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Mononuclear cuprous complexes 1 and 2, [{CH3E(o-C6H4)CH=NCH2}2Cu]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, 1H/13C/77Se NMR, and cyclic voltammetry. The complexes possess
tetrahedral geometry around metal center with the N2S2/N2Se2 coordination core. Cyclic voltammograms of
complexes 1 and 2 displayed reversible anodic waves at E1/2 =+0.08 V and+0.10 V, respectively, correspond-
ing to the Cu(I)/Cu(II) redox couple. DNA binding studies of both the complexeswere performed applying absor-
bance, fluorescence and molecular docking techniques. Competitive binding experiment of complexes with ct-
DNA against ethidiumbromide is performed to predict themode of binding. The results indicate the groove bind-
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.
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1. Introduction

Salen/salphen ligand systems (derived from the Schiff-base coupling
of salicylidehyde and ethylendiamine/o-phenylenediamine) are one of
themost popular ligand systems in inorganic chemistry. It offers the po-
tential tetradentate (N2O2) 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,

intercalation or DNA cleavage. Covalently modified metallosalen-DNA
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].
DNAbinding property of substituted Zn-salphen complexeswas 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 beworth.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]. N2S2Cu(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].·Wehave been interested in developing themetallo-salen/
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salphen derivatives and exploring their properties [18]. Here, we are
reporting the Cu(I) complexes of ligands La and Lb (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 La and Lbwere prepared according to the literature [19]. Syn-
thesis of complexes is mentioned below:

1: 99.5 mg of [Cu(CH3CN)4]ClO4 (0.304mmol) and 100mg of ligand
La (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 C18H20N2S2CuClO4:
C, 43.99; H, 4.10; N, 5.70. Found: C, 43.64; H, 4.26; N, 5.51%. ESI-MS: Calc.
for C18H20N2S2Cu: m/z 391.0364. Found 391.2753. IR (cm−1, 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). 1H NMR (δ, ppm, DMSO-d6):
8.77 (s, 2H); 7.74 (d, J = 7.00 Hz, 2H); 7.50 (m, 4H); 7.32 (d, J =
6.50 Hz, 2H); 3.89 (s, 4H), 2.52 (s, 6H). 13C NMR (δ, ppm, DMSO-d6):
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 Lb

Yield: 105 mg (76%). M. p.: 190 °C (dec.). Anal. calc. for
C18H20N2Se2CuClO4: C, 36.94; H, 3.44; N, 4.79. Found: C, 36.39; H,
3.61; N, 4.57%. ESI-MS: Calc. for C18H20N2Se2Cu: m/z 486.9253. Found
487.0814. IR (cm−1, 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). 1H
NMR (δ, ppm, DMSO-d6): 8.69 (s, 2H); 7.70 (d, J = 7.50 Hz, 2H); 7.60
(d, J = 7.50 Hz, 2H); 7.45 (t, J = 7.50 Hz, 2H); 7.39 (t, J = 7.50 Hz,
2H); 3.99 (s, 4H), 2.32 (s, 6H). 13C NMR (δ, ppm, DMSO-d6): 164.04,
133.95, 132.34, 132.03, 131.77, 129.37, 127.60, 61.28, 11.27. 77Se NMR
(δ, ppm, DMSO-d6): 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-d6 as solvent and
chemical shift values are reported in ppm (δ scale) relative to Me4Si 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-Erbamodel 1106 elemental analyzer. Cyclic voltammetry
was performedwith a computer-controlled Princeton Applied Research

263 A electrochemical workstation using platinum (Pt) disk as a work-
ing electrode, Pt-wire as the counter electrode andAg/AgNO3 (10mMin
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
theGaussian 09 [20] programat 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

2.4.1. Absorption method
The absorbance spectra were scanned by keeping the concentration

of the complex constant (10−4 M) and varying the concentration of
DNA (8.11 × 10−6 to 4.86 × 10−5 M), after each successive addition of
ct-DNA, followed by 10 min of incubation, in Tris buffer. The intrinsic
binding constant, Kb of complex with ct-DNA is determined according
to the Eq. (1) [22],

DNA½ �= εa−ε fð Þ ¼ DNA½ �= εb−ε fð Þ þ 1=Kb εb−ε fð Þ ð1Þ

Where, [DNA] is the concentration of ct-DNA, εf, εa and εb corre-
spond to the extinction coefficients, for the DNA freemetal complex, ap-
parentmetal complex (for each addition of ct-DNA to the complex) and
fully bound metal complex, respectively. In plots of [DNA] / (εa − εf)
versus [DNA], Kb is given by the ratio of the slope to intercept. %
hyperchromicity is calculated using the formula, % hyperchromicity =
(Afree − Abound) / Afree, where A denotes absorbance.

