32, 33]. The physical prapsrhave shown to be related
to the molecular structure and spatial electronics.

In this research, we have studied the relationdleppveen quantum chemistry
parameters and the epoxy prepolymer coating behalie quantum chemical
parameters were calculated by the semi-empiricathode of the neutral
macromolecular matrix, negatively and positivelyaided, i.e., the parametric
method (PM6 and DFT) and the three Becke compouneithod (UB3LYP)
were thus used on the basis of 6-311G. All thetmulzdions were performed by
Gaussian software (03).

The calculated quantum chemical parameters areetteegy of the highest
occupied molecular orbital (lomo) and the energy of the lowest unoccupied
molecular orbital (Eumo). These molecular orbitals §gvo and Eumo) of the
coating molecule are linked to the ionization egeflj and to the electronic
affinity (A), respectively, | = -Bom and A = -Eumo. Gap energyAE = Buwmo-
Eromo), softness d), ionization potential (Pi), electronegativity)( absolute
hardnessr(), function of the transferred electrons at théame of the metalAN)
and the electrophilic charactesy, are all related, according to Koopmans
theorem [34].

The ionization potential (Pi) of the coating belwavis calculated using the
following equation:

P _EHOMo;-ELUMO (14

Electronegativity ) and absolute chemical hardneg$ ¢an be evaluated by
using the following equations [35]:

E.uvo — E
n =A_2E — —Lumo 5 HOMO (16)
The chemical softness), which describes the ability of an atom or a grad

atoms to accept electrons, is calculated accorditige following equation [36]:

77 Biowo = Elumo

The number of transferred electrondN) was calculated according to the
chemical quantum method by the following equati®n]|

g =

- XFe_)(int (18
2(,7Fe +,7int)
The electrophilic charactew, is a reactivity descriptor that allows a quani&
classification of the electrophilic nature of a qwund within a relative scale.
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We proposed as a measure of maximum energy lowering, duedclbctrons
transport between the donor and the acceptor to.defined by the following
relationship [38]:
XZ
w=<— (¢
2n

The constituents of E24 steel are grouped in Table

Table 1. Different constituents of E24 steel.

Constituents Carbon  Manganese Phosphorous  Sulfur  @ers
Percentage (%) 0.19 0.75 0.045 0.045 0.02

Manganese is the major compound in E24 steel, sohaee taken its
electronegativity for the calculation of the numbétransferred electronal).

ymn @ndyinn represent the absolute electronegativity of maegamnd the coating
molecule, andnwn and ninn denote, respectively, the absolute hardness of
manganese and the coating molecule. In this studyhave used the theoretical
values ofymn = 1.55 andchvn = 6, for the calculation of the number of transédr
electrons.

The local reactivity was performed at the level Fafkui indices. This study
indicates the region of an atom or a series of atoreactivity, which is
responsible for the nucleophilic and electrophdlitacks of each of these atoms
in the tested molecule.

HGEMDA/MDA/PN
2 e HGEMDA/MDA

e NaC1 3.5 %

log I (mA/em’)
(=]
'l

6 T T T T T T T T
14 42 10 08 06 -04 -02 00 02 04

E(V/Ag/AgCl)
Figure 3. Polarization curves of E24 steel in 3.5% NaCkhie presence of the matrices
(Eo, E1 and E) after 30 min of immersion at 298 K.

Results and discussions

Polarization curves

Fig. 3 shows the potentiodynamic polarization carthet describe the protective
effect of E24 steel in a marine environmeny, By the formulations E
(HGEMDA/MDA) and &2 (HGEMDA/MDA/PN).

The electrochemical parameters of:1 E(HGEMDA/MDA) and E
(HGEMDA/MDA/PN) coating matrices are summarizediable 2.
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Table 2. The various electrochemical parameters taken frolarization curves.

