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ABSTRACT:
In this study, we will be discussing the effect of isocyanate on the anti-corrosive property of

the mild steel by the co-polymerizationof urethane with benzoxazine, which was synthesized
from eugenol, glycine ethyl ester and paraformaldehyde.Monomer was characterized by
proton, carbon NMR, Fourier Transform-IR and Ultraviolet- visible techniques. Similarly, the
co-polymer was also characterized by Fourier Transform-IR and Ultraviolet- visible
techniques. The polymerization process was conducted on the mild steel surface by dip-
coating of the benzoxazine with isocyanate hardener in three ratios i.e., 60%, 80%, 100% and
cured in a muffle furnace. Then, the coated mild steel was investigated for the anti-corrosive
property using Polarization and Electrochemical Impedance Spectroscopy.The results show
that the rise in the amount of isocyanate hardener on the metal surface will elevate the
corrosion inhibition efficiency. The morphological studies and elemental analysis performed
by using SEM- EDAX. The hydrophobicity of the copolymer was investigated by usual
ASTM-D570 methods like water absorption and Gel absorption studies. The theoretical
studies DFT was also performed to support the anti-corrosive property of the synthesized

monomer and its copolymer in terms of the band gap, electrophilicityfactors.

KEY WORDS:
Anti-corrosive coating, Eugenol, glycine ethyl ester, polybenzoxazine, Isocyanate, Band gap

and Electrophilicity.

INTRODUCTION:
Corrosion is electrochemical destructive phenomena which is a major problem, causing

considerable amount of loss of material.lt is estimated that corrosion costs the global
economy more than US$2.5 trillion annually [1]. Most of the heterocyclic compounds can
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acts a corrosion inhibitor for the steel and other metals [2] because of its adsorption on the
metal surface due to the presence of rich pi electron density around the heteroatom like N, P,
O and S [3-5]. Environment friendly plant extract can also act as an efficient corrosion
inhibitors [6, 7] due to the presence of electron rich heteroatoms. Nanotechnology has been
more crucial during the past 20 years in advancing creative technical solutions to control
corrosion [8], Admiration of agro-food wastes has garnered attention as a source of "green”
chemicals for the development of sustainable chemistry that may minimise the effect profits
for the environment, produce profits for the of anti-corrosion protection sector, and minimises
their negative environmental consequences [9]. The conducting polymers like, polypyrrole
[10], polyfuran [11], polyaniline [12], polythiazoles [13], etc., can be easily synthesized and
widely accepted an efficient inhibitor on the metal surface.

Excellent polymer coating materials must have high hydrophobicity, low water
absorption, high cross-link density and ionic resistance, and good adhesion in order to
effectively inhibit the permeation of electrolytes into the coating/metal interface and prevent
a corrosion reaction. Polybenzoxazine exhibit these properties, so that many research work on
the corrosion inhibition were conducted with these polymers[14, 15]. Few interesting facts
about this polymer is, it does not need an initiator or catalyst, thermally accelerated ring-
opening, nearly low shrinkage, tractability, and the absence of harmful by-products are the
key characteristics of the polymerization of benzoxazine monomers. Previously
polybenzoxazine synthesized from bisphenol-A as the starting material, it showed some
disadvantages as a coating material, to replace the BPA, many other eco-friendly phenols
were used for the synthesis of polybenzoxazine.

Yuzhu Cao et.al., fabricated a bio-based polybenzoxazine super hydrophobic coating
on the carbon steel using cardanol as the phenol [16]. Ruhi Yang et.al., synthesised a bio-
based high-performance tri-furan functional benzoxazine from guaicol and reported the above
polymer possessing high thermal stability with good flame-retardant properties [17]. Ganesh.
A. Phalak etal., synthesised benzoxazine from guaiacol and copolymerise it with
polyurethane and reported anti-corrosive property of the above with 99% corrosion efficiency
[18]. Madalina et.al., synthesised benzoxazine from eugenol and vanillin and grafted this with
polyethyleneimine backbones and reported its fire- retardant properties [19]. Sini et.al.,
prepared bis-benzoxazines from vanillin feed stock with good thermal adhesion properties
[20].

