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Abstract

	 In this work, we have synthesized a new eugenol based benzoxazine monomer from eugenol, 
paraformaldehyde and n-butyl amine. The synthesized monomer was characterized by 1H NMR,  
13C NMR, UV-Visible and FT-IR spectroscopy. The monomer was then co-polymerized with isocyanate 
hardener on the surface of the mild steel with three different composition. After that it was cured 
in a muffle furnace to get poly(benzoxazine-urethane). The copolymer’s characterized by UV and  
FT-IR spectroscopic techniques. The anti-corrosive property of the co-polymer was investigated using 
polarization and EIS techniques against 3.5% NaCl solution. For additional support for this work, 
DFT studies also carried out for monomer and its copolymer. Water absorption and gel absorption 
studies were also done to add evidences for the hydrophobicity of the monomer and the copolymers.
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Introduction

	 Corrosion means degradation of metal or 
alloys by direct interaction with the environment. 
Mild steel can widely use in large number of 
applications, marine application, pipelines which 
are highly used to transport oils and gases1-3, open 
air structure4, etc., So it is important to protect these 
metals and metal alloys from this destruction, many 
researchers developed new organic compounds 
as inhibitors5-7, inorganic compounds8-10, nano 
particles11-13, plant extracts14-18, even polymers 

as inhibitors due to their availability, inherent 
stability, low price and cost effective19-21. Among 
the polymers, recently polybenzoxazine which 
is known for molecular design flexibility, during 
curing process forming a thermosetting polymer 
without any catalyst, and it plays an important 
role in the corrosion inhibition due to its high 
thermal stability and small value of hydrophobicity, 
dielectric constant22-26. In order to minimize the 
health affect caused by the BPA monomer, now 
many researchers synthesized polybenzoxazine 
from bisguaicol-F27, cardanol28, sesamol29, 
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curcumin30, guaicol31, eugenol32,33, vanillin34,35 etc., 
Polyurethanes are produced by the reaction of 
isocyanates with polyols or suitable catalyst, which 
are widely used in industrial purposes due to its, 
good chemical resistance, flexibility, adhesion, 
etc., it is widely used in the anti-corrosive agent36,37 
and bio-medical applications38. In order to explore 
more polymeric materials as a corrosion inhibitor, 
we have reported vanillin based benzoxazines 
that is copolymerized with polyurethane shown a 
very good anti-corrosive on mild steel in marine 
environment39. In that series, we have reported the 
synthesis and the corrosion resistance behaviour 
of the synthesized eugenol-based benzoxazine 
which is co-polymerized with polyurethane.

Methods and materials

Techniques applied
	 The IR spectrum was analyzed using a 
“Thermo Scientific Nicolet iS50 FT-IR Spectrometer”, 
and the UV-spectrum was analyzed using a 
“Labman LMSP UV-1200 UV-Vis”. “1H NMR” for 
the monomer observed on a “Bruker 500 MHz” 
with Dimethyl sulfoxide-D6 as a solvent. Also “13C 
NMR” for the same also recorded on a “Bruker 125 
MHz” instrument. Thin Layer Chromatography (TLC) 
was observed to confirm the product formation. 
The surface is analysed using scanning electron 
microscope “JEOL JSM 6390” with 20 keV energy 
employed on the acceleration beam.

Synthesis of Monomer (“6-allyl-3-butyl-8-methoxy-3, 
4-dihydro-2H-benzo[e][1,3] oxazine”)
	 Paraformaldehyde (0.383 g, 12.789 mmol) 
and n-butylamine (0.601 mL, 6.090 mmol) were 
dissolved in chloroform (10 mL) and stirred at 50°C 
for 30 minutes. Then, euginol (0.943 mL, 6.090 
mmol) and chloroform (20 mL) were added to the 
solution and stirred for 16 h at 70°C. TLC was used 
to check the progress of the reaction, and 100 mL of 
chloroform was added to the reaction mixture before 
filtering. The filtrate was then washed with water, 
brine solution, and 1N sodium hydroxide solution. It 
was separated from the organic material and dried 
over anhydrous sodium sulphate. The monomer was 
produced when the solvent evaporated.
 