Protective matrices Plaques - Ecorr l corr Bc Ba n
(Ei) (mV/Ag/AQCl)  (uA/cm?)  (mV/dec) (mV/dec) (%)
NaCl 3.5 % L 658 42.5 453 129 -
HGEMDA/MDA E: 620 2.5 130 138 94
HGEMDA/MDA/PN E> 607 1.94 150 177 96.5

The study of these curves has enabled us to mak®ltbwing observations: the
cathodic branches show no linearity, and are censiias the sum of the two
curves (show mixed kinetics) by oxygen reductiod Agdrogen evolution [39].
However, the anodic branches also do not exhilytlaearity due to E24 steel
dissolution [40].

The protective mechanism herein studied, accortinthe protective matrices
(Eo, E2 and E), was constituted by the standard polymeric epoggin
(HGEMDA), the hardener (MDA) and the charge formby the natural
phosphate layer. The interpretation of the resattsprding to the constitution of
the matrix, is given as follows.

In the b matrix, without substrate coating, as a contras, @amions Cland OH,
coming from a corrosive medium, directly attack shbstrate, which induces a
direct and increased corrosion.

Fig. 4 and 5, respectively, show the protection metsm of E24 steel by:E
(HGEMDA/MDA) and &2 (HGEMDA/MDA/PN) formulations, with and without
natural phosphate.

Through the E(HGEMDA/MDA) matrix, we have anticipated that tkewvould
be a relatively large diffusion of chloride and hyxide ions through the
protective film, which could exhibit micropores, bpducing the primary
corrosion translated byok = 2.5puA/cm? andl]% = 94%. This would lead to an
acceleration of the metal anodic dissolution [41].

Once applied the Anatrix (HGEMDA/MDA/PN), we observe the formation of
the material’'s oxide, which acts as a protectiyedaf short duration [42, 43]. In
this case, the electrochemical corrosion parameatersor = 1.94uA / cm? andi]

= 96.5%.

H,0 + 0, ) OH

CI’ Na*

HGEMDA/MDA
CI- OH
Fe 2+ h
H,0+%0,+2¢ 20H Fe?®
r ~

Carbon Steel

Figure 4. Mechanism of the Eprotective matrix (HGEMDA/MDA), amid the metal
substrate and the film, after immersion in 3.5% NaC
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Na™

J Fe?

(&
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HyO+% Oy +2 ¢ 20H" Fe?

~

Carbon Steel

Figure 5. Mechanism of the Eprotective matrix (HGEMDA/MDA/PN), amid the
metal substrate and the film, after immersion B2@NacCl.

The addition of 5% of natural phosphate is acconguhhy a marked decrease in
the corrosion current, in both cathodic and anddimains.

The corrosion potential moves overall towards thede direction, after the
addition of E (HGEMDA/MDA) and 2 (HGEMDA/MDA/PN). This allowed us
to conclude that natural phosphate added to theaulation acts as a mixed
inhibitor.

Electrochemical impedance spectroscopy

In order to confirm the results obtained by theeptibdynamic polarization
curves, and to study the coating behavior mechanismmore details,
electrochemical impedance spectroscopy was perthrii@e results of this
method are represented in the form of Nyquist diagy. These impedance
diagrams of E24 steel immersed 30 min before egehn circuit measurement in
the corrosive 3.5% NaCl solution, with respecthe set of matrices ¢EE: and
E>), are presented in Fig. 6.

10000

{—e— HGEMDAMDA/PN
9000: —k— HGEMDA/MDA
80004—=—NaCl3.5%

= 70004 ~ .

g ] A N
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Z 50004 /. R TN °
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N 40004 ] |
' h / MK [}

30004 o

2000 & ar**% o
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Z‘(Olnn sz)

Figure 6. Open-circuit electrochemical impedance diagraner alnmersing E24 steel
in 3.5% NacCl, in the presence of the matrices Bz and E) at 298 K.

The analysis of the different diagrams composimgpectively, the protective
matrices b, E1 and E shows that the latter is formed by a high-freqyenc
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capacitive loop attributed to the film effect, wihids due to the diffusion
phenomenon. Indeed, the more the semicircle dianmetesases, the better the
corrosion resistance of the protective film is [48his study would confirm the
results obtained by the stationary method.

