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1. Introduction

The 1,4-naphthoquinone (1,4-NQ) core is a frequent unit in natural products.
For decades, these substances have been used for various purposes in different
application areas, from biological and medicinal [1] [2] [3] [4] to materials
science [5] [6] [7]. The 1,4-NQs are highly reactive building blocks in a large va-
riety of chemical reactions, attracting many synthetic chemists inspired by the
nature to produce technologically appealing and bioactive compounds [8] [9]
[10]. Quinoline (aza-naphthalene) is other scaffold presenting a similar profile
with remarkable synthetic versatility and a large set of usages [11] [12]. Many
synthetic and natural products bearing this unit display diverse activities, mostly
biological and pharmacological [13] [14] [15].

The 1,3,5-triazine (s-triazine) scaffold, on the other hand, is not common in
natural products [16]. Usually, cyanuric chloride, which is prepared by the reac-
tion of chlorine with hydrocyanic acid under direct sunlight [17], is used as
starting material to insert this skeleton into a desired compound. Given its effi-
cient reactivity towards a range of nucleophiles, commercial accessibility, low
cost, and ease of stepwise chemoselective substitutions of the three chlorine atoms
[18] [19], it is frequently applied to build elaborated molecular architectures [20].
Its derivatives have been subjected to extensive studies, presenting useful agri-
cultural and medicinal applications [21] [22]. However, some solubility-related
problems are common in triazine derivatives, affecting synthesis, characteriza-
tion, and application steps. To increase its derivatives solubility, the insertion
of morpholine group in the triazine core has shown to be a good strategy [23]
[24].

All these scaffolds exhibit the structural similarity of being planar, having
conjugated m-system and heteroatoms with electron lone pair. Particularly, these
are important features in the design of new organic corrosion inhibitors [25] [26]
[27] [28]. A high degree of planarity enables them to adhere to the metallic sur-
face, creating a thin protective film that avoids or decreases reactions that trigger
corrosive processes [25]. Regarding the nature of anticorrosive agents, use of or-
ganic compounds as corrosion inhibitors is one of the most profitable, effective
and ease methods because of their simplicity and cost-effective synthesis, using
commercially available inexpensive starting materials [25]. Usually the organic
inhibitors contain unsaturations in their chemical structure and/or polar groups
with atoms of nitrogen, sulfur and oxygen, capable of transferring electrons to
the metal, forming a strong covalent bond. Thus, metals act as electrophiles, while
organic inhibitors act as nucleophiles [26] [29].

Several works reported natural and synthetic compounds bearing these cores
as corrosion inhibitors. 1,4-naphthoquinone, for example, was shown to be an
efficient corrosion inhibitor in aluminum in a 0.50 mol-L™' solution of sodium
chloride [30]. Compounds containing a quinoline core also showed anticorro-
sive activity in iron and steel in acidic solution [31] [32] [33]. Similarly, triazine

derivatives presented anticorrosive activity in aluminum and steel in acidic me-
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dium [34] [35] [36] [37]. In addition, compounds containing the morpholine
group exhibited anticorrosive activity, mainly in steel, in acidic media [38] [39].
From this perspective, this work aims to synthesize, characterize, and evaluate
the corrosion inhibition efficiency of molecular hybrids containing the 1,4-NQ,
quinoline, triazine and morpholine cores, shown below (Figure 1). These com-
pounds were synthesized through successive aromatic nucleophilic substitution
(SyAr) reactions in cyanuric chloride using morpholine and the intermediates
containing 1,3-propanediamine linked to quinoline and naphthoquinone core as
nucleophiles. All synthesized compounds were characterized by infrared, and
'"H and C NMR spectroscopy and high-resolution mass spectrometry. An-
ti-corrosion activity was determined through potentiodynamic polarization and
electrochemical impedance studies. More details can be found in the subsequent

sections.

2. Experimental Part

All solvents and starting materials were commercially available and used without
any previous treatment.

The melting point determinations of starting materials, intermediates, and fi-
nal products were carried out on the Fisatom 430D digital equipment. Infrared
spectra of the synthesized molecules were obtained on the Perkin Elmer Spec-
trum 400 spectroscope, using as parameters: 16 scans and a resolution length of
4 cm™, in Attenuated Total Reflectance (ATR) mode, with horizontal zinc sele-
nide (ZnSe) crystal. All analyzes were performed in a wavelength range of 4000
to 650 cm™. "H and ">C NMR spectra were obtained on a Varian 400 MHz spec-
trometer with 5 mm Broadband 1H/X/D probe. Chemical shifts (8) are ex-
pressed in parts per million (ppm) relative to the internal standard (TMS). Sol-
vents used were CDCl,; (CIL, 99.8%), DMSO-d, (Sigma-Aldrich, 99.9%), and
MeOD (Aldrich, 99.8%).
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Figure 1. Molecular hybrids containing morpholine, 1,4-naphthoquinone, quinoline and
1,3,5-triazine cores.
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Mass spectra were obtained on the high resolution spectrometer (model 9.4 T
Solarix, Bruker Daltonics, Bremen, Germany), operated in positive ionization
modes with ionizing electrospray, ESI(+)-FT-ICR (MS). The acquisition of FT-ICR
MS spectra was performed with a resolution power of m/4Am50% = 500,000,
where Am50% is the integer peak, with m/z 400 being half the maximum height

and mass accuracy < 1 ppm.

