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A B S T R A C T

Nine novel {bis-4-[(3-alkyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-iminomethyl]-phenyl} [1,10-biphenyl]-4,40-disulfo-
nates were synthesized and their structures were determined with spectral methods. Corrosion inhibitor activities
of the title compounds were investigated using quantum mechanical methods. The parameters such as the Energy
of the Highest Occupied Molecular Orbital (EHOMO), Energy of the Lowest Unoccupied Molecular Orbital (ELUMO),
energy gap (ΔE ¼ ELUMO - EHOMO) and dipole moment (μ) which are related to the corrosion effectivity of the
organic compounds whose the molecular geometry and electronic properties are especially studied, were deter-
mined by using the density function theory method. Using these calculation results, properties such as hardness
(ɳ), softness (σ), electronegativity (χ) values were calculated. Also quantum chemical parameters such as the
fraction of transferred electrons (ΔN) between the iron surface and the 4,5-dihydro-1H-1,2,4-triazole-5-one de-
rivative compounds were calculated. It has been discussed that which parameters have a good linear relationship
with inhibition efficiency.

The results of the calculations show that there is a close relationship between the activity of organic-based
corrosion inhibitors showing good corrosion inhibitor activity and the calculated quantum chemical parame-
ters of the process. Thus, corrosion inhibitor activity can be predicted without conducting an experimental study.
1. Introduction

The field of study of heterocyclic molecules containing five member
1,2,4 triazole rings has been increasingly noted in recent years. A large
number of researches were made for Schiff bases synthesized by Hugo
Schiff for the first time in 1864 [1]. Structurally, in the first step, a
carbonyl amine intermediate is formed from the condensation of the
carbonyl group with the primary amine. In the second step, the Schiff
base was formed at the end of the dehydration of this carbonyl amine
intermediate compound [2]. Schiff bases have been extensively
researched due to their application in many scientific and industrial
fields [3, 4, 5, 6, 7]. Schiff base complexes have been observed to have
different chemical activities showing reversible oxygen binding proper-
ties [8, 9], catalytic activities on olefins that getting hydrogenic [10],
electrochemical electron transfer [11], photocromic features [12], and
complexes formed by several toxic metals [13, 14].

It was determined that many organic compounds exhibit corrosion
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preventing (inhibitor) properties in corrosion studies, which is an
important economic aspect. Organic inhibitors were found to prevent
corrosion of the metal by adding a small amount to the medium. It is
known that the inhibitory activities of organic inhibitors in cyclic
structures containing heteroatom and conjugate bond, especially nitro-
gen, oxygen, phosphorus and sulfur are high [15]. The high formation of
inhibitory activities of such compounds is due to the dissociated electron
pairs and π electrons in their molecular structures. Schiff bases are
considered great corrosion inhibitors because of the presence of elec-
tronegative nitrogen, oxygen, sulfur atoms, C¼N group and aromatic ring
in the molecular [16]. Presence of oxygen, nitrogen and sulfur in the
structure of the sulfonates containing 4,5-dihydro-1H-1,2,4-triazo-
le-5-one moieties increases likelihood of them being corrosion inhibitors.

Computational chemistry methods are as important as experimental
methods in determining corrosion inhibitors. Without experiment, the
activity of an inhibitor can be interpreted by using several quantum
chemical parameters [17]. With quantum chemical calculations,
ay 2019
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compounds that can act as corrosion inhibitors between organic mole-
cules can be designed. Quantum chemical parameters that are used
frequently in the theoretical studies about corrosion can be grouped
under the headings of atomic charges, molecular orbital energies, and
energy [18]. In other words, it is necessary to calculate the parameters
such as molecular activity, structure and load in corrosion inhibitors.
Possible structure of the molecule can shed some light on the steric
hindrance or how the inhibitor approaches the metal solution interface.
In another approach, in orbital energies and the differences in orbital
energies can also indicate how the inhibitor behaves electrochemically in
the environment.

The ability of the inhibitor to react is attentively related the inhibitor's
different parameters such as EHOMO, ELUMO, softness and hardness pa-
rameters obtained from EHOMO, ELUMO energies. Quantum chemical in-
vestigations were applied to find the corrosion inhibitory effect and
molecular orbital energy levels of certain nitrogen containing heterocy-
clic organic compounds such as amides [19, 20], amino acids and hy-
droxy carboxylic acids [21], pyridine-pyrazole compounds [22],
sulfonamides [23].

While in computational chemistry, molecules are calculated accord-
ing to three basic methods ab initio, semi-experimental and molecular
mechanics. The Density Function Theory (DFT) [24] is the method most
commonly used by researchers in the last 20 years, which have been
theorized by Hohenberg and Kohn. DFT is based on the principle that the
total electron energy of a molecule is found based on the electron density
of that molecule [25, 26]. The DFT method has been used to investigate
the inhibitory activity of various corrosion inhibitors in different base
sets [27, 28, 29, 30, 31, 32, 33].

2. Material and methods

Nine novel {bis-4-[(3-alkyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-imino-
methyl]-phenyl} [1,10-biphenyl]-4,40-disulfonates (M2-10) (Table 1)
were obtained by treatment of 3-alkyl-4-amino-4,5-dihydro-1H-1,2,4-tri-
azol-5-ones (T) with bis-(4-formylphenyl) [1,10-biphenyl]-4,40-disulfo-
nate (A) (Scheme 1). The starting compounds T were synthesized
according to literature [34]. The new synthesized molecules were clari-
fied using spectral data (IR, 13C-NMR, 1H-NMR). The synthesized new
molecules were theoretically evaluated for corrosion inhibitor activities.
2.1. Experimental methods

Synthesis section of this work was supported by the Scientific
Table 1
The name of 4,5-dihydro-1H-1,2,4-triazol-5-one derivatives and their
abbreviations.

