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ARTICLE INFO ABSTRACT

The Cu®*, Co?", Ni** and UO,%* polymer complexes of 5-(2,3-dimethyl — 1-phenylpyrazol-5-one azo)-8-hy-
droxyquinoline (HL) ligand were prepared and characterized. Elemental analyses, IR spectra, X-ray diffraction
analysis and thermal analysis studies have been used to confirm the structure of the prepared polymer com-
plexes. The chemical structure of metal chelates commensurate that the ligand acts as a neutral bis(bidentate) by
through four sites of coordination (azo dye nitrogen, carbonyl oxygen, phenolic oxygen and hetero nitrogen from
pyridine ring). The molecular and electronic structures of the hydrogen bond conformers of HL ligand were
optimized theoretically and the quantum chemical parameters were calculated. Elemental analysis data sug-
gested that the polymer complexes have composition of octahedral geometry for all the polymer complexes.
Molecular docking of the binding between HL and the receptors of prostate cancer (PDB code 2Q7L Hormone)
and the breast cancer (PDB code 1JNX Gene regulation) was studied. The interaction between HL and its
polymer complexes with the calf thymus DNA (CT-DNA) was determined by absorption spectra. The anti-
microbial activity of HL and its Cu®**, Co®>*, Ni** and UO,?* polymer complexes were investigated; only Cu(II)
polymer complex (1) was specifically active against Aspergillus niger. It inhibited the fungal sporulation and
distorted the fungal mycelia, which became squashed at a concentration of 150 pug/ml; transmission electron
microscope (TEM) also showed a deactivation of autophagy in the treated A. niger cells via accumulation of
autophagic bodies in vacuoles. The inhibition process of the prepared ligand (HL) against the corrosion of carbon
steel in 2M HCI solution was determined by various methods (weight loss, potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS) and electrochemical frequency modulation (EFM) techniques) are
found to be in reasonable agreement. The mechanism of inhibition in presence of HL in carbon steel corrosion
obeys Friendlish adsorption isotherm.
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1. Introduction

Quinolines compounds are considered as the major class of het-
erocyclics that are found in many biologically active natural products
and synthetic molecules and quinoline derivative compounds are
known to be the best chelating agents. They have pharmacological
properties which include wide applications in medical chemistry [1,2].
They form very stable chelate rings with metal centers, and very stable
complexes with a number of metal ions. The deprotonated oxygen atom
and the ring nitrogen atom are involved in the metal chelation. The

* Corresponding author.
E-mail address: elsonbatisch@yahoo.com (A.Z. El-Sonbati).

https://doi.org/10.1016/j.msec.2019.05.012

transition metal complexes with nitrogen donors are applied in various
activities such as anticancer, antibiotic, antimicrobial and antifungal
agents [3]. Many of the metals such as Cu®*, Co?* and Ni®** have
found widespread application in organic synthesis and biology [4].
Literature surveys indicate that quinoline derivatives possess di-
verse pharmacological activities, including antimicrobial, antimalarial,
antiviral, antitumor [5-8] and anti-inflammatory activities [9]. As well
as quinoline derivatives have been used for the preparation of nano and
mesostructures with enhanced electronic and photonic properties [10].
Accordingly, they have been used in chromatography and for the

Received 15 January 2019; Received in revised form 7 May 2019; Accepted 7 May 2019

Available online 10 May 2019
0928-4931/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09284931
https://www.elsevier.com/locate/msec
https://doi.org/10.1016/j.msec.2019.05.012
http://firstglance.jmol.org/fg.htm?mol=2Q7L
http://firstglance.jmol.org/fg.htm?mol=1JNX
https://doi.org/10.1016/j.msec.2019.05.012
mailto:elsonbatisch@yahoo.com
https://doi.org/10.1016/j.msec.2019.05.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2019.05.012&domain=pdf

M.L Abou-Dobara, et al.

detection of metal ions, biological effect and antioxidant activities
[11-13]. The chemistry of transition metal complexes of 8-hydro-
xyquinoline has received much attention as their rational design and
synthesis in coordination chemistry, also because of their potential
applications as functional materials and in bioinorganic chemistry. The
immune response of the 8-hydroxyquinoline polymer complexes with
Bovine respiratory syncytial (BRS) vaccine in cattle was studied using
serum neutralizations test (SNT). It was found that the isolated polymer
complexes with BRS vaccine caused a significant increase in the anti-
body titer against BRS virus in SNT compared to BRS vaccine alone
[14].

The inhibition action of certain organic compounds on metallic
corrosion processes has been extensively studied in recent years [3,15].
The exact nature of the interaction between the inhibitors and the
metallic surface is, however, far from being explained and general
conclusions are more difficult to draw. There is agreement of some
stages participating in the overall inhibition process, particularly with
respect to the mechanism in which inhibition occurs. Some heterocyclic
compounds were found to be good corrosion inhibitors in different
environments. 8-Hydroxyquinolines derivatives proved to be a good
corrosion inhibitor of mild steel in acid media [15]. Also, it was found
that some 8-hydroxyquinolines derivatives are excellent inhibitors for
carbon steel in acidic solutions [16,17].

The present study deals with the preparation of polymer complexes
of Cu®**, Co?*, Ni?* and UO,? with 5-(2,3-dimethyl-1-phenylpyrazol-
5-one azo)-8-hydroxyquinoline (HL) ligand. The chemical structure of
the polymer complexes of HL was characterized by elemental analyses,
IR spectra, X-ray diffraction analysis and thermal studies. The mole-
cular and electronic structure of HL was optimized theoretically and the
quantum chemical parameters were calculated. A study of the mole-
cular docking binding between HL and the receptors of prostate cancer
and the breast cancer was reported. The interaction of calf thymus DNA
(CT-DNA) with the ligand and its polymer complexes has been studied.
Investigation of antibacterial and antifungal activities of HL and its
Ccu®*, Co®*, Ni®* and UO,%* polymer complexes and ultrastructural
changes of the inhibited microorganisms was examined and discussed.
A study of the inhibition process of the prepared ligand (HL) against the
corrosion of carbon steel in 2 M HCI solution was determined by various
methods such as weight loss, potentiodynamic polarization, electro-
chemical impedance spectroscopy (EIS) and electrochemical frequency
modulation (EFM) techniques.

2. Experimental details

All the used compounds and solvents were purchased from Aldrich
and Sigma and used as received without further purification.

2.1. Synthesis of the polymer complexes

The HL ligand was prepared as described previously [18,19] by
coupling an equimolar amount of the 4-aminoantipyrene and 8-hy-
droxyquinoline. To a warm and clear solution of HL (30 mL) a solution
of each metal salt (30 mL) was added with constant stirring. The re-
sulting mixture was refluxed for ~ 4 h and allowed to cool whereupon
the polymer complexes precipitated at room temperature (Fig. S1).
They were collected by filtration and purified by washing with hot
water followed by acetone, ethanol and diethyl ether. They were dried
in air at room temperature and all the formed polymer complexes were
almost quantitative.

2.2. Analytical and computational measurements

Microanalyses of carbon, hydrogen and nitrogen were carried out
using a CHNS-932 (LECO) Vario elemental analyzer at the
Microanalytical Center, Cairo University, Egypt. The weight percen-
tages of metals were determined by the dissolution of the solid polymer
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Table 1
Elemental analysis of HL and its polymer complexes.

Compound Exp. (Caled.) (%)
C H N M
HL 66.69 4.70 19.54 -
(66.85) (4.74) (19.50)
{[Cu (HL) (CD,] H,0}, 46.73 3.15 13.52 12.45
m (46.92) (3.32) (13.68) (12.42)
{[Co (HL) (H50),]Cl,. H,0}, 43.98 3.68 12.67 10.26
(2) (44.20) (3.87) (12.89) (10.85)
{[Ni (HL) (H,0),1Cl,. 4H,0}, 39.91 3.44 11.52 9.85
3) (40.22) (3.52) (11.73) (9.84)
{[(UOy) (HL) (NO3),] H,0}, 30.88 2.06 12.51 31.04
“@ (31.13) (2.20) 12.71) (30.87)
4
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Fig. 1. X-ray diffraction pattern of (a) HL, (b) 1, (c) 2 and (d) 4 in the powder
form.

complexes in concentrated HNOj, neutralizing the diluted aqueous
solutions with ammonia and titrating the metal solutions with EDTA.
'H NMR spectra of HL and polymer complexes in DMSO-ds solvent
were recorded with a 330 MHz Varian-Oxford Mercury at room tem-
perature using tetramethylsilane (TMS) (as an internal standard). The
molecular structures of the ligand were optimized using the Hartree-
Fock method with 3-21G basis set and the molecules were built with
Perkin Elmer ChemBio3D software [20,21]. Infrared spectra were re-
corded as KBr discs using a Perkin-Elmer 1340 spectrophotometer. Si-
multaneous Thermal Analyzer (STA) 6000 system was used in com-
puting the thermal studies by thermogravimetric analysis (TGA)
method. Thermal properties were studied from 50 °C to 800 °C at the
heating rate of 15°C/min under dynamic nitrogen atmosphere. X-ray
diffractometer was used in X-ray diffraction measurement (XRD) at
diffraction angle range 26° = 5-80°. This analysis is carried out using
CuK,; radiation (A = 1.540598 A) with 40 KV as applied voltage and
30 mA as the tube current. CRYSFIRE computer program [22] was used
in indexing the diffraction peaks and determining the lattice para-
meters.

2.3. Biological activity and DNA binding measurements

The UV-Vis absorption spectra technique (300-900 nm) has been
used in studying the binding between compounds under investigation
(HL, 1, 2, 3 and 4) and calf thymus DNA (CT-DNA). A solution of HCl/
NaCl (5:50 mM) at pH = 7.2-7.4 has been used as a buffer solution in
all CT-DNA experiments. The CT-DNA solution free of protein must give
absorption beaks at 260 and 280 nm with ratio 1.8-1.9 [19] and the
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Table 2
Crystallographic data of HL, (2) and (4).
Peak no. Compound”
HL 2) “)
20015, () d obs. A) (hkD) 20 ops. () d ovs. (&) (hkD) 20 ops. () d ovs. () (hkD)
1 6.8057 12.968 100 13.6430 6.473101 -1-12 13.7024 6.473101 200
2 13.6388 6.473101 111 14.7270 6.017961 012 14.7031 6.017961 -120
3 14.6412 6.065346 -120 17.2140 5.135327 -1-32 17.1985 5.169792 111
4 17.1355 5.169792 201 1,901,910 4.668479 -1-23 19.2509 4.612569 -102
5 17.6654 5.001942 121 22.7630 3.910147 -2-30 22.7700 3.910147 211
6 19.1942 4.612569 -102 26.7810 3.320254 -2-43 26.7518 3.334628 -421
7 19.7066 4.504673 012
8 20.6045 4.303346 -130
9 22.7073 3.910147 022
# Numbers are given in Table 1.
measuring the absorption spectra. The binding constant (K;) can be
calculated by [18,23]:
[DNAJ/(ea — ¢) = [DNA]/(ep — €p) + 1/Kp[(€a — €p)] @
y where [DNA] is CT-DNA concentration of in base pairs, the apparent
absorption coefficient, €,, &, and &, correspond to A,psq/[compound],
e ML the extinction coefficient of the free compounds and the extinction
U L coeff'ment of the compound when fully bind to DNA, respectlve'ly. By
‘ - plotting a relation between [DNA]/(e, — ¢f) versus [DNA], K, is cal-
= 13 culated by the ratio of slope to the intercept.
II1 Ilo !’ é "’ )
| ‘
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Fig. 2. 'H NMR spectra of (a) HL and (b) polymer complex (4).

concentration of CT-DNA was determined by absorption spectroscopy
[23].

All experiments included prepared stock solutions of HL ligand and
its polymer complexes dissolved in DMSO then diluted in the corre-
sponding buffer till the required concentrations. In the final con-
centrations, the percentage of DMSO must not be > 0.1% in the tested
solutions for preventing any effect on DNA conformation from DMSO.

The absorption titration measurements were carried out at room
temperature by fixing compound and increasing CT-DNA concentration
gradually. For eliminating CT-DNA absorbance, an amount of CT-DNA
was added to the compound solution and the reference during

used in adding essential hydrogen atoms, Kollman united atom type
charges, and solvation parameters.

2.5. Antimicrobial activity assay

Agar well diffusion technique [28] was used to compare the anti-
microbial activities of different concentrations (50, 100 and 150 pg/ml)
of the HL ligand and its polymer complexes with those of the anti-
microbial standards (penicillin and miconazole), all dissolved in di-
methyl sulfoxide (DMSO). The antibacterial activities were tested, on
nutrient agar medium; against local isolates of gram-positive and gram-
negative bacteria: (Bacillus cereus and Staphylococcus aureus) and (Es-
cherichia coli and Klebsiella pneumoniae), respectively. The antifungal
activities were also tested against two local isolates of fungi (Aspergillus
niger and Fusarium oxysporium), on DOX agar medium. Wells (10 mm)
were made by a sterile cork-borer in the inoculated agar medium. Each
well was loaded with 200 pl of the tested compound. The agar plates
were put at 4 °C until the complete diffusion of the tested compound;
then incubated at 37 °C or 30 °C for bacteria and fungi, respectively.
After 24 h and 7 days for bacteria and fungi, respectively, the inhibition
zone diameters around the wells were measured and those of the DMSO
control were omitted.

2.5.1. Transmission and Scanning electron microscopy (TEM and SEM)
examinations

The harvested mycelia (treated, normal, and control DMSO treated
mycelia) after the antifungal activity test were fixed by paraformalde-
hyde-glutaraldehyde in 0.1 M phosphate buffer pH7.4; then washed
and post-fixed in 2% osmium tetra oxide (in 0.1 M phosphate buffer
pH 7.4) for 90 min. These cells were dehydrated through ethanol gra-
dients then acetone-methanol solutions were added.

Transmission electron microscopy (TEM; JEOL JEM-2100 TEM, Unit



M.L Abou-Dobara, et al.

H(g6) H(E0)

Materials Science & Engineering C 103 (2019) 109727

HE3)
8

Fig. 3. The optimized structures of dimmer form (E) of HL ligand.

of Electron Microscopy, Mansoura University, Egypt) was used to ex-
amine sections of the mycelia. Scanning electron microscopy (SEM;
JEOL JSM-6510L.V SEM, Unit of Electron Microscopy, Mansoura
University, Egypt) was used to examine the morphology of the mycelia.
For TEM, the dehydrated fungi were embedded for 1 h in Epon-Araldite
(1:1) mixture, which was polymerized at 65 °C for 24 h. Ultra-sections
(50 um) were cut by ultratome on copper grids; then double stained
with uranyl acetate and lead citrate. For SEM, the dehydrated fungi
were dried at critical drying point under a vacuum; then coated with
gold using a sputter coater at 20 mA.

2.6. Corrosion measurements

2.6.1. Weight loss

Square specimens of carbon steel (2cm X 2cm X 0.2 cm) were used
in weight loss experiments. The inhibition efficiency (% IE) and the
degree of surface coverage (0) of the investigated inhibitors on the
corrosion of carbon steel were calculated by the following equation
[3,29]:

8 = [(W,-W)/W,] x 100 2

%IE = 8 x 100 3

where W, and W are the values of the average weight losses in the
absence and presence of the inhibitor, respectively.

2.6.2. Electrochemical measurements

Gamry instrument PCI300/4 Potentiostat/Galvanostat/Zra ana-
lyzer, EIS300 electrochemical impedance, DC105 corrosion software,
spectroscopy software, EFM140 electrochemical frequency modulation
software and Echem Analyst 5.5 for plotting results, graphing, data
fitting and calculating were used for all electrochemical experiments.

(i) Electrochemical frequency modulation technique (EFM)

EFM measurements were carried out using potential perturbation
signal (10 mV amplitude and 2 and 5Hz sine waves). These two fre-
quencies were chosen because of three arguments. i, corrosion cur-
rent density, . and B,, Tafel slopes, and CF-2 and CF-3, the causality
factors, were calculated using the larger peaks [29].

(ii) Electrochemical impedance spectroscopy (EIS)

EIS measurements were performed using AC signals of 5 mV peak to
peak amplitude at the open circuit potential in the frequency range of
100 kHz to 0.1 Hz. The inhibition efficiency (% IE) was calculated by
the following equation:

%IE = 6 x 100 = [1 — (R°%/R¢p)] “

where, R°.; and R, are the charge transfer resistance in the absence and

presence of inhibitor, respectively.
(iii) Potentiodynamic polarization measurements
Potentiodynamic polarization measurements were recorded in using
a typical three-compartment glass cell consisted of:

1- Carbon steel specimen (1 cm?) welded from one side to copper wire
for electric connection as working electrode.

2- Saturated Calomel electrode (SCE) as a reference electrode.

3- A platinum foil (1 cm?) as a counter electrode.

By applying different electrode potential ranging from —800 to
500mV vs. SCE, Tafel polarization curves were obtained. The de-
termination of corrosion current is performed by extrapolation of the
anodic and cathodic of Tafel lines by using Stern-Geary method
[30,31]. icorr was used to calculate the inhibition efficiency (% IE) and
surface coverage (0) using the following relation:

%IE = 0 X 100 = [1 - (icorr(inh)/icorr(Free))] X 100 5)

where icorr.(rree) iS the corrosion current density in the absence of in-
hibitor and icorrqinny is the corrosion current density in the presence of
inhibitor.

2.7. Statistical analysis

The antimicrobial activity results were recorded as mean = SE. It
was analysed for significant differences at p-value < 0.05; using one-
way analysis of variance (ANOVA) with SPSS software version 17.

3. Results and discussion
3.1. Structure identification of azo dye and its polymer complexes

The ligand is soluble partially in some common organic solvents on
hot and completely soluble in hot DMF and cold DMSO, its melting
temperature is ~250 °C, air-stable and colored. The polymer complexes
are stable in air, colored and soluble only in hot DMSO. Polymer
complexes (1-4) have been deduced from their elemental analyses
(Table 1). The experimental data of elemental analyses are in agree-
ment with the calculated values of % (carbon, hydrogen, nitrogen and
metal) which indicates that they are polymeric in nature.

The two hydroxyquinoline units of the dimmer are in one plane and
intramolecular (I) hydrogen bonding occurs between the hydroxyl
group and the quinoline nitrogen atom (Fig. S2(G)). The intermolecular
hydrogen bond distance II = 2.16 A is shorter than the intramolecular
distance I = 2.32 A (Fig. S2). This observation was also made for other
8-hydroxyquinoline dimmers and might be due to an unflavored small
O-H...N angle of 113.7° (observed for G) for the intramolecular inter-
action [32-34]. The corresponding intermolecular O-H...N angle of (G)
is 135.5° [35] (Fig. S2).

The transfer of two equivalent protons within a doubly hydrogen
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Table 3

Table 3 The selected geometrical bond lengths and bond angels of dimmer form (E) of HL ligand.
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Bond lengths A)

Bond angles (°)

Bond angles (°)

C(55)-H(88)
C(54)-H(87)
C(53)-H(86)
C(52)-H(85)
C(51)-H(84)
C(49)-H(83)
C(49)-H(82)
C(49)-H(81)
C(48)-H(80)
C(48)-H(79)
C(48)-H(78)
C(37)-H(77)
C(36)-H(76)
C(35)-H(75)
C(33)-H(74)
C(32)-H(73)
C(27)-H(72)
C(26)-H(71)
C(25)-H(70)
C(24)-H(69)
C(23)-H(68)
C(21)-H(67)
C(21)-H(66)
C(21)-H(65)
C(20)-H(64)
C(20)-H(63)
C(20)-H(62)

G(9)-H(61)

C(8)-H(60)

C(7)-H(59)

G(5)-H(58)

C(4)-H(57)
C(47)-C(55)
C(54)-C(55)
C(53)-C(54)
C(52)-C(53)
C(51)-C(52)
C(47)-C(51)
C(19)-C(27)
C(26)-C(27)
C(25)-C(26)
C(24)-C(25)
C(23)-C(24)
C(19)-C(23)
N(45)-C(46)
C(42)-C(46)
C(43)-C(42)
N(44)-C(43)
N(45)-N(44)
N(17)-C(18)
C(14)-C(18)
C(15)-C(14)
N(16)-C(15)
N(17)-N(16)
N(38)-H(28)
H(56)-N(10)
0(39)-H(56)
C(43)-0(50)
C(46)-C(49)
N(45)-C(48)
N(44)-C(47)
N(41)-C(42)
N(40)-N(41)
C(34)-N(40)
C(31)-0(39)
C(30)-N(38)
C(37)-N(38)
C(36)-C(37)
C(35)-C(36)
€(29)-C(35)
C(29)-C(34)
C(33)-C(34)
C(32)-C(33)
C(31)-C(32)

1.103
1.103
1.103
1.103
1.102
1.112
1.113
1.112
1.113
1.114
1.112
1.105
1.102
1.101
1.103
1.104
1.103
1.103
1.102
1.103
1.101
1.113
1.112
1.112
1.114
1.113
1.112
1.106
1.102
1.101
1.103
1.104
1.349
1.342
1.34

1.34

1.343
1.349
1.349
1.342
1.34

1.34

1.343
1.349
1.276
1.346
1.364
1.274
1.362
1.276
1.346
1.364
1.274
1.362
1.041
1.042

1.215
1.508
1.485
1.279
1.266
1.25

1.271
1.374
1.277
1.271
1.339
1.34

1.349
1.354
1.347
1.339
1.343

H(87)-C(54)-C(55)
H(87)-C(54)-C(53)
C(55)-C(54)-C(53)
H(86)-C(53)-C(54)
H(86)-C(53)-C(52)
C(54)-C(53)-C(52)
H(85)-C(52)-C(53)
H(85)-C(52)-C(51)
C(53)-C(52)-C(51)
H(88)-C(55)-C(47)
H(88)-C(55)-C(54)
C(47)-C(55)-C(54)
H(84)-C(51)-C(52)
H(84)-C(51)-C(47)
C(52)-C(51)-C(47)
H(80)-C(48)-H(79)
H(80)-C(48)-H(78)
H(80)-C(48)-N(45)
H(79)-C(48)-H(78)
H(79)-C(48)-N(45)
H(78)-C(48)-N(45)
C(55)-C(47)-C(51)
C(55)-C(47)-N(44)
C(51)-C(47)-N(44)
C(43)-N(44)-N(45)
C(43)-N(44)-C(47)
N(45)-N(44)-C(47)
H(83)-C(49)-H(82)
H(83)-C(49)-H(81)
H(83)-C(49)-C(46)
H(82)-C(49)-H(81)
H(82)-C(49)-C(46)
H(81)-C(49)-C(46)
C(46)-N(45)-N(44)
C(46)-N(45)-C(48)
N(44)-N(45)-C(48)
N(45)-C(46)-C(42)
N(45)-C(46)-C(49)
C(42)-C(46)-C(49)
C(42)-C(43)-N(44)
C(42)-C(43)-0(50)
N(44)-C(43)-0(50)
C(46)-C(42)-C(43)
C(46)-C(42)-N(41)
C(43)-C(42)-N(41)
C(42)-N(41)-N(40)
H(76)-C(36)-C(37)
H(76)-C(36)-C(35)
C(37)-C(36)-C(35)
N(41)-N(40)-C(34)
H(75)-C(35)-C(36)
H(75)-C(35)-C(29)
C(36)-C(35)-C(29)
N(40)-C(34)-C(29)
N(40)-C(34)-C(33)
C(29)-C(34)-C(33)
H(74)-C(33)-C(34)
H(74)-C(33)-C(32)
C(34)-C(33)-C(32)
H(56)-0(39)-C(31)
H(73)-C(32)-C(33)
H(73)-C(32)-C(31)
C(33)-C(32)-C(31)
0(39)-C(31)-C(32)
0(39)-C(31)-C(30)
C(32)-C(31)-C(30)
C(35)-C(29)-C(34)
C(35)-C(29)-C(30)
C(34)-C(29)-C(30)
H(77)-C(37)-N(38)
H(77)-C(37)-C(36)
N(38)-C(37)-C(36)
N(38)-C(30)-C(31)
N(38)-C(30)-C(29)

120.166
119.779
120.052
120.501
120.506
118.992
119.581
120.113
120.306
120.87

116.848
122.253
116.071
121.932
121.964
108.925
103.779
112.716
109.43

110.636
111.111
116.424
119.622
123.938
102.52

130.096
123.077
108.398
103.982
112.138
109.886
110.512
111.698
114.172
115.912
129.358
104.54

128.794
126.52

111.281
123.616
124.98

106.566
132.148
121.284
120.606
121.084
121.416
117.492
120.418
116.794
123.131
119.884
119.42

123.133
117.442
122.524
116.113
121.363
109.34

119.234
118.988
121.775
119.901
122.575
117.49

121.912
117.075
120.976
117.435
119.651
122.88

117.005
122.07

C(15)-N(16)-C(19)
N(17)-N(16)-C(19)
H(67)-C(21)-H(66)
H(67)-C(21)-H(65)
H(67)-C(21)-C(18)
H(66)-C(21)-H(65)
H(66)-C(21)-C(18)
H(65)-C(21)-C(18)
C(18)-N(17)-N(16)
C(18)-N(17)-C(20)
N(16)-N(17)-C(20)
N(17)-C(18)-C(14)
N(17)-C(18)-C(21)
C(14)-C(18)-C(21)
C(14)-C(15)-N(16)
C(14)-C(15)-0(22)
N(16)-C(15)-0(22)
C(18)-C(14)-C(15)
C(18)-C(14)-N(13)
C(15)-C(14)-N(13)
C(14)-N(13)-N(12)
N(10)-H(56)-0(39)
H(61)-C(9)-N(10)
H(61)-C(9)-C(8)
N(10)-C(9)-C(8)
H(60)-C(8)-C(9)
H(60)-C(8)-C(7)
C(9)-C(8)-C(7)
N(13)-N(12)-C(6)
H(59)-C(7)-C(8)
H(59)-C(7)-C(1)
C(8)-C(7)-C(1)
N(12)-C(6)-C(1)
N(12)-C(6)-C(5)
C(1)-C(6)-C(5)
H(58)-C(5)-C(6)
H(58)-C(5)-C(4)
C(6)-C(5)-C(4)
H(28)-0(11)-C(3)
H(57)-C(9)-C(5)
H(57)-C(4)-C(3)
C(5)-C(H-C(3)
H(56)-N(10)-C(2)
H(56)-N(10)-C(9)
C(2)-N(10)-C(9)
O(11)-C(3)-C(4)
0O(11)-C(3)-C(2)
C(H-C(3)-C(2)
N(10)-C(2)-C(3)
N(10)-C(2)-C(1)
C(3)-C(2)-C(1)
C(7)-C(1)-C(6)
C(7)-C(1)-C(2)
C(6)-C(1)-C(2)

130.291
123.12

108.316
109.937
110.509
104.022
112.297
111.535
114.15

115.925
129.375
104.502
128.823
126.53

111.229
123.585
125.043
106.569
132.157
121.275
120.737
177.891
117.733
119.345
122.897
121.092
121.395
117.505
120.399
116.787
123.128
119.887
119.448
123.12

117.43

122.537
116.097
121.366
109.118
119.217
118.979
121.796
104.605
101.858
119.304
119.956
122.508
117.495
117.047
122.104
120.849
121.886
117.059
121.026

(continued on next page)
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Bond lengths A) Bond angles (°)

Bond angles (°)

C(30)-C(31) 1.353 C(31)-C(30)-C(29) 120.925
C(29)-C(30) 1.354 H(28)-N(38)-C(30) 104.812
0O(11)-H(28) 1.001 H(28)-N(38)-C(37) 101.566
C(15)-0(22) 1.215 C(30)-N(38)-C(37) 119.412
C(18)-C(21) 1.508 N(38)-H(28)-0(11) 177.355
N(17)-C(20) 1.485 H(71)-C(26)-C(27) 120.171
N(16)-C(19) 1.279 H(71)-C(26)-C(25) 119.781
N(13)-C(14) 1.266 C(27)-C(26)-C(25) 120.044
N(12)-N(13) 1.25 H(70)-C(25)-C(26) 120.491
C(6)-N(12) 1.271 H(70)-C(25)-C(24) 120.52
C(3)-0(11) 1.375 C(26)-C(25)-C(24) 118.988
C(2)-N(10) 1.278 H(69)-C(24)-C(25) 119.575
C(9)-N(10) 1.271 H(69)-C(24)-C(23) 120.111
C(8)-C(9) 1.339 C(25)-C(24)-C(23) 120.313
C(7)-C(8) 1.34 H(72)-C(27)-C(19) 120.886
C(1)-C(7) 1.349 H(72)-C(27)-C(26) 116.81
C(1)-C(6) 1.354 C(19)-C(27)-C(26) 122.273
C(5)-C(6) 1.347 H(68)-C(23)-C(24) 116.055
C(4)-C(5) 1.339 H(68)-C(23)-C(19) 121.945
C(3)-C(4) 1.343 C(24)-C(23)-C(19) 121.968
C(2)-C(3) 1.354 H(64)-C(20)-H(63) 108.965
C(1)-C(2) 1.355 H(64)-C(20)-H(62) 109.4
H(64)-C(20)-N(17) 110.677
H(63)-C(20)-H(62) 103.824
H(63)-C(20)-N(17) 112.621
H(62)-C(20)-N(17) 111.11
C(27)-C(19)-C(23) 116.404
C(27)-C(19)-N(16) 119.564
C(23)-C(19)-N(16) 124.014
C(15)-N(16)-N(17) 102.478
Table 4
The calculated quantum chemical parameters for conformers of HL ligand.
Conformer?® Enowmo (eV) Erumo (eV) AE* (eV) X n o Pi S ) ANpjax
(eV) (eV) (ent (eV) (en™ (eV)
(A) —3.034 -1.774 1.260 2.404 0.630 1.587 —2.404 0.794 4.587 3.816
(B) —7.490 —2.515 4.975 5.003 2.488 0.402 —5.003 0.201 5.030 2.011
© —2.598 —1.398 1.200 1.998 0.600 1.667 —1.998 0.833 3.327 3.330
(D) —-3.102 -1.770 1.332 2.436 0.666 1.502 —2.436 0.751 4.455 3.658
(E) —2.352 —-1.762 0.590 2.057 0.295 3.390 —2.057 1.695 7.172 6.973

2 Symbols are given in Fig. S2.

bonded dimmer is an important type of excited state proton transfer. It
is a little, known about the excited state proton transfer in 8-hydro-
xyquinoline, but Bardez and coworkers [36] have characterized the
steady state spectroscopy. 8-Hydroxyquinoline forms a very stable hy-
drogen bonded dimmer, whose structure is given in the lower part of
Fig. S2 along with that for the tautomer.