2.1. Synthesis

Synthesis of 2-Methoxylawsone (5)

In a 1000 mL round bottom flask, lawsone 4 (10.000 g, 57.4 mmol) was added
to 350 mL of methanol with 11 mL of concentrated hydrochloric acid under
magnetic stirring. The reaction mixture was maintained under reflux until total
consumption of the lawsone. This procedure was accompanied by thin layer
chromatography. Then, the reaction mixture was allowed to reach room tem-
perature and the crude product was filtered and recrystallized from hot ethanol
to achieve a pale yellow solid in 77% yield, 8.320 g; mp: 188°C - 190°C (lit.:
182°C - 183°C); IR (ATR): v=3049.5 (w), 2991 (w) (CH,), 1681 (s) (C=0), 1643
(s) (conjugated C=C), 1603 (vs) (C=C), 1214 (s) (C-O-C), 1044 (s) cm’
(C-O-C); 'H NMR (400 MHz, CDCl,): & = 8.12 (m, 2H; Ar-H), 7.76 (m, 2H;
Ar-H), 6.19 (s, 1H; CCH), 3.92 ppm (s, 3H; CH,); "C NMR (101 MHz, CDCL): &
= 184.8 (C=0), 180.1 (C=0), 160.4 (C-0O), 134.3 (Ar), 133.3 (Ar), 132.0 (Ar),
131.0 (Ar), 126.7 (Ar), 126.2 (Ar), 109.9 (CCH), 56.4 ppm (CH,).

Synthesis of 2-((3-Aminopropyl)amino)naphthalene-1,4-dione (6)

In a 500 mL round bottom flask, 2-methoxylawsone 8 (0.941 g, 5 mmol) was
added to 100 mL of absolute methanol, 1,3-diaminopropane (840 pL, 10 mmol)
and triethylamine (840 pL, 6 mmol). The reaction mixture was stirred for 24 h at
room temperature. After that time, 150 mL of distilled water was slowly added
and the methanol was partially evaporated on a rotary evaporator to precipitate
the product in the solution, which was then filtered and washed with cold me-
thanol. Purification of the crude product was done by recrystallization with a
30% water/methanol mixture. An orange solid was obtained in 71% yield, 0.818
g; mp 130°C - 131°C (lit.: 124°C - 126°C); IR (ATR): v = 3354 (m) (NH), 2960
(w) (CH,), 1669 (m) (C=0), 1642 (s) (C=0), 1603 (vs) (conjugated C=C), 1242
(m) cm™ (CN); '"H NMR (400 MHz, CDCL,): & = 8.09 (m, 1H; Ar-H), 8.03 (m,
1H, Ar-H), 7.71 (td, 1H, ] = 7.6, 1.4 Hz; Ar-H), 7.60 (td, 1H, ] = 7.5, 5.9, 1.3 Hz;
Ar-H), 6.82 (s, 1H; NH), 5.72 (s, 1H; CCH), 3.29 (dd, 2H, J = 12.3, 6.3 Hz;
CH,-NH), 2.90 (t, 2H, J = 6.4 Hz; CH,-NH,), 1.83 ppm (m, 2H; CH,); *C NMR
(101 MHz, CDCl,): ¢ = 182.9 (C=0), 182.0 (C=0), 148.3 (C-NH), 134.7 (Ar),
133.7 (Ar), 131.9 (Ar), 130.6 (Ar), 126.2 (Ar), 126.1 (Ar), 100.5 (CCH), 41.4
(CH,-NH), 40.2 (CH,-NH,), 30.8 ppm (CH,).

Synthesis of 4,4'-(6-Chloro-1,3,5-triazine-2,4-diyl)dimorpholine (9) and
2,4,6-trimorpholino-1,3,5-triazine (3)

In a 100 mL round bottom flask, cyanuric chloride 7 (5 mmol, 0.922 g), ace-
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tone (5 mL), crushed ice (25 g), triethylamine (2 mL) and morpholine 8 (10
mmol, 0.861 mL) were added. The reactional content was kept under stirring
and, after reaching the room temperature, the reaction was monitored by thin
layer chromatography. After two hours to obtain 9 and five hours for 3, 10 mL
of distilled water at room temperature were added and the reaction content
was filtered and washed with distilled water. Compound 9 was obtained as a
white solid in 55% yield, 0.786 g, after recrystallization from etanol; mp 177°C
- 179°C (lit.: 175°C - 176°C); IR (ATR): v = 2851.5 (w) (CH,), 1541 (vs) (C=N),
1248 (s) (C-N), 1109 (vs) (C-O-C), 856 (s) cm™ (C-Cl); '"H NMR (400 MHz,
CDCL): ¢ = 3.75 (m, 2H; CH,N), 3.69 ppm (m, 2H; CH,0); “C NMR (101
MHz, CDCl,): §=169.6 (aromatic C), 164.4 (C-Cl), 66.8 (C-0O), 43.8 ppm (C-N);
HRMS (FT-ICR MS-ESI+) m/z caled. for [C, H,CIN;O, + H]": 286.10653,
found: 286.10682 (err = —1.02 ppm). Compound 3, in turn, was obtained in
32% vyield, 0.538 g, also as a white solid, after recrystallization from ethanol. De-
comp.: 275°C - 277°C (lit.: 284°C - 289°C); IR (ATR): v = 2852 (w) (CH,), 1539
(vs) (C=N), 1249 (vs) (C-N), 1107 (vs) (C-O-C) cm™; '"H NMR (400 MHz,
CDCL): 6= 3.73 (m, 2H; CH,N), 3.69 ppm (m, 2H; CH,0); *C NMR (101 MHz,
CDCl,): 6 = 165.1 (aromatic C), 66.8 (C-O), 43.7 ppm (C-N); HRMS (FT-ICR
MS-ESI+) m/z calcd. for [C,H,,NO; + H]*: 337.19827, found: 337.19812 (err =
0.42 ppm).

