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Abstract Metal-organic network cross-linking agents are commingled with epoxy for establishing

multi-functional coating system with robust resistance properties for steel protection applications in

harsh atmospheres. To support this concept, the present study relates to fabrication of new mixed

ligand Cu(II) and Zr(IV) complexes of metformin (MF) and 2.20bipyridine (bpy) as coating surface

cross-linking modifiers to guard the steel surface of petroleum platforms from corrosion in severe

environments. CHN analysis, molar conductance, magnetic susceptibility, FT-IR, UV–Visible,
1H NMR and TGA/DTG analysis were performed for full characterizations of the two ligands

and their mixed complexes. The elemental analysis data affirmed the chemical formula of the

formed complexes. Molar conductance measurements proved that the complexes were electrolytic

in nature with 1:2 (metal:ligand) molar ratio. The FT-IR analysis for MF, bpy and their complexes

manifested that MF and bpy chelated with metal ions as bidentate ligands through two imines

(-C = NH) groups in MF and through two nitrogen of pyridine rings in bpy. The TGA/DTG anal-

ysis demonstrated the thermal stability and decomposition of the complexes. The magnetic moment

measurements offered paramagnetic properties for Cu(II), leff = 1.70 B.M. The structure geometry
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survey affirmed a distorted octahedral geometry of the formed Cu(II) and Zr(IV) complexes. Epoxy

coating formulations loaded with the same concentration of MF, bpy, Cu(II), and Zr(IV) com-

pounds were applied and evaluated. Salt spray corrosion trial demonstrated that PA-DGEBA/

MC-Cu coating achieved advanced corrosion mitigation demeanor at blistering size of #8, few

frequency and calculated rust grade at 10. SEM morphology and EDX analysis were performed

to explicate the protective performance in which PA-DGEBA/MC-Cu coated layer displayed the

least Fe peak count at 2.5 without appearance of rusting. AFM microstructure of surface-

modified Cu(II) epoxy coating offered the most smooth surface (Ra = 1.78 nm, Rq = 2.99 nm),

with a harder matrix and perfect nonporous coating surface. Acid spot test checked the chemical

resistance of these coatings and elucidated that DGEBA/MC-Cu coating achieved the highest acid

resistances at Level 0 by H2SO4 (96%), HNO3 (70%) and HCl (37%) against full deterioration of

blank neat epoxy at Level 3.

� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

More than 23% of the world’s oil and gas production is from

offshore wells accounted roughly by 17,000 wells. Steel off-
shore platforms are constructed for the petroleum production
in the severe aggressive sea water environment (Olajire, 2017;
https://www.pcimag.com/articles/, 2019; Schremp, 1984). Oil

and gas offshore platforms are large drilling rigs used for
exploring, extraction, storing, and processing petroleum and
natural gas that located in rock formations under the seabed

and the most famous types are the fixed platforms (https://
www.pcimag.com/articles/, 2019). Protective maintenance for
offshore platforms against corrosive marine surroundings is

required by using modified splash zone preventative epoxy
coatings (Schremp, 1984). Prophylactic epoxy coatings were
used for surface protection of different steel structures due to

their superb anti-corrosion demeanor, high bonding proper-
ties, chemical immovability, and strong ascendant mechanical
resistance (Ramezanzadeh et al., 2019; Fadl et al., 2020;
Ashassi-Sorkhabi et al., 2016). In addition to having good

thermal and mechanical properties as a thermosetting poly-
mer, epoxy coating offers strong adhesion intact with the metal
substrate and has low curing shrinkage at room temperature

environment (Gibson and Resins, 2017). However, poor bar-
rier property against the attack by caustic agents is a highly
influential drawback of epoxy coating. An epoxy coating usu-

ally offered some blistering and wrinkling problems and inter-
facial adhesive bond breakage owing to the diffusion of the
aggressive species to spread via zigzag open sites upon the

coating/metal interface, thereby accelerating the degradation
of epoxy coating after prolonged exposure (Yue, 2020;
Pourhashem et al., 2017). Despite these disadvantages, the
investigation on epoxy-based protective coating is still pro-

gressing and many pieces of research have reported the modi-
fication of epoxy polymeric systems to improve the protection
ability (Qiu et al., 2017; Pourhashem et al., 2017; Ganjaee and

Ramezanzadeh, 2020). Consequently, advanced multi-
functional epoxy system for protecting the steel walls of off-
shore platforms from the harsh outdoor conditions is believed

to be an indispensable topic for successful petroleum
production.

Metformin (MF) as illustrated in Scheme 1a displayed con-
spicuous coordinative and biological properties (Vasantha

et al., 2018; Shahabadi and Heidari, 2012). MF reacted with
some aldehyde derivatives forming Schiff base compounds
which reacted with some metal ions forming metal complexes
(Mahmoud et al., 2019; El-Shwiniy et al., 2020). Evaluating

the biological behavior of certain complexes depended on
investigating the interaction of them with glucose in phosphate
buffer solution and the data were indicated by a robust binding

connection between glucose and complexes at pH 7.4 (aqueous
medium) (Mahmoud et al., 2019; El-Shwiniy et al., 2020). MF
is utilized as an ideal curing for type II diabetes, and can be

used as an analgesic, antimicrobial, antimalarial (Zhu et al.,

2002). 2;2\-Bipyridine (bpy) is an hetero organic compound

as shown in Scheme 1b. Recently, bpy became a wide spread
ligand in both macromolecular and supramolecular chemistry
(Schubert and Eschbaumer, 2002; Kaes et al., 2000). The bpy
demonstrated a valuable electrochemical demeanor, variable

photo-optical, photo-physical properties and reacted with
metal ions by the two nitrogen of pyridine aromatic rings
(Elsevier et al., 2003; Solovyev et al., 2018; Abd El-Hamid

et al., 2017). Metal complexes can be more active than their
free ligands, especially those having N-donor heterocyclic
which chelate to the metal ion (Dendrinou-Samara et al.,

2001; Efthimiadou et al., 2007).
Several studies investigated the preparation of p-Phenyla

mine-N(4-chlorosalicylaldenemine) Schiff base ligand and its

metal complexes to evaluate their corrosion mitigation behav-
ior and chemical durability via the epoxy/SiO2 nanocomposite
coating surface applied on C-steel substrate (Fadl et al., 2020).
The obtained results affirmed the prominent protective perfor-

mance of Ni(II) and Cr(III) complexes via the coating film.
Furthermore, the mechanical properties of these designed
coatings were improved owing to their elevated magnetic

dipole moment and electronegativity values in which enhanced
the donor–acceptor interactions via steel/coating interface,
thereby enhancing the cross-linking intensity and reinforcing

the chemical bonding and interfacial adhesion (Fadl et al.,
2019).

Fabrication of transition metal containing polyhedral oli-
gomeric silsesquioxane complexes was carried out from octa

carboxyl polyhedral oligomeric silsesquioxane (OC-POSS)
and blended with epoxy coating system (Zhang et al., 2021).
The obtained results showed that the remaining carboxyl

groups of M@POSS-COOH that could react with epoxy
groups along with the mesoporous structure increased the net-
work strength of the epoxy resin (EP), and played a significant

role in improving the mechanical, dielectric and thermal prop-

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 Structure of (a) MF, (b) bpy, (c) Cu(II) complex and (d) Zr(IV) complex and their 3D models.
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erties of the composites. As reported before in the published
literature, Mn(II) complexes were fabricated and identified as

drying agents for the alkyd coating layer as alternative to Co
(II) driers (Lalgudi et al., 2009). Aluminum complex such as
tris(8 -hydroxyquinoline), aluminum salt was prepared and

characterized as drier and cross-linker for alkyd vehicles
(Harrington et al., 2010). Super-functional dopa–iron com-
plexes and tannic acid Fe(III) complexes acted by continuous

deposition were fabricated and evaluated on solid substrates
(Ejima et al., 2013; Li et al., 2016). Furthermore, some phytic
acid-Co(II) and Ni(II) complex coatings were precipitated by
immersing the steel films in a solution composed of metal ions

and the employed acid to offer superb corrosion mitigation
behavior on steel surface (Yan et al., 2017).

The present study investigates the synthesis, characteriza-

tion and density functional theory (DFT) studies of novel fab-
ricated mixed ligand Cu(II), and Zr(IV) complexes of MF and
bpy ligands. These complexes are described using elemental,
magnetic moment, molar conductance, (TGA/DTG), FT-IR,
UV–Vis. and 1H NMR analysis. Detection for the delicate

structure of the investigated complex compounds in addition
to calculating the total dipole moment, total energy and heat
of formation are made using DFT measurements. Further-

more, the anticorrosion and acid resistance properties of epoxy
coating modified with the same concentration of these metal
complexes and their free ligands are discussed using the inter-

national standard coating evaluation tests to assert their appli-
cation efficiency.

2. Experimental

2.1. Materials and instruments

The present investigation employed chemicals with pure grade
of (CuCl2�2H2O, ZrOCl2�8H2O, MF, bpy and acetone), deliv-
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ered from BDH, Aldrich or Sigma. Polyamine hardener
(Ancamine curing agent1734) consists of DDM (4,40-
diaminodiphenyl methane), was obtained from Anchor Chem-

icals. BECKOPOXTM EP 128 (solvent-free liquid epoxy resin),
was delivered from Allnex coating resins Company, Germany.
Isopropyl alcohol, ethylene glycol, isobutanol and xylene were

acquired by El-Mohandes Company for solvents and chemi-
cals, Egypt�THF was conducted from Palmer Holland, Inc.
Chromaflo Technologies Company was the source of Dioctyl

phithalate (D.O.P). Obtaining of anhydrous 99.9% of
dimethyl sulfoxide (DMSO), was made by Sigma Aldrich
Company. The steel films were provided with
5 cm � 10 cm � 2 mm � dimensions for the salt spray trial.

