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Abstract

New symmetric N, N’-bis(thioamido)thio/carbohydrazones (1-4) were prepared from
thio/carbohydrazide and various isothiocyanates with high yields and characterized
the structures of the compounds. The compounds were evaluated as new corro-
sion inhibitors for corrosion of mild steel in 0.1 M HCI solutions using polarization
and electrochemical impedance spectroscopy (EIS) techniques, and all compounds
showed effective inhibitory properties. Antioxidant activity values determined
using the DPPH method for all compounds showed higher antioxidant activity than
the standard Trolox (5.89 uM). The ICs, values of the compounds were obtained
between 3.45 and 4.25 uM, and also showed a ranking of 4 > 2 > 3 > 1 > Trolox,
with antioxidant activities better than Trolox. Compound 4 (1,5-bis((3-fluorophenyl)
carbamothioyl)carbonohydrazide) exhibited the highest activity in terms of both
antioxidant and anti-corrosion properties. DFT calculations were also performed to
determine the spectroscopic properties of the compounds and to analyze the struc-
ture—activity relationship for their antioxidant characteristics. It was investigated
how DPPH reactions are affected by the dependence of delocalization indices and
charge densities of N-H bonds on intramolecular interactions. As well as the calcu-
lations of intramolecular interactions and some QTAIM parameters, Laplacian bond
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order and bond polarity index (BPI) analysis were also performed to examine the
electronic properties of reactive N—H bonds.

Graphical abstract

New symmetric N,N’-bis(thioamido)thio/carbohydrazones were obtained. Struc-
tures of all compounds were elucidated using spectroscopic approaches. Antioxidant
activities of the compounds were determined by DPPH method. QTAIM analyses
were used to examine the relationship between the electronic properties and antioxi-
dant activity. The compounds were evaluated as new corrosion inhibitors for corro-
sion of mild steel in 0.1 M HCI.
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Introduction

Compounds including thio/carbohydrazides are a significant class of synthetic
organic chemistry. Thio/carbohydrazone compounds have a variety of biological,
physical, and pharmaceutical applications [1-4]. They have revealed wide spectrum
of activities or properties such as physicochemical, antioxidant, antileishmanial, car-
bonic anhydrase inhibitors, antimicrobial, electrochemical, antibacterial, antituber-
cular, corrosion inhibitor, antitumor, cell growth inhibitory, and antiviral [3, 5-16].

Many functional compounds such as thio/carbohydrazone derivatives have been
the subject of research in recent years with their antioxidant properties such as
reducing the damages of oxidative stress in living organisms and preventing DNA
oxidation [17-19].
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In the literature, there are studies on corrosion inhibitors that explain the good per-
formance of the synthesized molecules by the presence of aromatic rings, heteroatoms
and thioketone groups in their structures [20, 21]. Moreover, different studies have
reported that this difference in inhibitory effects varies according to the type of func-
tional group [22-25].

In this paper, we have synthesized new N, N -bis(thioamido)thiocarbohydrazone and
carbohydrazones derived from thio/carbohydrazide and various isothiocyanates for the
first time. The structures of the synthesized compounds were characterized by using
FTIR, '"H NMR, and "*C NMR spectroscopic techniques and elemental analysis. The
experimental results were compared with the density functional theory (DFT) calcula-
tions and were found to be in good agreement. DPPH free radical scavenging method
was used to determine the antioxidant properties of the compounds. The relationship
between antioxidant properties and structural and electronic properties of the com-
pounds was also examined by QTAIM, Laplacian bond order (LBO) and bond polarity
index (BPI) analysis. Furthermore, the corrosion inhibition of mild steel in 0.1 M HCl
solution of all compounds was investigated using potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) techniques.

Materials and methods
Instruments and chemicals

All chemical materials were purchased from Sigma-Aldrich or Merck Chemical Com-
pany and were used without further purification. Eurovector EA3000 elemental ana-
lyzer was used to determine elemental analysis. A Stuart SMP30 melting point appa-
ratus was used to record melting points. IR spectra were taken by a Bruker Alpha
Fourier transform IR (FT-IR) spectrometer. NMR spectra were obtained from a JEOL
ECX-400 (400 MHz) spectrophotometer in dimethyl-d, sulfoxide (DMSO-dy). A Shi-
madzu UVM-1240 UV-visible spectrophotometer was used for absorption measure-
ments. Corrosion study was performed using a Gamry Reference 3000 Potentiostat/
Galvanostat/ZRA.

Synthesis of the compounds (1-4)

A solution of an appropriate isothiocyanates (8.0 mmol) in ethanol (25 mL) was added
to a solution of thio/carbohydazide (4.0 mmol) in ethanol (25 mL) with stirring. The
reaction mixture was refluxed for 3 h. The solution was cooled to room temperature,
and the precipitate was filtered, washed three times with ethanol, and dried. The prod-
ucts, shown in Scheme 1, were obtained in good yield (80-97%).