Synthesis of 2-((3-((4,6-Dimorpholino-1,3,5-triazin-2yl)amino)propyl)amino)
naphthalene-1,4-dione (1)

The aminonaphthoquinone 6 (0.5 mmol, 0.115 g) was solubilized in 20 mL of
acetonitrile under magnetic stirring and reflux in a 50 mL round bottom flask.
Then, 4,4'-(6-chloro-1,3,5-triazine-2,4-diyl)dimorpholine 9 (0.5 mmol, 0.143 g)
and triethylamine (70 puL) were added. The reaction was monitored by thin layer
chromatography and, after 16 h, the reaction content was filtered, although the
limiting starting material was not completely consumed, to prevent the forma-
tion of byproducts. The pure product was obtained as a yellow solid, after re-
crystallization from hot ethanol, in 34% yield, 0.0814 g; mp: 211°C - 213°C (lit.:
210°C - 212°C); IR (ATR): v = 3377 (m) (NH), 2952 (w) (CH,), 2853 (w) (CH,),
1681 (m) (C=0), 1605 (s) (conjugated C=C), 1548 (vs) (C=N), 1251 (vs) (C-N),
1105 (vs) cm™* (C-O-C); 'H NMR (400 MHz, DMSO-d,): 6= 7.95 (d, 1H, ] = 7.6
Hz; Ar-H), 7.90 (d, 1H, J = 7.6 Hz; Ar-H), 7.79 (t, 1H, ] = 7.5 Hz; Ar-H), 7.69 (t,
1H,J = 7.5 Hz; Ar-H), 7.52 (t, 1H, ] = 6.1 Hz; NH), 6.83 (t, 1H, ] = 5.9 Hz; NH),
5.63 (s, 1H; CCH), 3.42 (m, 16H; morpholines CH,-O and CH,-N), 3.21 (m, 4H;
CH,-NH), 1.75 ppm (m, 1H; CH,); *C NMR (101 MHz, DMSO-d,): & = 182.0
(C=0), 181.6 (C=0), 166.2 (triazine C linked to morpholines), 165.1 (triazine C
linked to diamine), 148.9 (naphthoquinone C linked to diamine), 135.3 (Ar),
133.6 (Ar), 132.6 (Ar), 130.8 (Ar), 126.3 (Ar), 125.8 (Ar), 99.7 (C=CNH), 66.5
(morpholine C-O), 43.6 (morpholine C-N), 38.1 (diamine C-NH), 27.9 ppm
(diamine CH,); HRMS (FT-ICR MS-ESI+) m/z caled. for [C,,H,,N,O, + H]":
480.23538, found: 480.23549 (err = —0.23 ppm), calcd. for dimer [C, H;N,,O, +
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H]J": 959.46348, found: 959.46450 (err = —1.06 ppm).

Synthesis of N'-(7-Chloroquinolin-4-yl)propane-1,3-diamine (11)

In a 25 mL round bottom flask, 2.0 g (10.1 mmol) of 4,7-dichloroquinoline 10
and 4.2 mL of 1,3-diaminopropane were mixed. The mixture was heated to 80°C,
without stirring, until the complete solubilization of 4,7-dichloroquinoline.
The solution was then stirred for 1 h at 120°C until the consumption of 4,7-
dichloroquinoline, verified by thin-layer chromatography. Then, the reaction
content was transferred to a beaker containing crushed ice, to which 20 mL of
cold water was added. The precipitate formed was filtered and washed with cold
water. The solid obtained was stirred with ethyl acetate (15 mL) and further fil-
tered to achieve a white solid in 74% vyield, 1.761 g. However, it was not possible
to purify it because of its low solubility in the organic solvents tested; IR (ATR):
v = 3258 (w) (NH), 2936 (w) (CH,), 2865 (w) (CH,), 1540 (vs) (C=N), 852 (m)
cm™ (C-Cl); '"H NMR (400 MHz, DMSO-d, 1:1 MeOD): 6= 8.40 (d, 1H, ] = 5.4
Hz; CH = N), 8.18 (d, 1H, ] = 9.0 Hz; Ar-H), 7.80 (d, 1H, J = 2.2 Hz; Ar-H), 7.46
(dd, 1H,J = 9.0, 2.2 Hz; Ar-H), 6.59 (d, 1H, J = 5.4 Hz; Ar-H), 3.44 (t, 2H, ] = 7.0
Hz; CH,-NH), 2.81 (t, 2H, J = 7.0 Hz; CH,-NH,), 1.95-1.86 ppm (m, 2H; CH,);
BC NMR (101 MHz, DMSO-d,): J = 152.4 (Ar), 150.5 (Ar), 149.5 (Ar), 133.8
(Ar), 1279 (Ar), 124.5 (Ar), 124.4 (Ar), 117.9 (Ar), 99.0 (Ar), 40.6 (diamine
C-NH), 39.3 (diamine C-NH,), 30.9 ppm (diamine central C).