Interestingly, polyurethanes were created by combining polyols and isocyanates with
the right catalyst to boost the hydrophobicity and chemical resistance of the metal surface. As
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a result, numerous advances were made in the use of polyurethane in anti-corrosive coatings.
Zhu et.al., developed a super hydrophobic coating on a metal surface through one-step spray
coating using benzoxazine, polyurethane and mesoporous SiO; and report by increases the
polyurethane content in the coating will enhances the hydrophobicity thereby it restricts the
water particle to enter the metal surface thereby it controls the corrosion on it [21].
Sreelakshmi et.al., also synthesised a no catalyst, solvent free colourless cardanol based PU
coating which is copolymerised with hydroxy- terminated polydimethylsiloxane [22]. In
order to synthesise a new hydrophobic benzoxazine- polyurethane coating on mild steel, in
this research we have synthesise a new benzoxazine precursor from eugenol,
paraformaldehyde and glycine ethyl ester which is copolymerised with hexamethylene
diisocyante in different ratios and discussed its anti-corrosive studies in 3.5% NaCl medium
because of the world consists of 70% water which contains the natural electrolyte of sodium

chloride of the above mentioned percentage.

2. Materials and Methods:
2.1. Synthesis of ethyl 2-(6-allyl-8-methoxy-2H-benzo[e][1,3]oxazin-394H)-yl)acetate:

Glycine ethyl ester (0.85g, 6.09mmol), paraformaldehyde (0.383g, 12.789mmol), and
10mL of CHCI3 were added to a 250ml three-neck RB flask. The mixture was then agitated
at 50°C for 30 minutes. Eugenol (0.943 mL, 6.090 mmol) diluted in 25 mL of CHCI3 was
added to the solution after 30 minutes, and it was agitated for 16 hours at 70°C. 100 mL of
chloroform was added to the reaction mixture before filtering, and TLC was used to monitor
the reaction's development. Following the conclusion of the response, to eliminate unreacted
phenols and water on the organic layer, the filtrate was then washed with water, brine
solution, and 1N sodium hydroxide. After that, it was taken out from organic layer and dried
over anhydrous sodium sulphate. When the solvent evaporated, the monomer's yellowish-

brown liquid was Obtained.

2.2. Copolymerisation of benzoxazine with isocyanate hardener:

The above synthesized monomer was dissolved in 1,4-dioxane, to that solution
isocyanate hardener in toluene was added. Three combinations of isocyanate with
benzoxazine were prepared, the three combinations are in the ratio of benzoxazine (EuBz-
gly): polyurethane (PU) 100:60, 100:80, 100:100. The emery paper was used polish the metal
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surface to improve the adhesion on mild steel plates and then the plates were cleaned by
using water, hexane and acetone to remove impurities. The cleaned MS was then coated with
BZ: PU solution using the dip-coating technique for 1 min, and then was slowly removed
from it at a speed of 100 mm/min.. The coated MS was then thermally dried and cured in a
furnace for three hours at 200°C. The coated mild steel was the main topic of the EIS

investigation.

"o o Yo
1.HCHO o |socg/anate
2. Glycine ethyl ester N © 200°C, 2hr N n
—_— _—
™~ 70°C, 16hr
) ,
OH reflux ) ‘ \/O
4-allyl-2-
methoxyphenol / ethyl 2-(6-allyl-8-methoxy-2H-benzo[e][1,3]oxazin-3(4H)-yl)acetate
Eugenol

Scheme- 1: Synthesis and polymerisation of ethyl 2-(6-allyl-8-methoxy-2H-
benzol[e][1,3]oxazin-394H)-yl)acetate and its copolymerisation with polyurethane

2.3. Characterization techniques:

A "Thermo Scientific Nicolet iS50 FT-IR Spectrometer” was used to analyse the IR
spectrum, while a "Labman LMSP UV-1200 UV-Vis" was used to analyse the UV spectrum.
Dimethyl sulfoxide-D6 was used as the solvent in a "Bruker 500 MHz" "1H NMR"
observation of the monomer. Additionally, a "Bruker 125 MHz" equipment was used to
record "13C NMR" for the same sample. To verify the product generation, thin layer
chromatography (TLC) was used. Using the "JEOL JSM 6390" scanning electron microscope

and a 20 keV energy acceleration beam, the surface is examined.

