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Mononuclear cuprous complexes 1 and 2, [{CH3E(0-C¢H,4)CH = NCH,},Cu|ClO4; E = S/Se, have been synthesized
by the reaction of bis(methyl)(thia/selena) salen ligands and [Cu(CH3CN)4]ClO4. Both the products were charac-
terized by elemental analysis, ESI-MS, FT-IR, 'H/*>C/”’Se NMR, and cyclic voltammetry. The complexes possess
tetrahedral geometry around metal center with the N,S,/N,Se, coordination core. Cyclic voltammograms of
complexes 1 and 2 displayed reversible anodic waves at E; , = +0.08 V and 4 0.10 V, respectively, correspond-
ing to the Cu(I)/Cu(II) redox couple. DNA binding studies of both the complexes were performed applying absor-
bance, fluorescence and molecular docking techniques. Competitive binding experiment of complexes with ct-
DNA against ethidium bromide is performed to predict the mode of binding. The results indicate the groove bind-
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DNA binding ing mode of complexes 1 and 2 to DNA. The binding constants revealed the strong binding affinity of complexes
towards ct-DNA.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction intercalation or DNA cleavage. Covalently modified metallosalen-DNA

Salen/salphen ligand systems (derived from the Schiff-base coupling
of salicylidehyde and ethylendiamine/o-phenylenediamine) are one of
the most popular ligand systems in inorganic chemistry. It offers the po-
tential tetradentate (N,0,) chelating system and hence, wide variety of
metal ions have been engaged with such system. Salen based metal
complexes have been explored extensively due to their versatile appli-
cations such as in catalysis [1], luminescence [2], magnetism [3], biolog-
ical studies [4] and material science [5]. Metal salen systems have
recently been used for the development of metal-organic frameworks
for heterogeneous catalysis, gas storage and molecular trapping [6]. Al-
though, salen systems are widely studied ligands, their sulphur and se-
lenium analogues (thia-salen and selena-salen) are not much explored
so far, mainly due to the synthetic complications including instability of
thiol and selenol groups compared to the hydroxy group of salen.

On the other hand, with the establishment of structure of double
stranded DNA and mechanism of its interaction with cis-platin, the
study of DNA-metal complex interaction has been a target of chemists
in the search of anticancer drugs [7]. DNA-metal interaction studies
have recently been explored as different ways viz DNA-metal base
pairs, template-directed modified DNA-metal complex and non-cova-
lent interaction of DNA-metal complex [8]. The non-covalent interac-
tion of DNA with metal complex can lead to groove binding,
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which provide site-specific binding have been explored recently for
higher order nanostructures [9].

Template-directed assembly of metallosalen-DNA conjugates has
attracted great attention in past few years [10]. Carell and coworkers
strategically synthesized metallosalen-DNA hairpin conjugate, using
three components (salicylaldehyde, diamine and metal ion), inside a
DNA duplex which resulted in tremendous stabilization of the duplex
structure [11]. Brissos et al. reported the luminescent zinc salphen com-
plexes as potential DNA-intercalator agents and demonstrated their
utility as bio-markers for cell imaging [12]. Xie et al. also reported the li-
brary of Zn-Salen/Salphen complexes as fluorescent probes for live cell
imaging [13]. Recently, Su et al. reported the interstrand crosslinking
of metal ion coordinating pyrazole and salen ligandosides resulting in
stable multi-copper ion complexing DNA double helix structures [14].
DNA binding property of substituted Zn-salphen complexes was recent-
ly studied by Giannicchi et al. [15]. They found that the presence of
strong electron-withdrawing nitro substituent increased the electro-
philic character of the metal center and thus responsible for the stron-
gest interaction with plasmid DNA.

Thus, the DNA binding study of alkylated (thia/selena)salen-Cu(I)
complexes (as electrophilic complex cations) could be worth. Moreover,
many metallo-proteins/metallo-enzymes such as hemocyanin,
cupredoxins, tyrosinase and nitritereductase, playing crucial role in bio-
chemistry, have Cu(I) center as their active site [16]. N,S,Cu(I) coordi-
nation core, derived from (S)-cysteine, (S)-methionine and two (N)-
histidine, is of particular importance as active site in blue copper protein
(type-I) [17].- We have been interested in developing the metallo-salen/
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salphen derivatives and exploring their properties [18]. Here, we are
reporting the Cu(I) complexes of ligands L* and L® (Scheme 1), their
electrochemistry and DNA binding studies are investigated and report-
ed. Cu(I) ion, being the soft acid, has strong affinity towards heavier
chalcogen atoms.

2. Experimental
2.1. Synthesis

Ligand L* and L? were prepared according to the literature [19]. Syn-
thesis of complexes is mentioned below:

1: 99.5 mg of [Cu(CH5CN)4]ClO4 (0.304 mmol) and 100 mg of ligand
L? (0.304 mmol) were refluxed in 5 mL of dry methanol for 3 h under
inert atmosphere. Yellow precipitate appeared immediately during
the reaction. The precipitate was filtered, washed thoroughly with
methanol and dried in vacuum.

Caution: Perchlorate salts are potentially explosive and care should
be taken in handling them.

Yield: 130 mg (87%). M. p.: 206 °C. Anal. calc. for C;gH,oN,S,CuClO4:
C,43.99; H,4.10; N, 5.70. Found: C, 43.64; H, 4.26; N, 5.51%. ESI-MS: Calc.
for C1gH20N,2S,Cu: m/z 391.0364. Found 391.2753. IR (cm ™!, KBr):
1630(s), 1586(m), 1462(w), 1432(m), 1287(w), 1086(s), 1020(m),
971(m), 776(s), 765(s), 623(s), 468(w). 'H NMR (6, ppm, DMSO-dg):
8.77 (s, 2H); 7.74 (d, ] = 7.00 Hz, 2H); 7.50 (m, 4H); 7.32 (d, ] =
6.50 Hz, 2H); 3.89 (s, 4H), 2.52 (s, 6H). '*C NMR (&, ppm, DMSO-de):
162.48, 136.94, 132.42, 131.90, 129.54, 128.02, 125.82, 60.79, 17.21.

2: Complex 2 was prepared in similar way to complex 1, using
128 mg (0.304 mmol) of Ligand L”

Yield: 105 mg (76%). M. p.: 190 °C (dec.). Anal. calc. for
C18H20N2Se;CuClOy: C, 36.94; H, 3.44; N, 4.79. Found: C, 36.39; H,
3.61; N, 4.57%. ESI-MS: Calc. for C;gH,oN,Se,Cu: m/z 486.9253. Found
487.0814. IR (cm™', KBr): 1654(m), 1626(m), 1583(w), 1461(w),
1421(m), 1386(w), 1336(w), 1286(w), 1271(w), 1216(w), 1083(s),
1030(m), 964(m), 929(w), 9119(w), 765(s), 622(m), 463(w). 'H
NMR (8, ppm, DMSO-dg): 8.69 (s, 2H); 7.70 (d, ] = 7.50 Hz, 2H); 7.60
(d, ] = 7.50 Hz, 2H); 7.45 (t,] = 7.50 Hz, 2H); 7.39 (t, ] = 7.50 Hz,
2H); 3.99 (s, 4H), 2.32 (s, 6H). '3C NMR (6, ppm, DMSO-dg): 164.04,
133.95, 132.34, 132.03, 131.77, 129.37, 127.60, 61.28, 11.27. 7’Se NMR
(6, ppm, DMSO-dg): 257.

2.2. Materials and physical measurements

All chemicals and solvents were received from Aldrich/Merck of re-
agent grade and used as such. NMR spectra were recorded on a Bruker
AVANCE 500 FT-NMR spectrometer using DMSO-dg as solvent and
chemical shift values are reported in ppm (& scale) relative to Me,Si ei-
ther as internal standard or with respect to solvent residual peak. Infra-
red spectra were measured on KBr disk with a Perkin-Elmer
spectrophotometer. The mass spectra were recorded on a WATERS
micromass Q-Tof micro™ instrument. Elemental analyses were carried
out on a Carlo-Erba model 1106 elemental analyzer. Cyclic voltammetry
was performed with a computer-controlled Princeton Applied Research

[Cu(CH,CN)]CIO,

263 A electrochemical workstation using platinum (Pt) disk as a work-
ing electrode, Pt-wire as the counter electrode and Ag/AgNOs (10 mM in
acetonitrile) as the reference electrode. Tetrabutylammonium perchlo-
rate (0.1 M in acetonitrile) was used as supporting electrolyte.

2.3. Computational details

Density functional theory (DFT) calculations were performed using
the Gaussian 09 [20] program at the B3LYP/6-31G(d) level [21]. Counter
anion is eliminated and the mono positive complex cations are used for
the calculations.

2.4. DNA binding study

24.1. Absorption method

The absorbance spectra were scanned by keeping the concentration
of the complex constant (10~# M) and varying the concentration of
DNA (8.11 x 107 to 4.86 x 10> M), after each successive addition of
ct-DNA, followed by 10 min of incubation, in Tris buffer. The intrinsic
binding constant, Kj, of complex with ct-DNA is determined according
to the Eq. (1) [22],

[DNA]/(ga—¢€¢) = [DNA]/ (e, —€¢) + 1/K(&p—€f) (1)

Where, [DNA] is the concentration of ct-DNA, &, €, and g, corre-
spond to the extinction coefficients, for the DNA free metal complex, ap-
parent metal complex (for each addition of ct-DNA to the complex) and
fully bound metal complex, respectively. In plots of [DNA] / (€, — &)
versus [DNA], K, is given by the ratio of the slope to intercept. %
hyperchromicity is calculated using the formula, % hyperchromicity =
(Afree — Abound) / Afree, Where A denotes absorbance.

24.2. Fluorescence method

Fluorescence emission study is carried out by keeping concentration
of metal complex constant and varying the concentration of ct-DNA.
Fluorescence intensities were recorded after every successive addition
of DNA solution, followed by 10 min of incubation. The values obtained
were calculated following the Eq. (2),

log(IFo-FI/F) = logK + nlog[DNA] (2)

Where, Fy and F are the fluorescence intensities of the fluorophore in
the absence and presence of different concentrations of ct-DNA and n is
the number of binding sites. The linear relationship is obtained for
log(F — Fo) / F versus log [DNA]. The values of K; clearly underscore
the affinity of complexes for DNA [23].

In fluorescence competitive binding studies, DNA was pre-treated
with EB for 30 min. Fluorescence experiments were conducted by
adding the complex solution to the samples containing 10 M EB and
100 puM ct-DNA and the effect on the emission intensity was measured.
The results were analyzed through Stern-Volmer Eq. (3) [24].
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Scheme 1. Synthesis of complexes 1 and 2.
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Scheme 2. Fragmentation of complexes 1 and 2 in mass spectrometer.

Where, Fy and F are the fluorescence intensities of the fluorophore in
the absence and presence of different concentrations of ct-DNA and K,
is a linear Stern-Volmer constant. The linear relationship is obtained for
Fo/F versus [DNA].

2.4.3. Molecular docking

Molecular docking procedure plays a key role in knowing the mode
of drug-DNA interaction for rational drug design and the technique has
proved to be very effective in understanding the mechanism of binding
of small molecule to DNA. In this method, receptor structure is
downloaded in PDB format. In these cases ct-DNA is treated as receptor
moiety and they are downloaded from www.rsc.org protein data bank
and ligand structures (complex 1 and 2) are drawn with the help of
tools provided in software. Then, both the moieties were selected and
docking was performed. The docking process via HEX 8.0 docking soft-
ware is performed for grid Dimension of 0.6 A, Receptor range and Li-
gand range of 180, Twist range of 360 and Distance range of 40 A [25].

3. Results and discussion
3.1. Characterization of complexes

Reaction of [ Cu(CH5CN)4]ClO4 and bis(methyl)(thia/selena) salen li-
gands, L and L?, in 1:1 M ratio gave the complexes 1 and 2, respectively,
in high yields. Elemental analyses of both the complexes are consistent
with the proposed structures. ESI mass spectrum of the complex 1
showed base peak at m/z 391.2753 corresponding to the [L*Cu]* and
that of complex 2 showed base peak at m/z 487.0814 corresponding
to the [L°Cu]™. Both the complexes underwent demethylation succes-
sively in mass spectra (Scheme 2). The di-demethylated product of
[LPCu]* is more in abundance (11%) compare to that of [L*Cu] ™ (2%)
which can be explained on the basis of weaker Se—CHj3 bond than the
S—CHs bond.

In the IR spectra of complexes 1 and 2, C=N stretching frequencies
were observed at 1630 and 1654 cm™ !, respectively. The strong and
broad band at around 1085 cm™ ! and sharp band at around 622 cm™!
in the IR spectra are indicative of free perchlorate ion and the absence
of band in the region 930 cm ™! further eliminate the possibility of its in-
volvement in coordination.

Multinuclear NMR spectra of both the complexes showed their sym-
metric nature. Singlets at 8.77 and 8.69 ppm in the H NMR spectra of

$oe

(a)

the complexes 1 and 2, respectively, are assigned to imine proton,
though their significant shifting to lower field with respect to the signals
of free ligands (8.62 ppm (L?) and 8.54 ppm (L), DMSO-dg), suggests
the coordination of nitrogen atoms with metal ion. The methyl groups
appeared at 2.52 ppm (1) and 2.32 ppm (2), however their downfield
shifting compare to the free ligands [2.40 ppm (L*) and 2.10 ppm (L?)
in DMSO-dg], indicates the involvement of sulphur and selenium
atoms in coordination with metal ion. '>C NMR is consistent with pro-
posed structure. ’Se NMR spectrum of the complex 2 showed single
resonance at 257 ppm in the form of quartet due to coupling with meth-
yl protons. The signal is shifted to 8 ppm downfield compare to the par-
ent ligand in same solvent.

3.2. Optimized structures

All attempts to grow the single crystals of the complexes suitable for
X-ray crystallography were unsuccessful. DFT calculations were per-
formed to get the optimized structures of complexes 1 and 2. The opti-
mized geometries (Fig. 1) for both the complexes feature the distorted
tetrahedral geometry around metal center, as expected for the d'° sys
tem. The calculated Cu—N and Cu—S bond lengths in complex 1 were
found to be 1.957 and 2.287 A, respectively, while those in complex 2
are 1.988 and 2.315 A, respectively. The Cu—N bonds are longer in com-
plex 2 than those in complex 1. The calculated Cu—S and Cu—Se bond
lengths are in the range of those in tetrahedral Cu(I) thio/seleno-ether
complexes [26]. Selected bond lengths and bond angles are listed in
Table 1.

3.3. Electrochemical study

The electrochemical responses of the Cu(I) complexes were studied
by cyclic voltammetry at a Pt electrode in acetonitrile solution under
inert atmosphere. The cyclic voltammograms of copper complexes 1
and 2, were recorded in the potential range of — 1.5 to + 1.5 V versus
Ag/AgNOs at 50-200 mV/s scan rates. Fig. 2 shows their voltammograms
at scan rate 50 mV/s. Cyclic voltammogram of complex 1 showed the re-
versible anodic wave at E; , = +0.08 V corresponding to the Cu(I)/Cu(II)
redox couple. In the redox waves, anodic to cathodic peak current ratio
(ia/ic) and peak separation (AEp) between the anodic and cathodic
peaks were independent to scan rate, indicating the reversibility of
Cu(I)/Cu(1l) pair. The two anodic peaks at 4+1.24 and + 1.46 V and the

ARG

(b)

Fig. 1. Optimized geometries of mono-positive Cu(I) complex cations 1 (a) and 2 (b).
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Table 1
Selected bond lengths (A) and bond angles (°) by theoretical calculations for complexes 1 and 2.
Bond lengths (A) 1 2 Bond angles (°) 1 2
Cu N1 1.957 1.989 N1 Cu N2 87.6 86.4
Cu N2 1.957 1.989 N1 Cu S1/Sel 97.4 96.7
Cu S1/Sel 2.287 2.315 N2 Cu S2/Se2 97.4 96.7
Cu S2/Se2 2.287 2.315 S1/Sel Cu S2/Se2 106.4 115.7
N1 Cu S2/Se2 137.3 131.2
N2 Cu S1/Sel 137.3 131.2

respective reduction at +0.42 V can be assigned to either ligand based
redox process or further oxidation of metal centre [27]. The oxidative
peak at +1.24 V and the corresponding reduction peak at +0.42 V, be-
came more intense with the increase of scan rates. The cathodic wave
consists of an irreversible reductive peak at —0.93 V which is attributed
to Cu(I)/Cu(0) reduction and an oxidative peak at —0.18 V.

The cyclic voltammogram of complex 2 displayed the nature similar
to 1, except the quasi-reversibility of Cu(I)/Cu(0) redox couple at E;,
2 = —0.77 V. The Cu(I)/Cu(Il) redox couple for complex 2 was observed
atE;, = +0.10 V. The reversibility of Cu(I)/Cu(II) pair in both the com-
plexes may result from the stabilization of Cu(I) ion by sulphur/seleni-
um donors through soft-soft bonding. The preferential stabilization of
Cu(I) ions by the selenium donor ligand in complex 2 over sulphur an-
alogue 1 is also indicated by the for higher E; , value for 2 than 1 as well
as the quasi-reversibility of Cu(I)/Cu(0) process in 2. The low potentials
for the Cu(I)/Cu(Il) redox couples suggest the complexes as good candi-
dates for catalyst in electron transfer (redox) reactions.

3.4. DNA binding

Spectrophotometric absorption technique is one of the most
established methods to analyze the interaction of drug/molecule with
DNA, qualitatively and quantitative both, and to predict the mode of in-
teraction. Absorption spectra of the complexes 1 and 2 in absence and
presence of ct-DNA are shown in Fig. 3. In the electronic spectra of com-
plexes, the intense absorption bands between 240 and 360 nm are at-
tributed to intraligand m — m* transitions. In absorption spectral
titration of the complexes with ct-DNA, a significant hyperchromic ef-
fect was observed at around 265 nm. Addition of increasing amount of
DNA (0-4.86 x 107> M) to the complexes 1 and 2, exhibited
hyperchromism of around 243% and 92%, respectively. This significant
hyperchromic shift clearly indicates the non-bonding interaction of
complexes with ct-DNA. This interaction can lead to either partial
uncoiling of the helical structure of DNA induced by metal complex

followed by embedding of complex to the exposed site resulting in in-
tercalation, or hydrogen bonds and van der Waals interactions including
partial exterior insertion of the planar aromatic chromophore to the
stacking base pair of helix resulting in minor or major groove binding
[28]. Nonetheless, the intercalation of complexes to DNA leads to the
hypochromic shift as well as red shift and thus the observed spectral
features ruled out the possibility of intercalation and suggest the groove
binding [29]. Bailly et al. reported a functionalized salen-copper(II)
complex which binds with DNA via major groove [30]. Rodriguez et al.
reported the DNA binding properties of salphen-zinc(Il) complexes in
series of papers, as intercalator [31].

The quantitative binding from absorption method is analyzed with
the help of Eq. (1). DNA binding constants K}, calculated for complexes
1 and 2 are 1.36 x 10* and 1.00 x 10* M~ ", respectively. The binding
constants are comparable to reported copper(Il) complex groove
binders [32]. The intrinsic binding constants indicate the little higher af-
finity of complex 1 to DNA. The mode of binding was further analyzed
by fluorescence technique.

Fluorescence technique is also used to monitor the possible binding
mode of complexes to DNA. Emission spectra of the complexes were ob-
tained with a maxima appearing at around 325 nm when excited at
265 nm. Fluorescence titrations of complexes 1 and 2 with DNA resulted
in appreciable increase in emission (Fig. 4). With each addition of ct-
DNA aliquot, consistency in shape and emission wavelength in the spec-
tra suggest the strong binding of complexes with DNA. The spectral data
indicates the electrostatic force as well as groove binding between
nucleic acid and complex. This inference is further proved by competi-
tive binding study. The values of binding constants for emission method,
calculated from Eq. (2), are found to be 1.51 x 10* and 1.35 x 10% re-
spectively, and the values of number of binding sites are very close to
1[n=1.019 (1) and 1.003 (2)] which suggest the single binding site be-
tween the ct-DNA and complex. The intrinsic binding constants calcu-
lated by emission methods are in agreement to the reported groove
binders [33]. The slightly higher binding affinity of complex 1 towards
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Fig. 2. Cyclic voltammograms of complex 1 (a) and 2 (b) at scan rate 50 mV/s. Dotted lines show the cyclic voltammograms in selected region to visualize the Cu(I)/Cu(Il) redox couple.
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Fig. 3. Absorption spectra of 1 (a) and 2 (b) in the presence of increasing amounts of CT-DNA. Inset: plots of [DNA]/(e, — €f) vs. [DNA] for titration of DNA with complexes.

ct-DNA is revealed by both absorbance and emission techniques which
is credited to higher coordinating behavior of sulphur than selenium,
being stronger Lewis base.

In order to determine the mode of binding, ethidium bromide (EB) is
taken as classical intercalator. Ethidium bromide is a fluorescent probe
and binds as intercalator with ct-DNA with the enhanced fluorescence
[34]. When any other compound is added to EB-DNA adduct, change
in emission intensity is observed if it interacts with DNA. DNA
pretreated with EB in Tris-HCI buffer was when excited with 510 nm,
emission maxima at around 609 nm was observed. When complex mol-
ecules (1.25 x 107> M to 7.50 x 10> M) were added to this solution
under identical conditions, increase in emission intensity was observed.
This feature ruled out the possibility of intercalation which results in the
decrease in fluorescence intensity due to the breakdown of EB-DNA ad-
duct as a replacement of EB by complex molecules [35]. Also, the signif-
icant increase in fluorescence suggests that the mode of binding of the
complexes involves major groove binding to the DNA helix. The fluores-
cence spectra of EB bound to DNA in the absence and presence of the
complexes are shown in Fig. 5. The emission plots obey a linear Stern-
Volmer equation with K, value of 9.45 x 10> and 9.29 x 10> for com-
plexes 1 and 2, respectively.

3.5. Molecular docking

Molecular docking is a very important tool in drug designing to pre-
dict the mode of action of drug on nucleic acid/protein as well as the
other parameters e.g. binding site, binding energy and orientation of
drug molecule. In order to determine the binding mode of the com-
plexes 1 and 2 with DNA, molecular docking calculations were per-
formed. Binding sites were obtained by performing the blind docking
on the DNA duplex. Optimized geometries of the complexes were
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used for docking. The docked structures also witnessed the binding of
complex molecules to the major groove of double stranded DNA by par-
tial uncoiling. Probably, steric clashes between the backbone atoms of
DNA strand and the large Cu(I), S/Se atoms of complex molecule is re-
sponsible for major groove [36]. Most favorable docked conformation
showing major groove binding is shown in Fig. 6(a). The molecular
docking results revealed that the DNA-complex interaction is dominat-
ed by hydrophobic forces. The hydrophobic contacts between DNA and
complex 1 include DC15: C2, C3, DC11: €26, C29 and DG16: H16 inter-
actions (Fig. 6b) while those in complex 2 includes DC15: C2, C3 and
DC11: C29. Electrostatic interactions are also assumed to be accountable
for the strong DNA-complex interactions due to cationic complexes.