Antioxidant activity assay

DPPH free radical scavenging method [26, 27], which is used to examine the
antioxidant activities of molecules depending on the hydrogen losing abilities of
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Scheme 1 General synthesis of new N,N’-bis(thioamido)thiocarbohydrazone and carbohydrazone

compounds, was used for antioxidant activity measurements of the compounds
1-4. Stock solutions of the compounds were prepared in DMSO at 200 uM.
Then, it was added to the previously prepared DPPH solution with sufficient eth-
anol so that the final compound concentrations were in the range of 0.4—10 pM
with a total of 6 mL solution [28, 29]. Then, the absorbances of the mixtures
kept at room temperature in a dark room were read at 517 nm, and these absorb-
ances were used in percentage inhibition calculations Eq. 1 [30]:

(%) inhibition = [(A, — A, ) /A, x 100] 1)

where A, and A, represent the absorbance of the control sample and the compound,
respectively. Next, ICy, (mg/mL) values were calculated, expressing the amount of
antioxidant required to reduce the initial DPPH concentration by 50% [31].

Corrosion inhibition assays

Electrochemical measurements were carried out using mild steel (composi-
tion; 0.134% C, 0.0514% Ni, 0.555% Mn, 0.0117% P, 0.200% Si, 0.0258% S
and 99.022% Fe) placed inside a cylindrical teflon rod as the working electrode.
Electrode surface area was prepared as 0.1963 cm? and experiments were per-
formed at a constant temperature of 293 K. The surface of the working electrode
was grinded on water-lubricated silicon carbide papers (800, 1000, 1200 grid)
and polishing with diamond paste down to 1 pm finish. A 150 mL cell assembly
was prepared using platinum as counter electrode and saturated Ag/AgCl calo-
mel electrode as reference electrode. Experiments were carried out at five differ-
ent concentrations (1x 10 M, 3x10° M, 5x10° M, 7x10° M, 1x10™* M)
by passing N, gas from the solution in 0.1 M HCI environment. Inhibitor com-
pound solutions were prepared as a 2x 10™ M stock solution in dimethylsul-
foxide (DMSO). Potentiodynamic polarization experiments were performed over
the potential range —250 to 250 mV at a scan rate of 1 mV/s. Electrochemi-
cal impedance spectroscopy (EIS) measurements were performed at equilibrium
potential in the frequency range of 0.1 Hz-105 Hz and with a signal size of
10 mV AC.
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Computational procedure

The optimization calculations were performed with the GAUSSIAN 09 software
package program [32] using Kohn—Sham density functional theory (KS-DFT) [33,
34], without any geometric constraints. Becke3—Lee—Yang—Parr hybrid change-cor-
relation functional (B3LYP) [35-38] with 6-311++g(2d,2p) basis set for optimiza-
tions and spectral data calculations was used. It was also determined that the com-
pounds do not have imaginary frequencies, i.e., the results correspond to the global
minimum at the potential energy surfaces.

Highest Molecular Orbital (HOMO) and Low Lowest Molecular Orbital (LUMO)
energy eigenvalues, calculated in gas phase, were used to calculate electronic param-
eters such as energy gap AE, chemical hardness (1), and electronegativity (y).

The proton and carbon nuclear magnetic resonance (‘H and '*C NMR) shifts of
the compounds were calculated by the conductor-like polarizable continuum model
(CPCM) in the DMSO phase in accordance with the experiment, using the gauge-
including atomic orbital (GIAO) method. Quantum theory of atom in molecule
(QTAIM) [39-44] calculations were performed at the level of 6-311++g(2d,2p) to
analyze the effects of substituted groups on the electronic properties of compounds,
and to determine the intramolecular interactions and electron charge distribution.
Non-covalent interaction (NCI), and Fukui index calculations were performed at the
same level of theory in the gas phase. In order to analyze the reactive N—H bonds in
DPPH reactions and the electronic properties of the bonds in intramolecular interac-
tions, Laplacian bond order (LBO) [45], delocalization index (DI), percentage of
number of electrons localized in H atom (%L), electrostatic interaction energy (EIE)
between the total charge distribution of hydrogen and the nitrogen nucleus were cal-
culated. Also, bond polarity index (BPI) [46] calculations were also performed at
the 6-31g(d) level of theory.

Results and discussion
Physical properties

Physical appearances, melting points, yields, and elemental analysis data of the
compounds are summarized in Tables 1 and 2.

IR spectra

In the FT-IR spectra of the compounds, the asymmetric and symmetric stretch-
ing bands of the thio/carbohydrazide amino group (-NH,) were not observed at
3400-3200 cm™!. These results indicated a successful reaction as expected. All
compounds 1-4, the amino vibrations (N-H1 and N-H2) of the thio/carbohy-
drazide region were observed at 3325-3249 and 3270-3147 cm™!, respectively.
The amino peak (N-H3) was shown at 3225-3043 cm™! for all compounds. The
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Table 1 The physical data for the synthesized compounds

Comp. Compounds name’s M.P. ('C) Color Yield (%)
1 1,5-bis(methylcarbamothioyl)thiocarbonohydrazide 173-174 White 80
2 1,5-bis(ethylcarbamothioyl)thiocarbonohydrazide 181-182 White 97
3 1,5-bis(ethylcarbamothioyl)carbonohydrazide 211-212 White 92
4 1,5-bis((3-fluorophenyl)carbamothioyl)carbonohydrazide =~ 209-210 White 86

Table 2 The results for elemental analysis and solubility for the synthesized compounds