Polymerization of the benzoxazine with isocyanate 
hardener on the mild steel
	 The synthesized monomer was dissolved 

in 1,4-dioxane, to that solution isocyanate hardener 
in toluene was added. Benzoxazine was mixed with 
three different ratios of isocyanate hardener (100:60, 
100:80, 100:100) were prepared. The emery paper 
was used polish the metal 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/minute. The coated 
MS was subsequently thermally dried and cured for 
three hours at 200°C in a furnace. The study by the 
EIS focused on coated mild steel.

Scheme 2. Synthesis of polyurethane-copolymerized 
monomer (6-allyl-3-butyl-8-methoxy-3, 4-dihydro-2H-

benzo[e][1,3]oxazine)

Density Functional Theory computational studies
	 The computational calculations and 
representation of HOMO and LUMO using the 
Gaussian 09W program were studied using density 
functional theory. The B3LYP/6.31 G basis set was 
used to optimize the monomer's chemical structure. 
The Gauss view software package was used to 
visualize the computed structures of the HOMO, 
LUMO, and MEP (molecular electrostatic potential) 
representations.

Corrosion Studies by Tafel Polarization 
experiment and Electrochemical Impedance 
Spectroscopy (EIS) experiments
	 The Biologic SP 300 model machine 
was used for the polarization studies; it has three 
electrodes, with Ag/AgCl serving as the reference 
electrode and Pt serving as the counter electrode; 
efficiency of corrosion was calculated from I

corr value 
from Tafel extrapolation and the Rct value obtained 
from the Nyquist plot.31-39

Studies on Water absorption
	 To analyze the hydrophobicity of the cured 
coated samples were done by ASTM D570 method, 
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which involved the immersion of monomer and 
copolymer coated and cured samples in water for 24 
hours. The weight of the cured samples was noted 
before (Wa) the immersion. After 24 h, the water 
flecks are drained with a paper towel, removed. 
Then weight of the samples was noted (Wb). The 
percentage of absorption of the water particles were 
calculated by weight difference.31-39

Studies on Gel absorption
	 The entire investigation the weighing 
method was used to calculate the gel absorption 
of monomer and all the coated, cured copolymer 
sample. Before the investigation the weight of each 
sample was noted (Wb). After 24 h of immersion at 
RT, the samples were removed from the xylene an 
dried in an oven under vacuum, after this process 
the weight of all samples was again noted for (Wa). 
From the weight difference of the above two i.e., 
Wa and Wb the percentage of gel formation in the 
copolymer was calculated.31,39

RESULTS AND DISCUSSION

NMR spectrum of the synthesised Monomer 
from Eugenol
	 To confirm the structure of the monomer 
“1H NMR and 13C NMR” analysis was employed. The 
nine alkyl protons from the n-butylamine are appeared 
in the aliphatic region from 1.3ppm to 2.4ppm. five 
protons from allyl group attached to the eugenol ring 
appeared at the region 3.2, 5.1 and 5.8ppm. Two 
aromatic protons in the aromatic ring appeared in 
the region 6.4 and 6.5ppm (41, 42). Methoxy protons 
on the aromatic ring observed at the region 3.8ppm. 
The peaks appeared in the region 3.8 and 3.9ppm 
are respective for four protons from the benzoxazine 
ring which confirms the benzoxazine formation. 
Following the integration, 23 protons were accounted 
for Furthermore, 13C-NMR  provides accurate details 
of monomer’s structure. The alkyl chain carbon from 
n-butylamine shows their peaks at the aliphatic region 
14.1, 20.4, 30.4 and 50ppm respectively. Similarly, the 
allyl carbons on the eugenol ring shows their chemical 
shift at 39.9, 137.7 and 115.5ppm. The peaks at the 
region 109.8, 122.5, 130.5, 138, 147.2 and 147. 6ppm 
were responsible for the aromatic carbon moieties41-43. 
The methoxy carbon on the aromatic ring shows its 
chemical shift in 55.9ppm and the benzoxazine ring 
carbons chemical shift at the region 51.2 and 82.9ppm 
which also conforms the benzoxazine formation. From 

NMR analysis the monomer structure shown in the 
Scheme 1 was confirmed.