4. Conclusion

The synthesis, characterization and redox properties of the new
Cu(I) complexes, 1 and 2, of thia- and selena-ether based Schiff base li-
gands have been described. In both the complexes, ligands coordinate in
tetradentate fashion to give the distorted tetrahedral geometry around
metal centers. Cyclic voltammetry of the complexes 1 and 2 revealed
that Cu(I)/Cu(Il) redox couple occurs at very low potentials (E1» =
+0.08 Vand +0.10 V vs Ag/Ag") which can make these complexes
as efficient catalysts in electron transfer (redox) reactions. The revers-
ibility of Cu(I)/Cu(Il) pair in both the complexes may result from the
stabilization of soft Cu(I) ion by soft sulphur/selenium donors. Indica-
tion of the stabilization of the Cu(I) ion by sulphur/selenium donors is
also received by the preferential stabilization of Cu(I) ions by the seleni-
um donor ligand in complex 2 over sulphur analogue 1 as well as the
quasi-reversibility of Cu(I)/Cu(0) process in 2. DNA binding experi-
ments using absorption spectroscopy exhibit the hyperchromic shift
with intrinsic binding constants of the order 10* M~ . Fluorescence

70,
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Fig. 4. Fluorescence spectra of 1 (a) and 2 (b) in the presence of increasing amounts of CT-DNA. Inset: plots of log[|F, — F| / F] vs. log[DNA] for titration of DNA with complexes.
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Fig. 5. Emission spectra of EB bound to DNA in the presence of increasing amount of complexes 1 (a) and 2 (b). Inset: Stern-Volmer plots (Fo/F vs. [1/2]) of fluorescence titration.
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Fig. 6. (a) Docked conformation of the complex 1 with the major groove side of DNA and (b) two-dimensional view of DNA-complex interactions.

measurements also established the complex-DNA interaction. Compet-
itive binding experiments of complexes with ct-DNA against ethidium
bromide explored the major groove binding mode of complexes with
the ct-DNA. Complex-DNA interaction through major groove of DNA
via hydrophobic forces is also revealed by molecular docking. Thus,
both the complexes demonstrated potential DNA binding capacity and
they can be studied furthermore to ensure their possible application
as groove binder drugs.
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1 | INTRODUCTION
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| Ashish K. Asatkar® | Rizwan Hasan Khan? | Rama Pande?

| Yamini Thakur® ® |

Abstract

In the present investigation, the protein-binding properties of naphthyl-based
hydroxamic acids (HAs), N-1-naphthyllaurohydroxamic acid (1) and N-1-naphthyl-p-
methylbenzohydroxamic acid (2) were studied using bovine serum albumin (BSA)
and UV-visible spectroscopy, fluorescence spectroscopy, diffuse reflectance
spectroscopy-Fourier transform infrared (DRS-FTIR), circular dichroism (CD), and
cyclic voltammetry along with computational approaches, i.e. molecular docking.
Alteration in the antioxidant activities of compound 1 and compound 2 during inter-
action with BSA was also studied. From the fluorescence studies, thermodynamic
parameters such as Gibb's free energy (AG), entropy change (AS) and enthalpy change
(AH) were calculated at five different temperatures (viz., 298, 303, 308, 313 or 318 K)
for the HAs-BSA interaction. The results suggested that the binding process was
enthalpy driven with dominating hydrogen bonds and van der Waals' interactions
for both compounds. Warfarin (WF) and ibuprofen (IB) were used for competitive
site-specific marker binding interaction and revealed that compound 1 and compound
2 were located in subdomain IIA (Sudlow's site 1) on the BSA molecule. Conclusions
based on above-applied techniques signify that various non-covalent forces were
involved during the HAs-BSA interaction. Therefore the resulted HAs-BSA interac-
tion manifested its effect in transportation, distribution and metabolism for the drug

in the blood circulation system, therefore establishing HAs as a drug-like molecule.

KEYWORDS

bovine serum albumin (BSA), circular dichroism, fluorescence spectroscopy, molecular docking,
naphthylhydroxamic acids

ligands.®* Such diverse actions of serum protein facilitate the inves-

tigation of albumin as a carrier of small molecules. The successive

Pharmacological and pharmacokinetic properties of drugs depend
upon their interaction with carrier protein present in blood plasma.m
Serum albumin is one of the most essential proteins, and comprises
60% of plasma protein.?! It has a distinct role, ranging from binding,

transportation to delivery of various exogenous and endogenous

binding of small molecules with protein enhances their ability as drug
carriers. In addition, serum albumin also maintains blood osmotic pres-
sure, which is associated with stabilizing the pH of the blood.”! Bovine
serum albumin (BSA) is the most abundant, non-glycosylated, multi-

functional globular protein with a molecular mass of 66.4 kDa. X-ray
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crystallography revealed that it was composed of three homologous
domains with the 1-195 amino acids being in the first domain, the
196-383 amino acids in the second domain and the 384-583 amino
acids in the third domain.!! Disulfide linkages have dual characteris-
tics, the first to support and strengthen linkages, and the second to
change protein proximity during favourable conditions to enables the
drug to bind to biomolecules. The three domains that make up BSA
are again divided into two more domains called A and B, therefore a
total of six subdomains are present in the BSA structure.”) The feasi-
bility of a drug to reach its site of action (cells) depends upon its
protein-binding ability, which in turn is decided by the pharmacoki-
netic properties of the protein.!® In blood plasma, interaction of small
molecules (drug) with serum albumin may change the molecular con-
formation of serum, and hence affect the physiological function of
the protein.!”’ Researchers have explored the potency of small mole-
cules, possibly to design an effective anti-cancer drug and explore
their mechanism of delivery at the target site.l*”!

Hydroxamic acids (HAs), (RC(=O)N(OH)R’) are an important class
of bio-ligand due to their use in chemical and medicinal industries.*"
Recently, it was found that this weak acid has properties that are sim-
ilar to those of drug-like molecules that function as anti-cancer, anti-
malarial, anti-bacterial and anti-fungal agents.*? Deducing the mech-
anism of HAs action, it was observed that this molecule could bind
to nucleic acids (DNA/RNA),*314 which resulted in an alteration in
the conformation of DNA. This change in DNA conformation after
binding was the basic marker step of its anti-cancer properties.[*>1¢!
Numerous studies have been undertaken by Pande and colleagues,
exploring the biological properties of naphthyl derivatives of HAs such
as measurement of various quantitative structure-activity relationship
(QSAR) parameters,*”! their DNA binding efficacy!*® and evaluation
of the antioxidant propensities of HAs.[*! Therefore, keeping in mind
the importance of HAs derivatives in various biological activities, our
keen interest was to determine the protein-binding properties of

©
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naphthyl derivatives of HAs. An evaluation of the protein-binding pro-
pensities of any drug is another important biological aid in establishing
it as an effective anti-cancer agent. In this study, we examined HAs-
BSA interaction using UV-visible spectrophotometry, fluorescence
spectrophotometry, circular dichroism (CD), cyclic voltammetry, dif-
fuse reflectance spectroscopy-Fourier transform infrared (DRS-FTIR)

and molecular docking techniques.

2 | MATERIALS AND METHODS

2.1 | Materials

Naphthyl derivatives of HAs, i.e. N-I-naphthyllaurohydroxamic acid (1)
and N-1-naphthyl-p-methylbenzohydroxamic acid (2), were used for
the present study and were synthesized as described previously!?®!
with the structures presented in Figure 1. The synthesized compounds
were crystallized three times with benzene and dried over phospho-
rous pentaoxide (P,Os) for further purification. UV-visible, DRS-FTIR
spectra, melting point, and NMR determination were carried out to
confirm the purity of the compound and were compared with results
found in the reported literature. The DRS-FTIR spectra for compound
1 (Figure S1) and for compound 2 (Figure S2); *H-NMR spectra for
compound 1 (Figure $3) for compound 2 (Figure S4); and *C-NMR
spectra for compound 1 (Figure S5), for compound 2 (Figure S6) are
summarized in Supporting Information. A TEMPO melting point appa-
ratus was used to measure the melting temperature. A Vario-EL
analyser was used to perform elemental analysis. A Nicolet iS10 spec-
trometer (Thermo Fisher) was used to obtain DRS-FTIR spectra using
KBr pellets. NMR spectral analyses were performed using a Bruker
Ascend 400’54 ULH Magnet System.

BSA and 2, 2'-diphenyl-1-picrylhydrazine (DPPH) were purchased
from Merck (India) and used without further purification. Cartoon

OH

(J

(b)

FIGURE 1 (a) Cartoon and residue (PDB id-
4F5S) structure of BSA, bovine serum albumin
obtained from RCSB PDB site, (b) structure of
N-I-naphthyllaurohydroxamic acid and (c) N-1-
naphthyl-p-methylbenzohydroxamic acid
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and residue (protein Data Bank (PDB) Id-4F5S) structures for BSA,
obtained from the RCSB PDB site are shown in Figure 1(a). Warfarin
(WF) and ibuprofen (IB) were purchased from Sigma-Aldrich and were
used as received. Citrate phosphate (CP) (0.005 M) buffer solution
(pH 7.4) was prepared from citric acid and disodium hydrogen phos-
phate in distilled water at pH 7.4.2Y Analytical grade reagents were
used throughout the experiment without further purification. BSA at
a concentration of 1.00 x 107® M was prepared by dissolving the pro-
tein in CP buffer solution at pH 7.4. Using a molar absorption of
44 720 M™* em™ at 280 nm??>23! its concentration was determined
spectrophotometrically on a Cary-50 UV-visible spectrophotometer
(Varian).2Y The stock solutions of the synthesized compounds
(1.00 x 107 M) were prepared by dissolving the compounds in
dimethyl sulphoxide (DMSO). Stock solutions of warfarin (WF)
(1.00 x 107%) and ibuprofen (IB) (1.00 x 10™® M) were prepared by dis-
solving their crystals in DMSO. Appropriate dilutions of the stock solu-
tions were made to obtain the standard working solutions. The

characteristics of the synthesized compounds are as follows:

N-1-naphthyllaurohydroxamic acid (1): molecular formula -
CyH31NOy; MS (ESI):: m/z - Found 341.24 [M+ H]"; Calculated
341.00 [M+ H]*; M.P. (°C) 97; Elemental Analyses (%) - Found C,
77.63; H, 9.42; N, 4.16; Calculated C, 77.38; H, 9.15; N, 4.10 IR -
(cm™): 3125 (N-OH); 1639 (C=0). *H NMR (400 MHz, CD;OD) &
246 (s, 1H), 4.69 (s, 1H), 5.01 (s, 5H), 1.66 (d, 1H), 8.74 (dt, 2H),
3.97 (dd, 2H).*3C NMR (100 MHz, CD;0D) & 49.19, 48.98, 48.77,
48.55, 48.34, 48.13, 47.92, 40.46, 40.25, 40.04, 39.83, 39.62, 39.41,
39.20, 32.48, 30.15, 29.88, 23.23, 14.54.

N-1-naphthyl-p-methylbenzohydroxamic acid (2): molecular formula
- CygH15NOy; MS (ESI): m/z - Found 277.11 [M+ HJ*; Calculated
277.32 [M+ H]*; M.P. (°C) 153-156; Elemental Analyses (%) - Found
C, 78.02; H, 6.14; N, 5.75; Calculated C, 77.96; H, 5.45; N, 5.05; IR -
(cm™): 3125 (N-OH), 1623 (C=0). *H NMR (400 MHz, CD;0OD) &
2.66 (s, 1H), 4.63 (s, 1H), 3.33 (s, 5H), 7.91 (d, 6H), 8.41 (s, 3H). *°C
NMR (100 MHz, CD30D) 6 130.26, 129.63, 128.41, 126.76, 125.75,
123.52, 48.47, 48.26, 48.05, 47.84, 47.63, 47.41, 47.20, 39.48,
39.27, 39.06, 38.85, 38.64, 38.22, 18.95.

2.2 | Instruments

UV-visible absorption spectra were obtained using a Cary-50 UV-
visible spectrophotometer (Varian) with a cuvette of 1.0 cm path
length. A Cary Eclipse fluorescence spectrophotometer (Agilent Tech-
nologies) equipped with a xenon flash lamp and a 1.0 cm quartz cell
and containing a thermostat cell holder for maintaining five different
temperatures (viz. 298, 303, 308, 313 or 318 K) was used to measure
the emission spectra. CD spectra were recorded on a Jasco-J-815-CD
spectropolarimeter using a 1 cm quartz cuvette at room temperature.
To avoid aggregation and any re-absorption effect, the concentrations
of all solutions were maintained in the micromolar range.?”! A Nicolet
i510 spectrometer (Thermo Fisher) was used to obtain the DRS-FTIR
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spectra using KBr pellets. Cyclic voltammetry measurement was car-
ried out on an electrochemical system KEITHLEY A Tektronix Com-
pany 2460 Sourcemetre® instrument. A Eutech Oakton digital pH
meter with a combined glass-calomel electrode was used to maintain
the pH of the solutions.

2.3 | BSA binding studies2.3.1. UV-visible method

A UV-visible spectrophotometer was used to study the HAs-BSA
interaction and the BSA concentration was determined using standard
molar absorption at 280 nm. The UV-visible spectra of BSA solutions
in the absence or presence of compound 1 and compound 2 were
measured using a 1 cm quartz cell at room temperature. Wavelength
was set from 200 to 400 nm, as BSA shows absorption spectra at
280 nm. BSA concentration was fixed at 4.47 x 1077 M, while the
HAs concentration was varied from 0.00 to 13.33 x 107> M (0.00,
1.67, 3.33, 5.00, 6.67, 8.33, 10.00, 11.67, or 13.33 x 107> M).2! Al
solutions were prepared in CP buffer and were adjusted to pH 7.4

using a Eutech Oakton digital pH meter.[27:28!

2.3.1 | Fluorescence quenching method

The protein-binding parameter was evaluated using tryptophan fluo-
rescence quenching experiments, which confirmed the binding of
HAs to BSA. The quenching mechanism occurred either due to an
inner filter effect and by static or dynamic quenching. The inner filter

effect was rectified by applying Equation (1):

Feorrected = Fobserved X 1QAexHAem] /2 (1)

where, Feorrected aNd Fopserved are corrected and observed fluorescence
intensities. A, and A, are the absorbance values at the excitation
and emission wavelengths. The corrected fluorescence values were
used to calculate the Stern-Volmer quenching constant (Ks,). The plot
of ratio of fluorescence intensities versus concentration of HAs
(Stern-Volmer plot) after correction for inner filter effect produced a
straight line; this result confirmed that only one type of quenching,
i.e. either static or dynamic quenching, was present.?”) Dynamic
guenching occurs when there is molecular collision between quencher
and fluorophore in the excited state, such that photon emission does
not happen when the two reach ground state. Static quenching how-
ever occurs following formation of a non-fluorescent complex
between fluorophore and quencher.m]

An emission experiment using HAs-BSA solutions at five different
temperatures (viz. 298, 303, 308, 313 or 318 K) was performed using
a Cary Varian Fluorescence spectrophotometer. During the measure-
ment, the emission wavelength ranged from 300 to 550 nm while
the excitation wavelength was set at 295 nm with excitation and emis-
sion slits at 5 nm and 5 nm respectively. Mixed solutions were pre-
pared by adding an appropriate volume of HAs and BSA to the CP
buffer, with HAs concentration varied from 0.00 to 13.33 x 10° M
(0.00, 1.67, 3.33, 5.00, 6.67, 8.33, 10.00, 11.67, 13.33 x 107> M)
and the BSA concentration set at 4.47 x 1077 M.BY Quenching
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fluorescence spectra for BSA were observed at 340 nm. The
quenching study®? was analysed using the following Stern-Volmer
equation, Equation (2):

Fo/F =1+Ka[Q =1 +KeT0[Q @

where, Fo and F represent the fluorescence intensities in the absence
or presence of quencher and [Q] is the concentration of quencher
(HAs) in solution. K, is the bimolecular quenching rate constant, K,
is the Stern-Volmer quenching constant, to is the average fluores-
cence lifetime of the protein and was 6.2 x 107 s for BSA.[*%!

Interaction of BSA with HAs was also affirmed by the binding con-
stant (K,) and number of binding sites (n). Constant values were
obtained from the plot of log[(Fo - F) / F] against log[Q] at five differ-
ent temperatures (viz. 298, 303, 308, 313 or 318 K) using the follow-
ing equation, Equation (3):

log[(Fo = F)/ F] = logK, + nlog[Q] (3)

where, K}, is the binding constant and n is number of binding sites. The
van 't Hoff equation, Equation (4), was used to calculate AH and AS
values, while AG was determined using Equation (5):

AH AS

"2.303RT " 2.303R @

IogKb =

AG = AH-TAS (5)

where, K}, is the binding constant, R is the gas constant and T is the
absolute temperature of the solution. K}, values were calculated at five
different temperatures (viz. 298, 303, 308, 313 or 318 K) using fluo-

rescence spectroscopy.

2.3.2 | Determination of fluorescence quantum
efficiencies

Energy transfer from BSA to HAs molecules during the HAs-protein

34 at an

interaction was measured using fluorescence spectroscopy
excitation wavelength at 295 nm and emission wavelengths from
300 to 550 nm with a band slit width of 5 nm. The ratio of quantum
efficiencies of bound and free protein was measured to calculate the
energy of fluorescence intensity during the HAs-protein interaction.
Energy transfer from protein to ligand upon complex formation was
the measurement of the quantum efficiency of the protein-binding
ligand, and was determined from the ratio of quantum efficiency of
ligand protein (q,) to the quantum efficiency of the free ligand

(g¢),! as given in the following equation, Equation (6),

I, €
Q=T by (6)
a I &

where, |, ls, & and g, represent the intensity and molar extinction

coefficients of the free and bound HAs compound to protein.

2.3.3 | Drug displacement experiment

Binding of BSA with HAs was confirmed using displacement studies
and fluorescence spectroscopy. Warfarin (WF) and ibuprofen (IB) were
the Sudlow's site | and Sudlow's site Il markers for BSA. The displace-
ment reactions were performed by saturating BSA (4.47 x 1077 M)
with site markers to attain a ratio of BSA to the site marker of 1:2.
The emission spectra of the BSA-site marker complexes were
recorded from 300 nm to 550 nm with an excitation wavelength of
295 nm, followed by the addition of increasing concentrations of
HAs from 0.00 to 13.33 x 107> M (0.00, 1.67, 3.33, 5.00, 6.67, 8.33,
10.00, 11.67, and 13.33 x 107> M).

2.3.4 | Forster resonance energy transfer

According to the Forster's theory[36]

, energy transfer efficiency and
critical distance are calculated when the normalized absorption spec-
trum of HAs is overlapped with the normalized emission spectrum of
BSA. Forster non-radiative energy transfer (FRET) occurs when fluo-
rescence is produced by the donor molecule during the binding pro-
cess. In addition to this, appreciable protein interaction was
observed when the overlap distance between the absorption spectra
of the acceptor and the fluorescence emission spectra of the donor
was less than 8 nm.’7%8 The absorption spectrum of HAs was
recorded between 200 nm to 400 nm and the fluorescence emission
spectrum was set from 300 nm to 550 nm with excitation at
295 nm. FRET is an original way to study structure, conformation
and spatial distribution of complex proteins, as well as to evaluate
the distance between donor and acceptor molecules. Energy transfer
efficiency (E) was evaluated using the following equation, Equation (7):

E=1-F/Fo=R.%/(R® +r%) 7)

where, Fg and F are the fluorescence intensities of BSA in the absence
or presence of HAs. Average distance between the donor (BSA) and
the acceptor (HAs) is r and R is the Forster critical energy transfer dis-

tance, which was calculated using Equation (8):
Ro® =88x10 2 K2EN“* o) (8)

where, k? is the spatial orientation of the dipole, k? = 2/3. N is the
refractive index of medium, N = 1.36. @ is the fluorescence quantum
yield of the donor (for BSA, ® = 0.15). J is the overlap integral of
the fluorescence emission spectrum of the donor and the absorption
spectrum of the acceptor, which can be calculated using the Equa-
tion (9):

©)

where, A is the wavelength of absorbance of HAs and fluorescence
intensity of the BSA. F(\) is the fluorescence intensity of BSA and
£(\) is the molar absorption of the HAs at wavelength A.
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2.3.5 | Synchronous fluorescence

Synchronous fluorescence measurement was carried out using parallel
scanning of the excitation and emission monochromators. Microenvi-
ronments around the tyrosine and tryptophan moieties of the protein
molecule were altered; this can be demonstrated by setting the wave-
length interval (AN) at 15 or 60 nm.3% A titration of BSA
(4.47 x 1077 M) was performed by varying the concentration of HAs
(0.00-13.33 x 107> M).

2.3.6 | Continuous variation analysis (Job's plot)

Binding stoichiometric analysis of the HAs-BSA interaction was per-
formed using Job's plot, commonly known as continuous variation
analysis.*®! Studies were conducted by recording the emission spectra
of a series of solutions at 298 K. During the analysis, readings were
taken by varying the BSA and HAs concentrations, but keeping the
overall concentration of the solution constant. The fluorescence emis-
sion intensity difference (AF), i.e. the emission spectra of BSA in the
absence or presence of HAs were plotted as a function of mole frac-
tion of HAs. The Job's plot break point gives information on mole frac-
tion of HAs binding stoichiometry for BSA. The binding stoichiometry

was evaluated using Equation (10):

Binding stoichiometry = (1 - Xua, ) /XA, (10)

where, Xya, is the mole fraction of HAs.

2.3.7 | Circular dichroism measurements

A JASCO-J 820 spectro-polarimeter coupled to a microcomputer
equipped with a Peltier-type temperature-controlled Neslab RTE-
110 circulating water bath at 298.15 K and a quartz cell with a path
length of 0.1 cm was used for far-UV CD spectral measurement
(200-250 nm) of BSA in the absence or presence of HAs. The instru-
ment was calibrated using D-10-camphorsulfonic acid. All isothermal
CD analyses for each spectrum were performed over an average of
two scans and the scan speed was set at 50 nm min%. Spectra were
recorded using a data pitch of 0.1 nm and a response time of 2 s. In
the far-UV CD range, the spectra of BSA in setting the absence or
presence of HAs were recorded from 190 nm to 250 nm. In total,
25 convolution spectral widths were smoothed using the Savitzky-
Golay method.*Y Far-UV CD spectra of either free BSA or coupled
with HAs were measured in the molar ratios 1:0 and 1:2. In the
spectra, the presence of two negative peaks at 208 and 222 nm
showed the a-helical content of the protein.[42] The per cent a-helical
and B-sheet contents of BSA were calculated using KD, software!“®!
at 200 to 250 nm using the spectral data obtained from the
CD technique.

The Journal of Biological and Chemical Luminescence

2.3.8 | Cyclic voltammetric measurement

To compliment previously used methods such as UV-visible spectros-
copy, fluorescence spectroscopy, cyclic voltammetry (CV) was carried
out to measure the interaction of HAs with BSA. Electrochemical
methods were applied to measure the binding strength and mode of
action during the drug-biomolecules interaction.*” Electrochemical
reactions between BSA (4.47 x 10~ M) and HAs from 0.00 to
8.33 x 107> M (0.00, 1.67, 3.33, 5.00, 6.67, 8.33 x 107> M) were inves-
tigated using CV. These interactions were studied using a three-
electrode cell with a platinum electrode as a counter electrode, a gold
electrode was used as the working electrode and a silver electrode
was used as the reference electrode.*”) The electrochemical behav-
iour of BSA in the absence or presence of HAs was studied using
CV, in which CP buffer and NaCl were used as the electrolytes.
Cathodic and anodic peaks were observed between the potential
range from -0.75 to +0.75 to -0.75 V with a scan rate of 200 mV s 1.

2.3.9 | Molecular docking studies

Molecular docking plays a key role in drug design, as docking deter-
mines the mode of action, mechanism and binding ability between
drug and protein. In this study, the binding energy of HAs was calcu-
lated by making the structure flexible using an extensive molecular
mechanism. Intermolecular interactions of HAs with BSA were deter-
mined using molecular docking, Autodock 4.2 software and Autodock
tools (ADT) and a Lamarckian genetic algorithm.[*¢! The 3D crystal
structure of BSA (PDB id: 4F5S) was obtained from Brookhaven
PDB and the PDB file for the HAs was produced using
Chem3DUItra10.0 software. BSA was assigned with partial Kollman
charges after the removal of water molecules and ions and therefore
the addition of all hydrogen atoms. Solvent molecules were not con-
sidered during docking and the protein molecule was set rigid. The grid
size was taken as 116, 116 and 116 A along the x-, y- and z-axes,
respectively, with a grid spacing of 0.494 A. Autodock parameters
were a 150 GA population size, and 2 500 000 was set as the maxi-
mum number of energy evolutions. Residues involved in binding were
visualized and identified using Discovery Studio 3.5 software.