Abbr. Compound Name

M1 {Bis-4-[4,5-dihydro-1H-1,2,4-triazole-5-on-4-yl)-azomethine]-phenyl}
biphenyl-4, 40disulfonate

M2 {Bis-4-[3-methyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-iminomethyl]-phenyl}
[1,10-biphenyl]-4,40-disulfonate

M3 {Bis-4-[3-ethyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-iminomethyl]-phenyl}
[1,10-biphenyl]-4,40-disulfonate

M4 {Bis-4-[3-n-propyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-iminomethyl]-phenyl}
[1,10-biphenyl]-4,40-disulfonate

M5 {Bis-4-[3-benzyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-iminomethyl]-phenyl}
[1,10-biphenyl]-4,40-disulfonate

M6 {Bis-4-[3-p-methylbenzyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-iminomethyl]-
phenyl} [1,10-biphenyl]-4,40-disulfonate

M7 {Bis-4-[3-p-methoxybenzyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-iminomethyl]-
phenyl} [1,10-biphenyl]-4,40-disulfonate

M8 {Bis-4-[3-p-chlorobenzyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-iminomethyl]-
phenyl} [1,10-biphenyl]-4,40-disulfonate

M9 {Bis-4-[3-m-chlorobenzyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-iminomethyl]-
phenyl} [1,10-biphenyl]-4,40-disulfonate

M10 {Bis-4-[3-phenyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-iminomethyl]-phenyl}
[1,10-biphenyl]-4,40-disulfonate

2

Research Projects Coordination Unit of Kafkas University (Project
Number: 2016-FM-09).

2.1.1. Used chemical and apparatus
The required chemical compounds were obtained from Aldrich and

Merck AG. 1H and 13C NMR spectra, which used to elucidate the struc-
tures of the synthesized compounds, were obtained in DMSO-d6 with
TMS as internal standard by Bruker Ultrashield Plus Biospin spectrometer
at 400 MHz and 100 MHz, respectively. Alpha-P Bruker FT-IR spec-
trometer were used IR spectra. Stuart SMP30 melting point apparatus
were used in order to determine the melting points.

2.1.2. Synthesis

2.1.2.1. Procedure for the synthesis of bis-(4-formylphenyl) [1,10-biphenyl]-
4,40-disulfonate (A). Biphenyl-4,40-disulfonyl dichloride (10 mmol) was
reacted with 4-hydroxybenzaldehyde (20 mmol) in ethyl acetate (100
mL). Then, triethylamine (0.02 mol) was slowly added in the solution at
stirring at 0–5 �C with magnetic stirring. Stirring was continued for 2 h,
and after that the mixture was refluxed for 3 hours and filtered. The crude
product was crystallized several times in ethanol to afford compound A.
Yield 92.69%. Mp: 114�C. IR (cm�1): 3062 (ʋC¼CH), 2854 and 2791
(ʋCHO), 1699 (ʋC¼O), 1374 and 1168 (ʋSO2), 737 and 689 (ʋ1,4disubstituted
benzenoid ring). 1H NMR (400MHz, DMSO-d6, δ): 7.32 (d, 4H, ArH; J¼8.40
Hz), 7.94 (d, 4H, ArH; J¼8.40 Hz), 8.01 (d, 4H, ArH; J¼8.40 Hz), 8.06 (d,
4H, ArH; J¼8.40 Hz), 9.93 (s, 1H, CHO), 13C NMR (100MHz, DMSO-d6,
δ): 123.36 (4C); 126.82 (2C); 127.17 (2C); 128.42 (2C); 129.23 (2C);
129.52 (2C); 132.00 (4C); 134.56 (2C); 144.43 (2C); 149.40 (2C) (Ar-C),
192.39 (2C) (2CHO).

2.1.2.2. General procedure for the synthesis of compounds M2-9. Bis-(4-
formylphenyl) [1,10-biphenyl]-4,40-disulfonate A (0.01 mol) was dis-
solved in acetic acid (15 mL) and reacted with the corresponding com-
pound T (0.02 mol) to synthesize{bis-4-[(3-alkyl-5-oxo-1H-1,2,4-triazol-
4(5H)-yl)-iminomethyl]-phenyl} [1,10-biphenyl]-4,40-disulfonates and
was refluxed for 1.5 hour. Then, the solution evaporated at 50–55 �C in
vacuo. The residue was crystallized several times in ethanol and pureM2-
9 compounds were obtained as colorless crystals.

2.1.2.2.1. {Bis-4-[3-methyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-imino-
methyl]-phenyl}[1,10-biphenyl]-4,40-disulfonate (M2). Yield 92.58%. Mp:
285ºC. IR (cm�1): 3186 (ʋNH), 3062 (ʋC¼CH), 1699 (ʋC¼O), 1596 (ʋC¼N),
1376 and 1170 (ʋSO2), 744 and 690 (ʋ1,4disubstituted benzenoid ring). 1H NMR
(400MHz, DMSO-d6, δ): 2.25 (s, 6H, 2CH3), 7.23 (d, 4H, ArH; J¼8.80
Hz), 7.88 (d, 4H, ArH; J¼8.80 Hz), 8.02 (d, 4H, ArH; J¼8.40 Hz), 8.09 (d,
4H, ArH; J¼8.80 Hz), 9.71 (s, 2H, 2N¼CH), 11,85 (s, 2H, 2NH). 13C NMR
(100MHz, DMSO-d6, δ): 11.01 (2CH3), 122.71 (4C); 128.69 (4C); 129.05
(4C); 129.44 (4C); 132.86 (2C); 134.26 (2C); 143.93 (2C); 150.75 (2C)
(Ar-C), 144.26 (2C) (2triazole C3), 151.13 (2C) (2N¼CH), 152.01 (2C)
(2triazole C5). Analysis: calcd. for C32H26N8O8S2 (714.73): C, 53.78; H,
3.67; N, 15.68; S, 8.97 %, Found: C, 51.75; H, 3.62; N, 15.14; S, 10.59 %.