Steel pieces utilized for the cure chemical durability evaluation
were with dimensions of 15 cm � 10 cm � 0.8 mm. The C-steel
panels used for surface morphology and microstructure sur-

veys were prepared with dimensions of 1 cm � 1 cm � 0.8 m
m. Surface roughness around 50 mm was obtained by sand-
blasting machine. Then, washing by acetone and distilled water

was carried out for coating to be ready applied (ASTM D 609–
00). The XRF chemical analysis of steel surface underlined its
composition as : Al 0.023%, C 0.090%, Mn 1.440%, P

0.190%, Cr 0.590%, Ni 0.220%, Si 0.437%, Cu 0.150 %,
Mo 0.050%, V + Ti 0.020% and Fe represented the Balance.

Perkin Elmer 2400 CHN elemental analyzer was utilized for
elemental analysis. The atomic absorption method was made

using Spectrometer model PYE-UNICAM SP 1900 for detect-
ing gravimetrically the percent of metal ions. FT-IR 460 PLUS
Spectrophotometer was utilized to detect FT-IR spectra using

KBr discs in 4000–400 cm�1 range. Varian Mercury VX-300
NMR Spectrometer was utilized for recording 1H NMR spec-
tra incorporating DMSO d6 solvent. TGA-50H Shimadzu was

utilized to measure TGA-DTG and implemented at tempera-
ture range of 25–1000 under N2 atmosphere oC, and an
alumina crucible was used for accurate sample weighting.

UV-3101PC Shimadzu was employed for detecting the elec-
tronic spectra. Recording the absorption spectra as solutions
was made in DMSO d6 solvent. Sherwood scientific magnetic
balance was anticipated at room temperature to measure the

magnetic susceptibilities of the solid powdered samples utiliz-
ing Gouy balance at 25 oC, with using calibrant (Hg[Co
(SCN)4]). CONSORT K410 was utilized for measuring the

molar conductance of the MF and BiPy and their complexes
at concentration 1 � 10-3 M of solutions in DMSO. Buchi
apparatus was employed for recording the melting points of

the investigated compounds. Scanning electron microscopic
(SEM) micrographs of the coated panels were illustrated by
SEM apparatus (QUANTA FEG 250) with magnification of
800 X to offer the morphology of the applied coating surfaces

after the immediate exposure to the aggressive environment.
EDX appliance connected with SEM device (QUANTA
FEG 250) was employed to underline the modification process

of the investigated coatings with ligands and their mixed metal
complexes. AFM analysis was made using a Shimadzu SPM-
9600 microscope with minimum resolution of 400 nm.

2.2. Fabrication of the employed mixed complexes

The dark blue solid complex [Cu(MF)(bpy)(H2O)2]Cl2�2H2O

was synthesized by mixing 1 mmol (0.165 g) of MF in 40 ml
of acetone and 1 mmol (0.156 g) of bpy with the same ratio
of 1 mmol of CuCl2�2H2O Refluxing for the mixture was made
and a precipitate with dark blue color was obtained and dried
over anhydrous CaCl2 under vacuum. The pink solid complex

[ZrO(MF)(bpy)H2O]Cl2 was fabricated similarly as sketched
above utilizing acetone solvent and ZrOCl2_s8H2O, in 1:1:1
(Mn+: MF: bpy) molar ratios. Unfortunately we were not able

to obtained appropriate mono-crystals to perform X-ray crys-
tallographic measurements after applied several techniques
such as crystallization by slow evaporation and cooling. In

absence of X-ray crystallographic study, we enhance the tech-
nical quality of the manuscript by quantum chemical
calculation.

2.3. DFT computational specifics

Extremely delicate measurements including the parameters of
geometry, energies and atomic charges for MF, bpy, Cu(II),

and Zr(IV) compounds were determined and figured by DFT
(Frisch, 1998) along with the B3LYP functional (Kohn and
Sham, 1965; Becke, 1988) and Lee, Yange Parrs (Lee et al.,

1988), together with the Hartree-Fock local exchange function
(Flurry, 1968).

2.4. Coating modification with MF, bpy and their complexes

MF and bpy and their as-prepared mixed Cu(II), and Zr(IV)
complexes (0.1 g, wt) were dissolved separately in mixed sol-
vents (50 ml) in ratio by weight (20 isobutanol: 30 THF: 50

DMSO) for 20 min using ultrasonic device. Then, heating of
the mixture was carried out for full dissolving of the un-
dissolved parts of MF, bpy and their mixed complexes to pre-

pare the ionic solutions of them. By using ultra-sonic devices
with robust stirring for 30 min, 1% of the prepared ionic
lotions were added separately to the epoxy resin using xylene

for obtaining identical hybrid epoxy coating formulations
(PA-DGEBA/MF, PA-DGEBA/bpy, PA-DGEBA/MC-Cu,
and PA-DGEBA/MC-Zr), against neat epoxy (blank unmodi-

fied conventional coating). The investigated hardener used for
curing the employed coatings was 4,40-diaminodiphenyl
methane (Ancamine 1734), and added to epoxy in (0.6:1) ratios
and the dry coating layer thickness, DFT was measured in

range of 70 ± 5 mm using magnetic gauge.

2.5. Corrosion trial (Salt spray test)

Salt spray trial utilizing Sheen chamber as a closed model was
implemented for corrosion inhibiting evaluation of the investi-
gated compounds through the coating film. The cabinet condi-

tions including; saline sodium chloride solution, 95% humidity
with applied temperature of 35 OC. According to ASTM B117-

03, X-shaped cross-lines were made using sharp cutter via the

coating films for corrosive fog permeation and reaching C-steel
surface via this scratched zone of the coating and the coated
films were established in the parallel plates of the chamber dur-
ing performing the test. Evaluating the corrosion mitigation of

these coated layers on the steel surface was made using the
international standards; API 5L2 4th edition, July 2002 (soft-
ening grade), ASTM D 3359–97, (adhesion degree), ASTM

D 714–02 (frequency and size of blistering), and ASTM D

810–01(rusting class).
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2.6. SEM and EDX analysis of unmodified and modified MF,
bpy, Cu(II), and Zr(IV) complexes epoxy coated steel films

Morphological properties of neat untreated (conventional) and
surface modified MF, bpy, Cu(II), and Zr(IV) complexes

coated films were studied using salt spray severe conditions
(aggressive fog of 5% NaCl for 21 days direct exposure) by
SEM analysis. Micrographs of the inspected coated steel spec-
imens were illustrated at 800 X magnification. EDX analysis

was performed for confirming the modification process in
addition to investigating the amount of rust formed on the
coated panels.

2.7. AFM analysis for the coating samples after salt spray

exposure

Atomic force spectroscopy (AFM) analysis was applied to
illustrate 3D- images using Parapola fit for the various coated
samples for detecting the surface microstructure and rough-

ness, corroded areas and homogeneity of the coating. The
coated steel panels were investigated under a Shimadzu
SPM-9600 microscope with 400 nm resolution (minimum
limit), outfitted by a 125 mm scanner operating in non-

contact mode.

2.8. Acid chemical resistance properties of the coated steel
panels

Acid spot resistance test for the employed coated steel panels
was proceeded using different types of acids (ASTM D1308-

02e1), employing the accounting levels as: No determined
variation (Level 0); few color and gloss variation Level 1);
Few surface maculation and etching (Level 2); Full coating

deterioration, swelling, cratering, erosion and pitting (Level

3) (ASTM D1308–02e, 2002).

3. Results and discussion

All the separated mixed ligand metal complexes offered air-
stability and solubility in DMF and DMSO solvents only.
The physical and elemental analysis results of the MF, bpy

and their Cu(II) and Zr(IV) complexes were summarized in
Table 1. The elemental data emphasize the proposed chemical
formula of metal complexes. The stoichiometry of all com-
Table 1 Elemental analysis and physico-analytical data for MF, bp

Compounds

M.Wt. (MF.)

Color (yield %) M.P. (�C) (calc

C

MF

165.50(C4H12N5Cl)

white 224 (29.0

28.90

Bpy

156(C10H8N2)

White

-

72 (76.8

76.81

Cu(II)

491.55(C14H27N7O4Cl2Cu)

Dark blue

93

230 (34.1

34.11

Zr(IV)

481.22(C14H21N7O2Cl2Zr)

Pink

90

300 (34.9

34.80
plexes represented as 1: 1: 1 Mn+: MF: bpy as shown in
Scheme 1c and d. Molar conductance displayed vital informa-
tion about chelates arrangement around central metal ions and

geometry in addition to indicating the location of anions
around the coordination sphere (inside or outside or absent)
(Geary, 1971). Conductance estimations of the MF and bpy

ligands in DMSO solvent (1x10-3 M) were measured at 9.56
and 55.80 S cm2 mol�1, respectively. Molar conductance of
1x10-3 M DMSO solution of the complexes was found at

121.12 and 148.80 S cm2 mol�1 consistent with 1:2 electrolytes
(Deacon and Phillips, 1980). These data were robustly sup-
ported with the test for Cl- ions by AgNO3 solution (El-
Shwiniy et al., 2020). The effective magnetic moment (leff) of
the Cu(II) complex was measured at room temperature, and
found at 1.70 B.M. (paramagnetic), which was consistent with
a distorted (elongated) octahedral geometrical arrangement

(Magdy Shebl et al., 2016) as illustrated in Table 1. Further-
more, Zr(IV) complex was measured and demonstrated dia-
magnetic properties with octahedral structure geometry.