=70

—8—NaCl35 %
-60+ A%, HDEMDAMDAPN
L & \"\
-50+ f"-, X
W ] "\
rd
7N \
= 4 3 \ ‘
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# L X
-10 i+ '\.. "\’
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log f (Hz)

Figure 7. HGEMDA phase angle diagrams in 3.5% NacCl, aften®0 immersion with
different formulations (k& E: and E) at 298 K.

Fig. 7 and 8, respectively, show the diagrams afléBand phase angle of E24
steel coating behavior in a marine environment. plogs of these diagrams in
the presence of different formulations(E: and k) are illustrated in the figures
below. In Fig. 7, we have found that the phase emghcreased with an
increasing coating formulation. This increase ie t{thase angles confirms a
higher protection by the increase in the coatingnidation (k, E1 and E).
Indeed, from this phase angle diagram, we have dfdilmat there are three
frequency domains: low frequencies, high frequenciend intermediate
frequencies.

4,5

4 (S —4— NaCl 3.5%
< Ty,
4,0 %y, —)»— HGEMDA/MDA/PN]

3,54 W,

I Y
3,04 @,

log|Z|(Ohm)
&

2,54 <, ®
’ 1ag »,

J
L ",
2,0 . Py,

1,0

0,5 f—r—y——p——r—r—r——r—Trr—TrT

log f (Hz)
Figure 8. HGEMDA Bode patterns in 3.5% NacCl, after 30 mirmearsion with various
formulations (k, E1 and E) at 298 K.

For low frequencies, the increase in the absoluf@edance values confirms the

greatest protection with the different coating fatations on E24 steel (Fig. 8).
At high frequency, the phase angle values are appetely equal to zero, which
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indicates that the electrode behavior correspondkd solution resistance [45].
In the intermediate frequencies, the phase angtdose to 70 °, and a linear
relation between log | Z | in view of log(f) withskbope close to -1 was observed,
which indicates the coating capacitive behaviantrmediate frequencies.

The capacitor behavior, according to the litergtuveuld be ideal if the slope
value reached -1, and if a phase angle value rdg@Mé. The phase angle values
are calculated through the phase curves (Z) in wwéJwog (frequency). These
values ofa vary between -0.50 and -0.70 for the differentticgaformulations,
which could be related to the non ideal structuréhe metal/solution interface.
These results confirm those of the electrochemimpédance spectroscopy.

From the curve shapes presented in the Bode andi®ydjagrams, the latter
shows an interface capacitive behavior, and thetexte of an equivalent
electrical circuit (Fig. 9) that contains a constphase element unique in the
metal/solution interface in all the examined freagies. This is due to the
interpretation of the information related to thettiog behavior properties or to
the metal surface corrosion. This circuit is congubsof R (electrolyte’s
resistance), € (coating film capacity), R(coating film resistance), R(load
transfer resistor) and«Jdouble layer capacity).

b |

|

|
R Ca
R, 1h

R

Figure 9. Equivalent electrical circuit proposed for the wedinent of the impedance
spectra obtained in the presence of different fdatians on E24 steel in 3.5% NaCl.

The electrochemical impedance values and the effoyi resulting from each
protection matrix (& E: and E) are grouped in Table 3.

Table 3.Various electrochemical parameters taken fromrtipedance diagrams.

Protective matrices Rs Rct Cal Ct R

p
Ei (Q.cn?) Q.cm?) (UF/cm?) (WF/c?)  (Q.cn?) (%)

Eo 6.5 2.40 1253 935 218.6 -
Ex 30.98 5.72 136.6 5.96 7374 97
E> 62.22 13.6 37.24 1.93 25595 99

This table shows that the coating film resistanakies for the coating behavior
matrices are confirmed through the parametersteefiodm the potentiodynamic
polarization curves. Table 4 summarizes the residiitse stationary and transient
methods.

The coating behavior is correlated with a very lbaurier effect, due to the
existence of pores and defects in the coating anudor adhesion amid the
coating and the metal substrate. The absence asahof the unpigmented
coatings is suggested by the obtained low chaegester resistance and the rapid
formation of bubbles over the entire coating swefam which a significant
corrosion occurs [46]. On this basis, the largesthiscircle in the E coating
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system Nyquist diagram indicates a better corrosesistance (see Table 4).
This can be explained by the presence of natumaggdiate, which is responsible
for the higher corrosion resistance.