The IR spectra provide valuable information regarding the co-
ordinating sites of the ligand. The infrared spectrum of HL reveals that a
broad medium intensity band of phenolic hydroxyl stretching is ob-
served at ~3200-3450 cm ™' with peak centered at 3350 cm ™! [37].
This low value of v(OH) reflects the existence of strong hydrogen
bonding both intramolecular [N-H...O (Fig. S2(B)), OH-N (Fig. S2(C
(D)1 and intermolecular hydrogen bonding of the O-...H...O type be-
tween O-H of one molecule and OH group of another one [Fig. S2(D
(ID)] and O-H...N type between C=N of one molecule and OH group of
another one [Fig. S2(E, dimmer (II))] or N-H...O type between NH of
one molecule and C=0 group of another one [Fig. S2(F, tautomer
(ID)], This band is shifted to lower frequency at 3150, 3160, 3180,
3090 and 3175cm ™}, respectively, in the Cu(Il), Co(Il), Ni(II) and
UO,(II) polymer complexes, indicating that the ligand function as a
neutral ligand. The spectrum of the free ligand shows the peak of
azomethine group (CNp,) at ~1570 cm ™! has been found to experience
a negative shift of 10 = 5cm ™! pointing to the probable participation
of the nitrogen of the quinoline moiety, of the ligand polymer

complexes formation with M(II). Coordination of the ligand to the metal
chloride through the nitrogen atom is expected to reduce the electron
density in the azomethine link and lowest the stretching vibration
motion of v(C=N). The vibrational band at 1460 cm ™! assigned to
v(N=N) is shifted to lower frequency by ~18 cm ™" in the spectra of the
polymer complexes confirming the coordination through one of the azo
nitrogen atom [38-40]. This lowering of frequency can be explained by
the transfer of electrons from the nitrogen atom to the metal ion due to
coordination. The infrared spectra of all the polymer complexes show a
considerable shift to lower frequency in the carbonyl (pyrazolone)
(1670cm™ ') absorption by 20-32cm™?, indicating a decrease in
stretching force constant of CO as a consequence of coordination
through the oxygen atom of the free ligand. It is well known that as a
result of coordination through the carbonyl oxygen the double bond
character between the carbon and the oxygen is reduced [41]. The
decrease in the bond character causes a bathochromic shift in the car-
bonyl stretching frequency. This exceptionally high shift to lower fre-
quency of the carbonyl frequency may be attributed to the greater flow
of electrons from the carbonyl group to the divalent transition atom due
to greater delocalization of the positive charge on the nitrogen atom. IR
bands due to quinoline system appearing at ~ 1545cm ™, v(C-C) and
1585cm ™}, v(C-N) [42] in the free ligand have been found to experi-
ence shifts in the higher energy side (Av ~ 13 + 5cm™ ') in the metal
polymer complexes indicating thereby, the expected involvement of the
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Fig. 4. HOMO and LUMO molecular orbital of dimmer form (E) of HL ligand.
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Fig. 5. TGA curves of HL and its polymer complexes (1-4).

quinoline ring nitrogen in complexation. The phenolic C-O stretching
frequencies appeared at 1215cm ™! in the ligand shift towards lower
vibration (20-45cm™?) in the polymer complexes. This shift confirms
the participation of oxygen in the C-O-M bond [19,43].

The presence of rocking band indicates the coordination nature of
the water molecule [18]. The relation of the IR spectral of ligand (HL)
and polymer complexes (1-4) showed some differences [44]. One of the
expected significant differences was the presence of a more broadened
band in the range from 2750 to 3450cm ™' for the chelates as the
oxygen of the OH group of the ligand forms a coordination bond with

metal ions. IR spectra of the polymer complexes show new bands at
422-478 cm ™! and 501-561 cm ! assigned to v(M-N) and o(M-O),
respectively, [37,45].

IR bands due to the uranyl group of uranyl nitrate polymer complex
(4) appear at 903 cm ! [Vasym(U-0) and 832 cm ! [vsym(M-0)] [37].
The force constant (Fyo) was calculated by the method of McGlynn
et al. [46] as 6.729 10~ ® N/A, which agree well with the force constant
values of similar dioxouranium(VI) complexes. The U-O bond distance
is in the usual range (1.60-1.92- 1078 N//o\) observed for dioxouranium
(VI) complexes [37]. The uranyl polymeric complex display, the uni-
dentate NO3; group exhibits three NO stretching bands at
1418 cm ™ '(05)(NO,), 1303 cm ™ *(0,)(NO,) and 1006 cm ™~ '(v,)(NO).
Polymer complex (4) show IR bands at ~ 1428 cm ™! (vy), 1374cem ™!
(v3), 1310 ecm ™! (vs), 1011 ecm ™! (vy) and 840 cm ™! (vg). The separa-
tion between v; and vs of polymer complex (4) was ~118cm ™ in-
dicates that both nitrate groups are unidentate [47].

The IR spectra of the polymer complexes were compared with that
of the free ligand to determine the changes that might have taken place
during the complexation. A comparative study of the IR spectra of li-
gand and polymer complexes reveals that certain peaks are common
and therefore, only important peaks, which have been either shifted or
newly appeared, are discussed. The ligand exhibits bands at 3350 cm ~*
(v(0H)), 1670 cm ™! (v(C=0)), 1570 cm ™' (0(C=Np,)) and 1460 cm ™"
(b(N=N)) [18,19,25,26]. In the spectra of the polymer complexes,
these bands are shifted to lower wavenumber. This indicate the co-
ordination of (C=Npy), keto (C=0), azo dye nitrogen and OH groups to
the metal atom in polymer complexes, indicating thereby that the li-
gand function as a neutral bis(bidentate) ligand (Fig. S1).

The resulted data suggest that the ligand (HL) behaves as a neutral
bis(bidentate) ligand by through four sites of coordination (azo dye
nitrogen, carbonyl oxygen, phenolic oxygen and hetero nitrogen from
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The thermal analysis data of ligand (HL) and polymer complexes.

Compound”  Temp. range (K)

Found mass loss (calc.) %

Assignment

HL 485-713
713-873

) 310-393
393-633

633-983

> 983

2) 313-353
353-543

543-923

> 923
3) 310-353
353-578
578-978

> 978

43.24 (43.18)
56.76 (56.82)
3.52 (3.51)
16.65 (16.62)
64.24 (64.31)
15.59 (15.55)
3.33 (3.31)
13.60 (13.08)
69.77 (69.8)

13.05 (13.8)
12.02(12.07)
11.9 (11.9)
63.61 (63.52)

12.53 (12.50)

Decomposition of a part of the ligand (CsH;N405)
Decomposition of a part of the ligand (C;5H;oN)
Loss of one uncoordinated H,O molecule
Evaluation of Cl, and 2N, gases
Evaluation of 2N, gas and decomposition the last part of the ligand (C0H;7,0)
Metal oxide residue (CuO)
Loss of one uncoordinated H,O molecule
Evaluation of Cl, gas
Loss of coordinated 2H,0 molecules, evaluation of 2N, gas and decomposition the last part of the ligand
(CoH17NO)
Metal oxide residue (CoO)
Loss of uncoordinated 4H,0 molecules
Evaluation of Cl, gas
Loss of coordinated 2H,0 molecules, evaluation of 2N, gas and decomposition the last part of the ligand
(CH,7NO)
Metal oxide residue (NiO)

# Numbers are given in Table 1.

(@) (b)

(2)

(b)

Fig. 6. HL ligand (green in (a) and gray in (b)) in interaction with receptors of prostate cancer (PDB code 2Q7L Hormone) and the breast cancer (PDB code 1JNX
Gene regulation). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

pyridine ring) [(OH, Npy) and (O, Ng,,)] with respect to the evidence The azo dye ligand (HL) prepared in this work may exist in tauto-
above, the structures of the polymer complexes are shown in Fig. S1. meric forms as shown in Fig. S2, characteristic for a tautomeric azo-
The data suggested that the polymer complexes have composition of hydrazone mixture form, both in solution and in solid state and this has

octahedral geometry for all the polymer complexes.

been confirmed by El-Sonbati et al. [18,41].The electronic spectrum of
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Fig. 7. HB plot of interaction between HL and receptors of (a) prostate cancer (PDB code 2Q7L Hormone) and (b) breast cancer (PDB code 1JNX Gene regulation).
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Table 6
Energy values obtained in docking calculations of HL with receptors of prostate cancer (PDB code 2Q7L Hormone) and the breast cancer (PDB code 1JNX Gene
regulation).
Receptors  Est. free energy of Est. inhibition constant vdW + bond + desolv energy (kcal/ Electrostatic energy Total intercooled energy Interact
binding (kcal/mol) (X)) (uM) mol) (kcal/mol) (kcal/mol) surface
2Q7L -7.07 6.57 —6.05 -0.23 -6.28 623.32
1INX -5.16 164.01 —5.60 —0.03 —5.63 650.267
1.0
1.2x10° (2) -
0.9 4 \ / _ 1.0x10°
o 0.8 -
0.8
£ SO0 1010° 154107 20010° 26010° ®
£ [DNA] o
Z os < 06
= £
o
@
o
0.6/ < 0.4
ar5 400 425 450 024
Wave length (nm) )
2.4x10° T T T T T T T T
’ 350 400 450 500 550
(1) 2.1x10°74
1.0 4 > 18x10°] Wave length (nm)
} 1.5x10°4 2.4x10°
z
£ 1.2x10°{ 3) 2.1x10°4
9.0x10"%4 0.9 — > 1.8x10°
Q T T
%0.9 - 6.0x10° 8.0x10 =
e [DNA] -
2
£
< 4.0x10° 6.0x10° 8.0x10
[DNA]
§ 0.7 1
0.8 3
2
< 0.6
<
0.5
T T T T T T T T T T T
375 400 425 450 475 500
Wave length (nm) 0.4+
T T T T T T T T
Fig. 8. Absorption spectra of ligand and its polymer complexes at 25 °C in the 440 460 480 500 520 540 560 580
presence of increasing amount of CT-DNA. Inset: plot of [DNA]/(ea—¢f) M? cm Wave length (nm)
versus [DNA] x 107®M for titration of DNA with HL and its polymer com-
plexes (1-4).
the ligand (HL) gave band at 36300 cm ™! for the azo form. It has been .
reported that the azo derivatives exhibited a strong band at
~37,000-35,000 cm ™!, whereas hydrazone above 31,255cm ™! [41].
In addition to this, the electronic spectrum of HL shows a band at §0 6 <
~21,985cm ™! assigned to ;—m* transition involving the whole _§ '
electronic system (five membered antipyrine heterocyclic and azo _:2 8.0x10° 1.0x10° 1.2x10° 1.4x10°
DNA]
group) [41]. < [ONAT
Analytical data indicates that the diazo coupling reaction between 044
4-aminoantipyrine and 8-hydroxyquinoline occurs in 1:1 M ratio and
the product forms well defined polymer complexes with the metal salts.
Formation of the polymer complexes can be represented as follows: 0.2 1

HL + CuCly2H,0 — {[Cu (HL) (C),]-H,0},

HL + COC126H20 d {[CO (HL) (H20)2]C12H20}n

HL + NiCl,-6H;0 — {[Ni (HL) (H,0),]Cl;4H,0},

HL + UO4(NO3),6H,0 — {[(UO2) (HL) (NO3);]-H2O0},.

10

T
400

T T T T T T T T T
450 500 550 600 650
Wave length (nm)

Fig. 8. (continued)
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Fig. 9. The relation between binding constants (Kp) vs. ionic radii of metal
polymer complexes.

Table 7

Antifungal activity of Cu(II) polymer complex (1) against Aspergillus niger in
comparison to miconazole as a standard drug. The results were recorded as the
average diameter of inhibition zone (mm) * standard errors.

Compound Concentration (ug/mL)  Diameter of inhibition
zone (mm)
Cu(II) polymer complex 50 10 £ 0
1 100 10 = 0
150 14 = 0.58
Miconazole (Standard 50 1+x0
drug) 100 3+ 0.14
150 4+0

* Indicate significant different value from that of miconazole at probability
(p) value = 0.05.

On the basis of the proposed structure is shown in Fig. S1, the
molecular formula of the HL ligand is Cy0H;7N505 which upon chela-
tion coordinates with one central metal atom at four coordination sites
and with two water or Cl, or (NO3), molecules. There is an evidence of
the existing of chlorine ions in Cu(Il) complex (1) which has been
confirmed by the addition of AgNOj3 solution. The data of elemental
analyses reported in Table 1 are in agreement with the calculated
percentage values of carbon, hydrogen and nitrogen based on the above
mentioned molecular formula of parent ligand as well as coordination
polymers.

3.2. X-ray analysis

The X-ray powder diffraction is used for determining the structure
of the azo ligand (HL) and its polymer complexes (1, 2 and 4). The XRD
patterns show that HL ligand and its polymer complexes (2 and 4) have
a polycrystalline nature while polymer complex (1) has completely
amorphous nature as shown in Fig. 1. The crystallographic data of HL
and polymer complexes (2 and 4) are tabulated in Table 2. The calcu-
lated crystal system of HL and polymer complex 4 is found to be
monoclinic with spacing group P21 for each compound. Polymer
complex 2 has triclinic crystal system with spacing group P1. The lattice
parameters are found to be 13.08 A, 13.70A, 9.57 A, 90°, 95.24° and
90° for a, b, ¢, a, B and v, respectively for HL azo ligand. The estimated
lattice parameters of polymer complex (2) are 10.16 A, 19.62 A,
14.81 f\, 106.56°,101.26° and 86.09° for a, b, ¢, a, 3 and vy, respectively,
while they are 15.38 A, 13.63 A, 9.56 A, 90°, 122.84° and 90" for a, b, c,
a, B and v, respectively for polymer complex (4). Table 2 shows the
Miller indices (hkl) and inter-planar spacing (d) estimated by CRYSFIRE
[22].

From the XRD pattern and according to Debye-Scherrer equation
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Fig. 10. Scanning Electron Micrograph of normal A. niger mycelia (a) and
control DMSO-treated mycelia (b) show smooth and plump mycelia with
normal conidial heads on conidiophores.

[3,48], the average crystallite size (V) can be calculated:

V= KA
WYcosO

(6)

The equation uses the reference peak width at angle (6), where K is
the constant taken as 0.95 for organic compounds [3,48], k is the wa-
velength of X-ray radiation (1.540598 A) and vy is the width at half
maximum of the reference diffraction peak measured in radians. The
dislocation density, &*, is the number of dislocation lines per unit area
of the crystal. The value of &+ is related to the average particle diameter
(V) by the relation [3,48]:

_1
v @)

The values of (V) are calculated and found to be 45.3, 55.1 and
135.98nm for HL ligand and its polymer complexes (2 and 4), re-
spectively. 8" values are 4.87 x 107 3.20 x 10”* and
5.41 %10~ >nm ™2 for HL, polymer complex (2) and polymer complex
(4), respectively.

&*

3.3. 'H and '3C NMR spectral studies

Further evidence for the coordinating mode of the ligand was ob-
tained by 'H NMR spectral study. The '"H NMR spectral (Fig. 2a) of HL
and its UO,(II) polymer complex (Fig. 2b) were recorded in DMSO-dg
solution. The signals assigned to the aryl protons in the aromatic system
appear as overlapped doublets/multiplets at the region 7.18-8.95 ppm.



M.L Abou-Dobara, et al.

SEIN 30kv  \WD1afp

SEI  30kV WD12mm  SS41

Materials Science & Engineering C 103 (2019) 109727

- o
xf. 10pm S

30kV WD12mm SS41

Fig. 11. Scanning Electron Micrograph of A. niger treated-mycelia by different concentrations of miconazole: 50 pg/ml (a), 100 pg/ml (b), and 150 pg/ml (c). Arrows

indicate distorted A. niger mycelia.

The formed signal at § 8.94 ppm is due to the proton of azomethine
quinoline group (C=Np,) group. Broad and weak signal peak shows at §
10.350 ppm, not affected by dilution but disappears when a DO ex-
change experiment was carried out. This signal appears without any
other fragments which meant that HL ligand has only one tautomeric
structure in the solution under the experimental conditions. The
weakness and broadness of this type of proton signal might be caused
by dimmer formation between two hydroxyl quinoline groups of two
different molecules [49].

Fig. 2b shows the 'H NMR spectrum of the uranyl polymer complex
(4). The resonance resulting from -OH proton is shifted to &
10.327 ppm which attributed to the involvement of the phenolic group
in the coordination as neutral group. The shift in the C=N,, group
signal assigned to the participation of this group in the complexation
reaction. The aromatic protons observed in the ligand, show small shifts
in polymer complex (4), due to variation in electron density and steric
constraints because of chelation A new singlet appeared at 3.85 ppm in
the spectrum of UO,(II) complex indicates the presence of coordinated
water molecule in the polymer complex [50].

The '3C NMR spectrum of HL displays the signals at 12 and 36 ppm
which were due to carbon atoms of two methyl groups attached to the
pyrazolone ring. The carbon atoms of N=N, -OH and C=0 groups
appear at 124, 153 and 157 ppm, respectively. The disappearance of the
signal for the N—H proton in the hydrazone form (Fig. S2(B)) indicated
that HL is found in solution as azo-keto form (Fig. S2(A)). Some azo
quinolines structures were found in the azo form in the crystal form
[371.

3.4. Theoretical studies of tautomerisation

The synthesized azo ligand (HL) is found to have tautomeric
structures (A-F) as shown in Fig. S2. The geometrical studies of the HL
conformers have been optimizes by the theoretical studies using HF
method with 3-21G basis set. The geometrical structure of the
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conformer dimmer (E) (Fig. 3) has been done using Perkin Elmer
ChemBio Draw and optimized by Perkin Elmer ChemBio3D software.
Selected bond lengths and bond angles for each conformer are tabulated
in Table 3. The highest occupied molecular orbital energy (Exomo), the
lowest unoccupied molecular orbital energy (E;ymo) and the energy gab
between them values are listed in Table 4. Fig. 4 shows the HOMO and
LUMO orbital's for dimmer form (E). It is known that the lest energy gab
values, the most reactive and stable molecule [51-54]. The values of
the energy gab point to that the dimmer form (E) is more stable and
reactive than the other conformers. Quantum chemical parameters have
been calculated [53] and tabulated in Table 4.

3.5. Thermal studies

The TGA analysis of HL and all polymer complexes (1-4) are
measured from 30 °C to 800 °C with heat flow 15 °C/min as shown in
Fig. 5 and listed in Table 5. The TGA curve of HL shows two de-
gradation stages, the first stage in the range 212-440 °C with 43.24%
(calc. 43.18%) mass loss which assigned to loss CsH;N4O,. The second
stage is found from 440 °C to 600 °C and mass loss percentage equals
56.76% (calc. 56.82%) due to C;5H;oN loss.

TGA measurements and spectroscopic analyses studies can elucidate
the structure of the polymer complexes. TGA studies of the polymer
complexes (1-4) under investigation can be used in determining the
thermal stability of these new compounds, as well as to determining the
nature of the coordinated (water and/or solvent and/or anions) mole-
cules to the central metal ion and its coordination nature (outside and/
or inside) in the coordination sphere. All investigated polymer com-
plexes have three degradation stages, the first degradation starts at
~40°C indicating the loss of uncoordinated water molecules. The
second degradation stage assigns to the loss of coordinated chlorine
atoms in polymer complex (1), while polymer complexes (2 and 3) lost
the outer Cl, molecule and polymer complex (4) lost a part of the ligand
(Table 5). The final stage is due to the removal of the coordinated water
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SEl  30kV WD11mm SS41 x500 S0pm \ SEI WD11mm SS41 x1,500 10pum  S—
Fig. 12. Scanning Electron Micrograph of A. niger treated-mycelia by different concentrations of Cu(II) polymer complex (1): 50 ug/ml (a), 100 pg/ml (b), and

150 ug/ml (¢ and d). Arrows indicate flattened distorted mycelia and conidiophores (1) bearing reduced conidial heads (2), some squashed mycelia (3), and
sterigmata of a reduced conidial head without any conidia (4).

Fig. 13. Transmission Electron Micrograph of sections in normal A. niger mycelium (a) shows normal organelles in a homogeneous cytoplasm enclosed by a regular
cell wall with a tight plasma membrane; and control DMSO-treated mycelia (b-d) show a normal mycelial cell (b), a normal proliferated mycelial cell (c), and an

empty mycelial cell (d). Arrows indicate a septum in the proliferated cell (1), autophagosomes engulfed by a vacuole (2) and an expanded vacuole covering the entire
cell (3).
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Fig. 14. Transmission Electron Micrograph of sections in A. niger treated-mycelia by different concentrations of miconazole: 50 pg/ml (a), 100 pg/ml (b), and 150 ug/
ml (c and d) show cells containing vacuoles with ruptured cell walls that detached from cell membranes. Arrows indicate detachment of cell wall which increased
electron lucent region between the cell wall and cell membrane (1), vacuoles (2), autophagosomes (3), and lysed cell wall with leakage of cytoplasmic contents (4).

molecules if found leaving metal oxides as a residue.

3.6. Molecular docking studies

The molecular docking is to simulate the molecular recognition
process by achieving an optimized conformation for the protein and
drug with relative orientation between them such that the free energy
of the overall system is minimized. Molecular docking has been studied
between azo HL ligand and two types of proteins which are receptors of
prostate cancer (PDB code 2Q7L Hormone) and the breast cancer (PDB
code 1JNX Gene regulation). The docking studies show an acceptable
interaction between HL and the receptor of each protein as cleared in
Fig. 6. Fig. 7 shows HB plot curves due to the binding of ligand HL to
the proteins by hydrogen bonding interactions. The calculated binding
energy values are tabulated in Table 6.

The HL is lower free energy of binding, the higher inhibition con-
stant affinity and stronger inhibitory activity against receptor target.
According to the results showed in Table 6, the receptor of prostate
cancer (PDB code 2Q7L Hormone) shows the best interaction with HL.

3.7. DNA binding studies

The binding mode and binding extent of HL and its polymer com-
plexes (1-4) with Calf Thymus (CT) DNA have been investigated by UV
absorption spectra of fixed concentration (40 uM) of each compound in
the absence and presence of gradually increasing concentration of DNA
at room temperature.

By studying the absorption intensity changes of the charge transfer
spectral bands, the intrinsic binding constant (Kp) can be determined
near 399, 405, 412, 480 and 427 nm for HL ligand, Cu®*, Go®*, Ni?*
and UO,>" polymer complexes, respectively. The absorption spectra of
these compounds with increasing concentration of calf thymus DNA

14

(CT-DNA) in the range 300-700 nm are shown in Fig. 8.

Increasing CT-DNA concentration leads to a red shift and hypo-
chromism behavior, due to the non-covalently intercalative binding
between compound and DNA helix. This because of the strong stacking
interaction of the aromatic chromophore of the compound and base
pairs of DNA [55,56]. In hypochromism behavior, the t* orbital of the
interacting compound couples with the st orbitals of the base pairs and
decreasing the m— m* transition energies after interacting the com-
pound to the base pairs of DNA [57].

In order to quantitative comparing between the binding strengths of
the azo ligand and its polymer complexes, the intrinsic binding constant
(Kp) has been determined by observing the changes in absorbance of the
compounds with increasing concentration of DNA. Calculated Kj, values
are 536 x10° 1.65x10°, 1.29 x 10°, 2.39 x 10° and
1.85 x 10°M ™! for HL, 1, 2, 3 and 4 polymer complexes, respectively.
From resulted K, values, it is clear that the binding ability of the
polymer complexes (1-4) to the CT-DNA is stronger that the binding of
their corresponding ligand (HL), that is due to existing intermolecular
containing -t stacking and hydrogen-bonding interactions. It was
found that the K}, value increase with decreasing the ionic radii of metal
polymer complexes and the polymer complex (3) is higher compared to
the other polymer complexes (Fig. 9), due to the lower ionic radius.