3.1. FT-IR spectra

Table 2 illustrated the FT-IR spectra values of MF, bpy and

their Cu(II) and Zr(IV) complexes. Comparisons between the
spectra of complexes and free MF and bpy ligands were made
for detecting the coordination sites involved in chelation pro-
cess. The intensities and positions of some peaks were changed

owing to coordination as shown in Fig. 1. All the stretching
bands of imine and amine groups presented in complexes were
shifted compared to free MF ligand. The shifting of the

mas(NH2), m(NH), ms(NH2) bands of the MF at 3376, 3303,
and 3172 cm�1 to lower values in the complexes indicated
the coordination of MF to the metal (Shahabadi and

Heidari, 2014; Vasantha et al., 2018; Olar et al., 2005; Al-
Qadsy, 2020; Olar et al., 2010). The shifting of the imine peak
(C = NH) of the MF at 1631 and 1573 cm�1 to higher values

in the complexes indicated that MF is chelated to the metal
ions through the nitrogen atom of two imine groups
(Vasantha et al., 2018). The FT-IR spectrum of bpy offered
peak at 1578 cm�1 referred to m(C = N) groups of pyridine

rings, was shifted to 1594, 1580 and 1570 cm�1, respectively,
and showed that the bpy was chelated to the metal ion through
nitrogen atoms of (C = N) groups as a bidentate ligand (El-

Shwiniy et al., 2020; Sadeek et al., 2019; Abd El-Hamid
et al., 2019). According to spectra, MF and bpy proceeded
y and their metal complexes.

d) % found K
S cm2 mol�1

leff (B.M)

H N Cl

0) (7.25)

7.18

(42.30)

42.15

(21.45)

21.35

55.80 –

9) (5.16)

5.11

(17.93)

17.91

– 9.56 –

8) (5.49)

5.41

(19.94)

19.90

(14.44)

14.37

121.12 1.70

1) (4.36)

4.30

(20.36)

20.31

(14.75)

14.71

148.80 –



Table 2 Selected infra-red absorption frequencies (cm�1) of MF, bpy and their metal complexes. Keys: s = strong, w = weak,

v = very, m = medium, br = broad, sh = shoulder and m = stretching.

Compounds m(O-H); H2O; mas(NH2) m(NH) ms(NH2) m(C = N);

MF

m(C = N);

bpy

m(M�N), m(M�O)

MF – 3376vs 3303 s 3172 s 1631vs

1573 s

– –

Bpy 3440mbr – – – – 1578 ms –

Cu(II) 3755wbr,

3374sbr

3256 s 3207 s 3147 s 1625vs 1509 ms 608 m, 526w

Zr(IV) – 3300 s 3171 ms 3125 s 1628vs 1577 ms 639 s, 541w
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as bidentate ligands through two nitrogen of imine and
(C = N) groups as coordination sites, respectively, with the
Cu(II) and Zr(IV) ions. The solid complexes spectra displayed
some new bands with various intensities characteristic to m
(MN). The m(MO) and m(MN) bands were noticed at 608
and 526 for Cu(II), and 639 and 541 for Zr(IV) complex (El-
Shwiniy et al., 2020; El-Shwiniy et al., 2020). The proposed

structure and chelation mode of metal ions with two ligands
to construct the complexes are represented in Scheme 1c and d.

3.2. UV–visible spectra

At room temperature, the UV–Visible absorption bands of the
investigated MF and bpy and their complexes were studied to

manifest the stereochemistry of metal complexes. Fig. 2 dis-
played sundry absorption bands, included absorption bands
of the ligands; ligand–metal charge transfer and metal ions
d-d transition. As depicted in Table 3, the free MF electronic

spectrum showed four bands at 360, 373, 290 and 310 nm
which may be characterized to n-p* and p- p* transitions,
respectively (Refat et al., 2015). In addition, bpy gives two

bands at 347 and 284 nm which appointed to n-p* and p-p*
transitions within C = N and C = C groups, respectively
Fig. 1 FT-IR of MF, bpy and their metal complexes.
(El-Shwiniy et al., 2020; Sadeek et al., 2016; Hayashi et al.,
2003). Shifting of the bands to lower or higher values and man-
ifestation of new bands for the Zr(IV) and Cu(II) complexes
were appointed to the chelation of the ligands (Sadeek et al.,

2016; Hayashi et al., 2003). The Cu(II) complex have two
bands at 540and 620 nm which appointed to 2B1g?

2E1g tran-
sition and displayed magnetic moment value at 1.70B.M., that

characteristic to a distorted (elongated) octahedral geometry
(Magdy Shebl et al., 2016; Sadeek et al., 2015; A. Sadeek
et al., 2015; Sadeek, 2005).

3.3. 1H NMR spectra

At room temperature, 1H NMR spectra of MF, bpy and their

complexes were recognized in DMSO d6 as depicted in Table 4
and shown in Fig. 3. MF spectrum showed a signal at
2.93 ppm (s, 6H, 2CH3) assigned to methyl protons. Addi-
tional resonance arisen from the imines protons at 7.22 ppm

(s, 2H, C = NH). The bpy spectrum displayed signals in range
of 7.12–8.70 ppm which characterized to the aromatic ring
protons (Olar et al., 2010; El-Shwiniy et al., 2020). The 1H

NMR spectra of the complexes showed the shift of the broad
peak of MF characterized to imine protons from 7.22 ppm to
downfield in the spectrum indicated their coordination

through imine nitrogen atoms (Magdy Shebl et al., 2016;
Olar et al., 2005). The peak of imine proton at 8.35 and
8.69 ppm was appointed to a hydrogen bond with the oxygen

atom of the DMSO group bonded to Cu and Zr, respectively
(Magdy Shebl et al., 2016). The existence of water molecules
in complexes was indicated by the appearance of new bands
in the 3.47–3.54 ppm range (Defazio and Cini, 2002).

3.4. TGA/DTG analysis of compounds

The thermal behavior of MF, bPy, and their solid metal com-

plexes was investigated using TGA technique in which the
thermo-analytical data described the thermal decomposition
steps of these compounds. The TGA/DTG curves of the inves-

tigated compounds were displayed in Fig. 4 and depicted in
Table 5. The TGA curve of MF indicated that its thermal
decomposition achieved through one step. This step occurred
at maximum 330 �C with weight loss by 99.24 % (calc

100%) due to removal of 2C2H4 + NH3 + 2 N2 (El-
Shwiniy et al., 2020). The TGA/DTG analysis of bpy was dis-
cussed in the literature (Sadeek et al., 2019; Abd El-Hamid

et al., 2019), which presented one degradation stage at



Fig. 2 Electronic absorption spectra for MF, bpy and their metal complexes.
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164 �C with weight loss of 99.64% (calc 100%), and calculated
activation energy (E*) at 75.70 KJ mol�1. The thermal beha-

veir of the complexes could be sub-divided into three stages.
The first step accompained by the mass loss of hydrated
H2O molecules and the second decomposition step took place

with lost species 2C2H2 + HCl + 2NH3 + 1.5 N2 and
3C2H4 + 2.5 N2 for Cu(II) and Zr(IV), respectively. In addi-
tion, the third step indicated by TGA was corresponding to

the degradation of 2C2H4 + HCl + NH3 + NO2 and
HCl + NH3 + 0.5H2 with leaving Cu + 6C, and ZrO2 + 3C
respectivly, as a final product. To determine the effect of the
complexes structural properties on the thermal demeanor in

which the activation energy E*, entropy DS*, enthalpy DH*,
Table 3 UV–Vis. spectra of MF, bpy and their metal complexes.

Assignments (nm) MF

p-p* transitions 290

n-p* transitions 310,

360,

373

Ligand-metal charge transfer –

d-d transition –
and Gibbs free energy DG* of the decomposition stages were
determined from the TGA and DTG thermo-grams using

Coats–Redfern and Horowitz–Metzger equations (COATS
and REDFERN, 1964; Horowitz and Metzger, 1963). Table 6,
illustrated the thermodynamic parameters of the decomposi-

tion stages for Cu(II) and Zr(IV). The decomposition entropies
showed -ve values that indicated the reactions were slower
than normal (Moore and Pearson, 1981). The activation ener-

gies of decomposition of the complexes were found in the
range 68.75–98.5 KJ mol�1 (CR). The elevated E* values for
the investigated complexes gave an indication about the ther-
mal stability of these complexes (Omar, 2009; Rotaru et al.,

2008). The positive values of DH* reflected that the
bpy Cu(II) Zr(IV)

284 295 295

347 320,

370

320,

370

– 540 523

– 620 –



Fig. 3
1H NMR spectra for MF, bpy and their metal complexes.
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decomposition processes of the investigated ligands and their

complexes were endothermic (A. Sadeek et al., 2015;
Mahmoud et al., 2014).

3.5. Structural parameters and models

3.5.1. Structure geometry of MF and bPy

The parameters of structure geometry and the optimized
geometry of MF and bpy ligands using DFT calculations were
listed in Table 7 and illustrated in Fig. 5. Torsion angles varied
between �0.004� � 0.00� and 179.99� � 180.00� in case of MF

and varied between 0.00� and 180.00� in case of bpy affirmed
the planarity of the two free ligand molecules (Abd El-
Table 4 1H NMR values (ppm) and tentative assignments for MF

MF bpy Cu(II)

2.93 – 2.92

– – 3.47

– 7.12–8.70 6.65, 7.18

7.22 – 8.35
Hamid et al., 2019). Variation in bond angles between

117.95� and 123.47� affirmed the sp2 hybridization sort of
atoms. All atoms in MF were not arranged in chain shape
but the variation in angles between atoms was recognized

between 114.00� and 137.53� and reflected that most atoms
had sp2 hybridization sort. The MF five donating centers were
provided from the theoretical investigation. It was observed

that the MF could proceed as bi-dentate ligand via the two
adjacent nitrogen atoms (N5, N9) of C = NH groups, which
were lying in the same direction. Also, bpy had two donating
nitrogen atoms (N1 and N4) (Abd El-Hamid et al., 2019).