Comp. Solubility = Mol. Formula Mol. Weight  Calculated Experimental
(g/mol)
C% H% N% C% H% N%
1 DMSO (+) CsH,NgS; 252 2380 4.79 3330 23.82 470 33.24
2 DMSO (+) C;H¢N¢S; 280 2998 575 2997 30.07 552 29.84
3 DMSO (+) C;H4(N4OS, 264 31.80 6.10 31.79 3227 598 31.36
4 DMSO (+) C;sH,F,NsOS, 396 4544 356 21.20 4537 358 21.04

thiocarbonyl group vibrations (—C=S) of the thiocarbohydrazide region were
observed at 1292-1170 cm~!. The —C-N stretching vibrations were shown at
11681135 cm™". The aromatic or aliphatic —CH stretching vibrations were observed
at 3067-2814 cm™!. For compounds 3 and 4, the —C=0 stretching vibrations of car-
bohydrazide were observed at 1672 and 1684 cm™!, respectively. In compound 4,
the Ar—F stretching vibration was observed at 984 cm™! (see at Figures S10-S13
in Supplementary information). These vibrations values are highly consistent with
reported results of similar compounds [, 6, 9, 10, 14]. Experimental and theoretical
vibration results are given in Table 3.

"H NMR analysis

The 'H NMR spectra of the compounds were detected in DMSO-d¢ as solvent.
DMSO-d¢ and water in DMSO (HOD, H,0) peaks are observed at around 2.00,
2.50 (quintet), and 3.30 ppm (variable, based on the solvent and its concentration),
respectively [47]. For all compounds 1-4, the amino signals (-NH) of the structures
were detected at 9.78—7.63 ppm (see Figures S2-S5 in Supplementary information).
The N-H1 and N-H2 signals of thio/carbohydrazide region were resonated as a
singlet at around 9.78-8.97 and 9.61-8.52 ppm. The N-H3 signals were observed
at around 8.93-7.63 ppm. For compound 1, the methyl (-CH;) signal coupled to
the N-H3 proton and was resonated as a doublet peak at 2.84-2.83 ppm. For com-
pounds 2 and 3, the methylene group (-CH,—N) proton signal was observed as a
quartet at 3.49-3.44 and 3.51-3.46 ppm; the methyl group (-CH;) proton signal res-
onated as a triplet at 1.11-1.07 and 1.10-1.07 ppm, respectively. In compound 4, the
aromatic protons (4H) were detected as a multiplied at 7.53-6.93 ppm. The data are
consistent with values for similar compounds given in the literature [5, 6, 9, 14, 48,
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Table 3 Experimental and theoretical FT-IR values of the compounds (cm™!), calculated by
6-311++g(2d,2p)

Comp. N-HI N-H2 N-H3 Arom. or C=0 C=S C-N Spec. Vib
Aliph. CH
Exp
1 3325 3147 3092 2983-2915 - 1292, 1177 1146 -
2 3321 3152 3096 2973-2929 - 1277, 1170 1147 -
3 3249 3163 3043 29762814 1672 1278 1168 -
4 3312 3270 3225 3067-3041 1684 1224 1135 Ar-F:984
Calculated
1 3660.95* 354451 3491.87 3141.51- - 1299.82°¢ 1043.67* -
3646.91  3448.70* 3429.10%*  3016.62 1254.57 1034.29
1245.96*
2 3642.97* 3544.73 3490.38 3118.99- - 1294.75¢ 1141.68 -
3628.63  3449.74* 3430.67*  2995.59 1239.42*%  1137.27*
1228.77
3 3643.62*% 3629.75 3483.89 3118.58- 1742.29 1266.17*  1148.69*% —
3629.75  3539.92*% 3452.79 2995.98 1241.35 1140.05
4 3640.05* 3613.82 3520.09 3216.61- 1750.95 1217.22*  1157.02* 969.30
3613.82  3520.09* 3477.92*  3190.22 1213.06 1153.16  964.04*

*Antisymmetric side (see Table 4 for graphical presentation), ©: centered C=S bond

49]. "H NMR calculations were carried out in the DMSO phase in accordance with
the experimental process. Experimental and theoretical proton chemical shift values
of the synthesized compounds are given in Table 4.

13C NMR analysis

The '*C NMR spectra of the compounds were taken in DMSO-dg; the chemi-
cal shifts are summarized in Table 5. The —C=S (C2) peaks were observed at
182.36-181.67 ppm for all compounds. All compounds, the —-C=S (C1) or -C=0
(C1) peaks were detected at 184.77-157.02 ppm (see Figures S6-S9 in Supple-
mentary information). For compounds 1-3, the —C3 peaks were observed at 31.50
(-CHj;), 39.11 (-CH,), and 38.89 ppm (—CH,), respectively. The C3 carbon atoms
shifted downfield (high values of §), which was caused by the presence of the amino
group (-NH). For compounds 2 and 3, the methyl carbon atoms (—-CHj;) resonated
at 14.82 and 14.91 ppm. Furthermore, in compounds 4, the C atoms (for C3-C8)
were also split into doublets caused by interacting with the atomic nucleus of F. The
carbon atoms (C3-C8) were detected at 163.22—-111.97 ppm. The C5 carbon atom
shifted downfield (high values of §, 163—161 ppm) which was caused by the pres-
ence of the fluorine atom. Moreover, the C3 carbon atom was resonated at around
141 ppm, shifted downfield due to the presence of the amino group (Ar-NH). These
observations are in agreement with the results of reported similar compounds [5, 6,
9,48, 49].
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Table 4 Experimental and theoretical '"H NMR (8, ppm, in DMSO-dy) values related to synthesized com-