Synthesis of N'-(7-Chloroquinolin-4-yl)-N*-(4,6-dimorpholino-1,3,5-triazin-2-yl)
propane-1,3-diamine (2)

Aminoquinoline 11 (0.5 mmol, 0.118 g) was solubilized in 20 mL of aceto-
nitrile, under stirring and refluxing, in a 50 mL round bottom flask. Then
4,4'-(6-chloro-1,3,5-triazine-2,4-diyl)dimorpholine 9 (0.5 mmol, 0.143 g) and
triethylamine (70 pL) were added. The reaction was monitored by thin layer
chromatography and, after 16 h, the reaction content was filtered, although the
limiting starting material was not completely consumed, to avoid the forma-
tion of byproducts. The pure product was obtained as a white solid, after re-
crystallization from hot methanol, in 35% yield, 0.0850 g; mp 225°C - 227°C
(lit.: 230°C - 231°C); IR (ATR): v = 3360 (w) (NH), 2965 (w) (CH,), 2862 (w)
(CH,), 1546 (vs) (C=N), 1259 (s) (C-N), 1108 (s) (C-O-C), 852 (m) cm™’
(C-Cl); '"H NMR (400 MHz, DMSO-d): 6= 8.34 (d, 1H, ] = 5.3 Hz, 1H; CH =
N), 8.21 (d, 1H, J = 9.0 Hz; Ar-H), 7.74 (d, 1H, ] = 1.4 Hz; Ar-H), 7.41 (dd, 1H,
] =9.0, 1.4 Hz; Ar-H), 7.29 (t, 1H, ] = 5.3 Hz; NH), 6.86 (t, 1H, J = 5.8 Hz, 1H;
NH), 6.41 (d, 1H, J = 5.3 Hz; Ar-H), 3.45 (m, 16H; morpholines CH,-O and
CH,-N), 3.27 (m, 4H; CH,-NH), 1.83 ppm (m, 2H; CH,); *C NMR (101 MHz,
DMSO-d¢): 6 = 166.1 (triazine C linked to morpholines), 165.1 (triazine C
linked to morpholines), 152.3 (Ar), 150.4 (Ar), 149.5 (Ar), 133.8 (Ar), 127.9
(Ar), 124.4 (Ar), 117.9 (Ar), 99.1 (Ar), 66.5 (morpholine C-O), 43.5 (morpho-
line C-N), 38.4 (diamine C-NH), 28.3 ppm (diamine CH,); HRMS (FT-ICR
MS-ESI+) m/z caled. for [C,;H,,CIN;O, + H]*: 485.21748, found: 485.21776
(err = —0.58 ppm).
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2.2. Evaluation of the Corrosion Activity

The evaluation of the anticorrosive activity was performed by electrochemical
tests using a 100 mL capacity eletrochemical cell of three electrodes: reference
Hg/HgO (Analion), carbon counter (4.00 cm?®), and AISI 316 stainless steel as
working electrode, with areas of 16.234 cm?, 17.768 cm” and 18.286 cm’. The
stainless-steel surface were treated with 120, 400, and 600 sands. Analyses were
carried out in 50 mL simulated water production solutions containing 150,000
mg-L™" of chloride ions (Cl") and 5 mg-L™ of sulphide ions (S§*"), that were pre-
pared with NaCl (Dindmica) and Na,S (Impex). The compounds tested were
weighed and dissolved in a small amount of DMSO (dimethylsulfoxide) (Table
1) and then added to the electrolytic solution containing Cl”~ and $*", presenting
the final concentrations of 20, 30, 50 and 100 mg-L™". Blanks were prepared with
the volumes of DMSO used to solubilize the compounds at the tested concentra-
tions and the solution containing Cl~ and S*".

Potentiodynamic Polarization and impedance measurements were performed
without stirring at room temperature in the AUTOLAB 302 potentiostat/gal-
vanostat. The Potentiodynamic Polarization measurements were performed with
a scan rate of 1 mV-s™' in a potential range of £100 mV around the open circuit
potential, which was determined before the polarization and EIS (Electrochemi-
cal Impedance Spectroscopy) studies for a period of 3600s. The corrosion inhibi-
tion efficiencies for the different inhibitor concentrations were calculated using

the following equation (Equation (1)) [40]:

np(%)=2"2x100 (1)

I0
where j, and 7, are the corrosion current densities, obtained from the extrapola-
tion of potentiodynamic polarization curves in the absence and presence of the
inhibitor, respectively. EIS is one of the most important techniques for studying
the strength characteristics of the film formed on the metal surface, which pro-
vides information on the corrosive process [41]. EIS measurements were made
in a frequency range from 0.1 mHz to 100 kHz, with amplitude of 10 mV p/p.
The potential applied was —0.25 V. The simulation of impedance data obtained
was performed in the EIS Spectrum Analyzer Software [42], using the electrical
equivalent circuit shown in Figure 2, where R1 is associated with the solution
resistance, R2 is the resistance of the inhibitor film coating the surface of AISI
316 stainless steel, CPE-1 is the constant phase element associated with the inhi-
bitor film, R3 is the charge transfer resistance of the interface and, finally, CPE-2
is the constant phase element associated with the double electric layer. Data were

adjusted with errors below 10% and chi-square at 10~°.

R1 CPEl CPE2
VAN > >
R2 R3

Figure 2. Electrical equivalent circuit used to adjust
the data obtained in the impedance test.
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Table 1. DMSO volumes used to solubilize the compounds synthesized at each con-
centration tested and for the preparation of the blanks.