2.3.10 | DRS-FTIR spectroscopic measurement

At room temperature, the diffuse reflectance spectroscopy-Fourier
transform infrared (DRS-FTIR) spectra of BSA in the presence or
absence of HAs was measured using a Nicolet iS10 FTIR spectropho-
tometer (Thermo Fisher) with a range between 400 and 4000 cm™.
Absorbance mode with a resolution of 4 cm™ was used to measure
spectral scans. The number of scans per sample was set to 32. For
the DRS-FTIR scan, protein and the compound HAs with a varying
molar ratio of 1/0, 1/1 and 1/2 was delivered over 0.1 g of pre-
weighed finely ground IR grade KBr. Any water aberration was
removed by drying with potassium bromide (KBr) at 100°C for 5-
10 min, before delivering the HAs-BSA complex. To minimize any

atmosphere interference, the FTIR spectrometer was purged for
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30 min with >99.99% analytical grade nitrogen gas using an external
purge kit (iS10 iZ10 model, Thermo Fisher Scientific). After filling the
dried KBr over the sample cup, the analyte was carefully delivered
over it. A deuterated, L-alanine-doped triglycine sulphate (DLaTGS)
detector and a diffuse reflectance accessory with XT/KBr beam split-
ter were used. Spectral scaling was automatically performed using
OMNIC 9.1 software, and quantification of the resultant absorption
was performed. After taking all the required precautions, seven repli-
cated measurements were conducted for 10 pug mi™! of the analyte.

2.3.11 | DPPH-scavenging activity measurement

The 2,2'-diphenyl-1-picrylhydrazyl free radical (DPPH) method used
to examine the radical-scavenging activity of HAs.*”48 The following
experiment was conducted: DPPH (only) was taken; DPPH was added
to BSA (4.47 x 1077 M); DPPH was added to HAs (1.67 x 107> M);
DPPH was added to BSA (4.47 x 1077 M) and HAs (1.67 x 107> M);
DPPH was added to BSA (4.47 x 1077 M) and HAs (3.33 x 107> M);
DPPH was added to BSA (4.47 x 1077 M) and HAs (5.00 x 107> M);
DPPH was added to BSA (4.47 x 1077 M) and HAs (6.67 x 107> M).
After 30 min incubation at room temperature, the absorbance mea-

surement was set to 517 nm. For the negative control, ethanol was

used.
3 | RESULTS AND DISCUSSION
3.1 | UV-visible spectroscopy

Protein-drug interactions usually lead to conformational changes in
proteins that are monitored using UV-visible absorption spectropho-
tometry, therefore this technique was chosen as a reliable tool to
study morphological changes in the secondary structure of BSA.14%
UV-visible absorption is an easy but productive method for studying
complex formation during HAs-BSA interaction. BSA exhibits absorp-
tion bands near 280 nm (it — 1@ transitions) due to the presence of
aromatic rings in amino acids residues such as tryptophan (Trp),

1.4
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tyrosine (Tyr) and phenylalanine (Phe).*® Aromatic residues are recep-
tive towards changes in microenvironments, therefore giving an effec-
tive absorption spectra at 280 nm. Our finding implied that HAs
interacted with BSA using a non-covalent interaction, most likely to
be hydrogen bonding because of the molecular topology of the pep-
tide ligand frame of HAs. UV-visible spectra were recorded while
keeping the BSA concentration constant but varying the concentra-
tion of HAs, as shown in Figure 2(a) and Figure 2(b) for compound 1
and compound 2, respectively. Absorption spectra of BSA showed a
characteristic peak at 280 nm, in agreement with a previous report.>Y
With increase in HAs concentration, an increase in spectral intensity
(hyperchromic shift) was observed, along with a blue shift at
280 nm. When increasing the amount of HAs, the BSA molecule was
denatured, causing the unveiling of the main chain and resulting in a
greater possibility for approaching water molecules for amide moie-
ties, especially, present in the hydrophobic pocket of the protein.
Therefore, the observed blue shift was due to the formation of a com-
plex between BSA and HAs, probably leading to conformational
changes in BSA.”! The enhanced absorption intensity also implied an
extended protein strand for BSA upon HAs-BSA interaction and, fur-
thermore, more aromatic acid residues were found to be elongated in
an aqueous environment.”? Trp-212, which is naturally buried in a
hydrophobic pocket, was uncovered to a certain degree when placed
in an aqueous environment.>® The above result demonstrated bind-
ing, destruction of the tertiary structure of BSA and change in the

microenvironment around three aromatic amino acid residues.**

3.2 | Fluorescence spectroscopy

3.2.1 | Quenching study

Fluorescence quenching is considered one of the most sensitive
methods to study interaction of the drugs with protein and is sensitive
towards microenvironment changes. Proteins contain endogenous
fluorophores and the interaction of these fluorophore with a
drug results in an alteration in quantum vyield (usually quenching of
fluorescence), which is used to determine drug affinity (in this case

1.4
(b) = Compound 2
1.24 ——BSA
———BSA + 1.67x10°M HAs
104 o ——=BSA + 3.33x10°M HAs
———BSA + 5.00x10°M HAs
0.84 ——BSA + 6.67x10°M HAs
———BSA + 8.33x10°M HAs
0.6 e BSA +10.00x10°M HAs
’ ——BSA + 11.67x10°M HAs
= BSA + 13.33x10°M HAs

210 240 270 300

Wavelength (nm)

330

FIGURE 2 Absorption spectra of BSA with different concentrations of (a) compound 1 and (b) compound 2



AGRAWAL ET AL

wiLEy-LUMINESCENCE-L

HAs). Emission intensity at 340 nm was observed when the BSA solu-
tion was excited at 295 nm. But addition of HAs to the BSA solution
resulted in a gradual decrease in emission intensity with a slight blue
shift, represented in Figure 3(a) and Figure 3(b) for compound 1 and
compound 2, respectively. A decrease in emission intensity (or
quenching of fluorescence) revealed the interaction of tryptophan res-
idues inside BSA with HAs molecules.!*¥!

Stern-Volmer plots of FO/F versus [Q] at five different tempera-
tures (viz. 298, 303, 308, 313 or 318 K) are shown in Figure 4(a) and
Figure 4(b) for compound 1 and compound 2, respectively. The values
of the Stern-Volmer quenching constant, K, and bimolecular rate
constant, and K, at five different temperatures (viz. 298, 303, 308,
313 or 318 K) for the compounds are listed in Table 1. The results
revealed that, with temperature, the Stern-Volmer quenching con-
stant K, was inversely correlated, indicating fluorescence quenching
between HAs and BSA was of the static type.l® The type of
quenching mechanism (dynamic or static) prevailing during this inter-
action was also verified by comparing the bimolecular quenching rate
constant (K,), evaluated using the Stern-Volmer equation, from the
reported values.®® For dynamic quenching, the K; value must be less
than 2.0 x 10'° L mol™ s. In the present study, the K, values for com-
pound 1 and compound 2 were greater than 2.0 x 10'° L mol™? s7%,
which confirms that a static-type quenching mechanism was present
during HAs-BSA interaction. The y-axis intercept obtained by plotting
log(Fo/F)/F versus log[Q] demonstrated the binding constant (K,) and
the slope gave the number of binding sites (n). These values are listed
inTable 2 and indicated that, with increase in temperature of the solu-
tion, the K, value and n value decreased, suggesting that the HAs-BSA
complex was more stable at physiological temperatures compared
with higher temperatures. The decrease in K}, values with increasing
temperature also indicated the occurrence of a static quenching mech-
anism!t°! during HAs-BSA interaction, shown in Figure 5(a) and
Figure 5(b) for compound 1 and compound 2, respectively. This result
showed that change in temperature decreased the stability of the
complex as well as the number of binding sites.®”! In addition, n was
found to be 0.5 for compound 1 and 1.0 for compound 2, which indi-
cated that two molecules of compound 1 associated with BSA, while

only one association site existed between BSA and compound 2.8

The Journal of Biological and Chemical Luminescence

3.2.2 | Thermodynamic parameters and binding force

The force acting between biomolecules and small molecular ligands
could be any non-covalent force including hydrogen bonds, van der
Waals' forces, hydrophobic forces and electrostatic interactions.[>?¢!
To determine the type of force existing during the HAs-BSA interac-
tion, temperature-dependent experiments were performed. By evalu-
ating thermodynamic parameters such enthalpy change (AH), entropy
change (AS) and free energy change (AG), forces acting during HAs-
BSA interactions could be determined.

The plot of logK,, versus 1/T vyielded a straight line, as shown in
Figure 6(a) and Figure 6(b) for compound 1 and compound 2, respec-
tively. AH and AS values were calculated according to the slope and
intercept values from Equation (5) and are represented in Table 3.
Gibb's free energy (AG) was evaluated from enthalpy and entropy
changes from Equation (5) and is reported in Table 3. Positive values
for AH and AS revealed that hydrophobic interactions occurred
between the drug and biomolecules.®™ By contrast, negative values
for AH and AS suggested that the binding process was enthalpy driven,
therefore hydrogen bonding and van der Waals’ forces were involved
during the interaction.['>¢?! By measurement, AH and AS values
obtained for compound 1 were -131.38 kJ mol™* and -385.37 J mol
“1 K1 respectively; similarly AH and AS values obtained for compound
2 were -187.34 kJ mol™* and -532.76 J mol™* K! respectively. This
finding implied that compound 1 and compound 2 bound to BSA

through hydrogen bonds and van der Waals’ forces.

3.2.3 | Quantum efficiency

Strong binding between HAs and BSA was confirmed using the results
of quantum efficiency (Q). An exponential plot was obtained between
the absorbance and inverse of protein concentrations by which quan-
tum efficiency values greater than one were determined and indicated
an increase in energy for the bound ligand. A quantum efficiency
greater than 1 during HAs-BSA interaction was due to shielding of
HAs from the binding site of the protein, therefore protecting it from

guenching by the solvent.
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FIGURE 3 Fluorescence emission spectra of BSA with different concentrations of (a) compound 1 and (b) compound 2
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FIGURE 4 Linear fit plot related to the Stern-Volmer constant between

303, 308, 313 or 318 K) of (a) compound 1 and (b) compound 2

TABLE 1 Stern-Volmer quenching constant (K,,) quenching con-
stant (K,) correlation coefficient (R?) and standard deviation (SD) of
HAs-BSA system at five different temperatures (viz. 298, 303, 308,
313 or 318 K)

Temperature Ksv Kq

HAs  (K) (L mol™) (Lmolts™) R? SD

1 298 7.28 x 10* 1.30x 10%3 092 0.02
303 494 x 10* 883 x 10*2 0.86 0.03
308 3.27 x 10*  5.84 x 10*? 0.85  0.05
313 2.52 x 10*  4.51 x 10*? 0.82 0.6
318 204 x 10*  3.65 x 10*? 0.80 0.02

2 298 3.35x 10* 541 x 10*? 096 0.02
303 2.66 x 10*  4.29 x 10*? 098 0.02
308 1.66 x 10*  2.68 x 10*? 0.86 0.03
313 1.03 x 10*  1.66 x 10*? 098 0.3
318 6.31 x 10°  1.02 x 10*? 098 0.02

TABLE 2 Associative binding constants (Kp), number of binding sites
(n), correlation coefficient (R?) and standard deviation (SD) of HAs-
BSA systems at five different temperatures (viz. 298, 303, 308, 313 or
318 K)

Temperature Kp

HAs (K) (L mol™) n R? SD

1 298 9.55 x 102 0.51 0.98 0.02
303 3.02 x 10? 0.41 0.98 0.05
308 1.02 x 102 0.33 0.99 0.05
313 5.62 x 10! 0.29 0.99 0.04
318 3.55 x 10* 0.26 0.99 0.04

2 298 7.59 x 10* 1.12 0.99 0.02
303 5.13 x 10* 1.10 0.99 0.02
308 6.17 x 10° 0.92 0.99 0.03
313 2.63 x 10° 0.84 0.99 0.05
318 8.71 x 102 0.77 0.99 0.06

3.80x10° 7.60x10° 1.14x10*
[Q]

0.00

Fo/F versus concentration [Q] at five different temperatures (viz. 298,

3.2.4 | Site marker competitive binding

BSA is a globular protein comprised of three homologous domains (I, II,
111), which are further divided into subdomains A and B. Warfarin (WF)
acts as a site marker of subdomain lIA (Sudlow's site 1) and ibuprofen
(IB) acts as a site marker of subdomain IlIA (Sudlow's site 11).[63%4 Site
displacement experiments were performed to study the binding process
of HAs to protein molecules using different site markers as in WF and IB
for site | and site II, respectively.l®®! Displacement experiments were
carried out by recording fluorescence intensity at a constant concentra-
tion of BSA (4.47 x 1077 M) saturated with WF/IB and increasing the
concentrations of HAs. The binding constant (K,), Stern-Volmer
quenching constant (Ks,), bimolecular quenching constant (K;) and num-
ber of binding sites (n) were calculated from Equations (2) and (3).
Stern-Volmer quenching constant (K,,) for BSA-HAs and BSA-
HAs-WF/IB®! at 298.15 K was monitored and listed in Table 4.
Fluorescence spectra of BSA and warfarin or ibuprofen for com-
pound 1 are shown in Figure 7(a) and Figure 7(b), while for com-
pound 2 these are shown in Figure 8(a) and Figure 8(b). Ligands
effectively bind at the binding site on BSA, which has the least
Stern-Volmer constant value of their site markers.!”! Fluorescence
qguenching calculated for the ternary system of compound 1 was
Kgsa-wr-1 = 3.10 x 10* L mol™ and Kgsa.ig-1 = 5.16 x 10* L mol™™.
Similarly, fluorescence quenching measured for the ternary system
of compound 2 was Kgsawr.2 = 1.26 x 10* L mol™® and Kgsa.is-
2 = 1.49 x 10* L mol™™. From the data it was evident that the pres-
ence of ibuprofen did not affect the fluorescence quenching ability
of compound 1 and compound 2, therefore signifying that HAs does
not compete with ibuprofen and therefore Sudlow's site Il. By con-
trast, the fluorescence quenching behaviour for compound 1 and
compound 2 was the least in the presence of warfarin. This finding
confirms that compound 1 and compound 2 may have binding sites
similar to that of warfarin. These drug displacement experiments in
the presence of site markers confirmed that HAs may bind to

subdomain IIA (Sudlow's site 1) in the BSA molecule.
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FIGURE 5 Linear fit plot related to the Stern-Volmer constant between log[(Fo - F)/F] versus concentration log[Q] at five different
temperatures (viz. 298, 303, 308, 313 or 318 K) of (a) compound 1 and (b) compound 2
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FIGURE 6 Linear fit plot obtained from the fluorescence emission spectra of HAs-BSA interaction between 1/T vs. logK}, of (a) compound 1 and

(b) compound 2

TABLE 3 Relative thermodynamic parameters, i.e. Gibb's free energy
(AG), enthalpy change (AH) and entropy change (AS) in the HAs-BSA
system

Temperature AG AH AS
HAs (K) (kJ mol™) (kJ mol™) () mol't K™Y
1 298 -16.59 -131.38 -385.37
303 -14.67
308 -12.74
313 -10.81
318 -8.89
2 298 -28.43 -187.34 -532.76
303 -25.76
308 -23.10
313 -20.43
318 -17.77

3.2.5 | Forster resonance energy transfer (FRET)

Forster resonance energy transfer (FRET) occurs during the interaction
between two molecules and hence the efficiency of energy transfer
and the distance between donor (BSA) and acceptor (HAs) could be
obtained. FRET occurs only when the absorption spectra of the accep-

tor (HAs) overlap with the emission spectra of the donor (BSA).

TABLE 4 For the set of HAs: Stern-Volmer constant (Ky,), quenching
constant (K,), correlation coefficient (R?) and standard deviation (SD)
of BSA by compound 1 (HAs-1) and compound 2 (HAs-2) in the
absence or presence of site markers

Site Ksv K,
HAs markers (L mol™) (Lmol™ts7Y R? SsD
1 1 only 7.28 x 10* 1.30 x 10%® 0.92 0.02
WEF 3.10 x 10* 5.01 x 10*? 0.85 0.02
B 5.16 x 10* 8.32 x 10'? 0.95 0.02
2 2 only 3.35 x 10* 541 x 10*? 0.96 0.02
WF 1.26 x 10* 2.03 x 10*? 0.96 0.01
1B 1.49 x 10* 241 x 10*2 0.99 0.01

Transfer of energy was successful when the quantum vyield of the
donor molecule was high, when both the molecules had a proper ori-
entated transition dipole moment and when the distance between
donor-to-acceptor molecules was less than 8 nm.*”? A distance
between donor and acceptor molecule of less than 8 nm also signified
that fluorescence quenching during drug-protein interaction was of
the static type.[*”¢8] FRET parameters such as overlap integral (J)
obtained from Equation (9), energy transfer (E) obtained from
Equation (7), critical distance (R,) calculated from Equation (8) and
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FIGURE 8 Site displacement study of compound 2-BSA complex in the

the distance between HAs and BSA (r) evaluated from Equation (7)
are listed in Table 5. The average distance, r and critical distance,
R, calculated for BSA-compound 1 interaction was 2.36 nm and
2.85 nm, whereas for BSA-compound 2 interaction was 3.35 nm
and 2.85 nm. Therefore, the binding distances for both the BSA-
HAs systems were less than 8 nm, which confirmed a greater energy
transfer possibility between BSA and HAs and their mechanism as

static type.

3.2.6 | Synchronous fluorescence spectroscopy

Synchronous fluorescence emission experiment provides information
about conformational changes in microenvironments around tyrosine

(Tyr) and tryptophan (Trp) residue in BSA upon ligand interaction.[6”!

TABLE 5 FRET data obtained from spectral overlap of absorption
spectra of HAs and emission spectra of BSA

Critical
Spectral overlap, distance, Energy transfer r
HAs J (L cm® mol™) R, (nm) efficiency (E) (nm)
1 5.88 x 1074 2.85 0.79 2.36
2 5.88 x 10714 2.85 0.26 3.35
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For Tyr and Trp residues, the D-value (A\) between the excitation
and emission wavelengths was set at 15 nm and 60 nm respec-
tively.[7°] In this technique, changes in the polarity around the micro-
environments of amino acid residues present in the protein were

74 Blue and red

inferred by the shift in Aem-max Of emission spectra.
shifts in Aem-max Manifested as an increase in hydrophobicity around
the fluorophore.”? When synchronous spectra were set at A\ = 15 nm,
slight blue and red shifts in the emission spectra of the HAs-BSA com-
plex were observed with increasing concentrations of HAs, as summa-
rized in Supporting Information Figure S7(b) and Figure S8(b) for
compound 1 and compound 2, respectively. This result suggested that
the conformation around the Tyr residues altered significantly upon
interaction with BSA for compound 1 and compound 2. Conversely
when A\ was set at 60 nm, a slight blue shift was observed in the
emission maximum of BSA for compound 1 and compound 2, as
shown in Figure S7(a) and Figure S8(a), respectively, concluding that
the microenvironments around the Trp residue were markedly altered.
Therefore, HAs-induced conformational changes inferred that micro-
environments around both the Trp and Tyr moieties were markedly
perturbed, therefore indicating HAs-BSA complex formation.””®! This
result implied that compound 1 and compound 2 caused microenvi-
ronment changes around both Trp and Tyr residues. Furthermore,
the fluorescence intensity decreased

regularly with increasing
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concentrations of compound 1 (Figure S7a and Figure S7b) and com-
pound 2 (Figure S8a and Figure S8b) in both systems and reinforced
the occurrence of fluorescence quenching.

3.2.7 | Binding stoichiometry

Binding stoichiometry for the HAs-BSA interaction was affirmed by
Job's continuous variation method. During analysis, readings were
taken by varying the concentrations of BSA and HAs, but the overall
concentration of the solution was kept constant.”# Fluorescence
intensity differences were plotted against the mole fraction of the
HAs, as shown in Figure S9(a) and Figure S9(b) for compound 1 and
compound 2, respectively. Job's plot break point gives information
about the mole fraction of HAs and binding stoichiometry for BSA.
The maximum fluorescence intensity differences for compound 1
and compound 2 were observed to be 0.7 and 0.5 mole fractions of
hydroxamic acid as evident in Figure S9(a) and Figure S9(b), respec-
tively. This result implied that the stoichiometric ratio of BSA:com-
pound 1 was 1:2 and of BSA:compound 2 was 1:1. Therefore, the
binding stoichiometry obtained from Job's plot showed a correlation
with the number of binding sites obtained by fluorescence studies

for compound 1 and compound 2.

3.3 | Effect of binding of HAs on the ellipticity
changes in BSA

Far-UV CD spectroscopy is used for qualitative, as well as quantita-
tive, determination of the secondary structure of protein mole-

s.[75:761 performed to

cule Therefore, CD measurement was
investigate the effect of HAs on the secondary structure of protein.
CD spectra of BSA manifested two negative peaks at 208 nm and
222 nm that correlated with the n to t* and i to * conversion of
the peptide bond of an a-helix.””! Far-UV CD measurements of BSA
in the absence or presence of HAs were performed at molar ratios
of 1:0 and 1:2 shown in Figure 9(a) and Figure 9(b) for compound 1
and compound 2, respectively. Upon interaction of BSA with com-

pound 1, the a-helical pattern was identical to that of basic BSA,

= BSA:HAs (1:0)
00{(@) ‘- BSA:HAs (1:2)
324
g %
T -6.4 . -
é ° »
o964 " g
[3) ‘- -
1284
[ )
-16.0-
200 210 220 230 240 250

Wavelength (nm)

CD (mdeg)
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which implied that, in the BSA-compound 1 complex, the BSA a-helix
was not changed after interaction with compound 1. However, for
compound 2, the per cent a-helical content of the BSA-compound 2
complex was enhanced from 67.45 to 77.30 in comparison with the
basic BSA molecule. The per cent a-helixes and B-sheets for com-
pound 1 and compound 2 were calculated using K,D, software and
are summarized in Table 6. These results suggest that compound 1
maintains the secondary structure of BSA, whereas a slight change
in the secondary structure of BSA was observed during binding to

compound 2.78

3.4 | Cyclic voltammetric measurement

The binding interaction of BSA in the presence of HAs was studied
using CV at a gold electrode.”? In the present study, for BSA, the
anodic peak appeared at -0.23 V versus the corresponding peak cur-
rent at —4.5 x 107 A, while the cathodic peak appeared at 0.00 V with
the corresponding peak current at 1 x 107 A. Similarly, for compound
1, the anodic peak appeared at -0.25 V versus corresponding peak
current at -7.5 x 107® A, while the cathodic peak appeared at
0.36 V having corresponding peak current at 3 x 107 A. For com-
pound 2, the anodic peak appeared at —0.25 V versus corresponding
peak current at -6.8 x 107 A, while the cathodic peak appeared at
0.36 V having a corresponding peak current at 3.5 x 107 A. The peak
current decreased with increasing concentrations of compound 1,

while the peak current increased with increasing concentrations of

TABLE 6 a-Helical and B-sheet content during the interaction of
BSA with compound 1 and compound 2 (viz. molar ratios of 1:0 and
1:2)

HAs Molar ratio % a-helix % B-sheet
1 1:0 67.45 3.24
1:2 67.45 3.24
2 1:0 67.45 3.24
1:2 77.30 1.67
[ 'm BSA:HAs (1:0)
0.0{(b) e BSA:HAs (1:2) -..’
294y
584 ¢ -l.
] L
"’
874 & -
u
164 <, me’
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FIGURE 9 Secondary structural rearrangements: far-UV CD spectra of BSA only at molar ratios (1:0) and BSA-HAs at molar ratio (1:2) for (a)

compound 1 and (b) compound 2
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compound 2, as shown in Figure 10(a) and Figure 10(b), respectively.
These results revealed that a complex was formed during HAs and

BSA interaction.®”

3.5 | Molecular docking

Molecular docking is one of the most potent tools in drug design, sig-
nificantly used to determine the binding site, binding energy and ori-
entation of the drug molecule. Use of the Autodock 4.2 program
enabled evaluation of the possible conformations during HAs-BSA
interaction.’®" In silico modelling studies not only measure the binding
site on BSA, but also the binding energy during the molecular interac-
tion. In this study, extensive molecular mechanics were used to search
a thermodynamically stable model of flexible HAs from which the
binding energy was calculated. HAs bonds were found to be flexible
as detected by root in the AutoDock Tool. The flexibility in the struc-
ture of the ligand molecule allowed confirmation of the binding site in
the receptor molecule. The nine best conformations of the binding
sites yielded using AutoDock Vina were arranged in increasing order

of their binding energies. In the present study, the analysed conforma-

— BSA ( a)
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— BSA+5.00x10°°M HAs
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FIGURE 10

FIGURE 11

tion with highest binding energies for compound 1 and compound 2
are shown in Figure 11 and Figure 12, respectively. Areas such as
subdomains Il and lll, called as site | and site |l, respectively were the
principle regions of ligand binding on BSA. Docking results revealed
that compound 1 and compound 2 bound within the binding pocket
in subdomain IIA of BSA (Figure 11a and Figure 12a). The amino acids
in BSA bound via different interactions for compound 1 and com-
pound 2 and are summarized in Figure 11b and Figure 12b, respec-
tively. The HAs-BSA interaction was stabilized using hydrophobic
interactions between compound 1 and Cys91, Cys75, Val77, Ala88,
Leu80, Arg81 amino acid residues of the protein molecule with a free
energy (AG) value of -5.25 kcal mol™%, as shown in Figure 11b. Like-
wise, the HAs-BSA complex was stabilized using hydrogen bonding
between compound 2 and Ala88, while hydrophobic interactions
between compound 2 and Leu80, Arg81, Cys75, Cys91, Glu92 amino
acid residues of BSA occurred with a free energy AG value of
-3.75 kcal mol™%, as shown in Figure 12b. Analysis of molecular
docking results revealed that hydrophobic interaction contributed
majorly for the interaction of compound 1 with BSA, and hydrogen
bonding and hydrophobic interaction both contributed during interac-
tion between compound 2 and BSA; these are listed in Table 7. Hence,

o BSA (b)

6.40x10°] — BSA+1.67x10°M HAs
—— BSA+3.33x10°M HAs
e BSA+5.00x10°°M HASs
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—— BSA+8.33x10°M HAs
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Cyclic voltammetric graph of BSA at 200 mV s™! scan rates for (a) compound 1 and (b) compound 2

Teusn

(a) Best conformation of compound 1 docked to BSA, (b) cartoon representation of residues involved in binding of compound 1 to BSA



AGRAWAL ET AL

wiLEy-LUMINESCENCE

FIGURE 12

The Journal of Biological and Chemical Luminescence

- LeuB0.—

— Glus?2

(a) Best conformation of compound 2 docked to BSA, (b) cartoon representation of residues involved in binding of compound 2 to BSA

TABLE 7 Predicted bonds between interacting atoms of different amino acid residues in BSA (PDB ID: 1F4S) and HAs

HAs Binding site Amino acid residues
1 Site | Cys91, Cys75, Val77, Ala88, Leu80, Arg81
2 Site | Leu80, Arg81, Ala88, Cys75, Cys?91, Glu92

an in silico approach confirmed our experimental results, showing the
binding affinities of compound 1 and compound 2 towards BSA, and

therefore binding at subdomain IIA (Sudlow's site I).