2.4.2. 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 ∣F0–F∣=Fð Þ ¼ logK f þ n log DNA½ � ð2Þ

Where, F0 and F are the fluorescence intensities of thefluorophore 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 − F0) / F versus log [DNA]. The values of Kf 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 μM EB and
100 μM ct-DNA and the effect on the emission intensity was measured.
The results were analyzed through Stern-Volmer Eq. (3) [24].

F0=F ¼ Fþ Ksv Q½ � ð3Þ

Scheme 1. Synthesis of complexes 1 and 2.
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Where, F0 and F are the fluorescence intensities of the fluorophore in
the absence and presence of different concentrations of ct-DNA and Ksv

is a linear Stern-Volmer constant. The linear relationship is obtained for
F0/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 Å, Receptor range and Li-
gand range of 180, Twist range of 360 and Distance range of 40 Å [25].

3. Results and discussion

3.1. Characterization of complexes

Reaction of [Cu(CH3CN)4]ClO4 and bis(methyl)(thia/selena) salen li-
gands, La and Lb, in 1:1M 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 [LaCu]+ and
that of complex 2 showed base peak at m/z 487.0814 corresponding
to the [LbCu]+. Both the complexes underwent demethylation succes-
sively in mass spectra (Scheme 2). The di-demethylated product of
[LbCu]+ is more in abundance (11%) compare to that of [LaCu]+ (2%)
which can be explained on the basis of weaker Se\\CH3 bond than the
S\\CH3 bond.

In the IR spectra of complexes 1 and 2, C_N stretching frequencies
were observed at 1630 and 1654 cm−1, respectively. The strong and
broad band at around 1085 cm−1 and sharp band at around 622 cm−1

in the IR spectra are indicative of free perchlorate ion and the absence
of band in the region 930 cm−1 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 1H NMR spectra of

the complexes 1 and 2, respectively, are assigned to imine proton,
though their significant shifting to lowerfieldwith respect to the signals
of free ligands (8.62 ppm (La) and 8.54 ppm (Lb), DMSO-d6), 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 (La) and 2.10 ppm (Lb)
in DMSO-d6], indicates the involvement of sulphur and selenium
atoms in coordination with metal ion. 13C NMR is consistent with pro-
posed structure. 77Se NMR spectrum of the complex 2 showed single
resonance at 257 ppm in the formof quartet due to couplingwithmeth-
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 d10 sys-
tem. The calculated Cu\\N and Cu\\S bond lengths in complex 1 were
found to be 1.957 and 2.287 Å, respectively, while those in complex 2
are 1.988 and 2.315Å, 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/AgNO3 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 anodicwave at E1/2=+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 (ΔEp) between the anodic and cathodic
peaks were independent to scan rate, indicating the reversibility of
Cu(I)/Cu(II) pair. The two anodic peaks at +1.24 and +1.46 V and the

Scheme 2. Fragmentation of complexes 1 and 2 in mass spectrometer.

Fig. 1. Optimized geometries of mono-positive Cu(I) complex cations 1 (a) and 2 (b).
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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 E1/
2=−0.77 V. The Cu(I)/Cu(II) redox couple for complex 2was observed
at E1/2=+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 E1/2 value for 2 than 1 aswell
as the quasi-reversibility of Cu(I)/Cu(0) process in 2. The low potentials
for the Cu(I)/Cu(II) 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 π → π* 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 × 10−5 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 vanderWaals 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]. Rodrıguez et al.
reported the DNA binding properties of salphen-zinc(II) 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 Kb calculated for complexes
1 and 2 are 1.36 × 104 and 1.00 × 104 M−1, respectively. The binding
constants are comparable to reported copper(II) 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 complexeswere ob-
tained with a maxima appearing at around 325 nm when excited at
265 nm. Fluorescence titrations of complexes 1 and 2withDNA resulted
in appreciable increase in emission (Fig. 4). With each addition of ct-
DNAaliquot, consistency in shape and emissionwavelength in the spec-
tra suggest the strong binding of complexeswith 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 emissionmethod,
calculated from Eq. (2), are found to be 1.51 × 104 and 1.35 × 104, 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

Table 1
Selected bond lengths (Å) and bond angles (°) by theoretical calculations for complexes 1 and 2.