Compound Concentration/(mg-L™) DMSO Volume/mL
20 1
30 2
1
50 4
100 5
20 1
30 1
2
50 2
100 2
20 2
30 2
3
50 4
100 5

2.3. Computational Investigation

Full geometry optimizations were carried out using the B3LYP'® functional to-
gether with the 6-31+g(d,p) basis set. For each optimized stationary point, the
second-order Hessian matrix was computed at the same level to confirm the sta-
tionary point as a minimum on the potential energy surface, in which all Hessian
eigenvalues are positive. The normal mode calculations were also useful for
computing the thermodynamic parameters at 298 K using standard statistical
thermodynamic equations for an ideal gas [43]. Next, the optimized geometries
were used for single point calculations using the M06-2X [44] and PBEO [45]
functionals together with the 6-311+g(d,p) basis set. For both geometry optimi-
zation and single point calculations solvation effects were also accounted for by
using dimethyl sulfoxide (DMSO) as solvent with the IEFPCM polarized conti-
nuum solvation model [46] [47]. All computations were performed with the G09

software package using default convergence criteria [48].

3. Results and Discussion

Our first goal was to prepare the molecular hybrids 1 and 2 and the triazine de-
rivative 3. The hybrids are formed from molecular blocks (containing the naph-
thoquinone and triazine cores for 1 and quinoline and triazine cores for 2)
which itself had to be prepared, as described below. To prepare the nucleophilic
precursor of the hybrid compound 1, we started from lawsone 4, used to syn-
thesize the 2-methoxylawsone 5 as a yellow solid in 77% yield, following a me-
thodology described in the literature [49]. Reacting 2-methoxylawsone 5 with
1,3-diaminopropane, in methanol in the presence of triethylamine for 24 h,
yielded the aminonaphthoquinone 6 as an orange solid in 71% yield, following a

procedure described by our research group [50] (Figure 3). The reaction me-
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chanism to form 6 from 1,3-diaminopropane and 2-methoxylawsone should be
similar to that recently proposed by our group [51], in which the reaction occurs
in a single asynchronous step, involving an addition-elimination process in a
decoupled Sy2 mechanism, ie., with one step and two stages, in which the
second stage (rupture of the carbon - leaving group bond) occurs with low or no
activation energy.

The electrophilic precursor to the molecular hybrid 1 (compound 9) and the
triazine derivative 3 were obtained by nucleophilic aromatic substitution reac-
tions (SyAr) between cyanuric chloride 7 and morpholine 8, in presence of trie-
thylamine and acetone with crushed ice as solvent (Figure 4) [52]. The morpho-
line group was chosen intending to increase the solubility of intermediate 9 in
usual organic solvents, facilitating the homogeneity of subsequent reactions [23]
[24]. After two hours of reaction at room temperature, product 9 was obtained
as a white solid in 55% yield. Extending the reaction time to five hours, com-
pound 3 was obtained in 32% yield, also as a white solid. The mass spectra of
compounds 3 and 9 allowed distinguishing their chemical composition. The
mass spectrum of compound 3 shows a single peak with mass/charge ratio of
337.19812 m/z (error 0.42 ppm), relative to the protonated compound. In the
mass spectrum of 9, a peak with mass/charge ratio of 286.10682 m/z (error —1.02
ppm) relative to the protonated compound was identified, as well as the typical
isotopic standard of the chlorine atom. The melting point of compound 9 is in
the range of 177°C - 179°C (lit.: 175°C - 176°C), while compound 3 decomposes
in the temperature range of 275°C - 277°C (lit.: 284°C - 289°C).

Having both, the nucleophilic derivative 6 and the electrophilic intermediate
9, the molecular hybrid 1 was obtained as a yellow solid in 34% yield by reacting
6 with 9 in acetonitrile for 16 hours, under reflux in the presence of triethyla-
mine (Figure 5) [23]. Two important peaks were observed in the mass spectrum
of 1: one in the mass/charge ratio of 480.23549 m/z (error of —0.23 ppm), related
to the protonated species; and one in the mass/charge ratio of 959.46450 m/z
(error of —1.06 ppm), associated to the protonated dimer.

O O le) H
O‘ o HCI, MeOH O‘ OCH; g,N">""NH, NNy
_—
reflux MeOH, Et;N O‘
¢ 0 R.T., 24h o .
Lawsone 5 71%
4
Figure 3. Synthesis of compound 6.
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Figure 4. Synthesis of compounds 3 and 9.
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Figure 5. Synthesis of the target molecular hybrid 1.

To prepare the molecular hybrid 2, we used the same intermediate 9 obtained
before and reacted it with aminoquinoline 11, which was obtained by an SyAr
reaction between 4,7-dichloroquinoline 10 and 1,3-diaminopropane (Figure 6),
following the experimental conditions described by Carmo et al. [53].

The reaction was carried out in excess of 1,3-diaminopropane at 80°C - 110°C
for one hour. The aminoquinoline 11 was obtained as a white solid in 74% yield.
When reacting 9 and 11, the molecular hybrid 2 was obtained after 16 hours as a
white solid in 35% yield. In the mass spectrum of 2, we identified a peak related
to the protonated compound, with a mass/charge ratio of 485.21776 m/z (error
of —0.58 ppm).