3.6 | DRS-FTIR spectroscopy

FTIR is used as an analytical tool to probe the binding processes
between biomolecules and drug. This infrared technique is the most
important for determining the bonds present in the molecule. Esti-
mation of secondary structure of protein was performed and the
hydrogen bond between the carbonyl group and the amide group
along was studied. The DRS-FTIR spectra of BSA in the absence
or presence of HAs were recorded over the range 400-4000 cm™2.
As water molecules were present in the solution preparation and
gave a broad peak near 3000-3500 cm™?, these were removed by
subtracting the water molecule peak from the HAs-BSA transmit-
tance peak with the help of software. HAs-BSA interactions were
determined using the hydrogen bond between the carbonyl group
and amide group and were characterized as using two unique
bands.*?) The first band was the amide | band with IR spectra
between 1600 and 1700 cm™? (C=0 stretch), the second band was
the amide Il band with spectra between 1500 and 1600 cm™* (C-
N stretch coupled with a N-H bending mode).*®! The characteristic
protein amide | bands for compound 1 and compound 2 were
observed at 1656.00 cm™* and 1651.00 cm™?, respectively. A red
shift was seen with increasing concentrations of HAs 0.00 to
3.33 x 107> M (0.00, 1.67, 3.33 x 107> M respectively) in the amide
| band at 1656.00 cm™ to 1682.00 cm™* for compound 1 and from
1651.00 cm™* to 1678.00 cm™?! for compound 2, shown in Figure 13

Forces involved AG (kcal mol™?)

Hydrophobic interaction -5.25
H-bonding and hydrophobic interaction -3.75

and Figure 14, respectively. Similarly, the characteristic peak for the
amide Il band was observed at 1598.00 cm™* for compound 1 and
1586.16 cm™ for compound 2. Signals for amide Il shifted from
1598.00 cm™! to 1600.00 cm™* for compound 1 and from
1586.16 cm™ to 1594.00 cm™* for compound 2 upon interaction
with BSA. From the above data, it could be predicted that the shift
in the peak position was due to hydrogen bonding during HAs-BSA

interaction.

3.7 | DPPH-scavenging activity measurement

The present investigation was undertaken to study the change in
DPPH-scavenging activity during HAs-BSA interaction. The DPPH-
scavenging method was used to test the ability of a compound to
change the deep blue colour of the 2, 2'-diphenyl-1-picrylhydrazyl
free radical to a yellow colour. DPPH-scavenging activity using the
compound was confirmed by maximum absorbance at 517 nm. Absor-
bance of DPPH at 517 nm is reduced due to the radical-scavenging
activity when DPPH binds to a proton-donating substance, such as
an antioxidant.®? The effect of DPPH with different concentrations
of BSA and compound 1 is shown in Figure S10(a), the absorption
spectra of different samples at 517 nm is shown in Figure S10(b)
and DPPH absorption at 517 nm in different samples is shown in
Figure S10(c). The effect of DPPH with different concentration of
BSA and compound 2 is shown in Figure S11(a), the absorption spec-
tra of different samples at 517 nm is shown in Figure S11(b) and the
DPPH absorption at 517 nm in different samples is shown in Figure
S11(c). The results conveyed that the maximum absorbance value

was found for DPPH alone or in presence of pure BSA, pure HAs or
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BSA with HAs derivatives. Pure HAs showed the maximum reduction scavenging propensities of compound 1 and compound 2 against

in DPPH absorption in comparison with the reduction by pure BSA DPPH. The antioxidant properties of HAs®¥! are mainly due to its pro-
and the mixture of BSA and HAs. This result revealed the high pensity to donate its hydrogen atom to DPPH. Therefore, upon
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interaction, the scavenging activity of the HAs-BSA complex was less
than that of pure HAs but more than that of pure BSA. This finding
demonstrates the change in antioxidant propensity of HAs during
HAs-BSA interaction.

4 | CONCLUSION

The interaction between HAs and BSA was investigated in vitro using
multispectroscopic and computational techniques. The enhanced
absorption spectra of BSA found with increasing concentrations of
HAs exhibited the HAs-BSA complexation phenomenon, while a
decrease in Stern-Volmer quenching constant and binding constant
values with rise in temperature implied a static-type quenching mech-
anism. Thermodynamic parameters revealed that the interaction pro-
cess was spontaneous in nature. Thermodynamic parameters were
evaluated at five different temperatures (viz. 298, 303, 308, 313 or
318 K) and, along with molecular docking, suggested that hydrogen
bonding, hydrophobic interaction and van der Waals’ forces played a
major role during the HAs-BSA interactions for compound 1 and com-
pound 2. Molecular docking and displacement studies revealed the
binding site of compound 1 and compound 2 to be at Sudlow's site I,
i.e. in subdomain IIA of the BSA molecule. Synchronous fluorescence
measurements demonstrated the presence of slight conformational
changes around Tyr and Trp moieties. The far-UV CD study illustrated
even a change in the secondary structure of BSA during BSA-
compound 1 interaction, while a slight change in helicity of BSA
occurred during BSA-compound 2 complexation. Cyclic voltammetry
studies revealed that the binding process involved during HAs-BSA
interaction was slower for compound 1 and faster for compound 2.
DPPH-scavenging activity exhibited changes in the antioxidant pro-
pensities of HAs upon interaction with protein. The work presented
here gives insight into information about mode of interaction and bio-
physical mechanisms involved during HAs-BSA interactions and,
therefore, helps in understanding their therapeutic efficacy. Therefore,
this study may provide an important insight for drug distribution and
serve as a template for the further development of HAs, using addi-
tional modification and the way to design more dynamic and specific
binding agents. Therefore, the work performed here could be an
important step towards introducing a new drug against diseases such

as cancer.
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In this paper, we report the reactivity of Ni(dppe)Cl,; dppe = bis(diphenylphosphino)ethane, with
phenol based selenium bearing macroacyclic Schiff bases, 2,6-bis({N-[2-(phenylselenato)ethyl]} benzi-
midoyl)-4-methylphenol and 2,6-bis({N-[3-(phenylselenato)propyl]}benzimidoyl)-4-methylphenol. The
reaction of Ni(dppe)Cl, with these Se;N,O ligands in 1:1 M  ratio yield
[{(PhC = NCH,CH,SePh)(CsH2(0)(4-CH3)(PhCO)};NixCl,], 1 and [{(PhC = NCH,CH,CH;SePh) (CeHp(0)(4-
CH3)(PhCO)}NixCly], 2 as suggested by analytical and spectroscopic data of respective complexes and
supported by single crystal X-ray crystallography of phenylseleno(ethyl)amine hydrochloride. In both of
these bimetallic complexes, one arm of the ligand undergoes hydrolysis at the C=N bond and the 1,2-
bis(diphenylphosphenoethane) moiety of 1,2-bis(diphenylphosphino)ethanenickel(Il) chloride is dis-
placed by stronger chelating donors; nitrogen and oxygen of the ligands. Two molecules of the partially
hydrolyzed ligand coordinate to two Ni(ll) through azomethine nitrogen, benzoyl oxygen and the
phenolic oxygen. The phenolic oxygen bridges the two Ni(Il) ions. Each nickel is bonded to one chloride.
Nickel adopts square pyramidal coordination geometry with trans-NiNOsCl core as evaluated by spec-
troscopic data and ab initio quantum chemical calculations at Hartree-Fock level. The cyclic voltam-
mograms of complex 1 and 2 show metal centered two electron quasi-reversible redox processes.
Molecular docking study of the ligands L1H and LoH and complexes 1 and 2 with DNA revealed non-
covalent interaction and bind at active sites of B-DNA. The minimum calculated binding energy
is —6.44 kcal/mol in complex 2.

© 2020 Published by Elsevier B.V.

1. Introduction

highly useful for functional group manipulations, asymmetric
synthesis [7,8], ligand chemistry [9,10], material science [11—13]

Multidentate ligands with variable donor functionalities (O, S,
Se, Te and N) in their structural framework have been an active area
of research for several years [1—4]. The coordination chemistry of
organochalcogen compounds bearing such hybrid donor atoms is
highly fascinating as they can provide insight into competitive co-
ordination behavior between the ‘hard’ (N,0) and ‘soft’ (Se) donors
and stabilize the metal centers in their low as well higher oxidation
states [5,6]. Chemistry of such molecular framework is found to be

* Corresponding author.
** Corresponding author.
E-mail addresses: vinaykumar.verma@sharda.ac.in (V.K. Verma), preetijain@
sharda.ac.in (P. Jain).

https://doi.org/10.1016/j.molstruc.2020.128771
0022-2860/© 2020 Published by Elsevier B.V.

and biochemistry [14,15]. However, the instability of certain de-
rivatives, difficulties associated with the purification, crystallization
and synthetic methodologies have restricted their structural
studies and applicability up to certain extent. Under such situa-
tions, the prediction of electronic structures by ab initio calculations
has been found one of the most powerful techniques and utilized
very frequently by the scientific community worldwide [16,17]. It
helps in determining the molecular structures and spectral analysis
in very supportive manner. The interaction of Schiff base metal
complexes with virus/bacterial DNA has been extensively utilized
to design newer bioactive molecules for their applications in
biotechnology and medicines [18,19]. Transition metal complexes
may interact with DNA in various binding modes; the most
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significant is non-covalent intercalation [20—23].

Khandelwal et al. have reported some phenol based cyclic and
acyclic [24—26] Schiff bases and studied their reactivity with
certain transition metal complexes. As a part of our ongoing
research into design and synthesis of novel chalcogen bearing
hybrid ligands, we have reported the synthesis of phenol-based
Schiff bases [CgH(OH) (4-CH3)}{(PhC = N(CH;),XPh)},] (LiH,
X=Se,n=2;LbH X=Se,n=3;L3H, X=Te,n=2; L4H, X = Te,

= 3) and their Cu(II), Zn(II), Hg(II) complexes [27,28]. Herein, we
report the reactivity of Ni(Il) metal ion with LyH and L;H ligands
and study of their electronic structure by ab initio quantum
chemical calculations and electrochemical property and DNA
binding through molecular docking. The structures of L1H, LH and
their Ni(II) complexes 1 and 2 are shown in Fig. 1.

2. Experimental
2.1. Reagents

All the chemicals used were of reagent grade and purchased
from Sigma Aldrich. Standard methods [29] for solvent purification
were adopted and freshly distilled prior to use. The reactions were
performed under argon atmosphere. Self-developed and own
published method were used to synthesize the ligands L1H and L,H
[22].

2.2. Physical measurements

Melting points of the compounds were recorded in capillary
tubes and are reported as obtained. C, H and N analyses were car-
ried out on a Carlo-Erba Model DP 200 analyzer. Quantitative
estimation of Se and Ni were carried out on a Varian Atomic Ab-
sorption Spectrophotometer AA 240 FS. The halogens were esti-
mated titrimetrically by Volhard’s method. Conductance values
were measured using a Century CC-601 digital conductivity meter
in acetonitrile at 273 K. Electrospray ion mass spectra (ESIMS) were
recorded on a WATERS-HAB 213 triple quadrupole mass spec-
trometer. The ESI capillary was set at 3.5 kV and the cone voltage
was 40 V. Infrared spectra were recorded from 4000 to 400 cm ™! by
a Shimadzu IR Prestige-21 FT spectrophotometer on a KBr disc.

n=2,L4H;n=3, LoH

Electronic spectra were obtained by use of a PerkinElmer Lambda
35 UV-VIS spectrophotometer. The 'H and '3C{'H} NMR spectra
were recorded on a Bruker AMX-400 FT NMR spectrophotometer in
CDCl3; the chemical shifts were recorded relative to SiMey. At-
tempts were made to grow single crystals of all the isolated com-
pounds. However, single crystals of only phenylselenatoethylamine
hydrochloride could be obtained by slow evaporation of solvent
from its solution in chloroform—hexane system. X-ray data were
collected on an Oxford Diffraction Xcalibur Ruby Gemini diffrac-
tometer with Cu-Ko. radiation (A = 1.54178 A) at 295 K. The struc-
ture solution and refinements were made by SHELXS-97 and
SHELXL-97 [30]. Absorption corrections were made by multi-scan
CrysAlis PRO [31]. Non-hydrogen atoms were anisotropic and
hydrogen positions were included in the riding mode. The
SHELXLTL program [30] was used to prepare molecular graphics.

2.3. Synthesis

The macroacyclic Se;N»0 ligands (L{H and L,H) were prepared
and characterized as per the self-developed and reported method
[22]. To prepare their Ni(Il) complexes, the solution of ligand LyH
(0.680 g, 1.0 mmol)/L;H (0.708 g, 1.0 mmol) in 70 mL purified
methanol was added dropwise to the suspension of the Ni(dppe)Cl,
[dppe = 1,2-bis(diphenylphosphino)ethane] (0.528 g, 1.0 mmol) in
10 mL methanol under argon atmosphere. The reaction was carried
out at room temperature while stirring vigorously. After stirring the
reaction mixture for 12 h, reaction mixture was concentrated to
40 mL. The green precipitate thus obtained was filtered, washed
several times with chloroform to remove the unreacted Ni(dppe)Cl,
and the ligand and dried under vacuum. The characteristics of the
complexes are given below:

[{(PhC = NCH,CH,SePh)CgH> (0)(4 — CHs)(PhCo)},Ni1,Cl);
(1)

Colour and state: green powder; yield: 0.37g (62%); m.p.: 170 °C
(dec.). Anal. calc. for CsgHagN204SesNiCly: C, 58.87; H, 4.09; N,
2.37; Ni, 9.92; Se, 13.35; Cl, 5.99%. Found: C, 57.92; H, 4.36; N, 2.61;
Ni, 9.32; Se, 14.02; Cl, 6.16%. Positive ESIMS: m/z 1157 [1-{Cl}] ", 500.
FTIR (KBr disc, cm™!): 1614 »(C=0), 1573 »(C=C), 1527 »(C=N),

CI

CH2n \ / \ Se/©

©/39 \ / \
Cl

(CHz)n

n=2, 1 n—3 2

Fig. 1. Structures of ligand L;H, LH and their Ni(Il) complexes 1 and 2.
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1247 (C—0), 517 »(Ni—N), 465 »(Ni—Ophenolic), 442 ¥(Ni—Obenzoylic)-
UV—Vis (Amax/nm, ¢/M~'em~!, CH3CN): 261(13383), 339(2602),
406(1663).Ap (103 M, CH5CN, 298 K): 22 Q@ 'em?mol .

[{(PhC = NCH,CH,CH,SePh)(CgHx(0)(4 — CHs)(PhCo)},Ni1,Cly);
(2)

Colour and state: green powder; yield: 0.35 g (58%); m.p.: 172 °C
(dec.). Anal. calc. for CgoHs52N204Se;NixCly: C, 59.49; H, 4.33; N,
2.31; Ni, 9.69; Se, 13.05; Cl, 5.85%. Found: C, 58.71; H, 4.82; N, 2.96;
Ni, 9.97; Se, 12.84; Cl, 5.97%. Positive ESIMS: m/z 1185 [2-(C)]*, 514.
FTIR (KBr disc, cm™1): 1614 »(C=0), 1589 »(C=C), 1527 »(C=N),
1246 »(C—0), 509 »(Ni—N), 461 »(Ni—Ophenolic), 419 ¥(Ni—Obenzoylic)-
UV—Vis (Amax/nm, ¢/M~lecm~!, CH3CN): 256(13556), 337(2782),
409(2388).Apm (1073 M, CH3CN, 298 K): 28 Q~'cm?mol L

2.4. Electrochemical study

Cyclic voltammetric (CV) measurements were carried out with
the advanced electrochemical system, BASi Epsilon 828 and PAR-
STAT 2253 instruments equipped with a three-electrode system.
The micro-cell model BAS C3 Cell Stand and model KO264 consisted
of a platinum working electrode, platinum wire as auxiliary elec-
trode and a non-aqueous Ag/Ag" reference electrode with 0.1 molL’
1 AgNOs in acetonitrile as filling solution. Tetrabutylammonium
perchlorate (0.1 molL™! solution in CH3CN) was used as the sup-
porting electrolyte. Cyclic voltammograms with scan speeds of
100—500 mVs~! were run in 10~ molL~! CH5CN solution in a ni-
trogen atmosphere. Under these conditions, the ferrocenium/
ferrocene (fc*/fc) couple shows a peak separation of 84 mV with Ey,
2 of +686 mV.

2.5. Computational details

2.5.1. Ab initio quantum chemical calculation

The structural elucidation of the complexes were studied by ab
initio quantum chemical calculations using 6-31+G* + LANL2DZ
(Los Alamos National Laboratory 2 Double-Zeta) and mixed basis
set that utilizes Los Alamos Effective core potential on the transition
metal Ni atom, while a Pople basis set was used for all other atoms
at the Hartree-Fock (HF) level in restricted closed shell model. One
set of polarization and diffuse function is added on hydrogen atoms
for improved accuracy. HF method was used considering the large
size of the system and limited computational resources availability.
Although HF method lacks electron correlation, this method is good
enough to produce approximate solution of electronic structure.
LANL2DZ basis set is widely used for modeling transition metal
atoms [32]. The mixed basis set was implemented by using GEN
keyword in Gaussian 16 [33]. Analytic vibrational frequencies were
calculated at the same level, as used for geometry optimizations to
further ascertain the nature of minima. Absence of negative fre-
quency suggested that both the structures are at global minimum.

2.5.2. Molecular docking study

Molecular docking studies were performed to find out the types
of molecular interactions and to compare the binding affinity of
ligand molecules and metal complexes to DNA biomolecule [19].
The docking studies were carried out with three dimensional
crystal structure of B-DNA (PDB ID: 1BNA) dodecamer of the
sequence d(CGCGAATTCGCG), using AutoDock4.2 software which

uses a free-energy scoring function based on the AMBER force field
[34]. The Co-Crystal structure of 1BNA-Ca®>* was downloaded from
RCSB database (www.rcsb.org/) with a resolution of 1.8 A. After
removing the attached Ca®* ion, energy minimization on 1BNA was
performed using SPDBV, version 4.10 (https://spdbv.vital-it.ch/) to
obtain the lowest energy conformation. Further, Kolmann charges
and polar hydrogen atoms were added to it. Active site of the re-
ceptor molecule was defined within the grid size of 40 x 40 x 40 A
around the X, Y and Z coordinates 20.837, 14.423 and 14.910,
respectively. ACD/ChemSketch software was used to draw the
structure of ligands L1H and LH and metal complexes 1 and 2. The
initial parameters for Ni were set asr = 1.170 A, q = +2.0 and van
der Waals well depth of 0.418 kJ/mol [35]. The atomic parameters of
Se were exchanged for those of sulphur in the docking calculations,
as recommended by the Autodock developers since it is not para-
meterised within the Auto dock force field. Such a change seems
reasonable due to their similarity of van der Waals radii (1.9 A for Se
and 1.8 for S) and electronegativities (2.55 for Se and 2.58 for S,
Pauling scale) [36]. The partial charges of ligand and metal com-
plexes were further modified by using the ADT package (version
1.4.6), so that the charges of the nonpolar hydrogen atoms would be
assigned to the atom to which the hydrogen is attached.

Docking experiments were performed on the energy minimized
DNA molecule and all test molecules by applying Lamarckian
search algorithm. All rotatable bonds within the test molecules
were allowed to rotate freely and the receptor was considered rigid
[34] in order to predict their best fit orientation of binding to DNA
helix [21]. To visualize the type of interactions between DNA and
test molecules, CHIMERA molecular graphics programme [37] and
Ligplot + version v.1.4.5 software [38] were used.

3. Results and discussion
3.1. Characterization of metal complexes

The Ni(II) complexes 1 and 2, synthesized by reacting Ni(dppe)
Cl; with L1H and LH, respectively in 1:1 M ratio, were found to
have COlTlpOSitiOl‘l C58H4356204N2Ni2C]2 (1) and CeoHs52Se204N5-
NiyCl (2). Analytical data suggested that during the reaction 1,2-
bis(diphenylphosphinoethane) is displaced from Ni(dppe)Cl, and
hydrolysis of one arm of the ligand at C=N bond occurs. These
complexes are moderately soluble in chloroform, dichloromethane,
acetonitrile and methanol. The complexes have been characterized
by elemental analyses, UV—Vis, conductance measurement, ESIMS,
IR and cyclic voltammetry. The structure of the complexes was
evaluated by ab initio quantum chemical calculations at the
Hartree-Fock level.

3.1.1. Molar conductivity measurements

Molar conductance values in acetonitrile solutions are
22 @ 'em?mol ! and 28 Q~'cm?mol ", respectively, which suggest
their non-electrolytic nature and eliminate the possibility of the
products to be ionic [28].

3.1.2. Electronic spectral study

Electronic absorption spectra of the complexes 1 and 2 in
acetonitrile show bands at 339 nm and 337 nm, respectively, which
can be assigned to the w— m* transitions for phenyl rings. The weak
bands at 406 nm in both spectra are attributed to the n—m*
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transitions in ligand moieties. Surprisingly, no d-d transition was
observed in the spectra even when recorded in different solvents
like acetonitrile and DMF solutions.

3.1.3. Mass spectral analysis

ESI mass spectra of the complexes 1 and 2 do not show the
molecular ion peak for the complexes but presence of signal at m/z
1157 in the spectrum of 1 and 1185 in the spectrum of 2, reveal the
formation of [{CgH2(O) (4-CH3) (PhC = NCH,CH,SePh)
(PhC = 0)}2Nip I and [{CeH2(0) (4-CH3)
(PhC = NCH,CH,CH,SePh) (PhC = O)}:NiyCl]|* ions, respectively,
which are devoid of a chloride ion from the molecular ion and
diphenylphosphenoethane moiety from metal ion source. The base
peaks observed at m/z 500 and 514 in the spectra of 1 and 2 are
assigned to the fragments [CgH(0) (4-CH3) (PhC = NCH,CH,SePh)
(PhC = 0)]* and [CgH3(0) (4-CH3) (PhC = NCH,CH,CH,SePh)
(PhC = 0)], respectively.