Bond lengths (Å) 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/Se1 97.4 96.7
Cu S1/Se1 2.287 2.315 N2 Cu S2/Se2 97.4 96.7
Cu S2/Se2 2.287 2.315 S1/Se1 Cu S2/Se2 106.4 115.7

N1 Cu S2/Se2 137.3 131.2
N2 Cu S1/Se1 137.3 131.2

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(II) redox couple.
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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 themode of binding, ethidiumbromide (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–HCl buffer was when excited with 510 nm,
emissionmaxima at around 609 nmwas observed.When complexmol-
ecules (1.25 × 10−5 M to 7.50 × 10−5 M) were added to this solution
under identical conditions, increase in emission intensity was observed.
This feature ruled out the possibility of intercalationwhich results in the
decrease in fluorescence intensity due to the breakdown of EB-DNA ad-
duct as a replacement of EB by complexmolecules [35]. Also, the signif-
icant increase in fluorescence suggests that the mode of binding of the
complexes involvesmajor 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 Ksv value of 9.45 × 103 and 9.29 × 103 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

used for docking. The docked structures also witnessed the binding of
complexmolecules to themajor 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: C26, 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(II) redox couple occurs at very low potentials (E1/2 =
+0.08 V and +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(II) 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 104 M−1. Fluorescence

Fig. 3. Absorption spectra of 1 (a) and 2 (b) in the presence of increasing amounts of CT-DNA. Inset: plots of [DNA]/(εa − εf) vs. [DNA] for titration of DNA with complexes.

Fig. 4. Fluorescence spectra of 1 (a) and 2 (b) in the presence of increasing amounts of CT-DNA. Inset: plots of log[|Fo − F| / F] vs. log[DNA] for titration of DNA with complexes.
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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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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 (ΔG), entropy change (ΔS) and enthalpy change

(ΔH) 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 I) 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

1 | INTRODUCTION

Pharmacological and pharmacokinetic properties of drugs depend

upon their interaction with carrier protein present in blood plasma.[1]

Serum albumin is one of the most essential proteins, and comprises

60% of plasma protein.[2] It has a distinct role, ranging from binding,

transportation to delivery of various exogenous and endogenous

ligands.[3,4] Such diverse actions of serum protein facilitate the inves-

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

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.[5] 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.[6] 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.[7] 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.[8] 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.[9] 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.[10]

Hydroxamic acids (HAs), (RC(=O)N(OH)R′) are an important class

of bio‐ligand due to their use in chemical and medicinal industries.[11]

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.[12] Deducing the mech-

anism of HAs action, it was observed that this molecule could bind

to nucleic acids (DNA/RNA),[13,14] 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.[15,16]

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,[17] their DNA binding efficacy[18] and evaluation

of the antioxidant propensities of HAs.[19] Therefore, keeping in mind

the importance of HAs derivatives in various biological activities, our

keen interest was to determine the protein‐binding properties of

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‐l‐naphthyllaurohydroxamic acid (1)

and N‐1‐naphthyl‐p‐methylbenzohydroxamic acid (2), were used for

the present study and were synthesized as described previously[20]

with the structures presented in Figure 1. The synthesized compounds

were crystallized three times with benzene and dried over phospho-

rous pentaoxide (P2O5) 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); 1H‐NMR spectra for

compound 1 (Figure S3) for compound 2 (Figure S4); and 13C‐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

FIGURE 1 (a) Cartoon and residue (PDB id‐
4F5S) structure of BSA, bovine serum albumin
obtained from RCSB PDB site, (b) structure of
N‐l‐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.[21] Analytical grade reagents were

used throughout the experiment without further purification. BSA at

a concentration of 1.00 × 10−6 M was prepared by dissolving the pro-

tein in CP buffer solution at pH 7.4. Using a molar absorption of

44 720 M−1 cm−1 at 280 nm[22,23], its concentration was determined

spectrophotometrically on a Cary‐50 UV–visible spectrophotometer

(Varian).[24] The stock solutions of the synthesized compounds

(1.00 × 10−3 M) were prepared by dissolving the compounds in

dimethyl sulphoxide (DMSO). Stock solutions of warfarin (WF)

(1.00 × 10−6) and ibuprofen (IB) (1.00 × 10−6 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 –

C22H31NO2; 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−1): 3125 (N‐OH); 1639 (C=O). 1H NMR (400 MHz, CD3OD) δ

2.46 (s, 1H), 4.69 (s, 1H), 5.01 (s, 5H), 1.66 (d, 1H), 8.74 (dt, 2H),

3.97 (dd, 2H).13C NMR (100 MHz, CD3OD) δ 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

– C18H15NO2; MS (ESI): m/z ‐ Found 277.11 [M+ H]+; 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−1): 3125 (N–OH), 1623 (C=O). 1H NMR (400 MHz, CD3OD) δ

2.66 (s, 1H), 4.63 (s, 1H), 3.33 (s, 5H), 7.91 (d, 6H), 8.41 (s, 3H). 13C

NMR (100 MHz, CD3OD) δ 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.[25] A Nicolet

iS10 spectrometer (Thermo Fisher) was used to obtain the DRS–FTIR

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 × 10−7 M, while the

HAs concentration was varied from 0.00 to 13.33 × 10−5 M (0.00,

1.67, 3.33, 5.00, 6.67, 8.33, 10.00, 11.67, or 13.33 × 10−5 M).[26] All

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):

