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Abstract

New derivatives of heterocyclic azo compounds were synthesized by free catalyst reaction. The structure of the
synthesized compound was confirmed by various techniques such as 'H-NMR, *C-NMR, and mass spectrometry. The
synthesized derivatives have been studied and evaluated as corrosion inhibition for carbon steel in 0.1 M HCI solution.
The prepared derivatives 1,1'-(((1E,1'E)-(5-nitro-1,3-phenylene)bis(diazene-2,1-diyl))bis(4-methyl-3,1-phenylene))bis(1H-
pyrrole-2,5-dione)  (NAH) and L,1'-(((1E,1'E)-(5-nitro-1,3-phenylene)bis(diazene-2,1-diyl))bis(3-hydroxy-4,1-
phenylene))bis(1H-pyrrole-2,5-dione) (NAM) showed 89.22% and 91.30% inhibition efficiencies at a concentration of 1 x
10-3 M, respectively. It is found that the adsorption isotherm of these derivatives conforms to the Langmuir model. In
addition, density functional theory is used to theoretically estimate HOMO, LUMO, and other chemical quantum
parameters. The results indicate that the synthesized derivative exhibits corrosion inhibitory properties, and derivative
NAM is more effective than derivative NAH. In addition, the theoretical results are consistent with experimental data.
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nitrogen,

surfaces
sulfur,

corrosion of  steel
compounds containing
oxygen atoms [5,6].
Azo compounds are an important class of organic
compounds that can be used to synthesize organic
compounds[7,8]. Azo compounds can be used in a
variety of applications, such as textiles, leather,
cosmetics, pharmaceutical reagents, and even
corrosion inhibitors[9,10], for example as corrosion

organic

1. Introduction and/or

Corrosion is considered to be the main problem that
limits the widespread use of metal materials.
Corrosion-related damage can lead to increased
maintenance costs. Therefore, it is more necessary to
protect the materials used [1,2]. Many researchers try
to develop methods to reduce metal corrosion. Metal
materials react with their surrounding media based on

the electrochemical corrosion process. Various
environmental conditions, such as acidity, salinity,
moisture and aeration, are all causes of corrosion of
iron or iron alloy materials. Corrosion can deteriorate
material properties, such as chemical, physical and
mechanical properties[3,4].

One way to achieve this goal involves the use of
organic inhibitors that can effectively reduce or
prevent the corrosive effects of metals and metal
alloys. Organic compounds can form a protective
layer to reduce or prevent many corrosive factors
from penetrating the metal surface. Therefore, the
success of this method reduces the formation of metal
surface defects. Organic inhibitors used to prevent

inhibitors for carbon steel [4-9] and mild steel
[12,13], and aluminum [14,15]. The protection
method involves the chemical reaction between the
azo group and various substituted aromatic bonds
present on the metal surface. This process displays a
strong color for the compound in the entire visible
light range. In addition, these chemical reactions also
enhance the stability of metals, require lower
production costs, and use simple synthetic processes
[16,17].

We have synthesized new maleimide derivatives and
tested their efficiency on carbon steel materials in this
work. These derivatives were dissolved in 0.1 M HCI
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and tested using potentiodynamic polarization
techniques to evaluate their corrosion inhibition
efficiency. In addition, computer simulations were
performed to calculate some quantum chemical
parameter values to study the relationship between
theory and actual performance.

2. Experimental method

Chemicals and solvents were purchased from Sigma-
Aldrich (USA). Use pre-coated silica gel 60, UV 254
TLC plates to monitor the progress of the reaction
using thin-layer chromatography (TLC) for all
synthetic compounds. IHNMR and 13CNMR spectra
were recorded on Bruker Inovo AV-400 spectrometer
(Iran), using DMSO-d6 as the solvent. The proton of
the decoupling value (J) is expressed in Hz, and the
melting point of the compound is measured with the
help of a capillary tube using a Gallenkamp melting
point apparatus. The precise mass spectra of the
synthesized compounds were run on JEOL JMS-5X
10217 of EI type (Iran).