pounds, calculated by 6-3114++4g(2d,2p)
Compound 4
@ A A A @

Compounds 1-3

S S
1 1

N - ~ PN
e N N N N HE*

H H H H

3 2 2 3

X
X 0,8

Comp H4 H5 H6 H7 N-H3 N-H2 N-H1
Experimental
1 2.84-2.83(d) - - - 8.18-7.63(q) 9.19(s) 9.78 (s)
2 3.49-344(q) 1.11-1.07() - - 7.65 (s) 9.19 (s) 9.78 (s)
3 351-346(q) 1.10-1.07() - - 7.96 (s) 8.52 (s) 8.97 (s)
4 7.53-6.93 (m, Ar, 4H) 8.93 (s) 9.61 (s, 2H)
Calculated
1 3.20-3.03 - - - 6.71 9.61%* 10.86*
6.04% 6.86 7.10
2 3.53,3.42 1.44-1.39 - - 6.43 9.56* 10.87*
3.39% 5.78% 6.81 7.09
3 3.50,3.41 1.42-1.37 - - 6.37 8.37* 9.62%*
3.34% 5.66* 6.87 6.21
4 8.00-7.21 (m, Ar, 4H, H4-H7) 9.63*%, 9.36*, 8.20,
6.12 7.47 7.53%

*Antisymmetric side (atom(s)/parts on the right)

Evaluation of antioxidant activity

The antioxidant activities of the compounds were determined by the calculated
inhibition percentages at different concentrations as shown in Fig. 1. Antioxi-
dant inhibition percentages of four different molecules increased in direct pro-
portion to the concentration. All compounds showed a higher percentage of inhi-
bition against Trolox at all concentrations in the 0.4—10 uM range.

ICs, values were also calculated to evaluate antioxidant activities. The values
obtained for Trolox and compounds 1-4 are summarized in Table 6. As a result
of ICs,, values, antioxidant activities for the synthesized compounds followed the
order of 4>2>3>1. When compounds 2 and 3 were evaluated among them-
selves, it was found that antioxidant activity of the compound containing thio-
carbohydrazone (C=S) was higher than in carbohydrazone group (C=0).

It was observed that the fluorine groups of compound 4, which has the highest
antioxidant activity, easily provide electrons and thus contribute to the increase
of the antioxidant activity of the compound, as in various studies [49, 50].
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Table 5 Experimental and theoretical 3¢ NMR (8, ppm, in DMSO-d) values, calculated by

6-311++g(2d,2p)

Compounds 1-3

S S
2 /“\ N N )]\ <
W N N NN
c4 H H Y H H c4
X
X:0,8

i

Compound 4

/T\)k

9!

Comp Cl Cc2 C3 C4 C5 C6 C7 C8

Experimental

1 184.77  182.36 31.50 - - - - -

2 184.57  181.67 39.11 14.82 - - - -

3 157.02  182.28 38.89 14.91 - - - -

4 157.06  181.67 141.26 120.93 163.22 112.18 130.21 121.19

141.15 120.79 160.81 111.97 130.14 121.10

Calculated

1 180.00  193.50* 29.40% - - - - -
178.47 28.36

2 17993  192.31%* 41.18* 12.65%* - - - -
177.40 40.09 12.47

3 161.07  192.48* 40.91%* 12.63%* - - - -
177.14 39.72 12.50

4 160.54  192.32 143.08* 115.67 173.10* 119.13 136.69* 125.12
175.83* 142.06 113.74%  172.56 117.24*%  136.37 122.13%*

*Antisymmetric side (atom(s)/parts on the right)

80 -

= Compound 1

70 u Compound 2

50 -

40 -

Inhibition (%)

30

20

10 -

= Trolox

60 | *® Compound 3
u Compound 4

0.8

2.0

Concentration (uM)

4.0

Fig. 1 Percentage change of inhibition calculated by DPPH method for Trolox and compounds 1-4. The
calculated results (expressed as vertical bars) indicate that the observed experimental effect is genuine at
95% certainty. Trolox was used as the standard antioxidant for antioxidant capacity assays
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Table 6 ICj, values of the C ICe (UM R

synthesized compounds (1-4) omp- s0 (WM)

and Trolox by using DPPH 1 4.25+0.08 0.975

radical scavenging activity e ’

method 2 3.99:+£0.06 0.975
3 4.09+0.07 0.977
4 3.45+0.06 0.970
Trolox 5.89+0.10 0.950

*ICsy=concentration (M) indicating inhibition of 50% DPPH radi-
cal. Values are expressed as mean (n=3)

Evaluation of corrosion activity
Potentiodynamic polarization studies

Potentiodynamic polarization experiments were performed at four different inhib-
itor concentrations in order to determine the inhibitory effects of the compounds
on the corrosion of mild steel in 0.1 M HCI solution. In Fig. 2, the E-log curves
obtained for mild steel in 0.1 M HCI medium containing four different concentra-
tions of compound 4 are given. From the E-log curves obtained by Tafel extrapo-
lation method, anodic Tafel slope (,), cathodic Tafel slope (5.), and i, values
were determined. Then, using Eq. 2 [51], the inhibition efficiency [IE (%)] was
calculated from the i, values:

I[E(%) = [1 - <l°°ﬂ>] x 100 2)

lcorr

where i, and i, values indicate the corrosion current densities measured in
inhibitor and non-inhibitor media, respectively. Calculated parameters are given in
Table 7 collectively. The data in Table 7 and the polarization curves in Fig. 2 show

i(mA/em?)