Fcorrected ¼ Fobserved × 10 AexþAem½ �=2 (1)

where, Fcorrected and Fobserved are corrected and observed fluorescence

intensities. Aex and Aem are the absorbance values at the excitation

and emission wavelengths. The corrected fluorescence values were

used to calculate the Stern–Volmer quenching constant (Ksv). 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.[29] Dynamic

quenching 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.[30]

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 × 10−5 M

(0.00, 1.67, 3.33, 5.00, 6.67, 8.33, 10.00, 11.67, 13.33 × 10−5 M)

and the BSA concentration set at 4.47 × 10−7 M.[31] Quenching
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fluorescence spectra for BSA were observed at 340 nm. The

quenching study[32] was analysed using the following Stern–Volmer

equation, Equation (2):

F0=F ¼ 1þ Ksv Q½ � ¼ 1þ Kqτ0 Q½ � (2)

where, F0 and F represent the fluorescence intensities in the absence

or presence of quencher and [Q] is the concentration of quencher

(HAs) in solution. Kq is the bimolecular quenching rate constant, Ksv

is the Stern–Volmer quenching constant, τ0 is the average fluores-

cence lifetime of the protein and was 6.2 × 10−9 s for BSA.[33]

Interaction of BSA with HAs was also affirmed by the binding con-

stant (Kb) and number of binding sites (n). Constant values were

obtained from the plot of log[(F0 − 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 F0 − Fð Þ=F½ � ¼ logKb þ n log Q½ � (3)

where, Kb is the binding constant and n is number of binding sites. The

van ’t Hoff equation, Equation (4), was used to calculate ΔH and ΔS

values, while ΔG was determined using Equation (5):

logKb ¼ −
ΔH

2:303RT
þ ΔS
2:303R

(4)

ΔG ¼ ΔH–TΔS (5)

where, Kb is the binding constant, R is the gas constant and T is the

absolute temperature of the solution. Kb 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

interaction was measured using fluorescence spectroscopy[34] at an

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 (qb) to the quantum efficiency of the free ligand

(qf),
[35] as given in the following equation, Equation (6),

Q ¼ qb
qf

¼ Ib
If
×
εf
εb

(6)

where, Ib, If, εf and εb 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 I and Sudlow's site II markers for BSA. The displace-

ment reactions were performed by saturating BSA (4.47 × 10−7 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 × 10−5 M (0.00, 1.67, 3.33, 5.00, 6.67, 8.33,

10.00, 11.67, and 13.33 × 10−5 M).

2.3.4 | Förster resonance energy transfer

According to the Förster'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. Förster 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.[37,38] 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 ¼ 1 − F=F0 ¼ Ro
6= Ro

6 þ r6
� �

(7)

where, F0 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 R0 is the Förster critical energy transfer dis-

tance, which was calculated using Equation (8):

Ro
6 ¼ 8:8⨯10–25 k2 N–4 ɸ J (8)

where, k2 is the spatial orientation of the dipole, k2 = 2/3. N is the

refractive index of medium, N = 1.36. Φ is the fluorescence quantum

yield of the donor (for BSA, Φ = 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):

J ¼ ∫
∞

0 F λð Þε λð Þλ4 Δλ
∫
∞

0 F λð ÞΔλ
(9)

where, λ is the wavelength of absorbance of HAs and fluorescence

intensity of the BSA. F(λ) is the fluorescence intensity of BSA and

ε(λ) is the molar absorption of the HAs at wavelength λ.
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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 (Δλ) at 15 or 60 nm.[39] A titration of BSA

(4.47 × 10−7 M) was performed by varying the concentration of HAs

(0.00–13.33 × 10−5 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.[40] 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 (ΔF), 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 ¼ 1 − χHAs

� �
=χHAs

(10)

where, χHAs
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−1. 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.[41] 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 α‐helical content of the protein.[42] The per cent α‐helical

and β‐sheet contents of BSA were calculated using K2D2 software[43]

at 200 to 250 nm using the spectral data obtained from the

CD technique.

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.[44] Electrochemical

reactions between BSA (4.47 × 10−7 M) and HAs from 0.00 to

8.33 × 10−5 M (0.00, 1.67, 3.33, 5.00, 6.67, 8.33 × 10−5 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.[45] 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.[46] The 3D crystal

structure of BSA (PDB id: 4F5S) was obtained from Brookhaven

PDB and the PDB file for the HAs was produced using

Chem3DUltra10.0 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 Å along the x‐, y‐ and z‐axes,

respectively, with a grid spacing of 0.494 Å. 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−1.