2.4. Corrosion Studies- Tafel Polarization experiment and Electrochemical Impedance
Spectroscopy (EIS) experiments:

The polarisation studies were conducted using the Biologic SP 300 model machine, which
has three electrodes with Ag/AgCl serving as the reference electrode and Pt serving as the
counter electrode. The corrosion rate,corrosion efficiency and free energy of adsorption
(AGads) was calculated using the Icorr value from Tafel extrapolationfrom equation (1, 2&
3) and the Rct value obtained from the Nyquist plotfrom the equation (4) [18 & 23].
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CR= Icorr );fXEW mmpy (1)

Where, CR= Corrosion Rate, EW= 27. 99, K= 3272 mmpy (CR constant), p= 7.85 g cm-3
(material density) and A= 1cm2 (Area of the sample).

Icorr (b)—Icorr (¢)

CE (%) =~ [ Icorr (b)

] X100 )

Where, CE= Corrosion Efficiency or Inhibition efficiency, Icorr (b)= Corrosion current for
the uncoated Mild steel, Icorr(c)= Corrosion current for the coated mild steel.
(AGads) = —RT In(55.5K) 3

Where, K= equilibrium constant, which is calculated from, (cuL—e)' q= Surface coverage, C =

Concentration of inhibitor in mole/ lit and 55.5 represents the concentration of water in

mol/lit.

Rct (¢)—Rct (b)

CEM) =0

] X 100 4)

Where, Rct (¢) = coated mild steel’s charge transfer resistance, Rct (b)= uncoated mild steel’s

charge transfer resistance.

2.5Computational studies - Density Functional Theory (DFT)

Density functional theory was used to examine the computational computations and
representation of HOMO and LUMO using the Gaussian 09W programme. The chemical
structure of the monomer was optimised on the basis of the B3LYP/6.31 G basis set. The
calculated structures of the HOMO, LUMO, and MEP (molecular electrostatic potential)

representations were seen using the Gauss view software programme.

2.6. Studies on Water absorption.

By using the ASTM D570 procedure, samples that had been coated and cured with monomer
and copolymers were submerged in water for 24 hours to determine their hydrophobicity
[18]. Prior to the immersion, the weight of the cured samples was recorded (Whb). The water
particles are drained with a paper towel and taken out after 24 hours. The samples’ weight
(Wa) was then recorded. Weight difference was used to determine the water particles’

percentage of absorption from the equation (5).

Wa—-Whb
Wb

WA (%) = [ 1X 100 (5)
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Where, WA= Water absorption, Wa= Weight of the coated and cured mild steel after the
immersion of water, Wh= Weight of the coated and cured mild steel before the immersion of

water.

2.7 Studies on Gel absorption

The gel absorption of monomer and every coated, cured copolymer sample was calculated
during the whole research using the weighing method. Prior to the inquiry, each sample's
weight (Wb) was recorded [18]. The samples were taken out of the xylene after 24 hours of
immersion at room temperature and dried in an oven under vacuum. Following this
procedure, the weight of each sample was once more recorded for (Wa). The proportion of
gel formation in the copolymer was estimated from the weight differential between the two
above, namely Wa and Wb from the following equation (6).

GA (%) = [ -] X 100 (6)
Where, GA= gel absorption, Wa= Weight of the mild steels after the immersion of xylene,

Whb = Weight of the mild steels before the immersion of xylene.