T T T T
-800 -700 -600 -500 -400

E(mV/SCE)

Fig. 2 Potentiodynamic polarization curves obtained for mild steel in solutions containing compound 4
at different concentrations in 0.1 M HCIl medium
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Table 7 Electrochemical parameter values obtained by potentiodynamic polarization method in solutions
containing the compounds at different concentrations (0.40-3.20 uM) in 0.1 M HCI medium

Inhibitors Concen-  —E_ (mV) i, (pA/ B, (mV/dec) —p, (mV/ IE % Corrosion rate

tration cm?) dec)
(M)
- - 572 263 172.00 277.00 - 239.40
Comp.1 0.40 570 164 129.00 195.00 37.64 149.50
0.80 566 144 112.00 192.00 45.25 131.00
1.60 562 83.6 81.30 134.00 68.21  76.05
3.20 558 724 76.70 127.00 7247 65.89
Comp.2 0.40 566 178 112.00 157.00 32.32 161.90
0.80 568 173 109.00 145.00 3422 157.60
1.60 567 113 97.60 169.00 57.03 103.00
3.20 563 754 78.40 127.00 71.33  68.59
Comp.3 0.40 567 188 136.00 297.00 28.52 170.70
0.80 565 155 117.00 229.00 41.06 141.30
1.60 560 113 99.40 178.00 57.03 102.80
3.20 552 67.9 87.80 141.00 74.18 61.72
Comp.4 0.40 571 143 106.00 160.00 45.63 130.10
0.80 565 129 106.00 198.00 50.95 117.70
1.60 559 71.5 82.10 137.00 72.81 65.06
3.20 549 40.2 73.50 112.00 84.71 36.59

that the inhibitory effect causes a significant reduction in the corrosion rate com-
pared to the blank sample.

As seen in the current potential curves obtained in 0.1 M HCI solution at different
concentrations of the synthesized inhibitors, a decrease in current values is observed
in both anodic and cathodic regions, especially at high concentrations. The decrease
in current values with the addition of inhibitor in the anodic and cathodic regions
indicates that adsorption occurs in both regions [52]. It was observed that both the
polarization resistance and the percent inhibitory efficiency increased as the inhibi-
tor concentration increased for the synthesized molecules.

Experimental data revealed that as the concentration of the compounds increased,
the cathodic current densities decreased and the inhibitory activity increased.
Although there appears to be a positive shift in corrosion potentials (E,,,) compared

COIT:
to blank, this shift is not very pronounced for all compounds. The shift in the E_
value of the compounds at the highest concentration is in the range of 9-23 mV.
According to Ferreira et al. [53], if the displacement at the corrosion potential is
more than 85 mV with respect to the corrosion potential of the cavity, the inhibitor
can be viewed as cathodic or anodic type. In this study, the maximum shift is 23 mV,
and it is thought that the compounds reduce the dissolution of mild steel anodicly
and also delay the cathodic hydrogen formation reaction, thus showing mixed-type
inhibitory properties (see Figures S14-S17 in Supplementary information). Similar

results have been reported in the literature [54, 55].
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Electrochemical impedance spectroscopy (EIS) measurements

In this paper, the electrochemical behaviors at the interface of mild steel in acid
solution with and without inhibitor are summarized. The inhibitory effects of
compounds 1-4 on the corrosion of steel in 0.1 M HCI solution were studied by
EIS method. Nyquist diagrams containing four different concentrations of com-
pound 4 are given in Fig. 3 (see Figures S18—S21 in Supplementary information).

Nyquist diagrams obtained from the reactions in the environment with and
without inhibitors show a capacitive loop in the form of suppressed semicircles.
This capacitive loop is related to the charge transfer process that controls the dis-
solution of mild steel in 0.1 M HCI solution and the protective film layer formed
on the surface [56].

Bode plots of impedance spectra obtained with and without the addition of
synthesized inhibitors are given in Fig. 4. Accordingly, it is clearly seen that an
increase in the impedance of the double layer (Fig. 4a) and in the maximum phase
angle (Fig. 4b) is observed as a result of the addition of inhibitor. Findings from
Bode plots for all media with and without inhibitor additives show that it consists
of a depressive-capacitive cycle corresponding to a time constant. The increase
within the diameter of the impedance spectra, which becomes quite evident in
the presence of the compounds and with the increase in concentration, is much
higher than in the uninhibited solution. Experimental data suggest that the com-
pounds were adsorbed on the metal surface and a protective film was formed [57,
58].