Absorbance mode with a resolution of 4 cm−1 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 μg ml−1 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.[47,48] The following

experiment was conducted: DPPH (only) was taken; DPPH was added

to BSA (4.47 × 10−7 M); DPPH was added to HAs (1.67 × 10−5 M);

DPPH was added to BSA (4.47 × 10−7 M) and HAs (1.67 × 10−5 M);

DPPH was added to BSA (4.47 × 10−7 M) and HAs (3.33 × 10−5 M);

DPPH was added to BSA (4.47 × 10−7 M) and HAs (5.00 × 10−5 M);

DPPH was added to BSA (4.47 × 10−7 M) and HAs (6.67 × 10−5 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.[49]

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 (π → π⁎ transitions) due to the presence of

aromatic rings in amino acids residues such as tryptophan (Trp),

tyrosine (Tyr) and phenylalanine (Phe).[50] 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.[51]

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.[5] 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.[52] Trp‐212, which is naturally buried in a

hydrophobic pocket, was uncovered to a certain degree when placed

in an aqueous environment.[53] The above result demonstrated bind-

ing, destruction of the tertiary structure of BSA and change in the

microenvironment around three aromatic amino acid residues.[54]

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 yield (usually quenching of

fluorescence), which is used to determine drug affinity (in this case

FIGURE 2 Absorption spectra of BSA with different concentrations of (a) compound 1 and (b) compound 2
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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.[13]

Stern–Volmer plots of F0/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, Ksv and bimolecular rate

constant, and Kq 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 Ksv was inversely correlated, indicating fluorescence quenching

between HAs and BSA was of the static type.[55] The type of

quenching mechanism (dynamic or static) prevailing during this inter-

action was also verified by comparing the bimolecular quenching rate

constant (Kq), evaluated using the Stern–Volmer equation, from the

reported values.[56] For dynamic quenching, the Kq value must be less

than 2.0 × 1010 L mol−1 s1. In the present study, the Kq values for com-

pound 1 and compound 2 were greater than 2.0 × 1010 L mol−1 s−1,

which confirms that a static‐type quenching mechanism was present

during HAs–BSA interaction. The y‐axis intercept obtained by plotting

log(F0/F)/F versus log[Q] demonstrated the binding constant (Kb) 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 Kb value and n value decreased, suggesting that the HAs–BSA

complex was more stable at physiological temperatures compared

with higher temperatures. The decrease in Kb values with increasing

temperature also indicated the occurrence of a static quenching mech-

anism[10] 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.[57] 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.[58]

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.[59,60]

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 (ΔH), entropy

change (ΔS) and free energy change (ΔG), forces acting during HAs–

BSA interactions could be determined.

The plot of logKb versus 1/T yielded a straight line, as shown in

Figure 6(a) and Figure 6(b) for compound 1 and compound 2, respec-

tively. ΔH and ΔS values were calculated according to the slope and

intercept values from Equation (5) and are represented in Table 3.

Gibb's free energy (ΔG) was evaluated from enthalpy and entropy

changes from Equation (5) and is reported in Table 3. Positive values

for ΔH and ΔS revealed that hydrophobic interactions occurred

between the drug and biomolecules.[61] By contrast, negative values

for ΔH and ΔS suggested that the binding process was enthalpy driven,

therefore hydrogen bonding and van der Waals’ forces were involved

during the interaction.[13,62] By measurement, ΔH and ΔS values

obtained for compound 1 were −131.38 kJ mol−1 and −385.37 J mol
−1 K−1 respectively; similarly ΔH and ΔS values obtained for compound

2 were −187.34 kJ mol−1 and −532.76 J mol−1 K−1 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

quenching by the solvent.

FIGURE 3 Fluorescence emission spectra of BSA with different concentrations of (a) compound 1 and (b) compound 2
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3.2.4 | Site marker competitive binding

BSA is a globular protein comprised of three homologous domains (I, II,

III), which are further divided into subdomains A and B. Warfarin (WF)

acts as a site marker of subdomain IIA (Sudlow's site I) and ibuprofen

(IB) acts as a site marker of subdomain IIIA (Sudlow's site II).[63,64] Site

displacement experimentswere performed to study the binding process

of HAs to proteinmolecules using different site markers as inWF and IB

for site I and site II, respectively.[65] Displacement experiments were

carried out by recording fluorescence intensity at a constant concentra-

tion of BSA (4.47 × 10−7 M) saturated with WF/IB and increasing the

concentrations of HAs. The binding constant (Kb), Stern–Volmer

quenching constant (Ksv), bimolecular quenching constant (Kq) and num-

ber of binding sites (n) were calculated from Equations (2) and (3).

Stern–Volmer quenching constant (Ksv) for BSA–HAs and BSA–

HAs–WF/IB[66] 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.[9] Fluorescence

quenching calculated for the ternary system of compound 1 was

KBSA‐WF‐1 = 3.10 × 104 L mol−1 and KBSA‐IB‐1 = 5.16 × 104 L mol−1.