After synthesizing the three target compounds (1, 2 and 3) we evaluated their
efficiency for protecting AISI 316 stainless steel against corrosion. Potentiody-
namic polarization curves were obtained in the absence and in the presence of
compounds 1, 2 and 3 at different concentrations (Figures 7-9). These figures
also show the results obtained with a blank solution for each concentration.

For compound 1 at low concentration (20 mg-L™") the corrosion potential is
below —-0.15 V vs. Hg/HgO (Figure 7). The cathodic current density decreases
regarding the blank, while the anodic current density increases.

At concentration of 30 mg-L™, both current densities are higher, showing low
inhibitory efficiency at these concentrations. At concentrations above 50 mg-L™,
it was possible to observe the beginning of the corrosion inhibition process
because the corrosion potential was slightly higher for 1 than for the blank (Ze,
E.. = —0.205 V vs. Hg/HgO for 1 and E,,, = —0.209 V vs. Hg/HgO for the
blank). At a concentration of 100 mg-L™', the inhibition effect is quite pro-
=—-0.123 V vs. Hg/HgO for 1 and E_,,, = —0.136 V vs. Hg/HgO for

the blank). Moreover, both anodic and cathodic current densities in the presence

nounced (£,

orr orr

of compound 1 present values much smaller than for the blank. Thus, at the
concentration of 100 mg-L™' compound 1 shows high efficiency in inhibiting the
corrosion process in AISI 316 stainless steel (Ze., 77p = 85.67%).

Figure 8 shows the behavior when testing compound 2. In contrast to com-
pound 1, in all investigated concentrations (20 mg-L™, 30 mg-L™!, 50 mg-L™" and

100 mg-L™") compound 2 shows an increased corrosion potential when com-
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pared to the blank. All curves show the same profile, that is, a decrease in the
anodic current density and an increase in the cathodic current density, except
for the 50 mg-L™" concentration, where the cathodic current density shows the
same profile as the blank. Such behavior is an evidence for the inhibitory power
of compound 2 under the experimental conditions investigated (£, = —0.126 V
vs. Hg/HgO for 2 and E,,, = -0.174 V vs. Hg/HgO for the blank; 7p =
76.26%).

Finally, Figure 9 shows the behavior observed for compound 3. The same
profile obtained with compound 2 was also observed here, showing that both
compounds 2 and 3 present the same corrosion inhibiting behavior for AISI 316
stainless steel under the conditions investigated, although at concentration of
100 mg-L™', compound 3 present the same cathodic current density profile as the
blank.

el HN o o NN
Ny HNT N Nk, N . @ N Q CH3CN, EtzN HN.
~  80°C-100°C P W Reflux, 16h
o N 1h cl N NYN 35%
10 74% 1 Cl HN N
9 2 \ P

Cl

Figure 6. Synthesis of the molecular hybrid 2.
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Figure 7. Potentiodynamic polarization curves of AISI 316 stainless steel for the blank
and in the presence of compound 1 at different concentrations.
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Figure 8. Potentiodynamic polarization curves of AISI 316 stainless steel for the blank
and in the presence of compound 2 at different concentrations.
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Figure 9. Potentiodynamic polarization curves of AISI 316 stainless steel for the blank
and in the presence of compound 3 at different concentrations.

Based on the Pourbaix [54] diagram and the potentiodynamic polarization

curves obtained, it was possible to observe that the AISI 316 stainless steel sam-

ple undergo mild pitting corrosion or uniform corrosion.

All the compounds investigated show inhibitory activity in AISI 316 stainless

steel for the corrosion process in the presence of chloride or sulphide ions, at all
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concentrations used, exception made for concentrations of 20 and 30 mg-L™" for
compound 1. Regarding inhibition efficiency, compound 1 shows the best value
(85.67%) at the concentration of 100 mg-L™", followed by compound 2 with
76.26% efficiency at concentration of 50 mg-L™' and, finally, 66.65% inhibition
efficiency for compound 3 at the concentration of 30 mg-L™". At the concentra-
tions where the best corrosion inhibition efficiency was achieved, a reduction of
the corrosion current density was observed, indicating a lower flow of electrons
from the anodic region to the cathodic region. In addition, for a given concen-
tration, the presence of compounds 1, 2 and 3 shifts the values of the corrosion
potentials to more positive values, indicating a strong influence of these com-
pounds on the anodic reaction (iron oxidation).

According to the present data, compound 1 shows characteristic of miscella-
neous inhibition. It can act either as anodic or as cathodic inhibitor, due to the
displacement of Tafel coefficients fa and fc. In the case of compounds 2 and 3,
the main profile indicates them as anodic inhibitors. This is confirmed by a large
variation in the Tafel coefficient fa.

Tables 2-4 present the values for corrosion potentials (£,,,) and corrosion

orr.

current densities (Z,,), obtained by the Tafel curve extrapolation method, and

the inhibition efficiency values (7p), calculated according to Goulart et al. [40].

Table 2. Electrochemical parameters calculated for AISI 316 stainless steel from potentiodynamic polarization measurements

in the absence and presence of different concentrations of compound 1 in simulated water production medium containing
150,000 mg-L™ of CI” and 5 mg-L™! of $*".