According to the observed results, there was a good agreement
between the experimental and computed geometrical
, bpy and their metal complexes.

Zr(IV) Assignments

2.93 dH, –CH3 methyl

3.54 dH, H2O

6.80–7.48 dH, –CH aromatic

8.69 dH, =NH imine



Fig. 4 TGA and DTG analysis for MF, bpy and their metal complexes.
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parameters. The mean average deviation between the B3LYP/
CEP-31G and experimental bond lengths and bond angles

were 0.06 Å and 0.3�, and these results were portrayed to illus-
trate the optimized geometry of molecules.

The optimized geometry of MF and bpy and charge distri-
butions localized on the donating nitrogen atoms were calcu-

lated. There was a considerable installation of charge density
Table 5 The maximum temperature Tmax (�C) and weight loss va

complexes.

Compounds

(M.F)

Decomposition Tmax(
oc) Weight loss

Calc.

MF First step 330 100

Bpy First step 164 100

Cu(II) First step

Second step

Third step

residue

100

159, 218, 261

361, 460

7.32

33.47

31.63

27.58

Zr(IV) First step

Second step

Third step

Residue

195

265, 319

463, 568

23.59

32

11.33

33.09
on N5 and N9 of MF ligand, �0.528 and �0.519, respectively
and on N1 and N4 of bpy, �0.210 and �0.212, respectively.

These charge density values reinforced the chelation between
MF and metal ion via the two nitrogen atoms of the two
C = N groups as bi-dentate and chelation of bpy through
two nitrogen atoms of the two pyridine rings.
lues of the decomposition stages for MF, bpy and their metal

(%) Lost species

Found Total loss

(99.24) 100 (99.24) 2C2H4 + NH3 + 2 N2

99.64 100 (99.64) 4C2H2 + C2N2

7.40

33.42

32.25

26.93

72.42 (73.07)

2H2O

2C2H2 + HCl + 2NH3 + 1.5 N2

2C2H4 + HCl + NH3 + NO2

Cu + 6C

23.90

32.47

10.55

33.08

66.92 (66.92)

2C2H2 + NCCl

3C2H4 + 2.5 N2

HCl + NH3 + 0.5H2

ZrO2 + 3C



Table 6 Calculated thermal behavior and Kinetic parameters for MF, bpy and their metal complexes using Coats–Redfern (CR) and

Horowitz–Metzger (HM) equations.

Compounds Decomposition Range (K) Ts

(K)

method

Parameters

Ra SDb

E*

(KJ/mol)

A

(s�1)

DS*
(KJ/mol. K)

DH*

(KJ/mol)

DG*

(KJ/mol)

MF 350–980 603 CR

HM

25.59

30.63

0.118

3.98 � 102
�0.263

�0.196

22.85

27.89

109.84

92.56

0.993

0.984

0.10

0.20

Bpy 315–554 437 CR

HM

75.70

95.74

6.53 � 106

2.79 � 109
�0.118

�0.067

72.06

92.11

123.46

121.49

0.998

0.998

0.094

0.106

Cu(II) 581–704 634 CR

HM

99.55

80.10

2.71 � 105

4.79 � 109
�0.142

�0.061

96.55

77.10

147.980

99.18

0.927

0.923

0.354

0.396

Zr(IV) 490–578 538 CR

HM

68.95

43.71

1.1 � 104

5.1 � 106
�0.166

�0.115

66.74

41.51

110.90

72.10

0.944

0.995

0.277

0.307

a = correlation coefficients of the Arrhenius plots and b = standard deviation.
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3.5.2. Complexes geometry

Explication of the equilibrium geometry and discussion of

charge distribution of each studied compounds represented
the main purposes of this investigation. For Cu(II) complex,
the Cu ion reacted with one molecule from each MF and

bpy forming an elongated octahedral structure. The bond
lengths and bond angles (Deghadi et al., 2020; Yan et al.,
2016; Khandar et al., 2019) of the investigated complexes were

given in Table 8. In Cu(II) complexes, the equatorial plane was
conquered by two nitrogen atoms (N1, N4) of bpy molecule,
nitrogen atom (N9) of MF molecule and oxygen atom (O10)

of water molecule. Also, the axial plane was occupied by nitro-
gen atom (N5) of MF and (O11) of second water molecule.
While ZrO bond linked to one H2O molecule to complete
the distorted octahedral structure. The equatorial plane of Zr

(IV) complex occupied by two nitrogen atoms (N1 and N4)
of bpy , nitrogen atom (N9) of the MF ligand molecule and
oxygen atom (O10) of Zr = O group, the water molecule

was trans respect to nitrogen atom N5 of MF ligand.
Table 7 Equilibrium geometric parameters bond lengths (Å), bond a

cal/mol) and dipole moment of the MF by using DFT calculations.

Bond length (Å)

C1-N9

C1-N3

N4-C6

C6-N5

1.288

1.338

1.346

1.292

Bond angle (�)

N3C1N9

N9C1N4

C1N4C6

N4C6N5

114.00

114.63

137.53

108.07

Dihedral angles (�)

C3C1N4C6

N9C1N4C6

C1N4C6N5

�0.007

179.99

�179.99

Total energy/ eu

Heat of formation k cal/mol

Total dipole moment/D
3.5.3. Charge distribution analysis (CDA)

The CDA over the optimized geometry array of all investi-

gated compounds was made on the basis of natural population
analysis (NPA) and reported in Table 9. The CD on MF and
bpy indicated the absence of a net negative pole and this could

be assigned to the absence of polar atoms beside the high
degree of planarity of these molecules and this affirmed that
the molecules were weakly dipole (l = 5.900 D for the MF).

The given charge densities for the ligands and their complexes
illustrated in Table 9 showed a significant building up of
charge density on the all nitrogen atoms of the MF and bpy.

There was a relatively high charge density on the Zr(IV) com-
plex at 0.301. The lower charge density and the smallest value
was located on Cu(II) complex (0.021). Also, the negative
charges on surrounding nitrogen atoms of MF in all studied

complexes were greater than that on nitrogen atoms of bpy.
This result contemplated that there was a sturdy interaction
between central metal ions and nitrogen atoms of the MF

more than that of bpy. The negative charge was localized on
ngles (�), dihedral angles (�), total energy (au), heat of formation (k

C6-N7

C8-N7

C2-N7

1.358

1.471

1.448

N4C6N7

C6N7C8

C6N7C2

C2N7C8

134.77

118.48

121.64

119.89

C1N4C6N7

N4C6N7C8

C2N7C6N4

0.010

179.99

�0.004

�86.819

�3142.411

5.900



Fig. 5 DFT-optimized geometry of MF, bpy and their metal complexes.
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nitrogen atoms of the two ligands, while all the carbon and

hydrogen atoms in all complexes hold + ve charge. For the
investigated complexes the nitrogen atoms (N5 and N9) of
MF had more -ve charge than nitrogen atoms (N1 and N4)

of bpy and the carbons directly attached to nitrogen atoms
in the two ligands had more + ve values owing to the elec-
tronegative character of nitrogen atoms. The data indicated

that there was an electron back-donation from the metal sites
in a MLCT mode to the p* orbitals of the MF in some of these
complexes. This deduction was further assured by comparing
the values of the measured charge density on the donating

nitrogen atoms of this ligand. Also, the atomic charges distri-
bution was remarkable to determine the dipole moment vector
direction in the complexes which depended on the centers of

negative and positive charges.

3.5.4. Molecular orbitals (MOs) and frontier

MOs play a vital role for investigating the electronic properties

as illustrated in UV–Vis analysis (Fleming, 1976). Accordingly
for the electronic system, the greater values of HOMO-LUMO
(DE) gap made the system to be less reactive than that with

lower DE values (Kurtaran et al., 2007). The measurements
of the stability and reactivity of complex molecules relied on
the calculated value of DE in addition to offering the molecule

nature with little chemical reactivity and depressed kinetic sta-
bility. Also, the adjacent orbitals were oftentimes closely
splayed on the frontier region. The variation in DE estimations
for the complexes depended on metal ion type as depicted in
Table 9. The checked complexes had lower DE less than free

ligands, so the reactivity of these complexes was higher than
that of free ligands. The energy gaps (DE) of the Cu(II) and
Zr(IV) complexes were measured at 0.190 au which indicated

that these complexes were more reactive. So, diminishing the
DE value facilitated the electron movement between these orbi-
tals. The DE of MF and bpy were calculated at 0.365 and 0.280

au, respectively and this displayed that these ligands were less
reactive.

The nodal properties of molecular orbitals of complexes as
shown in Fig. 6 were illustrative and suggested orbital delocal-

ization, strong orbital overlap, and low number of nodal
planes. Fig. 6 showed the iso-density surface plots of HOMO
and LUMO for the free ligands and their Cu(II) and Zr(IV)

complexes. For the MF, the electron density of HOMO was
delocalized and spread over the all fragments of MF except
middle –NH- group, and also, in case of the electron density

of LUMO for MF, there was a delocalization of electron den-
sity and spreading over all atoms except middle –NH- group.
Hard molecules had high DE gap, and soft molecules had
smaller DE gap (M. Abd El-Hamid et al., 2020). The values

of g and DE given in Table 9 indicated that Cu(II) and Zr
(IV) complexes were soft in which DE was calculated at
0.190 and g measured at 0.095 au, while g for free MF and

bpy were g = 0.183 and 0.140, respectively. There were some
quantum chemical parameters such as global softness (S), elec-
tronegativity (v), chemical potential (Pi), absolute softness (r),
global electrophilicity (x) and additional electronic charge



Table 8 Equilibrium geometric parameters bond lengths (Å),

bond angles (�),dihedral angles (�), Total energy (eV) , Heat of

formation (k cal/mol) and Dipole moment of the studied

complexes by using DFT calculations.