2.1.2.2.2. {Bis-4-[3-ethyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-imino-
methyl]-phenyl}[1,10 biphenyl]-4,40-disulfonate (M3). Yield 94.07%. Mp:
229ºC. IR (cm�1): 3175 (ʋNH), 3073 (ʋC¼CH), 1695 (ʋC¼O), 1592 (ʋC¼N),
1374 and 1152 (ʋSO2), 741 and 691 (ʋ1,4disubstituted benzenoid ring). 1H NMR
(400MHz, DMSO-d6, δ) 1.20 (t, 6H, 2CH2CH3; J¼7.60 Hz), 2.66 (q, 4H,
2CH2CH3; J¼7.20 Hz), 7.23 (d, 4H, ArH; J¼8.40 Hz), 7.87 (d, 4H, ArH;
J¼7.20 Hz), 8.03 (d, 4H, ArH; J¼8.40 Hz), 8.09 (d, 4H, ArH; J¼8.40 Hz),
9.71 (s, 2H, 2N¼CH), 11,87 (s, 2H, 2NH). 13C NMR (100MHz, DMSO-d6,
δ): 10.03 (2CH2CH3), 18.45 (2CH2CH3), 122.74 (4C); 128.71 (4C);
129.06 (4C); 129.42 (4C); 132.89 (2C); 134.30 (2C); 143.94 (2C); 150.77
(2C) (Ar-C), 148.04 (2C) (2triazole C3), 151.28 (2C) (2N¼CH), 152.06
(2C) (2triazole C5). Analysis: calcd. for C34H30N8O8S2 (742.78): C, 54.98;
H, 4.07; N, 15.10; S, 8.63 %, Found: C, 53.35; H, 3.99; N, 14.35; S, 10.53
%.



Scheme 1. Synthesis route of compounds M(2-10) M2) R ¼ CH3, M3) R ¼ CH2CH3, M4) R ¼ CH2CH2CH3, M5) R ¼ CH2C6H5, M6) R ¼ CH2C6H4CH3 (p-), M7) R ¼
CH2C6H4OCH3 (p-), M8) R ¼ CH2C6H4Cl (p-), M9) R ¼ CH2C6H4Cl (m-), M10) R ¼ C6H5.
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2.1.2.2.3. {Bis-4-[3-n-propyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-imino-
methyl]-phenyl}[1,10-biphenyl]-4,40-disulfonate (M4). Yield 91.17%. Mp:
241ºC. IR (cm�1): 3187 (ʋNH), 3075 (ʋC¼CH), 1694 (ʋC¼O), 1593 (ʋC¼N),
1379 and 1173 (ʋSO2), 735 and 694 (ʋ1,4disubstituted benzenoid ring). 1H NMR
(400MHz, DMSO-d6, δ) 0.93 (t, 6H, 2CH2CH2CH3; J¼7.20 Hz), 1.65
(sext, 4H, 2CH2CH2CH3; J ¼ 7.60 Hz), 2.62 (t, 4H, 2CH2CH2CH3; J ¼
7.20 Hz), 7.23 (d, 4H, ArH; J ¼ 8.80 Hz), 7.87 (d, 4H, ArH; J ¼ 8.80 Hz),
8.03 (d, 4H, ArH; J ¼ 8.80 Hz), 8.09 (d, 4H, ArH; J ¼ 8.40 Hz), 9.71 (s,
2H, 2N ¼ CH), 11,88 (s, 2H, 2NH). 13C NMR (100MHz, DMSO-d6, δ):
13.42 (2CH2CH2CH3), 18.86 (2CH2CH2CH3), 26.62 (2CH2CH2CH3),
122.74 (4C); 128.70 (4C); 129.04 (4C); 129.40 (4C); 132.87 (2C); 134.29
(2C); 143.93 (2C); 150.76 (2C) (Ar-C), 146.88 (2C) (2triazole C3), 151,21
(2C) (2N ¼ CH), 152.07 (2C) (2triazole C5). Analysis: calcd. for
C36H34N8O8S2 (770.83): C, 56.09; H, 4.45; N, 14.54; S, 8.32 %, Found: C,
55.24; H, 4.48; N, 13.27; S, 9.54 %.

2.1.2.2.4. {Bis-4-[3-benzyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-imino-
methyl]-phenyl}[1,10-biphenyl]-4,40-disulfonate (M5). Yield 89.54%. Mp:
258 �C. IR (cm�1): 3181 (ʋNH), 3069 (ʋC¼CH), 1715 (ʋC¼O), 1592 (ʋC¼N),
1374 and 1174 (ʋSO2), 741 and 692 (ʋ1,4disubstituted benzenoid ring). 1H NMR
(400MHz, DMSO-d6, δ) 4.03 (s, 4H, 2CH2Ph), 7.18-7.30 (m, 10H, ArH
bonded to triazole C3), 7.21 (d, 4H, ArH; J¼ 8.80 Hz), 7.81 (d, 4H, ArH; J
¼ 8.80 Hz), 8.03 (d, 4H, ArH; J ¼ 8.40 Hz), 8.09 (d, 4H, ArH; J ¼ 8.40
Hz), 9.66 (s, 2H, 2N ¼ CH), 12.00 (s, 2H, 2NH). 13C NMR (100MHz,
DMSO-d6, δ) 30.98 (CH2Ph), 122.71 (4C); 128.68 (4C); 129.08 (4C);
129.43 (4C); 132.81 (2C); 134.26 (2C); 143.92 (2C); 150.74 (2C) (Ar-C),
126.66 (2C); 128.40 (4C); 128.73 (4C); 135.70 (2C) (Ar-C bonded to
triazole C3), 146.18 (2C) (2triazole C3), 151.10 (2C) (2N ¼ CH), 151.82
(2C) (2triazole C5). Analysis: calcd. for C44H34N8O8S2 (866.92): C, 60.96;
H, 3.95; N, 12.93; S, 7.40 %, Found: C, 59.49; H, 3.82; N, 12.39; S, 8.92
%.