Fig. 1a. 1H-NMR of the Benzoxazine monomer synthesised 
from eugenol

Fig. 1b. 13C NMR spectrum of the monomer synthesised 
from eugenol

IR spectrum of pure EuBz and blends with EuBz-PU
	 The “FT-IR spectra” of the monomer and 
all the copolymer with monomer and isocyanate 
hardener were shown in the Fig. 2. The symmetric 
and the asymmetric stretching of the -CH from the 
-CH2 of the formed benzoxazine and the eugenol 
side chain appeared at 2946 and 2857 cm-1. At  
higher wavenumber no stretching frequencies were  
observed which indicates that the heteroatom was 
devoid of any other labile protons, which ruled out the 
presence of 1° and 2° amine group, but the presence 
of 3° amine is confirmed. The asymmetric  stretching  
frequency of -C-O- is represented at 1279 cm-1 band,  
while the symmetric stretching is represented by the 
band at 1227 cm-1. The band at 925 cm-1 confirms the 
formation of a benzoxazine ring41,45. Other aromatic 
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-CH band appeared at 1504 cm-1 and the band at 
3450 cm-1 represents the -N-H stretching frequency, 
which is present in the polyurethane attached to the 
polybenzoxazine. A peak at 1673 cm-1 corresponds 
to the carbonyl group from the benzoxazine monomer 
and this peak was strongly visible as a result of 
polyurethane incorporation into the our monomer.

Corrosion Studies
Electrochemical studies by “Potentiostatic 
Polarization”
	 The Tafel polarization curves for the coated 
and cured copolymers of benzoxazine from eugenol 
and urethane were shown in Fig. 4. The Icorr and Ecorr 
values were calculated by “superimposing the straight 
line along a linear portion of the anodic or cathodic 
curve”. In general, a high value corrosion current (Icorr) 
represents the destructive metal allows for frequent 
electron mobility, which leads the metal to corrode 
easily which in turns give them with large corrosion 
rate on its surface. On the other hand, more, positive 
value of corrosion potential (Ecorr) represents less 
corrosion rate48,49. From this information, the Tafel data 
for the eugenol based benzoxazine and its copolymers 
with different concentration were tabulated in the 
Table 1. In which, the uncoated mild steel shows 
more Icorr value and negative Ecorr value, hence it 
represents more corrosion took place on it. Whereas 
the mild steel coated and cured with eugenol based 
benzoxazine copolymerized with urethane improves 
the corrosion current and corrosion potential against 
destruction. The EuBz: 60% PU coated material 
attained Icorr and Ecorr value of 4.61µA and 131mV 
respectively, this was enhanced by coating the mild 
steel with EuBZ: 80% PU, also which was enhanced 
by coating with EuBz: 100% PU. From which we 
evidently show that corrosion rate decreased with 
increasing with urethane content on the mild steel, 
because more urethane makes the benzoxazine 
to form an effective noble layer for metal surface by 
providing more crosslinking ability. 60% urethane 
coated shows 36.68% corrosion efficiency than the 
uncoated mild steel, 80% urethane coated shows 
72.53% corrosion efficiency and 100% urethane 
coated mild steel shows 74.73% corrosion efficiency. 
We can infer from the free energy of adsorption that 
the polymeric substance's physisorption onto the 
metal surface prevented corrosion.

Electrochemical system behaviour of BZPU 
coatings
	 One of the best techniques for determining 
a material's resistivity is the EIS method. The EIS for 
our samples were recorded in 3.5% sodium chloride 
solution and data for the blank and the EuBz:60%PU, 
EuBz:80%PU and EuBz:100%PU coated and cured 
mild steel were shown in the Table 2. Fig. 5 depicts 
the Nyquist plot, which has two-timed constants 
that are represented by a depressed capacitive 
semicircle that is found at higher frequencies and 
an inductive loop that is found at lower frequencies. 