Table 4. Evaluation parameters of the stationary and tesmisnethod.

Stationary method Transient method
Ei |c0rr r] Rp H
(nA/cY) (%) (Q.cnv) (%)
Eo 42,5 - 218.6 -
= 2.5 94 7374 97
Ex 1.94 96.5 25595 99
Modelization
The experimental results concerning E24 steel wgakiehavior in a marine
environment were simultaneously obtained through e th

potentiodynamic/stationary method and the Nyquistleitransient method. This
showed that the metal protection efficiency, by diféerent formulations of E
and E from the macromolecular structure of the new sgsited epoxy
hexaglycidyl ethylene of methylene dianiline (HGEMD is very good, since it
is equal, respectively, @s (&) = 94% and]s (&) = 96.5 %; and]t (E1) = 97%
and;It (E2) = 99 %.

In order to confirm the adhesion sites of the epgagtlymer, which are
responsible for the experimental results (reflectthe good adherence of our
epoxy hexafunctional macromolecular matrix [20] pased of six aromatic
nuclei on the one hand, and an ethylenic nucleushenother hand) we have
carried out the calculation study of quantum chémighrough Gaussian
software (03).

To perform the calculation of the quantum chemigiayameters of the epoxy
resin, several descriptors were studied on thetrel@c steric basis and the
thermodynamic effect.

The calculation of the different descriptors wasried out by two different
methods: the first one was semi-empirical (PM6Y arsecond one was based on
the electron density (DFT) through Gaussian so#w@i). The main results of
this study are summarized in Table 5.

Table 5. Parameters of quantum chemistry calculations e¥#rious descriptors.

HGEMDA
DFT PM6
0 -1 1 0 -1 1

Erowmo (eV) -0.238 -0.170 -0.269 -0.266 -0.167 -0.269

ELumo (eV) -0.17(¢ -0.16¢ -0.23¢ -0.16¢ -0.16¢ -0.17C
I (eV) 0.238 0.170 0.269 0.266 0.167 0.269

A (eV) 0.17¢ 0.16¢ 0.23¢ 0.16¢ 0.16¢ 0.17¢
AE (eV) 0.068 0.001 0.031 0.097 0.001 0.099

P -0.20¢ -0.16¢ -0.25¢ -0.215 -0.163 -0.22(
x 0.204 0.169 0.254 0.217 0.167 0.220
n 0.034 0.0008 0.015 0.048 0.0005 0.049

o 29.13! 1183.43 64.24¢ 20.61¢ 172413 20.04
® 0.609 16.971 2.079 0.488 24.076 0.4854

AN 0.111] 0.11f 0.10: 0.11C 0.11¢ 0.10¢
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In order to better understand the coating behaaisiorption mechanism studied
on the surface of E24 steel, optimization analysisestimate active coating
adsorption centers was made, and quantum chemiaklulations were
performed. This was precisely done by the PM6 aRd hethods, the optimized
geometrical structures and thedmo and Eumo electron density distributions.
These coatings are presented in Fig. 10-15. Thatgoachemical parameters
were calculated and analyzed, in order to expldie teactivity of the
electropositive and electronegative sites of theEMBA molecule. These are
grouped in Table 5. The high ionization energycatks a high stability [47, 48],
AN <3.6 indicates the tendency of a molecule to glectrons to the metal
surface [49, 50].

The BEiomo and Euwo of the orbital of the neutral, positively and nigaly
charged macromolecular matrices of the two studmedhods are respectively
shown in the figures below. This clearly shows ttit electronic effect reacts
with the coating behavior phenomenon on the aransgstem, epoxy group and
ethylenic kernel.

:zr 2 i}; ;, HOMO )
3‘1 J

J

Figure 11.PM6 method of negatively charged HGEMDA.