2.1.2.2.5. {Bis-4-[3-p-methylbenzyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-
iminomethyl]-phenyl} [1,10-biphenyl]-4,40-disulfonate (M6). Yield 90.43%.
Mp: 245 �C. IR (cm�1): 3170 (ʋNH), 3065 (ʋC¼CH), 1705 (ʋC¼O), 1593
3

(ʋC¼N), 1374 and 1177 (ʋSO2), 745 and 696 (ʋ1,4disubstituted benzenoid ring).
1H NMR (400MHz, DMSO-d6, δ): 2.19 (s, 6H, 2p-PhCH3), 3.96 (s, 4H,
2CH2Ph), 7.06 (d, 4H, ArH bonded to triazole C3; J¼7.60 Hz), 7.17 (d,
4H, ArH bonded to triazole C3; J¼8.00 Hz), 7.22 (d, 4H, ArH; J ¼ 8.80
Hz), 7.82 (d, 4H, ArH; J ¼ 8.80 Hz), 8.03 (d, 4H, ArH; J ¼ 8.40 Hz), 8.09
(d, 4H, ArH; J¼ 8.40 Hz), 9.65 (s, 2H, 2N¼ CH), 11.99 (s, 2H, 2NH). 13C
NMR (100MHz, DMSO-d6, δ): 20.53 (2p-PhCH3), 30.59 (2CH2Ph),
122.71 (4C); 128.67 (4C); 129.07 (4C); 129.42 (4C); 132.83 (2C); 134.27
(2C); 143.93 (2C); 150.74 (2C) (Ar-C), 128.59 (4C); 128.96 (4C); 132.58
(2C); 135.74 (2C) (Ar-C bonded to triazole C3), 146.32 (2C) (2triazole
C3), 151.11 (2C) (2N ¼ CH), 151.73 (2C) (2triazole C5). Analysis: calcd.
for C46H38N8O8S2 (894.98): C, 61.73; H, 4.28; N, 12.52; S, 7.16 %,
Found: C, 59.94; H, 4.11; N, 11.82; S, 8.89 %.

2.1.2.2.6. {Bis-4-[3-p-methoxybenzyl-5-oxo-1H-1,2,4-triazol-4(5H)-
yl)-iminomethyl]-phenyl} [1,10-biphenyl]-4,40-disulfonate (M7). Yield
93.67%. Mp: 255 �C. IR (cm�1): 3170 (ʋNH), 3063 (ʋC¼CH), 1706 (ʋC¼O),
1590 (ʋC¼N), 1372 and 1176 (ʋSO2), 747 and 698 (ʋ1,4disubstituted benzenoid

ring). 1H NMR (400MHz, DMSO-d6, δ) 3.68 (s, 6H, 2OCH3), 3.95 (s, 4H,
2CH2Ph), 6.83 (d, 4H, ArH bonded to triazole C3; J¼8.40 Hz), 7.20 (d,
4H, ArH bonded to triazole C3; J¼8.80 Hz), 7.22 (d, 4H, ArH; J ¼ 8.80
Hz), 7.84 (d, 4H, ArH; J ¼ 8.80 Hz), 8.03 (d, 4H, ArH; J ¼ 8.80 Hz), 8.09
(d, 4H, ArH; J¼ 8.80 Hz), 9.66 (s, 2H, 2N¼ CH), 11.98 (s, 2H, 2NH). 13C
NMR (100MHz, DMSO-d6, δ) 30.13 (CH2Ph), 54.97 (OCH3), 122.72 (4C);
128.68 (4C); 129.07 (4C); 129.44 (4C); 132.84 (2C); 134.27 (2C); 143.93
(2C); 150.74 (2C) (Ar-C), 113.84 (4C); 126.39 (2C); 129.80 (4C); 158.06
(2C) (Ar-C bonded to triazole C3), 146.49 (2C) (2triazole C3), 151.12
(2C) (2N ¼ CH), 151.79 (2C) (2triazole C5). Analysis: calcd. for
C46H38N8O10S2 (926.98): C, 59.60; H, 4.13; N, 12.09; S, 6.92 %, Found:
C, 58.04; H, 3.98; N, 11.37; S, 8.36 %.

2.1.2.2.7. {Bis-4-[3-p-chlorobenzyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-
iminomethyl]-phenyl} [1,10-biphenyl]-4,40-disulfonate (M8). Yield 92.38%.
Mp: 250 �C. IR (cm�1): 3190 (ʋNH), 3065 (ʋC¼CH), 1739, 1705 (ʋC¼O),
1596 (ʋC¼N), 1380 and 1174 (ʋSO2), 732 and 688 (ʋ1,4disubstituted benzenoid
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ring). 1H NMR (400MHz, DMSO-d6, δ): 4.04 (s, 4H, 4CH2Ph), 7.23 (d, 4H,
ArH; J ¼ 8.80 Hz), 7.33 (m, 8H, ArH bonded to triazole C3), 7.83 (d, 4H,
ArH; J ¼ 8.80 Hz), 8.04 (d, 4H, ArH; J ¼ 8.80 Hz), 8.10 (d, 4H, ArH; J ¼
8.80 Hz), 9.68 (s, 2H, 2N¼ CH), 12.05 (s, 2H, 2NH). 13C NMR (100MHz,
DMSO-d6, δ) 30.33 (2CH2Ph), 122.70 (4C); 128.66 (4C); 129.07 (4C);
129.45 (4C); 130.76 (4C); 132.76 (2C); 134.27 (2C); 143.93 (2C); 150.76
(2C) (Ar-C), 127.90 (4C); 128.33 (4C); 131.43 (4C); 134.65 (2C) (Ar-C
bonded to triazole C3), 145.83 (2C) (2triazole C3), 151.09 (2C) (2N ¼
CH), 151.85 (2C) (2triazole C5). Analysis: calcd. for C44H32N8O8S2Cl2
(935.81): C, 56.47; H, 3.45; N, 11.97; S, 6.85 %, Found: C, 54.83; H, 3.33;
N, 11.09; S, 8.42 %.