3.1.4. Infra-red spectral analysis

The disappearance of bands of »(O—H) stretching at around
3500 cm~! in the IR spectra of complexes 1 and 2 suggests
involvement of phenolic proton with the chloride ion of the
Ni(dppe)Cl, to form hydrochloric acid and thereby binding of the
phenolic O with Ni(Il) ion.Spectra of both the complexes 1 and 2
show »(C=N) stretching frequencies (about 1527 cm') which are
shifted to lower frequency by ~60 cm~! with respect to those of the
corresponding free ligands (about 1597 cm~'). The shift to lower
frequency side in this band is due to the decrease in electron
density on the nitrogen atom of the imino groups which suggests
coordination of imino nitrogen atoms with Ni(Il) ion. Further, the
appearance of a new band at around 1614 cm™! in both spectra are
attributed to »(C=0), formed due to the hydrolysis of one imine
group of the ligands. In several cases the original multidentate
Schiff-base ligands present in the mother solution hydrolyze during
the complexation reactions, resulting in the formation of partially
hydrolyzed species with the decrease in their denticity [39—45].
Since »(C=0) bands are shifted towards red frequency side by the
order of ~44 cm~! as compared to 4-methyl-2,6-dibenzoylphenol
(1658 cm ') suggest the coordination of benzoyl O with the Ni(Il)
ion. The release of HClI and thus the partial hydrolysis of the ligand
during the process of complex formation between ligand L{H and
Ni(dppe)Cl, is confirmed by the isolation of phenylseleno(ethyl)

Fig. 2. ORTEP diagram of phenylseleno(ethyl)amine hydrochloride, drawn at the 50%
probability level.

amine hydrochloride and its single crystal X-ray crystallography.
Both the complexes exhibit the »(Ni—N) stretch between 509 and
517 cm~! as a weak band. The bands around 465 cm™! are attrib-
uted to ¥»(Ni—Oppenolic) vibrations whereas those between 419 and
442 cm™! are assigned to ¥(Ni—Openzoylic) Vibrations [46].

3.1.5. NMR spectral analysis

TH NMR spectra of the complexes in CDCl3 are found to be
extremely broad and featureless up to 17 ppm suggesting their
paramagnetic nature [30]. Further, the 3'P NMR spectra of both the
complexes do not show any signal even up to 250 ppm. Surpris-
ingly, 3'P NMR spectra of filtrate obtained after separation of
complexes do show the presence of a signal centered at 33.349 ppm
which suggest that dppe of Ni(dppe)Cl; is separated out as dppeO,.
This may be due to the fact that two P atoms of dppe which chelate
Ni(Il) ion in Ni(dppe)Cl, are replaced by a chelating system of li-
gands consisting of imino N, phenolic O and benzoyl O. This
displacement can be justified on the basis of ‘hard’ nature of Ni(II)
preferring chelation with (N, O) over (P, P).

3.1.6. X-ray crystallography

Phenylseleno(ethyl)amine hydrochloride, crystallized out from
its chloroform solution, has been confirmed by single crystal X-ray
study (CCDC 1980062). Its ORTEP diagram is shown in Fig. 2. X-ray
diffraction determination shows that the compound crystallizes in
aP121/n1 space group and there are four ion pair units in the unit
cell. The Se—C(1) distance [1.925(2) A] is slightly higher than the
sum of the Pauling single bond covalent radii for selenium (1.17 A)
and sp? hybridized carbon (0.74 A). The Se—C(7) bond distance
[1.959(2) A] is, however, longer than Se—C(1) distance. This is due
to the fact that radius of sp> carbon is larger than that of the sp?
carbon. Packing diagram of the compound is shown in Fig. S1. Data
collection parameters are given in Table 1. Selected bond lengths
and angles are listed in Table 2.

3.1.7. Quantum chemical study

Based on various physicochemical characterization, it is
concluded that the complexes are bimetallic dimers where two
partial hydrolyzed ligands coordinate with two Ni(Il) ions via N,0,0
donors in trans fashion and a Cl atom occupies axial position of each
metal center forming square pyramidal geometry. Since the com-
plexes 1 and 2 could not be crystallized, their structures were
optimized by ab initio quantum chemical calculation at the Hartree-
Fock level. Based on the analytical data of isolated complexes 1 and
2, the structures were assigned and optimized as shown in Figs. 3
and 4, respectively. Calculated selected bond lengths, bond angles
and dihedral angles are listed in Table S1 and Table S2. Analytical
data of the complexes 1 and 2 in solid state suggest their stabili-
zation in dimeric form with each having center of symmetry lies in
the center of NiO, core. The two equivalent parts of coordination
unit viz. [{CeH2(0) (4-CH3) (PhC = N(CH3),SePh) (PhC = O)}NiCl];
n = 2, 3, combine via bridging of phenolic oxygen. For Ni, NOOO
donor set forms the distorted basal plan of square pyramid,
whereas the Cl occupies the axial position. Both of the basal planes
of square pyramids are distorted by different amount which is
8.418° and 9.242° (dihedral angle) in complex 1 while it is 10.626°
and 9.917° in complex 2. The distortion is slightly more in complex
2 as compared to complex 1 which is even more than the reported
Niy(p-phenoxide), complex [47]. The selenium atom of each ligand
in complex 1 lies far from Ni (Se---Ni) and seating at the distance of
5.174 A (5.407 A) which is 5.431 A (6.409 A) in complex 2 and left
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Table 1

Crystal data and structure refinement for phenylseleno(ethyl)amine hydrochloride.
Empirical formula Cg Hi2CI N Se
Formula weight 236.60
Temperature 295(2) K
Wavelength 1.54184 A
Crystal system Monoclinic
Space group P121/n1

Unit cell dimensions

Volume 987.87(3) A®
Z 4

Density (calculated) 1.591 Mg/m>
Absorption coefficient 7.143 mm~!
F(000) 472

Crystal size

Theta range for data collection
Index ranges

Reflections collected 8643
Independent reflections
Completeness to theta = 67.50 99.8%
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F? 1.070
Final R indices [I > 2sigma(l)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

0.0010(3)

a=5.73421(10
b = 7.82184(13) A
c=22.1658(4) A

)A o =90°
)A B = 96.4586(17)
Y = 90°

0.46 x 0.42 x 0.15 mm?
6.00—77.48°
-5 < h<=7, -9 < k<=9, —27 < 1<=27

2088 [R(int) = 0.0283]
Semi-empirical from equivalents
1.00000 and 0.10834
Full-matrix least-squares on F?

2088/0/102

R1 = 0.0276, wR2 = 0.0763
R1 = 0.0281, wR2 = 0.0767

0.427 and —0.250 e. A3

uncoordinated. The trans Ni—N bond distances are of almost equal
length (1.992 and 1.997 A) in complex 1 while in complex 2, the
bond lengths are slightly longer (2.022 A and 2.059 A). However,
Ni—O(benzoyl) being trans to each other are appreciably different
(1.973 and 1938 A) and shorter than Ni—N. All the four
Ni—O(phenoxy) distances are unequal (1.944, 1.954, 1.949 and 1.917 A
in complex 1 and 1.945, 1.952, 1.976 and 1.897 A in complex 2);
suggesting the distorted geometry. The Ni77—Ni78 separation in
both the complexes 1 and 2 is slightly different (2.888 A (1) and
2.963 A (2)) which is appreciably longer than van der Waal’s radii of
Ni, suggests the absence of metal-metal bond. However, it is
appreciably shorter than that of reported phenoxo-bridged dinu-
clear Ni(Il) complexes [47]. The optimized molecular geometry is
completely free from intramolecular interaction. Ni77—079—Ni78
and Ni77—080—Ni78 angles in complexes 1 and 2 are 95.472°,
96.872° and 97.272°, 96.935°, respectively which are slightly
shorter than reported Niy(pu-phenoxide), complex [47]. Although

Table 2
Selected bond lengths [A] and angles [°] for phenylseleno(ethyl)amine
hydrochloride.

Se—C(1) 1.925(2) N—H(0A) 0.8900
Se—C(1) 1.959(2) N-(0A) 0.8900
Se—C(7) 1.959(2) N—H(0B) 0.8900
N—C(8) 1.491(3) N—H(0C) 0.8900
C(7)-C(8) 1.509(3)

C(1)-Se-C(7) 97.28(9) C(8)-N-H(0A) 109.5
C(6)-C(1)-Se 118.92(17) C(8)-N-H(0B) 109.5
C(2)-C(1)-Se 120.58(15) C(8)-N-H(0C) 109.5
C(8)-C(7)-Se 114.03(14) H(OA)-N-H(0B) 109.5
N—C(8)-C(7) 112.03(17) H(OA)-N-H(0C) 109.5
Se—C(7)-H(7B) 108.7 108.7 H(OB)—N—H(0C) 109.5

the six and four coordination complexes of nickel are dominating
over five coordination complexes but the square pyramidal com-
plexes of Ni(Il) ion are also well documented [48—51]. The calcu-
lated structural parameters are closely matching with the similar
kind of reported complexes [28]. The predicted square pyramidal
geometry and the calculated parameters of the complexes 1 and 2
commensurate well with the experimentally established geometry
[28], suggesting HF method as one of the adequate methods for
describing the structure of the bimetallic Ni(Il) complexes.
Although there are certain discrepancies which can be understood
as the experimental data is acquired in solid state whereas the
calculated data corresponds for the gas phase.

3.2. Electrochemical study

The electrochemical properties of the complexes have been
investigated by cyclic voltammetry in 0.1 M [NBuy4|[ClO4] in CH3CN
solution with 100—500 mV/s scan rates. The cyclic voltammograms
of 1 and 2 show metal centered processes. The complexes uni-
formly exhibit stepwise two electron oxidation and reduction peaks
in CH3CN solution, due to successive oxidations and reductions of
the two Ni(Il) ions i.e.:

2+ 2 -€

NN T NiZ* N
Oxd.

Red. | +¢e Oxd. | -e
+ e

NN e—————— NN

Red.
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Fig. 3. Structure of complex 1 optimized at HF level.

Fig. 4. Structure of complex 2 optimized at HF level.

The electron transfer reactions are quasi-reversible in nature as
evident by AE, and Ipa/Ipc values. The oxidation potentials of
complex 1 are more positive than those of complex 2 and the

reduction potentials are more negative than those of complex 2.
The large differences between the redox potentials in both the
cyclic voltammograms indicate the considerable stability of mixed-
valence species as evident by significantly high comproportiona-
tion constants, K¢, of 6.5 x 10° V and 1.2 x 103 V for complexes 1
and 2, respectively at 100 mV/s [52]. The comproportionation
constants (or sometimes referred as conproportionation constants)
are calculated using the formula K. = 10(45/0059) v, The represen-
tative CVs for the behavior of 1 and 2 are shown in Fig. 5 and results
are summarized in Table S3.

3.3. Molecular docking study

Molecular docking is one of the most promising tools in the
interactional studies between DNA and drug-like compounds at
molecular level [53,54]. Molecular docking studies of both the li-
gands L1H, LoH and complexes 1 and 2 were performed to predict
the mode of interaction and the preferred molecular orientation
between the novel molecules and the target DNA. The ligands and
complexes show affinity to the adenine-thiamine-guanine (A-T-G)
rich region of B-DNA stabilized by non-covalent interactions. The
most energetically favorable docked structure of the ligands L1H
and LpH and complexes 1 and 2 with the receptor DNA is shown in
Fig. 6. Both the complexes showed comparable binding affinity
which is higher in magnitude than that for the ligands L1H and L,H.
The ligands and complexes bind through hydrophobic interaction
[55] (Figs. S2 and S3) and the binding affinity with receptor DNA
molecule increases with increase in the hydrophobicity in ligand
L>H (—4.41 kcal/mol) and complex 2 (—6.44 kcal/mol) as compare
to ligand L1H (—3.13 kcal/mol) and complex 1 (—6.32 kcal/mol) as
shown in Table 3. Ligand L,H additionally shows intermolecular
hydrogen bonding between its N atom and da6 DNA residue with a
bond length of 3.183 A. It is evident from the docked results that
both the complexes show better binding affinity to the receptor B-
DNA than their corresponding ligands due to the increased hy-
drophobicity in the complex molecules after coordination of ligand
with metal ion. This molecular docking study describes the inhib-
itory potential of synthesized metal complexes and has significant
implications for the development of new DNA inhibitors.

4. Conclusions

Reactions of LyH and LH with Ni(dppe)Cl, resulted into the
formation of bimetallic complexes with partial hydrolysis of ligand
at C=N bond liberating phenylseleno- (alkyl)aminehydrochloride.
Both the complexes 1 and 2 show two molecules of partially hy-
drolyzed ligand bonded to two Ni(Il) ions through imino N,
phenolic O and benzoyl O with phenolic O bridging two metals and
leaving the selenium uncoordinated. Each Ni(ll) is further termi-
nally bonded with a chlorine atom. Ni(Il) in both the complexes 1
and 2 is five coordinated with square-pyramidal geometry and
having O3sNCI coordination sphere. However, during the reaction
1,2-bis(diphenylphosphinoethane) moiety is displaced from
Ni(dppe)Cl, and a chloride ion combines with phenolic proton to
form HCL. This is due to the fact that Ni(Il) being ‘hard’ nature
preferring chelation with (N, O) over (P, P). Both the complexes
show quasi-reversible and metal centered successive oxidations
and reductions of the two Ni(Il) ions which are considerably stable
in mixed valence state. Based on the analytical data, the structure of
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Table 3

Summarized interacting receptor residue, interaction mode and binding free energy.

Compound name Target Receptor molecule

Interacting receptor residues

Type of interactions Binding free energy (kcal/mol)

S. No.

1 L;H 1BNA da5, da6, da18, dt19, dg4 Hydrophobic -3.13

2 LH 1BNA da5, da6, dg4, da18, dt19 Hydrophobic —-4.41
da6 H-bonding

3 Complex 1 1BNA da5, da6,da18, dt7, dg4 Hydrophobic -6.32

4 Complex 2 1BNA da5, da6,da18, dt7, dt4 Hydrophobic —6.44

the complexes is optimized following the ab initio quantum
chemical calculations at HF level. The study revealed that HF
method may be one of the adequate method for describing the
structure of the bimetallic Ni(Il) complexes. The investigated li-
gands and complexes bind at the active sites of B-DNA using weak
non-covalent interactions and the minimum binding energy of the
docked complex 2 with B-DNA was found to be —6.44 kcal/mol. On
the idea of experimental and computational effects of the investi-
gated ligands and complexes, these molecular systems may be
beneficial for the design and synthesis of new materials for further
study in coordination chemistry and bioinorganic medicinal fields.
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ABSTRACT

In the present study, three hydroxamic acids (HAs) namely acetohydroxamic acid (AHA),
benzohydroxamic acid (BHA) and oxalohydroxamic acid (OHA) synthesised, characterized
and used as inhibitors for mild steel corrosion in the electrolytic solution of 1M HCI.
Corrosion inhibition property of HAs was evaluated using several chemical, electrochemical,
surface and computational methods. Results showed that studies HAs act as effective
corrosion inhibitors and their inhibition efficiencies follow the order: OHA (96.37%) > BHA
(95.69%) > AHA (93.29%). EIS study showed that studied HAs act as interface type
inhibitors. Polarization study revealed that HAs demonstrate themselves as mixed type
corrosion inhibitors and they adsorb on the active sites of metallic surface. Adsorption of
HAs on metal-1M HCI interfaces followed the Langmuir adsorption isotherm model. Surface
morphological analyses of inhibited and uninhibited metallic surface were carried out using
SEM-EDX and XRD methods. DFT analyses showed that studied compounds act as
chelating type of ligands. Effect of Keto-enol tautomerism and different possible
conformational isomers on metallic corrosion inhibition was demonstrated. The
conformational isomers in which >C=0 and —OH (hydroxyl ) groups present in same side
behave as chelating ligands and form relatively more stable complex than that of
conformational isomers in which >C=0 and —OH groups present in opposite side.

Experimental and DFT studies well complimented each other.

Keywords: Tautomers as corrosion inhibitors, conformational isomers, chelating corrosion
inhibitors, Hydroxamic acid and Langmuir adsorption isotherm.
1. Introduction

Corrosion is a process in which metallic materials undergo degradation through
chemical and/ or electrochemical reactions with the components of the surrounding
environment. Corrosion is a natural and spontaneous process in which a pure metal converts
in to its relatively more stable oxide, chloride, carbonate and sulphate etc. Though, complete
prevention of metallic corrosion is practically impossible however the rate of corrosive
dissolution and its adverse effect can be minimized using previously used methods of
corrosion mitigation such as alloying, dealloying, coatings, paintings, passivation and
corrosion inhibitors [1-4]. Basic requirements for a compound to be used as corrosion
inhibitor are shown in Fig.1. Use of synthetic corrosion inhibitors is one of the most effective

methods because of their ease of synthesis and high inhibition effectiveness. Most of the
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well-know corrosion inhibitors are heteroatoms (N, O, P, and S) and aromatic rings
containing compounds. Obviously, polar functional groups such as —-OH, -OMe, —NH,, —
NH-, —-COOH, -CN, —O—, -NO;, -CONH,;, —COOC;Hs and —N=N- etc. [5-12] enhance the
solubility of organic inhibitors in polar electrolytes. Heteroatoms of the polar functional
groups also act as adsorption centers as they can transfer their non-bonding electrons to the
metallic d-orbitals through coordination boding [13-15]. Along with non-bonding electrons of
heteroatoms, multiple bonds of aromatic rings and side chain also favour the adsorption of
organic inhibitors on metallic surface through drn-pzn bonding type of interactions. Problem of
the corrosive dissolution is even more severe during acid cleanings of metallic ores that
acquire the implementation of aggressive solutions such as HCI, H,SO4, HNO3, NaCl and
H3;PO, etc. Some of the common industrial cleaning processes are acid pickling, descaling,

acid descaling and oil-well acidification [15-20].

Hydroxamic acids (HAS) represent a special class of organic compounds that possess
several biological and industrial applications. Hydroxamic acid and its derivatives are
reported as potential biological agents toward anti-asthmatic and anti-inflammatory activities
[21]. Additionally, HAs form highly stable complexes with transition metal cations due to the
presence of several electron rich (donor) oxygen and nitrogen heteroatoms. The HAs can be
regarded as chelating ligands as they possess at least two electron rich sites (non-bonding
and/or m-electrons) that can form coordination bondings with the metallic d-orbitals [22,23].
Because of their high complexation ability, HAs are expected to possess high adsorption
tendency on metallic surface. Therefore, HAs can be used as one of the best alternatives to
traditional existing corrosion inhibitors that generally show low efficiency at relatively high
concentration. In view of this, some of the authors recently reported the corrosion inhibition
effect of hydroxamic acids [24, 25]. Because of their natural and biological activities, HAs
can be regarded as green and environmental friendly alternatives to the traditional toxic

corrosion inhibitors.

Herein, three hydroxamic acids (HAs) designated as AHA, BHA and OHA are used as
corrosion inhibitors for mild steel in 1 M HCI medium. Inhibition efficiencies of the HAs
were measured using chemical (weight loss), electrochemical (EIS and PDP), surface (SEM
and EDX) and density functional theory (DFT) methods. All the studied HAs showed
reasonably good protection efficiencies for mild steel in 1M HCI. DFT study is also carried
out to demonstrate the effect of different tautomeric forms o tested HAs on their protection

capability. Generally, HAs are represented as RC(O)N(OH)R' and different conformational
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isomers can be constructed for three studied HAs based on the orientation of R and R’. DFT
study was also performed for different conformations isomers of investigated HAs to
demonstrate the effect of relative orientation of different groups on the corrosion inhibition
performance. Outcomes of the study revealed that AHA, BHA and OHA act as chelating
ligands and form stable complexes with metallic surface. Protection efficiency of the tested
compounds was first of all investigated using weight loss method and supported by
electrochemical studies using potentiodynamic polarization and electrochemical impedance
spectroscopic methods. Surface morphology studies and adsorption behaviour of investigated
compounds was determined using SEM-EDS and XRD methods. DFT study was undertaken
in order to describe the nature metal-inhibitor interactions. DFT study also carried out to
demonstrate the effect of different tautomers and conformational isomers of AHA, BHA and
OHA on MS corrosion in 1M HCI. Several experimental and computational indices were
computed and described. The order of protection efficiencies of tested HAs derived from
chemical, electrochemical and surface investigations were well complimented by DFT

studies.

2. Methods and Materials
2.1. Synthesis of HAs

Acetohydroxamic acid (AHA) was synthesized as per the previously used method [26]. In
brief, 15 ml double distilled water, 12 ml ethanol and 7g crystalline hydroxylamine
hydrochloride were taken in a 500 ml round bottom flask. The mixture was allowed to stir
until the above reaction mixture becomes clear. After that, 20 ml of sodium hydroxide (10
mol/L) was added slowly. Temperature of the reaction mixture was maintained at 20°C. In
the above reaction mixture, ethyl acetate (0.1 mol) added gradually at room temperature and
kept in ice bath for cooling. To the above reaction mixture concentrated HCI was added to
decrease the pH level up to 6. After that, 100 ml ethanol was added to above reaction mixture
to get yellow colored precipitate. The precipitate was dissolved in a mixture of ethyl acetate
and acetone. After proper dissolution, the above reaction mixture cooled to room temperature
and kept overnight in freezer to get white crystals of acetohydroxamic. AHA showed the
melting point of 88°Cx1. Similarly, BHA was prepared using the protocol described
previously [26]. 1.4 of hydroxylamine hydrochloride and 2.1 g sodium carbonate (anhydrous)
were dissolved in 50 ml ether. Above reaction was stirred to get a homogeneous reaction
mixture using a magnetic stirrer. At constant stirring, 2.8 g benzoyl chloride and 3.5 mi

double distilled water were added slowly. The above reaction mixture was stirred for 30
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minute. The residual solvents (mainly ether) were removed using rotatory evaporator and
resultant mixture was kept overnight to get crystalline raw material. Finally, crystallization of
the above crude material with ethyl acetate results in to the formation of pure BHA having
the melting point of 128°C +1. For OHA synthesis, 9.0 g of hydroxylamine hydrochloride
and 7.1 g of diethyl oxalate were added drop-wise with proper shaking at 0°C for 25-30
minutes. The precipitate of raw OHA was obtained after some time that was crystallized in
double distilled water to give pure OHA having melting point of 161°C +1[24]. The chemical
structure, IUPAC name, abbreviations, and FT-IR, 1H and 13C NMR characterization data of

investigated HAs are reported in Table 1 and their respective spectra are shown in Fig. S1.
2.2. Test material and electrolyte

Mild steel sheet having chemical composition of (%) C = 0.18, O =0.08, S = 0.06, P = 0.04,
Cr = 0.04 and reminder Fe was used for the preparation of test specimens for weight loss,
electrochemical and surface analyses. The metallic specimens were abraded using emery
papers of different (400-1200) grades, washed (with water), and degreased with acetone. The
analytical grade HCI (37% HCI MERCK) was used for the preparation of test electrolyte of 1
M HCI electrolytic. Protection efficiency of HAs was determined at their different
concentrations ranging from 20-80 ppm.