The Nyquist diagrams were analyzed using the Framework Data Acquisition
Software and the corrosion of mild steel was defined with the equivalent circuit
given in Fig. 5 [59, 60]:

The equivalent circuit consists of the polarization resistor (R;) and the fixed
phase element (CPE) connected in parallel and the solution resistor (R,). The
impedance of the constant phase elements (CPE) used instead of the pure double-
layer capacitor for modeling the corrosion system is expressed as follows:

110 1 1 1 1 1 1

100
90 ]
80
70 ]
60
50
20 ]
30
20

-Z, (0cm’)

10
0]
10
20

T T T T T
50 100 150 200 250 300 350
Z_(ocm?)

Fig. 3 Nyquist diagrams obtained for mild steel in solutions containing compound 4 at different concen-
trations in 0.1 M HCI medium
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Fig.4 a Bode and b phase plots for mild steel in 0.1 M HCI medium with or without compound 4 at dif-
ferent concentrations

Fig.5 Electrochemical equiva- [T
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solution interface of impedance 9—@— —®

1
Zepg = W 3)

where Q is the CPE constant and CPE exponent, j is the imaginary unit, w is the
angular frequency, and n is the phase shift, which can be used as a measure of sur-
face inhomogeneity [61].

Using experimental data to determine system parameters, O values can be con-
verted to C, capacitance and used for comparison. Thus, C; values were calcu-
lated from Q and n values using Eq. 4 [62]:
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Ca=1{/QXR™" )

In Table 8, the inhibitor efficiency values (IE) calculated by Eq. 5 and the coating
fraction 6 values calculated by Eq. 6 are given using the electrochemical parameters:

R — R
IE(%) = % x 100 5)
)2
Ri
p

where Ré and R; values show the load transfer resistance values measured in the
environment with and without inhibitor, respectively. In addition, Rp, 0, and C, val-
ues are given in Table 8.

Table 8 clearly shows that with increasing concentration of thiocarbohydrazones
and carbohydrazones derivatives, the polarization resistance exhibits an increasing
trend and the R, values are larger than the uninhibited solution, reaching a maxi-
mum value of 235 5 Q cm? for compound 4 at 3.20 uM concentration. This effect
shows that the load transfer process is the speed determining step in the dissolu-
tion reaction of steel in the environment with and without inhibitors. The increase
in R, values showed that charge transfer was delayed on the surface of mild steel

Table 8 EIS parameters of mild steel obtained in solutions containing thio/carbohydrazone compounds
at different concentrations (0.40-3.20 uM) in 0.1 M HCI medium

Inhibitors Concentra- R, (@xcm?) n 0x107° C,; (uF/em?) IE (%)
tion (UM) (8"/Qx cm?)

- - 111.90 0.920 91.66 61.549 -

Comp. 1 0.40 121.50 0.890 66.38 37.936 7.90
0.80 122.60 0.900 72.26 40.291 8.73
1.60 144.20 0.910 63.63 33.561 22.40
3.20 157.40 0.910 60.11 29.957 28.91

Comp. 2 0.40 117.40 0.907 82.26 51.117 4.68
0.80 138.60 0.904 80.86 50.188 19.26
1.60 154.40 0.902 71.06 43522 27.53
3.20 170.60 0.900 56.28 33.587 34.41

Comp. 3 0.40 117.20 0.860 62.91 38.710 4.52
0.80 126.20 0.890 60.15 37.119 11.33
1.60 137.90 0.900 57.46 33.567 18.85
3.20 172.70 0.910 5225 29.199 35.21

Comp. 4 0.40 119.80 0.890 66.42 36.546 6.59
0.80 153.80 0.910 57.57 34.049 27.24
1.60 183.60 0.910 52.16 31.119 39.05
3.20 235.50 0.900 50.2 28.981 52.48
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in the presence of inhibitor [63]. In addition, slowing of the dissolution on the steel
surface is evidenced by the presence of inhibitor at the mild steel/electrolyte inter-
face, increasing the double layer thickness and thus decreasing the C, values [64].
In other words, the charge transfer process mainly controls the dissolution of mild
steel in 0.1 M HCI solution [56, 65].

Computational results

The HOMO and LUMO energy, Eyomos and E; gy, are indicators of a molecule’s
tendency to donate and accept electrons, respectively. Chemical reactivity is directly
related to the interaction between the HOMO-LUMO levels of the reacting com-
pounds. However, the frontier molecular orbital energies and other electronic
parameters derived from them are sensitively affected by possible conformations of
the compounds. Due to the dynamic nature of reactions, including both environmen-
tal interactions and internal properties of the compounds, it is necessary to be very
careful in interpreting a reaction mechanism through these parameters. Although the
parameters have more than one variable, the fact that similar results can be obtained
in repetitive experiments reveals that the reaction dynamics repeat themselves within
certain limits.

The HOMO-LUMO energy gap is a useful parameter for both the DPPH reac-
tion and as a measure of the reactivity of the inhibitor molecule to adsorption on the
metal surface. As AE decreases, the reactivity of the molecule increases, resulting in
an increase of %IE while decreasing the ICs, value of the molecule. In other words,
the lower energy gap provides higher inhibition efficiency since the energy required
to remove an electron from the last occupied orbital is lower. In addition, molecules
with a low HOMO-LUMO energy range are soft, and these soft base inhibitors are
more effective for metals. As a result of the calculations, it was seen that the data of
compound 4 differed significantly from those of other compounds. The results given
in Table 9 show that compound 4 has the lowest energy gap (3.744 eV), suggest-
ing that compound 4 is more reactive than other compounds and may outperform
other compounds as a corrosion inhibitor. Likewise, the hardness of compound 4
(1.872 eV) was noticeably lower than the other compounds, and its electronegativity
(4.518 eV) and polarizability (296.67 a.u) were calculated to be higher.