Bond lengths/ Å Cu(II) Zr(IV)

M�N1

M�N4

M�N5

M�N9

M�O10

M�O11

C2-N1

C3-N4

C6-N5

C8-N9

2.293

2.289

1.951

1.948

2.253

2.250

1.287

1.286

1.344

1.347

2.315

2.319

2.331

2.335

2.121

2.095

1.287

1.285

1.344

1.345

Bond angles (�)

N1-M�N4

N1-M�N5

N1-M�N9

N1-M�O10

N1-M�O11

N4-M�N5

N4-M�N9

N4-M�O10

N4-M�O11

N5-M�N9

N5-M�O10

N5-M�O11

N9-M�O10

N9-M�O11

O10-M�O11

78.47

89.31

173.47

98.51

88.18

90.72

99.69

177.26

92.36

97.07

89.29

175.58

83.03

85.54

87.48

71.01

87.89

171.59

102.12

90.91

85.99

101.73

172.75

87.95

87.13

97.23

172.85

85.31

93.19

89.91

Total energy, eV

HF, k cal/mol

Dipole moment, D

�277.638

�8089.334

4.249

�225.691

�7465.958

10.058

Table 9 Calculated charges on donating sites and energy values (H

(S), electronegativity (v), absolute softness (r), chemical potential

(DNmax) of the two ligands and studied complexes by using DFT ca

Parameters MF B

M

N1

N4

N5

N9

O10

O11

HOMO, H

LUMO, L

I = -H

A = -L

DE = L-H

g = (I-A)/2

v = -(H-L/2)

r = 1/ g
S = 1/2 g
Pi = - v
x = (Pi)2/2 g
DNmax = v/ g

-

-

-

�0.528

�0.519

-

-

�0.382

�0.017

0.382

0.017

0.365

0.183

0.199

5.465

2.732

�0.199

0.108

1.087

-

�
�
-

-

-

-

�
�
0.

0.

0.

0.

0.

7.

3.

�
0.

2.

(I) is ionization energy, (A) is an electron affinity.
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(DNmax) of the free ligands and complexes depending on the
calculated HOMO and LUMO energy values.

3.6. Formulation basis for PA-DGEBA/MF, PA-DGEBA/bpy,
PA-DGEBA/MC-Cu, and PA-DGEBA/MC-Zr coatings

The epoxy vehicle carried the investigated coating ingredients

was of diglycidyl ether of bisphenol-A (DGEBA), in which
represented the most applied type of epoxies and always
required specific modification for resisting the harsh conditions

(aggressive species, chemicals and mechanical efforts). The dis-
cussed MF and bpy ligands and their mixed Cu(II), and Zr(IV)
complexes were dissolved in solvent mixture composed of 20

isobutanol: 30 THF: 50 DMSO to be compatible with epoxy
resin for obtaining the surface-modified homogeneous epoxy
coating formulations. The employed checked ligands and their
mixed complexes offered novel modified performance for

epoxy coating in which acted as muting agents and super
cross-linking agents (accelerators) to consolidate the density
of cross-linking of the polyamine/epoxy adduct. They also

improved the coating film stiffness. Xylene solvent was used
for viscosity controlling. The coating polarity enhancement
was achieved by using isobutanol and the solvation power

was attained using tetrahydrofuran (THF) solvent. Improve-
ment in the coating surface properties and induction period
could be fulfilled using ethylene glycol (Fadl et al., 2020).
Di-isononyl phthalate (DINP) plasticizer was anticipated as

coating layer flexibility promoter. Ancamine 1734 hardener
was employed for complete curing process and building up a
boosted three-dimensional network with DGEBA. The

expected cross-linking routes by using MF, bpy ligands and
their mixed complexes were illustrated in Scheme 2. The termi-
nals of amino-groups of polyamine curing agent and the other
OMO, LUMO, Energy gap DE/au, hardness (g), global softness
(Pi), global electrophilicity (x) and additional electronic charge

lculations.

py Cu(II) Zr(IV)

0.210

0.212

0.425

0.145

425

145

280

140

285

143

571

0.285

290

036

0.021

�0.107

�0.071

�0.376

�0.358

�0.325

�0.328

�0.359

�0.169

0.359

0.199

0.190

0.095

0.294

10.526

5.263

�0.264

0.367

2.779

0.301

�0.105

�0.088

�0.324

�0.318

�0.412

�0.260

�0.387

�0.197

0.387

0.197

0.190

0.095

0.292

10.526

5.263

�0.292

0.449

3.074
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of the employed ligands and their complexes formed polya-
mine cured epoxy composite distinguished as hard sealant
epoxy layer as shown in the molecular structures and 3D mod-

els offered in Scheme 3.

3.7. The corrosion-mitigation behavior

The corrosion mitigation performance of the investigated PA-
DGEBA/MF, PA-DGEBA/bpy, PA-DGEBA/MC-Cu and
PA-DGEBA/MC-Zr coated films against the blank neat epoxy

was discussed to offer the corrosion guard effect of MF, bpy
and their mixed Cu(II) and Zr(IV) complexes as additive mod-
ifiers incorporated with the same loading level (%) by weight

from the coating formulation ratios. The influence of incorpo-
rating these species depended on the highly cross-linking den-
sity displayed via the synergistic effect by extra-crosslinking of
amine terminals of the ligands and their mixed complexes in

addition to the original cross-linking by polyamine curing
agent to offer hard nonporous protective coating layer. The
salt spray accelerated corrosion results after the directly expo-

sure to salt spray aggressive fog (5% NaCl solution and
humidity of 95 at 35 �C) for 500 h were illustrated in Table 10
and shown in Fig. 7. Visual inspection was made using the

standard reference photographs to evaluate the adhesion
grade, the blistering frequency and size, rust class and soften-
ing. The blistering frequency is also divided to Dense,
Fig. 6 Molecular orbital surfaces (MOS) and energ
Medium, Medium dense and Few. Classification of rust grade
including (10 means no rusting < 0.01% of rusted surface; and
grade of rust at 0 indicates = 100% of rusted surface. The size

of blistering is assorted from #8 to #3, (#8 means no blistering
and #3 rates the greatest size of blistering (Wahba et al., 2017).
The observed results affirmed that neat epoxy displayed drastic

chemical changes (failure), in which the film demonstrated bli-
string with #3 size and dense frequency, observed softening,
grade of rusting (3), and class of adhesion (2B). In addition,

intensive corrosion products (brownish Fe(OH)3) and pitting
corrosion appeared over the coating layer especially, in the
X-cut area due to the penetration of corrosive species and
chlorides via tortuous pathways in case of neat epoxy film

(Abdou et al., 2017). PA-DGEBA/MF coated film (coating
modified with MF ligand) displayed visually the presence of
rust with grade (5), layer softening, blisters size of #3 size

and medium dense frequency in addition to adhesion class
(3B). The dispersion of MF ligand cross-linked with epoxy
resin enhanced the corrosion inhibiting demeanor behavior

of the coating layer and diminished the deterioration effect
by the aggressive fog. PA-DGEBA/bpy coating (coating mod-
ified with bpy ligand) offered reinforced protection properties

than in case of PA-DGEBA/MF coating in which achieved
rust with grade (6), film softening, blister size of #3 size and
frequency (medium), and adhesion class (3B). Furthermore,
PA-DGEBA/MC-Zr coated layer (coating modified with Zr
y levels of MF, bpy and their metal complexes.



C
CH3

CH3
OO C

CH3

CH3
OO

H2
C C

H

H2
C

OH

H2
C C

H
CH2

O
H2
CC

H
H2C

O

n

H2N NH2

4,4'-Diaminodiphenyl methane

Curing agent

N N
H2C

H2C

C
H
H
C

OH

OH

H2
C
H2
C

O

O

Ph

Ph
CH2

CH2

CH

CH

OH

HO

H2
C

H2
C

O

O

Ph

Ph

Polyamine cured conventional  epoxy

N

N

CHN

NH2

NH

CHN

N
N

N CN
NH2

NH
CN
N

Cu

H2O

H2O

H

H

2+

N

N CN
NH2

NH
CN
N

Zr

H

H

2+

Mixed ligand metal complexes2, 2\ Bipyridine ligand Metformin ligand

N

N
H2
C C
H

OHH2
C O Ph

H2
C
H
C
OH

H2
C O Ph

Route 1

Route 2

N

N
H2
C C
H

OHH2
C O Ph

H2
C
H
C
OH

H2
C O Ph

O

O

CN

N

CN

N

N
H2C

H2C

C
HH

C

OH

OH

H2
C

H2
C

O

O

Ph

Ph
H2
C
H
C
OH

H2
C O Ph

CH2CH
HOH2
COPh

CH2CH
OH

H2
COPh

N

N CN
N
CN
N

Cu

H2O

H2O
C
H2

H
C
OH

H2
C O Ph

N

N CN
N

N
CN
N

Zr
C
H2

H
C
OH

H2
C O Ph

Epoxy resin DGEBA

Cross-linked three-dimensional network of 
metformin cured epoxy

Cross-linked three-dimensional 
network of mixed ligand 

metal compmex cured epoxy

2, 2\ Bipyridine cured epoxy

O

O

H2O

H2O

N

H2C C
H

OHH2
C O Ph

C
H2
C
H

OHH2
C O Ph

H2C C
H

OHH2
C O Ph

C
H2
C
H

OHH2
C O Ph

CH2CH
HOH2
COPh

CH2H
C
OH

H2
COPh

CH2CH
HOH2
COPh

H2C CH
HO

H2
C O Ph
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(IV) complex) illustrated visually no softening through the

cured coating film and the size of blisters was offered at #4
with few frequency, class of adhesion (5B), and grade of rust-
ing (8). The data depicted in Table 10 demonstrated a superior

anti-corrosion behavior for PA-DGEBA/MC-Cu coated film
(coating modified with Cu(II) complex) in which achieved rust
with grade of 10, no film softening (hard cured film), blister
size of #8 size and frequency (few), and adhesion class (5B).
As shown in Fig. 7, PA-DGEBA/MC-Cu displayed a self-

healing effect via the uncoated scratched area in addition to
its pre-emptive behavior on the carbon steel substrate.