2.3. Weight loss measurement

Weight loss or gravimetric study is one of most simple, reliable, effective, reproducible, and
cost-effective methods for the determination of inhibition efficiency of corrosion inhibitors
that does not require employment of any tedious process and expensive instruments. Several
useful indices including corrosion rate (p), surface coverage (€) and inhibition efficiency
(%n) can be derived using weight loss experimentation. Using weight loss technique,
protection efficiency of HAs was measured at their different concentrations in the
temperature range of 298-328 K. The weight loss tests were performed for the immersion
time of 6h. Weight loss experiments (at each concentration) were triply performed and
maximum observed standard derivations were less than 2%. The corrosion rates (p) values for

mild steel corrosion in acidic medium were calculated using the following equation [27]:

A
p ="



where, AW, A and t represent the weight loss (in mg), the metallic surface area (in cm?) and
immersion time (6h), respectively. Using corrosion rate (p) values, the inhibition efficiency

(%n) was evaluated using following equation [27]:

1 2
%n ={¢2—=23 x 100 (2)

p
Where p' and p? represent the corrosion rate values for mild steel corrosion in 1M HCI with

and without HAs, respectively.
2.4. Electrochemical analyses

Potentiostat Gamry Echem Analyst 5.0 Software G- 300 model was applied for
electrochemical studies. The instrument consists of platinum as a counter electrode, mild steel
as a working electrode and SCE as a reference electrode. The electrochemical studies were
performed after immersing the MS in 1M HCI for 30 minute in order to get open circuit
potential (OCP) established. For EIS study, an AC signal of 10 mV amplitude in the
frequency range of 100 kHz-0.01 mHz was employed. The Nyquist curves for MS corrosion
were fitted in suitable equivalent circuit (Fig. 6). The equivalent circuit consists of solution
resistance (R;), a charge transfer resistance (R.) and a constant phase element. The values of
charge transfer resistance and inhibition efficiency (%#) at different concentrations of HAs
were derived using following equation [28]:

%n = % x 100 3)

In above equation, Reinny and Re: represent the charge transfer resistances for MS corrosion
with and without HAs, respectively. For polarization studies, MS potential allowed to scan in
the potential range of -250 to +250 V at the constant scan rate of 1 mV s (with respect to the
potential of SCE) [21]. The obtained anodic and cathodic Tafel curves were extrapolated to
get the values of corrosion current densities (icorr) through which inhibition efficiencies (%)

at several concentrations of HAs were calculated using following relationship [29]:

%T] — icorr_.icorr(inh) X 100 (4)

lecorr

where, icorr and icorr (inn), represent the values of corrosion current densities for MS corrosion in
1M HCI without and with HAs, respectively.

2.5. SEM-EDS and XRD studies
The scanning electron microscope (SEM) coupled with electron dispersion X-ray

spectroscopy (EDS) analyses were carried out to support the electrochemical studies. For



SEM-EDX analyses, MS surfaces are allowed to corrode freely in test electrolyte (1M HCI)
in the absence and presence of 80 ppm concentration of HAs. After 6h immersion time,
surfaces of the corroded specimens were examined using SEM-EDX methods. The ZEISS
EVO SEM 18/ INCA 250 EDS XMAX with a detector (20mm) Oxford model was employed
for SEM-EDS analyses. X-ray diffraction (XRD) analysis was carried out to determine the
nature of protective layer deposited on the surface of metal. The stretch samples collected
from the inhibited (80 ppm) and uninhibited metallic surfaces were used for XRD analysis.
The PAN Analytical, Netherland X-ray diffractometer was used for this purpose.

2.6. DFT analyses

Density function theory (DFT) based quantum chemical calculations were performed to
support the experimental studies. Recently, DFT has emerged one of the most powerful
techniques to demonstrate the interactions between corrosion inhibitors and metallic surfaces.
In the present study, interactions of HAs and MS surface were demonstrated using Gaussian
09 and basis set of G-31 + G (d, p) basic. The DFT studies were performed on different
possible tautomeric and conformational isomers of HAs. Using DFT studies, energies of
frontier molecular orbital pictures (Eqomo and E_uwmo) and different related indices were

derived using following relationships [30]:

IE =—E, om0 ®)
EA= _ELUMO (6)
1 1
77=§(|E_EA):§(_EHOM0 + ELUMO) ()
1
o=—
d (8)
1 1
Z=E(IE+ EA)ZE(_EHOMO —E umo) 9)
AN = Xee — Xinn
2(1ge + Mion) (10)



For the calculation of AN (fraction of electron transfer) values, work function of iron (4.88
eV) was used instead of electronegativity of iron. The lowest energy crystalline iron (110)

surface was selected for fraction of electron transfer (AN110) calculation.

3. Result and discussion

3.1. Weight loss measurements

Effect of AHA, BHA and OHA concentration on MS corrosion in 1M HCI at the different
temperatures is presented in Table 2. It can be clearly seen that protection efficiency of AHA,
BHA and OHA increases with increasing their concentrations and maximum increase was
observed at 80 ppm concentration. Obviously, increase in the AHA, BHA and OHA
concentration results consecutive raise in the surface coverage that result in to the
corresponding increase in their protection efficiency. Inhibition efficiencies of the HAs
followed the order: OHA (96.37%)> BHA (95.69%)> AHA (93.29%). Difference in
protection efficiencies of AHA, BHA and OHA can be explained on the basis of their
molecular structures. The higher protection efficiency of BHA as compared to AHA can be
explained on the basis of the presence of aromatic (phenyl) moiety instead of methyl group of
the AHA. Presence of three additional double bonds of the aromatic ring enhances the
effectiveness of BHA adsorption on MS surface due to drn-np interactions. OHA contains
additional -CO-NH-OH moiety at the place of phenyl ring of BHA. The -CO-NH-OH of
OHA should be considered as more electron donor as compared to the aromatic ring of BHA
as former contains two oxygen and one nitrogen atoms and one double bond in the form of
carbonyl group that can form more strong complex with metallic d-orbital than that of the
three double bonds of latter. Careful observation (Table 2) showed that protection efficiencies
of the AHA, BHA and OHA decrease on increasing the temperature. Increase in temperature
may results into the fractionation, arrangement or/ and decomposition of the HAs molecules
that can adversely affect their protection power. More so, increase in Kinetic energy of the
HAs at elevated temperature can also decrease the adsorption abilities of AHA, BHA and
OHA molecules [31].

3.2. Adsorption isotherm

Adsorption isotherm analysis is one of the most important aspects of metal-corrosion
interactions. Langmuir adsorption isotherm is the most common and frequently used isotherm

models that can be presented using following relationship [32]:



1

Cc
i +C (11)

ads

where, Kags represent adsorption-desorption constant. In the present study, Langmuir
adsorption isotherm model was well fitted with correlation coefficient (R?) values close to
unity. Using Kags values, the standard free energy of adsorption (AGags) values were calculated
using following equation [32]:

AGags = -RT In (55.5 Kads) (12)

Here, numerical value of 55.5 denotes the molar concentration of water and R is the gas
constant and T represents the absolute temperature.The values of Kygs and AGgyqs at different
studied temperatures are presented in Table 3. High numerical values of K,y showed that
AHA, BHA and OHA have strong ability to adsorb on metallic surface. Negative values of
AGgqs revealed that AHA, BHA and OHA spontaneously adsorb on metallic surface using
their electron rich centers. Literature survey reveals that AGyqs value of -40 kJ mol™? or more
negative is consisted with chemisorption while its value of -20 kJ mol™ or less negative is
consistent with physisorption mechanism [25,26]. Results presented in Table 3 showed that
adsorption of the AHA, BHA and OHA on MS surface obeyed the physiochemisorption by
means of minor supremacy of physisorption mechanism as values of AGyys for AHA, BHA
and OHA are more close to -20 kJ/mol as compared to the -40 kJ/mol[33-34].

3.3. Electrochemical analysis
3.2.1. Potentiodynamic Polarization (PDP)

Anodic and cathodic Tafel curves for MS corrosion in 1M HCI with and without AHA, BHA
and OHA at their different concentrations (40 - 80 ppm) are shown in Fig. 3 (a-c) and various
PDP parameters such as inhibition efficiency (%), corrosion potential (Ecor), corrosion
current density (icorr), cathodic (4:) and anodic (4,) Tafel slopes are summarized in Table 4.
From Fig.3 it can clearly seen that shape of anodic and cathodic curves are significantly
affected in the presence of AHA, BHA and OHA indicating that they exert remarkable
anticorrosion effect on both anodic and cathodic reactions [35,36]. More so, careful
observation of the results presented in table 4 showed that corrosion current density values
are much lower in the presence of AHA, BHA and OHA than that of in their absence. This
observation suggests that AHA, BHA and OHA effectively adsorb on the metallic surface

using their electron rich centers and block the active sites responsible for the corrosion [35-
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36]. Observation of the results also showed that presence of AHA, BHA and OHA did not
cause any significant shift in the value of corrosion potential (Ecor) indicating that AHA,
BHA and OHA act as mixed type inhibitors [37-39]. The order of protection efficiencies of
AHA, BHA and OHA derived from PDP study was consistent with the order of protection

efficiency derived using weight loss method.
3.2.2. Electrochemical impedance spectroscopy (EIS)

EIS is one of the most important electrochemical methods to demonstrate the interfacial
behaviours of corrosion inhibitors. Nyquist plots for MS corrosion in 1 M HCI at different
AHA, BHA, and OHA concentrations are shown in Fig. 4 (a-c). Nyquist plots represent a
single semicircle indicating that MS corrosion with and without AHA, BHA and OHA
involve a single charge transfer (SCT) mechanism. The SCT mechanism of MS corrosion in
1M HCI with and without AHA, BHA and OHA was further reinforced by single maxima in
the Bode plots (Fig.5). Increase in the diameter of the Nyquist curves on increasing the AHA,
BHA and OHA concentration is attributed to the increase in the value of charge transfer
resistance due to AHA, BHA and OHA adsorption at the MS-1M HCI interfaces. This finding
suggests that AHA, BHA and OHA act as interface type inhibitors and their presence results
in to formation of protective film at metal-electrolyte interfaces [40]. Equivalent circuit used
for fitting of Nyquist curves is presented in Fig. 6[41]. The double-layer capacitance (Cq) for

MS corrosion can be presented as follows [42]:
Car = Yo(a)max)”_l(l3)

where, n and Y, represent the phase shift and exponent, respectively. o represents the angular
frequency. Different EIS parameters are summarized in Table 5. Increase in the value of R
and decrease in the values of Cg is attributed to the adsorption of AHA, BHA and OHA on
metallic surface and increase in the thickness of electric double layer, respectively [43-45].

3.4. SEM-EDS analyses

SEM images and EDX spectra of MS surfaces corroded in 1M HCI with and without AHA,
BHA and OHA are shown Fig. 7 (a-d) and Fig. 8 (a-d), respectively. It can be clearly seen
that morphology of the MS surfaces are much smoother in the presence of AHA, BHA and
OHA than that of in their absence. This observation reveals that AHA, BHA and OHA adsorb
on metallic surface and protect from corrosive degradation. The adsorption of the AHA, BHA

and OHA on MS surface was further supported by EDX spectral analyses. Increase in the
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intensity of EDX signal for oxygen and presence of additional signals for heteroatoms (Table
6) in the presence of AHA, BHA and OHA validate the adsorption mechanism of corrosion
inhibition.

3.5. X-ray diffraction (XRD) analysis

Recently, XRD has immersed as one of the potential tool for the identification of crystalline
phase and to identify the nature of protective layer deposited onto metallic surface. Fig. 9
represents the XRD patterns of the inhibited and uninhibited scratched samples. Fig. 9a
depicts the XRD pattern of scratched sample of mild steel surface in the presence of 1 M
HCI. The XRD pattern shows three peaks at 26 = 37.2°, 43.5°, 44.7° and 54.8° which is
resulted due to deposition of surface metallic oxides (Fe;0, and FeOOH) [31, 46]. Careful
observation (Fig. 9b-d) showed that XRD patterns of the scratched samples containing AHA,
BHA and OHA showed XRD peaks of little intensities. The decrease in intensities of XRD

patterns indicates the non-crystalline nature of deposit protective oxide layers.
3.6. Quantum chemical calculations

DFT based quantum chemical calculation is one of the most significant and frequently used
computational methods to demonstrate the adsorption and interaction behaviour of corrosion
inhibitors [47-50]. Recall that several DFT based parameters such as E umo (Lowest
Occupied Molecular Orbital), Enomo (Highest Unoccupied Molecular Orbital), dipole
moment (u), energy gap (AE), electron transfer fraction (AN), global hardness () and
electronegativity (y) are computed from the keto and enol forms and some of the major
conformational isotherms of AHA, BHA and OHA and are presented in Table 7. From the
frontier molecular orbital picture it can be seen that HOMO and LUMO are localized over the
entire parts of the AHA, BHA and OHA molecules. This observation suggests that they act as
strong electron donor as well as strong electron acceptor. Obviously, HOMO defines the part
of inhibitor molecules responsible for electron donation and a higher value of Epomo IS
consistent with high electron donating ability. Conversely, LUMO defines the part of
inhibitor molecules responsible for electron acceptance and a lower value of E ymo IS
consistent with high electron accepting ability [51, 52]. Careful observation of the results
presented in Table 7 showed that AHA, BHA and OHA are associated with relatively high
values of Exomo and lower values of E uwmo therefore they offer strong donor-acceptor
interactions with the metallic surface and act as effective corrosion inhibitors[53]. Frontier
molecular orbital pictures (HOMO and LUMO) for AHA, BHA and OHA are shown in Figs.
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10-12. DFT studies were carried out for keto and enol forms of the AHA, BHA and OHA
molecules along with some common conformational isomers. Different conformational
isomers are constructed based on the orientation of hydroxyl (-OH) attached with nitrogen
with respect to the carbonyl (>C=0) functional group as presented in Figs. 10-12.

It is important to mention that C-N bond of AHA Keto-I acquires the bond length of 1.37A
which is relatively lesser as compared to the normal C-N bond length. The reduction in the C-
N bond length is might be due to resonance between carbonyl (>C=0) functional group and
unshared pair electrons of nitrogen. Intermolecular H-bonding between >C=0 (carbonyl) and
—OH (hydroxyl) groups can also plays a significant role in the reduction of C-N bond length.
The H-bond length in Keto-I form (AHA) was 1.96A. In AHA Keto-II form (>C=0 and —-OH
present in the opposite side), observed C-N bond length was 1.40 A. Similarly, C-N and H-
bonding acquire the bond lengths of 1.38 A and 1.93 A, respectively.

The OHA has two hydroxamic acid groups therefore theoretically three major conformational
isomers are possible as presented in Fig. 12. It important to notice that AHA, BHA and OHA
in their keto and enol forms do not show any remarkable change in the DFT parameters.
Similarly, different conformational isomers also did not show any remarkable change in their
values of DFT indices. However, careful observation of the DFT results presented in Table 7
showed that conformational isomeric forms of AHA, BHA and OHA in which >C=0 and —
OH (hydroxyl) groups present in same side are more effective corrosion inhibitors than that
of their enol-tautomeric forms. This can be explained on the basis of complexation behaviour
of AHA, BHA and OHA with metallic d-orbital. Obviously, in keto-tautomeric form in which
>C=0 and —OH (hydroxyl ) groups present in same side behave as chelating ligands and form
relatively more stable complex than that of the conformational isomeric forms of AHA, BHA

and OHA in which >C=0 and —OH groups present in opposite side.
3.7. Corrosion inhibition mechanism

It is well established that most of the organic compounds interact with metallic surface using
donor-acceptor or charge sharing mechanism. Mostly, they interact with physiochemisorption
mechanism. Physisorption is mostly occurs via the interaction between charge metallic
surface charged inhibitor molecules whereas chemisorption takes place through charge
sharing between metallic orbitals and inhibitor molecules. Several factors including
temperature, nature of metal and electrolyte, immersion time etc. affect the adsorption

behaviour of the inhibitor molecules. Nevertheless, adsorption of inhibitor molecules results

13



into the formation inhibitive films that isolate the metal from corrosive environment [54]. It is
established that in acidic medium, adsorption of organic inhibitors containing heteroatoms in
their molecular structures proceeds through physisorption and finally chemisorption. The
compounds tested as corrosion inhibitors in the present study contain numerous electron rich
centers through which they can effectively adsorb and inhibit metallic corrosion. These
electron rich centers transfer their non-bonding and w-electrons into surface metallic orbital
and form coordination bondings [55,56]. The adsorption behaviour of different tested

corrosion inhibitors is illustrated in Fig. 13.
4. Conclusions

In the present study, corrosion inhibition effect of three hydroxamic acids namely
acetohydroxamic acid (AHA), benzohydroxamic acid (BHA) and oxalohydroxamic acid
(OHA) for mild steel corrosion is evaluated using chemical, electrochemical, surface and

DFT methods. Following conclusions were drawn:

1. AHA, BHA and OHA act as effective corrosion inhibitors for mild steel in 1M HCI

2. Their effectiveness followed the order: OHA (96.37%)> BHA (95.69%)> AHA
(93.29%).

3. Potentiodynamic polarization study showed that AHA, BHA and OHA behaved as
mixed type corrosion inhibitors.

4. EIS study showed that AHA, BHA and OHA behaved as interface type.

5. Adsorption of AHA, BHA and OHA at the interface of MS and 1M HCI obeyed the
Langmuir adsorption isotherm model.

6. DFT study suggests that AHA, BHA and OHA interact with donor-acceptor
interactions.

7. In conformational isomeric forms of AHA, BHA and OHA in which >C=0 and —-OH

(hydroxyl) groups present in same side behave as chelating ligands.
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Figure 2: Langmuir plots of Log C (ppm) vs Log (6/1-6) for adsorption of OHA, BHA and
AHA molecules on MS surface in 1M HCI.
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Figure 3: Potentiodynamic polarization curves for mild steel in molar concentration of
hydrochloric acid (1 M HCI) and different concentrations (40-80 ppm) of (a) OHA, (b) BHA
and (c) AHA at room temperature.
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Figure 7:SEM microphotographs of mild steel in molar concentration of hydrochloric acid (1
M HCI) after 6h immersion period at 298 K (a) after immersion in 1 M HCI, (b) after
immersion with 80 ppm OHA, (c) after immersion with 80 ppm BHA and (d) after immersion
with 80 ppm AHA
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Figure 8:EDS spectra of mild steel coupons in molar concentration of hydrochloric acid (1 M
HCI) (a) after immersion in 1 M HCI, (b) after immersion with 80 ppm OHA, (c) after
immersion with 80 ppm BHA and (d) after immersion with 80 ppm AHA.
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Fig. 13: Possible adsorption mechanism of a) AHA b) BHA and, ¢c) OHA onto metal surface
in 1 M HCI aqueous solution.
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Table 1: IUPAC names, Chemical structures, abbreviations and analytical data of the
investigated inhibitor (AHA, BHA and OHA) molecules.

S. IUPAC name Structures Analytical and spectral data
No.
1  N-hydroxyacetamide o) CoHsNO,; Mol. wt.:75.07D; M. P.:
(Acetohydroxamic acid) AHA )J\ _OH 88°C+1, IR (KBr): 3227.85, 2868.93,
HsC H 1659.64, 1449.79, 1376.02; ‘HNMR
(DMSO, & ppm): 8.72, 2.1, 2.2;
BCNMR (DMSO, &, ppm): 173.9,
38.8
2  N-hydroxybenzamide o) C;H;NO;; Mol. wt.:231.20D; M. P.:
(Benzohydroxamic acid) BHA @-{ 128°C 1, IR (KBr): 3298.05,
NH 2754.55, 1646.72, 1636.44, 1315.86;
'HNMR (DMSO, &, ppm): 7.61, 7.8,
2.60; BCNMR (DMSO, & ppm):
164.6, 128.81, 39.94
N LN 2-dihydroxyoxalamide HO—NH C,H4N204; Mol. wt.:120.06D; M. P.:
(Oxalohydroxamic acid) OHA o 161°C  #1, IR (KBr):3271.87,
HN——C 1654.81, 1442.14; 'HNMR (DMSO,
\ N 5, ppm): 10.2, 2.5; *CNMR (DMSO,
HO 8, ppm): 157.20

3
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Table 2: Parameters derived from weight loss measurements in the absence and presence of

inhibitors at different concentrations (20-80 ppm) and temperature (298 — 328 K) for mild

steel in 1 M HCI.
Inhibitor Conc. Corrosion Rate, Inhibition Efficiency (%I1E)
p, (mgcm?h™)
(Ppm)

298K 308K 318K 328K 298K 308K 318K 328K

OHA Blank 0.854 1.562  3.088 4.665 - - - -
20 0.085 0.245  0.631 1.021 90.04 8431 79.57 78.11
40 0.069 0.201  0.587 0.880 91.92 86.56  80.99 81.14
60 0.049 0.168  0.513 0.755 94.26 89.24  83.39 83.82
80 0.031 0.122  0.445 0.704 96.37 9219 85.59 84.91

BHA Blank 0.766 1.585  3.447 4.878 - - - -
20 0.098 0.255 0.744 1.302 87.20 83.91 7841 73.31
40 0.075 0.214  0.589 1.213 90.20 86.49 8291 75.13
60 0.050 0.198  0.502 1.156 93.47 8750 85.44 76.30
80 0.033 0.172  0.455 1.103 95.69 89.14  86.80 77.39

AHA Blank 0.954 1.445 3.144 4,551 - - - -
20 0.131 0.252  0.568 1.222 86.26 8256 81.93 73.15
40 0.112 0.213 0514 1.178 88.26 85.26  83.65 74.12
60 0.087 0.178  0.495 1.104 90.88 87.68  84.25 75.74
80 0.064 0.153  0.466 0.998 93.29 89.41 85.18 78.07

Table 3: Gibb’s free energies (AGags) and adsorption constants (Kags) values without and with
inhibitors at different concentration (20-80 ppm) and temperature (298 — 328 K) for mild
steel in 1 M HCI.



Inhibitor Temp. (K) R Kads AGags

(L mol™) (kd mol )
OHA - - - -
298 0.9993 416.66 -24.890
308 0.9983 294.12 -24.833
318 0.9988 322.58 -25.882
328 0.9978 322.58 -26.705
BHA - - - -
298 0.9992 312.50 -24.177
308 0.9980 500.00 -26.198
318 0.9969 555.50 -27.318
328 0.9978 303.03 -26.524
AHA - - - -
298 0.9989 344.83 -24.422
308 0.9995 344.83 -25.240
318 0.9999 322.58 -25.882
328 0.9985 333.33 -26.794

Table 4: Parameters derived from Tafel polarisation in the absence and presence of inhibitors
at different concentration (20-80 ppm) and temperature (298 — 328 K) for mild steel in 1 M
HCI.

Inhibitors Concentration Tafel polarisation parameters

43



(Ppm)

leorr Ecorr Ba B Yonpeory  YOIEwL)
(Wcmz) (mV vs SCE) (mv dec-l) (mv dec-l)
Blank 86.31 -518 270.9 305.5 - -
OHA 40 8.707 -507 85.22 142.6 89.91 91.92
60 6.285 -500 77.60 188.2 92.71 94.26
80 4.557 -491 82.67 161.3 94.72 96.37
BHA 40 11.13 -522 58.81 58.33 87.10 90.20
60 08.86 -504 75.24 128.5 89.73 93.47
80 05.18 -507 84.41 140.4 93.99 95.69
AHA 40 12.25 -510 110.4 192.0 85.80 88.26
60 09.36 -504 124.4 222.1 89.15 90.88
80 07.58 -518 107.1 131.3 91.21 93.29

Table 5: Parameters derived from electrochemical impedance spectroscopy (EIS) in the
absence and presence of inhibitors at different concentration (20-80 ppm) and temperature
(298 — 328 K) for mild steel in 1 M HCI.
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Inhibitor Conc. (ppm) Rs () Ret (Q em?) Cal (0F cm™) %Rl %I EwL
Blank 0.985 05.22 122.4 - -

OHA 40 1.522 88.40 83.51 94.09 91.92
60 0.906 131.2 80.23 96.02 94.26

80 0.844 181.7 69.95 97.12 96.37

BHA 40 1.022 29.83 107.8 82.50 90.20
60 1.561 73.48 87.45 92.89 93.47

80 2.314 166.2 63.02 96.85 95.69

AHA 40 1.554 25.22 74.01 79.30 88.26
60 1.582 74.09 52.23 92.95 90.88

80 3.498 119.6 31.14 95.63 93.29

Table 6: Percentage composition (wt %) of elements of mild steel surface in the absence and

presence of inhibitors (80 ppm each) obtained from EDS spectral method.
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Media

Mild Steel (MS)
MS in 1 M HCI

MS in AHA + HCI solution
MS in BHA + HCI solution

MS in OHA + HCI solution

Composition (wt %)

Cl
99.60 -
92.92 5.88
88.71 0.31
87.15 0.40
87.15 0.48

O
0.08
1.20

3.41

3.30

3.42

C

0.18

4.44

5.04

5.13

S
0.06

0.03

3.13

411

3.80

Cr

0.04

Table 7: DFT parameters derived for different tautomers and conformational isomers of

AHA, BHA, OHA.