Table 9 Electronic parameters of the compounds, calculated by 6-311++g(2d,2p) basis set

Comp. EyomoeV) E ymoeV) AE x(eV) nev) u (Debye) a (a.u)
1 -6.171 -1.125 5.045 3.648 2.523 4.215 193.67
2 —6.113 —-1.065 5.049 3.589 2.524 4518 221.13
3 —-6.102 —0.860 5.242 3.481 2.621 3.413 195.97
4 —6.435 —1.775 3.744 4518 1.872 3.238 296.67

Eyomo HOMO energy, E; 5o LUMO energy, AE = Ejy;o — Egomos1 Chemical hardness, y Electron-
egativity, 4 Dipol moment, a Polarizability
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Due to the conformational freedom of the compounds and the dynamic nature
of the reactions, the variable intra/intermolecular interactions cause the electronic
parameters to be insufficient to determine the qualitative and quantitative results
of the reactions. Reactive N-H bonds are among the most important factors deter-
mining the reactions of compounds with DPPH. Weak N-H bonds mean that the
DPPHe. + RH — DPPH + Re reaction is easier to perform, that is, the compound with
weak N-H bonds exhibits high antioxidant properties. Although electron density by
itself cannot explain every detail, it is a fundamental concept for describing chemi-
cal reactivity and contributes to the explanation of nucleophilic and electrophilic
attacks in terms of electrostatic interactions. Also, the change in electron density
under the influence of a reagent is significant. In Fukui analysis, the distribution of
HOMO electron density is considered the most important for electrophilic attack,
and LUMOs, especially, are considered in nucleophilic substitution reactions. For
condensed Fukui indices defined by the finite differences method, the nucleophilic-
ity, electrophilicity, and radical attack susceptibility of an atom in a molecule are
given as follows [66]:

fT=pN+1) = pN)
fm=p(N)=p(N - 1)

fO=1/2[p(N +1) = p(N = D]

The weak N-H bonds in the compounds determine the nucleophilicity and thus the
probability of reaction with DPPH. Therefore, condensed Fukui indices were calcu-
lated to learn about which atoms in the compounds are more likely to lose an elec-
tron. Since N=H1, N-H2, N-H1", and N-H2" atoms exhibit intramolecular interac-
tion (see Fig. 6; all QTAIM data and NCI surfaces are given in Supplementary file,
Figure S22), their charge density varies. Intramolecular interactions do not make it
very convenient to use the electronic data of those regions to determine the reactive

N-H1 N-H2 N-H3
DI : 0.794596 0.792122 0.726589
%L : 23.80000 26.61468 25.69251
EIE: -0.25583  -0.24390  -0.36466
BPL: 1.876904 1.869593 1.856842

0.344326
A

¢ 6

N-HI1* N-H2* N-H3*
: 0.796069 0.688728 0.669131
%L : 21.41842 22.16962 25.66070
1 -0.30972  -0.29612  -0.36446
1.87869  1.879795 1.85484

: Delocalization index
%L : Percentage of number of electrons

\34 localized in Hydrogen atom
Bond Critical Point ) /' \ : Electrostatic interaction energy
- i between the total charge distribution
e ” kS of Hydrogen and the Nitrogen nucleus
(™ v Strong interaction ‘ » BPL: Bond path length
Weak interaction

Fig.6 QTAIM data of the compound 1 [Green numbers indicate Laplacian bond order (LBO), Red num-
bers show the electron density, p (e/Bohr?), on BCP]. (Color figure online)
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sites of compounds. Moreover, N-H3 and N-H3" structures that do not show intra-
molecular interactions are more likely not to be subjected to steric effects and may
therefore play a more reactive role in nucleophilic reactions. The f~ indices calcu-
lated for N-H3 structures are given in Fig. 7. The £~ indices of the N* atoms in the
compounds were calculated larger than those of the N°" atoms, resulting in that the
N-H3 structures were more reactive than the N-H3" structures. f~ indices for N°
and N** were calculated as 0.04091 and 0.03633 a.u for compound 4; 0.03221 and
0.03063 a.u for compound 3; 0.03220 and 0.03069 a.u for compound 2; 0.03069 and
0.02915 a.u for compound 1, respectively. Moreover, the probabilities of the N-H3
structures to react with DPPH can be correlated with the mean values of the f~ indi-
ces. In fact, a result consistent with the experimental data in the form of
f(Z) > f(;) > f(g) > f(I) was observed between the average values of f~ indices of
N-H3 structures. In addition, the £~ indices of the H3 and H3" atoms bonding with
N? and N*" atoms revealed an inverse relationship (Fig. 7).