SEM micrographs shown in Fig. 8, illustrated qualitative

analysis about the effect of modifying the epoxy coating with
MF, bpy and their complexes and asserted the corrosion guard
demeanor of modified coatings against full spoilage in case of
neat epoxy after the directly innuendo to the salt spray severe
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Scheme 3 Molecular structures and 3D models of the polyamine cured epoxy, MF, bpy and their Zr(IV), and Cu(II) mixed complexes.
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fog. Blank conventional epoxy offered big cracks with exces-

sive corrosion products observed over the coating surface as
shown in Fig. 8a. In this case, the aggressive species permeated
the coating and hooked up to the base metal surface and cause

full damage owing to corrosion. PA-DGEBA/MF coating
manifested the spreading of dense rusting and some few
cracks but less than illustrated by the conventional unmodified

epoxy as displayed in Fig. 8b. PA-DGEBA/bpy displayed
some micro-cracks spread over the top coat with dispersal of
upper surface pores and the effect of aggressive fog was lower
than in case of PA-DGEBA/MF and blank epoxy coating as
displayed in Fig. 8c. The full coating delamination perfor-

mance in case of PA-DGEBA/MF and blank epoxy coated
films and the lower effect observed for PA-DGEBA/bpy coat-
ing were because of the increase in pH value under the coating

surface producing from the formed NaOH ions generated
beneath the coating by the electrochemical reactions (release
of OH– anions from undercoat diffused water and Na+ ions

of salt spray fog) (Fadl et al., 2020). Also, the transmission
of the corrosive species via the zigzag channels and micro-
pores of these coating layers was occurred, thereby enhancing
the ingress of corrosive products and blisters under coating



Table 10 Accelerated corrosion test of unmodified and surface modified MF and bpy and their mixed metal complexes epoxy coated

films after 500 h direct exposure in salt spray cabinet using 5% NaCl solution.

Coating code Blistering Rust grades Softening Adhesion

cross-cut

Size Frequency

Blank epoxy coating #3 Dense 3 Observed 2B

PA-DGEBA/MF #3 Medium Dense 5 Observed 3B

PA-DGEBA/bpy #3 Medium 6 Observed 3B

PA-DGEBA/MC-Zr #4 Few 8 Observed 5B

PA-DGEBA/MC-Cu #8 Few 10 Not observed 5B
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and progressing of micro-cracks. As shown in Fig. 8d, PA-
DGEBA/MC-Zr coating exhibited an enhancement in the pro-

tective behavior in which there was some micro-pores diffusing
over the coating surface without presence of micro-cracks. The
ultra-protective behavior of PA-DGEBA/MC-Cu coating was

illustrated in Fig. 8e, in which perfect protected coating layer
Fig. 7 Salt spray accelerated corrosion experiment for the investigat

coating after direct exposure to aggressive fog (5% NaCl solution and
was observed without spreading of any micro-voids or
micro-cracks. The checked morphological images affirmed

the formation of an integral organic (DGEBA)–inorganic
(metal complex) intercross-linked networks and supported
the corrosion guard behavior (Ramezanzadeh et al., 2019).

In addition, the complex filling diminished the epoxy loading
ed surface modified epoxy coated panels against blank unmodified

humidity of 95 at 35 OC).



Fig. 8 SEM images of the investigated coated films a) Unmodified conventional epoxy, b) PA-DGEBA/MF, c) PA-DGEBA/bpy, d) PA-

DGEBA/MC-Zr and e) PA-DGEBA/MC-Cu after the direct exposure to salt spray fog at severe conditions.
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stress by corrosive fog species produced from cabinet nozzles

(Depoorter et al., 2006).
EDX quantitative analysis was carried out to measure the

corrosion mitigation behavior with incorporating of MF,

bpy and their mixed complexes through the coating film
(Abdou and Fadl, 2019) as shown in Fig. 9. The Fe peak inten-
sity (detected by arrow) displayed the protective performance

of the coating layer with the same thickness and also with
the same loading level (%) by wt. of the investigated modifier
species (high peak count offered low inhibition and vice versa).

Furthermore, EDX elemental survey displayed the chemical
analysis of the epoxy coating film on the C-steel substrate to
clarify the modification process of coating with ligands and
their mixed metal complex molecules and other presented ele-

ments due to the directly innuendo to corrosive fog against
non-modification of neat epoxy. In addition, EDX survey gave
quantitative indication about the inhibition efficiency of the

coating film over the steel substrate. The EDX analysis of con-
ventional epoxy coating displayed the highest iron count at
23.8 which confirmed the least protective performance as dis-
played in Fig. 9a. The elemental analysis of unmodified con-

ventional coating demonstrated the appearance of high
percentages (as peaks) of Na and Cl- ions (represented to the
aggressive sodium chloride solution of salt spray cabinet). In

addition, iron oxide moieties (source of rusting as Fe(OH)3
in presence of water), were manifested and this affirmed the
deterioration of coating layer in case of unmodified coating.

EDX analysis for PA-DGEBA/MF coating was illustrated in
Fig. 9b in which demonstrated more inhibited steel surface
at count of 9.1 than in case of blank epoxy with appearance

of Na and Cl- ions in addition to presence of iron oxide moi-
eties. Also, Fig. 9b manifested the presence of nitrogen atoms
which affirmed the modification process with MF ligand. As
shown in Fig. 9c, PA-DGEBA/bpy coated film offered more

inhibited steel surface than that of PA-DGEBA/MF coating
at count of 7.9 with appearance of Na and Cl- ions in addition
to presence of iron oxide moieties but with lower concentration

than in case of PA-DGEBA/MF and neat epoxy coatings. Fur-
thermore, Fig. 9c offered the presence of nitrogen atoms but
with lower count than in case of PA-DGEBA/MF coated steel



Fig. 9 EDX images of the investigated coated films a) Unmodified conventional epoxy, b) PA-DGEBA/MF, c) PA-DGEBA/bpy, d)

PA-DGEBA/MC-Zr and e) PA-DGEBA/MC-Cu after the direct exposure to salt spray fog at severe conditions.
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panel which affirmed the modification process with bpy ligand
(less number of nitrogen atoms). PA-DGEBA/MC-Zr coating
displayed an inhibited coating layer at count of 3.9 with

appearance of very low concentration of chloride ions and rust
than that of the modified coated films with free ligands as
shown in Fig. 9d. Also, Fig. 9d showed the presence of Zr

element with presence of nitrogen atoms which affirmed the
modification process by Zr(IV) complex via the coating film.
Finally, PA-DGEBA/MC-Cu coating offered a multi-
protective behavior than the other investigated coated films

in which offered the least iron count at 2.5 without appearance
of rusting as shown in Fig. 9e. In addition, PA-DGEBA/MC-
Cu coating displayed the presence of Cu metal with presence of

nitrogen atoms which affirmed the modification process by Cu
(II) complex via the coating layer.
The recognized results described the corrosion mitigation
demeanor of the treated coated films with MF and bpy ligands
affirmed that the enhanced cross-linking intensity in case of

bpy than in case of MF with the excess of DGEBA (epoxy)
moieties was responsible for the improved anti-corrosion
behavior for PA-DGEBA/bpy coated panel than in case of

PA-DGEBA/MF coating. For the modified coatings with Zr
(IV) and Cu(II) mixed complexes, PA-DGEBA/MC-Cu coated
panel showed the highest corrosion-inhibiting performance
and this because Cu(II) complex had increased effective mag-

netic moment (leff) at 1.70 M.B., but Zr(IV) complex offered
diamagnetic properties. The increased magnetic moment value
of Cu(II) mixed complex boosted the chemical interactions and

affinity of binding between the active moieties of these mole-
cules and the epoxy vehicle leading to reinforcing the density
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of the cross-linking via coating film. This performance
enhanced the steel/epoxy interfacial adhesion. The whole eval-
uation of the corrosion mitigation demeanor depended on the

percent of polar bonds presented in the molecules. (Fadl et al.,
2020; Fadl et al., 2019; El Ashry et al., 2006; Rochdi et al.,
2014). Furthermore, PA-DGEBA/MC-Zr coated film dis-

played more efficient inhibitive leverage than PA-DGEBA/
MF and PA-DGEBA/bpy coatings and this could be assigned
to the highest atomic weight of Zr(IV)-complex than that of

MF and bpy ligands (Eddy and Ita, 2011). The superb protec-
tive action for PA-DGEBA/MC-Cu coating could attributed
to the full dispersion of Cu(II) mixed complex compounds with
high leff value through epoxy binder matrix as cross-linking
Fig. 10 The suggested anticorrosion mechanism of a) Polyamine cure