Fig. 2. FT-IR spectrum of polyurethane copolymers with 
eugenol-based monomers at various concentrations

VaBz monomer and VaBz-PU blends' UV-Vis 
spectrum
	 The monomer exhibits bands weak 250nm 
and 284nm which are attributed to the π-π* electronic 
transition. The isocyanate loaded eugenol based 
benzoxazine shows two peaks at 269 and 282nm 
which are attributed to the π-π* and n-π* transition46,47. 
Observed an alteration in the π-π* band during the 
copolymerization with isocyanate. The band that 
corresponds to the n-π* transition also increased its 
absorbance, clearly demonstrating how significantly the 
isocyanate induced the monomer's electronic transition.

Fig. 3. UV spectrum of the eugenol-based monomer and its 
copolymer with polyurethane in different concentration
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properties are explained by another element known 
as the capacitance of the double layer (Cdl)

50,51. 
Furthermore, to simulate the impedence behaviour 
of the electrical double layer, the constant phase 
element (CPE) is used in the model rather than 
the ideal electrical capacitance. According to Table 
2, uncoated mild steel has the least value when 
compared to metal (mild steel) coated with EuBz:PU, 
and it is clear that 80% and 100% loaded urethane in 
the coating raises the Cdl value, due to a reduction in 
the thickness of the electrical double layer or a rise in 
the local dielectric constant near the metal surface.

Earlier corrosion constant is associated with respect 
to charge transfer, whereas later corrosion constant 
is associated with the discovery of an intermediate 
product produced by the corrosion. Using the values 
obtained, the charge transfer resistance (Rct) of the 
coated and blank mild steel was used to calculate 
the corrosion efficiency. The Rct value increases by 
increasing urethane content on the mild steel, here 
the 60% loaded mild steel does not show much 
progress whereas the other two specimens with 
80% and 100% urethane shows good resistance 
against corrosion. The materials' electrochemical 

(b)

(c) (d)

(a)

Fig. 4a. Tafel plot for the blank Mild steel, 4a, 4b and 4c-Tafel plots for the Mild steel with EuBZ:60%PU, EuBZ:80%PU and 
EuBZ:100%PU respectively

Table 1: Measurement derived from the Tafel experiment

	 Icorr(μA) 	Ecorr (mV)	 Rate of Corrosion	 Coverage on the 	 Inhibition	 Constant from the Tafel plots
			    (empty)	 Metal Surface(q)	 Efficiency (%)	 ba mV/dec	 bcmV/dec	 Free energy	
								        (∆Gads) 
								        KJ/mol
								      
Blank 100:60	 7.28	 -638	 84660	 -	 -	 -179	 159	 -
(EuBZ:PU) 100:80  	 4.61	 -621	 53610	 0.3668	 36.68	 -136	 132	 -9.88
(EuBZ: PU) 100:100 	1.84	 -518	 21398	 0.7473	 74.73	 -172	 131	 -12.66
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Fig. 5. Nyquist plot for the blank, EuBZ:60%PU, 
EuBZ:80%PU and EuBZ:100%PU coated Mild steel

Table 2: Results obtained from the Nyquist plot

Concentration of coating	 Rct Ω cm2	 Cdl F/cm2	 Corrosion 
			   Inhibition-
			   Efficiency
			   (%)

Mild steel with no coating	 647	 7.150 X10−9	
100:60 (EuBZ:PU)	 652	 2.427X 10−6	 0.77
100:80 (EuBZ: PU)	 3961	 105 X10−6	 83.54
100:100 (EuBZ: PU)	 4660	 20.58 X 10−6	 86.12
		  and 3.211 X10−6

Scanning microscopic analysis
	 The surface morphology of mild steel 
was analyzed using SEM and energy-dispersive 
X-ray analysis (EDAX) before and after one week 
of immersion in 3.5% NaCl. Fig. 6's findings 
suggest that mild steel that has not been coated 
has a smooth surface that becomes affected 
by corrosion after being submerged in sodium 
chloride solution. This causes the surface area 
to look rough.52,53 This corrosion of mild steel was 
reduced by the coating of  the developed eugenol 
based benzoxazine which was copolymerized with 
urethane. In particular, by increasing the amount 
of polyurethane from EuBz100: PU60 to EuBz100: 
PU100, the corrosion was significantly reduced. In 
contrast to blank mild steel, mild steel coated with 
EuBz100: PU60 exhibits a polished surface after 
corrosion, and this can be enhanced by the sample 
with EuBz100:PU80. Additionally, it was enhanced 
by the mild steel's EuBz100:PU100 coating, 
which exhibits an even more polished surface 
than EuBz100:PU80. This could also be added 
to one more evidence for the better corrosion 
resistance arises by increasing polyurethane 
content on the mild steel. This was also proven 