Similarly, fluorescence quenching measured for the ternary system

of compound 2 was KBSA‐WF‐2 = 1.26 × 104 L mol−1 and KBSA‐IB‐

2 = 1.49 × 104 L mol−1. 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 II. 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 I) in the BSA molecule.

FIGURE 4 Linear fit plot related to the Stern–Volmer constant between F0/F versus concentration [Q] at five different temperatures (viz. 298,
303, 308, 313 or 318 K) of (a) compound 1 and (b) compound 2

TABLE 1 Stern–Volmer quenching constant (Ksv), quenching con-
stant (Kq) correlation coefficient (R2) and standard deviation (SD) of
HAs–BSA system at five different temperatures (viz. 298, 303, 308,
313 or 318 K)

HAs
Temperature
(K)

Ksv

(L mol−1)
Kq

(L mol−1 s−1) R2 SD

1 298 7.28 × 104 1.30× 1013 0.92 0.02

303 4.94 × 104 8.83 × 1012 0.86 0.03

308 3.27 × 104 5.84 × 1012 0.85 0.05

313 2.52 × 104 4.51 × 1012 0.82 0.06

318 2.04 × 104 3.65 × 1012 0.80 0.02

2 298 3.35 × 104 5.41 × 1012 0.96 0.02

303 2.66 × 104 4.29 × 1012 0.98 0.02

308 1.66 × 104 2.68 × 1012 0.86 0.03

313 1.03 × 104 1.66 × 1012 0.98 0.03

318 6.31 × 103 1.02 × 1012 0.98 0.02

TABLE 2 Associative binding constants (Kb), number of binding sites
(n), correlation coefficient (R2) and standard deviation (SD) of HAs–
BSA systems at five different temperatures (viz. 298, 303, 308, 313 or
318 K)

HAs
Temperature
(K)

Kb

(L mol−1) n R2 SD

1 298 9.55 × 102 0.51 0.98 0.02

303 3.02 × 102 0.41 0.98 0.05

308 1.02 × 102 0.33 0.99 0.05

313 5.62 × 101 0.29 0.99 0.04

318 3.55 × 101 0.26 0.99 0.04

2 298 7.59 × 104 1.12 0.99 0.02

303 5.13 × 104 1.10 0.99 0.02

308 6.17 × 103 0.92 0.99 0.03

313 2.63 × 103 0.84 0.99 0.05

318 8.71 × 102 0.77 0.99 0.06
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3.2.5 | Förster resonance energy transfer (FRET)

Förster 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).

Transfer of energy was successful when the quantum yield 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.[37] 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.[67,68] FRET parameters such as overlap integral (J)

obtained from Equation (9), energy transfer (E) obtained from

Equation (7), critical distance (Ro) calculated from Equation (8) and

FIGURE 5 Linear fit plot related to the Stern–Volmer constant between log[(F0 − 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

FIGURE 6 Linear fit plot obtained from the fluorescence emission spectra of HAs–BSA interaction between 1/T vs. logKb of (a) compound 1 and
(b) compound 2

TABLE 3 Relative thermodynamic parameters, i.e. Gibb's free energy
(ΔG), enthalpy change (ΔH) and entropy change (ΔS) in the HAs–BSA
system

HAs
Temperature
(K)

ΔG
(kJ mol−1)

ΔH
(kJ mol−1)

ΔS
(J mol−1 K−1)

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

TABLE 4 For the set of HAs: Stern–Volmer constant (Ksv), quenching
constant (Kq), correlation coefficient (R2) and standard deviation (SD)
of BSA by compound 1 (HAs‐1) and compound 2 (HAs‐2) in the
absence or presence of site markers

HAs
Site
markers

Ksv

(L mol−1)
Kq

(L mol−1 s−1) R2 SD

1 1 only 7.28 × 104 1.30 × 1013 0.92 0.02

WF 3.10 × 104 5.01 × 1012 0.85 0.02

IB 5.16 × 104 8.32 × 1012 0.95 0.02

2 2 only 3.35 × 104 5.41 × 1012 0.96 0.02

WF 1.26 × 104 2.03 × 1012 0.96 0.01

IB 1.49 × 104 2.41 × 1012 0.99 0.01
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the distance between HAs and BSA (r) evaluated from Equation (7)

are listed in Table 5. The average distance, r and critical distance,

Ro 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.[69]

For Tyr and Trp residues, the D‐value (Δλ) between the excitation

and emission wavelengths was set at 15 nm and 60 nm respec-

tively.[70] In this technique, changes in the polarity around the micro-

environments of amino acid residues present in the protein were

inferred by the shift in λem‐max of emission spectra.[71] Blue and red

shifts in λem‐max manifested as an increase in hydrophobicity around

the fluorophore.[72]When synchronous spectra were set atΔλ = 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 Δλ 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 theTrp 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.[73] 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