2.1. Synthesis

Synthesis of 1,1-~(((1E, 1'E)-(5-nitro-1,3-
phenylene)bis(diazene-2, I-diyl))bis(4-methyl-3, I-
phenylene))bis(1H-pyrrole-2, 5-dione) NAH

The cooled solution of 5-nitrobenzene-1,3-diamine
(0.01 mole) dissolved in a dilute hydrochloric acid
solution (concentrated hydrochloric acid: H,0, 1:1
v/v) is kept in an ice bath (< 5 °C). NaNO, (0.02
mole) dissolved in water (10 mL) was added
dropwise to the above solution. The mixture was
continuously stirred under an ice bath. According to
reference[7,8], N-(4-methylphenyl)maleimide) (0.02
mole) was added to the above content. Dissolve the
resulting mixture in NaOH solution (10% wt/v, 20
mL) at 5°C. The resulting mixture was cooled in an
ice bath and stirred for another 20 minutes. The
resulting  precipitate was then filtered and
recrystallized from glacial acetic acid and washed
with methanol to remove traces of glacial acetic acid.
Finally, the precipitate formed is filtered, washed
with distilled water, and the desired product is dried
in an oven at 50°C for 24 hours.

Red-brown solid, yield 55%, m.p 161-163 °C. 'H-
NMR (500 MHz, DMSO-d¢) & (ppm): 2.22, s (6H,
CHs), 6.32, d (2H, J = 10 MHz, CH=CH), 6.47, d
(2H, J = 10 MHz, CH=CH), 7.14-7.65, m (9H,
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Ar-H). "C-NMR (125 MHz) & (ppm): 16.70, 112.51,
117.76,  119.92, 122,57, 12743, 129.36,
129.52,131.97, 135.91, 138.51, 144.79, .171.71, MS
[EI]* m/z 549[M]".

Synthesis of L,1'-(((1LE,1'E)-(5-nitro-1,3-
phenylene)bis(diazene-2,1-diyl))bis(3-hydroxy-4,1-
phenylene))bis(1H-pyrrole-2,5-dione) NAM

The cooled solution of 5-nitrobenzene-1,3-diamine
(0.01 mole) dissolved in a dilute hydrochloric acid
solution (concentrated hydrochloric acid: H,O, 1:1
v/v) is kept in an ice bath (< 5 °C). NaNO, (0.02
mole) dissolved in water (10 mL) was added
dropwise to the above solution. The mixture was
continuously stirred under an ice bath. According to
reference [7,8], N-(4-methylphenyl)maleimide) (0.02
mole) was added to the above content. Dissolve the
resulting mixture in NaOH solution (10% wt/v, 20
mL) at 5°C. The resulting mixture was cooled in an
ice bath and stirred for another 20 minutes. The
resulting precipitate was then filtered and
recrystallized from glacial acetic acid and washed
with methanol to remove traces of glacial acetic acid.
Finally, the precipitate formed is filtered, washed
with distilled water, and the desired product is dried
in an oven at 50°C for 24 hours.

Light brown powder; yield 67%, m.p. 178-180 °C,
'H-NMR (DMSO, 500 MHz) §: 2.83, s (2H, OH) ,
6.285, d (2H, J= 10 MHz, CH=CH), 6.47,d (2H, J=
10 MHz, CH=CH), 6.97-7.10, m (9H, Ar-H). "“C-
NMR (125 MHz) & (ppm): 112.52, 117.75, 119.92,

122.55, 126.46, 128.33, 129.82,131.93, 13581,
138.55, 14399, .171.63, MS [EI'] m/z (%):
553[M]".

3. Results and Discussion

3.1. Synthesis and characterization

In this study, the researchers diazotized Benzene-1,4-
diamine and 4,4'-oxydianiline in the presence of
chemical catalysts like dilute HCL acid and sodium
nitrite, to yield a diazonium salt. These compounds
were coupled with N-(4-Methylphenyl)maleimide for
synthesizing the Azo compounds NAH and NAM,
using Scheme 1.
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They confirmed the structure of these Compounds
NAH and NAM with the help of 'H-NMR, "*C-
NMR, and mass spectroscopy. The 'H-NMR spectra
showed that the protons present in the alkene group
(HC=CH) of these compounds could be detected as
two doublet signals at 6.285-6.32 and 6.47 ppm. A
singlet signal was noted at 2.22 ppm for CH; and
2.83 ppm for OH in Compounds NAH and NAM,
which was attributed to the protons present in the
methyl group in these compounds. Furthermore, the
protons existing in the aromatic groups showed their
presence in the form of multiple signals between

7.14-7.65 ppm and 6.97-7.10 ppm for Compounds
NAH and NAM, respectively.