2.1.2.2.8. {Bis-4-[3-m-chlorobenzyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-
iminomethyl]-phenyl} [1,10-biphenyl]-4,40-disulfonate (M9). Yield 86.21%.
Mp: 275 �C. IR (cm�1): 3192 (ʋNH), 3071 (ʋC¼CH), 1700 (ʋC¼O), 1614,
1591 (ʋC¼N), 1375 and 1170 (ʋSO2), 748 and 684 (ʋ1,4disubstituted benzenoid

ring). 1H NMR (400MHz, DMSO-d6, δ): 4.04 (s, 4H, 4CH2Ph), 7.20 (d, 4H,
ArH; J ¼ 8.40 Hz), 7.22-7.32 (m, 6H, ArH bonded to triazole C3), 7.38 (s,
2H, ArH bonded to triazole C3), 7.81 (d, 4H, ArH; J ¼ 8.80 Hz), 8.03 (d,
4H, ArH; J ¼ 8.40 Hz), 8.09 (d, 4H, ArH; J ¼ 8.80 Hz), 9.64 (s, 2H, 2N ¼
CH), 12.03 (s, 2H, 2NH). 13C NMR (100MHz, DMSO-d6, δ): 30.61
(2CH2Ph), 122.69 (4C); 126.71 (2C); 128.66 (4C); 129.10 (4C); 129.44
(2C); 132.78 (2C); 134.22 (2C); 143.91 (2C); 150.76 (2C) (Ar-C), 127.50
(2C); 128.91 (2C); 130.21 (2C); 131.43 (2C); 132.90 (2C); 138.07 (2C)
(Ar-C bonded to triazole C3), 145.66 (2C) (2triazole C3), 151.06 (2C) (2N
¼ CH), 151.81 (2C) (2triazole C5). Analysis: calcd. for C44H32N8O8S2Cl2
(935.81): C, 56.47; H, 3.45; N, 11.97; S, 6.85 %, Found: C, 54.92; H, 1.41;
N, 11.01; S, 18.45 %.

2.1.2.2.9. {Bis-4-[3-phenyl-5-oxo-1H-1,2,4-triazol-4(5H)-yl)-imino-
methyl]-phenyl} [1,10-biphenyl]-4,40-disulfonate (M10). Yield 88.92%.
Mp: 291 �C. IR (cm�1): 3212 (ʋNH), 3096 (ʋC¼CH), 1701 (ʋC¼O), 1594
(ʋC¼N), 1378 and 1177 (ʋSO2), 741 and 686 (ʋ1,4disubstituted benzenoid ring).
1H NMR (400MHz, DMSO-d6, δ): 7.24 (d, 4H, ArH; J ¼ 8.80 Hz), 7.50-
7.52 (m, 6H, ArH bonded to triazole C3), 7.84-7.88 (m, 4H, ArH bonded
to triazole C3), 7.84–7.88 (m, 4H, ArH), 8.02 (d, 4H, ArH; J ¼ 8.40 Hz),
8.08 (d, 4H, ArH; J ¼ 8.80 Hz), 9.67 (s, 2H, 2N ¼ CH), 12.41 (s, 2H,
2NH). 13C NMR (100MHz, DMSO-d6, δ): 122.83 (4C); 128.72 (4C);
Fig. 1. The optimized gas-phase molecules at DFT/B3
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129.03 (4C); 129.67 (4C); 132.64 (2C); 134.27 (2C); 143.96 (2C); 150.92
(2C) (Ar-C), 126.70 (2C); 127.94 (4C); 128.51 (4C); 130.09 (2C) (Ar-C
bonded to triazole C3), 144.59 (2C) (2triazole C3), 151.26 (2C) (2N ¼
CH), 154.85 (2C) (2triazole C5). Analysis: calcd. for C24H30N8O8S2
(838.87): C, 60.14; H, 3.60; N, 13.36; S, 7.64 %, Found: C, 58.05; H, 3.51;
N, 12.23; S, 9.17 %.

2.2. Calculation methods

The approximate geometry of the molecules in the gas phase and in
the base case in three dimensions was plotted in the GaussView5.0 mo-
lecular imaging software [35], the initial geometries of the molecules
were obtained using the GaussView 5.0 packet software to and calculated
in the Gaussian09W software [36, 37] (Fig. 1). In order to better deter-
mination of the electronic properties of the structures, the DFT method is
used which takes into account the electron density and produces the
desired data over this electron density. B3LYP is popular for many rea-
sons. It was one of the first DFT methods that was a significant
improvement over Hartree-Fock. B3LYP is generally faster thanmost Post
Hartree-Fock techniques and usually yields comparable results. It is also
fairly robust for a DFT method. On a more fundamental level, it is not as
heavily parameterized as other hybrid functionals [38]. In addition, the
hybrid function B3LYP in the Gaussian09W software, which is suitable
for the workstation's capacity and 6-31G(d,p) [38] as the basic set were
used. All calculations were made on computers located in Chemistry
Department of Kafkas University Science Faculty.