QTAIM data revealed that the charge density in BCPs of N-H is related to the
bond order and, therefore, to the DPPH reaction. The decrease in the charge density
of the more reactive N-H3 and N-H3" bonds resulted in a lower LBO (the LBO
values of N—H bonds are given in Table S3 in the Supplementary file). The LBO is a
parameter directly proportional to bond strength, and accordingly, compounds with
reactive N-H bonds with a lower charge density showed higher antioxidant proper-
ties. Also, the delocalization of electrons on N—H bonds affects the polarity of the
bond. The bond polarity index is given as

- Ty x
N o fae]
s o N
= ™ ® =
=) ! b=y 4
< =1 n S
< N o~
> - o
S = =) < 1
£ ] 2 LTS S o o
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Fig.7 Fukui (f~) indices of N-H3 and N-H3" atoms of the compounds
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BPl,, = (EI, — EI") — (EI, — EI¥),

where El, and EI, representing the energy index (average energy per valence elec-
tron of the atom) of atoms A and B, respectively (see Ref. [46] for more informa-
tion). EI'*" are the energy indexes of the homonuclear molecular structures of the
related atoms. The polarity of the covalent N-H bond is related to the difference
between the electronegativity of the atoms, and electrons naturally migrate toward
the more electronegative nitrogen atom. It was observed that the 3-fluorophenyl
group reduced the polarity of the N-H bonds, in other words, reduced the electron-
egativity difference between the N and H atoms and consequently weakened the
bond strength. The bond polarity indices of the N—-H3 and N-H3" structures of the
compounds are given in Fig. 8. It was found that compounds with N-H bonds with
lower BPI values exhibited better antioxidant properties in the reactions of the com-
pounds with DPPH compared to those with higher ones.

Percentage values of electrons on reactive hydrogen atoms (%L) are also
compatible/proportional with their bond polarities. The percentages for N-H3
and N-H3" were the smallest in compound 4, which had the highest antioxi-
dant properties, and were calculated as 25.3906 and 25.4130, respectively, while
compound 1 with the lowest antioxidant properties was calculated the highest
as 25.6925 and 25.6607, respectively. These relative percentages of the N-H3
structures of compounds are a quantitative indicator of electron localization on
reactive H atoms and are among the quantities that also determine the N—H bond
length and bond strength. It was also calculated that the electrostatic interaction
energy (EIE) between the total charge distributions of the active hydrogen atoms
and the nitrogen nucleus took parallel values with the polarity of the N-H bonds,
and the values were found to be directly related to the antioxidant properties of
the compounds (see Table S1-S2 in Supplementary file).

Fig.8 Bond polarity index of 0.071231

the N-H3 and N-H3" atoms of oors | M NS
the compounds 0.069 . 0.071231 0-02231 AN-H3"
0.071231 B W .
x  0.067 .. \
(3 \
-] \
£ 0065 *..0.071231 0.071231,
z P ST
& 0063
o
o
- 0061
S ",
o
@ 0,059 \
. 0.071231
0.057 )
0.071231 4
0.055
Comp. 1 Comp. 2 Comp. 3 Comp. 4
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Conclusions

In the paper, new symmetric N,N’-bis(thioamido)thiocarbohydrazone and carbohy-
drazone derivatives (1-4) were obtained from thio/carbohydrazide and various iso-
thiocyanates with very high yields (80-97%). The structures of the compounds were
elucidated by FTIR, '"H NMR, and '3C NMR spectroscopic techniques and elemen-
tal analysis. All compounds exhibited stronger antioxidant properties compared to
Trolox that is a standard. Furthermore, when evaluated in terms of corrosion inhibi-
tory properties in an acidic medium, all the compounds also showed a very strong
corrosion rate slowing effect compared to the blank sample. Among the synthesized
molecules, compound 4 had the highest activity for both antioxidant and corrosion
inhibitor properties.

Although more than one variable determines the steps of a chemical reaction,
experiments have shown that the reaction dynamics repeat themselves within cer-
tain limits. It is not always easy to reveal and analyze these dynamics. Although the
electronic properties of a molecular structure cannot fully account for many vari-
ables such as conformations, intra and intermolecular interactions, acidity, tempera-
ture, etc., they contain important clues about the nature of reactions. For example,
the electronic properties of N—H bonds are very useful in determining the reaction
of the compounds with DPPH. Calculations revealed that as the bond polarization
of reactive N-H structures decreased, the antioxidant property of the compound
increased in accordance with the experiments. The relationship between the elec-
tron loss abilities of the reactive N-H atoms in the compounds, that is, nucleophilic
properties, and their reactions with DPPH was revealed by calculating the con-
densed Fukui indices. It was observed that the N-H bonds of nitrogen atoms with
a larger Fukui index were weaker and reacted better with DPPH. The QTAIM data
revealed that the electron density on N-H correlated with LBO and thus with the
DPPH reaction. Reactive N—H bonds with a lower electron density caused a lower
LBO and consequently a decrease in bond strength and a higher antioxidant prop-
erty of the compound. It was also calculated that the 3-fluorophenyl group decreased
the polarity of the N-H bonds, thus weakening the bond strength. Furthermore, it
was calculated that the electrostatic interaction energy between the total charge dis-
tributions of active hydrogen atoms and the nitrogen nucleus took values propor-
tional to the polarity of the N-H bonds, and it was also revealed that the values
were directly related to the antioxidant properties of the compounds. In this context,
QTAIM, Laplacian bond order (LBO), and bond polarity index (BPI) analysis of
active hydrogen bonds have been demonstrated to be an easy and useful method to
determine the antioxidant activities of compounds.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11164-022-04659-z.
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