On the other hand, the *C-NMR spectra displayed
the following signals, which characterized the
structure of the molecules: 171.71 and 171.63 ppm
(C=0); 135.91 and 135.81 ppm (HC=CH, alkenes) ;
112.51-131.97 ppm (C=C, aromatics), 16.70 ppm
(CHs,). Finally, the mass spectra of Compounds NAH
and NAM indicated the presence of a molecular ion
peak in the form of a base peak at m/z 549 and 553,
respectively.

C_IN,__.;-__:N ra=NC!
HoN NH>
NaNO, , HC1
0-5 °C
NO
NO, =
R
0-5 °C j
CH OH NAM O=N-=0
rR= CHi; (NAH) , C ) _~—7
N
P
NO
R = R

Scheme 1. Chemical structure of the synthesized compounds

3.2. Potentiodynamic Polarization Curves
To establish the mechanism and the kinetic in

the anodic and cathodic reactions, the efficiency of
the synthesis organic compounds (NAH, NAM) as a
corrosion inhibitor was evaluated on N110 mild steel
in 0.IM HCI at temperature  via
potentiodynamic polarization curves. The Figure 1
shows the polarization
o — [1 B Icorr(lnh)]
Icorr

room

Where I and I, (inh) are the corrosion current in
the absence and in the presence of inhibitor,
respectively.

As the inhibitor concentration increased, the current
density decreased proportionally, suggesting that
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inhibitor molecules were absorbed into the metal
surface, preventing the aggressive species from
accessing the metal surface from the corrosive media
[32, 33]. This phenomenon allows the corrosion rate
to decrease in the presence of increased inhibitor and
inhibitor efficiency, confirming that oxidation-
reduction reactions have been influenced by the
maximum efficiency of the block of the active sites
of 94.03 percent when the inhibitor is present in
I1x1073M.
3.3. Effect of Temperature

With the aid of Tafel Plots, the researchers
investigated the effect of temperature (25-45 °C) on
mild steel/acid after being submerged (180 minutes)
in varying concentrations of Inhibitor Compounds
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NAH and NAM. When the temperature was reduced,
the findings illustrated a difference in the IE of the
two compounds. On the other hand, the existence of a
possible physisorption mechanism was demonstrated
by an increase in temperature, which was
substantially improved with increasing temperature.
[17] The effects of this effect are presented in Table
5, while Fig. 2 shows the variance noted as a function
of temperature at the concentration of 1x10°M in the
IE (percent).

They calculated the activation energy, Ea, for the
corrosion process as follows:

2 T1
in(2) = (Ea(C)/R(T2+ T1)
Where:

r= corrosion rate at a temperature of 308 K; n=
corrosion rate at a temperature of 318 K; Ea=
activation energy; R= gas constant (8.3143 J.K"'.mol’

": while T, and T,= Absolute temperatures (K)

Table 1: Activation energy for dissolution of mild - steel in 0.1 M HCl in the different of (10™°) concentration.

Comp. Conc. [M] Activatiorgollz_?ergy KJ
HCI 0.00 1.503

NAH 1x107° 6.625

NAM 1x107° 36.640

In addition, the decrease in the IE values noted when
the temperature increased suggested a process of
physisorption adsorption [19,20]. Based on the
findings, the researchers concluded that with the help
of the physisorption principle, the inhibitor
compounds adsorbed effectively on the surface of the
mild steel.

They calculated the Free energy of adsorption (AG)
using the formula below[18].