Electronic structure identifiers from all the geometry-optimized
structures and EHOMO, ELUMO, ΔE, η, σ, χ, nucleophilicity (ε) index,
electrophilicity (ω) index, chemical potential (Pi), μ and the ΔN associ-
ated with corrosion inhibition activity were calculated. In addition to the
electronic structure identifiers, the total negative charge (TNC) param-
eter is also investigated.
LYP theoretical level using 6-31G(d,p) basis set.
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3. Results and discussion

3.1. Experimental analysis

When IR spectral data of the {bis-4-[(3-alkyl-5-oxo-1H-1,2,4-triazol-
4(5H)-yl)-iminomethyl]-phenyl} [1,10-biphenyl]-4,40-disulfonate com-
pounds (M2-10) are examined, it have seen that there are N-H stretching
vibrations in the range of 3212-3170 cm�1 and carbonyl (C¼O) peak in
the range of 1739-1694 cm�1. It have been found that these results are
compatible with the structure. In 1H-NMR spectra of the compounds, The
peaks of the N-H protons were observed in the range of 12.41-11.85 ppm.
The protons of azomethine moiety (N¼CH) were found at δ 9.71–9.64
ppm. Theese data are consistent with the literature. Aromatic protons of
1,4-disubstituted benzene ring in the range of δ 8.10–6.83 ppm and ar-
omatic protons bound to C-3 in the triazole ring were found to be
consistent with the values given in the literature. Additionally, When 13C-
NMR spectra were examined, it have been observed 1,2,4-triazole C-5
carbons in the range of the δ 154.85–151.73 ppm, azomethine carbons
(N¼CH) in the range of the δ 151.28–151.06 ppm and triazole C-3 car-
bons in the range of the 148.04–144.26 ppm. Also, differentiation of
aromatic carbons of aryl groups in {bis-4-[(3-alkyl-5-oxo-1H-1,2,4-tri-
azol-4(5H)-yl)-iminomethyl]-phenyl} [1,10-biphenyl]-4,40-disulfonate
compounds have been achieved. Aromatic carbon and aromatic
hydrogen data bonded to the C-3 in the triazole ring were determined as
underlined.

3.2. Geometry optimization

Gas phase geometry optimizations of all the structures (M1-10)
(Fig. 1) studied were primarily determined by using the MM2 method
and followed by the subsequent semi empirical PM3 consistent molecular
orbital (SCFMO) method. Advanced geometry optimizations were ach-
ieved using RHF and B3LYP/6-31G(d,p) base sets. Normal mode analysis
for each structure did not result in any negative frequencies in all three
calculation methods [39].

3.3. Inhibitor activity parameters

Identifiers derived from the electronic structure of the molecule,
which are linked to the electronic structure, are called electronic struc-
ture identifiers [40]. Some of them are, the EHOMO, ELUMO, ΔEgap, η, σ, χ,
Pi, ω, ε and μ. Among these identifiers, HOMO, LUMO and μ are obtained
from the Gaussian output file of the molecule. Other identifiers can be
calculated by existing equations in the literature.

According to the Koopman's theorem, EHOMO and ELUMO values of any
chemical type are associated with its ionization energy and electron af-
finity values [40, 41]. ΔE [42], η [43], σ [44], χ and Pi [45] can be
calculated by the following.

I ¼ -EHOMO [40, 41] (1)

A ¼ -ELUMO [40, 41] (2)

ΔE ¼ (ELUMO – EHOMO) [42] (3)

ɳ ¼ (I – A) / 2 [43] (4)

σ ¼ 1/ɳ [44] (5)

χ ¼ (I þ A) / 2 [45] (6)

Pi ¼ -χ [45] (7)

The electrophilicity (ω) index is a measure of the energy depletion
due to the maximum electron flow between the transmitter and the
receiver [46]. The equation is given as it is in 8. The nucleophilicity (ε)
index is a new molecular structure identifier [47]. The equation is given
as it is in 9.
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ω ¼ Pi
2/2ɳ [46] (8)

ε ¼ Pi . ɳ [47] (9)

ΔN of the electrons transferred between the inhibitor and the metal is
calculated by the following equation using the theoretically calculated χ
and ɳ values [48]. The χinhibitor and ɳinhibitor values of the inhibitor in the
equation are calculated theoretically while the χmetal and ɳmetal values of
the metal atom are experimentally determined by Pearson. According to
Pearson, since the electron affinity (A) and the ionization potential (I) of
a single metal is assumed equal (I ¼ A), the ɳmetal value is taken as zero
for a single metal [47]. The total energy, TNC [49, 50] and electron
structure identifiers of all the molecules studied are given in Table 2.

ΔN¼ (χmetal-χinhibitor) / 2.(ɳmetal - ɳinhibitor) [48] (10)

When we look at the HOMO and LUMO energies in Table 2 of the
studied constructions, it seems that there is a general tendency among
them. EHOMO order is as shown below.

M7 > M10 > M6 > M4 > M5 > M9 ¼ M8 > M1 > M2 > M3
Since HOMO is related to electron donating capacity, it is important

for corrosion studies. It can be said that the inhibitory effect of inhibitor
molecules increases with increasing HOMO values [51]. Thus it acts on
the charge transfer mechanism along the metal surface, enabling
adsorption. It is seen that compound M7 having the highest inhibitory
activity and compoundM3 having the lowest inhibitory activity are seen
to have the highest inhibitory activity according to the high EHOMO value
(Fig. 2).

LUMO is about the ability to accept electrons. Low valued ELUMO in-
dicates that the inhibitor can place an additional negative charge on the
metal surface. ELUMO order is as shown below.

M7 > M5 > M6 > M4 > M10 > M1 > M9 ¼ M8 > M2 > M3
The ELUMO sequence shows that LUMO energy of M3 has the lowest

energy and the LUMO energy of M7 is with the highest energy. LUMO
energy values of inhibitors with high HOMO energy values were also
found to be high. For this reason, it was determined that theM7 inhibitor
was reactive by acting as a donor and accordingly its inhibitor activity
was high. The lowest ELUMO and the lowest EHOMO values belong to the
M3 inhibitor. While inhibitors with low EHOMO reduce the reactivity to
metal, the metal inhibitor acts as a donor to the inhibitor. Accordingly,
the activity of the inhibitor is reduced while the reactivity of the metal is
increased. According to HOMO-LUMO energies, M7 molecule has the
most effective corrosion inhibition (Fig. 2).