3. RESULTS AND DISCUSSION

3.1 NMR spectrum of ethyl 2-(6-allyl-8-methoxy-2H-benzo[e][1,3]oxazin-394H)-yl)
acetate:

To confirm the structure of the monomer ethyl 2-(6-allyl-8-methoxy-2H-
benzo[e][1,3]oxazin-394H)-yl)acetate “‘H NMR and *C NMR” analysis was employed.
From the figure-1, the three alkyl protons (-COO-CH,-CHjs) from the glycine ethyl ester were
appeared in the aliphatic region from 1.248ppm to 1.3ppm, similarly the two protons from the
-COO-CH,-CHg unit, were appeared 4.192ppm to 4.228ppm. The two protons from -N-CH,-
COO- unit peak appeared at 3.281 ppm to 3.328 ppm. Five protons from allyl group attached
to the eugenol ring appeared at the region 3.281, 5.113 and 6.0 ppm. Two aromatic protons in
the aromatic ring appeared in the region 6.4 and 6.5ppm [24, 25]. Methoxy protons on the
aromatic ring observed at the region 3.876 ppm. The peaks appeared in the region 4.078 ppm
and 4.965 ppm are respective for four protons from the benzoxazine ring which confirms the
benzoxazine formation. Following the integration, 21 protons were accounted. Furthermore,
B3C-NMR provides accurate details of monomer’s structure. The alkyl methyl carbon (-COO-
CH,-CH3) from the glycine ethyl ester were appeared in the aliphatic region14.3 ppm, the -
CH,-carbon (-COO-CH,-CH3) were appeared at 110.1ppm due to it is attached to the
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electronegative oxygen atom. Similarly, the allyl carbons on the eugenol ring (-CH,-
CH=CH,) shows their chemical shift at 40.06, 137.5 and 115.6 ppm respectively. The peaks
at the region 137. 9, 130.8, 147.3, 147.7, 122.2 and 119 ppm were responsible for the
aromatic carbon moieties [26, 27]. The methoxy carbon on the aromatic ring shows its

chemical shift in 55.9 ppm and the benzoxazine ring carbons chemical shift at the region 50.7

(Ar-CH,-N-) and 82.2 ppm (-N-CH,-O-) which also conforms the benzoxazine formation.

The carbonyl carbon from the glycine ethyl ester carbon appeared at the region 170.8ppm

which was shown in the figure 2. Hence, from NMR analysis the monomer structure shown

in the scheme-1 was confirmed.
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Figure 1: *H NMR spectrum of ethyl 2-(6-allyl-8-methoxy-2H-benzo[e][1,3]oxazin-394H)-

yl)acetate
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Figure 2: "*C NMR spectrum of ethyl 2-(6-allyl-8-methoxy-2H-benzo[e][1,3]oxazin-394H)-
yl)acetate

3.2 IR spectrum of pure EuBz-gly and blends with EuBz-gly-PU

Figure 3 depicts the "FT-IR spectra” of the monomer and all copolymers formed from the
monomer and an isocyanate hardener. The symmetric and the asymmetric stretching of the -
CH from the -CH, of the formed benzoxazine and the eugenol side chain appeared at 2945
and 2857cm™. The existence of 1° and 2° amine groups was ruled out at higher wavenumbers
since no stretching frequencies were seen, but the presence of 3° amine is verified because
the heteroatom was free of any other labile protons. The asymmetric stretching frequency of -
C-O- is represented at 1205cm™ band, while the symmetric stretching is represented by the
band at 1215cm™.The band at 920cm™ confirms the formation of a benzoxazine ring [26-29].
Other aromatic -CH band appeared at 1454cm™ and the band at 3357cm™ represents the -N-H
stretching frequency, which is present in the polyurethane attached to the polybenzoxazine. A
peak at 1676cm™ corresponds to the carbonyl group from the benzoxazine monomer and this

peak was strongly visible as a result of polyurethane incorporation into our monomer.

Blank

i 15361, AR15
EuBz-gly:PU(80) } Pl
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Figure3: FTIR spectrum of benzoxazine synthesised from eugenol and glycine ethyl ester and
its copolymers with polyurethane in three ratios

3.3 VaBz monomer and VaBz-gly-PU blends’ UV-Vis spectrum:

From the figure- 4, we observed that the faint bands at 250 nm and 284 nm that the monomer

displays are due to the electronic transition p - p*. The eugenol-based benzoxazine with
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isocyanate loading exhibits two peaks at 269 and 283 nm that are attributable to the p - p*
and n - p* transitions [30, 31]. Observed an alteration in the p - p* band during the
copolymerization with isocyanate. The band that corresponds to the n - p* transition also
increased its absorbance, clearly demonstrating how significantly the isocyanate induced the

monomer's electronic transition.