AG = RTIn[55.501C(1 — )]

Where:

6= degree of coverage on the metal surface, C=
concentration of inhibitors (1x10*M), R= gas
constant (8.31437.K".mol™"), T= Absolute
temperature (K)

And For calculating the entropy AS and enthalpy AH
apply the alternative formulation of the Arrhenius

equation is the transition state equation[19].
RT AS AH
Rcorr = Nh exp [?] exp [— T
Where:
Reorr = COrrosion rate, R= gas constant (8.3143J.K
" mol™), T= temperature (K), N=Avogadro 's number
(6.2x10™), h= plank s constant (6.62x107* J.S)

The findings showed that the activation energy
was 2.354, 6.239 and 11.358, respectively, for HCI,
Compounds | and Il. The researchers concluded that
the positive AH values suggested that the adsorption
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of the inhibitor compounds on the surface of the mild
steel was an endothermic operation, based on the
results presented in Table 4. In the absence/presence
of inhibitor compounds, on the other hand, the AS
values were seen to be negative. The activation
complex was thus characterized as a rate-defining
phase indicating the association instead of the
disassociation, indicating that when the reactants
formed an activated complex, the disorder decreased
[22].

In addition, the negative AG values showed that the
Azo Corrosion Inhibitory Compounds (I and 1) were
adsorbed spontaneously on the surface of the metal
compounds. These findings also suggested that the
inhibitor compounds could interact with mild-steel
surfaces very effectively [23].

It was noted that when the temperatures were
elevated, the AG displayed a negative rise. This
phenomenon suggested that when the temperature
was elevated, the adsorption was very favorable and
the desorption of inhibitors from mild steel surfaces
was dominant [24].

3.4. Adsorption Isotherm

Adsorption isotherms help in understanding the
inhibition mechanism involved in a corrosion
chemical reaction. The common adsorption isotherms
are seen to be Freundlich, Frumkin, Langmuir and
Temkin isotherm. In this study, the data showed the
best fit with the Langmuir isotherm. When the
researchers plotted (C/6) vs inhibitor concentration
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(C), a straight line was noted as described in Fig. 4. co=1/K+C

The results also indicated that the inhibitor Where:

compounds, NAH and NAM could adsorb onto the K= is the equilibrium constant of the adsorption
mild steel metal surfaces based on the Langmuir process.

isotherm model as follows[20]:
Table 2: The Values of corrosion parameters for the corrosion of Mild-steel in 0.1M HCI by galvanostatic

polarization in presence inhibitor NAH

Conc Icorr Ecorr i Ba IE % 0
N AL N V) (AV) (AV)
0.00 3.383 000233 | -0.739 -2.884 5.951 - -
88.56 0.8856
1% 10-5 2.107 0.000266 -0.620 -5.051 5.855
90.11 0.9011
I1x10~% 1.338 0.000230 -0.617 -4.829 6.643
94.03 0.9403
1x 1073 1.103 0.000139 -0.577 -5.574 6.011

Table 3: The Values of corrosion parameters for the corrosion of mild-steel in 0.1M HCI by galvanostatic
polarization in presence inhibitor NAM

Conc Icorr Ecorr Be Ba IE % 0
vy | SR V) (AV) (AV)
0.00 3.383 0.00233 | -0.739 -2.884 5.951 - -
90.94 0.9094
1% 10-5 1.312 0.000211 -0.687 -4.887 6.679
91.54 09154
1x 10~* 1.215 0.000197 -0.693 -5.003 6.874
92.35 0.9235
1x 1073 1.117 0.000178 -0.604 -4.846 6.798

Table 4: Effect of inhibitors NAH and NAM (1x107°M) on the dissolution mild steel in 0.1M HCI in the different

temperature
Temp (°C CR Icorr Ecorr Be Ba
Com %IE Q)
P ) (mpy) (A) M ev fevw] ™

25 3.383 0.00233 -0.739 -2.884 5.951 - _

Blank 35 3.489 0.00240 -0.612 -4.961 6.594 - _

45 3.554 0.00245 -0.660 | -6.263 | 6.472 _ .
25 1.103 0.000139 | -0.577 | -5.574 | 6.011 | 94,03 0.9403
NAH 35 1.109 0.000166 -0.577 -5.162 6.545 93.04 0.9304
45 1.203 0.000221 | -0.593 | -5.053 | 6433 | 90.96 0.9096
25 1.117 0.000178 | -0.004 | -4.846 | 6.798 | 9335 0.9235
NAM 35 1.117 0.000238 -0.601 -4.977 6.575 90.08 0.9008
45 2.103 0.000260 | -0.590 | -4.833 | 5454 | 8938 0.8938
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486