PA-DGEBA/MC-Zr and e) PA-DGEBA/MC-Cu, coated films.
modifiers in which prohibited the spreading of the corrosive
salt spray fog species through the open channels of the cured
coated layer by increasing the density of chemical bonding

and forming an outstanding protective barrier.
The outstanding synergistic anti-corrosion demeanor of

cured epoxy coating modified with MF, bpy and their investi-

gated Zr(IV) and Cu(II) complexes on C-steel substrate of gas
and oil production platforms and predominately, PA-
DGEBA/MC-Cu coatings displayed the inhibitive mechanism

illustrated in Fig. 10 and discussed as follows. The outstanding
corrosion inhibiting action characterized by the presence of
p- electrons of aromatic rings existed in epoxy resin and bpy
ligands of the incorporated mixed complexes. In addition,
d conventional epoxy, b) PA-DGEBA/MF, c) PA-DGEBA/bpy, d)



Fig. 10 (continued)
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the adsorption of lone pair of electrons of nitrogen atoms exis-
tented in the imine (C = N) groups presented in MF and bpy

ligands and lone pair of oxygen atoms existed in epoxy on the
steel panel. As shown in Fig. 11, the chemical bonding between
the vacant d-orbitals of steel surface and the donating centers
of the coating layer established an adherent plastic film and

this participate principally in the protective performance of
these coatings. In addition, a strong electrostatic physical
bonding could be induced between steel vacant sites and mod-

ified epoxy with MF, bpy and their mixed complexes and sup-
ported the protective behavior (Fadl et al., 2020). Fig. 11
offered a weak adherent plastic layer of cured unmodified

epoxy. In case of PA-DGEBA/MF and PA-DGEBA/bpy
coated films, the adhesion vehemence with steel surface was
increased in presence of MF and bpy ligands due to enhancing

the bonding intensity. Mild adhesion strength was presented
by PA-DGEBA/MC-Zr coated layer as shown in Fig. 11
owing to the increasing in intensity of donor/acceptor interac-
tions due to incorporating of Zr(IV) mixed complex containing

MF and bpy ligands via epoxy vehicle. Due to the increase in
bonding intensity, the diffusion of aggressive species through
the open channels of the coating layer was prohibited more

than in case of blank epoxy, PA-DGEBA/MF and PA-
DGEBA/bpy coatings (Fadl et al., 2020; Fadl et al., 2019;
Fadl et al., 2016). Very robust adherent layers were displayed

by PA-DGEBA/MC-Cu coatings as shown in Fig. 11. Accord-
ing to the suggested anti-corrosion mechanism as shown in
Fig. 10a, cured blank unmodified neat epoxy displayed a com-

plete deteriorated coating layer due to the spreading of pores
and big cracks as effective pathways over the coating layer in
which the aggressive species (Cl-, O2 and H2O) penetrated
the surface pathways and caused pitting corrosion and forma-

tion of rust (Fe(OH)3) (Ramezanzadeh et al., 2020;
Elzaabalawy and Meguid, 2020; Li et al., 2019; Zhu et al.,
2021). With incorporating of MF and bpy ligands via the coat-

ing film, the deterioration effect was decreased in which micro
and few cracks were observed in addition to presence of some
rusted areas and pitting corrosion by PA-DGEBA/MF and

PA-DGEBA/bpy coatings, respectively. This demeanor was
because of enhancing the cross-linking intensity by the com-
bined effect of donating centers in epoxy vehicle and the

employed ligands as illustrated in Fig. 10b and c. But, the
investigated complexes offered lower energy gap (DE) value
than free ligands and displayed higher chemical reactivity in
addition to the increasing in their atomic weight, thereby rein-

forcing the density of cross-linking with epoxy moieties and
enhancing the film stiffness. As shown in Fig. 10d, PA-
DGEBA/MC-Zr coating demonstrated more inhibitive layer

than in case of PA-DGEBA/MF and PA-DGEBA/bpy coat-
ings in which few rust was observed without existence of
pitting corrosion. This performance was owing to the full dis-

persion of diamagnetic Zr(IV) mixed complex with octahedral



Fig. 11 Plastic adherent layers of the modified coated films against blank neat epoxy.
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geometry and high molecular weight than in case of free

ligands, thereby enhancing the cross-linking intensity, film
rigidity and adhesion strength. Furthermore, the published lit-
erature affirmed that the magnetic moment and electronic

spectral studies affected strongly in the inhibition performance
of free metal complexes on the steel surface (Singh et al., 2013).
The investigated results displayed that metal complexes with
magnetic properties and octahedral structures offered more

enhanced inhibition performance than that with diamagnetic
ones. Fadl et al. investigated that metal complexes with para-
magnetic properties demonstrated the prominent protective

behavior via the epoxy coating film and the inhibitive effect
was enhanced with increasing the effective magnetic moment
value (Fadl et al., 2020; Fadl et al., 2019). The established bar-

rier layer by PA-DGEBA/MC-Cu coating as displayed in
Fig. 10e was assigned to the perfect dispersion of Cu(II) com-
plex molecules with crystalline shape which arranged in over-

lapping sheets parallel to the C-steel substrate and
established an enhanced interface surface interactions with
epoxy, resulting in impervious shield and prohibited the per-
meation of corrosive ions, water and oxygen via the coating
film. This performance consolidated the inter-coating adhesion

and preventing coating layer swelling and cracking then, sup-
ported the corrosion inhibiting mechanism (Shi, 2009). PA-
DGEBA/MC-Cu coating offered the outstanding protective

performance because the Cu(II) mixed complex dispersed via
the cured epoxy layer had paramagnetic properties (leff = 1.70-
M.B.) and an elongated octahedral molecular geometry. Also,
the UV–Vis. spectra of MF, bpy and their metal complexes

illustrated in Table 3 affirmed that Cu(II) mixed complex
had p-p*, n-p* and d-d in addition to ligand–metal charge
transfer transitions. These transitions could enhance the chem-

ical bonding and density of cross-linking via coated film,
thereby consolidating the epoxy layer hardness (Fadl et al.,
2020) and preventing the penetration of aggressive species as

shown in Fig. 10e. Furthermore, PA-DGEBA/MC-Cu coating
offered a super-hydrophobic layer owing to enhancing the
intensity of cross-linking between Cu(II) mixed complex and

epoxy terminals. Then, the wettability of aggressive atmo-
sphere was decreased (Fadl et al., 2019). However, Zr and
Cu ions in case of Zr(IV) and Cu(II) complexes were chelated
with the same ligands and also had the same molecular geom-
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etry (octahedral), PA-DGEBA/MC-Zr displayed lower protec-
tive behavior than PA-DGEBA/MC-Cu. This behavior could
be attributed to diamagnetic properties of Zr(IV) mixed com-

plex with lower electronic transitions (Singh et al., 2013) as
illustrated in Table 3. The dispersion of paramagnetic Cu(II)
mixed complex with a distorted (elongated) octahedral struc-

ture geometry and had d-d transitions via the coating layer
occupied the surface open zigzag channels as interconnected
bridges with epoxy matrix and decreased the free volumes in

addition to enhancing the density of cross-linking, thereby
reducing segmental chain motions and reinforcing stiffness
(Fadl et al., 2020; Liu et al., 2021).
3.8. Self-healing performance

The self-healing mechanism of PA-DGEBA/MC-Cu coating
offered by checking the X-cutting zone over full-dried coated

steel panel after the directly innuendo to the aggressive fog
was illustrated in Fig. 12. The cured blank unmodified epoxy
layer offered sfull electrolytic degradation at the surroundings

of the cutting area as shown in Fig. 7 and illustrated in the
mechanism shown in Fig. 10a and according to the equations
(Schremp, 1984; Ramezanzadeh et al., 2019; Fadl et al., 2020;

Ashassi-Sorkhabi et al., 2016; Gibson and Resins, 2017):

2Fe + O2 + 4Hþ ! 2Fe2þ + 2H2O ð3Þ
Fig. 12 Self-healing mechanism of PA-DGEBA/MC
4Fe + 8Cl� ! 4FeCl2 + 8e0 ð4Þ

4H2O + 2O2 + 8Naþ + 8e0 ! 8NaOH ð5Þ

FeCI2 + 2NaOH ! Fe(OH)2 + 2NaCl ð6Þ

4Fe(OH)2 + O2 ! 2Fe2O3� H2O + 2H2O ð7Þ
But in case of PA-DGEBA/MC-Cu coating as shown in

Fig. 12, the synergistic self-healing mechanism (autonomous)
of MF-Cu-bpy complex as microcapsules and the excess of
unreacted epoxy (DGEPA) moieties was appointed to the

induced poly-condensation or cross-linking due to the innu-
endo directly to truculent fog producing new cured phase
over X-cut area from DGEPA-MF-Cu-bpy-DGEPA as con-

solidated deposits, prevented the migration of aggressive spe-
cies (H2O and ions) in the proximity of coating and
inhibited the scratched zone (Fadl et al., 2020; Liu et al.,

2021). Cu(II) complex with an elongated octahedral struc-
ture geometry offered self-healing performance owing to its
enhanced electronegativity (v) at �0.294 value and having

the highest value of electron affinity (A) at �0.199, thereby
supporting the chemical reaction with the un-reacted epoxy
under the effect of external severe environment (salt spray
aggressive fog), and boosting the intensity of cross-linking
-Cu coating applied on the oil and gas platform.
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over the uncoated area. Thereafter, the formed deposit
adduct at the scratched zone self-healed on this area and
mitigated the diffusion of aggressive species.