3.8. Antimicrobial activities of the HL and polymer complexes

HL ligand did not showed any antimicrobial activity; among its
Cu®*, Co®*, Ni®* and UO,2* polymer complexes. Only Cu(II) polymer
complex (1) showed a significant specific antimicrobial activity only
against the fungus Aspergillus niger (Table 7). This effect was higher than
that of miconazole by at least three times; it also increased with in-
creasing the concentration (Table 7). This represents a promising
finding; since the antifungal-resistant strains of Aspergillus are becoming
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Fig. 15. Transmission Electron Micrograph of sections in A. niger treated-mycelia by different concentrations of Cu(II) polymer complex (1): 50 pg/ml (a), 100 pg/ml
(b), and 150 ug/ml (c and d) show cells containing vacuoles and several autophagosomes with detached cell walls from cell membranes. Arrows indicate detachment
of cell wall which increased electron lucent region between the cell wall and cell membrane (1), autophagosomes engulfed by vacuoles (2), accumulated intact

autophagic bodies within vacuoles (3), and some phagophores (4).

Table 8

Surface coverage (0) and inhibition efficiency (%IE) of HL with their molar concentrations at different temperatures from weight loss measurements at 60 min

immersion in 2M HCL.

Compound Concentration (M) 30 + 0.1°C 40 = 0.1°C

50 £ 0.1°C 60 = 0.1°C

Inhibition
efficiency (%IE)

Surface
coverage (0)

Surface
coverage (0)

Inhibition
efficiency (%IE)

Inhibition
efficiency (%IE)

Inhibition
efficiency (%IE)

Surface
coverage (0)

Surface
coverage (6)

HL 1x107° 0.55 54.59 0.46
3x10°° 0.60 59.85 0.53
5x10°° 0.64 64.20 0.60
7 x107° 0.70 69.84 0.66
9x10°° 0.76 75.75 0.74
11 x10°° 0.82 82.16 0.81

45.67 0.40 40.44 0.28 28.94
52.55 0.51 50.95 0.39 39.04
59.84 0.57 56.75 0.44 44.42
66.15 0.62 62.23 0.50 49.71
73.8 0.68 67.51 0.55 54.90
81.01 0.71 71.27 0.60 60.19

more common and the mechanisms of their resistance are evolving
[58]. A. niger is a saprophytic mold which can grow upon different
organic substrates causing deterioration of food [59], archives [60],
and museum collections [61]. It also implicates in mycotoxins pro-
duction [58], nosocomial infections [62], and aspergillosis diseases
[63].

HL and its polymer complexes, as 8-hydroxyquinoline derivatives,
were expected to have fungicidal property since the activity of quino-
line derivatives are attributed to the C-4 and/or C-8 substitution on the
quinolone ring [64]. However, only Cu(Il) polymer complex (1) showed
a significant activity. The presence of chlorine atoms would enhance
the antifungal activity of a compound depending on their positions
(para is the most effective position) and numbers (more groups are the
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more effective) [64]. In addition, copper complexes usually have anti-
fungal activities [65] beside the fact that copper itself damages fungal
cell membrane [66,67]; and also increases liposolubility of the com-
plexes [68].

3.9. Morphological changes in Cu(Il) polymer complex (1) treated A. niger

Both untreated and DMSO-treated mycelia showed the typical
characteristic morphology of A. niger; smooth plump hyphae and large
radiated conidial heads with sterigmata bearing chains of conidia ap-
pear in Fig. 10. Upon treating A. niger with either miconazole or Cu(II)
polymer complex (1), distorted mycelia represented the prominent
morphological changes (Figs. 11 and 12). The mycelial distortion
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Fig. 16. Friendlish adsorption isotherm plotted as 6 vs. log M’ of HL for cor-
rosion of carbon steel in 2M HCl solution from weight loss method at
30 = 0.1°C.

increased with increasing the concentration of the treatments; at
150 pg/ml of Cu(Il) polymer complex (1), the mycelia became squa-
shed. This indicates some modifications in the cell walls, which is ex-
pected upon miconazole treatment; miconazole inhibits the biosynth-
esis of ergosterol (the major fungal cell wall component) [69]. This
morphological malformation is usually associated with altered cell
walls due to stress of antimicrobial chemicals [28].

In addition to the altered hyphae, Cu(Il) polymer complex (1)-
treated A. niger formed reduced conidial heads (Fig. 12); which con-
tained only sterigmata without any conidia at 150 ug/ml (Fig. 12d).
This response was observed under stress of other antimicrobials by A.
niger [70,71]. This defect in sporulation reflects some physiological
changes that may be attributed to cytological changes.

3.10. Cytological changes in Cu(Il) polymer complex (1) treated A. niger

Control untreated A. niger cells showed normal organelles in a
homogeneous cytoplasm enclosed by a regular cell wall with a tight
plasma membrane (Fig. 13a); while control DMSO-treated mycelia be-
came heterogeneous showing some normal cells (Fig. 13b), some pro-
liferated cells (Fig. 13c), and little empty cells (Fig. 13d). By comparing
with controls, Cu(II) polymer complex (1)-treated A. niger cells showed
a characteristic accumulation of autophagic bodies within expanded
vacuoles in addition to other autophagic markers and disruption of cell
membranes (Figs. 14 and 15). But, those treated with miconazole only
showed disrupted plasma membrane and some autophagic markers
(vacuoles and autophagosomes) (Figs. 14 and 15).

Although Cu(II) polymer complex (1) more inhibited A. niger than
miconazole, the plasma membrane in the Cu(Il) polymer complex (1)
treated mycelia was less disrupted than that in miconazole treated ones;
where it was more detached from the cell wall increasing electron-lu-
cent region between them (Figs. 14 and 15); and where cell walls were
also sometimes ruptured and cytoplasmic contents were leaked
(Fig. 14d). This indicates that miconazole rather Cu(II) polymer com-
plex (1) targets the cell membrane and cell wall; miconazole represents
an antifungal targeting cell walls through the ergosterol biosynthesis
pathway [69].

Autophagy was observed by TEM in treated mycelia with DMSO,
miconazole and Cu(Il) polymer complex (1). Autophagy involves a
catabolic mechanism to recycle defective cell constituents (cytoplasmic
proteins and organelles), within vacuoles, under stress conditions [72]
or during normal developmental transitions [73]. DMSO-treated my-
celial cells included little empty cells with autophagosomes fused with
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an expanded vacuole (Fig. 13d); it might have adapted to DMSO stress
through autophagy; hence, showed normal morphology in SEM. Va-
cuoles and autophagosomes also appeared in both miconazole and Cu
(II) polymer complex (1) treated mycelia (Figs. 14 and 15); autopha-
gosome is usually observed by TEM as two parallel membrane bilayers
separated by an electron-lucent region [74]. In Cu(II) polymer complex-
treated mycelial cells (Fig. 15d), stages of a non-selective autophagy-as
described by Voigt and Poggeler [72] was observed (a phagophore non-
selectively engulfs cytoplasm containing proteins and organelles to
form a double-membrane autophagosome; whose outer membrane
fuses with a vacuole; an autophagic body surrounding by the inner
autophagosomal membrane released into the vacuole), but the released
autophagic bodies were accumulated in the vacuoles rather than de-
graded by hydrolytic enzymes for re-use. Thus, Cu(II) polymer complex
(1) appeared to deactivate autophagy in A. niger. Impairment of au-
tophagy in A. niger reduced conidiation considerably [75]; that was
observed by SEM in the morphology of Cu(II) polymer complex (1)-
treated myecelial cells.

3.11. Corrosion studies

One of the most effective methods in metals and alloys protection
from corrosion is the inhibition process. Organic corrosion inhibitors
are better than inorganic salt corrosion inhibitors as they are in-
expensive and less pollution in reducing metals or alloys degradation in
many fields of applications, and which has been extensively in-
vestigated during the last decade [76-78].

3.11.1. Weight loss measurements and adsorption isotherm

Fig. S3 shows the relation between percentage of weight loss and
time during corrosion reaction for carbon steel immersed in 2 M HCI in
presence and absence of HL at concentrations
(1 x 107°-11 x 107°M) at 30 = 0.1°C after 60 min. of immersion.
The resulted surface coverage (0) and the inhibition efficiency (% IE)
values (using Egs. (2) and (3)) are tabulated in Table 8. From values of 6
and % IE, we concluded that by increasing the HL concentration the
surface coverage (0) and the inhibition efficiency (% IE) are increased.
It seems that the HL molecule may form monomolecular layers ad-
sorbing on the surface of the metal thereby protecting corrosion of
carbon steel in 2M HCI [79]. By increasing the temperature, the cal-
culated values of 8 and %IE are decreased as shown in Table 8.

Testing several adsorption isotherms leads to the most suitable one
which is found to be Friendlish isotherm. It can be described by:

log 6 = log Kygs + a log M- (8)

where K,4s is the constant of the adsorption equilibrium, a is the in-
teraction parameter and M~ is HL concentration. By plotting a relation
between 6 versus log M’ as shown in Fig. 16, K,qs can be calculated from
the resulted linear relation. AG®,4s can be calculated from:

Log Kogs = —log 55.5 — AG®,4,/2.303 RT 9)

The value of AG®,4s equals —14.906 kJ mol ~*, the negative value of
AG’ .45 is due to the spontaneity of the adsorption process and the sta-
bility of the adsorbed layer on the carbon steel surface [76]. The values
of K,qs and a equal to 6.683593 M~! and 0.18715, respectively. The
value of AG,gs is —14.906 kJ mol ~ ! which indicates that the adsorption
mechanism is physisorption, as it is known that AG.qs values up to
—20kJmol 1.

3.11.2. Electrochemical Frequency Modulation technique (EFM)

Fig. 17 shows the EFM intermodulation spectra of carbon steel in
2M HCI solution containing different concentrations solution in pre-
sence of different concentrations of HL at 30 = 0.1 °C. The causality
factors (CF-2 and CF-3) are the great strength of the EFM as they serve
as an internal check on the validity of EFM measurement. They are
calculated from the frequency spectrum of the current responses. The
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Fig. 17. EFM spectra for the corrosion of carbon steel in 2M hydrochloric acid in the absence and presence of various concentrations of HL ligand at 30 = 1°C.

Table 9
Electrochemical kinetic parameters obtained by EFM technique for carbon steel in 2 M HCl without and with various concentrations of HL at 30 = 0.1 °C.
Compound Concentration (M) icorres Ba x1073, Be x1073, CF-2 CF-3 0 %IE
uA cm? mV dec™? mV dec ™!
Blank 508.9 170.1 186.1 1.8 2.9 - -
HL 1x10°° 294 120.3 117.3 2.0 3.1 0.481 48.1
3x107° 291.7 118.2 123.2 2.0 2.9 0.482 48.2
5x107° 283.3 121.0 110.1 3.1 2.1 0.508 50.8
7 x10°° 282.2 108.5 116.9 1.9 2.2 0.562 56.2
9x10°° 273.3 122.8 119.3 3.1 2.3 0.593 59.3
11 x 107° 248.6 125.3 119.0 3.2 1.9 0.611 61.1

intermodulation and harmonic peaks are visible and much larger than
the background noise. The two large peaks at 200 pA amplitude are the
response to the 40 and 100 m Hz (2 and 5 Hz) excitation frequencies.
Between the peaks there is nearly no current response (< 100 nA). The
experimental EFM data have been treated using two different models:

1. Complete diffusion control of the cathodic reaction.
2. The “activation” model.
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For activation model a set of three non-linear equations have been
solved, assuming that the corrosion potential does not change due to
the polarization of the working electrode. The corrosion current density
(icorr), the Tafel slopes (B and B,), the causality factors (CF-2 and CF-3)
and the inhibition efficiency (%IE) (Table 9) are calculated from the
larger beaks. Table 9 shows that the corrosion current densities de-
crease and the inhibition efficiencies increase by increasing the con-
centration of HL indicating that this compound inhibit the corrosion of
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Table 10
Electrochemical impedance spectroscopy technique (EIS) for carbon steel in 2 M HCI without and with various concentrations of HL at 30 + 0.1°C.
Compound Conc., M Rs, Qem? Y, x107° nx1073 Rer, Cq, x1074 0 1E%
pQ~ts"em ™2 Qcm? pFem ~2
Blank 1.1 115.7 796.6 53.77 1.80 - -
HL 1x107° 1.174 443.8 774.8 96.60 1.56 0.443 44.3
3x107° 1.141 445 773.9 97.64 1.55 0.449 44.9
5x107° 1.344 468.3 761.9 111.30 1.49 0.516 51.6
7x107° 1.331 456.8 770.1 130.8 1.44 0.588 58.8
9x107° 1.190 447.5 771.1 147.0 1.43 0.634 63.4
11 x 107 1.362 446.7 778.1 193.0 0.48 0.721 72.1
11 x 107 2.453 111.9 868.4 267.7 0.6575 0.94 94.58
resistance and constant phase element, respectively. The impedance
104 —Blank diagrams show a semi-circular appearance which means that the cor-
——1X10°M rosion of carbon steel in 2M HCI is controlled by a charge transfer
3X10°M resistance process. Small distortion was observed in some diagrams may
osd 5X10::M be due to frequency dispersion as a result of surface roughness, dis-
%) 7X10_6M location, impurities, adsorption of inhibitors, grain boundaries, for-
L 9X10°™M mation of porous layers and in homogenates of the electrode surface.
e T1X10°M The data reveal that each impedance diagram consists of a large ca-
£ 00- i : Pect gram 8
< pacitive loop with one capacitive time constant in the Bode —phase plots
E (Fig. S4(b)). By increasing the concentration of the compound, the
W 05 diameter of the capacitive loop increases which was indicative of the
degree of inhibition of the corrosion process (Fig. S4(a)). The observed
high frequency capacitive loop, the semi-circles rolled over and ex-
104 tended to the fourth quadrant, and a pseudo-inductive loop at low
frequency end indicated that Faradic process is occurred on the free
10° 1(')_5 1(')_4 1(')_3 1(')_2 1(')_1 1(')0 electrode sites. The inductive loop is attributed to the adsorption of
species resulting from the carbon steel dissolution and the adsorption of
logi .. A Cm? hydrogen [29].

Fig. 18. Potentiodynamic polarization curves for the corrosion of carbon steel
in 2M HCI in the absence and presence of various concentrations of HL at
30 = 0.1°C.

carbon steel in 2M HCI through adsorption. Increasing the inhibitor
concentrations leads to increasing the inhibition efficiencies % IEggy
and which is calculated from the following equation:

%lEgry = [1 - (icorr/igorr)] % 100 (10)

where i.o° and i.opr are corrosion current densities in the absence and
presence of inhibitor, respectively.

3.11.3. Electrochemical impedance spectroscopy technique (EIS)
Electrochemical impedance spectroscopy technique curves give
valuable information about the kinetics of the electrode processes as
well as the surface properties of the studied system [29]. The Nyquist
curves (Fig. S4(a)) and Bode (Fig. S4(b)) give mechanistic information
about the effect of HL concentration on the impedance behavior of
carbon steel immersed in 2M HCl at 30 = 0.1 °C. Fig. S4(C) shows the
open-circuit potentials that was used in all the impedance spectra
measurements. R, R, and CPE are solution resistance, charge transfer

Table 11

The inhibition efficiency (% IE) was calculated using eq. (4). The
extracted impedance parameters from EIS plots are listed in Table 10.
Increasing the inhibitor concentration leads to increasing the R, values
and decreasing the Cg4 values due to water molecules replacement by
the adsorped inhibitor molecules on the metal surface so, decreases the
extent of dissolution reaction. The high R, values are associated with
slower corroding system [3,29]. Decreasing the local dielectric constant
and/or from the increase of thickness of the electrical double layer
leads to decreasing the Cy, values, indicated that the inhibitor molecules
function by adsorption at the metal/solution interface.

3.11.4. Potentiometric polarization technique

The polarization studies of the carbon steel/2 M HCl in absence and
presence different concentrations of HL at 30 = 0.1 °C is shown in
Fig. 18. It is found that the Tafel-tybe is the dominant behavior. Fig. 18
showed that the existence of various concentrations of HL affected on
the cathodic and anodic reactions of the corrosion process. Some
electrochemical parameters resulted from the polarization curves are
listed in Table 11, including the corrosion current densities (icorr),
corrosion potential (E.), the cathodic Tafel slope (f.), anodic Tafel
slope (B,) surface coverage (0) and inhibition efficiency (% IE) that
calculated from the curves of Fig. 18. From Table 11, we can infer that

Effect of concentrations of HL on the free corrosion potential (Eco,.), corrosion current density (icorr.), Tafel slopes (Ba & Bc), degree of surface coverage (8) and

inhibition efficiency (% IE) for carbon steel in 2M HCl at 30 + 0.1 °C.

Compound Conc, M icorr. X 107*mA cm 2 —Ecorr. mV vs'SEC Ba x 1073, mV dec™? Be X 1073 mV dec™! 0 % IE

Blank 8.12 494 135.0 131.5 - -

HL 1x10°° 3.14 466 115.4 106.4 0.613 61.3
3x107° 2.80 438 73.1 106.8 0.655 65.5
5x107° 2.11 459 102.0 101.3 0.740 74.0
7 x107° 1.95 453 491.1 105.9 0.759 75.9
9x107° 1.92 469 94.7 85.5 0.763 76.3
11 x 10°° 1.79 452 39.6 40.6 0.779 77.9
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by increasing the concentration of HL the corrosion current density
decreases. This indicates that HL acts as inhibitor compound retards the
compound retards the dissolution of C-steel in 2 M HCI solution and the
inhibition efficiency depends on the type of the inhibitor and its con-
centration. The presence of HL inhibitor retards anodic and cathodic
reactions indicating that this inhibitor acts as mixed inhibitor. In-
creasing the inhibitor concentration leads to increasing the inhibition
efficiency.

4. Conclusions

5-(2,3-Dimethyl-1-phenylpyrazol-5-one  azo)-8-hydroxyquinoline
(HL) ligand and Cu?*, Co**, Ni?* and UO,2" polymer complexes are
synthesized and characterized. Coordination polymers were structu-
rally characterized by thermal analysis and spectroscopic studies. The
ligand behaves as a neutral bis(bidentate) ligand when reacting with
Cu?*, Co®*, Ni** and UO,>" ions and undergo coordination through
four sites of coordination (azo dye nitrogen, carbonyl oxygen, phenolic
oxygen and hetero nitrogen from pyridine ring). The XRD patterns show
that HL ligand and its polymer complexes (2 and 4) have a poly-
crystalline nature while polymer complex (1) has completely amor-
phous nature. The calculated geometric parameters and vibrational
frequencies are in good agreement for some of the bands. The molecular
docking studies show that the binding between HL and receptor of
prostate cancer (PDB code 2Q7L Hormone) is better than its interaction
with receptor of breast cancer (PDB code 1JNX Gene regulation). The
binding between HL and its polymer complexes with CT-DNA has been
studied. All the polymer complexes bind to CT-DNA better than their
corresponding ligand (HL). Cu(II) polymer complex (1) is an effective
antifungal against A. niger even more than the miconazole standard
drug; that finding may open a new way to combat resistant A. niger
strains.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.msec.2019.05.012.
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Rates of corrosion for copper were monitored in aerated stagnant 2 M HNOs solutions at different temperatures
(25-55 °C) using Tafel extrapolation method, electrochemical impedance spectroscopy technique, non-
destructive electrochemical frequency modulation (EFM) technique and weight-loss method, accompanied by
EDX examinations, molecular docking, molecular dynamics, and quantum chemical calculations. Some
spiropyrazoles derivatives were introduced as corrosion-safe inhibitors. Compound (1) has the best inhibition ac-
tivity (89.9% at 11 x 10~°M). Tafel plots indicated that these compounds acted mainly as mixed-type inhibitors.
The inhibition process was ascribed to the formation of an adsorbed film on the copper surface that protects the
metal against corrosive agents. EDX examinations of the electrode surface confirmed the existence of such
adsorbed film. The inhibition efficiency increased by increasing the concentration of spiropyrazoles compounds,
while it decreased by increasing the temperature, this expresses on the physical adsorption. Activation energy
has been calculated in the existence and nonexistence of a number of concentrations from spiropyrazoles deriv-
atives by measuring the corrosion rate obtained from the weight loss method at different temperatures. It was
found that the activation energy in the presence of spiropyrazoles derivatives is higher than that in 2 M HNO3 so-

lution alone. The adsorptive behavior of spiropyrazoles compounds followed Freundlich -type isotherm.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Copper is used in electronic productions as conductors, heat ex-
changers, pipelines for water production, and as a conductor in
electrical solid lines to receive their higher conductivities in ther-
mal and electrical mode. Therefore, Cu corrosion and its inhibition
in many solutions have been significant in many researches [1-10].
Nitric acid is the most important corrosive mediums based that fo-
cused on corrosion of copper [11-16]. There is inversely propor-
tional relationship between the movement of heat and the
corrosion yield. Consequently, the increase of the corrosion prod-
uct gives the bad efficiency of the equipment. The periodic cleaning
of the equipment is a significant step, it happens by acids, through
contact by copper metal, hence the corrosion occur [17]. Nitric acid
is important acids, which use in cleaning on a large scale [18].
Therefore, the study of corrosion inhibition of copper in nitric

* Corresponding author.
E-mail addresses: hsgado73@gmail.com (H.S. Gadow), amahmed@uqu.sa
(T.A. Farghaly), a.m.eldesoky79@hotmail.com (A.M. Eldesoky).

https://doi.org/10.1016/j.molliq.2019.111614
0167-7322/© 2019 Elsevier B.V. All rights reserved.

acid is very important. There is a need for novel inhibitors for cop-
per corrosion in acidic media. A thinkable solution to this problem
is to find new ecologically, friendly green corrosion inhibitors
[19-23]. Many organic compounds used as inhibitors for copper
corrosion were toxic compounds that must be substituted by the
novel ecofriendly inhibitors. Azole and pyrazole compounds and
their derivatives are one of the most important inhibitors, which
attract the interest of researchers [24-33]. The corrosion inhibition
by these compounds happens from the precipitation of organo-
metallic complexes into the metal surface, which is a barrier to
the corrosive environment [34-38]. The composition of the inhibi-
tor is one of the main factors that determine the interaction be-
tween metal and inhibitor [39]. Copper gives many-bonds with
the molecules of inhibitors, which contain N and S atoms and het-
erocyclic structure. These bonds are used to hindrance the corro-
sion of copper in the aqueous solutions [40]. Heterocyclic
compounds are used as inhibitors for corrosion of copper in differ-
ent productions processes [41]. Spiropyrazoles derivatives contain
nitrogen atoms that may react with Cu by the lone pair of electrons
to give complexes [42]. These complexes are polymeric form and as
a film (natural hindrance) which are adhesive on the Cu metal. The
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Spiropyrazoles derivatives offer important possibilities for corro-
sion hindrance due to the existence of the heteroatoms in their
molecules. The use of derivatives is important due to the size of
molecules [43-49].

The aim of the current work is to study the impact of some
spiropyrazoles compounds as new compounds on the inhibition of cop-
per corrosion in 2 MHNO; solutions. In our investigation, we used the
chemical method (gravimetric method), electrochemical practices (po-
tentiodynamic polarization, electrochemical frequency modulation, and
electrochemical impedance spectroscopy) based on the theoretical
study.

2. Experimental
2.1. Materials

Gravimetric method and electrochemical investigations in this man-
uscript were carried out on copper coupons having a composition (wt
%): 0.019 Al, 0.001 Nj, 0.116 Si, 0.004 Mn and rest Cu. The copper sam-
ples have dimensions 2.0 cm x 2.0 cm x 0.1 cm for gravimetric method
and 1.0 cm x 1.0 cm x 0.1 cm for electrochemical investigation. These

coupons were automatically cut and scraped with various kinds from
emery papers (300, 500, 800, 1200 grade). The samples were washed
with distilled water, degreased in acetone, dried, and stored in vacuum
desiccator according to the standard tests [50].

2.2. Test solution

The aggressive solutions used were made from HNO5 (6 M) and the
preparation was by dilution of analytical-grade 37% HNO3; (Ramkem)
and its concentration was checked using standardized NaOH. Suitable
concentration (2 M) of acid was prepared by means of dilution utilizing
bi-distilled water. The concentrations of the two compounds ranged
from 1 x 1075 to 11 x 10~® M, and the volume of the test solution
used for weigh-loss method and electrochemical studies was 100 mL.

2.3. Synthesis of Spiropyrazoles derivatives

Table 1 demonstrates the chemical structure of spiropyrazoles deriv-
atives used for this manuscript [51].

Table 1
Chemical composition of some spiropyrazoles derivatives.
Cpd. Name Structure Chemical
no. Formula &
Molecular
Weight
(1) 3'-(3,4-Dichlorophenyl)-2,3",6,7,8,9-hexahydro-2’-phenyl-5'styrylspiro C33H,6CILN,0
[benzocyclo-heptene-6(5H),4’(4H-pyrazol)]-5-one (536.14)
(2) 3'-(3,4-Dichlorophenyl)-2’,5'-diphenyl-2’,3’,6,7,8,9-hexahydrospiro C31H,4CILN,0
[benzocycloheptene-6(5H),4’(4H-pyrazol)]-5-one (510.13)
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2.4. Methods

2.4.1. Weight loss technique

Our investigations in gravimetric experiments were applied accord-
ing to the standard methods [52]. All measurements of weight loss
method (inhibition efficiency (IE%),corrosion rate (CR), and surface cov-
erage (0))were completed through the next equations:
((CR) = Am/At (1)
where T = time (min.), A = objective area (cm?) and A m = the loss
mass. The hindrance yield (% IE) and (6) were calculated from (2):
%IE = [(R*—R)/R*] x 100 = 6 x 100 (2)
where R and R* are the quantities of Cu corrosion in nonexistence and
the existence of our investigated compounds respectively.

These investigations were repeated at different temperatures of

(25-55 °C) via water circulation Ultra thermostat to control the inhibi-
tion efficiency temperature.

2.4.2. Electrochemical tests

The study conducted in traditional three electrodes by using Gamry
potentiostat/galvanostat/ZRA (model PCI300/4). Foil from platinum
was used as a counter electrode and (SCE) as a reference. The copper
electrode was joined from the first side to copper wire to connect
each other electrically. The potential of an electrode was obtained for
half an hour to stabilize earlier first method. The spiropyrazoles com-
pounds Tafel polarization bends were got by adding the potential of
an electrode beginning from —600 to +200 mV vs. OCP used of a scan
rate of 1ImVS™".

The techniques of EFM and EIS were accomplished by using similar
means by a Gamry framework based on ESA400. The gamry device in-
clude EFM140 software for EFM checking and EIS300 for EIS process,
the computer was used as a collector for the data. Echem Analyst 5.5
Software was applied to draw and fit the data.

24.3. EDX - SEM test

The surface of copper was recognized by placing the specimen
for (3 h.) immersing in 2.0 M HNOs in the presence and lack of
higher dose of spiropyrazoles compounds, before that: different
emery papers up to1200 size grit was used for polishing mechani-
cally. The sheets of Cu were examined by utilizing diffractometer
X-ray Philips (pw-1390) by means of Cu-pipes, (“SEM, JSM-T20,
JOEL, Japan™).