SYNTHESIS, CORROSION INHIBITION STUDY AND DFT CALCULATION OF TWO NEW AZO COMPOUNDS

Table 5: Kinetic parameters of NAH and NAM (1x107°M) on the dissolution mild steel in 0.1M HCI

Logi

Activation parameters (KJmol-1)
Compounds | Tem.(K) N TAS G
Blank 0.00062 0.1580 _
298 33.896
NAH 308 0.02229 0.1694 34.614
318 34.987
298 33.237
NAM 308 0.01081 0.1634 33.624
318 34.51
1 -1
A5 =3 159 —14103
| 9 — - —
21 s —1104 TN /
2.5 o ’—-\ / e 1*10-5 \\ \/
\ : \i
3 4 -3.5
35 4 ED -4
4 4 45
5
4.5
5.5
5 4 %
-5.5 T T T T T T -6.5

0.2 -0.3 04 0.5 -0.6 0.7 0.8

-0.9

Fig. 1: Galvanostatic polarization curves of mild-steel in 0.1M HCI in the different concentrations of Inhibitors

Logi

Fig. 2: Galvanostatic polarization curves of Mild-steel in 0.1M HCI at different
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Fig 3: Arrhenius plots Log Rcorr /T) vs. I/T for mild-steel in different Additives of inhibitors NAH and NAM
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Fig 4: Langmuir Adsorption Isotherm Model for inhibitors in 0.1M HCI on the Surface of Conclusions
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Mechanism of Inhibition

The azo compounds inhibit mild steel corrosion in
0.1 M HCI through adsorption at the mild-steel
solution interface, according to the electrochemical
results. Organic molecules can adsorb on metal
surfaces in one of three ways, according to popular
belief.

1. The charge of molecules interacts with the charge
of the charged metal electrostatically.

R
N P H//N N\\” ™ N
\ H /
(o] (o)
NO,

| mild steel |

2. Interaction of unshared electron pairs in the
molecule with metal.

| mild steel

3. Pi-electrons interact with metal.

N

| mild steel |

Theoretical study

The calculations for the NAM and NAH molecules
were done using the Density Functional Theory (DFT)
method using the Becke exchange plus Lee-Yang-Parr
correlation (BLYP) theory level. The basis set used was
a Double Numerical plus d-functions (DND). Material
Stuio-DMol3 ver. 5.5 software was used to extract the
output file. Molecular orbital energy values E, ymo and
Enomo were extracted from the file, and calculated
some quantum chemical parameters by using the
equations mentioned below [21,22].

Egypt. J. Chem 65, No. 12 (2022)

IP =- Ehqomo
EA=-Erymo

X = _1/2 (EHOMO+ELUMO)

Ionization potential
Electrone affinity
Electronegativity
Chemical hardness
w=x"2n
c=1/Mm

Global electrophilicity
Absolute softness

Number of electrones
transferred

Results and discussion

Theoretical calculations

Chemical molecules' HOMO and LUMO orbitals, as
well as their energy gaps, are crucial in determining
their reactivity. The adsorption of the inhibitor on the
metal surface can occur as a result of donor-acceptor
interactions between the m-electrons of the
heterocyclic compound and the unoccupied d-orbital
of the metal surface atoms, according to a review of
the literature. [23]. The capacity of inhibitor
compounds to adsorb on a mild steel surface coupon
is linked to HOMO and LUMO [20,24]. The ability
of a molecule to donate electrons is referred to as
HOMO, whilst the ability to take electrons is referred
to as LUMO [25]. The high value of Exomo, as well
as the low values of E, ymo and AE ymo-Homo 1S @
significant indicator of excellent inhibition efficiency
[26], due to the low energy required to remove
electrons from an occupied orbital. Figure 5, shows
the geometry optimization and electronic density of
HOMO and LUMO orbitals’ of studied molecules
were observed the center of electronic donating sits
on oxygen atoms, nitrogen, and pheny! rings.