Blank
EnBZ-gly:PU60%)

254 283

EnBZ -gly:PU{B0%)

EuBZ -gly:PU{100%)

Abs.

300

Wavelength (nm)

Figure:4 UV spectrum of benzoxazine synthesised from eugenol and glycine ethyl ester and
its copolymers with polyurethane in three ratios

3.4 Corrosion Studies

3.4 a. Electrochemical studies by “Potentiostatic Polarization”:

Figure 5 depicts the Tafel polarisation curves for the coated and dried copolymers of
benzoxazine made from eugenol and urethane. "Superimposing the straight line along a linear
portion of the anodic or cathodic curve™ was used to determine the Icorr and Ecorr values.
Typically, a destructive metal with a high corrosion current (Icorr) allows for frequent
electron mobility, which makes the metal corrode readily and results in a high rate of
corrosion on the metal's surface. On the other hand, more, positive value of corrosion
potential (Ecor) represents less corrosion rate [32-34]. Based on this knowledge, the Tafel
data for the eugenol-based benzoxazine and related copolymers were listed in Table 1 with
various concentrations. In either case, the uncoated mild steel exhibits a higher Icorr value

and a lower Ecorr value, indicating that more corrosion has occurred on it. The corrosion
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potential and current of mild steel that has been coated and dried with eugenol-based
benzoxazine copolymerized with urethane are improved. The EuBz-gly: 60% PU coated
material attained Icorr and Ecorr value of 0.0063mA and -624mV respectively, this was
enhanced to 0.0000013mA and -538mV by increasing the isocyanate to 80% (EuBz-gly:
80%PU), further which was enhanced to 0.0000001mA and -506mV by coating with EuBz-
gly: 100%PU. From this we clearly demonstrate that the rate of corrosion on mild steel
decreased as the amount of urethane increased. This is because more urethane causes the
benzoxazine to produce an efficient noble layer for the metal surface by increasing its
crosslinking capacity. 60% urethane coated shows 98.87% corrosion efficiency than the
uncoated mild steel, 80% and 100% urethane coated shows 100% corrosion efficiency. The
polymeric material's physisorption onto the metal surface prevented corrosion, according to
the free energy of adsorption (DGads).

a. Blank Mild steel b. EuBz-gly: 60% PU
v } B . rd
| - . ,./
| N/

1 nin — —
w0 000 00 0k 230 E A Wi

d. EuBz-gly: 100% PU

|

St " w0 T T W 20 v Lo i ETTY Gt 4 i ki -

Figure 5: Tafel Plot for (a) Blank Mild steel, (b) EuBz-gly: 60% PU, (c) EuBz-gly: 80% PU
and (d) EuBz-gly: 100% PU coated Mild steel respectively
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. . Tafel Constant
Ecorr Corrosion | Surface Corr_osmn AG
Icorr (pA) (mv) Rate Coverage | Efficiency | pa —Be (ads)
(o)
(empty) 9) (%) mV/dec | mV/dec K3/mol

Blank 0.475 574 5524 61.1 605
100:60(EuBZ-gly:PU) 0.0063 -624 73 0.9867 98.67 -136 132 -21.93
100:100(EuBZ-gly: PU) | 0.0000001 | -506 0 1.0000 100.00 -172 131 -48.12

3.4b Electrochemical system behaviour of BZPU coatings:

The EIS method is one of the greatest methods for figuring out a material's resistivity. The
results for the blank and the EuBz-gly:60%PU, EuBz-gly:80%PU, and EuBz-gly:100%PU
coated and cured mild steel were given in the table-2. The EIS for our samples was recorded
in 3.5% sodium chloride solution. The Nyquist plot, shown in Figure 6, includes two-timed
constants that are represented by an inductive loop at low frequencies and a depressed
capacitive semicircle at higher frequencies. While later corrosion constant is connected to the
finding of an intermediate corrosion product, earlier corrosion constant is related to charge
transfer. The two-time constants on the Nyquist plot are an inductive loop at lower
frequencies (semi-circle) and a depressed capacitive semicircle at higher frequencies,
respectively. These two-time constants are primarily caused by the adsorption of a corrosion
reaction with an inhibitor reaction intermediate. Rs is a resistor associated with solution
resistance, and charge transfer resistance is a measure of electron transfer over the surface
that is directly derived from the semi-circle's diameter from the Nyquist plot and is inversely
proportional to the rate of corrosionCorrosion efficiency was calculated using the Rct values
of coated and uncoated mild steel. The Rct value rises when more urethane is applied to mild
steel, based on the data from the Nyquist plot. The capacitance of the double layer, another
component, provides an explanation for the materials' electrochemical characteristics. (Cdl)
[35-37] In addition, the constant phase element (CPE) rather than the ideal electrical
capacitance is utilised in the model to mimic the impedance behaviour of the electrical double
layer. According to Table 2, when compared to metal (mild steel) coated with EuBz-gly:PU,
uncoated mild steel has a higher value of Cdl. It is evident that using 80% and 100% loaded
urethane in the coating lowers the Cdl value even further because it increases the thickness of
the electrical double layer or increases the local dielectric constant close to the metal surface.
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The corrosion of the uncoated mild steel is due to the lack of the formation of
insoluble thin oxide passive layer on its surface. The oxide layer isolated the mild steel from

the aggressive environment. The formation of passive oxide layer is given by,

Fe » Fe?t +2¢ (1)
Fe?* +20H" > Fe(OH), (2)
2Fe(OH), + O, » 2FeOOH +H; 3)

The chlorides attack the metal through the oxide layer and accelerates the corrosion of the

metal. The effect of chloride ions on the mild steel is shown by the following reactions, (52)

Fe »  Fe? +2¢ (4)
Fe?* +4CI » FeCls? +2¢” (5)
FeCl,> +2 H,0 » Fe(OH), +2H" +4cClI (6)

The self-generating chloride ions propagates the corrosion process on the mild steel surface.
The chloride concentration on the metal surface is decreased by coating of our eugenol based
benzoxazine loaded with polyurethane. This is achieved by the forming an protective layer
around the metal because of the presence electron donating heteroatoms such as N and O
from the EuBz-gly:PU moieties. In presence of this coating the chloride ions fail to penetrate
the mild steel surface thereby the inhibition efficiency increased, which was proved by the
increased Rct and decreased Cdl values of the coated mild steel compared with uncoated mild

steel.
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Figure6: NyquistPlot for (a) Blank Mild steel, (b) EuBz-gly: 60% PU, (c) EuBz-gly: 80% PU
and (d) EuBz-gly: 100% PU coated Mild steel respectively

Table 2: Parameter calculated from the Nyquist plot

; : 2 2 Inhibition
Concentration of coatings Rct Qcm Cdl F/cm Efficiency (%)
Blank 647 7.150 Xe”

100:60 (EuBZ-gly:PU) 2330 34.2X e” 72.23
100:80 (EuBZ-gly: PU) 5272 23.54 Xe™® 87.73
100:100 (EuBZ-gly: PU) 44813 12.39 X e and 211.41 X10°® 94.80

3.5 Scanning microscopic analysis

SEM and energy-dispersive X-ray analysis (EDAX) were used to examine the surface
morphology of mild steel before and after a week of immersion in 3.5% NaCl. Findings in
Figure 6 demonstrate that mild steel without a coating has a flat surface that is susceptible to
corrosion when immersed in a salt chloride solution. This gives the surface area a rough
appearance [38,39]. The coating of the newly developed, eugenol-based benzoxazine, which

was copolymerized with urethane, decreased the corrosion of mild steel. In particular, the
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corrosion was greatly decreased by increasing the quantity of polyurethane from EuBz-
gly100: PU60 to EuBz-gly100: PU100. After corrosion, mild steel coated with EuBz-gly100:
PUGO displays a polished surface in contrast to blank mild steel, and this may be improved by
the sample with EuBz-gly100: PU80. The mild steel's EuBz-gly100: PU100 coating, which
has an even more polished surface than EuBz-glyl00: PU80, also contributed to its
improvement. This might be used as additional proof that mild steel with higher polyurethane
content has improved corrosion resistance. This was further demonstrated by the EDAX
analysis, as seen in figure 7. It is obvious from it that adding polyurethane to the surface

decreased the amount of iron degradation after being exposed to 3.5% NacCl.