2.4.3.1. Quantum chemical calculations. By PM3 semi-empirical way, op-
timizations of the molecular structures were performed. Also, molecules
were examined by using the DMol3 module in Materials Studio version
7.0. A basic set of double number polarization (DNP), the exchange- re-
lationship functions of Becke One Parameter (BOP), and popularized
gradient approximation (GGA) were completed inside the DMol3 mod-
ule. The solvent effects were treated through COSMO controls. From the

two techniques, the different chemical parameters (electronegativity y,
chemical potential Pi, global hardness m and softnesso) were deter-
mined [53,54] as demonstrated in the next equations:

Pi=—y 3)

P; = (Erumo + Enomo)/2 4)

M = AE/2 = (Erumo —Enomo)/2 (5)
By the global hardness the softness is designated o:

o=1/n (6)

The electronegativity and global hardness were utilized to calculate
the fraction of electrons transferred(AN) as shown from the next equa-
tion:

(7)

where yc, and y;, giving the absolute electronegativity of copper and
molecules of inhibitors, respectively.

According to Pearsons electronegativity scale, the electronegativity
of copper is 4.48 and its hardness is 0 eV/mol [55].

AN = (Xcu=Xinn)/2(Mcu —Minh)

2.4.3.2. Molecular dynamics simulation. In our study, the simulations of
molecular dynamics (MD) were accomplished by means of Materials
Studio version 7.0 using adsorption Locator module [56]. In the adsorp-
tion process for the molecules of our derivatives compounds on the Cu
surface, the adsorption Locator module is a simulation module. Simu-
lated box (32.27 A x 32.27 A x 50.18 A) was used to proceed Cu (111)
with periodic boundary situations to simulate a typical part of the inter-
face bypass any arbitrary boundary effects. To optimize the energy of
molecules of our compounds, we used the forcite classical simulation
engine. Firstly, the surface of Cu (111) was constructed, after Cu (111)
surface area was increment and by creating a supercell, its periodicity
was modified, and a vacuum block with a density of 20 A was con-
structed on the surface of Cu (1 1 1) at that point [57]. After reducing
the surface of Cu (1 1 1), and the molecules of the investigated com-
pounds, the system of corrosion was shaped by layer builder. This is
the molecules of studied compounds on the surface of Cu (111), and
the condensed phase optimized molecular potentials for atomistic sim-
ulation studies force field (COMPASS) that was used to imitate the atti-
tude of the molecules of investigated compounds adsorption on the
surface of Cu (11 1). Adsorption detector determines the possibility of
adsorption configurations of the investigated compounds molecules
on Cu (111) surface by applying Monte Carlo examinations. Thus, the
adsorption conformation and its influences on inhibition efficiencies of
our investigated compounds was obtained [58].

24.3.3. Molecular docking calculation. In our research, we carried out the
Docking calculations using DockingServer [59]. In this technique, we
used the MMFF94 force field (2) to minimize the energy of the ligand
molecule (1). we added Gasteiger partial charges to the ligand atoms.

Table 2
Weight loss data for copper in 2MHNO5 solution for numerous concentrations from compound (1) after 90 min., at (25, 35) °C.
Conc., ppm 25°C 35°C
Am 0 % IE CR, Am 0 % IE CR,
mg/cm? mg/cm? min mg/cm? mg/cm? min
Blank 3.880 - - 0.0430 3.926 - 0.0436
0.1x107> 0.640 0.835 83.5 0.0070 1.056 0.730 73.0 0.0117
03x107° 0.607 0.843 843 0.0067 1.014 0.741 74.1 0.0113
0.5x107° 0.543 0.860 86.0 0.0060 0.966 0.754 75.1 0.0107
0.7x107> 0.479 0.877 87.7 0.0053 0.909 0.769 76.9 0.0101
09x107° 0.406 0.895 89.5 0.0045 0.860 0.781 78.1 0.0096
1.1x107° 0.392 0.899 89.9 0.0044 0.812 0.793 79.3 0.0090
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Table 3
Values of weight loss experiments of carbon steel in a 2MHNO; solution for several concentrations of compound (1) after 90 min., at (45, 55) °C.
Conc., ppm 45°C 55°C
Am 0 % IE CR, Am 0 % IE CR,
mg/cm? mg/cm? min mg/cm? mg/cm?min
Blank 4.592 - - 0.0510 5.190 - - 0.0588
0.1x107° 1.802 0.607 60.7 0.0200 2.879 0.449 449 0.0320
03x107° 1.786 0.611 61.1 0.0198 2.851 0.451 45.1 0.0317
05x107° 1.736 0.621 62.1 0.0193 2.806 0.459 45.9 0.0312
0.7x107° 1.705 0.629 62.9 0.0190 2.768 0.467 46.7 0.0308
09x107° 1.677 0.635 63.5 0.0186 2.729 0474 474 0.0303
1.1x107° 1.635 0.644 64.4 0.0182 2.682 0.483 48.3 0.0298

Non-polar hydrogen atoms were combined, and rotatable bonds were
definite. Docking calculations were applied on 3hb5 -
OXIDOREDUCTASE protein model.The vital hydrogen atoms, Kollman
united atom type charges and solvation parameters were added by
the aid of AutoDock tools [60]. Affinity (grid) maps of 20 x 20 x 20 A
grid points and 0.375 A spacing were established using the Autogrid
program [61]. In the calculations of van der Waals and the electrostatic
terms, we used AutoDock parameter and distance based dielectric
functions.

Docking simulations were completed by using the Lamarckian ge-
netic algorithm (LGA) and the Solis & Wets local search method [62].
Randomly, initial position, orientation, and torsion of the ligand mole-
cules were determined. Each docking experiment was resultant from
10 different runs that were set to terminate after a maximum of
250,000 energy evaluations. The population size was 150. During our re-
search, a translational step of 0.2 A, and quaternion and torsion steps of
5 were applied.

3. Results and discussion
3.1. Results of weight loss

3.1.1. The effect of temperature and inhibitor concentration

The corrosion parameters [the efficacy of inhibition (%IE), corrosion
rate (CR) and surface coverage (6)] in 2 M nitric acid solutions in the ex-
istence and non-existence of different concentrations (1 x 1076-11
x 107 M) of spiropyrazoles derivatives at varies temperatures
(25-55 °C) obtained from weight loss technique shown in Tables 2
and 3. Tables 2 and 3 and Fig. 2 show that inhibition efficiency improved
by increasing the concentrations of the spiropyrazoles derivatives. The
efficacy of inhibition for these compounds at11 x 10~ M was 89.9 for

Compound1

0.054

C.R.(mg/cm®min.)

0.00

L] M I M ) M J M J M J M )
Blank 1x106 3x10-6 5x106 7x106 9x106 11x10-6
Conc.(M)

C.R.(mg/cm®min.)

compound 1 and was 80.9% for compound 2 (the results not shown)
at 25 °C. By increasing the concentration of our investigated com-
pounds, the coverage on the metal surface by inhibitor molecules in-
creases that gives increasing in the inhibition efficiencies [63]. It is also
clear from (Tables 2 & 3 and Figs. 1 & 2) that, the inhibition efficiency
lessens, and the corrosion rate increase by increasing the temperature
from 25 to 55 °C. These actions were explained on the base that the in-
crease in the temperature gives equilibrium constant shift to desorption
of the inhibitors molecules from the surface of copper [64]. The inhibi-
tion efficiency of compound1 is greater than compound?2 in all cases
(change in temperature or change in concentration).

3.1.2. The effect of temperature on activation parameters

The corrosion is considered as Arrhenius process, that means, the
corrosion rate can be used to calculate the apparent activation energy,
Ea, by Arrhenius equation:

Log CR = log A—(Ea./2.303RT) (8)

where C.R. is the corrosion rate, A refers to Arrhenius constant, R stems
for constant for molar gas and T refers to the absolute temperature.

Arrhenius plots were demonstrated in Fig. 3 [log (C.R) versus 1/T]
which gave straight lines with slopes [ —E,/2.303R], so the values of E,
can be determined. The enthalpy change (AH*) and entropy (AS*) of ac-
tivation can be calculated from the transition state theory [65].

C.R. = (RT/Nh)exp.(AS*/R)exp.(-AH*/RT(9) where the character
gives Planck's constant and symbol N gives number of Avogadro.

Straight lines were obtained for two compounds by plotting log (C.R/
T) versus 1000/T. where Fig. 4 presents the transition state plots of two
compounds. The slopes of the lines (-AH*/2.303R) were used to calcu-
late AH*, and the entr/opy of activation (AS™) is calculated by using

0.08
Compound2
0.06 4 25'c
—8—35C
+450C

0.04 4
L T

0.024

Blank 1x10-6 3x10-6 5x106 7x10-6 9x10-6 11x10-6

Conc. (M)

Fig. 1. The corrosion rate of various concentrations from compounds (1 & 2) on the copper surface in 2 M HNOs at 25-55 °C.



H.S. Gadow et al. / Journal of Molecular Liquids 294 (2019) 111614

ompound1

904 C
85.] f

w 65+ N N N
2 1 a A .
60. ——25'C
554  —e=35C
] —a—a5Cc
{ =vs55C v —
454 \ \4 M

T v T T v T T v T
1x106  3x106 5x106 7x106 9x10-6 11x10-6

5
Compound2
80
704
w J
ES
60
4 _/
v
?——*7 M
) 2 S —
1x106  3x10-6 5x10-6 7x10-6 9x10-6 11x10-6
Conc.(M)

Fig. 2. Variation of the inhibition efficiency with different concentrations from compounds (1 & 2) on the copper surface in 2 M HNOj3 solution at 25-55 °C.

the intercepts of these lines [log(R/Nh) + AS*/2.303R]. The obtained in good correspondence with other work [66]. The activation energy in-
data listed in Table 4 show that the E, for blank solution =19.62 K]/ creases in the existence of spiropyrazoles derivatives as inhibitors. The
mol and this activation energy of the corrosion of Cu in 2.0 M HNOs is higher value of E, in the presence of two compounds is attributed to
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Fig. 3. log C.R. vs. 1/T (Arrhenius relation) for the copper surface in 2 M HNO5; with adding and without adding several concentrations from compounds (1&2).
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Fig. 4. The relation between log C.R./T vs. 1000/T for the copper surface in 2 M HNO; without adding and adding several concentrations from compounds(1&2).

their adsorption nature on the copper surface [67-70]. Increasing the
concentration of inhibitors is combined with increasing in the activation
energy. This refers to typical physical adsorption mechanism [71]. The
results also revealed that A H* has positive value reflecting the endo-
thermic nature of the corrosion process. The entropy values (AS*) in
the existence of spiropyrazoles derivatives were negative indicating
the activated complex in the attribution determining step that give an
association rather from the dissociation step. This illustrates that the
preliminary state was lower order than that at the activated molecules
[72,73].

3.1.2.1. Adsorption isotherm. It is clear that the anticorrosion action of ex-
amined derivatives is due to their tendency to interact and adsorb at the
copper/solution interface. The adsorption mode is dependent on the

Table 4
Activation parameters for copper corrosion in 2MHNO3 without and with inhibitors.
Conc.(M) E", AH" -AS*Jmol ! logA
Kimol™'  Kjmol~! K!
Compound 1 Blank 19.62 12.96 229.57 2.03874
01x107° 35.48 37.50 160.35 488313
03x107° 41.13 385 157.20 5.04058
0.5x107° 43.60 40.97 149.75 5.43133
07x107° 46.57 43.93 140.70 5.90528
09x107° 50.32 47.65 129.30 6.50384
1.1x107° 50.76 48.11 128.11 6.56562
Compound2 0.1 x 107> 20.61 19.99 160.97 1.94394
03x107° 21.05 20.85 159.023 2.04714
0.5x107° 23.10 22.89 153.24 2.35251
0.7x107> 26.30 26.05 143.98 2.84254
09x107° 2743 26.81 149.00 2.77865
1.1x107° 30.58 30.24 133.11 3.42765

molecular structure, solution chemical composition, nature of corroding
copper surface and electrochemical potential at copper/solution inter-
face, one or more of the three main types of adsorption: i-bond, electro-
static adsorption (physical adsorption) and chemisorption [75]. The
attitude of the adsorption of spiropyrazoles derivatives on the copper
surface can be discovered by finding a suitable isotherm. The weight
loss experiments data at different temperatures were used, and fitted
with different mathematical adsorption isotherm expressions. The ad-
sorption of the spiropyrazoles derivatives was the best designated by
Freundlich isotherm according to the following equation [76]:
log® =n log C+ log K,gs (10)

The Freundlich isotherm describes the relationship between
adsorbed compounds molecules, their intermolecular reaction, and ef-
fect on the mechanism of adsorption [68] constant that reveal the num-
ber of adsorbed compounds molecules, K.qs is the adsorption-
desorption equilibrium constant illustrating the intermolecular

Table 5
Adsorption parameters on copper corrosion inhibition by compounds (1 & 2) obtained
from Freundlich adsorption isotherms.

Temperature °C  R? n logK —AGP (Kj/mol)
Compound (1) 25 0.99227 0.0951 0.3528 11.28
35 0.98986 0.0711 0.1819 1135
45 0.97502 0.0657 0.1198 10.96
55 0.98773 0.0459 —0.0271 10.33
Compound 2 25 0.99604 0.0560 0.2333 11.97
35 0.99476 0.0568 0.1800 11.36
45 0.98991 0.0497 0.0555 11.36
55 0.98648 0.0544 —0.0484 10.78
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Fig. 5. Freundlich adsorption isotherm of compounds (1 & 2) on copper in 2NHNOs at different temperatures.

strength of the adsorbed layer. By increasing the temperature, and de-
creasing the adsorption equilibrium constant (K,qs) value, the adsorp-
tion on the copper surface for the two inhibitors is at a lower
temperature. Thus, by increasing the temperature, the adsorbed inhibi-
tors tended to desorb from the copper surface [77,78].

In our study, we used the free energy of adsorption AG® 45 to charac-
terize the interaction of adsorbed molecules and copper surface
(Eq. (11)):

AG ° 395 = —RTIn (55.5 x Kyqs) (11)

Symbol (R) is the gas constant (8.314 J/K. mol), symbol T is the abso-
lute temperature in Kelvin and the value 55.5 reveal the concentration
of water in the solution, where was given by mol/L [79]. The parameters
of adsorption for the two compounds in 2MHNO; are given in Table 5.
The negative value of AG®,4s confirms the process of adsorption and
constancy of the adsorbing layer on the copper surface. By increasing
the temperature, the stability of the adsorbed layer decreases. The
values of AG,q4s show the kind of adsorption, because it is physically
when the negative values less than —20 KJ/mol, and when the negative
values are higher than —40 KJ/mol, it includes sharing or transfer of
electrons from the inhibitors to the copper surface to form a coordinate
type of bond (Chemisorption) [80]. According to the experimental data
in Table 5, the calculated values of AG®,4s were negative and less than
-20KJ/mol. The values of AG’,4s for two compounds in the range
from10.33 KJ/mol to 11.97 KJ/mol indicate that the molecules of two
compounds are adsorbed on the copper surface by a strong physical

Table 6

adsorption process. The negative free energy value reveals a strong
and spontaneous adsorption of the two investigated compounds on
the surface of copper, which gives the reason for the increasing inhibi-
tion efficiency. Thus, the proposed mechanism for the two inhibitors
system is based on the physical adsorption. In general, the adsorption
may be improved by the existence of hetero - atoms like O/N/S atoms,
which give lone pair of electrons, in the molecules of compounds,
make the adsorbed electrostatically on the copper surface forming in-
soluble stable films and thus decreasing copper dissolution (Fig. 5).

3.2. PP study

The important information about the kinetic of anodic and cathodic
reaction can be provided by potentiodynamic polarization measure-
ments (pp study) [81]. From Tafel polarization curves for copper was
immersed in 2 M HNOs in the absence and presence of different concen-
trations from spiropyrazoles derivatives, the electrochemical corrosion
parameters were derived [the corrosion potential (Eco,;), corrosion cur-
rent density (icorr), and the anodic and cathodic Tafel constants (3a and
Bc)]. Table 6 and Fig. 6, show that the values of corrosion currents de-
crease with the increase in the concentrations of two compounds. Nitric
acid is a strong copper oxidizer and capable of fast attacking copper. Fur-
thermore, the potentiodynamic polarization curves in Fig. 6 show no
steep slope in the anodic range, revealing that no passive films are
formed on copper surface. Then, copper may directly dissolve in 2 M ni-
tric acid. From Pourbaix diagram for copper-water system [82,83], the
copper is corrode to Cu™*? in nitric acid solutions, and no oxide film is

The effect of concentration of the of spiropyrazoles derivatives on the free corrosion potential (Ecorr), Tafel slopes (p>a & {3c), corrosion current density (icorr), inhibition efficiency (% IE;)

and degree of surface coverage for the corrosion of copper in 2 M HNO3 at 25 + 1 °C.

Comp. Conc., - Ecorr Rp icorr Ba Be - [¢] %1E p

M. (mV vs. SCE) ohm (puA/cm?) (mV/dec) (mV/dec)
Blank 9.47 2.93 156.50 54.0 156.0 - -

(1) 0.1x107° 8.90 10.92 31.50 56.7 1553 0.798 79.8

0.3x107° 9.92 11.30 26.90 47.7 150.0 0.828 82.8

0.5x107° 6.17 11.50 24.70 51.2 153.7 0.842 84.2

0.7 x 1077 14.50 12.07 20.50 60.4 154.1 0.869 86.9

09x107° 8.96 14.61 19.60 52.2 148.0 0.874 87.4

1.1x107° 12.70 14.98 17.12 46.5 159.5 0.891 89.1

(2) 0.1x107° 6.83 6.83 46.50 48.2 139.7 0.703 70.3

0.3x107° 6.29 7.80 36.20 53.6 148.3 0.767 76.7

0.5x107° 12.20 8.35 28.20 56.2 156.0 0.820 82.0

0.7x 1077 13.30 9.18 24.30 56.0 145.0 0.845 84.5

09x107° 9.34 9.34 20.50 53.2 137.0 0.869 86.9

1.1x107° 8.55 9.81 19.2 61.1 145.0 0.875 87.5
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°C.

formed to give protection for the surface from corrosion [84]. Copper
dissolution is expected to be the controlling reaction in nitric acid solu-
tions. If the displacement values of E in the presence of two inhibitors
>4 85 mV related to E.,,, of the blank solution, the inhibitors are clas-
sified as cathodic or anodic - type inhibitors and the inhibitors can be
classified as a mixed type inhibitor if the displacement in Eo;r <+
85 mV [85-87]. Table 6 data explained slightly change in anodic and ca-
thodic Tafel slopes by increasing the concentrations of Spiropyrazoles
derivatives. This recommended that the mechanism of inhibition in
the existence and nonexistence of our investigating derivatives not

144 |[—®—compound 1
—@—compound2

Rp(ohm)
©
1

L] v T v T v lJ v U v T v L]
Blank 1x10-6 3x10-6 5 x10-6 7x10-6 9x10-6 11x10-6
Conc.,M

Fig. 7. Polarization resistance for the Cu corrosion existence and nonexistence of altered
doses of examined compounds (1,2) at 25 4 1.0 °C.

affect both the anodic and cathodic reactions [88-90].The dissimilarity
in the values of E.,, is small, this demonstrated that the investigated de-
rivatives act as a mixed-type inhibitor [91-93]. From this technique,
Table 6 shows i.y reduction with attending our investigated com-
pounds and increases % IE with improving the dosage. The %IEp de-
signed was applied as the next:

%IEp = 100 x [(i®corr—icorr) /i%corr] (12)

where; i°.orr and icorr are the currents of corrosion in the presence and
an absence of investigated compounds correspondingly. Fig. 7 demon-
strated that the increase in the polarization resistance by increasing
the doses of our examined compounds cause the adsorption of these
compounds on the copper surface [94]. The %IE,, of spiropyrazoles deriv-
atives follow the arrangement: (1) > (2).

3.3. EIS tests

EIS is a rigorous examination in the manuscript of corrosion [95-98].
The equivalent circuit (Fig. 8) measured the values from impedance for
a copper electrode in the existence of various concentrations from
spiropyrazoles derivatives. Such circuit consists of constant phase

CPrPE
T
—_ —
- L

R,

Fig. 8. Equivalent circuit used to fit the result of EIS.
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Table 7

Electrochemical kinetic parameters obtained from the EIS technique for copper in 2 M HNOs in the absence and presence of different concentrations of spiropyrazoles derivatives at 25 + 1

°C.

Comp. Conc., Rs Y. 10 n3 i Ret Car (HF/cm?) 0 %IE
M. (Q cm?) (n~1sm) (Q cm?)
Blank 1.886 + 0.016 955.3 + 16.53 679.4 + 2.70 200.7 + 2.135 438 - -
(1) 0.1x107° 1.941 + 0.009 341.1 £ 3.91 7643 £+ 1.72 1007.0 + 11.75 2.60 0.800 80.0
03x107° 1.993 + 0.009 366.4 + 4.03 780.5 + 1.73 1142.0 + 14.12 2.56 0.824 82.4
0.5x107° 1.043 + 0.009 366.2 + 4.01 765.5 + 1.74 1245.0 + 16.10 2.45 0.838 83.8
0.7x107° 1.054 =+ 0.009 302.3 + 3.36 779.1 + 1.76 1263.0 + 15.13 2.30 0.841 84.1
09x107° 1.175 + 0.010 351.0 + 3.86 7787 £ 1.75 1290.0 + 16.22 2.00 0.844 84.4
1.1x107° 1.015 =+ 0.009 250.0 + 2.78 784. + 1.68 1389.0 + 16.04 1.86 0.855 85.5
(2) 0.1x107° 1.953 + 0.008 416.0 £ 5.6 788.8 + 2.05 4322 + 4.16 3.08 0.535 535

03x107° 1.963 + 0.008 3884 + 477 764.5 + 1.86 702.6 + 7.65 2.96 0.714 714
0.5x107° 1.954 + 0.008 291.0 + 3.58 800.3 + 1.85 770.5 + 7.77 2.87 0.739 739
0.7x107° 1.989 =+ 0.009 4299 + 5.06 763.4 + 1.83 798.0 + 9.36 2.86 0.748 74.8
09x107° 1.016 = 0.009 404.1 + 4.72 776.9 + 1.84 837.2 £ 9.75 2.78 0.760 76.0
1.1x107° 1.975 + 0.009 361.0 + 4.23 768.7 + 1.80 888.2 + 10.07 2.62 0.774 774

elements (CPE) instead capacitors for giving numerous kinds of non- equation [103]:

homogeneities perfect of corroding electrodes such as; grain bound-

aries, deficient polishing, impurities of the surface and the roughness %IE — 6 x 100 — {] _ (Roq/Rct)} « 100 (15)

of the surface [99]. The two parameters (Yo and n) were used in our ex-
amination to express mathematically on frequency, where the imped-
ance of copper reliant on it [100].

Zepe = Yo ' (joo)" ! (13)

The CPE coefficient appointed by symbol Y, imaginary number and
sine wave angular frequency particular by symbols j> = —1 and o re-
spectively. Character » equal 2mif, where f is the AC frequency. In actual
experimental conditions, the values of n are between 0 and 1, because of
numerous reasons, as dielectric constant, the roughness of the electrode
and surface heterogeneity. In our investigation, the n values for
2MHNO3 are a blank compared to the system of inhibition where the
copper surface is comparatively more homogeneous, that is because of
the uniform adsorption for molecules of spiropyrazoles derivatives on
the copper surface [101]. The subsequent equation confirmed how the
double layer capacitance calculated (Cq) [102]:

Cq = Yow" 1/ sin [n (11/2)] (14)

In the present investigation, we considered the stage of surface cov-
erage (0) and the efficiency of inhibition (%IE) through the subsequent

The resistance of charge transfer is with and without adding the in-
vestigated compounds articulated by R and R respectively. Addition-
ally, it has film formation or coating on the surface. Cy, (the electrical
double layer), Rs (solution resistance), R (charge transfer resistance),
and diffusion of ions give capacitance. Numerous of impedances happen
as the result of locomotion of charges on or far from the copper surface;
several impedances are because of anions and cations adsorption. The
information, which obtainable from Table 7, exemplify impedance pa-
rameters for copper in 2MHNO; with and without adding different con-
centrations from examined compounds. The got diagrams [Nyquist and
Bode plots] for copper in the existence of several concentrations from
compound 1 are depicted in Figs. 9, 10 (the other compound not
shown). As demonstrated in the Bode plots in Fig. 10, at the low fre-
quency region, the values of impedance increase in the presence of
our compounds by two-fold compared to their absence, which show
the remarked corrosion inhibition of the studied our compounds. Fur-
thermore, increasing in the concentration of our compounds leads to
the increase of the frequency range and the maximum phase angle
representing the efficient adsorption of our compounds molecules on
the surface of copper. The Nyquist figure showed that the diameter of
the semicircle growths by increasing the concentration of the studied
compound. Consequently, the charge transfer resistance of corrosion re-
action increases. This leads to high resistance that is confirmed by the
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Fig. 9. EIS Nyquist bends for Cu surface without and with of altered doses of composite (1) at 25 4 1 °C.
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Fig. 10. EIS Bode bends for Cu surface without and with of altered doses of composite (1) at 25 4 1 °C.

adsorbed molecules of examined compounds at the copper -solution in-
terface [104]. The Nyquist plots presented the deviation from the theory
of EIS, and it does not closed as expected. The nonconformity from ideal
semicircle was because of the frequency dispersion and the inhomoge-
neity of the copper surface [105]. The decreasing of local dielectric con-
stant and/or the increasing in the thickness of the electrical double layer
are the result from adding different concentrations from examined
compounds that give decreasing in Cy4 compared to the blank solution.
This, as a result, the adsorption of spiropyrazoles derivatives molecules
at the copper/interface of solution [106-108]. The presented impedance
charts with very nearly semicircular presence, proving the process of
charge transfer and this process principally controls the corrosion of
copper [109,110]. This technique was examined at corrosion potential,
Ecor and through a frequency range of 10°Hz to 0.1 Hz and a signal ca-
pacity perturbation of 10 mV. The order of % IE: (1) > (2).