Compound Ervomo | ELumo AE IE EA n X c
(eV) (eV) (eV) V) | (eV) (eV)
AHA
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Keto-| 650 | 018 | 668 | 650 | 018 | 334 | 334 | 0.299
Keto-lI 6.90 | 020 | 7.10 | 6.90 | 020 | 355 | 355 | 0.281
Enol-I 627 | 078 | 7.05 | 6.27 | -0.78 | 352 | 352 | 0.284
Enol-I1 614 | 080 | 6.94 | 614 | 080 | 347 | 347 | 0288
BHA
Keto-I 647 | -136 | 511 | 647 | 136 | 255 ] 391 | 0.392
Keto-lI 684 | -122 | 562 | 684 | 122 | 287 | 403 | 0348
Enol-I 611 | -1.07 | 504 | 611 | 1.07 | 252 | 359 | 0.39
Enol-1| 6.02 | -092 | 510 | 6.02 | 092 | 255 | 324 | 0.392
OHA
Keto-| 718 | -1.78 | 540 | 7.18 | 1.78 | 270 | 448 | 0.370
Keto-II 6.93 | -0.86 | 606 | 6.93 | 0.86 | 3.03 | 3.89 | 0.330
Keto-111 6.75 | -1.76 | 499 | 6.75 | 1.76 | 249 | 4255 | 0.401
Enol-I 626 | -112 | 514 | 626 | 112 | 257 | 3.69 | 0.389
Enol-11 6.30 | -0.82 | 548 | 6.30 | 0.82 | 274 | 356 | 0.364
Enol-11I 601 | -1.06 | 496 | 601 | 1.06 | 248 | 353 | 0.403
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Highlights

. Three hydroxamic acids (HAs) used as corrosion inhibitors for mild steel in 1M HCI.

. Their effectiveness followed the sequence: OHA (96.37%) > BHA (95.69%) > AHA
(93.29%).

HAs acted as mixed type corrosion inhibitors.

. Adsorption of HAs on metal-1M HCI interfaces followed the Langmuir adsorption
isotherm model.

Effect of Keto-enol tautomerism and different possible conformational isomers was
demonstrated using DFT methods.
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Abstract

Heteroatoms (such as phosphorous, sulphur, oxygen and nitrogen) containing organic molecules exhibit remarkable effi-
ciency towards corrosion inhibition. Their efficiency is attributed to the presence of lone pair of electrons and pi electrons
in the molecule, due to which they are easily deposited on the metal surface. However, the organic compounds containing
less electronegative heteroatoms generally show higher inhibition efficiency (IE) due to the facile migration of lone pair of
electrons. Acidic solutions are widely used as electrolyte medium. The value of AG (Gibbs adsorption energy) reveals the
nature of the inhibitors adsorb to the metal surface. Gravimetric and electrochemical analyses are extensively applied for the
determination of corrosion inhibition. Similarly, surface analysis and theoretical investigation are also applied for supportive
evidences. The purpose of the present review is to highlight the heteroatom-based potential corrosion inhibitors.

Keywords Heteroatoms - Acidic solution - Corrosion inhibition - Adsorption - Surface chemistry - Electrochemistry

Abbreviations 1 Introduction

WL Weight loss

EIS Electrochemical impedance spectroscopy Corrosion arises as an electrochemical process due to a
PDP Potentiodynamic polarization potential difference on the metal surface. Various cleaning
OCP Open circuit potential processes like acid cleaning, scraping, oil-well cleaning
SEM Scanning electron microscopy and acid pickling processes require aggressive and corro-
EDS Electron dispersion x-ray spectroscopy sive media which causes damage on metallic surface [1-3].
QCC Quantum chemical calculation To prevent the metallic loss, use of corrosion inhibitor is
DFT Density function theory, essential. NACE reported that the worldwide loss due to the
XPES  X-ray photoelectron spectroscopy corrosion is approximately 2.7 trillion dollars per year which
MDS Molecular dynamic simulation is about 4.3% of total GDP (gross domestic product [4, 5].
XRD X-ray diffraction The efficiency of any organic compound depends on its
FTIR  Fourier transform infrared adsorption property onto the surface of metal. Heteroatoms
AFM  Atomic force microscopy (S, P, O, N) containing molecules have lone pair electrons
EDXA Energy dispersive x-ray analysis that facilitate the deposition of molecules onto the metal
GCMS Gas chromatography mass spectrophotometer surface having empty d orbitals. In this way, these organic
HE Hydrogen evolution compounds form a sheet/layer over the metal surface and
CTAB  Cetyl Trimethyl Ammonium Bromide protect from corrosion [6—10]. A large number of organic
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Published online: 19 November 2020

compounds are used as inhibitors which are non-toxic, envi-
ronmental friendly, cheap and highly efficient even in small
quantity [11]. Nitrogen-containing organic compounds have
been studied by many scientists. Research has shown that
the organic compounds in which nitrogen is present with the
aromatic ring show high efficiency as corrosion inhibitors
[12—15]. Similarly, organic molecules containing P, S and O
have been studied extensively, in which corrosion inhibition
efficiency is most prominently found in organic compounds

@ Springer
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containing phosphorus [16—19]. Studies focusing on the col-
lection of some major works suggest that the inhibition effi-
ciency of compounds containing nitrogen, sulphur, oxygen
and phosphorus heteroatoms, in which electronegativities
of these atoms are in the order phosphorus =2.10> Sul-
phur=2.60 > nitrogen =2.98 and oxygen =3.48, which is
just reverse to their electronegativity order [ref]. Organic
molecules exhibit good inhibition efficiency when they
contain polar functional group like —-OH, —OR, —SH, -SR,
—CONH,, -COOH, —-COOR, —-COR, —-COCl, —COBr, —COlI,
—S-S—, -SOR, -PO3, -PO, by offering strong bonding with
metallic surface [20-22]. Electrochemical and gravimetric
analyses are commonly used techniques for corrosion moni-
toring. Gravimetric analysis is normally done for primary
investigation to find out the efficiency of these inhibitors.
SEM and EDS studies are used for the determination of
changes on metal surface and composition on metal sur-
face, respectively. Similarly computational calculations such
as MD simulation and density function theory (DFT) are
also applied to support the experimental findings [23-26].
Figure 1 represents the general criteria for a good inhibitor.

Fig. 1 General characteristic of
inhibitor molecules

~2
\io 3

Jd

General
requirements
of
inhibitors

@ Springer

2 Adsorption Mechanism of Inhibitors

Adsorption of inhibitor molecules on metal surface can be
regarded as donor—acceptor mechanism in which heteroatoms
and pi electron containing inhibitor molecules donate unshared
electrons towards vacant d orbitals of metallic surfaces. Hetero
atoms (N, P, S, O) containing organic compounds commonly
react like nucleophiles in chemical reactions. Generally, due
to their electron donation tendency, they generally behave like
Lewis bases. Corrosion inhibitor molecule with heteroatom(s)
contain lone pair of electrons, which can be shared to vacant
d orbital(s) of metal cation, leading to the formation of a pro-
tective layer on the metal surface. The effective interaction
between molecules and metal depends on the chemical char-
acter such as polar properties, pi bonds in the inhibitors and
vacant sites in metallic surface [27]. Inhibitor molecules are
strongly absorbed on the metal surface by these polar groups
and pi electrons. Usually, anion of electrolyte in corrosive
medium forms a protective layer onto metal surface by which
protonized organic compounds are attracted via electrostatic
interaction to form protective layer and thus protect the metal-
lic surface [28-30]. It has been established that the negative
AG reveals strong interaction between metal and inhibitor

Greenness : Non toxic to living
organisation and environment

Solubility of inhibitor
molecule

Should contain functional group
containing heteroatom like P, N, O, S

Inhibitor molecule should posses bulky
group extended pi bond and active site

surface area of metal surface

5 Availibility to cover large j
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[31]. Adsorption of molecules may be chemical or physical
type. In general, a chemisorption is one in which the value
of AG is <40 klJ/mol, whereas if the value of AG is <20 kJ/
mol, it is called a physisorption. The AG value between — 20
and — 40 kJ/mol indicates a mixed type nature of inhibitors.
Previous studies reveal that inhibitor molecules are deposited
onto metal surface without modifying the mechanism of the
corrosion process and obeying Langmuir adsorption isotherm
[32-35]. The different isotherms were characterized by the
following given mathematical model [36]:

1

ads

Langmuir isotherm = ¢ = +C (D)

Temkin isotherm = log(g) =logK,,; — g0 2

Frumkin isotherm = log<ﬁ> = logK ; — 89, ?3)

where K, ;. is the adsorption constant; 8 is the surface cover-
age; C is the inhibitor concentration.
Various techniques are applied in order to explain nature

of inhibitors, their adsorption behaviour, mechanism and

HOMO (AIZ-1)

MEP (AIZ-1)

MEP (AIZ-2)

degree of adsorption onto the metallic surfaces in various
corrosive media. Recently, DFT and MD simulation analyses
have extensively been used for theoretical insight into the
experimental results. Furthermore, MD simulation reveals
the flat orientation of inhibitor molecules onto metallic
surface providing the adsorption behaviour of inhibitors.
Similarly, DFT calculation correlated the structure and
chemical reactivity of inhibitors towards metal. Srivastava
et al. reported the amino acid-based imidazolium zwitteri-
ons (AlZs) as potential green corrosion inhibitors in acidic
medium. Figure 2 represents the various DFT parameters
like HOMO, LUMO for AIZs in protonated form and Fig. 3
shows the MD simulation of AIZs in which inhibitor flat ori-

entations exhibited good co-relation with E; , values [114].

3 Organic Corrosion Inhibitors

3.1 Organic Compounds as Mild Steel Corrosion
Inhibitor

Heteroatoms (O, P, N, S) containing organic molecules
have been extensively studied for the MS corrosion

MEP (AIZ-3)

Fig.2 The HOMOs, LUMOs and molecular electrostatic potential (MEP) structures of protonated AIZs (Copyright @ Elsevier 2017)

@ Springer



(2021) 7:15

Journal of Bio- and Tribo-Corrosion

Page 4 of 18

15

sevier 2017)

sive solution (Copyright @ El

sorption of the AIZs onto Fe (110) metal surface in corro

side views of the final ad:

Fig.3 Top and

pringer

Qs



Journal of Bio- and Tribo-Corrosion (2021) 7:15

Page50f18 15

inhibitor. Jia et al. investigated the inhibition properties of
L-Cysteine derivatives namely NASHCYS, NACYS, NAS-
BCYS and CYS in 1 M HCI corrosive solutions for mild
steel. DFT, MD simulation, PDP and WL methods were
used for the investigation. Results revealed that the NAS-
BCYS acts as the most efficient corrosion inhibitor among
studied inhibitors [37]. Muthukrishnan et al. tested the
inhibition efficiency of CDHBAP against mild steel in cor-
rosive solution of 1 M H,SO, by applying AC impedance,
PDP and WL techniques. Results revealed that CDHBAP
showed 99% IE at 100 ppm concentration. SEM and FTIR
confirmed the formation of protective barrier over metal
surface [38]. Ousslim et al. investigated mild steel corro-
sion inhibition performance of two piperazine derivatives
P1 and P2 in aggressive solution of 3.9 M HCI using PDP
and WL techniques where inhibitor P2 reported as cathodic
nature showed 92% IE at 10~ M concentration following
Langmuir model [39]. Mohamed studied Quinine as corro-
sion inhibitor for LCS at hydrochloric acid solution using
PDP and EIS methods and reported inhibition efficiency
of 96% at 0.48 mM concentration [40]. Rajeswari et al.
studied the inhibition performance of three Schiff bases on
cast iron in aqueous solutions of NaCl, NH,CI, NaOH and
HCI. Synergism of KI was done to study the additive effect.
Electrochemical measurements and weight loss method
were used for this purpose. Results revealed that at low
temperature inhibition efficiency decreases which increases
with increase in concentration. It was further noticed that
with and without KI the adsorption of Schiff bases obeyed
Langmuir adsorption isotherm [41]. EIS and PDP analyses
revealed that amino acids with more alkyl length effectively
inhibit the metal corrosion [42]. Organic inhibitors namely
MIHT and BIHT showed inhibition efficiencies of 91.5%
and 98.3%, respectively, at their optimum concentrations
and act as mixed nature [43]. Inhibition efficiency of 90.5%
was exhibited by Inh III (R =-OCH;) at optimum concen-
tration (303 K) [44]. Gemini surfactant showed %IE of
94.2% at high concentration [45]. High inhibition efficiency
(89.2%) was shown by HAcpMTSc at 300 ppm (300 K)
[46]. Alginate surfactant Inhibitor showed 96.27% inhibi-
tion efficiency in acidic solution and acts as a mixed type
inhibitor [47]. BTI shows %IE 88% at 1 x 10> M concen-
tration [48]. Inhibition efficiency of 94% at high concentra-
tion has been reported from studied inhibitor [49]. Yadav
et al. reveal the inhibition efficiency order of MPTS > CPTS
of spiropyrimidinethiones derivatives [50]. EIS results
showed that RAIM (rosin amide imidazoline) exhibits
97.0% inhibition efficiency in 200 ppm at 40 °C tempera-
ture [51]. CMO showed % IE of 97% and 98% in 1 N HC1
and 1 N H,SO,, respectively [52]. DTP and TG exhibited
IE of 85.90% and 77.90%, respectively [53]. Synergistic
effect showed the IE of 97.32% in 30 mg/L at low phos-
phorous content (0.79-0.87/L) [54]. BIMDS displays /E of

98.6% in 0.5 M H,SO, [55]. Cysteine-based Shiff’s bases
namely CBS-1, CBS-2 and CBS-3 were evaluated as green
corrosion inhibitors in which CBS-3 acts most effectively
among studied inhibitors [56]. At 400 ppm, concentration
inhibitor showed % IE of 95% [33]. Percentage IE of inhibi-
tors PPC-1 and PPC-2 at optimum concentrations is 92.4%
and 82.1%, respectively [57]. Similarly, /E of 93.98% was
exhibited by CLX at 303 K [58]. Silver NPs and C12P
showed /E of 76.44% (375 ppm) [59]. Soltani et al. reveal
that PTMO was found to be less effective than PTM and
PTH towards corrosion inhibition [28]. Xianghong Li et al.
investigated the pyrimidine derivatives as corrosion inhibi-
tors where among five pyrimidine compounds, MP exhib-
ited highest inhibition efficiency of 99.1% in 0.1 M HNO;
for CRS [60]. Lin Wang et al. evaluate 2-Mercaptobenzi-
midazole investigated for mild steel corrosion inhibitor in
which 98% (IE) was obtained at optimum concentration
of inhibitors [61]. All these studies are in good agreement
including DFT, MD simulation and wet chemical analy-
sis [62]. 95.26 of % IE was shown by inhibitor Pen G at
Cx 107 ppm conc. (303 K) [63]. The inhibition efficiency
of 69.40% was obtained for compound 1 at optimum con-
centration (11 x 107 [64]. EIS study revealed that inhibi-
tor 2 shows IE of 97% at 100 ppm at 300 K [65]. The
outcomes of DFT calculation suggest ELUMO, EHOMO,
hardness, polarizability, charges and dipole moment which
help to correlate the structure with IE [66]. Study revealed
that the inhibition efficiency of inhibitors follows the order:
thiobenzamide > thiourea > thioacetamide [67]. 2ASMT
displayed higher /E of 99.3% as compared to 2MT [68].
TH showed IE of 98% at 6 x 10> concentration [69]. WL,
PDP and EIS analyses showed good agreement towards
inhibition efficiency [70]. 2 ethylamine thiophene exhibited
maximum inhibition efficiency of 98% (5x 107> M) [71].
AP4PT was found more efficient towards corrosion resist-
ance among all studied Thiourea derivatives [72]. DPTU
exhibited good corrosion inhibition as compared to DBTU
towards metal [73]. Potential shifted towards positive direc-
tion showed the inhibitive nature in case of MPA & TMPA
[74]. EIS exhibited the Inhibitive action of 2UEI for metal
in 3% NaCl solution [75]. Among the studied ethylamino
imidazoline derivatives, 2-ATB showed the highest inhibi-
tion efficiency and 2 inhibitors followed Langmuir and 3
inhibitors followed Tempkin adsorption isotherm, respec-
tively [76]. The efficiencies of amino acids were estimated
using EIS, MD simulation, AFM, DFT and ICP-AES and
exhibited good correlation [77] (Table 1).

3.2 Organic Compounds as Aluminium Corrosion
Inhibitor

Heteroatoms (O, P, N, S) containing organic molecules
have extensively been studied as the aluminium corrosion
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Table 1 Molecular structures, S | Molecular structure Metal/aggres | Methods Nature of | Outcomes Ref.
. N sive media applied for | molecules
nature of adsorption and results analysis
of heteroatoms Containing 1 Mild steel/ 1| EIS, PDP & | Mixed/ EIS and PDP analysis | 42
1 les f ild li M HCI DFT Langmuir reveals that amino acids
molecules for mild steel 1n model with more alkyl length
aggressive media effectively inhibits the
metal corrosion
2 N 80 steel/ | EIS, PDP, | Mixed Organic inhibitors | 43
15% HCl1 XPS, DFT & | Langmuir namely MIHT and
MD ads. BIHT shows inhibition
simulation isotherm efficiency of 91.5% and
98.3 % at their optimum
concentration and acts
as a mixed nature
Y
uJ\N.H
N N
HC._N )L}
Ho—twH !
H OH
HO H
CHOH
MIHT
3 MS/ 15% | WL, EIS, MD | Mixed/ 90.5 % IE exhibited by | 44
CH, n-N. HCI & SEM Langmuir Inh III (R = -OCH3) at
N=< 3N\ \7’SH model optimum concentration
N\)“N3 (303K)
R
R=-H, -CH3, -OCH3
4 MS/ WL, AFM, | Mixed Gemini surfactant | 45
HO IM HCI EIS, SEM, | Type/ shows % IE of 94.2% at
SH EDS and | Langmuir high concentration
computationa | model
[e] I calculation
/[CH2111CH3
HyC
CI12CYS
H
H
$
CoHig
C4 ¥
HO
2(C12CYS)
5 /\ j MS/ EIS, WL, | Cathodic High‘ inhibitiqn 46
0\_)‘1 1M HC1 UV-VIS, type/ efficiency (89.2 %) is
HN-N>_© FTIR,  and | Langmuir shown by HAcpMTSc
N~/ EDS ads. at 300 ppm (300 K)
isotherm
6 I 2 Carbon steel/ | EIS, WL, | Mixed-type/ | Inhibitor shows 96.27 % | 47
/0. O7,“/\/0‘2 ° 1.0 M HCL EDX, SEM, | Langmuir inhibition efficiency in
o H FTIR & UV- | ads. acidic solution and acts
o mci2Bj2 Vis isotherm as a mixed-type
inhibitor
2
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Table 1 (continued)

7 Cs EIS, WL & | Mixed BTI shows %IE 88% at | 48
/_@ IM HCI1 DFT nature: 1107 M concentration
\ Langmuir’s
‘ N>7s ads.
b isotherm
8 Poly and | EIS, MD & | Mixed Type |94 % IE  at high | 49
j\/\)\ nano DFT concentration has been
HO i crystalline reported
NH, iron in 0.5 M
H2804
9 R MS/ 15% | EIS, WL, | Mixed Inhibition efficiency | 50
NH HCl1 AFM, FTIR | nature follows the order as
& DFT Langmuir’s | MPTS > CPTS.
N _NH ads.
©/ I isotherm
R =-Cl, -OCH3
CPTS, MPTS
10 P110 & N8O | PDP, EIS, | Mixed-type | EIS results shows that | 51
cs/ CO: | AFM & SEM RAIM (rosin  amide
'/‘”2 water imidazoline) exhibit
a2 970 % inhibition
£H2 efficiency in 200 ppm at
i N 40° temperature
N
(Rosin amide imidazoline)
RAIM
11 CMO shows % IE of | 52
R r&s M/ IM HCI | Weight loss | Cathodic 97% and 98% in IN HC1
o SH and and EIS type/ and IN H2804
IN H2SO4 Temkin’s respectively
ads.
R =-H, -OH isotherm
Abb.. PMO , HMO
H
\
Abb. CMO
12 " MS QSER  and - DTP and TG exhibited | 53
HN ANN % IE of 85.90 % and
PN I N> 77.90% respectively
HNT NN
Abb. TG
=N,
HN
EI 0
s”ONT N
Abb. DTP
13 gooH Carbon steel | WL, PDP, | Mixed-type | Synergistic effect shows | 54
o+\ EIS, EDX & the %IE of 97.32 % in
HO H AFM 30 Mg/L at low
ook phosphorous  content
P (0.79-0.87/L)
W M [
N
o °
nt Mou n
o pasp
(HO)2( PO(OH):
mm&w/\u/[\/"q‘/mmm
PAPEMP "
OH  on
ONa
HO
OH OH O
6L
14 4<N MS/ 1 M HCI | EISand WL | Mixed BIMDS displays %IE | 55
C[N%sﬁ N nature/ 98.6% in 0.5 M H2S04
N H Langmuir’s
ads.
BIMDS isotherm
15 Ry Mild  steel/ | SEM, AFM, | Mixed/ Cysteine based shiff’s | 56
\/szz IM HCI1 EIS & DFT Langmuir bases namely CBS-I,
uo”?j/“ ads. CBS2 & CBS-3
isotherm evaluated as  green

corrosion inhibitors in
which  CBS-3  act
effectively among
studied inhibitors
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16 MS/IM HCI | WL, PDP & | Mixed/ At 400 ppm | 57
oﬁ/tNH EIS Langmuir’s | concentration inhibitor
Ne "‘\ ads. shows %IE of 95%
isotherm
S,
A
S
\Sk.o
HN. 0
N
[ s\ Hy
17 N Steel (N80) / | EIS, WL, | Cathodic/ % IE of inhibitors PPC- | 58
HoN ) NH, 15% HCl1 SEM  AND | Langmuir’s |1 & 2 at optimum
N DFT ads. concentration are 92.4%
©/s calculation isotherm and 82.1% respectively
18 O-N MS/ WL, Thermo- | Langmuir’s | % IE of 93.98 exhibited | 59
0.IM H2804 | metric & | ads. by CLX at 303K
quantum isotherm
HN Yo chemical
o study
HO °
19 -[CH,]12SH Cs/ WL,  PDP, | Mixed Silver NPs and | 60
2 INH, 1M HCI EDS, FTIR & | Type/ C12Pshows IE  of
Q/ DFT Langmuir’s | 76.44% (375 ppm)
N ads.
isotherm
20 | R MS/ PDP, WL, | Mixed/ PTMO is less effective | 61
1 M H2SO4 EDS, SEM & | Langmuir’s | than PTM and PTH
DFT ads. towards corrosion
HNYNH calculations | isotherm inhibition
SH
R =-H, -CH3, -OCH3
21 Cold rolled | EIS,  PDP, | Mixed Among five pyrimidine | 62
steel (CRS)/ | WL, SEM, | nature/ compounds MP
0.1 MHNOs | EDS and | Langmuir’s | exhibited higher
theoretical ads. inhibition efficiency of
calculation isotherm 99.1% in 0.1 M HNO3
for CRS
22 h§7 MS/ 3 M| WL, EIS and | Langmuir’s | % IE of 98% obtained at | 63
@: SH HNO; PDP ads. optimum  concentration
H isotherm of inhibitors
Abb. MBI
23 MS DFT & MD - All these studies are in | 64
O\ simulation good agreement
T‘ including DFT to MD
@r simulation and  wet
N sH chemical analysis
Abb. PMQ
&
N sH
Abb. MMQT
24 MS/0.1&2.5 | GA & DFT Langmuir’s | 95.26 of % IE shows | 65
j\/O M HCI ads. byinhibitor Pen G at C x
HN isotherm 10 ppm conc. (303 K)
0
N
HO
25 Stainless steel | WL & EIS Mixed Good inhibition | 66
/3MHCI nature/ efficiency of 69.40%
Temkin obtain for compound 1

r=-H, -CH3, -OCH3, -Br, -NO2

MAPT, MMPT, MOPT,
MBPT, MNPT

at optimum
concentration (11x10™)
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Table 1 (continued)