Fig. 6. SEM Pictures of the Blank and coated samples 
were employed “before immersion” (a to d) and “after 

immersion of 3.5% NaCl” (e to f), Uncoated mild steel (for a 
and d) EuBz: 60%PU (for b and f), 80%PU (for c and g), and 

100%PU (for d and h)

from the EDAX analysis were shown in the  
Fig. 7. From it, is clear that the addition of 
polyurethane to the surface reduced the 
percentage of iron destruction after the exposure 
to the 3.5% NaCl.
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by adding 60% polyurethane, again it was reduced 
by 0.95% by adding 80% polyurethane, furthermore, 
reduced by 0.81% by the addition equal amount of 
benzoxazine with polyurethane (100% PU). From 
this study, it was concluded that the eugenol based 
benzoxazine with n-butylamine with urethane has 
significantly contributes towards the improvement of 
water absorption property, thereby we can say this 
polymer with urethane can acts as a better corrosion 
protecting coating on the mild steel surface.

Fig. 7. Results from EDAX-Blank and coated samples were 
employed “before immersion” (a to d) and “after immersion 
of 3.5% NaCl” (e to f), Uncoated mild steel (a and d) EuBz: 
60%PU (b and f), 80%PU (c and g), and 100%PU (d and h)

Water adsorption studies
	 The Hydrophobic character of  the 
polymer materials plays a key role in the anti-
corrosive property which was influenced by the 
branching, cross-linking ability of the material. 
The addition of coating agents like urethane, 
which resulted in the cross-linking property 
through hydrogen bonding, also had an impact 
on this hydrophobic property. It is evident that, the 
Fig. 8 shows that the increase in the polyurethane 
content on the coating shows much lesser water 
absorption property. The percentage of water 
absorption in the eugenol based benzoxazine was 
about 1.98%, this was reduced by 1.12% on mild steel 

Fig. 8. Water absorption experiment results for the Mild 
steel coated with eugenol based benzoxazine and its 
copolymers with 60%, 80% and 100% polyurethane

Fig. 9. Gel absorption experiment results for the Mild 
steel coated with eugenol based benzoxazine and its 

copolymers with 60%, 80% and 100% polyuretha

Gel absorption studies
	 In order to understand the polymer's ability 
to form stronger intra-linkages with one another, gel 
absorption studies are also crucial. This reduces 
the material's porosity, which in turn lessens water 
diffusion into it. So, the monomer and its polymers 
with copolymers were examined for this study. From 
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Fig. 9, monomer alone shows its gel formation with 
xylene by 83.15%, which was increased by 88.98% 
with the addition of 60% PU, which was further 
increased by 90.06% upon adding 80% PU and 
finally it was increased 92.11% with equal amount 
of monomer and urethane (100% PU). We can infer 
that the benzoxazine and polyurethane can act as a 
better anticorrosive coating on the mild steel surface 
based on the results of the improved gel absorption.

Quantum Chemical Calculations 3.8a-DFT analysis
	 The quantum chemical descriptors, such as 
HOMO, LUMO, band gap (DE), chemical potential, 
the global hardness (h), the global softness (q), 
the electrophilicity index of the eugenol based 

benzoxazine monomer and its polymerization with 
hexamethylene isocyanate are shown in the Table 
3. The HOMO is frequently linked to a molecule's 
capacity to donate electrons. A molecule's propensity 
to donate electrons to a suitable molecule with a 
low energy or partially filled molecular orbital is 
higher if it has a higher HOMO value. 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 EHOMO of EuBZ: PU has greater value 
than EHOMO of EuBZ, which clearly explains that 
the polyurethane loaded material shows better 
inhibition efficiency.54