3.4. EFM tests

In the present study, we used the EFM technique because it is no
damaging corrosion investigation method, which can assume and rap-
idly assesses the current corrosion value without previous information
from Tafel slopes [111]. The causality factors appear as an internal scan-
ning on the accuracy of EFM tests [112]. From the frequency spectra cur-
rent, CF-2 and CF-3 were obtained. The signal in this technicality is a
small AC signal alike EIS system, but the two techniques have a discrep-
ancy, for the cause that, EFM has two sine waves (at differs frequencies)
which are used to the cell with each other. Because of the current is a
nonlinear function for potential, the system responds in a nonlinear
way to the potential excitation. The current response has the input

frequencies, and frequency components (variance, sum, and manifold
of the two input frequencies). For determination the length of the ex-
periment, the frequencies have to tiny, integer multiples of the base of
frequency. Table 8 demonstrated the corrosion parameters. Table 8
proves that good quality for examined values of causality factors. The
steady data 2 for CF-2 and 3 for CF-3. The values deviancy of causality
factors from the standard values happen because of noise. The deviance
of values for causality factors from the standard values happen because
of noise. Found a causal connection between the response signal and the
perturbation signal when happening matching between the experi-
mental values and theoretical values for causality factors, the data are
supposed to authoritative [113]. From our search, we found that by in-
creasing the doses of our investigated derivatives, the densities of corro-
sion current decrease (Fig. 11). At the same moment, the inhibition
efficiencies for studied derivatives increase. Depending on the subse-
quent equation, the inhibition efficiencies for this technique were calcu-
lated:

%IEgem = 0x100 = 100 x{] - (im/iom)] (16)

Symbols icorr and i%,, are equivalent to the densities of corrosion cur-
rent in the existence and nonexistence of different concentration from
examined derivatives. The dissimilarities between the individual
methods and the numerous models, which used for the interpretations,
make changes in the inhibition efficiency (%IEggy) [114,115]. By putting
a potential perturbation, signal amplitude 10 mV using two sine waves
from 2 to 5 Hz, EFM technique was used. There are three factors which

Table 8
Electrochemical kinetic parameters obtained by EFM technique for copper in 2 M HNO; without and with various concentrations of spiropyrazoles derivatives. at 25 4+ 1 °C.
Comp. Conc., icorr Ba —Pc CF-2 CF-3 CR 0 SIEEEM
M. (puA/cm?) (mV/dec) (mV/dec)
Blank 102.20 54.55 133.20 1.96 2.98 60.27 - -
(1) 01x107° 21.19 68.96 124.00 1.93 2,92 9.70 0.792 79.2
03x107° 21.09 52.99 135.00 1.84 2.96 9.66 0.793 79.3
05x107° 20.47 73.83 129.10 1.79 2.81 9.37 0.799 79.9
0.7x107° 18.26 65.57 133.50 2.01 3.06 8.36 0.821 82.1
09x107° 17.97 65.42 123.80 1.75 3.11 8.23 0.824 82.4
1.1x107° 13.55 64.02 136.20 2.20 3.05 6.20 0.867 86.7
(2) 0.1x107° 24.92 62.91 143.20 1.81 2.84 11.42 0.756 75.6
03x107° 24.46 51.57 135.01 1.85 3.23 11.21 0.760 76.0
05x107° 24.26 55.68 139.90 1.90 2.85 11.06 0.762 76.2
0.7x107° 24.02 64.50 134.00 1.78 313 11.01 0.764 76.4
09x107° 21.77 77.95 127.70 1.73 2.81 9.97 0.786 78.6
1.1x107° 21.71 66.83 128.50 1.84 3.23 9.94 0.787 78.7
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Fig. 11. EFM plots for corrosion of copper in 2 M HNOs in the existence and nonexistence of several concentrations from investigated compound (1) at25 + 1 °C.

control the choice of frequencies [116]. The order of %IEggy, obtains from
experiments are (1) > (2).

3.5. EDX and SEM examinations of the electrode surface

In our study, we used EDX survey spectra to set the elements, which
existed on the surface of copper before and after contact by the solution
of inhibitor. Fig. 12 gives spectra for exposed copper samples for 3 h in
2MHNO; with and without added 11 x 10=® M spiropyrazoles

derivatives. Fig. 12 depicts the EDX tests of Cu and the existence of 11
x 107 M of spiropyrazoles compounds. These values show that the O
and C atoms increase on the surface of copper in the presence of the in-
hibitors because of the adsorption of these inhibitors on the surface of
copper [117]. The elemental distribution has achieved in Table 9.

Fig. 13 presented the micrograph because of Cu specimen absence
and presence 11 x 10~% M of spiropyrazoles compounds after contact
for 3 h dipping. The surface of copper offers the corrosion destructive
in the coins put in the blank. We noticed the formation of a film,
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Table 9

Surface composition (weight %) of Copper in 2 M HNOj3 solution after immersion for 3 h
without and in presence of 11 x 1076 M of spiropyrazoles derivatives.
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Fig. 12. EDS analysis of Copper in 2 M HNO; solution after immersion for 3 h without and in presence of 11 x 10 ~® M of spiropyrazoles derivatives.

(Mass %) C (o] Al Cu

Pure sample 9.28 1.90 0.47 88.36
Blank 11.99 1.52 - 86.49
Compound (1) 13.03 1.88 - 85.09
Compound (2) 11.87 1.92 0.95 85.25

(Pure sample)

which spreads in a random overall Cu surface, owing to absorved
spiropyrazoles derivatives on the Cu surface to give the passive coat to
block the active sites, which found on the surface of Cu [118,119].

3.6. Quantum chemical calculations

In our study, we presented the relationship between the inhibitive
action of investigated compounds and their molecular structures using
quantum chemical calculations. Table 10 shows the intended quantum
chemical parameters for the examined compounds, especially Eyomo,
Eiumo, the hole of energy AE, molecular surface area, and dipole

(compoundl)

(compound?2)

Fig. 13. SEM images of Copper in 2 M HNOs solution after immersion for 3 h without and in presence of 11 x 10 ~¢ M of spiropyrazoles derivatives.
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Table 10 moment . The improved structure, LUMO and HOMO orbitals for the
The quantum measurements for investigated spiropyrazoles derivatives. molecules of our compounds were shown in Figs. 14, 15. The data of
Factors Comp. (1) Comp. (2) Enomo focused on the facility of the molecules to give electrons to a suit-
V3 “Enomo (eV) .99 0288 able acceptor owing vacant molecular o'rbltals. The E;ymo values expre;ss
Erumo (eV) 1153 0.65 the strength of these molecules to receive electrons. The more capacity
AE (eV) 7.837 8.638 the molecules to accept electrons at few values of E;ymo, the higher
m (eV) 3.92 432 values of Eyowmo for the compound, the more ability of the compound
o (.ev)_l 0.255 0.232 to give electrons to the unoccupied d-orbital of the copper surface,
-Pi (e.V) 5.072 4.969 . .
 (eV) 5072 4969 and give more protection [120,121]. Table 10 shows that compound 1
dipole moment I (debyes) 5248 4898 presents the maximum values of energy Eyomo by two used methods
Molecular area (A° %) 534.83 502.308 which are PM3and DMol3. Thus, it may give the maximum corrosion
ANpmax (€) 0.0755 0.0566 protection. When the values of energy gap are low, the reactivity of
DMol3 -Enomo (V) 4599 4472 : -
Eoone (eV) 9595 2139 the.mo!ea.llgs increases and the small energy gap.val.ues gives good cor-
AE (eV) 2074 2333 rosion inhibitors. This is due to the reduction of ionization energy that
n (eV) 1.037 1.167 are necessary to eliminate an electron from the outer shell orbital
o (eV)-1 0.964 0.857 [123]. From the previous data, the soft molecules have a small energy
'P(‘J“;)) 3'22 g;} gap, and they are more polarizable and associated with great stability,
dipole mofflem 1 (debyes) 6.894 6275 so these molecules provide more protection. Table 10 describes that
Molecular area (A° 2) 498.61 45451 compound (1) has the lowest AE by PM3 semi-empirical method and
ANmax(e) —0.444 —0.501 DMol3 module. This shows that compound (1) has more reactivity
than compound 2, and more facility to adsorb on the Cu surface. Thus,
it has better presentation of corrosion protection, which is in good
agreement with the investigational data. AE suggests that the
COMP. 2
Optimized
Structure
HOMO
LUmMoO

Fig. 14. The molecular structures optimization, LUMO and HOMO of the protonated inhibitor molecules using PM3 module.
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2

Optimized
Structure

HOMO

LUMO

Fig. 15. The molecular structures optimization, LUMO and HOMO for the protonated inhibitor molecules utilizing DMol3 module.

arrangement of inhibitors efficiency is 1 ~ 2 as the same order
occasioned from experimental methods. The dipole moment also is
used to justify the structure [124]. The powerful dipole-dipole interac-
tions between the surface of copper and investigated compounds are
as a result of high values of 1 for these compounds. Thus, the adsorption
on the copper surface becomes durable and thence resulting in better [E
% [125]. Softness o, absolute hardness 1) and reactivity of molecules are
among other properties and are used to exam the stabilization. The mol-
ecules, with larger energy gap, are harder than molecules, with less en-
ergy gap. The molecules, that are soft, considered more reactive than
hard ones because they give electrons to an acceptor. For the simple
transfer of electrons, adsorption may occur at the part of the inhibitor
molecule where o is a native property and has the maximum value
[126]. In the classification of corrosion, the molecules of our compounds

become a Lewis base but the metal becomes a Lewis acid. The soft base
inhibitors are more effective than bulk metals that is consider soft acids
in acidic corrosion for our metal.

Table 10 shows the comparatively best agreement of Pi and AN with
the inhibition efficiency according to the factors. This means that the
reasons improve in Pi, and AN and reinforce the electronic releasing
power of the inhibitor molecule. The confirmed value of AN of inhibition
effect is resulted from electrons donation [127-129], if AN is <3.6, the
capability of electrons donation and the inhibition efficiency increase
on the metal surface [130].The used two methods presented a correla-
tion between the molecular area of the molecule and the efficiency of
protection. By increasing the area of the molecules for the investigated
compounds and the efficacy of inhibition. This is due to increasing the
interaction area between the molecule and the copper surface.

Table 11

Data and descriptors calculated by the Monte Carlo simulation for adsorption of inhibitors on Cu (11 1).
Structures Total energy Adsorption energy Rigid adsorption energy k (cal mol ") Deformation energy : dEad/dNi
Cu(111) k (cal mol™1) k (cal mol™1) k (cal mol~1) k (cal mol™1)
cpd 1 —2814.47 —2855.02 —3188.64 333.62 —63.02
cpd 2 —2618.04 —2683.56 —2952.36 268.80 —38.29
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1

Side view

Fig. 16. The most appropriate formation for adsorption of the spiropyrazoles derivatives molecules on Cu (1 1 1) substrate got by adsorption locator module.

3.7. Simulation of molecular dynamics

In our study, we selected the appropriate arrangement for adsorp-
tion of our investigated molecules on Cu (1 1 1) substrate accomplished
by adsorption locator module shown in Fig. 15. Table 11 shows the out-
put of Monte Carlo simulation; the total energy, rigid adsorption, and
deformation energies. The overall energy (kcal/ mol) for configurating
the substrate - adsorbate is identified as the summation of the energies
of the rigid adsorption energy, molecules, and the deformation energy.
In our research, the energy of the copper (111) surface is considered
zero. The energy of adsorption (kcal mol™') is the released energy
when the relaxing adsorbate molecules (compounds (1 & 2)) are
adsorbed on the substrate surface. The sum of the deformation energy
and the rigid adsorption energy give the adsorption energy to the adsor-
bate molecules. Firm adsorption energy (kcal/ mol) is the released en-
ergy when the disturbed adsorbate molecules are adsorbed on the
substrate and this before the step of geometry optimization. The energy
produced when the adsorbed adsorbate components are relaxed on the
substrate surface that is called the deformation energy, by kcal mol™!
[131]. In addition, one of the adsorbate molecules have been removed
in the formation of substrate-adsorbate that obtained by dE.qs/dN;,
which registers the energy by kcal mol~". Table 11 showed that com-
pound 1 is the most effective inhibitor; because of the adsorption en-
ergy of Compound 1 is higher than the adsorption energy of
Compound 2 for the duration of the simulation process [132]. Conse-
quently, the molecules of compound 1 are surely adsorbed on the cop-
per surface for forming stable adsorbed layers more than compound 2
that gives corrosion protection for copper surface from nitric acid as-
sured by both investigational and theoretical studies. In our study, we
compared between the adsorption of molecule in acid medium and in

Table 12

vacuum. It shows that in the presence of aqueous solution, the energies
of adsorption become high, comparison to in the vacuum, so the adsorp-
tion of molecules in the protonated case is more effective on the copper
surface (Fig. 16, Table 12).

3.7.1.1. Molecular docking. In our investigation, the docking research pre-
sented a favorable interaction amend spiropyrazoles derivatives and the
3hb- OXIDOREDUCTASE protein model. The calculated energy is regis-
tered in Table 12, and shown in Figs. 18-21. Supportive to these results
in this manuscript, HB bends lead to spiropyrazoles derivatives that
binds to the bond of proteins hydrogen and disintegrated contacts ener-
gies in kcal/mol amid the spiropyrazoles derivatives with 3hb-
OXIDOREDUCTASE protein receptor as displayed in Fig. 17. The mea-
sured efficiency is hopeful where Ki data calculated by Auto Dock
were paralleled with data Ki, with the AG® is negative [133-135], and
with 2D bends of docking with spiropyrazoles derivatives are revealed
in Fig. 20 (Table 13).

3.7.1.2. Inhibition mechanism. In aggressive acidic media, the first step in
the corrosion inhibition of metal by organic compounds happen
through their adsorption at the metal/solution interface. Different
types of adsorption may yield through inhibition of organic compounds:
1) the interaction of m-electrons with the metal, 2) electrostatic attrac-
tion between charged molecules, 3) interaction of unshared electron
pairs in the molecule 4) and may occur combination of the above situa-
tions [136]. Spiropyrazoles derivatives have centers for m electron as
rings of benzene and the presence of heteroatoms (nitrogen and oxy-
gen). Consequently, their existence raises the adsorption of the
spiropyrazoles derivatives molecules on the surface of copper [137].

Data and descriptors calculated by the Monte Carlo simulation for adsorption of inhibitors on Cu (1 1 1) in vacuum.

Structures Total energy Adsorption energy Rigid adsorption energy Deformation energy : dEad/dNi
Cu(111) k (cal mol™1) k (cal mol™1) k (calmol™1) k (cal mol™1) k (cal mol™1)
cpd 1 —61.73 —932.70 —113.70 —819.7 —932.78

cpd 2 —29.53 —724.90 —100.53 —624.8 —7249
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Top
view

Side
view

Fig. 17. The most appropriate formation for adsorption of the spiropyrazoles derivatives molecules on Cu (1 1 1) substrate got by adsorption locator module without aqueous solution.

Dissolution of copper in nitric acid is given by the next two continuous
steps [138]:

Cu—e™ = Cu (I),4, (fast step)

Cu (I),4s—€~ = Cu(Il) (slow step)

where is Cu(I) is an adsorbed species at the surface of copper and it
does not diffuse into the bulk solution [139]. The dissolution of copper is
controlled by the diffusion of soluble Cu (II) species from the outer
Helmholtz plane to the bulk solution. NO3 ions are attracted by the
charges on the copper surface, which has a tendency to be charged neg-
atively. The obtained results are based on the supposition that the neg-
atively charged NO3 ~ would attach to the positively charged surface.
This may be a synergism between NOs; ~ and the protonated
spiropyrazoles derivatives adjacent the interface, and the concentra-
tions of NO3™ and that of the neutral forms from spiropyrazole deriva-
tives and the protonated forms from them thta were probably much
higher than those in the bulk solution. These protonated forms attach
electrostatically to the negative charges at the copper surface [140].
When the neutral forms and the protonated forms of the inhibitors ad-
sorb on the copper surface, coordinate bonds are formed by partial
transference of electrons from the unprotonated nitrogen and oxygen
atoms, delocalized m electrons in the spiropyrazole derivatives rings to
the metal surface via vacant d orbitals of Cu?>* ions. Therefore, in the

Table 13

process of adsorption, both physical and chemical adsorptions might
take place.

Another mechanism depends on the dissolution of copper as Cu™?
[141] and on chelating effect of Cu™*? jons close to the surface of copper.
That is because no oxide film formed to protect the surface from corro-
sion [82,83]. The organic compounds can be also adsorbed through the
interactions between the lone pairs of electrons of nitrogen, or oxygen
atoms with surface of copper. These procedures are eased by the exis-
tence of d vacant orbitals of low energy in the ions of copper, as detected
in metals of transition group. The difference between two compounds
(1 &2) that styryle group which found in compound 1 replaced by phe-
nyl group in compound 2. Compound 1 exhibited high inhibition effect
than compound 2 and this may be attributed to increasing electron den-
sity in it than compound 2 and that enhance anticorrosive effect.

4. Conclusions

In this research, our two derivatives compounds investigated for
their corrosion inhibitory properties on copper 2 M HNOs. Chemical
and electrochemical techniques based on theoretical study (quantum
calculations, molecular docking, and molecular dynamics simulations)
were used. Both investigated compounds are good mixed type inhibi-
tors for copper corrosion in 2 M HNOj3 solution. Chemical and electro-
chemical measurements show that the inhibition efficiency increases
with increasing our investigated compounds concentrations and de-
creases with increasing temperature. Furthermore, double layer capac-
itances decrease by increasing the concentrations of our investigated
compounds. This fact approves the adsorption of the molecules of

Energy values obtained in docking calculations of compounds (1 & 2) with breast cancer (3hb5) receptor.

Compound Est. free binding energy ~ Est. inhibition constant ~ vdW+ bond + desolve energy ~ Electrostatic energy ~ Total intercooled energy  Interact surface
(kcal/mol) (Kj) (uMm) (kcal/mol) (kcal/mol) (kcal/mol)
1 —9.02 24490 —10.13 —0.01 —10.14 1147.817
2 —5.71 64.79 —6.56 —0.01 —6.57 606.552
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Fig. 18. Top-ranked docking poses of compounds (1 & 2) in green with selected anti-cancer protein receptors in gray.
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Fig. 19. The interaction between breast cancer active sites with the targeted compounds 1 & 2.
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Fig. 20. The 2D plot of interaction between compounds (1 & 2) with anti-cancer active sites.
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Fig. 21. HB plot of interaction between compounds (1 & 2) with anti-cancer active sites.

these compounds on the copper surface. As predictable, the adsorption
of compounds (1&2) on the copper surface, at a different temperature,
submits the Freundlich adsorption isotherm and this adsorption refers
to physisorption. Interestingly, experimental and theoretical study re-
sults supported the notion where compounds (1&2) are good corrosion
inhibitors, and the order of inhibition efficiency for the studied com-
pounds is 1> 2.
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ABSTRACT KEYWORDS

The levels of Total Petroleum Hydrocarbons (TPH) have been reported for ~ TPH; PAHs; marine
ten commercially important fish species from the northwestern Gulf of organisms; northwestern
Suez, Egypt. Target compounds were analytically determined with gas  9ulf of suez egypt
chromatography-flame ionization detector and High-performance liquid

chromatography analysis. Results showed that total petroleum hydrocar-

bon varied from 21700 to 1503100 ng/g wet wt., Argyrops Spinifer showed

the highest level of TPH in the muscle tissue followed by Euthynnus dffinis

1459800 ng/g wet wt. These data are very important for coming pollution

monitoring program to the Suez Gulf. Polycyclic aromatic hydrocarbons

(16 PAHs) varied between 81.499 and 5895.608 ng/g wet wt. The diagnos-

tic indices used showed that the hydrocarbons in the area were from both

biogenic and anthropogenic sources. Hence, there is need for adequate

regulation and control of all activities contributing to the levels of petrol-

eum hydrocarbon in the marine environment for the safety of human, and

fish species lives in the area.

1. Introduction

The problem of oil pollution in various marine and estuarine environments has received consid-
erable scientific attention with respect to the effects of petroleum spills, as well as inherent toxic-
ities to specific biological ecosystem components and individual species. Petroleum products are
carcinogens and affect a variety of biological processes and potent cell mutagens (Veerasingam
et al. 2011).Total Petroleum Hydrocarbon (TPH) is environmental contaminants that are released
into the marine environment through oil spills, industrial and domestic activities. The Suez Gulf
economy depends heavily on the oil sector where majority of the oil industries are located in the
northwestern area. Gulf fishing communities are adversely affected by petroleum production
activities. Oil spillage and petroleum products are the major anthropogenic source of total hydro-
carbon in the northwestern Gulf of Suez, Egypt. (Renee & Roushdie 2016) declared that oil pollu-
tants related into the marine environment may stimulate adverse effects in man and other
organisms. Polycyclic aromatic hydrocarbons (PAHs) a group of compounds consisting of two or
more fused aromatic rings, are of special concern because they are widely distributed in the envir-
onment and many of them have toxic and carcinogenic properties (Omayma, Sawsan, & El Nady
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11727, Cairo, Egypt

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/Ipet.

© 2019 Taylor & Francis Group, LLC


http://crossmark.crossref.org/dialog/?doi=10.1080/10916466.2019.1655443&domain=pdf&date_stamp=2019-08-20
http://www.tandfonline.com/lpet
https://doi.org./10.1080/10916466.2019.1655443
http://www.tandfonline.com

2 O. E. AHMED ET AL.

Table 1. General characteristics and morphometric data of living organisms, Northwestern Gulf of Suez, Egypt.

Feeding habits

Habitat type

Sites Scientific name Fish species (Main food) (Environment)
AL- Nasr Oil Sauridaundo Brushtooth lizard fish ~ Carnivore (small fish) Demersal, (benthic)
Company (NPC) squamis

Outlet of Suez Oil
Petroleum
Company (SOPC)

Old Al-Kabanon

Euthynnus affinis

Rhabdosargus
haffara

Kawakawa

Haffara sea bream

Feeds on small fish,
squids, and sometimes
zooplankton
(Omnivore)

Feeds on benthic
invertebrates.
Consumed
fresh. (Predator)

found in open waters but
always close to
the shoreline

Inhabits shallow waters,
mainly around coral
reefs, and over
sandy bottoms

New Al-Kabanon Argyrops spinifer  Porgies Feeds on benthic Young fish occur in very
invertebrates, mainly shallow waters of
mollusks, important sheltered bays; larger
food fish. (Predator) individuals in

deeper water
Inlet of Suez Oil Nemipterus Japanese Carnivore on small fish, Demersal
Petroleum japonicus threadfin bream invertebrate’s
Company (SOPC) polychates. (Predator)
Atakah Harbor Oreochromis Nile Tilapia Herbivorous ,feed on benthic and pelagic due
niloticus phytoplankton to air bladder
(Omnivore)

Adabiya Harbor Trachurus indicus  Horse Mackerel Carnivore (invertebrates

and fish) (Predator)

Pelagic

Suez Beach Peneus japonicas  Red mullets Prey of small fish and Inhabit the inshore area
crustaceans. (Predator) and coral reefs, found on
a range of sea including
sand, mud and
coarse gravel
El- Sukhna of Scomber japonicus Chub mackerel, Pacific feed on copepods and A coastal pelagic species, to
Loloha Beach mackerel or other crustacean, fishes a lesser extent epipelagic
blue mackerel and squids (Predator) to mesopelagic over the
continental slope
Beach of oil pipeline Pomadasys Striped piggy Feeding on a variety of Living in the reef
stridens crustaceans, mollusks environment and sandy

and small juvenile
fishes, called a
predator (Predator)

2017, 2018). The accidental discharge of hazardous materials such as petroleum and chemical sol-
vents to the aquatic environment has become the focus of increasing regulatory and public con-
cern because of the adverse impacts of such materials on human health and the environment (Al-
Shawafi 2008). TPH is released to the environment through accidents, as releases from industries,
or as by products from commercial or private uses. When TPH is released directly to water
through spills or leaks, certain TPH fractions will float in water and form thin surface films.
Other heavier fractions will accumulate in the sediment at the bottom of the water which may
affect bottom feeding behavior of fish and organisms (Enuneku et al. 2015).

2. Materials and methods

Ten fish species were collected from the coastal waters of the Suez Gulf (Table 1) by using cast or
throw fishing net by using cast or throw fishing net. They were first identified, and numbers of indi-
vidual fish species, total lengths (cm) and the body-wet weights (g) of each fish specimens were meas-
ured, labeled, stored in ice at -20°C length and weight of the fishes were determined and placed
immediately in polyethylene bags, put into isolated container of polystyrene ice box and, then, brought
to the laboratory.
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1. About 20g of fish sample muscles was treated with 100 ml methanol and 3g. KOH. The
methanolic phase was extracted twice with n-hexane, dried over un-hydrous sodium sulfate.
The extract was air dried to constant weight.

2. The oil content was calculated as: ng/g = (A-B) x10°/Wt g. of sample, where: A& B are the
weight of bottle after and before action.

3. Hydrocarbons were extracted by direct saponification via alkaline hydrolysis from fish samples
were analyzed according to the standard test method (IP318/75 1993) and subjected to capillary
GC, the instrument used was Agilent Technologies 7890 gas chromatograph system, equipped
with flame ionization detector (FID). Oven temperature was programed from100 °C to 300 °C at
fixed rate of 3°C min — 1 and HP-1 fused silica capillary column (60 m x 0.53 mm x 0.5 pm)

4. PAH identification and quantification in the extracted oil was performed using HPLC tech-
nique. The apparatus used was water HPLC 600, Auto Sampler 616 Plus, Dual Absorbance
Detector 2487, attached to a computerized system with Millennium 32 Software.

3. Results and discussion
3.1. Total petroleum hydrocarbon

Total Petroleum hydrocarbon concentration (TPHC) residues in ten fish species (Figure la) var-
ied between 21700 and 1503100, with mean valuel015860 ng/g wet weight. Among the ten fish
species Argyrops Spinifer has a high PHC concentration 1503100 ng/g wet weight, while the lowest
concentration found in Sauridaundo squamis 21700 ng/g wet weight, the concentration arranged
as fellow: Argyrops Spinifer> Pomadasys Stridens> Euthynnus affinis> Scomber Japonicus >
Peneus Japonicas> Nemipterus Japonicu> Oreochromis Niloticus> Trachurus Indicus>
Rhabdosargus haffara> Sauridaundo squamis. This due to different lipid contents, feeding habit,
temperature, size, age and sex of fishes (Al-Shawafi 2008). This study suggests that Argyrops
Spinifer can be used as a good biological indicator for petroleum hydrocarbon pollution in water.
Higher TPH concentration in the muscle of the fish may also reflect differences in the marine
habitat, feeding habits and the different depths in which they live in the marine environment.
This showed strong positive evidence that ability of fish to accumulate hydrocarbons in their tis-
sues is directly related to lipid content and body weight (Veerasingam et al. 2011). Argyrops
Spinifer fasting when enters Suez Gulf and they feed mainly on feeds on benthic invertebrates,
mainly mollusks, important food fish (Omayma, Eldesoky, & El Nady 2019). There are significant
correlation between lipid contents, body weight, and body length, which indicate that ability of
fish to accumulate hydrocarbons in their tissues is directly related to lipid content and body
weight, the same conclusion have been observed by (Jazza, Al-Adhub, & Al-Saad 2015).

3.2. Concentrations of n-alkanes

Concentration of total n-alkanes in marine organisms of Suez Gulf, Egypt ranged from 11.391to
96.747, with mean value 60.755 ng/g wet weight (Table 2). High concentration values for nC,;, nCyq,
and nC,; andnCs; compared with the other alkanes in most of the studied samples. This may be
attributed to the selective absorption through the fish tissues. Fish species are affected greatly by
waves, tides and winds whereby they may be carried from place to place; as a result these samples
probably not reflect the degree of oil pollution in the collected site. Generally the sample may
through light on the oil contaminating our shores; in general ten different types of fishes were
chosen for such studies in the Suez Gulf. The gas Chromatograms pattern peaks mainly contains n-
alkanes from nC;s to nCs,, the striking features of these profiles show the predominance of odd car-
bon numbers nC,;, nCyy, and nC,; (Omayma et al. 2014). Also, predominance in the higher rang
nCs; for Trachurus Indicus as example of GC analysis (Figure 1b) consists of n- alkanes from nC;s
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Figure 1. Histogram (a) representing total petroleum hydrocarbon concentration (TPHs) ng/g wet wt., (b) Gas chromatograms
for oils extracted from Trachurus Indicus as example of GC analysis in living organisms, Northwestern Gulf of Suez, Egypt.