26 O\rn\u MS/I M HCI | WL, EIS, | Mixed/ EIS study reveals that | 67
T 15' ~ RAMAN, Langmuir inhibitor 2 shows %IE
1 benzyl-3,3-bispropan-2.ylthiourea UV-Vis, model of 97% at 100 ppm at
Q FTIR, SEM- 300 K among the
EDS, WAXD studied inhibitors
H >
e e¥e
s o
1 benzoll-3,3-diphenylthio uera
o
H b
1 benzoyl-3 3-dibenzolthio urean
o g W/
1 benzoyl-3,3-bis 2methyl
1 benzoyl-3;
27 MS/1MHCI | DFT & WL | Mixed/ The outcomes of DFT | 68
Q Langmuir calculation related to
H;NQﬁW HR Erumo, Enowmo,
_ o hardness, polarizability,
R'* H charges and dipole
’f N Et moment
K/ H,N CHj
[ J\N
QoL
SDZ, SGN, SMX, SMT
28 MS/ EIS, PDP & Study  reveals the | 69
i 0.1 M HSO4 | DFT inhibition efficiency of
HN" "CHy inhibitor as  follow:
j\ thiobenzamide >
HN” “NH, thiourea >
j\ thioacetamide.
H;C” Ph
Abb. TA, TU, TB
29 Hy MS/ 1 M| EIS, PDP, | Mixed: 2ASMT displays higher | 70
/{‘ H2S04 AFM, LPR, | Langmuir % IE of 993% as
i N SEM & DFT compared to 2MT
HS’ N
Hs\@‘
¢
Abb. 2ASMT and 2MT
30 & MS/ 1 M HCI | EIS, PDP, | Mixed Type | TH shows optimum % | 71
NH; SEM, AFM IE of 98% at 6 x 107
Abb. TU HA and DFT conc.
th
[ N
HO N)\SH
Abb. TBA
31 [CH1sCH; CS/HCl EIS, PDP & | Mixed WL, PDP and EIS|72
WL Langmuir analysis shows good
‘ agreement towards
SH inhibition efficiency
Abb. DMP
32 S Steel/ 0.5 M | EIS, WL & | Frumkin 2 ethylamine thiophene | 73
WNH H>S04 PDP Adsorption | exhibited  maximum
2 isotherm inhibition efficiency of
s 98% (5%107° M)
Q_\_NH2
2- Ethylamine thiophene (T1)
3- Ethylamine thiophene (T2)
33 MS/ 0.5 M| WL, QSAR, |Langmuir’s | AP4PT is  more | 74
H H2S804 gasometric & | ads. efficient towards
N.. j\ DFT isotherm corrosion resistance
@ H H among all inhibitors
R
r=-H, -OH, -NH2
Abb. D4PT, HP4PT, AP4PT
34 @\/H H Ccs/ EIS, PDP, | Mixed: DPTU exhibited good | 75
NYN 1 mL HCI DFT & SEM | Langmuir corrosion inhibition as

S
Abb.. DBTU

QVYYY

S
Abb. DPTU

compared DBTU
toward metal
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Table 1 (continued)
35 o (\ CS/sea water |EIS, EDS, Langmuir Potential shifted | 76
HO. /7 SEM & FTIR | ads. towards positive
P~ N irecti
HO direction  shows  the
TMPA inhibitive nature  of
MPA & TMPA
@ HQ _on
NR
MPA °
36 I N~ Ms/ CO: | PDP, EIS & | Tempkin EIS exhibited the 77
N saturated 3% | SEM ads. Inhibitive action of
Taundscyl-Tethylamino imidazoline NaCl isotherm 2UEI for metal
corrosive in 3% NaCl solution
solution
37 HN"yNH Steel/ 2.5 & | EIS,PDP & | Langmuir ad§ Among the studied 78
S . 35NaCl | SEM Inhibitors 2-ATB
3amino-N2,4triazole .
shows higher
inhibition efficiency
,[s}“"z and 2 inhibitors follows
2amino-13 4-thiadiazole and
H 3 inhibitors follows
HzN%‘Ij Tempkin
2-aminobonzimiazole adsorption
isotherm
i
\\N
H
5{p-tolyl)-1,3.4-
triazole
HN’S_NHZ
~¢/ N
3-a 24triazole
38 [o} Iron/ EIS, MD | Mixed/ The efficiency of amino | 79
OH 1 MHCI simulation Langmuir acids were estimated
AFM,  ICP- | model using EIS, MD
HoNie AES & DFT simulation, AFM, DFT
&  ICP-AES  and
(S)-2-aminopropanoic acid exhibited good
correlation
NH,
s OH
o
s-methyl cysteine
0,
OH
HoNiine
SH
Cysteine

inhibitors. DFT calculation supported the efficiency of
TU molecules (CTCV, PDOS and IDD) towards corrosion
inhibition [78]. Para-substituted aromatic amines displayed
maximum inhibition efficiency of 84.4% at 1072 m conc.[79].
92% of IE was calculated by EIS at 100 ppm concentration
of inhibitor HCS [80]. PDP and SEM analyses towards inhi-
bition efficiency of HF exhibited good correlation with DFT
[81]. ATAT inhibitor molecules exhibited good inhibition
efficiency towards metal corrosion [82]. Inhibitor (ATAT)
showed IE of 86.1% at 5 mM conc.[83]. % IE of 91% was
exhibited by DISOTU at optimum concentration [84]. DFT
calculation showed the following increasing order of cor-
rosion inhibitors as PBTA > TBTA >PBA > PAA, which
also shows good agreement towards corrosion inhibition
efficiency [85] (Table 2).

3.3 Organic Compounds as Copper Corrosion
Inhibitor

Heteroatoms (O, P, N, S) containing organic compounds have
extensively been studied for the copper corrosion inhibition.
Study on benzenethiol derivatives revealed their good inhibi-
tion efficiency towards copper corrosion [86]. EIS revealed

@ Springer

that the Methimazole inhibitors uniformly deposited on copper
surface (IE=91.2%) [87]. Open circuit potential performed
primarily for electrode/electrolyte interface analysis in the
presence of Sulfathiazole [88]. Analysis showed the good
corrosion resistivity of ATMT towards copper surface [89].
MOTBI molecules exhibited IE of 98.4% at 10 mM concen-
tration [90]. EIS, PDP and WL analyses exhibited the good
inhibition property of cys (amino acid), when applied towards
metal corrosion in acidic medium [91]. DMTD acted as effec-
tive corrosion inhibitor towards copper at 7.5 mM concen-
tration [92]. PDP determined the cathodic type reaction of
DOTBT on copper surface [93]. Raman analysis showed the
blanket sheet of ATT molecules adsorbed on to metal (cop-
per) surface, responsible for the corrosion inhibition [94].
MMPB exhibited inhibition efficiency of 92.7% and 96.6%,
respectively, as temperature increases and extended time [95].
EIS measurement showed that cysteine exhibits /E of 95.00%
(5 mM) [96]. EIS and PDP study showed that SAM film on
metal surface had 98.22% inhibition efficiency [97]. Cyclic
voltammetry correlated electrochemical data with efficiency
of inhibitors towards corrosion inhibition [98]. EIS studies
revealed that 1 mmol/L. of APDTC shows 98.7% inhibition
efficiency [99]. EID showed the IE between 50 and 90% range
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Table 2 Molecular structures, nature of adsorption and results of inhibitors for in aluminium in different Media.

S N | Molecular structure Metal/agg | Methods Nature of | Results of study Ref
ressive adsorption
media
1 Aluminum/ | DFT, Cathodic DFT calculation supported | 80
HCI PDOS, type / by studied analysis
CTCV & | Langmuir’s | (CTCV, PDOS and IDD)
IDD ads. support reveals the
isotherm efficiency of TU molecules
towards corrosion
inhibition
S
R1 /.K R,
\T N/
H H
= CHj,, C,Hs, C3Hy, CH,Ph, ally
=H, CH,CH, CHj
2 Aluminium/| EIS & DFT | Mixed type/ | Para substituted organic | 81
Ck/ j\ 1 M Nitric Langmuir’s | molecules of  amines
& N\ acid ads. displays maximum
isotherm inhibition efficiency of
N 84.4% at 102 m conc.
]
N = N\N
H
@\/ i
s = N\H
3 Hy Aluminium/| TAFEL, Mixed/ 92% of IE calculated by | 82
S‘—< I MHCI |EIS, XPS, | Langmuir EIS at 100 ppm
HS{ \N SEM & concentration of inhibitor
N NSt DFT (HCS)
H,C N \. 7 t(
= '\,,_-B—N
TN s
s\{ Ho ]
\ s
S
4 Aluminiu | PDP, DFT | Mixed type/ | PDP and SEM analysis | 83
m/ & SEM Langmuir’s | towards inhibition
NaCl ads. efficiency of HF exhibits
isotherm good correlation with DFT
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Table 2 (continued)

NH,

R

NH,
ATAT

N
S, S,
[ />7NH °
Nsulfa(hiazole
5 H Aluminiu | EIS, WL, | Mixed type/ | ATAT inhibitor molecules | 84
N~y m/ PDP & | Langmuir’s | exhibits good inhibition
HS <\ J\ NaCl quantum ads. efficiency towards metal
N NH, chemical isotherm corrosion
ATAT analysis
6 H Aluminiu | EIS, Inhibitor (ATAT) shows |85
Ny m/ TAFEL, IE% of 86.1% at 5 mM
HS{\ j\ NaCl CCP & CCT conc.
N

Aluminiu

4< m/
N4< NaCl
HZN*Q

S
diisopropyl thiourea

WL & DFT | ads.

PDP, | Langmuir’s | % IE of 91% exhibited by | 86
DISOTU at  optimum

isotherm concentration

8 (IN\\N Aluminum
"
'l

s
(TBTA)

Cr

PBTA

at higher concentration of studied inhibitors [100]. Electro-
chemical analysis proved the good inhibition property of
2.4,6-trimercapto-1,3,5-triazine inhibitors for copper metal
[101]. It was found that 2.0 mM DAMP concentration of
inhibitor is enough to exhibit>90% (93.2%) inhibition effi-
ciency [102]. EIS and PDP analysis showed the mixed type
nature of cysteine in basic solution [103]. Dense and compact
monolayer is responsible for corrosion inhibition on to copper
surface [104]. The results of CV clearly showed the inhibitive
nature of 3-mercapto-1H-1,2,4-triazole compounds [105]. In
oxygenated 3% NaCl solutions, inhibitor showed better per-
formance [106] (Table 3).

3.4 Organic Inhibitors as Metal Alloy Corrosion
Inhibitor

Heteroatoms (O, P, N, S) containing organic molecules
have extensively been studied for the metal alloys corro-
sion inhibitor. EIS revealed the 96% inhibition efficiency
of ASPA molecules on metal alloys [107]. PTS molecules

@ Springer

simulation

and | - DFT calculation shows the | 87
following increasing order
(PBTA> TBTA> PBA >
PAA) of effectiveness
towards corrosion
inhibition on the basis of
binding energy

acted as a cathodic type inhibitor which is proved by EIS
analysis [108]. EIS analysis revealed the mixed type nature
of PDP molecules [109]. MAMT organic molecules revealed
good % IE towards aluminium alloy [110]. Organic molecule
(2-MBT) showed good inhibition property towards Al alloy
in NaCl solution [111]. Cysteine exhibited higher inhibi-
tion efficiency (96%) towards alloy at 0.1 M concentration
[112]. According to EIS analysis, cysteine molecules showed
higher inhibition among the amino acids in 3.5% NaCl cor-
rosive medium [113] (Table 4).

4 Future Consideration

Organic compounds containing heteroatoms have been stud-
ied extensively to prevent corrosion of mild steel, copper
and their alloys, while the research to prevent the corrosion
of metal-like aluminium, zinc, magnesium and their alloys
is quite limited. Similarly, high corrosive media has not yet
been used for corrosion studies. In the oil and gas industries
that require a highly corrosive medium, compounds which
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Table 3 Structures, nature of S | Molecular structure Metal/aggres | Methods | Nature of Results of study Ref.
d ti d It t N sive media adsorption

adsorption and results outcomes 1 Cuw/ 0.5 M| EIS, XPS | Mixed type Studied analysis reveals | 88

of organic inhibitors for copper H2SO4 & contact the good inhibition

SH 1 ffici f inhibit

. . idi dia angle efficiency of inhibitors
corrosion 1n acidic me benzenethiol towards copper
corrosion
oo
naphthalene-2-thiol
jog
A,
H
2 n Cw 7 M| PDP, EIS | Langmuir’s EIS reveals that the | 89
E >:s HNOs & SERS ads. isotherm | inhibitors uniformly
N deposited on  copper
\ surface (IE = 91.2%)
3 HaN /S Cu/ OCP, EIS, | Mixed type Open circuit potential | 90
’8 LN 0.1 M NaCl | PDP & | Langmuir’s performed primarily for
N SEM ads. isotherm | electrode/electrolyte
ATBS interface analysis
4 NQN Cuw/ HCI1 PDP, EIS | Langmuir’s Analysis  shows the | 91
& SEM ads. isotherm | good corrosion
e SM.,\ resistivity of ATMT
NH,, towards corrosion on
copper surface
5 O N, Cu/ HNO3 WL, PDP, MOTBI molecules | 92
\@ D EIS, FTIR, exhibited % IE of 98.4%
H - SEM & at 10mM concentration
XPS
MOTBI
6 0 Cu/ 0.5 - 1.5 | EIS, PDP | Mixed type EIS, PDP & WL |93
OH M H2S04 & WL analysis measured the
HaN"™ inhibition property of
SH i i
cys (amino acid)
eysine
7 NN Cuw/ 0.5 M| EIS, PDP, | Langmuir’s DMTD act as effective | 94
/ﬂ\ \>*SH HCI Ccv & | ads. isotherm | corrosion inhibitors
ns” S FTIR towards copper at 7.5
DMTO mM concentration
8 Cuw/ 7 M| EIS, PDP, | Cathodic type | PDP  determine the | 95
HNO; XPS, cathodic type reaction of
AFM & DOTBT on copper
EQCN surface
DOTBT
9 H Cuw/ 0.5 M| EIS, PDP, | Langmuir’s Raman analysis shows | 96
Hs <\ J“\ HCl WL & | ads. isotherm | the blanket sheet 01"
N Raman ATT molecules
2 spectrosco adsorbed on to metal
Samino-1, 2, & wigale-5thiol py (copper) surface
10 Cu/ EIS, WL, | Mixed-type MMPB exhibit | 97
M 0.10 M HCI EDS & inhibition efficiency of
? N SEM 92.7%  and 96.6%

SH respectively as
temperature  increases
and extended time

MMPB
11 Q Cu/ PDP, EIS | Mixed-type EIS measurement shows | 98
OH 0.5M H2SO4 | & XPS that cysteine exhibits
NI %IE of 95.00% (5 mM)
2
Lcysteine
12 H N/\/\/\/NHz Cw 0.5 M| EDS, PDP | Langmuir’s EIS and PDP study | 99
2 - HC1 EIS, SEM | ads. Isotherm | shown that SAMs film
hexane-1, 6-diamine & FTIR on metal surface had
98.22% inhibition
HO gy efficiency
2-mercapto-ethanol
13 n Cu CV & XPS Cyclic voltammetry | 100
HS—( jij reveals the efficient
N nature  of  inhibitor
[ towards corrosion
2 meroptobenzinidazels
inhibition
14 Cu/3MNaCl | EIS, EDS, | Langmuir’s EIS studies reveals that | 101
SEM & | ads.isotherm |1 mmol/L of PCA
DFT shows 98.7% inhibition

]

HS
PCA

efficiency
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Table 3 (continued) 15 H Cw 0.1 M]|EIS, WL |Mixedtype |EID shows that % IE | 102
= NaCl & FTIR obtain between 50 to
| N 90% range at higher
Ny concentration of studied
1-phenyl-1H-tetrazole-5-thiol inhibitors
$H
N/<
| N—
N§N
1-methyl- 1 H-tetrazole-5-thiol
16 H Cu/ 0.1 M |EIS, PDP, | Mixed type Electrochemical 103
—N, NaCl Contact analysis proves the good
N />7SH angle, inhibition property of
>\ N FTR & studied  inhibitor  for
us DFT copper metal
1,3,5-trinzine-246-tithiol
17 H,N Cw 3.5 M| EIS, DFT, | Mixed 2.0 mM DAMP | 104
NH NaCl PDP, WL | Langmuir concentration of
/ V—sH & SEM model inhibitor is enough to
_ exhibit > 90% (93.2%)
N inhibition efficiency
HyN
DAMP
18 HO, Cu/ 3.5 M|PDP SEM | Mixed EIS and PDP analysis | 105
o) NaCl & EIS shows the mixed type
HoN nature of inhibitor in
2 basic solution
SH
2-amino-3-sulfanylpropanoic acid
19 Cw 3.5 MJEIS, CV,|Langmuir’s Dense and compact | 106
H,N SH NaCl FTIR, ads. isotherm | monolayer is
SEM, EDS responsible for
“aminobenzencthiol & Raman corrosion inhibition on
spectrosco to copper surface
py
20 HN/N\ Cu/ NaCl CV, AFM | Mixed The results of CV|107
\\ %SH &SEM Langmuirmo | clearly — shows  the
<
N del inhibitive nature  of
1H-1,2,4-triazole-3-thiol lﬂhlbltor
21 N\N Cu/ EIS, WL, | Mixed type In oxygenated 3% NaCl | 108
HZN—</ | 3 % NaCl SEM & | Langmuir’s solutions inhibitor
S EDS ads. isotherm | shows its better
S-cthyl-1,3 4-thiadiazol-2-amine performance

are cheap, less toxic and environment friendly should be
studied. The synergistic effect of these asymmetries mixed
with metal halides is still to be studied, which increases the
efficiency of inhibitors to prevent corrosion.

5 Conclusion

This review discusses the corrosion inhibition property of
compounds that contain heteroatoms, usually phosphorous,
nitrogen, sulphur and oxygen atoms. Since all these atoms
have lone pair of electrons in the p orbital, they share their
electrons with the empty orbitals of the metal which causes
effective bonding between organic molecules and metal
and thus the metal surface is covered. Phosphorus has the
lowest electronegativity in the known heteroatoms due to
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which it can easily share its electron. The categories of
effective inhibitors commonly include heterocyclic com-
pounds, surfactants and natural products, many of which
contain oxygen, nitrogen, phosphorus and sulphur atoms.
Due to presence of heteroatoms, they are also used in cor-
rosion inhibition of metal alloys. Many previous researches
described that organic compounds containing P, O, N and
S atoms have extensively been used as corrosion inhibitors
for iron/steel. Many synthetic chemicals can also be used
as corrosion inhibitors. In addition to the iron, heteroatoms
containing organic compounds can be used for the corrosion
protection of copper, aluminium, zinc and other metals too.
In addition to hydrochloric acid corrosive medium, it can be
studied in sulphuric acid, nitric acid, phosphoric acid and
basic medium. Green synthesis of this type of heteroatom
containing inhibitors should be emphasized further.
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Table 4 Structures, name, S | Molecular structure Metal/aggres | Methods | Nature of Results of study Ref.
de of ads t d salient N sive media adsorption
mode ol adsorption and salient 1 CuNi EIS, Langmuir's | EIS _reveals the 96% | 109
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. . o PDP ASPA molecules on metal
corrosion of metal alloys in N alloys
corrosive media. z H
2-amino-3-sulfanylpropanoic acid
2 SN Bronze EIS, CV | Mixed / PTS molecules act as a | 110
\T/ \>—© 3.0 NaCl EDS & | Langmuir’s cathodic  type inhibitor
Ns\ SEM ads. isotherm | which is proved by EIS
PTS analysis
3 SN Bronze/ PDP, Mixed/ EIS analysis reveals the | 111
\>—© NaCl EIS, XPS | Langmuir’s mixed type nature of PDP
Nsy and ads. isotherm | molecules
PTS Inductive
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coupled
plasma
analysis
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4 Al alloy/ PDP, EIS | Mixed type/ | MAMT organic molecules | 112
NH, 0.5 M caustic | & SEM | Langmuir’s reveal good % IE towards
Hs— N solution ads. isotherm | aluminium alloy
~
N-N
MAMT
5 Al alloy/ PDP, EIS | Mixed nature/ | Organic molecules (2-MBT) | 113
HS—Q\ 3.5 NaCl EDS & | Langmuir’s shows  good  inhibition
N SEM ads. isotherm | property towards Al alloy in
13-benzothiazole--thiol NaCl solution
6 R Sn, Ca, Pb|PDP, Mixed-type/ | Cysteine exhibited higher | 114
OH alloy/ EIS, WL | Langmuir’s inhibition efficiency (96%)
0.5 M H>SOs4 | &SEM Ads. isotherm | towards alloy at 0.1 M
HI concentration
SH
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HO H S\
NH,
methionine
7 2 Cu-10Al- PDP, Langmuir’s According to EIS analysis | 115
oH 5Ni alloy /|OCP, Ads. isotherm | Cysteine molecules shows
3.5% NaCl EIS & higher inhibition among the
HaNthe SEM amino acids in 3.5% NaCl
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[
s
Ho)k:/\/ AN
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>7NH H
o
[o}
OH
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FHIH! TS Th S e Gaell qel 1 T 81 o1l Afh 37 Faeh FON[E STHNRT T 3T 39 1 THN 1 9N W I8 9
AT T o 9RA 1 W wAl W dd % SR AU U SYSS YUl R FAdH ST H

Afvare argaa
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RITaaPIela IR § GRAT STefa & Jer-d =l
ADMINISTRATIVE SYSTEM OF MURIA TRIBE IN PRINCELY BASTAR

oy v f. 791 THE TG UTATud Siierd JERETel . fAveR Jae fwfaere, gR(eT)
eeneff QAfed AR W Here UeATS SiEr WM. USRI Heldeed, BIvSHiE (@)

Absract :-

The position of the tribes and their political structure reflects the regional aspects. The decision
of the tribal panchayat, gram or the village head is a matter of legal decision for the tribes. Each tribal
village has its own political mechanism to discuss its case. Each tribal community has its own
organization, this tribal organization is relatively weak in areas, where the influence of the outside world
is high, but is very strong in difficult areas, like modern society administrative organization is also found
in primitive society. Administration controls the behaviour of the society. The traditional judicial system
of Muria tribe is based on lineage Gotra tradition, regional and religious beliefs. Village is the smallest
unit under the traditional Muria judicial system in the princely state of Bastar, every person considered
at his duty to follow the traditional laws. Some of these posts are such that are working in the present
democratic system. That is why these traditional administrative system have special importance in the
primitive Muria society.

ARY —

SOl @ Rerfa den SHal Ioifde GReAT 83 98T &I UelRid &xdl 81 S
eI, U YT 3ffdl UM U T o Seeifadl & oy e el & JHe g 2 | URi®
ST T | 310 Al @1 fadamT axa & ol 31 jroifae BRI yumel Bkl 21 U-D
ST FHERT BT U] |- Bl ©, I8 WI6d U &3 § Sigl R qred gt &1 g91a 31fdd 2
JUEATRT HHGIR BT & by G &A H I8 IAH Aol 8IAT © | YD AANT BT Aifa A
FATS H 1 YRS IS UIT ST © | IR 7S] & ekl Bl FRIF0 &R & | GRAT ST
BT URFRG I AT 491, M3 WRERT, &AgdT vd gififie Agaral R memRd 8T g | IRTRS
ARAT < FARAT & I I Fad BIC 3DBI5 Bl & | RATHT Blele TRR H WRARRTT BT B
QT HRAT U A 30T dHaiel FHSIAT AT | 394 | §B Ua U ©, Sl Jad Alddid gavel

# HERT B | 3 HROT g7 WRERNTG YSRIS JaRell &7 anfen gRar waret # fiy W@ 2|

Key words :- Panchayat, Organization, Traditional, Mukhiya, Gayata, Riyasat, Participation,

& FOAl (— TG, G, IRERNG, ATMeH, GRIAT, 7], R, elddifin, FEdTird |
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