Table 3: DFT Studies parameters

Compound	 EHOMO(eV)	 ELUMO(eV)	∆E(Band gap) 	Chemical	 Global Hardness(h)	 Global Softness(s)	Electrophilicity Index(w)
			   (eV)	 Potential

EuBZ	 -5.4195 	 -0.1877 	 5.2317 	 -2.8036 	 2.6158 	 0.1911 	 1.5024
EuBz-Urethane	 -2.1826	 -0.3028	 1.879	 -1.2427	 0.9399	 0.5319	 0.8216

Fig. 10. FMO analysis of the benzoxazine monomer 
based on eugenol and its improved structure

 Fig. 11. FMO analysis of eugenol based benzoxazine 
monomer and its optimized structure along with urethane

	 A molecule with a large band gap (∆E) is 
more stable and associated with low reactivity, while a 
molecule with a small band gap (∆E) 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 (q) 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 large value of hardness 

or small value of softness are being considered as a 
hard inhibitor. Similarly, an inhibitor has small value 
of global hardness and larger value of softness is 
being considered as soft molecule55 therefore it can 
easily offer electron density to the acceptor which 
makes them highly reactive than the hard inhibitor 
molecule. Also, adsorption on the metal surface 
can be easy when an inhibitor has highest softness 
value. In that aspect also, EuBZ:PU (0.5319)> 
EuBz (0.1911) monomer, which evidently conclude 
that the urethane loaded benzoxazine become 
a good inhibitor than the benzoxazine monomer. 
According to definitions, electrophilicity refers to a 
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chemical species' reactivity in attracting electrons 
from its nucleophile. The opposite of electrophilicity 
is called nucleophilicity (e).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 inhibitor56 In that 
aspect also our experiment shows that EuBZ:PU 
(0.8216)>EuBz(1.5024) monomer, we confirmed the 
urethane loaded benzoxazine could acts as a better 
inhibitor than the monomer.

Molecular electrostatic potential (MEP)
	 The quantum chemical method can 
also be used to calculate a molecule's chemical 
reactivity by displaying the electron distribution 
on the molecule as a coloured map54. The color 
served to distinguish between compounds with 
optimized structures for positive, negative, and 
neutral electrostatic potential. More negative 
potential in a molecule can be indicated by the 
colour red, moderate negative potential by the 
colour yellow, and more positive potential by 
the colour green. The molecule's neutral or zero 
electron potential is represented by the colour 
blue. From the above Fig. 12 and Fig. 13, it is clear 
that the red colour is obtained around the oxygen 
atoms present in the molecule and yellow region 
around the nitrogen in the molecule which in turn 
represents the negative potential region that able 
to adsorbed on the metal surface. The allyl and 
the butyl group represents green colour that is the 
positive potential region. The blue region observed 
in the hexyl unit of the urethane in the urethane 
loaded copolymer in Figure 13.

Figure 12: Molecular electrostatic potentialmapping of the 
eugenol based benzoxazine

Fig. 13. Molecular electrostatic potential mapping of 
the eugenol based benzoxazine along with urethane

CONCLUSION

	 W i t h  t h e  h e l p  o f  n - bu t y l a m i n e , 
paraformaldehyde, and eugenol, we were able 
to successfully synthesize benzoxazine, which 
was then thoroughly characterized using UV-
Visible spectroscopy, NMR, and FT-IR. It was 
determined after studying the anti-corrosive 
properties of monomers with copolymers that 
were 60%, 80%, and 100% urethane loaded 
that the urethane addition improved corrosion 
inhibition on mild steel. The combination of 100% 
urethane coating and benzoxazine exhibits the 
best overall corrosion inhibition. Studies on water 
and gel absorption provided additional support 
for the hydrophobic behaviour of the monomer 
and its copolymers, confirming that polyurethane 
with a 100% urethane content is hydrophobic and 
serves as an excellent anti-corrosive coating on 
the surface of mild steel. The results of surface 
morphological studies from SEM, elemental 
analysis EDAX, and theoretical studies DFT 
suppor t our work toward the anti-corrosive 
property of the monomer and its copolymers.
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