Table 2. N-alkanes concentrations in the collected living organisms, Northwestern Gulf of Suez, Egypt.

SO No. 1 2 3 4 5 6 7 8 9 10
Zn-alkanes  29.721 73.513 96.747 11.391 42.253 92.866 35.941 47.051 93.051 85.020
L 1.4894 1.4166 2.3522 1.4078 0.7092 3.4152 3.3321 0.7992 3.28893 1.9815
H 28.267 72.097 94.3944 9.9830 446967 894506  64.6202  46.2196  89.7618 83.0386
L/H 0.053 0.0196 0.0249 0.1410 0.0159 0.0382 0.0516 0.0173 0.0366 0.0239
uctMm 8878.2  805.923 48353 1833.153 75040 10095.4 10737 611654  46521.1  1215.217
CPI 1.843 5.432 9.725 13.780 20.380 17.644 9.996 16.411 12.159 5.0714
CPI* 0.385 5.065 9.715 13.757 11.936 17.573 9.983 16.252 12.158 4.485
C51/Chg 88.969 62.314 328.762 70.742 389.510 762.246 411450 126.735  700.883 78.060

Zn-alkanes: normal alkanes concentration, L: Low Molecular Weight, H: High Molecular Weight n-Alkane, L/H: Low Molecular
Weight/High Molecular Weight n-Alkanes, UCM: un-resolved complexes mixture, CPI: Carbon preference index, CPI*= CPI
value without the (n-C25 or n-C23) peak value.

1. AL- Nasr Oil Company (NPC), 2. Outlet of Suez Oil Petroleum Company (SOPC), 3. Old Al-Kabanon, 4. New Al-Kabanon, 5
Inlet of Suez Oil Petroleum Company (SOPC), 6. Atakah Harbor. 7. Adabiya Harbor, 8. Suez Beach, 9. El- Sukhna of Loloha
Beach, 10. Beach of oil pipeline.
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to nCse. Pristane and phytane may appear as resolved peaks or minor peaks. Generally, all
Chromatograms show a mixed biogenic and petrogenic hydrocarbon profiles. Many ratios and
indexes, which relate to the hydrocarbon concentration or even UCM, are employed to differentiate
between biogenic and anthropogenic sources of hydrocarbons in this area.

3.3.1. Low molecular weight/high molecular weight n-alkanes (L/H)

Ratio of low molecular weight n-alkanes (C;5-Cy) to high molecular weight n-alkanes (C,;-Cs,4)
is another marker being used for the determination of n-alkanes sources (Fagbote & Olanipekun
2013). Low molecular weight hydrocarbon usually dominates in a fresh oil release, giving a ratio
greater than one. L/H is an indicator of the freshness of the hydrocarbons released into the envi-
ronments. However, fast degradation of these lower molecules in crude oil can decrease the ratio
significantly to a value below unity. The L/H ratio below 1 (unity) reveals natural input from
marine and terrestrial biogenic sources, and ratios around and above (1) indicate hydrocarbons
from petroleum sources (Wang et al. 2006). The results obtained from fish species showed the L/
H ratios lower than one (1) in the all species indicating hydrocarbons from natural sources
(Zakaria et al. 2002). However, the results of the L/H ratios greater than one (1), indicating fresh
release of petroleum hydrocarbons from agricultural, residential, and/or industrial activities that
entered the estuary through rivers and streams in the watershed.

3.3.2. Unresolved complex mixture (UCM)

The UCM is considered a mixture of branched and cyclic hydrocarbon structures, including many
of their structurally complex isomers which are un-resolvable by the capillary columns of gas chro-
matograph (Wang et al. 2006). The aliphatic hydrocarbons are less soluble than the aromatic com-
pounds which are relatively more mobile in water. The branched aliphatics are even less water-
soluble than the straight-chained alkanes. Hence, they concentrate more in the sediment compared
to the water column (Wang et al. 2006). Although UCMs are mostly present in the higher molecular
range of the hydrocarbons, few exist in the lower range as well. Figure 2a revealed the presence of
UCM in most of fish species analyzed appearing as a unimodal or sometimes as a bimodal hump in
the range of nC;s to nC;; andnC,, to nCss. The UCM concentrations varied between 4835.3 and
75040 ng/g wet weight. The presence of UCM in the aliphatic fraction is considered as the most
important indicator of petrogenic pollution, while the narrow UCM humps for some species of the
GC-FID chromatograms indicates that dissolved petroleum oil are adsorbed in the tissues and not
due to adhering of oil on the skin or gills (Omayma et al. 2014).

3.3.3. Carbon preference index (CPI)

Petroleum oils are characterized by CPI values around 1.0 (Medeiros & Bicego 2004). Thus CPI
data (Table 2) of fish samples range from 1.483 to 61.026, which reveal a biogenic contamination
origin. The presence of high concentrations of n-paraffin (n-C,5 or n-C,;) cause confusion given
an indication of the biogenic origin. Thus the CPI values were calculated again without taking in
consideration the values of (n-C,3) peak areas. The results show that the CPI* corrected values
are ranging from 1.483 up to 60.865. This indicate that the biogenic origin is mainly predominat-
ing while little petrogenic contamination can be detected specially that of (n-C,;) (Elfadly,
Omayma, & EI Nady 2016).

3.3.4. C3;/Cqo
This is another important ratio used to differentiate the sources of n-alkanes in marine organ-
isms. The presence of nCs; is an indication of terrestrial biogenic hydrocarbons, whereas nCiqg
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Figure 2. (a)Variation of types of PAH concentrations (ng/g wet weight), (b) BaPE values ng/g wet wt in the collected living
organisms, Northwestern Gulf of Suez, Egypt.

suggests marine biogenic inputs. The C;,/Cyq ratio is therefore used to assess the dominance of
n-alkanes from either of the two sources. While ratio below 0.4 reveals marines sources, any value
above 0.4 is an indication of land derived or non-marine hydrocarbons (Fagbote & Olanipekun
2013). All fish species had nCs;; gave higher values than 0.4 (Table 2) which is indicative of
hydrocarbons mainly from anthropogenic origins.

4, Distribution pattern of polycyclic aromatic hydrocarbons (PAHs)

PAH distribution patterns in tissue samples (Figure 2b) show variation of types of PAH concen-
trations (ng/g wet weight) in the marine organisms muscles along the Suez Gulf. Acenaphthene
(Ace) is the most abundant PAH in the aquatic species 8948.191ng/g dry wt., followed by
Naphthalene (Nap) 5737.027 ng/g wet weights, Benzo(K) Fluoranthene(BKF) 3245.816 ng/g wet
wt. and Pyrene (Pyr) 1195.535ng/g wet wt. Chrysene concentration is elevated at New Al-
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Table 3. Concentration of individual PAHs ng/g wet wt, in the oil extracted from marine organisms muscles along the
Suez Gulf.

1 2 3 4 5 6 7 8 9 10

Naphthalene (Nap). 1493.244 0.0 1045.162 2060.756  10.555 0.0 1127310 0.0 0.0 0.0

Acenaphthylene (A.) 401.046 279.120 175435 431.046 352.039 0.0 0.0 0.0 0.0 0.0

Acenaphthene (Ace.) 1589.435 1752.503 2032.565 2084.697 527.6998 0.0 0.0 0.0 0.0 961.293

Phenanthrene (Phe.) 59.443 56.250 43513 42.777 12666 13.314 0.0 0.0 11.456 0.0

Flourene (F.) 49.052 3.800 39.631 0.0 60.497 1701 92626 3.710 9.632  15.184

Anthracene (Ant). 44,038 16.517 7.586 16.453 93.708 0.0 0.0 0.0 0.0 0.0

Fluorantkane (Flu.) 63.697 77332 218595 677.086 49.636 0.0 0.0 0.0 0.0 0.0

Pyrene (Pyr.) 53.081 670.942 137369 111.297 45.192 38.198 102970 6.039 30.447 0.0

Benzo (a) 8.001 14.186 0.229 62.425 4153 4762  9.287 2626 1.194  15.478
anthracene (BaA)

Chrysene (Chr.) 28.902 6.834 9.238 32.229 4933 0.0 4.758 0.0 0.0 0.0

Benzo( b) 9.191 20.441 53.459 13.709 25.591 0.0 14.515 0.0 0.0 3.541
fluoranthene(Bbf)

Benzo (K) 1843.138 0.0 0.0 0.0 0.0 0.0 977.388 0.0 0.0 425.290
Fluoranthene (Bkf)

Benzo (a )Pyrene (Bap) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Dibenzo 0.0 167.467 87.261 56497  44.031 0.0 0.0 437.512 419.088 0.0
(a,h)anthracene(DahA)

Benzo (ghi) perlyene (Bp) 22430 108.721 25.067 262979 129.266 0.0 0.0 51.484 0.0 0.0

Indo(1,2,3- cd) 101.624 37.485 42.046 43.657 51.055 23.524 17476 39.762 44.095 103.900
perlyene (Ip)

Total PAHs 5766.322 3211.599 3917.156 5895.608 1411.019 81.499 2346.330 541.134 515910 5766.322

BaPE values (ng/g 138.273 134668 59.476  42.096 32544 2168 71.389 29.589 255.052 39.259
wet wt.)

TEQcarc 196.224 174.684 96.844 68.511 52116  0.711  101.871 441.751 423975 68.751

BaPE: The BaP equivalent (BaPE) was used to quantitatively assess the PAHs, TEQcarc: Toxic equivalents (TEQs) of seven car-
cinogenic PAHs.

1. AL- Nasr Oil Company (NPC), 2. Outlet of Suez Oil Petroleum Company (SOPC), 3. Old Al-Kabanon, 4. New Al-Kabanon, 5.
Inlet of Suez Oil Petroleum Company (SOPC), 6. Atakah Harbor. 7. Adabiya Harbor, 8. Suez Beach, 9. El- Sukhna of Loloha
Beach, 10. Beach of oil pipeline.

Kabanon 32.229ng/g wet wt, AL- Nasr Oil Company (NPC) (28.902ng/g wet wt., Old Al-
Kabanon 9.238 ng/g wet wt., and Outlet of Suez Oil Petroleum Company (SOPC) 6.834 ng/g wet
wt. (Table 3) which may be attributed to small past oil spill near these locations (Stogiannidis &
Laane 2015). As reported further degradation of oil spill leads to the enhancement of the chrys-
ene concentration relative to other PAH series, and to a significant decrease in the relative ratios
of the sum of naphthalenes, phenanthrenes, dibenzothiophenes, and fluorenes, to chrysenes. Car-
PAHs [benzo(a)anthracene, chrysene, benzo (a) pyrene, benzo (b) fluoranthene, benzo (k) fluo-
ranthene, dibenzo (a,h) anthracene, benzo (gh,i) perylene, and indeno (1,2,3-cd) pyrene] (Table
3) are eight PAHs typically considered as possible carcinogens. Benzo (a) pyrene is the highly car-
cinogenic PAH (Omayma, Eldesoky, & El Nady 2019). Among factors affecting the uptake of
PAHs, bioavailability is important through regulation of the absorption and sequestration of
PAHs into the organisms from the surrounding environment. PAH bioavailability is controlled
by the partition coefficient (Kow) and the molecular weight (Snyder et al. 2015).

Conclusions

1. Total petroleum hydrocarbon concentration (TPHC) residues in ten fish species varied
between 21700 ng/g wet weight, in Sauridaundo squamis and reached1459800 ng/g wet weight
in Euthynnus affinis, while in Argyrops Spinifer is 1503100ng/g wet weights.

2. The presence of biogenic hydrocarbons is indicated by the dominances of odd n.alkanes in
the range of nC 7, nC 19, nC ,; and nC ;; are presumably synthesized by algae and plankton
which are included in fish food.
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3. Carbon preference index (CPI) values > 1 for all fish samples in medium and high n.alkanes
ranges indicates parameter in relation to biogenic hydrocarbon sources.

4. The UCM humps for the GC-FID chromatogram indicates that dissolved petroleum oil are
adsorbed in the tissues and not due to adhering of oil on the skin or gills.

5. The BaP-equivalent (BaPE) was high at Scomber Japonicus had value 255.052 followed by
Sauridaundo squamis138.273 and Euthynnus affinis 134.668 ng/g wet weights. Since fish
metabolize PAH very quickly their detection in these fish indicate continual or
recent exposure.

6. The diagnostic indices used showed that the hydrocarbons in the area were from both bio-
genic and anthropogenic sources. Hence, there is need for adequate regulation and control of
all activities contributing to the levels of petroleum hydrocarbon in the marine environment
for the safety of human, and fish species lives in the area.
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1. Introduction

Copper has varied uses in electronic productions and heat exchangers connec-
tion and conductors, pipelines for domestic and production water utilities in-

clude water, a conductor in electrical strong lines, gotten its higher conductivi-
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ties in thermal and electrical, noble moderately properties and its mechanical
workability. Therefore, Cu corrosion and its hindrance in excessive altered solu-
tion have been significant in numerous investigators [1]-[10]. The higher infor-
mation tests for hindrance corrosion are inhibitors utilized to moderate the de-
crease of beneficial superiority of alloys due to corrosion when they electro-
chemically attack or chemically by its natural surroundings. The assembly of the
inhibitor is one of the main factors that influence the inhibitor/metal interaction
[11]. For Cu, which can obtain many-bonds, inhibitor molecules comprise S and
N atoms are suggested power. Surrounded by the S, O or N containing organic
composite is the heterocyclic structure which has an influence on inhibitors for
corrosion of Cu in aqueous solution [12]. Heterocyclic composite counting the
group of mercapto has also been introduced as inhibitors for Cu for distinct
manufactures uses [13]. Azole assembled contains N atoms, which reply with Cu
between the electrons lone pair to obtain complexes (Cu-azole) [14]. These
complexes are supposed prevalence to be polymeric in form and nature coating
film adherent on the alloy including Cu, which play as a barrier to attraction
ions such as Cl. In new papers, numerous thiadiazole investigations [15]-[22]
have been noted as excellent inhibitors for Cu and Cu alloys corrosion in distinct
aggressive solution. As a result of the toxicity of mostly utilized corrosion hin-
drance, there is great interest in exchanging harmful inhibitors with helpful
non-hazardous [23]. The target of this work is to recognize the 2-amino-6-methyl-
50x0-4-phenyl-5,6-dihydro-4H-pyrano[3,2-2]quinolone-3-carbonitrile assembled
as possible corrosion hindrance for Cu in 2.0 M HNO,. From the data given, we
could recognize the examined molecule as possible corrosion hindrance for Cu in
our laboratory, which examined experimentally by PP, EIS and EFM tests. The
surface morphology of protect Cu was evaluated by SEM and EDX techniques.

2. Experimental

2.1. Composition of Material Samples (See Table 1)
2.2. Chemicals and Solutions

Nitric acid (BDH grade) and organic additive.

The organic inhibitor utilized in this study was organic composite [24] (see
Table 2).

2.3. Tests Utilized for Corrosion Calculations

2.3.1. PP Tests
PP tests were accepted in a conformist three-electrode cell with platinum gauze
as the auxiliary electrode (1 cm?) and a saturated calomel electrode (SCE) as a

reference electrode. The working electrode (WE) was in the form of divided cut

Table 1. Chemical conformation of the Cu in weight %.

Element Sn Ag Fe Zn Pb As Cu
Weight % 0.001 0.001 0.01 0.05 0.002 0.0002 The rest
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Table 2. Chemical structure, name and molecular weight and formula of organic inhibitor.

Structure Name Mol. Wt./M. Formula

NH,

CN
o
2-amino-6-methyl-5-0x0-4-phenyl-5,6-dihydro-
S o " 329.35/CyoH,sN,0,
4H-pyrano[3,2-c]quinoline-3-carbonitrile

l?l o
CHs

from Cu coins of equal arrangement with surface size was 1 cm” Before calcula-
tion, the electrode was put in solution at potential for half hours, till a steady
state was gotten. The started potential was =600 to +400 mV vs. £, . All tests
were done in freshly ready solutions at 30°C and outcome data were always re-

petitive at minimum three times to check the reproducibility.

2.3.2. EIS Tests

Impedance tests were occurred utilizing AC signals of 5 mV signal to signal am-
plitude at the OCP in the frequency variety of 0.1 Hz to 100 kHz. All impedance
values were formfitting to a suitable equivalent circuit utilizing the Gamry Echem

Analyst software.

2.3.3. EFM Tests
EFM data were achieved with relating potential perturbation signal with ampli-
tude 10 mV with 2 and 5 Hz sine waves [25]. The greater signals were utilized to

estimate the current gotten from corrosion density (i, ), the Tafel line slopes

(B, and g,) and the causality factors CF-2 and CF-3 [26]. All outcome data
were obtained utilizing Gamry instrument PCI300/4, DC105 utilize for corro-
sion software, EIS300 software, EFM140 software and Echem Analyst 5.5 for re-

sults drawing, graphing, data correct and measuring.

2.3.4. SEM-EDX Analysis

The Cu surface was ready by observance the coins for 3 days in 2.0 M HNO, in
existence and nonexistence of optimum dose of studied organic composite, after
this inundation time, the coins were splashed gently with water bidi-stilled, cau-
tiously dried and mounted into the spectrometer without any extra manage-
ment. The Cu corroded surfaces were examined utilizing an X-ray diffractome-
ter Philips (pw-1390) with Cu-tube (CuK, 4 =1.54054 A) electron microscope
utilize for scanning (SEM, JOEL, JSM-T20, Japan).

3. Results and Discussion
3.1. PP Tests

Theoretically, Cu can hardly be corroded in the deoxygenated acid medium, as
Cu cannot relocate hydrogen from acid solutions conferring to the theories of
chemical thermodynamics [27] [28] [29]. However, these situations will varia-

tion in nitric acid. Oxygen dissolved may be reduced on surface of Cu and this
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will agree to corrosion to happen. It is a best estimate to negligible the hydrogen
liberate reaction and only deliberates reduction of oxygen in the HNO, at poten-
tials adjacent the potentials of corrosion [30].

Figure 1 demonstrates the PP manner of Cu electrode in 2.0M HNO,in the
existence and nonexistence of unlike dose of 2-amino-6-methyl-5-oxo-4-phenyl-
5,6-dihydro-4H-pyrano[3,2-c]quinoline-3-carbonitrile composite. Figure 1 dis-
plays that two anodic reaction and cathodic are influenced by the appending of
examined assembled and the protection efficiency improves as the inhibitor dose
rise, but the cathodic reaction is more hindrance, significance that the appending
of 2-amino-6-methyl-5-0xo-4-phenyl-5,6-dihydro-4H-pyrano[3,2-c]quinoline-3-
car-bonitrile composite lower the anodic liquefaction of Cu and also hinders the
cathodic reactions. Therefore, studied composite is deliberated as mixed kind
inhibitor.

The parameters gotten from electrochemical such as current corrosion densi-

ties (i, ), potential gotten from corrosion ( £,,,, ), the cathodic Tafel line slope

( B.), anodic Tafel line slope ( 8,) and protection efficiency ( %IE ) were meas-
ured from the diagrams (see Figure 1 and Table 3). The outcome data gotten in

Table 3 discovered that the i

corr

lower clearly after the appending of 2-amino-
6-methyl-5-oxo-4-phenyl-5,6-dihydro-4H-pyrano[3,2-c]quinoline-3-carbonitrile
composite and %I/E improve with raising the inhibitor dose. In the existence
of inhibitor E_, , was improved with no definite trend, demonstrating that
2-amino-6-methyl-5-0x0-4-phenyl-5,6-dihydro-4H-pyrano[3,2-c]quinoline-3-
carbonitrile composite play as mixed-kind inhibitor. The %J/E was measured

0.4
— = —blank
] —-—1x10*°M
3x10°M
—+—5x10°M
0.2 4 7%10°M
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Figure 1. PP plots for the corrosion of Cu in 2.0 M HNO, in existence and lack of unlike
dose of inhibitor at 30°C + 0.1°C.
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Table 3. Parameters gotten from PP technique for the corrosion of Cu in 2.0 M HNO; at 30°C £ 0.1°C.

Conc. E, i x10° B, x10° B.x107

Compound o 0 %IE,
M) (mVvs.SCE) (pA-cm™)  (mV.dec!)) (mV-dec™)
Blank 777 92.8 143.4 506.1 -—- -—-
1x10°° 684 83.2 107.8 332.4 0.103 10.3
. 3x10° 251 58.4 99.8 352.1 0.370 37.0
2-amino-6-methyl-5-0x0-4-phenyl-
5,6-dihydro-4H-pyrano[3,2-c]quinoline- 5 x 107 232 51.7 97.8 346.0 0.442 44.2
3-carbonitrile
7% 107° 531 43.6 63.8 160.2 0.530 53.0
9x10°° 270 38.1 108.4 454.2 0.589 58.9
11 x10°¢ 257 349 83.5 190.1 0.623 62.3
utilizing Equation (1):
%IEP = |:iC0rr - iCarr /ijr ] x 100 (]')

where i, and i, are the uninhibited and inhibited corrosion current den-
sities, correspondingly.

Also it is clear from Table 3 that ( 5,) and ( f.) Tafel lines keep almost un-
moved upon appending of 2-amino-6-methyl-5-oxo0-4-phenyl-5,6-dihydro-4H-
pyrano|3,2-c]quinoline-3-carbonitrile composite, mean rise to nearly parallel set
of anodic lines slope, and nearly parallel cathodic diagrams data gotten too.
Therefore, the inhibitors adsorbed play by simple blocking of the active center
for two anodic and cathodic procedures. Meaning no change in mechanism of
Cu in solution, and only reasons inactivation of a part of the surface with esteem

to the aggressive solution [31] [32].

3.2. EIS Tests

EIS is well-established and commanding tests in the reading of corrosion. Sur-
face characteristic and mechanistic data can be gotten from impedance diagrams
[33] [34] [35] [36] [37]. Figure 2(a) & Figure 2(b) display the Nyquist (a) and
Bode (b) diagrams gotten at OCP both in the attendance and lack of improving
dose of examined 2-amino-6-methyl-5-oxo0-4-phenyl-5,6-dihydro-4H-pyrano[3,2-c]
quinoline-3-carbonitrile compound at 30°C + 0.1°C. The improve in the size of
the capacitive loop with the appending of 2-amino-6-methyl-5-oxo0-4-phenyl-
5,6-dihydro-4H-pyrano[3,2-c]quinoline-3-carbonitrile composite at 30°C +
0.1°C displays that a barrier progressively forms on the surface of Cu. Bode
schemes (see Figure 2(b)), displays the incessant rise in the phase angle shift,
clearly correlating with the rise of adsorbed inhibitor on surface of Cu. The Ny-
quist schemes do not produce perfect semicircles as predictable from the theory
of EIS. The abnormality from ideal semicircle was usually credited to the fre-
quency scattering [38] as well as to the in-homogeneities of the surface.

EIS data of the 2-amino-6-methyl-5-0x0-4-phenyl-5,6-dihydro-4H-pyrano
[3,2-c]quinoline-3-carbonitrile campsite at 30°C + 0.1°C was examine utilize the

equivalent circuit (Figure 3), which signifies a single charge transfer reaction and
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Figure 2. The Nyquist (a) and Bode (b) diagrams for Cu corrosion in nonexistence and
existence of unlike dose of 2-amino-6-methyl-5-oxo-4-phenyl-5, 6-dihydro-4H-pyrano
[3,2-c]quinoline-3-carbonitrile composite at 30°C+ 0.1°C.

Rs | Ret |
Solution Resistance Charge Transfer Resistance
~ CPE

Constant Phase Element

Figure 3. Equivalent circuit model utilized to fit investigational EIS.

fits well with our experimental data. The constant phase element, CPE, is pre-
sented in the circuit in its place of a pure double layer capacitor to give a more

correct fit [39]. The double layer capacitance, C,, for a circuit including
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C, =Y,0"" [sin[n(n/2)] )

where Y is the degree of the CPE, @ =2nf,
impedance is maximal and the factor nis an parameter adjustable that regularly
lies among 0.50 and 1.0 [40] [41] [42]. The overall figure of the plots is very like

Sfomx 1s the frequency at the

ax

for all samples (in existence and nonexistence of inhibitor at unlike immersion
times) representing that no exchange in the corrosion mechanism [43]. From the
impedance data (see Table 4), we achieve that the data of R, improves with ris-
ing the dose of the inhibitor and this designates an improvement in %J/E , which
in agreement with the data gotten from Potentiodynamic polarization.

In fact, the existence of inhibitor improves the data of R, in acidic solution.
Data of C, are also brought down to the extreme extent in the existence of in-
hibitor and the break down in the data of CPE trails the order like to that gotten
for i.,, in thisstudy. Thelower C,./C, datafrom a break down in local di-
electric constant and/or an improvement in the width of the double layer, signify
that organic assembles hinder the Cu corrosion by metal/acid adsorbed [44]
[45]. The %IE was measured from the charge transfer resistance data from
Equation (3) [46]:

YWlE s =| 1-(R. /R, ) [x100 (3)

where R, and R, are the resistance data nonexistence and existence of inhi-

bitor correspondingly.

3.3. EFM Tests

EFM is a no damaging corrosion tests that can straight and quickly measure the
corrosion current data without prior information of Tafel slopes, and with only a
lesser polarizing signal. These benefits of EFM test make it an ideal applicant for
online corrosion observing [47]. The higher strength of the EFM is the causality
factors which attend as an inner check on the power of EFM calculation.

Figure 4 displays the EFM of Cu in nitric acid solution inclosing altered dose
of 2-amino-6-methyl-5-0x0-4-phenyl-5,6-dihydro-4H-pyrano[3,2-c]quinoline-

Table 4. Outcome data gotten from EIS test for Cu in 2 M HNO; in the nonexistence and existence of unlike dose of

2-amino-6-methyl-5-0x0-4-phenyl-5,6-dihydro-4H-pyrano[3,2-c]quinoline-3-carbonitrile compound at 30°C £ 0.1°C.