Figure 6: SEM Images of the before (a-d) and after (e-f) corrosion of samples blank (a and e),
EuBz-gly:60%PU (b and f), EuBz:80%PU (c and g) and EuBz:100%PU (d andh)
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EEEREE G

Figure 7: EDAX images of the before (a-d) and after (e-h) corrosion samples of blank (a and
e), EuBz-gly:60%PU (b and f), EuBz-gly:80%PU (c and g) and EuBz-gly:100%PU (d and h)

3.6 Water adsorption studies:

The hydrophobic nature of polymer materials, which was impacted by the material's
branching and cross-linking capabilities, is crucial to their anticorrosive properties. This
hydrophobic feature was also affected by the addition of coating chemicals like urethane,
which produced the cross-linking property through hydrogen bonding. It is clear from the
figure-8 that as polyurethane concentration increases, the coating's ability to absorb water
decreases significantly. The amount of water absorption in the eugenol-based benzoxazine
was approximately 2.09%; this was reduced on mild steel by adding 60% polyurethane, again
by adding 80% polyurethane, and further reduced by adding equal amounts of benzoxazine
and polyurethane (100% PU), which resulted in a reduction of 1.31%, 0.99%, and 0.83%,
respectively. Based on the results of this study, it can be said that eugenol-based benzoxazine
with glycine ethyl ester and urethane significantly improves water absorption property. As a
result, this polymer with urethane can act as a better corrosion-protecting coating on the

surface of mild steel.
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Figure 8: Water absorption experiment results for the Mild steel coated with eugenol based
benzoxazine with glycine ethyl ester and its copolymers with 60%, 80% and 100%
polyurethane.

3.7 Gel absorption studies

Gel absorption investigations are also important to comprehend the polymer's capacity to
create stronger intra-linkages with one another. Because of the decreased porosity, there is
less water diffusion into the material. For this work, the monomer and its copolymerized
polymers were studied. Figure 9 demonstrates that the monomer alone causes the gel to form
with xylene by 81.34%, increasing to 86.67% with the addition of 60% PU, 89.21% with the
addition of 80% PU, and 91.13% with the inclusion of an equal quantity of monomer and
urethane (100% PU). Based on the outcomes of the enhanced gel absorption, we can
conclude that benzoxazine and polyurethane may serve as a superior anticorrosive coating on

the mild steel surface.
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Figure 9: Gel absorption experiment results for the Mild steel coated with eugenol based
benzoxazine and its copolymers with 60%, 80% and 100% polyurethane.

3.8 Quantum Chemical Calculations
3.8a- DFT analysis

The quantum chemical descriptors of the eugenol-based benzoxazine monomer and its
polymerization with hexamethylene isocyanate, including HOMO, LUMO, band gap (AE),
chemical potential, global hardness (h), global softness (s), electrophilicity index, and dipole
moment, are shown in table 3 and figure 10 and figure 11. The ability of a molecule to give
electrons is typically connected to the HOMO. If a molecule has a higher HOMO value, it is
more likely to transfer electrons to another appropriate molecule that has a low energy or
partially filled molecular orbital. Therefore, if a molecule has a higher HOMO value, it will
have a greater tendency to donate electrons to the metal's surface, leading to the highest
adsorption and the greatest inhibition efficiency. In our experiment shows the Enjomo Of
EuBZ-gly: PU has greater value than EHOMO of EuBZ, which clearly explains that the

polyurethane loaded material shows better inhibition efficiency [40,41].

Table 3: Parameters calculated from DFT studies

Compound [HOMO [LUMO [Band gap|Chemical [Global Global Electrophili |Dipole
name (DE) potential hardness  [softness  [city index |moment

(Debye)
Monomer  |-5.4976 -0.1556 [5.3419 -2.8266 2.6709 0.1871 1.4956 2.4686
Monomer  |-2.2610 -0.4198 (1.841 -1.3404 0.9205 0.5431 0.9759 5.7566
with PU