The energy gap between EHOMO and ELUMO has a very large pre-
liminary significance and clarity in order to determine the theoretical
inhibition efficiency, as well as the static molecular reactivity. According
to the energy gap value, the sequence of the inhibitors is as follows:

M1 > M8 ¼ M9 > M5 > M4 > M6 > M10 > M7 > M2 > M3
The energy gap is a measure of another molecule's activity against the

molecule. It is important to compare ΔE for inhibitor studies. The lower
the absolute value of the energy gap, the better efficiency of inhibition.
The lower value of ΔE in corrosion inhibitors depends on the EHOMO
rather than the ELUMO. Inhibitor derivatives with high HOMO energy and
low ΔE can be used as good anti-corrosion agents [51]. Given the above
EHOMO and ΔE sequence, it can be said that M7 will provide a good in-
hibition activity depending on the highest value of HOMO energy.

It is also supported by the TNC values [49, 50] that M7 has the most
effective corrosion inhibition. The TNC is about the ability to become an
electron donor. From the TNC values in Table 2, it is seen that the most
negative load is in the M7 inhibitor. The fact that the number of het-
eroatoms in the M7 inhibitor is high plays an important role in this.
Unlike other molecules at M7, oxygen atoms in the substituent position
increase TNC [49, 50]. In addition, the HOMO in the orbital diagram in
Fig. 2 supports this situation in centers.

Charges of the atoms in the molecular structure of theM7 inhibitor is
shown in Table 3. The use of Mulliken population analysis is a widely
used method for predicting the adsorption centers of the inhibitor mol-
ecules [51] (Table 3). It has been supported by many researchers that the



Table 2
Total energy, sum of negative charges (TNC) and values of electron structure identifiers calculated using 6–31g(d,p) basis set at the DFT/B3LYP theory level of molecules
in gas phase.

Molecule Name Total Energy (a.u) μ (D) EHOMO (eV) ELUMO (eV) ΔE (eV) χ (eV) ɳ (eV) σ (eV�) Pi (eV) ω (eV) ε (eV) ΔN TNC (a.u)

M1 -2992.377 2.4448 -6.16 -2.34 3.82 4.25 1.910 0.52 -4.25 4.73 -8.12 0.7198 -9.8673
M2 -3070.042 4.2033 -6.19 -3.44 2.75 4.82 1.375 0.73 -4.82 8.43 -6.63 0.7899 -7.3051
M3 -3149.272 4.1536 -6.40 -3.82 2.58 5.11 1.290 0.78 -5.11 10.12 -6.59 0.7325 -11.3425
M4 -3228.283 3.4871 -5.98 -2.32 3.66 4.15 1.830 0.55 -4.15 4.71 -7.59 0.7787 -12.2363
M5 -3533.123 2.9624 -6.00 -2,31 3.69 4.16 1.845 0.54 -4.16 4.68 -7.68 0.7710 -11.4255
M6 -3611.759 2.7760 -5.96 -2.31 3.65 4.14 1.829 0.55 -4.14 4.67 -7.57 0.7836 -13.4535
M7 -3762.169 2.4405 -5.77 -2.30 3.47 4.04 1.735 0.58 -4.04 4.69 -7.01 0.8546 -13.8930
M8 -4452.315 4.2006 -6.12 -2.37 3.75 4.25 1.875 0.53 -4.25 4.81 -7.97 0.7333 -12.3571
M9 -4452.315 4.6612 -6.12 -2.37 3.75 4.25 1.875 0.53 -4.25 4.81 -7.97 0.7333 -12.3448
M10 -3454.500 3.8228 -5.86 -2.33 3.53 4.09 1.765 0.57 -4.09 4.75 -7.22 0.8229 -11.6587

Fig. 2. HOMO-LUMO energy diagrams of M3 and M7 inhibitors.
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presence of negatively charged heteroatoms increases the ability to
adsorb on the metal surface by donor-acceptor mechanism [52]. In view
of this information, M7 has an effective inhibitory effect due to nega-
tively charged nitrogen atoms, oxygen atoms and carbons in the aromatic
ring. Looking at the MEPmap in Fig. 3, it is seen that the oxygen bound to
the triazole ring has a denser red color than the other negative atoms.
This can be interpreted as the fact that the M7 inhibitor can be coordi-
nately bound to the metal surface, again from these centers.

ɳ and σ are other important parameters that give information about
the stability, reactivity and inhibitor activity of an inhibitor. The ɳ and σ
of the grading of said inhibitors should be as follows, respectively:

M1 > M9 ¼ M8 > M5 > M4 � M6 > M10 > M7 > M2 > M3
M3 > M2 > M 7 > M10 > M4 � M6 > M5 > M9 ¼ M8 > M1
Since the organic selected as an inhibitor behaves as a lewis base, and

soft inhibitors are more reactive compared to hard inhibitors, they
behave as better corrosion inhibitors [53, 54, 55]. In this case it was
calculated that the M7 inhibitor with high EHOMO and low ΔE had high
softness and low hardness values. The ɳ and σ values support that the M7
inhibitor has the most effective inhibitory effect.

χ and Pi are other parameters that are calculated for inhibitor activity.
The sequence of χ is as follows:

M3 > M2 > M1 � M9 ¼ M8 > M5 > M4 > M6 > M10 > M7
The calculated χ values of the inhibitors give information on how the

coordinated covalent bond between the metal and the inhibitor occurs
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[51]. In this study, corrosion inhibition activity of the molecules
designed as inhibitors on iron metal was examined. The χ values of the
inhibitors calculated in Table 2 were found to be lower than the exper-
imental χ value of the iron metal. Thus, it has been determined that the
iron metal will form bonds by taking electrons from the inhibitor com-
pound. When we look at the χ sequence, the M7 inhibitor will act as the
most effective corrosion inhibitor with the lowest χ value. Pi the inverse
of electronegativity. That is, a molecule with a high chemical potential
has a high activity against other molecules, while a molecule with a low
potential has low activity against other molecules [56]. As shown in
Table 2, the inhibitor with the highest activity is M7.

When look at the ΔN [48] values obtained for iron and metal in-
hibitors (Table 2), it can be said that M7 molecule transfers more elec-
trons to the iron metal, thus it is a more effective inhibitor.