Compound

2-amino-6-methyl-5-oxo-4-phenyl-
5,6-dihydro-4H-pyrano|3,2-c]quinoline-
3-carbonitrile

. R, %107 Y, x10° R c,x10"
Conc. s o ax10° et @ 0 %IE,
(M) Q-cm? pQls” Q-cm? pF-cm™
Blank 0.995 291.0 800.4 751.6 9.0 - -
1x10° 0.942 320.1 786.3 799.2 7.8 0.059 5.9
3x10° 1.017 404.2 776.8 828.2 7.7 0.092 9.2
5x 107° 0.993 365.7 780.7 1003.7 7.6 0.251 25.1
7x 107 0.979 329.3 794.5 1228.3 7.5 0.388 38.8
9x 107 1.044 366.0 765.0 1320.2 7.2 0.430 43.0
11x10°° 1.175 351.0 778.7 1550.2 6.8 0.515 51.1

DOI: 10.4236/msce.2019.712009

77 Journal of Materials Science and Chemical Engineering



A. M. Eldesoky et al.

— = — Blank

Current (A)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16

Frequency (Hz)
. —=—1x10°M
10
1y
<
*g 100n
=)
=
O 10n
1n
00 02 04 06 08 10 12 14 16
Frequency (Hz)
—=—3x10°M
10y E
1M 3
$ 3
=
=
[0} -
2 100n
3
U 4
10n 4™
1n E T T l- T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
Frequency (Hz)
10y

-
=

Current (A)
=)
s

10n

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Frequency (Hz)

DOI: 10.4236/msce.2019.712009 78 Journal of Materials Science and Chemical Engineering



A. M. Eldesoky et al.

—=—11x10°M

10p
1u .TF
~ ul
2 ﬂﬂl
§100n - ..
: T Rl
O Ll 1
10n - e

0.6 0.8 1.0 1.2 14 16
Frequency (Hz)

Figure 4. EFM data for Cu nonexistence and existence of different dose of 2-amino-6-
methyl-5-0x0-4-phenyl-5,6-dihydro-4H-pyrano[3,2-c]quinoline-3-carbonitrile composite
at30°C£0.1°C.

3-carbonitrile compound at 30°C £ 0.1°C. The harmonic and intermodulation
peaks are obviously visible and are much greater than the background noise. The
investigational EFM value was preserved utilized two unlike models: complete
dispersion control of the cathodic reaction and the “activation” model. For the
second, a set of three non-linear equations had been explained, pretentious that
the corrosion potential does not exchange due to the polarization of the elec-
trode working [48]. The greater signal was utilized to measure i, (3. and
f,) and (CF-2 and CF-3). These parameters gotten from EFM were recorded in
Table 5. The data demonstration that, the appending of tested composite at un-
like doses to the acidic solution lower i__, signifying that this composite hinder
the corrosion of Cu concluded adsorption. The CF gotten under altered experi-
mental conditions are nearly equal to the values gotten from theoretical Equa-
tions (2) and (3) representing that the calculated data are confirmed and best
quality. %IE ., was improved by improving the inhibitor dose and was meas-

ured as from Equation (4):
IEpy, = [1 - (iCOry /iz'orr )] x100 (4)

where i/, and i., are current nonexistence and existence of inhibitor, cor-

respondingly.

3.4. SEM Examination and EDX Analysis

The creation of a defending surface film of inhibitor at the electrode surface was
further established by SEM clarifications of the Cu surface. Also, in order to see
whether the organic additive is adsorbed on the Cu surface or not, both SEM
and EDX tests were occurred. Figure 5 displays the SEM of fresh Cu surface
nonexistence any appending of acid or the inhibitor. The images for Cu surface
unprotected to 2.0 M HNO, solution nonexistence and existence the appending
of the optimum dose of the 2-amino-6-methyl-5-oxo-4-phenyl-5,6-dihydro-4H-

pyrano[3,2-c]quinoline-3-carbonitrile composites are exposed in Figure 5. As
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Table 5. Outcome data gotten from EFM test for Cu in 2 M HNO, in the a in nonexistence and existence of unlike dose of
2-amino-6-methyl-5-0x0-4-phenyl-5,6-dihydro-4H-pyrano(3,2-c]quinoline-3-carbonitrile at 30°C + 0.1°C.

Conc. i x107° %107
Inhibitor one feor A A CE-2 CE-3 0 %IE,,,
M) (pA-cm™?) (mV-dec!) (mV-dec™)
Blank 39.66 69.0 104.5 1.98 294 e
1x10° 2362 63.9 104.2 1.99 2.94 0.404 404
2-amino-6-methyl-5-oxo-4-phenyl-5,6- 3 x10° 2244 58.3 99.7 2.03 311 0.434 434
dihydro-4H- 3,2-c]quinoline-
thydro-4H-pyrano[3,2-clquinoline- /6 5 78.1 118.3 1.96 2.91 0.490 49.0
3-carbonitrile
7x10° 1923 66.9 119.8 1.94 2.85 0.515 515
9x10° 1132 73.9 131.2 1.89 2.91 0.714 714
11x10°  9.54 65.6 104.7 2.01 3.01 0.759 75.9

Pure Sample

|

Figure 5. SEM images of Cu in 2.0 M HNO, solution after inundation for 3 days non-
existence inhibitor and in existence of 11 x 10~° M of 2-amino-6-methyl-5-0x0-4-phenyl-
5,6-dihydro-4H-pyrano[3,2-c]quinoline-3-carbonitrile.

can be gotten, there was a noticeable perfection in the surface image of Cu that
was preserved with the inhibitor due to the creation of an adsorbed protecting
film of the inhibitor at the Cu surface.

The EDX profile examination exists in Figure 6. The EDX review spectra were
utilized to measure which elements of inhibitor existed on the electrode surface
earlier and later contact to the inhibitor solution. For the coins’ nonexistence in-
hibitor behavior (Figure 6), only Cu was noticed. This is established by utilizing
XRD, the chief corrosion yields designed on exposed Cu to nitric acid were
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Figure 6. EDS images of Cu in 2.0 M HNO, solution after inundation for 3 days nonexis-
tence inhibitor and in existence of 11 x 10~° M of 2-amino-6-methyl-5-oxo-4-phenyl-5,6-
dihydro-4H-pyrano[3,2-c]quinoline-3-carbonitrile.

recognized as the basic Cu nitrate, gerhardtite (Cu,(NO;)(OH),) and to a slighter
amount cuprite (Cu,0) [49] [50]. It is observed the existence of the C, O and N
signal in the EDX spectra in the example of the coins showing to the inhibitor,
could be qualified to the adsorption of organic moiety at the surface of Cu. The
rise in quantity of C atom in the item of assembles (15.73%), specified that the
liquefaction of Cu is very hinder by composite and thus shows a very high hind-
er capacity. Also, a strong enrichment with C is renowned in the example of
campsite (see Table 6). The EDX of Figure 6 display that the O is significantly
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Table 6. Element gotten from EDX of copper in 2.0 M HNO, solution after inundation
for days nonexistence of inhibitor and in existence of 11 x 10 “® M of 2-amino-6-methyl-
5-0x0-4-phenyl-5,6-dihydro-4H-pyrano[3,2-c]quinoline-3-carbonitrile.

Weight % C ¢} Al Cu
Pure Sample 9.24 1.87 0.45 88.44
Blank 12.13 3.52 ---- 84.35
Inhibitor 15.73 2.45 ---- 81.82

suppressed relative to the coins ready in 2.0 M HNO, solution, and definitely
this suppression will improve with improve examined dose and engagement
time. The destruction of the O occurred due to the overlying inhibitor film. Also
it is significant to notification the quantity of Cu peaks of EDX spectra is rise in
the existence of inhibitor in a contrast of EDX analysis gotten in the nonexis-
tence of inhibitor might representative that the examined molecule defensive the
Cu surface in contradiction of acid corrosion. The configuration of the distin-
guished elements on the surface of Cu designates that the inhibitor molecule is
powerfully adsorbed on the Cu creating a Cu-examined molecule bond, thus

hinder the surface against corrosion.

3.5. Mechanism of Inhibition

Protection of the corrosion of Cu in 2.0 M HNO; solution by examined compo-
site is measured by PP measurements, EIS, EFM and SEM studies; it was ob-
tained that the protection efficiency relies on dose, metal nature, the manner of
adsorption of the inhibitors and surface environments.

The corrosion hindrance is due to the inhibitors have adsorbed at the inter-
face of solution/electrode, the amount of adsorption of an inhibitor rely on the
type of the metal, the adsorption mode of the inhibitor and the conditions of
surface. Adsorption on Cu surface is expected occurred mostly among the active
site involved in the inhibitor and would rely on their charge density. The lone
pairs of electrons transfer on the N atoms to the Cu surface to procedure a coor-
dinate kind of linkage is favored by the existence of a vacant orbital in Cu atom
of little energy.

It was decided that the kind of adsorption rely on the attraction of the Cu to
the clouds m-electron of the ring structure. Metals for example Cu, which have a
better affinity near aromatic moieties, were gotten to adsorb benzene rings in
orientation flat.

2-amino-6-methyl-5-oxo-4-phenyl-5,6-dihydro-4H-pyrano|[3,2-c]quinoline-3
-carbonitrile assembled displays best hindrance power due to: i) the attendance
of CH, group which is an electron giving group, also this CH, will improve the
electron charge density on the structure, ii) its bigger size of molecular weight
(329.25) that may simplify enhanced surface coating, and iii) its adsorption

among five active site.
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3.6. Conclusions

1) The analysis details of composite reveal that, it is an excellent corrosion
hindrance for Cu in 2.0 M HNO,.

2) C, breaks down with respect to the blank solution when adding inhibitor.
This fact may be decided by inhibitor molecule adsorbed on the surface of Cu.

3) EFM can be utilized for calculation of corrosion in a lack of prior data of
Tafel lines slope.

4) The morphology of Cu existence and nonexistence was observed by (SEM)
and (EDX).
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Abstract: Water pipes and drinking water quality deterioration in distribution systems and sea water
desalination impose the use of corrosion inhibitors. The protective effect of spiropyrazole derivatives
against Q235 steel and its adsorption performance were examined in solution of 1 M HCI utilizing TP
(Tafel polarization), electrochemical frequency modulation (EFM), and electrochemical impedance
spectroscopy (EIS) tests. The outcome data from hindrance efficiency rise with the dose of inhibitor.
The orders of %IE of spiropyrazole derivatives are given: (1) > (2) > (3).It was noted that the values
of Egomo and Epypmo dropping in order run parallel to the improvement in %IE, which support
the preceding order. EIS spectra exhibited one capacitive loop and approve the protective ability.
Molecular docking was utilized to get a full picture on the binding mode among spiropyrazoles
derivatives and the receptor of 3tt8-hormone of crystal structure examination of Cu human insulin
derivative. The morphology of protected Q235 steel was evaluated by checking electron magnifying
instrument innovation with energy dispersive X-beam spectroscopy (SEM-EDX).

Keywords: spiropyrazoles; 3tt8-hormone; Q235 steel; SEM—-EDX; molecular docking

1. Introduction

Corrosion in distribution systems pipes resulted in not only pipe material destruction, but also
deterioration in drinking water quality, i.e., water infection with other wastewater or any other water.
Which leads to corrosion of valves or pumps in addition to blockage in pipes as a result of solid
corrosion products.Unwanted chemical and biochemical reactions that occur in the distribution systems
that release iron into distributed water can accumulate, creating tubers [1]. Corrosion measurements
(tubers) consist of reactive types that modify the physical and chemical parameters of water in the
distribution system not only by releasing Fe oxyhydroxides, but also by interactions, for example,
with by-products of chlorinated disinfection [2], nitrates, or with natural organic substance [3]. Salinity

Coatings 2020, 10, 167; doi:10.3390/coatings10020167 www.mdpi.com/journal/coatings


http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0002-1271-7805
https://orcid.org/0000-0003-2331-5040
https://orcid.org/0000-0002-9620-8548
http://dx.doi.org/10.3390/coatings10020167
http://www.mdpi.com/journal/coatings
https://www.mdpi.com/2079-6412/10/2/167?type=check_update&version=2

Coatings 2020, 10, 167 2 of 20

(chloride) is one of the most aggressive substances in seawater. Oxygen in seawater also affects metal
pipes corrosion rate. Moreover, the amount of oxygen affected with the temperature, and consequently
influences the rate of corrosion [4].

Salts in the sea water cause corrosion inside the surfaces of pipes that transport saltwater in
desalination water treatment plants. Also, the existence of air, salts on the ground, moisture, and other
factors lead to outside pipe corrosion in the form of small holes or rough surface.

Inany case, corrosion causes a short lifetime of the pipe, hydraulic effects, aesthetic effects, including
increasing pumping costs, water leaks, and the buildup of corrosion products. Pipe replacement is not
possible due to the high cost, so it is necessary to isolate pipe material from water and any corrosive
agents [5].

Corrosion inhibitors are largely utilized as a part of industry, as for instance, corrosive pickling of
steel and iron, overflow cleaning and preparing, generation of metal and well oil fermentation [6-8].
Improving the acidic environment needed the progress of altered corrosion control tests among
which the implementation of chemical restraints has been the most economical test for the hindrance
corrosion of acid [9-14]. Several organic composites, such as heterocyclic assembled, acetylenic
alcohol, and quaternary ammonium salts are normally utilized as inhibitors in altered industries.
The selected atoms adsorbed on the surface of metal among hetero atoms which include N, S, and O
due to its protection for the active centers and to form a physical barrier to lowering the transmit of
erosion sample to the metal surface [15-21]. The heterocyclic affluences containing nitrogen atoms,
like 4-aminoantipyrine (pyrazole derivative) are excellent corrosion hindrance with corrosive solution
because rise hindrance of corrosion and prevent the odor irritating for alloys in altered aggressive
environment [22-27]. Therefore, the development of novel adjuster inhibitors consisting of a pyrazol
ring and the study of the relations among the inhibitors chemical structure and their inhibition led to
the greater significance in theoretical points and industrial application.

In this study, the hindrance effect and electrochemical habit of spiropyrazole products for Q235
steel including 1.0 M HCl are given by the TP, EIS) and EFM tests. A few quantum-chemistry tests and
molecular docking have been conducted in order to record the inhibition protection to the molecular
properties of the altered kind of assembled [28,29].

2. Experimental

2.1. Measurements

This research mimics the actual docking process in which measuring interaction energies of
the ligand—protein pair-wise through Docking Server [30]. Docking computations were carried out
on a spiropyrazoles protein model. Kollman united atom kind charges, Essential hydrogen atom:s,
and solvation parameters were additional with the support of AutoDock tools [31]. Affinity (grid) maps
of 20 x 20 x 20 A grid points and 0.375 A spacing were generated utilizing the program Autogrid [32].

2.2. Material and Medium

Q235 steel was utilized for the measurements of corrosion. Its % conformation is 0.16 C, 0.30 Si,
0.53 Mn, 0.055 S, 0.045 P, the rest iron. The corrosion dose (HCI 1.0 M) (37% analytical grade).
The structure of spiropyrazole derivatives utilized for this paper are given in Table 1 [33].
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Table 1. Molecular formulas and structure of spiropyrazoles products.

Cod Molecular Weight
pe. Name Structure &Chemical
No.
Formula
2’,3’,6,7,8,9-Hexahydro-2’-phenyl-5’-styryl-
) 3’-(3,4,5-trimethoxy-phenyl) CzH34N Oy
spiro[benzocyclo-heptane-6(5H), (558.25)
4’ (4H-pyrazol)-5-one
3’-(3,4-Dimethoxyphenyl)-2’,3’,6,7,8,9-
@) hexahydro-2’-phenyl-5'-styrylspiro C35H3,N,O3
[benzocyclo— heptane—6(5H), (528.24)
4’ (4H-pyrazol)-5-one
3’-(4-Chlorophenyl)-2’,3’,6,7,8,9-hexahydro-
3) 2’-phenyl-5’-styryl-spiro C33Hy;CIN,O
[benzocycloheptene-6(5H), (502.18)
4’ (4H-pyrazol)-5-one
2.3. Methods

2.3.1. Electrochemical Tests

Electrochemical tests were performed utilizing three thermostat electrodes cell for the electrode
cell using a Gamrypotentiostat/galvanostat/ZRA (model PCI300/4). A saturated platinum and calomel
electrode were utilized as auxiliary and reference electrodes. All tests were done at the temperature of
25 + 1 °C. The measurements of potentiodynamic bends were from —50 to 50 V at a rate scan 1 mV S~}
after the steady state is approximated (30 min) and the OCP was detected after the electrode was
putted for 15 min in the solution test.

The two tests, EFM and EIS were carried out as before with the system of a Gamry framework rely
on ESA400. Echem Analyst 5.5 Software was utilized for graphing, drawing, and fitting value. EIS tests
were done in a range of frequency of 100 kHz to 10 mHz with amplitude of 5 mV signal-to-signal
ac peaks utilized at respective for corrosion potential. EFM had used 2 frequencies 2 and 5 Hz.
The frequency base was 1 Hz.

2.3.2. SEM-EDX Tests

The surface of Q235 steel was gotten by observance the coins for 3 days dipping in 1 M HCl
existence and lack of seamless dose of spiropyrazoles derivatives. Then, after this time dipping, the coins
were lotion gently with water distilled. The surface of alloy was tested utilized an X-ray diffractometer
Philips (pw-1390) with Cu-tube (CuKg, 1 = 1.54051 ﬁ), (SEM, JOEL, JSM-T20, Tokyo, Japan).
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2.3.3. Theoretical Study

Accelrys (Material Studio Version 4.4) software for quantum chemical measurements has
been utilized.

3. Results and Discussion

3.1. TP Tests

TP tests were conducted to obtain information regarding the kinetics of the anodic and cathodic
reactions. Figure 1 demonstrations the TP performance of Q235 steel electrode in corrosive solution
nonexistence and attendance unlike dose of spiropyrazoles derivatives (1). Figure 1 shows that the %IE,
rise as the spiropyrazoles dose rise, while the cathodic reaction is efficient protective, i.e., the adding
of spiropyrazoles decrease the anodic liquefaction of alloyand also hindrance the cathodic reactions.
Therefore, spiropyrazoles are acts as mixed kind inhibitors.

The (0) and %IE were measured from relation (1):

%IEp = 0 x 100 = [1 — (®corr/icorr)] X 100 1)

where %oy and iqopr are the current lack and attendance of solution inhibitor, consecutively.

It is evident from Table 2 that the adsorbed inhibitors lessened the surface area for corrosion
without effect on the mechanism of alloy corrosion in acidic solution [34,35]. The orders of IE% were:
1) >@2)>@3).

Table 2. Impact of spiropyrazoles derivatives for Q235 steel in in corrosive environments attendance
and lack of unlike dose of spiropyrazoles.

—Ecorr icorr X 1073 2 X103 ¢ X 1073 o
Cpd.-No.  Cone, M. (v 6.SCE) (WA cm-2) (Elv dec1) (flv dec1) 0 %oIE
- Blank 489 5.02 106 145 - -
1x107° 459 1.3 60 132 0.741 74.1
3 %107 469 1.28 91 198 0.745 74.5
() 5x 107 493 1.26 99 152 0.749 74.9
7 %1076 479 1.24 77 119 0.753 75.3
9 x 107 488 1.19 79 159 0.7629  76.29
11 x 107° 467 1.05 104 146 0.7908  79.08
1x107° 457 1.51 34 56 0.6992  69.92
3x107° 491 1.48 87 123 0.7052  70.52
@) 5x107° 466 1.45 53 135 07112 7112
7 %1076 487 1.37 83 121 07271  72.71
9 x107° 458 1.35 62 115 0.7311  73.11
11 x 107° 489 1.25 107 156 0.751 75.1
1x107° 439 2.4 52 127 05219 52.19
3 %107 481 2.05 79 143 05916  59.16
3) 5x 107 483 1.92 84 129 0.6175  61.75
7 %1076 462 1.73 67 143 0.6554  65.54
9 x 107 461 1.64 58 117 0.6733  67.33

11 x 1076 480 1.48 69 123 0.7052  70.52
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Figure 1. TP diagrams for the corrosion of Q235 steel in corrosive environments in the presence and
lack of unlike dose of spiropyrazoles (1) at 25 + 0.1 °C.

3.2. EIS Tests

One of the most effective tests in corrosion study is EIS. The properties of mechanical materials for
surface and electrode motility can be obtained using impedance diagrams [36—40]. Figure 2 illustrated
Nyquist (a) and Bode (b) bends given at OCP both in lack and attendance of improving dose of
spiropyrazole derivatives. The values from EIS tests for a Q235 steel electrode were given utilizing the
equivalent circuit demonstrated in Figure 3.The improvement in the size of the capacitive loop with
the attachment of spiropyrazole derivatives demonstrate that a barrier gradually forms on the surface
of metal [41,42]. The higher in the size of capacitive loop Figure 2 aimproves, at a fixed inhibitor dose,
conformed the order: (1) > (2) > (3). The Cgq is measured from Equation (2):

Ca = Yo " /sin[n(7/2)] @)

where w = 27f max, fmax = the maximum frequency.

After EIS exam the figure of the Nyquist bends, the corrosion procedure was measured principally
charged-transfer [43-46]. From Table 3 for the EIS data, we distinguished that the results of Rct improve
with increasing the dose of spiropyrazoles and this result in improving in %IE. Data of Cdl are also
minor to the maximum spiropyrazole inhibitor range [47,48]. The main merits of EIS are to monitor
the corrosion performance of the metal with constant time. The %IEEIS was gotten from the EIS data
from Equation (3) [49]:

%IEgis = [1 - (R°ct/Ret)] x 100 3)

where R° and R are the resistance values existence and lack of spiropyrazole, consecutively.
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Figure 2. EIS Nyquist (a) and Bode diagrams (b) for the corrosion of Q235 steel inattendance and lack
of unlike dose of compound (1) at 25 + 0.1 °C.
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Figure 3. Equivalent circuit utilized to fit EIS data.
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Table 3. Parameters given by EIS test for Q235 steel in corrosive environments attendance and lack of
unlike dose of spiropyrazoles derivatives.

Rgx 1073 Rex 1073 -5

Cpd. No. Conc., M. ((S) cm?) Yox 1076  nx 1073 (g em?) f:gc(nl\(lz) 0 IE

- Blank 11.1 18.2 1.01 36.9 8.93 - -
1x1076 9.7 12.6 1.03 178 1.24 0.793 79.3
3 %107 9.7 12.2 1.04 179 1.23 0.794 794

) 5x 107 10.8 12.7 1.12 194.7 1.22 0.81 81
7 %1076 10.6 16.8 1.05 220.1 1.29 0.832 83.2
9x10°° 9.6 16.3 1.07 361.7 1.2 0.898 89.8
11 x 107 9.7 12.3 1.06 428.1 1.19 0914 914
1x107° 9.6 9 1.05 78.61 1.67 0.531 53.1

3 %107 11.4 18.3 1.03 105.3 1.31 0.65 65
?) 5% 107 139 13 1.05 112.3 1.3 0.671 67.1
7 %1076 15.9 19.8 1.12 119.5 1.29 0.691 69.1

9 %107 9.7 12.6 1.04 123.2 1.26 0.7 70
11 x 107 11.1 19 1.06 134.2 1.25 0.725 725
1x1076 10 27.6 1.01 42.13 6.24 0.124 124

3x107° 9.5 13.7 1.02 49.85 2.75 0.26 26
3) 5x 107° 11.89 18.15 1.05 55.28 1.98 0.332 332
7 % 1070 13.37 11.98 1.03 66.76 1.9 0.447 447

9x10°° 9.5 12.99 1.02 67.12 1.83 0.45 45
11 x 107° 13.81 12.98 1.06 77.56 1.7 0.524 524

3.3. The Method of EFM

The advantages of EFM test gotten it a perfect for online monitoring of corrosion [50]. The data
of EFM in corrosive environments existance and lack of unlike dose of spiropyrazoles was obtain in
Figure 4. The results of EFM-tests were applied two unlike models: diffusion complete control of
the cathodic reaction was quantified by and the “activation” model [51]. The (icorr), (CF-2 and CE-3),
and (Bc and a) were quantified by the higher peaks. The preferable data of CF-2 and CF-3 in Table 4
are parallel to their theoretical numbers of 2.0 and 3.0, individually result in excellent quality of the
measured data.

The %IEgpy raising by improvement the inhibitor dose and was calculated from Equation (4):

%IEggm = [1 = (icorri®corr)] X 100 4)

where oy and icorr are current attendance and lack of spiropyrazoles, consecutively.
The order of %IEgg\: (1) > (2) > (3).
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Figure 4. EFM bends for the corrosion of Q235 steel in corrosive environments attendance and lack of

unlike dose of spiropyrazoles (1).

Table 4. EFM parameters for Q235 steel in corrosive environments attendance and lack of unlike dose

of spiropyrazoles derivatives at 25 + 1 °C.

i x 1073 x 1073
Cpd. No.  Conc., M. (u:z;_z) (n'i; dec-1) (mﬁ; dec1) CF2 CE3 ) %IE
- Blank 58.04 98 331 202 287 - -
1x1076 21.99 88 350 194 295 06211 6211
3x1076 19.09 82 129 189 29 06711 6711
M 5% 1076 15.29 87 146 185 302 07366  73.66
7 %1076 1491 74 105 187 312 07431 7431
9% 1076 11.48 46 49 189 301 08022 80.22
11x 107 9.33 55 71 201 274 08392 8392
1x1076 325 97 193 199 289 044 44
3x107 31.02 121 227 202 287 04655 4655
@ 5% 1076 28.8 79 90 202 291 05038 5038
7 %1076 28.03 91 195 1.97 3 05171 5171
9% 1076 27.04 92 165 187 291 05341 5341
11x 107 25.36 84 162 193 305 05631 5631
1x1076 38.22 86 108 197 308 03415 3415
3% 1076 37.55 141 298 192 287 035 353
3) 5x107 36.32 106 190 189 314 03742 3742
7 %1076 35.12 93 189 208 304 03949  39.49
9% 1076 33.04 105 227 183 3.02 04307 43.07
11x 107 30.34 76 148 176 278 04773 4773
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3.4. Molecular Docking

The docking study presented a favorable contact among spiropyrazoles derivatives and the
receptor of 3tt8-hormone of crystal structure analysis of Cu human insulin derivative. The energy
calculated is recorded in Table 5 and Figure 5. According to the outcome data in this study, HB diagrams
specified that the spiropyrazoles derivatives bind to the proteins via hydrogen bond and disintegrated
interactions energies in kcal/mol existed among the spiropyrazoles derivatives with 3tt8 receptor as
exposed in Figure 6. Also, based on this value, it can propose that interaction among the 3tt8 receptor
and the spiropyrazoles is possible [52]. Further, 2D plot bends of docking with spiropyrazole products
are displayed in Figure 7.

Table 5. Energy data gotten in docking measurements of spiropyrazoles derivatives with 3tt8 receptor.

Est. Free ESt . vdW+ bond+  Electrostatic Total
Energy of Inhibition Intercooled  Interact
Cpd. No. .o Desolve Energy Energy
Binding Constant (keal/mol) (keal/mol) Energy Surface
(kcal/mol) (X;) (uM) (kcal/mol)
1) -5.06 193.78 —-6.45 -0.03 —6.48 640.460
() —4.92 247.10 —6.57 +0.01 —6.56 594.819
3) —6.36 21.62 -7.32 —-0.01 -7.33 611.749
Cpd. No. (A) (B)

)

)

Figure 5. Cont.
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Figure 5. Spiropyrazoles derivatives (green in (A) and gray in (B)) in interaction with 3tt8 receptor.