112



R. Hsissou et al. / Port. Electrochim. Acta 36 @0101-117

» 4 Lumo i
%5y 2y 00 Y
Jg; 4 " ‘:‘ 4 9 J", JJ..J
a # 4 4 4
i + %
l. a. At " ] 4 a5,
4 . e “‘: ‘1 #
“J‘ i ._, : ’: ’
J.‘a i ," 4
o K0 T
T g
Jt “.

Figure 12.PM6 method of positively charged HGEMDA.

HOMO " LUMO ]
‘ IV, ge
;. s 58 i Y,
.‘J“.g-ua, sus ¥,
(R J
] v J‘ s 4 4 *
] e
é‘ J‘ *‘ ) g” [
[ 2] 9 9 ] ¢
7 J‘:" ) ’”l" e
d ' pl“#w
o/
3 . |
9?’ f‘ [ 2
Figure 13.DFT method of the neutral HGEMDA.
W8 J’
’J "J,) "J
4 — “: gy : LUMO
4 : 0 ane A
Y 4 3 " 5 L r) ]
.5 3 “ ‘4 }J‘J 4 ‘g. ‘.& ?“‘
QO“““ S 3 :
'] J ¥ 4 &%
"‘J" o ‘ #
a9 di‘f . ‘;Jf'
T " &
:e‘ ’. ‘"“J
Figure 14.DFT method of negatively charged HGEMDA.
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Figure 15.DFT method of the positively charged HGEMDA.
Eromo generally describes the ability of a compound teglectrons. A high

energy value of the HOMO energy orbital facilitatee tendency of molecules
to yield electrons to acceptable electron speciégh wnoccupied molecular
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orbitals that have low energy levels. On the otiend, Euwo is related to the
ability of a molecule to accept electrons. A loalue of LUMO energy means
that the molecule certainly accepts electrons. Tthgsadsorption of energy amid
the coating behavior and the metal surface of Eedl sncreases when the gap
energy AE = BEuwmo - Enomo) decreases [51]. From the analysis in Table 5, we
have observed that the gap energy values are lostetreen the molecular orbital
boundaries of the donor and the acceptor. Thicatds that the quality of the
film formation is good. With respect to the donordathe electron acceptor
molecular orbitals, we have observed in the figuaésve that the electron
densities (HOMO) are localized, respectively: oa #tomatic cycle surface, on
the ethylenic nucleus for the PM6 method (neutral aegatively charged), on
the ethylenic nucleus surface for the DFT (neuaat negatively charged)
method, and on the surface of the epoxy group hedatomatic cycle for both
PM6 and DFT (positively charged) methods. On thHeeohand, the electronic
densities (LUMO) are located on the aromatic cgtidace for the two PM6 and
DFT methods (neutral and negatively charged), andtle surface of the
ethylenic nucleus for the two PM6 and DFT (posiiveharged) methods.

The results indicate that the adsorption efficierafythe coating behavior
increases with the ionization potential (Pi), bessauhis property is directly
related to Eomo. In other words, the adsorption of the coatingawsdr or the
adhesion of the epoxy macromolecular resin ontartb&al support take place at
the level of the aromatic cycles, epoxide cycled tre ethylenic radical, with
respect to the micro-gaps on the substrate surface.

Conclusion

In this work, we have tested the new synthesizedafli@ctional epoxy
prepolymer, hexaglycidyl ethylene of methylene diae, in the protection of
E24 steel by the coating behavior process derik@ud the formulations based on
standard epoxy prepolymer, methylene dianiline reimiral phosphate used as a
charge. The obtained electrochemical results, nantieé potentiodynamic
polarization curves and those of the electrochelnmepedance spectroscopy, are
entirely in reasonable agreement, and they confinat natural phosphate
presented in the formulated E2 matrix (HGEMDA/MDNP has a very
effective protective effect. The Bode and phaseleamipgrams confirm the
results of the electrochemical impedance spectpsdenally, the prediction of
the coating behavior is carried out by the semiigogd PM6 and DFT methods,
using the Gaussian software (03), which confirms #udhesion sites of the
macromolecular epoxy matrix.
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