Another parameter shown in Table 2 is the dipole moment. However,
studies in the literature have not found a clear link between μ and inhi-
bition activity. In some studies, it is said that the activity of molecules
with higher μ value leads to better inhibition, while in other studies it is
said that the inhibition effect increases with decreasing μ value. The M7
inhibitor, which is in compliance with other parameters, has low dipole
moment. This can be interpreted as a better covering of the metal surface
at low μ values.

ω and ε indices are important parameters used in the activities of
corrosion inhibitors. The ω index indicates the ability of inhibitor



Table 3
Mulliken charges of atoms in the molecule structure of the M7 inhibitor.

C1 0.561614 H27 0.18691 C53 0.206151 H79 0.141365
C2 0.772269 C28 -0.1671 H54 0.149232 C80 -0.17367
N3 -0.44505 H29 0.187197 H55 0.157271 H81 0.128836
H4 0.354664 C30 0.093265 C56 -0.00027 C82 0.375531
N5 -0.33064 H31 0.154941 H57 0.160913 H83 0.131456
N6 -0.4997 H32 0.155615 N58 -0.44543 C84 0.172882
N7 -0.24602 O33 -0.50899 C59 0.771182 C85 -0.18769
O8 -0.52342 O34 -0.50984 C60 0.56116 C86 -0.17472
C9 -0.0008 C35 0.092915 H61 0.355246 C87 -0.193
H10 0.162424 C36 -0.1674 N62 -0.33084 H88 0.141191
C11 0.204875 C37 -0.1677 N63 -0.49992 C89 -0.17371
C12 -0.16703 C38 -0.13745 O64 -0.51866 H90 0.12947
C13 -0.20095 H39 0.155018 S65 1.247116 C91 0.375342
C14 -0.12984 C40 -0.13436 O66 -0.51184 H92 0.131282
H15 0.1579 H41 0.155337 O67 -0.49603 H93 0.136945
C16 -0.12918 C42 -0.15563 N68 -0.24794 O94 -0.50708
H17 0.148353 H43 0.189324 C69 -0.42547 C95 -0.21458
C18 0.319673 H44 0.186947 H70 0.181434 H96 0.152393
H19 0.16181 O45 -0.6141 H71 0.166637 H97 0.169217
H20 0.160349 C46 0.326608 C72 -0.42526 H98 0.151105
O21 -0.61277 C47 -0.13817 H73 0.1821 H99 0.136678
S22 1.24922 C48 -0.14162 H74 0.168169 O100 -0.50723
C23 -0.1564 C49 -0.20212 C75 0.172655 C101 -0.21463
C24 -0.13485 H50 0.176131 C76 -0.18754 H102 0.152794
C25 -0.1355 C51 -0.16623 C77 -0.17407 H103 0.169194
C26 -0.16761 H52 0.153749 C78 -0.19303 H104 0.150984

Fig. 3. MEP map of M7 inhibitor.
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molecules to accept electrons [46]. The ε index shows the ability of the
inhibitors to donate electrons [57]. The inhibition activity increases with
decreasing ω value or increasing ε value [58]. According to ω and ε, the
theoretical inhibition efficiency sequence is as follows:

M3 > M2 > M9 ¼ M8 > M10 > M1 > M4 > M7 > M5 > M6
M3 > M2 > M7 > M10 > M6 > M4 > M5 > M9 ¼ M8 > M1
As can be seen in the sequence, the calculated ω value of the M7 in-

hibitor decreased, and the ε value increased. It is observed that the M7
inhibitor has the most effective inhibitory effect with ω and ε values in
accordance with other parameters.

4. Conclusion

In this study, the structures of nine new {Bis-4-[3-(alkyl-5-oxo-1H-
1,2,4-triazol-4(5H)-yl)-iminomethyl]-phenyl} [1,10-biphenyl]-4,40-disul-
fonate (M2-10) synthesized from the reactions of T type compounds with
bis-(4-formylphenyl) [1,10-biphenyl]-4,40-disulfonate (A)were identified
using IR, 1H NMR and 13C NMR spectral data.

According to the obtained results, ELUMO values of inhibitors with
high EHOMO values were also found to be high. For this reason, it was
determined that the M7 inhibitor was reactive by acting as a donor and
accordingly its inhibitor activity was high. Inhibitor derivatives with
high EHOMO and low ΔE can be used as good anti-corrosion agents. Given
the EHOMO and ΔE sequence, it can be said that compound M7 will
provide a good inhibition activity depending on the highest value of
EHOMO. It can be interpreted as the fact that the M7 inhibitor, which is
included in the study, is better at covering the metal surface at low dipole
moment value, although a clear conclusion about the dipole moment is
not found in the literature.

When look at the Mulliken atomic charges of the M7 inhibitor, it can
be said that the electronegative atoms have a great effect on the inhibi-
tion activity, the negatively charged atoms have HOMO centers on them,
7

and from there the inhibitor can be bound to the metal surface from these
centers. The TNC value associated with the ability to donate is highest in
theM7molecule. It has been seen that the most active region in the MEP
map is around the oxygen(s) bound to the triazole(s) (Fig. 3).

The calculated ƞ, σ, χ, Pi, ω and ε parameters support that the M7
inhibitor has the most effective corrosion inhibition effect. The lower χ
value of the inhibitor shows that the iron metal will form a bond by
taking electrons from the inhibitor compound and the higherΔN value of
the inhibitor shows that it will be better adsorbed to the metal surface
and the corrosion inhibition effect will increase.

It is revealed that there is a close relationship between the activity of
organic-based corrosion inhibitors showing good corrosion inhibitor
activity and the calculated quantum chemical parameters of the process.
One of its greatest advantages is that the studied structure can be
changed in accordance with calculations.

TheM7 compound has effective corrosion inhibition properties and is
thought to exhibit more effective inhibitor properties, if the number of
heteroatoms in the structures of other molecules is increased.
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