FIGURE 7 Site displacement study of compound 1‐BSA complex in the presence of (a) Warfarin and (b) Ibuprofen

FIGURE 8 Site displacement study of compound 2‐BSA complex in the presence of (a) Warfarin and (b) Ibuprofen

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

HAs
Spectral overlap,
J (L cm3 mol−1)

Critical

distance,
Ro (nm)

Energy transfer
efficiency (E)

r
(nm)

1 5.88 × 10−14 2.85 0.79 2.36

2 5.88 × 10−14 2.85 0.26 3.35
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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.[74] 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-

cules.[75,76] Therefore, CD measurement was performed to

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 π* and π to π* conversion of

the peptide bond of an α‐helix.[77] 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 α‐helical pattern was identical to that of basic BSA,

which implied that, in the BSA–compound 1 complex, the BSA α‐helix

was not changed after interaction with compound 1. However, for

compound 2, the per cent α‐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 α‐helixes and β‐sheets for com-

pound 1 and compound 2 were calculated using K2D2 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.[79] In the present study, for BSA, the

anodic peak appeared at −0.23 V versus the corresponding peak cur-

rent at −4.5 × 10−6 A, while the cathodic peak appeared at 0.00 V with

the corresponding peak current at 1 × 10−6 A. Similarly, for compound

1, the anodic peak appeared at −0.25 V versus corresponding peak

current at −7.5 × 10−6 A, while the cathodic peak appeared at

0.36 V having corresponding peak current at 3 × 10−6 A. For com-

pound 2, the anodic peak appeared at −0.25 V versus corresponding

peak current at −6.8 × 10−6 A, while the cathodic peak appeared at

0.36 V having a corresponding peak current at 3.5 × 10−6 A. The peak

current decreased with increasing concentrations of compound 1,

while the peak current increased with increasing concentrations of

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

TABLE 6 α‐Helical and β‐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 % α‐helix % β‐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
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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.[80]

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.[81] 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-

tion with highest binding energies for compound 1 and compound 2

are shown in Figure 11 and Figure 12, respectively. Areas such as

subdomains II and III, called as site I and site II, 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 (ΔG) value of −5.25 kcal mol−1, 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 ΔG value of

−3.75 kcal mol−1, 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 inTable 7. Hence,

FIGURE 10 Cyclic voltammetric graph of BSA at 200 mV s−1 scan rates for (a) compound 1 and (b) compound 2

FIGURE 11 (a) Best conformation of compound 1 docked to BSA, (b) cartoon representation of residues involved in binding of compound 1 to BSA
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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−1.

As water molecules were present in the solution preparation and

gave a broad peak near 3000–3500 cm−1, 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.[62] The first band was the amide I band with IR spectra

between 1600 and 1700 cm−1 (C=O stretch), the second band was

the amide II band with spectra between 1500 and 1600 cm−1 (C–

N stretch coupled with a N–H bending mode).[40] The characteristic

protein amide I bands for compound 1 and compound 2 were

observed at 1656.00 cm−1 and 1651.00 cm−1, respectively. A red

shift was seen with increasing concentrations of HAs 0.00 to

3.33 × 10−5 M (0.00, 1.67, 3.33 × 10−5 M respectively) in the amide

I band at 1656.00 cm−1 to 1682.00 cm−1 for compound 1 and from

1651.00 cm−1 to 1678.00 cm−1 for compound 2, shown in Figure 13

and Figure 14, respectively. Similarly, the characteristic peak for the

amide II band was observed at 1598.00 cm−1 for compound 1 and

1586.16 cm−1 for compound 2. Signals for amide II shifted from

1598.00 cm−1 to 1600.00 cm−1 for compound 1 and from

1586.16 cm−1 to 1594.00 cm−1 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.[82] 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

FIGURE 12 (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 Forces involved ΔG (kcal mol−1)

1 Site I Cys91, Cys75, Val77, Ala88, Leu80, Arg81 Hydrophobic interaction −5.25

2 Site I Leu80, Arg81, Ala88, Cys75, Cys91, Glu92 H‐bonding and hydrophobic interaction −3.75
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BSA with HAs derivatives. Pure HAs showed the maximum reduction

in DPPH absorption in comparison with the reduction by pure BSA

and the mixture of BSA and HAs. This result revealed the high

scavenging propensities of compound 1 and compound 2 against

DPPH. The antioxidant properties of HAs[83] are mainly due to its pro-

pensity to donate its hydrogen atom to DPPH. Therefore, upon

FIGURE 13 FTIR spectra of (a) BSA without
compound 1; (b) BSA with 1.67 × 10−5 M of
compound 1 and (c) BSA with 3.33 × 10−5 M
of compound 1