When we compare the two molecules NAM and
NAH, the calculations show that the NAH has the
highest HOMO value and lowest LUMO and energy
gap values, Table 1. This result is in good agreement
with experimental observations. lonization potential
(IP) and absolute electronegativity (y) are important
descriptors of the chemical reactivity of atoms and
molecules. High values of (IP) and () designate high
stability and chemical inertness while small values
specify high reactivity of the atoms and molecules
[27]. From values of ionization potential and absolute
electronegativity in Table 1, we observed the
molecule NAH has high inhibition efficiency.

n = 71/2 (EHOMoiELUMO)

AN= XFe_ Xinh/z(npe+n inh)
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Global hardness (1) and global softness (o) are the
main properties to measure the stability and reactivity
of molecules. It is apparent that the chemical
hardness fundamentally indicates the resistance
towards the deformation or polarization of the
electron cloud of the atoms, ions or molecules under
small perturbation of chemical reaction. A hard
molecule has a great energy gap and a soft molecule
has a small energy gap [28]. Molecule NAH has
shown more softness properties and less hardness
properties, so it's expected to have more inhibition
efficiency. Global electrophilicity () serves as an
important marker of reactivity and may be used to
compare molecules on their electron-donating ability
[29]. High global electrophilicity implies that the
molecule behaves as an electrophile. In the study,
molecule NAH is electrophilic, and it highest
inhibition. These results correspond to what we have
achieved in the practical study.

The calculated values of the Number of electrons
transferred (AN) reveal that the electron donation-
induced inhibition efficiency accords with Lukovit's
findings. [30]. By boosting the electron-donating
ability of these inhibitors to donate electrons to the
metal surface, the inhibition efficiency rises if N <
3.6 is used. The results indicate that molecules NAM

and NAH have corrosion inhibition efficiencies.
Thus, the highest fraction of electrons transferred
(2.400) is associated with the best inhibitor NAH.
This is in good agreement with the experimental
observations.

The dipole moment (n) was another quantum
chemical parameter that was important for corrosion
prevention efficacy. It is related to the electrons
distribution and bond polarity [31]. The high value of
(Debye) is likely to increase the adsorption of the
chemical compound on the metal surface [32]. The
energy of the deformability increases with the
increase in p, making the molecule easier to adsorb at
the iron (Fe) surface [33], the dipole moment for
NAH molecule is the highest (7.802Debye). As a
result, the inhibition efficiency and the dipole
moment have a direct relationship.

As a result, we note that molecule NAH has more
inhibitory properties of iron corrosion than molecule
NAM, this may be due to the difference in the
chemical structure of the two molecules, where
molecule NAH contains an effective OH group on the
phenyl ring instead of the CH; group in molecule
NAM, which may cause some steric hindrance to the
action of the inhibitor.

Table 6: Quantum chemical parameters values of NAM and NAH molecules

Egypt. J. Chem. 65, No. 12 (2022)

Parameters NAM NAH
Enomo (eV) -5.183 -4.909
ELumo (V) -3.592 -3.809
AE umonomo (ev) 1591 1.100
1 (Debye) 5.611 7.802
IP(ev) 5.183 4.909
EA(eV) 3.592 3.809
x (eV) 4.387 4.359
1 (V) 0.795 0.550
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o (eV) 12.099
5 (eV) 1.257
AN (eV) 1.642

17.273

1.818

2.400

LUMO

HOMO

Fig.5: Geometry optimization and HOMO, LUMO orbital’s of NAM and NAH molecules

4. Conclusions

In this study, novel azo compounds were synthesized
NAH and NAM which can be used as effective
Corrosion inhibitors. These compounds were
dissolved in 0.1M HCI solution and allowed to
adsorb onto the mild steel surface at varying
temperatures. The Inhibitory Efficiency (%) values
indicated that the concentration of the synthesized
compounds which get adsorbed on the metal surface
is directly proportional to the temperature of
adsorption. Thus, the inhibition due to corrosion of
the azo dyes could be attributed to the adsorption
onto the metal surfaces. These azo compounds are
seen to be a mixed form of inhibitors and they tend to
follow the Langmuir adsorption isotherm.

Egypt. J. Chem 65, No. 12 (2022)

Based on the theoretical analysis of the synthesized
compounds, the researchers stated that these
compounds displayed corrosion inhibitory properties
for the Fe alloys. Additionally, the IE of Compound
NAM was higher than NAH This could be attributed
to the presence of an oxo-diphenyl group in
Compound NAM. Furthermore, the experimental and
theoretical results showed a good agreement.
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