3.9. AFM analysis of the checked coated panels for protective

behavior confirmation

The 3D AFM topographic images of the surveyed coatings
(polynomial fits) after the direct exposure to the aggressive salt
spray fog were illustrated with lateral dimensions of

100 � 100 nm as shown in Fig. 13. This strategy was per-
formed to survey the protective performance of the employed
modified coating with MF, bpy and their mixed complexes

against the delamination effect of blank unmodified epoxy in
Fig. 13 3D AFM topographic images of the investigated coated film
3D dimensions. The polynomial fits affirmed the corrosion
inhibiting performance of modified coated panels especially,
PA-DGEBA/MC-Zr and PA-DGEBA/MC-Cu coatings based

on measuring the surface roughness and visual inspection of
the formed rusting over the coating surface. Fig. 13a demon-
strated ultra-microtomed fractured surface with some lamps,

protuberances and degradation features over the coating sur-
face with highly roughened surface (Ra = 1933 nm,
Rq = 238 nm) due to the formation of corrosive products in

case of blank neat epoxy (Gu et al., 2005). The surface modi-
fied MF coated film (PA-DGEBA/MF) offered also highly
roughened surface (Ra = 176.7 nm, Rq = 27.4 nm) with
observed protuberances but less than that observed in case

of neat epoxy as displayed in Fig. 13b. PA-DGEBA/bpy
s after the direct exposure to salt spray fog at severe conditions.
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displayed low roughened coating surface with few protuber-
ances (Ra = 9.46 nm, Rq = 11.28 nm) as shown in Fig. 13c
due to the combined chemical bonding of cured bpy ligand

and epoxy and enhancing the crosslinking intensity. The poly-
nomial fit of PA-DGEBA/MC-Zr offered smoother surface
with very small protuberances (Ra = 2.8 nm,

Rq = 7.70 nm) as shown in Fig. 13d. This action was due
to the presence of Zr(IV) mixed complex with octahedral
molecular geometry and high atomic weight that enhanced

the protective behavior in which enhanced the film rigidity
and stiffness more than in case of free ligands. As displayed
in Fig. 13e, PA-DGEBA/MC-Cu offered the most smooth sur-
face (Ra = 1.78 nm, Rq = 2.99 nm) with a harder matrix of

bulk microstructure of polyamine cured epoxy film modified
with Cu(II) complex (nonporous layer). Also, This perfor-
mance affirmed the self-healing effect of PA-DGEBA/MC-

Cu coating after the long-term innuendo to the offensive fog
for 21 days (500 h) in which the surface microstructure demon-
strated un-damaged areas (Cui et al., 2019). The enhanced
Fig. 14 Acid spot resistance test for the investigated coated films

DGEBA/bpy, d) PA-DGEBA/MC-Zr and e) PA-DGEBA/MC-Cu.
effective magnetic moment with an elongated octahedral
geometry of Cu(II) mixed complex and the increased elec-
tronegativity were responsible for reinforcing the affinity of

chemical binding and increasing the interface surface interac-
tions with epoxy binder. Then after, it could promote the
intensity of cross-linking via the internal coating and consoli-

date the steel/epoxy interfacial adhesion.

3.10. Acid spot resistance test of the checked coated steel
specimens

The acid resistance test was implemented to offer the chemical
degradation action of strong acids on the cured film of the

checked PA-DGEBA/MF, PA-DGEBA/bpy, PA-DGEBA/
MC-Zr and PA-DGEBA/MC-Cu coated films against blank
unmodified epoxy. As shown in Fig. 14a and b and illustrated
in Table 11, blank unmodified epoxy and PA-DGEBA/MF

coatings displayed complete chemical failure (dense blistering,
wrinkling, softening and surface damage) due to the direct
a) Unmodified conventional epoxy, b) PA-DGEBA/MF, c) PA-



Table 11 Acid spot test results for the investigated coatings.

Coating code Acid resistance (B: Nonvolatile liquid)

Sulfuric acid

(96%)

Nitric acid

(70%)

Hydrochloric acid (37%)

Blank epoxy coating 3 3 3

PA-DGEBA/MF 2 2 1

PA-DGEBA/bpy 2 2 3

PA-DGEBA/MC-Zr 1 0 1

PA-DGEBA/MC-Cu 0 0 0
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exposure to strong acids. This performance could be attributed
to physical and chemical degradations in which the physical

damage was due to the penetration of hydrolyzed moieties of
acids via the free volumes of cured coating layer. Then, these
polar moieties could ‘‘jump” from one free volume to another

and caused blistering, wrinkling and softening. The chemical
degradation of the coating layer was due to acid hydrolysis
in addition to the initiated oxidation reactions occurred by

the acid effect and caused coating bond fracturing and conver-
sion of reactive groups (as –OH to –C = O) (Banna et al.,
2011; George and Thomas, 2001; Abdou et al., 2019). Further-
more, H2O molecules presented at the coating/steel interface

could easily break the hydrogen bonds formed between the
C-steel substrate and coating due to its strong affinity to estab-
lish strong hydrogen bond with steel. For water influence, the

produced hydroxyl groups from the induced electrochemical
reactions initiated underneath the coating film could react with
Na+ cations of tap water and form NaOH molecules as a

strong alkaline agent. Thereafter, this demeanor increased
the pH beneath the coating layer and caused delamination of
coating (Sorenson et al., 2010). PA-DGEBA/bpy coating
offered little chemical damage as displayed in Fig. 14c and

illustrated in Table 11 due to the acid delamination effect. This
behavior was due to the enhanced chemical bonding and
highly cross-linking intensity by bpy ligand (single-double

bond overlapping conjugated system) with epoxy matrix and
formation of mild stable coating film. PA-DGEBA/MC-Zr
coated layer showed more chemical resistance and few weak

adherent spots as illustrated in Fig. 14d than for surface trea-
ted MF and bpy epoxy coatings due to the combined cross-
linking of two ligands of Zr(IV) mixed complex with octahe-

dral geometry and epoxy matrix which supported the donor/
acceptor interface interactions with steel surface. The passed
coatings displayed no softening; no loss of adhesion; no wrin-
kling and no blistering after the exposure period as sketched in

Fig. 15. PA-DGEBA/MC-Cu coatings offered the superior
acid resistance performance as shown in Fig. 14e and illus-
trated in Table 11.This behavior was due to the well-

dispersion of the elongated octahedral structure of Cu(II)
mixed complex which fill the free volume places via the coating
film by inducing highly cross-linking intensity and worked as

internal coating bridges, thereby decreasing segmental chain
motions, enhancing the coating layer stiffness and ameliorat-
ing the resistance to acids effect (Marotta et al., 2021). In addi-

tion, PA-DGEBA/MC-Cu coating demonstrated the perfect
chemical durability behavior due to the magnetic properties
of Cu(II) mixed complex in which increased the electronegativ-
ity around the formed compound and enhanced the internal

cross-linking with epoxy matrix. Then after, this performance
could maximize the chemical bonding between the donor coat-
ing sites and vacant d-orbitals of steel substrate and boost the

resistance to the external hazardous effect of various applied
acids.

Finally, the proposed coating systems modified with the

novel fabricated Cu(II) and Zr(IV) complexes as network
crosslinking agents demonstrated new corrosion-inhibiting
and chemical resistance properties. Their synergistic behaviors
differed from commercially available anticorrosive agents

owing to not only pigmentation and blocking the coating film
open channels but also participation in enhancing the
crosslinking intensity as extra curing agents for epoxy vehicle.

This performance supported the donor/acceptor interactions
via coating/steel interface and revealed a consolidated cured
adherent film, thereby exhibiting an excellent durability

against severe external exposures. Compared to the referenced
articles investigated the traditional anticorrosive agents, it was
observed that the present incorporated complexes performed
as epoxy network interconnected bridges in which exhibited

filling the free volumes via the epoxy network , reducing the
segmental chain motion and supporting film stiffness.

4. Conclusions

Multi-functional epoxy coatings based on the modification by
novel fabricated Cu(II) and Zr(IV) mixed complexes of MF

and bpy ligands as coating intensive cross-linking accelerators
were formulated and evaluated to manifest their anti-
corrosion and chemical resistance properties applied on the

steel surface of oil and gas production platforms. Several
characterizations for the prepared complex cross-linkers were
made and affirmed their chemical consistence. UV–Vis. spec-

tra of the investigated compounds demonstrated that Cu(II)
complex had p-p*, n-p*, LMCT and d-d transitions. The
nodal properties of molecular orbitals of the complexes
offered that Zr(IV) and Cu(II) complexes had lower energy

gap DE values than free MF and bpy. So, these complexes
demonstrated high reactivity than free ligands. The elec-
tronegativity (v), and electron affinity (A) of these complexes

achieved the highest values at –294 and –0.199, respectively
and this affirmed the expected intensive cross-linking intensity
could be established. PA-DGEBA/bpy coated film displayed

proper corrosion-inhibiting and acid resistance properties



Fig. 15 Sketch for the predicted mechanism of acid resistances for the investigated coated films.
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than PA-DGEBA/MF coating due to the enhanced cross-

linking and formation of stable cured coating film by the
reactive conjugated system of bpy with epoxy matrix. PA-
DGEBA/MC-Zr coating demonstrated an enhancement in

the resistance to outdoor exposures than PA-DGEBA/MF
and PA-DGEBA/bpy coatings due to the dispersion of octa-
hedral structured Zr(IV) complex with high atomic weight

than in case of MF and bpy in which supported an elevated
cross-linking density with epoxy. The prominent behavior

was achieved by PA-DGEBA/MC-Cu coating owing to the
synergistic effect by high effective dipole moment and an
elongated octahedral molecular geometry, high electronega-

tivity and electron affinity in addition to demonstrating four
electronic transitions, thereby enhancing chemical bonding
via donor/acceptor interactions between epoxy and steel sur-

face and boosting the interfacial adhesion.



Fig. 15 (continued)
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