A molecule with a large band gap (DE) is more stable and associated with low reactivity,
while a molecule with a small band gap (DE) is highly reactive, easily polarized, and can thus
be readily adsorbed on the surface of a metal. As a result, the efficiency of this type of
molecule is high. The value of global hardness (h) and softness (s)) can also be used to obtain
information about molecular reactivity and selectivity. The HSAB concept serves as the
foundation for the relationship between quantum chemical quantities and corrosion inhibition
effectiveness. If an inhibitor has a high hardness value or a low softness value, it is regarded

as a hard inhibitor. Similar to this, an inhibitor has a low global hardness value and a high
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softness value, making it a soft molecule that can readily donate electron density to the
acceptor, making it more reactive than a hard inhibitor molecule. Additionally, when an
inhibitor has the maximum softness value, adsorption on the metal surface may be simple. In
that aspect also, EuBZ-gly: PU (0.5431) > EuBz (0.1871) monomer, which evidently
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conclude that the urethane loaded benzoxazine become a good inhibitor than the benzoxazine

monomer. According to

definitions, electrophilicity refers to a chemical species' reactivity in attracting electrons from
its nucleophile. The opposite of electrophilicity is called nucleophilicity.If an inhibitor
molecule having larger electrophilicity value are considered as ineffective towards corrosion
inhibition, hence a molecule with small electrophilicity or large nucleophilicity can acts as a
good inhibitor. In that aspect also our experiment shows that EuBZ-gly: PU (0.9759) > EuBz
(1.4956) monomer, we confirmed the urethane loaded benzoxazine could acts as a better
inhibitor than the monomer. Another statistic that is frequently used to forecast the relative
effectiveness of corrosion inhibitors is the dipolemoment (m). It measures how polar a bond
is and is connected to how many electrons are present in a molecule [41]. Because strong
dipole-dipole interactions between inhibitors and the metal result in strong adsorption on the
metal's surface, the efficacy of the inhibition is increased. In that aspect also our experiment
shows that EuBZ-gly: PU (5.7566) > EuBz (2.4686) monomer, we confirmed the urethane
loaded benzoxazine could acts as a better inhibitor than the monomer.
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Figure 10:FMO analysis of eugenol based
benzoxazine with glycine ethyl ester monomer and its
optimized structure

Figure-11: FMO analysis of eugenol based benzoxazine
with glycine ethyl ester monomer and its optimized
structure along with urethane

3.8b Molecular electrostatic potential (MEP)

By showing the electron distribution on a molecule as a coloured map, the quantum chemical
technique may also be used to determine a molecule's chemical reactivity [42]. The colour
was used to identify substances having structures that were optimised for positive, negative,
and neutral electrostatic potential. Red, yellow, and green can be used to represent a
molecule's more negative, somewhat negative, or more positive potential, respectively. Blue
symbolises the neutral or zero electron potential of the molecule. From the figures 12 and 13,
it is evident that the yellow region around the nitrogen atoms in the molecule and the red
colour obtained around the oxygen atoms in the molecule represent the negative potential

region that can be adsorbed on the metal surface, respectively.

Figure 12: Molecular electrostatic potential | Figure 13: Molecular electrostatic potential
mapping of the eugenol based benzoxazine with | mapping of the eugenol based benzoxazine with
glycine ethyl ester. glycine ethyl ester along with urethane

4. CONCLUSION

We successfully synthesised benzoxazine using glycine ethyl ester, paraformaldehyde, and
eugenol, which was then extensively characterised by UV-visible spectroscopy, NMR, and
FT-IR. The anti-corrosive characteristics of monomers with copolymers that were 60%, 80%,
and 100% urethane loaded were examined, and it was found that the urethane addition
enhanced corrosion inhibition on mild steel almost 100% of inhibition efficiency. When the
above-synthesised benzoxazine and 100% urethane coating are coupled, the findings for

polarisation and impedance show the most effective overall corrosion inhibition. Additional
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evidence for the hydrophobic behaviour of the monomer and its copolymers was supplied by
studies on water and gel absorption, indicating that polyurethane with a 100% urethane
content is hydrophobic and makes a superb anti-corrosive coating on the surface of mild
steel. Our efforts to improve the anti-corrosive property of the monomer and its copolymers
are supported by the findings of surface morphological studies from SEM, elemental analysis
EDAX, and theoretical studies DFT.
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