Concentration/ E. ol
(mg:L™") (V vs. Hg/HgO)
20 -0.167
30 -0.190
50 -0.205
100 -0.123

Compound 1
E::on blank/ I-corr/ I-corr blank/

blank blank %

(V vs.Hg/HgO) (mA-cm™) (mA-cm™) P pe fa blan fic blan %
-0.154 470 x 1077 4.00 x 1077 0.05792 —0.08453 0.05901 —0.08968 0.00
-0.174 8.15x 107  6.02x 1077 0.07431 —0.09248 0.06489 -0.07755 0.00
-0.209 591x 107  6.54x 107 0.06175 —-0.06819 0.05562 —-0.08614 9.68
-0.136 1.04 x 107 7.24x 1077 0.06483 —-0.29616 0.06018 —-0.08681  85.67

Table 3. Electrochemical parameters calculated for AISI 316 stainless steel from potentiodynamic polarization measurements

in the absence and presence of different concentrations of compound 2 in simulated water production medium containing
150,000 mg-L™" of Cl” and 5 mg-L™" of §*".

Compound 2
C tration/ Eoord E,, blank/ eorr -ore Dlank
oncen ri ion an Loy B i an_z, fa e fablank  Acblank /%
(mg-L™) (V vs. Hg/HgO)  (V vs. Hg/HgO) (mA-cm™) (mA-cm™)
20 -0.131 -0.154 1.56 x 107 4.00 x 1077 0.07496 -0.07673 0.05901 -0.08968 61.07
30 -0.127 —0.154 1.60 x 107 4.00 x 107”7 0.10503 —0.08078 0.05901 —-0.08968 60.08
50 —0.126 -0.174 1.43x 107  6.02x 1077 0.09082 —0.08482 0.06489 —-0.07755 76.26
100 —0.115 -0.174 1.64x 107  6.02x 1077 0.07993 —0.08715 0.06489 —-0.07755 72.78
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Table 4. Electrochemical parameters calculated for AISI 316 stainless steel from potentiodynamic polarization measurements

in the absence and presence of different concentrations of compound 3 in simulated water production medium containing
150,000 mg-L™" of Cl” and 5 mg-L™" of §*".

Compound 3
C tration/ Eoord E,, blank/ eorr rore Dlank
oncen ri ion an Loy B i an_z, fa e pablank  Acblank /%
(mg-L™) (V vs. Hg/HgO)  (V vs. Hg/HgO) (mA-cm™) (mA-cm™)
20 -0.119 -0.174 512x 107  6.02x 1077 0.06278 —0.08243 0.06489 —0.07755 14.89
30 —0.0856 -0.174 2.01x107  6.02x 1077 0.04977 —-0.07702 0.06489 —-0.07755 66.65
50 -0.123 -0.209 582 x 107  6.54x 1077 0.04806 —0.09786 0.05562 -0.08614 11.01
100 —0.134 —0.136 6.47 x 1077 7.24 x 1077 0.05454 —0.08851 0.06018 —0.08681 10.61

To better understand the inhibition process of the synthesized compounds,
they were systematically studied by Electrochemical Impedance Spectroscopy
(EIS). Figure 10(a), Figure 10(c) and Figure 10(e) show the complex plane
impedance plots for the AISI 316 stainless steel, obtained in the presence of
different concentrations of the three compounds, in the electrochemical po-
tential of —0.25 V vs. Hg/HgO (this electrochemical potential was chosen due
to the best signal/noise ratio). According to Figures 10(a)-(e), all impedance
spectra are deformed semicircles and the profiles present relatively low imagi-
nary (-Zimag) and real (Zreal) impedance values as a function of concentration,
except for compound 1 at 100 mg-L™" (Figure 10(a)), which presented a high
Zreal value of 253,050 Q cm® This is consistent with the potentiodynamic pola-
rization results, which evidenced the higher corrosion inhibition efficiency (ie.
85.67%) at this concentration. In addition, when comparing the impedance spec-
tra of the other compounds, the highest values of real and imaginary impedances
are observed for the same concentrations of higher inhibition efficiency obtained
in the potentiodynamic polarization studies, that is, the higher resistance is asso-
ciated with higher efficiency against the corrosion process.

Figure 10(b), Figure 10(d) and Figure 10(f) show the Bode plots for AISI
316 stainless steel obtained in the presence of different concentrations of the
three compounds, in the electrochemical potential of —0.25 V vs. Hg/HgO. Two
contrasting behaviours can be observed: first, compound 1 presents lower —8
(phase angle) than compounds 2 and 3, being ~30° for the concentration of 100
mg-L™" and ~60° for the other concentrations. For compounds 2 and 3, that phase
angle ranges from 60° - 75°; second, compound 1 shows a much higher broaden-
ing of phase angle with frequency range than compounds 2 and 3, ranging from
1 to 1000 Hz for concentrations of 20 - 50 mg-L™'. At the concentration of 100
mg-L7!, such range is even broader. The broadening of phase angle with fre-
quency is evidence for the presence of several time constants associated with the
inhibition/corrosion process. Such behaviour is typical of electrochemical sys-
tems [55] [56].
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Figure 10. Complex plane impedance and Bode plots of the AISI 316 stainless steel ob-
tained in the presence of different concentrations (20 mg-L™", 30 mg-L™}, 50 mg-L™" and
100 mg-L™") of the three corrosion inhibitors, at the electrochemical potential of —0.25 V
vs. Hg/HgO, in simulated water production medium containing 150,000 mg-L™" of Cl-
and 5 mg-L™" of $*". Inhibitor 1 ((a) Complex plane impedance plot, (b) Bode plot);
Inhibitor 2 ((c) Complex plane impedance plot, (d) Bode plot); Inhibitor 3 ((e) Complex
plane impedance plot, (f) Bode plot).