(For interpretation of the references to color in this figure legend, the reader is referred to the web
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3.5. SEM Tests

The SEM test gotten from coins of Q235 steel existence and lack of 11 x 107® M spiropyrazoles
products after dipping for three days obtain in Figure 8. The surfaces suffer from damaged corrosion
attack in the blank. Due to the stress out when the composite appending in the solution, the morphology
of the tests free surfaces was smoother. We observed a film creation which distributed in a random
way on the whole surface of Q235 steel. This may be understood as being due to the spiropyrazole
products adsorbed of the on Q235 steel which block the active center on alloy. This causes less contact
among alloys and the aggressive enlivenments, and sequentially gives best protection effect [53,54].

imm

Pure Sample Blank

imm

imm

Compound (1) Compound (2)

imm

Compound (3)

Figure 8. SEM images of Q235 steel in corrosive environments attendance and lack of unlike dose of
11 x 107% M spiropyrazoles.

3.6. EDS Test

The EDS tests were applied to measure the elements obtain on the surface of Q235 steel and after
3 days of coated in the lack and attendance of corrosive solution. Figure 9 gives the EDS data from the
composition of Q235 steel only without the acid and presence spiropyrazoles. The EDS show that only
oxygen and iron were detected, and the film passive was obtained with only Fe,Os.

The spectra give added lines, lead to the existence of C (C atoms of spiropyrazoles products).
These data provide that the O and C atoms enclosed surface. The elemental detected is listed in Table 6.

FPure Sample

Full Scale 3111 cts Cursor: 0.000

Figure 9. Cont.
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Figure 9. EDS study of Q235 steel after 3 days in corrosive environments attendance and lack of unlike

dose of 11 x 107 M spiropyrazoles.
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Table 6. Mass % of Q235 steel after 3 days in corrosive environments attendance and lack of unlike
dose of 11 x 107 M spiropyrazoles.

(Mass %) C (0] Al Si S Cl Cr Mn Fe Rb Tb
Pure Sample 7.08 - 028 027 - - 0.24 0.46 87.14 - 4.53
Blank 1198 1764 029 030 014 018 0.19 0.39 6554 046 2.89
Compound (1) 13.05 14.03 031 023 - - 0.20 0.43 67.56 - 4.19
Compound (2) 1268 1699 0.01 0.26 - - 0.19 0.41 65.70 - 3.76
Compound (3) 1253 16.07 023 028 - 0.03 0.18 0.40 65.68 073 3.87

3.7. Quantum Chemical Calculations

The Mulliken charges and molecular orbital bends of spiropyrazole products given in Figure 10.
Theoretical tests were obtained for only the forms of neutral, in order to gotten further insight into the
experimental results. Data of quantum chemical chief to AE and Exomo and Epynmo are measured
and listed in Table 7. The improved or lesser negative Egopmo is inhibitor related, the higher the
trend of offering electrons to unoccupied d orbital of Q235 steel, and the progress of the corrosion
hindrance. The lesser Erypo, the greater the acceptance of plain electrons from surface of Q235
steel [55,56]. AE assumed by the tests in case of spiropyrazole (1) is less than (3) (Table 7) given
spiropyrazole (1) molecule will absorb more highest on alloy surface than others, due to electron easy
transfer between HOMO and LUMO occurred among its adsorption on the surface of Q235 steel and
the maximum of hindrance productivity [57]. It can be seen that all tests of quantum checking these
results from experimental.

Inhibitors HOMO Molecular Structure

)

)

Figure 10. Molecular orbital bends of study spiropyrazoles.
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Table 7. The measured quantum chemical propertiesfor spiropyrazoles products.

Quantum Chemical Properties (U] 2 3)
~Exowmo (eV) 8.006 8.007 8.021
—-Erumo (eV) 4318 4.317 4.309

AE (eV) 3.688 3.690 3.712
1 (eV) 1.844 1.845 1.856
o (eV)! 0.542 0.542 6.165
—Pi (a.u) 6.162 6.162 0.538
x (eV) 6.162 6.162 6.165
S (eV)! 0.271 0.271 0.269
w (a.u) 3.081 3.081 3.0825
ANmax 3.341 3.339 3.321

3.8. Mechanism of Protection

From the results of electrochemical tests, the IE% relies on metal nature, dose, surface conditions,
and the kind of spiropyrazole derivatives adsorption on Q235-steel.
The outcome data of corrosion data attendance of these inhibitors:

e  With an increase in the dose of the inhibitor, the corrosion rate becomes lower
e  The exchange in Tafel lines to extreme regions of potential.
e  The %IE relies on excharge density and their equipment of adsorption centers in the molecule.

Metals such as iron, which are highly attractive to aromatic rings, were gotten to adsorb benzene
rings in a flat direction. The order of breakdown of the %IE of the spiropyrazoles in the corrosion
solution was in the following order: (1) > (2) > (3).

Spiropyrazoles (1) demonstrations best hindrance power because: (i) it has greater molecular size
(558.25) that may enable best surface coated and bigger molecular area and (ii) its adsorption among
6 active sites (2-N and 4-O atoms). Spiropyrazoles (2) comes after (1) in %IE because it has fewer
molecular size (528.24) and minus active site (1-O and 2-N atoms). Spiropyrazoles (3) is the smallest
one in %IE, this is due to it having a minor molecular size (502.18), the appending of p-Cl group is
electron withdrawing group with (o Cl = +0.23), and its order of protection relies on the magnitude of
their withdrawing character.

Concentration of the inhibitor is an important factor in adsorption. As illustrated in Figure 11,
at the adsorption density less than monolayer (Figure 11a), most of the nucleus sites are still likely to be
exposed to hydrochloric acid, as the inhibitor absorbs them less. When the adsorption intensity reaches
monolayer adsorption (Figure 11b), some nucleus sites begin to cover with the barrier particles. At the
maximum absorption density (Figure 11c), the inhibitor particles cover the entire surface, including
the sites of the nucleus, and then complete inhibition occurs.

Nucleation sites

Figure 11. Adsorption diagrams for spiropyrazoles additives as inhibitors at: (a) Low concentration,
(b) intermediate concentration, (c) high concentration on Q235 steel.
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3.9. Conclusions

e All the spiropyrazole products are potentially brilliant corrosion inhibitors for Q235 steel.
The structures of these spiropyrazole inhibtors as well as the presence of certain substituents play
a vital role on their effectiveness anticorrosive agents.

e  The results of EIS display enhancement in the charge transfer resistance and a decline in double
layer capacitances. When adding an inhibitor and thus an increase in% IE due to an increase in
the electrical double layer the thickness.

e  The outcome values from electrochemical tests were in good agreement. The % IE of these
spiropyrazoles is: (1)>(2)>(3).

e  Molecular docking and binding energy calculations of spiropyrazolederivatives (1)-(3) with the
receptor of 3tt8-hormone of crystal structure analysis of Cu human insulin derivative indicated
that the spiropyrazoles are %IE of receptor of 3tt8-hormone.

e  The morphology of protected and no protected Q235 steel was tested by SEM and EDX.

e  Quantum calculation results demonstrated that the heteroatoms of N and O are the active sites
ofthe spiropyrazole derivatives.
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Abstract: BOD composite, (E)-4-(2-(benzo[d]oxazol-2-yl) vinyl)-N,N-dimethylaniline is a new eco-friendly corrosion inhibitor
versus P355 Carbon Steel (Cs). BOD was examined in 1.0 N HCI corrosive solution utilizing TP, EIS and EFM tests. EIS curves
show that adsorption of BOD increases the transfer resistance and decrease the capacitance of interface metal/solution. Molecular
docking was utilized to predict the binding between BOD composite with the receptor of 3tt8-hormone of crystal structure analysis of
Cu Human Insulin Derivative. The morphology of inhibited P355 Cs was analyzed by checking electron magnifying instrument
innovation with energy dispersive X-beam spectroscopy (SEM-EDX).

Keywords: BOD, eco-friendly, P355 Cs, SEM, EDX, molecular docking.

1. Introduction attentive on the electrochemical performance of the

. . P355 Cs in “high alkaline” and “super-anoxic”
Over the previous decades, the passivation and . .
. ) . environment [14]. We trust that the analysis of the
corrosion performance of the steel in existing have ) ; ]
. . . passive manner in saturated Ca(OH), solution (SCS)
been studied [1, 2]. In the typical environment, ) ] ]
. with altered pH by appending of NaOH, which was
numerous research  has  attentive on  the . ) ]
. . utilized as simulated concrete pore solution (SCPS),
electrochemical performance of traditional Cs, ] ] )
. . . will give to an enhanced understanding of the
austenitic or duplex stainless steel (SS) kinds such as

Q235 [3], 304 [4], 316 [5] or 2205 [6, 7] SS [8]. In the
field of nuclear manufacturing, the steel strengthening

corrosion manner of the Cs in concrete.
Since the accepted rate of corrosion of the steel in

. . ) focused is very low, very long time is wanted to
is showing to concrete pore solution over the pH range ) ) . .

) ) ) estimate the corrosion manner which is impractical to
12 to 14 in the anoxic environs even for hundreds of ) ]

. . attain based on research laboratory experiments [15].

years [9]. In these great alkaline environs, an ] . B
T . i . Therefore, electrochemical test is often utilized for
inhibitive passive film will be designed spontaneously

and maintained on the surface of the P355 Cs [10, 11].
The conformation of the existing pore solution has

rapid estimation of steel corrosion [16, 17]. Till currently,
the electrochemical and protected films of P355 Cs
) ) joining in alkaline high (pH > 12.5) and anoxic
great influence on the protection of the Cs [12, 13]. ] T )

. . environs at more polarization had negative (-1.0 V-0 V)

However, till now, few preceding works have ) ) o
potential are scarcely examined [18-20]. So, it is very
- worth travelling the structure and goods of the hindrance

Corresponding author: M. Abo-Elsoud, doctor, professor,

research field: experimental physics. film obtain on P355 Cs in this condition [21-23].
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The main scope of our work is to show that, the
electrochemical habit of BOD as a new eco-friendly
corrosion protection for P355 Cs hold 1.0 N corrosive
solution is obtain by tafel polarization (Tp), (EIS) AC
impedance spectroscopy and (EFM) electrochemical
method. A few

quantum-chemistry measurements have been gotten in

frequency modulation
order to record the inhibition and hindrance to the
molecular properties of the composite [24, 25].
Molecular docking was utilized to predict the binding
between BOD composite with the receptor of
3tt8-hormone of crystal structure analysis of Cu
SEM and EDX
investigations of the P355 Cs in 1.0 N corrosive

Human Insulin Derivative.

solution surface were examined.

2. Experimental Section
2.1 Measurements

This paper mimics the real docking procedure in
which the ligand—protein pair-wise interface energies
are calculated utilizing Docking Server [26]. Docking
measurements were carried out on BOD composite
protein model. Essential hydrogen atoms, Koll- man
united atom type charges, and solvation parameters
were additional with the aid of Auto-Dock tools [27].
Affinity (grid) maps of 20 x 20 x 20 A° grid points
and 0.375 A° area were produced utilizing the Auto
grid program [28].

2.2 Material and Medium
P355 Cs was utilized for the measurement of

Table1 Chemical conformation of the P355 Cs.

corrosion. It’s percent composition is given in Table 1,
the rest iron. The corrosion dose (1.0 N corrosive
solution) (37% analytical grade) was ready by
hydrochloric acid dilution with water double distilled.
BOD composite utilized for this paper, whose
structure was given in Table 2 [29].

2.3 Methods

2.3.1 Electrochemical Method
The

performed utilizing 750 software for calculations. The

electrochemical techniques have been
utilized electrical circuit contains of three electrodes
(SCE reference electrode, Pt auxiliary electrode and
Cs electrode). 1 cm” of the Cs electrode is prepared.
The pre-dipping oxide film was reduced by given a
time period of about 20 minutes for open circuit
potential (OCP). All electrochemical studies were
performed at 25 + 1 °C. Tp is a useful method because
they give more information about the corrosion
mechanism and the factors affecting the corrosion
procedure and inhibition behavior of the BOD. This is
done by  measuring the  potential-current
characteristics of the metal/solution system. In 7P
measurements, electrode potential from —50 to 50 V
was applied at scanning rate 1 mVs™.

(EFM) and (EIS) tests were gain by utilized the
same tests as before with a Gamry framework system
depend on ESA400. EIS tests were ready in a range of
frequency of 100 kHz to 10 MHz with amplitude of 5
mV peak-to-peak. EFM had done utilized 2

frequencies 2 and 5 Hz. The frequency base was 1 Hz.

Mo Cr Ni Cu Si S P Mn C
0.009 0.082 0.05 0.043 0.324 0.0005 0.005 0.98 0.15
N H B Co Ti A% Zr Nb Al
0.034 0.006 0.001 0.001 0.001 0.005 0.0001 1.95 0.034

Table 2 Chemical structure, name, molecular weight and molecular formula of inhibitor.

Structure Name

Mol. Wt./M. formula

BOD

O /CH3

e et
4F° CHs
N

264.32/Cy7HsN,O
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2.3.2 SEM-EDX Tests

The surface of P355 Cs was obtained by keeping
the coins for 3 days putted in 1.0 N corrosive solution
with and lack of perfect dose of BOD composite, after
abraded mechanically utilized unlike papers emery up
to grit size 1,200. Then, after this time dipping, the
samples were lotion gently with distilled water,
carefully dried and mounted into the spectrometer
attendance of further treatment. The surface of P355
Cs was tested utilized an X-ray diffractometer Philips
(pw-1390) with Cu-tube (CuK-a, 4 = 1.54051 A°),
(SEM, JOEL, JSM-T20, Japan).

2.3.3. Theoretical Study

Quantum have been
utilized Accelrys (Material Studio Version 4.4).

chemical measurements

3. Results and Discussion
3.1. Tp Tests

Tp curves without and with different BOD
concentrations for P355 Cs dissolution in corrosive
solution were illustrated in Fig. 1. The variation of
corrosion potential E.,., and, icorr, Ba Pes CR, O
and %I/Ep with BOD concentration were given in
Table 3 Experimental results indicate that i, is
significantly decreases with increasing BOD
concentration. Both the anodic and cathodic curves
were affected by the presence of BOD, i.e. BOD
limited both the anodic and cathodic reactions (mixed
type inhibitor). The almost unchanged Tafel slopes
indicate that BOD acts by just blocking the metal
surface reaction sites without changing the
mechanisms of the anodic and cathodic reaction.

The %IEp and 6 from Tp measurements, were
determined by applying the following equation:

%IEp = 0 X 100 = [1 — (igorr/icorr] X 100 (1)

iorr and i, are the current corrosion densities
lack and attendance of solution inhibitor, sequentially.

The adding of BOD to 1.0 N HCI Makes E_,r
slightly shifted, which suggests that BOD can be

considered as a mixed type inhibitor [30, 31] and also,

this addition does not change the (S, and ;)
remarkably, which designates that the liberated
hydrogen mechanism and the dissolution process of

P355 Cs are not affected.
3.2. EIS Tests

Fig. 2 was given Nyquist (a) and Bode (b) curves
for the corrosion behavior of P355 Cs in 1.0 M HCI
with and without various doses of BOD after 30 min
of immersion. Impedance spectra showed one time
constant related to a single capacitive semi-circles,
which indicated that the corrosion procedure was
mostly controlled by charge transfer [32-39]. The
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Fig. 1 Tp curves without and with different BOD
concentrations for P355 Cs dissolution in corrosive solution
at25+0.1°C.
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Table 3 Effect of BOD concentration on Ecory, icorrs fas B CR, 0, YIE,,.

; “Ecor Leor™ 10-5 ,BHX 10-3 ,BCX 10_3 o
Composite  Conc., M. (mV vs.SCE) (Acm™) (mV dec™) (mV dec™) 0 7IE,
Blank 456 78.2 138.9 162.4 - -—--
1x10° 476 69.2 136.4 163.4 0.115 11.5
3x10°° 454 40.4 108.5 118.3 0.483 48.3
BOD 5x10° 456 39.2 131.7 126.9 0.498 49.8
7x10° 455 33.1 201.2 173.7 0.576 57.6
9x10°° 476 26.5 168.3 162.4 0.661 66.1
11x10° 461 17.9 109.1 151.8 0.771 77.1
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Fig. 2 The Nyquist (a) and Bode (b) diagrams for P355 Cs in 1.0 N HCI before and after adding various doses of BOD at 25
+0.1°C.
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Fig. 3 Electrical equivalent circuit used to fit the EIS.

Table 4 EIS parameters for P355 Cs in 1.0 N HCI before and after adding different doses of BOD at 25 + 0.1 °C.

. Rgx 107 P 3 R Cyx 107

Composite Conc., M. Q cmz) Y, x 10 nx10 Q om? ) (,U ch_z) 0 IE
Blank 1.347 0.267 878.1 19.72 6.313 -— -—
1x10° 1.831 0.302 871.9 2291 2.751 0.139 13.9
3x10° 1.459 0.304 865.9 23.66 2.047 0.166 16.6

BOD 5x10° 1.793 0.213 874.7 28.92 1.986 0.318 31.8
7% 10°° 1.247 3.521 551.2 46.11 1.856 0.572 57.2
9x10° 1.705 1.211 590.1 97.01 1.858 0.796 79.6
11 x 10 1.451 1.489 642.1 111.04 1.394 0.822 82.2

obtained curves are very similar to each other, indicating
that the mechanism of corrosion is not different after
appending of BOD [40]. The diameter of Nyquist
diagrams rises on rising of the BOD dose due to the
creation of adsorbed layer of BOD on surface of P355
Cs. Fig. 3 showed the fitting equivalent circuit for EIS
data, which is consisted of solution resistance (R;),
resistance charge-transfer (R.;), and a CPE instead of a
pure capacitor signifies the interfacial capacitance.
The data of the capacitance double layer (Cy;) can be
given from equation 2 [41]:

Cq = Yo™ ! /sin [n(m/2) (2)
where Y, = CPE magnitude, w = 2Tfax fax 1S
the imaginary frequency at which the component of
the impedance is maximal.

Table 4 represents the data of R, R, Cy and %lIE.
The R.; is a diameter of great frequency loop, which
enhancement with rising of BOD dose. While the
values of C; decreases due to water replacement by
extract molecules making a inhibitive layer at the
P355 Cs [42-44].

The obtained (% IE) and (6) of the ASE was
elaborated fromnext (3) [45]:
%lEgs = [1— (Rie/Ret) X 100 (3)
Where R, and R, are the resistance data before
and after adding ASE, respectively.

3.3. EFM Test

Electrochemical frequency modulation is AC
technique, but it immediately gives corrosion current
values without previous knowledge of Tafel constants.
Fig. 4 shows the EFM spectra for P355Cs in 1 N
HCI without and with different concentrations of BOD
at 25 °C.

The parameters from EFM measurements (.o, Sas
e, CF-2, CF-3, CR, 0 and %IE) were listed in Table 5.
It is observed from the data that, the value of i,
decreases by increasing BOD concentration and %/E
increases. If the causality factors are approximately
equal to 2.0 and 3.0 for CF-2, CF-3, respectively, this
indicates the presence of a causal relationship between
the perturbation signal and the response signal, and
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Fig. 4 EFM spectra for P355 CS in 1.0 N HCI before and after adding various.

Table 5 EFM parameters for P355 Cs before and after adding various doses of BOD in 1.0 N HCl at 25 £ 0.1 °C.

c . icorr Bx107 Bx107 0
omposite  Conc., M. (u Acm’z) (mV dec'l) (my dec'l) CF-2 CF-3 0 %IE
Blank 821.5 126.8 158.4 1.98 306 e e
1x10° 666.3 118.9 130.4 2.02 3.01 0.188 18.8
3% 10° 488.2 107.5 123.2 2.03 3.07 0.405 40.5
BOD 5% 10 471.6 107.9 113.6 2.01 3.02 0.425 42.5
7 x 106 360.4 111.2 161.2 2.01 2.89 0.561 56.1
9 x 106 266.3 118.7 149.4 2.01 3.03 0.675 67.5
11 x 10 253.2 117.8 140.6 1.96 2.98 0.691 69.1

the results are considered to be trusted [46]. Deviation
of CF-2 and CF-3 values from ideality may be
because the perturbation amplitude was overly small,
or the frequency spectrum resolution 1is not
sufficiently high, or the inhibitor is not working very
well [47].
The IEgry % improve by rising the BOD doses and
was obtain as follows:
Wl Egen = [1 = (icors/ivor) X 100 (4)
where i o, and ig,, are current densities before

and after adding BOD, correspondingly.
3.4. SEM Tests

Fig. 5 demonstrates the morphology of the surface
of P355CS coins polished before exposure to the
corrosive solution, SEM image of the CS after dipping
in HCI for 3 day. The micrographs displayed an

extended etching contain green and dark areas with

damaged highly [48, 49].

Fig. 5 (with 11 x 10°M of BOD) is clear that BOD
provided best protection at the surface of the P355 Cs
metal as it forms a inhibitive film on the P355 Cs

surface.
3.5 EDS Test

The EDS spectra were utilized to measure the
elements found on the surface of P355 Cs after 3 days
of covered in the lack and attendance of 1.0 N
corrosive solution. Fig. 6 gives the EDS result
measured on the composition of P355 Cs only without
the acid and inhibitor modified. The EDS record that
only oxygen and iron were observed, which given that
the passive film found with only Fe,Os.

The EDS tests of P355Cs in 1.0 N corrosive
solution only and with of 11 x 10° M of BOD composite
portrays in Fig. 6. The spectra give additional lines,
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Pure Sample

Fig. 5 SEM of P355 Cs in 1.0N corrosive solution after dipping for 3 days nonexistence inhibitor and existence of 11 x 10

M of BOD.

lead to the presence of C (the carbon atoms of BOD
compound). These values give that the O and C
atoms covered surface. The elemental observed is
record in Table 6.

3.6. Quantum Chemical Measurements

The Mulliken charge and molecular orbital curve of
BOD composite are given in Fig. 7. Theoretical
measurements were found for only the forms of
neutral, in order to obtain further insight into the
results of experimental. Data of quantum chemical
lead to energies of energy gap (AE) and (Enomo)
energy of highest occupied molecular orbitals and
(Erumo) are measured and record in Table 7. The
increase or lower negative Epoyo 1s inhibitor
associated, the higher the trend of offering electrons to
unoccupied d orbital of P355 Cs, and the improvement
the corrosion protection. Due to the decrease of E; 0,
the acceptance of electrons is plain from P355 Cs

surface [50, 51].

Apparently, good corrosion protection is usually
those BOD composites who are not only offer
electrons to unoccupied orbital of the alloy, but also
free electrons established from the metal [52]. It can
be seen that all measurement of quantum parameters
checking these results from experimental.

3.7 Molecular Docking

The docking research displayed a favorable
interface among BOD composite and the receptor of
3tt8-hormone of crystal structure investigation of Cu
Human Insulin Derivative. “The calculated energy is
listed in Table 8 and Fig. 8. According to the results
obtained in this study, HB plot curve indicated that,
the BOD composite binds to the proteins hydrogen
bond and decomposed interactions energies in
kcal/mol were existed between the BOD composite
with 3tt8 receptor as shown in Fig. 9. The calculated
efficiency is favorable where K; values estimated by
Auto Dock were compared with experimental K;
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Fig. 6 EDS study of P355 Cs in 1.0 N corrosive solution after dipping for 3 days nonexistence inhibitor and existence of 11 x

10® M of BOD compound.
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Table 6 Mass % of P355 Cs after 3 days in HCI lack and attendance of the optimum dose of the studied BOD compound.

(Mass %) C o Al Cr Mn Fe Tb

Pure Sample 6.79 --- 0.28 0.26 0.49 89.60 2.33
Blank 8.51 14.99 0.26 0.13 0.41 73.37 2.09
Inhibitor 13.23 6.77 0.27 0.19 0.42 76.58 2.31

Table 7 The quantum chemical properties for examined BOD compound.

Properties Inhibitor
-Enouo (€V) 0.2767
-Erumo (€V) 0.1555
AE (eV) 0.1211
n (eV) 0.0605
o (eV)! 16.5111
-Pi (a.u) 0.2161
X (eV) 0.2161
S (eV)! 8.2555
w (a.u) 0.3857
ANpax 3.5689
Inhibitor BOD

HOMO

LUMO

Molecular Structure

Fig. 7 Molecular orbital plots of investigated BOD compound.
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Compound

(A)

B

BOD

Fig. 8 BOD composite (green in (A) and gray in (B)) in interaction with 3tt8 receptor. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article).

Table 8 Energy data gotten in docking tests of BOD composite with 3tt8 receptor.

Est. free energy  Est. inhibition

vdW+ bond+

Compound of binding constant (K;) desolve Erﬁitmifct:{/md) 232?1 m(tliz(l)/(r)rlgi) Interact surface
(kcal/mol) (uM) energy (kcal/mol) gy gy
BOD -4.66 383.22 -5.41 -0.01 -5.41 533.617

S0 B = Interactions
N H interactions 2- ILE

as [ 3 WAL
E 6: CYS
L 7. CYS

o 16: LEU
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Fig. 9 HB bends of interface among BOD composite with receptor of breast cancer mutant 3tt8.
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values, when available, and the Gibbs free energy is
negative [53-55]. Also, based on this data, it can
propose that interaction between the 3tt8 receptor

and the BOD composite is possible”. 2D diagrams
of docking with BOD composite are revealed in
Fig. 10.

hamid el s leiigth

T

|:"- _'.. 5
T 19N A
F
b TR
: e 2.4
IR TE, F. 1]
1 1 M |||||| v erla ik vyl @ il
docking

Fig. 10 2D bends of interface among BOD composite with 3tt8 receptor.
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3.8. Mechanism of Corrosion Protection

From the electrochemical tests the [E % count on
dose, nature of metal, surface conditions and the kind
of adsorbed inhibitor on P355 Cs.

The outcome data of corrosion data presence of this
inhibitor:

1. The minor of CR with increase in dose of the
inhibitor.

2. The exchange in Tafel lines to higher regions of
potential.

3. The %IE is dependent on charge density and their
apparatus of adsorption centers in the BOD.

It was detected that the kind of adsorption relies on
the affinity of P355Cs and the against clouds of
n-electron of the ring. Metals such as iron, which has
a higher attract against aromatic moieties, was gotten
to adsorb benzene rings in orientation flat.

BOD composite exhibits excellent inhibition power
due to: (i) the existence of two methyl groups which
are an electron donating groups, also these groups will
improve the electron charge density on the molecule,
(i) its greater molecular size (264.32) that may
facilitate excellent surface coverage, and (iii) its
three active

adsorption through centers (1 —

0 and 2 — N atoms).
4. Conclusions

1. BOD is excellent corrosion inhibitor for P355 Cs
in 1.0 N corrosive solution.

2. Cq lower with respect to blank solution when the
added BOD inhibitor. This fact may suggested by
inhibitor BOD molecule adsorbed of the on the
P355 Cs surface.

3. Molecular docking and binding energy
measurements of BOD composite with the receptor of
3tt8 — hormone of crystal structure analysis of
Cu Human Insulin Derivative indicated that the
composite is efficient inhibitor of receptor of
3tt8 — hormone.

4. The morphology of protected and unprotected

P355 Cs was examined by SEM and EDX.

5. Quantum chemistry measurement results showed
that the heteroatoms of N and O are the active sites
of the BOD compound. It can absorb on Fe surface
firmly by donating electrons to Fe atoms and
accepting electrons from 3d orbital of Fe atoms.
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