The best electrical equivalent circuit describing the system was as follows:
RI1(R2CPE-1) (R3CPE-2), where R1 is associated with the solution resistance, R2
is the resistance of the inhibitor film coating the surface of AISI 316 stainless
steel, CPE-1 is the constant phase element associated with the inhibitor film, R3
is the charge transfer resistance of the interface and, finally, CPE-2 is the con-
stant phase element associated with the capacitive characteristics of the system
(Figure 2—Experimental Part). The impedance of the constant phase element is
given by the following mathematical expression: ZCPE = Q(jw)™ [57]. For a
pure capacitor n= 1.0 and for a pure resistor n = 0.

Molecules 1, 2 and 3 were further investigated regarding their molecular
properties, such as HOMO and LUMO energies, hardness, and dipole moment
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(Table 5), to associate these molecular properties to the anticorrosive efficiency.
The chemical hardness of the molecules was calculated according to Equation
(2). The DFT results showed similar trends for both functional used here (M06-2X
and PBEO) and for this reason only the values obtained using the M06-2X func-
tional will be discussed in detail. All molecules were submitted to conformation
search beforehand. However, for molecules 1 and 2 only conformers presenting
a linear configuration of the diamine alkyl side chain were considered, as this is
most likely to be the structural configuration after adsorption on the steel surface.
n= EHOMO - ELUMO 2)
2

All three compounds presented similar HOMO energies, ranging from —7.582
to —7.784 eV when the M06-2X functional was used. On the other hand, the
LUMO energies, as well as the chemical hardness varied significantly for the
three molecules, with calculated £ ,,, values being —2.413, —1.096 and 0.135 eV
and hardness values of —2.655, —3.243 and —3.960 eV for compounds 1, 2 and 3,
respectively. It is worth noticing that compound 1, which presented the best
corrosion inhibition results, had the lowest chemical hardness. In this context,
harder compounds are less polarizable, and it could be expected that softer
compounds interact more strongly with the metal surface. This may be an indi-
cation of the higher efficiency found for compound 1, when compared to either
2 or 3. Compounds 2 and 3, which presented lower inhibition activity than 1,
are those with higher energy LUMOs and higher hardness.

From the charge analysis of these molecules (Figure 11), we observed that the
diamine alkyl substituent in 1 and 2 slightly increases the charges over the triazine
core when compared to 3, whereas the presence of either 1,4-naphthoquinone or
7-chloroquinoline in 1 and 2, respectively, only affects the charge distribution
between these same groups and the diamine alkyl chain. This effect could also
contribute to the higher inhibition of corrosion presented by these compounds.
Compound 1 presents a small positive charge over the diamine alkyl chain and a
slightly negative charge over the naphthoquinone moiety, which results in a di-
pole moment of 4.836 D. For 2 the calculated dipole moment is considerably
larger (5.713 D) than that calculated for 1, as in this case the 7-chloroquinoline

and the diamine akyl moieties present larger charge separation.

Table 5. Calculated HOMO and LUMO energies (v and E yye, €V), hardness (7, eV)
and dipole moment (Debye) of molecules 1, 2, and 3.

1 2 3

MO06-2X* PBEO* MO06-2X* PBEO* MO06-2X* PBEO*

EonoleV ~7.723 -6.561 ~7.582 -6.507 ~7.784 -6.561
EomoleV —2.413 -3.172 -1.096 ~1.780 0.135 -0.156
Hardness/p -5.068 ~4.867 -4.339 —4.144 -3.824 -3.359
Dipole/D 4.836 4.820 5.713 5.789 0.210 0.201

*6-311+G(d,p)/IEFPCM(DMSO)//B3LYP/6-31+G(d,p)/IEFPCM(DMSO)
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Figure 11. Total ESP charges over 1,3,5-triazine (qTriazine), morpholine (qMorph.),
1,4-naphthoquinone (gNaphthoq.), 7-chloroquinoline (qChloroquin.) moieties, and the
aliphatic chain (qAliph.) in the compounds 1-3.

4. Conclusion

Novel molecular hybrids with relevant anticorrosion activity were obtained in
yields ranging from 32% to 35%. The potentiodynamic polarization study showed
that the compounds investigated present anticorrosive activity, with corrosion
inhibition efficiency ranging from 67% to 86%, and pointed to compound 1 as
the best corrosion inhibitor. The analysis of data obtained by electrochemical
impedance spectra indicates that such compounds form a protective film on the
surface of AISI 316 stainless steel. For inhibitor 1, the ideal concentration was
100 mg-L™', whereas for inhibitors 2 and 3 they were 50 mg-L™' and 30 mg-L ™",
respectively. However, the best inhibition efficiency was observed for inhibitor 1,
as it presented a higher Zreal value (253,050 Q cm?) when compared with either
2 or 3. In contrast, the lowest inhibition efficiency of the corrosive process was
observed for inhibitor 3, which presented lower resistance values R2 and R3. In
addition, the impedance spectra showed that the higher impedance values were
observed for the same concentrations of higher inhibition efficiency obtained in
the polarization studies, Z.e., a higher resistance is associated with a higher inhi-
bition efficiency for the corrosion process. Molecular properties of the inhibitors
were computed by DFT calculations, revealing that lower LUMO energy and
smaller chemical hardness of the molecules can be directly correlated to the in-

hibition efficiency of these molecules.
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