FIGURE 14 FTIR spectra of (a) BSA without
compound 2; (b) BSA with 1.67 × 10−5 M of

compound 2 and (c) BSA with 3.33 × 10−5 M
of compound 2
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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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a b s t r a c t

In this paper, we report the reactivity of Ni(dppe)Cl2; dppe ¼ 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)Cl2 with these Se2N2O ligands in 1:1 M ratio yield
[{(PhC ¼ NCH2CH2SePh)(C6H2(O)(4-CH3)(PhCO)}2Ni2Cl2], 1 and [{(PhC ¼ NCH2CH2CH2SePh) (C6H2(O)(4-
CH3)(PhCO)}2Ni2Cl2], 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(II) 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(II) through azomethine nitrogen, benzoyl oxygen and the
phenolic oxygen. The phenolic oxygen bridges the two Ni(II) ions. Each nickel is bonded to one chloride.
Nickel adopts square pyramidal coordination geometry with trans-NiNO3Cl 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 L2H 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

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 [1e4]. 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,O) 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

highly useful for functional group manipulations, asymmetric
synthesis [7,8], ligand chemistry [9,10], material science [11e13]
and biochemistry [14,15]. However, the instability of certain de-
rivatives, difficulties associatedwith 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 [20e23].
Khandelwal et al. have reported some phenol based cyclic and

acyclic [24e26] 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 [C6H2(OH) (4-CH3){(PhC ¼ N(CH2)nXPh)}2] (L1H,
X ¼ Se, n ¼ 2; L2H, X ¼ Se, n ¼ 3; L3H, X ¼ Te, n ¼ 2; L4H, X ¼ Te,
n ¼ 3) and their Cu(II), Zn(II), Hg(II) complexes [27,28]. Herein, we
report the reactivity of Ni(II) metal ion with L1H and L2H 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, L2H 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
publishedmethod were used to synthesize the ligands L1H and L2H
[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 spectrawere recorded from 4000 to 400 cm�1 by
a Shimadzu IR Prestige-21 FT spectrophotometer on a KBr disc.

Electronic spectra were obtained by use of a PerkinElmer Lambda
35 UV-VIS spectrophotometer. The 1H and 13C{1H} NMR spectra
were recorded on a Bruker AMX-400 FT NMR spectrophotometer in
CDCl3; the chemical shifts were recorded relative to SiMe4. 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 chloroformehexane system. X-ray data were
collected on an Oxford Diffraction Xcalibur Ruby Gemini diffrac-
tometer with Cu-Ka radiation (l ¼ 1.54178 Å) 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 Se2N2O ligands (L1H and L2H) were prepared
and characterized as per the self-developed and reported method
[22]. To prepare their Ni(II) complexes, the solution of ligand L1H
(0.680 g, 1.0 mmol)/L2H (0.708 g, 1.0 mmol) in 70 mL purified
methanol was added dropwise to the suspension of the Ni(dppe)Cl2
[dppe ¼ 1,2-bis(diphenylphosphino)ethane] (0.528 g, 1.0 mmol) in
10 mL methanol under argon atmosphere. The reactionwas carried
out at room temperaturewhile 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 timeswith chloroform to remove the unreacted Ni(dppe)Cl2
and the ligand and dried under vacuum. The characteristics of the
complexes are given below:

½fðPhC ¼ NCH2CH2SePhÞC6H2ðOÞð4� CH3ÞðPhCoÞg2Ni12Cl2�;
(1)

Colour and state: green powder; yield: 0.37g (62%); m.p.: 170 �C
(dec.). Anal. calc. for C58H48N2O4Se2Ni2Cl2: 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}]þ, 500.
FTIR (KBr disc, cm�1): 1614 n(C]O), 1573 n(C]C), 1527 n(C]N),

Fig. 1. Structures of ligand L1H, L2H and their Ni(II) complexes 1 and 2.
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1247 n(CeO), 517 n(NieN), 465 n(Ni�Ophenolic), 442 n(Ni�Obenzoylic).
UVeVis (lmax/nm, ε/M�1cm�1, CH3CN): 261(13383), 339(2602),
406(1663).LM (10�3 M, CH3CN, 298 K): 22 U�1cm2mol�1.

½fðPhC ¼ NCH2CH2CH2SePhÞðC6H2ðOÞð4� CH3ÞðPhCoÞg2Ni12Cl2�;
(2)

Colour and state: green powder; yield: 0.35 g (58%); m.p.: 172 �C
(dec.). Anal. calc. for C60H52N2O4Se2Ni2Cl2: 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-(Cl)]þ, 514.
FTIR (KBr disc, cm�1): 1614 n(C]O), 1589 n(C]C), 1527 n(C]N),
1246 n(CeO), 509 n(NieN), 461 n(Ni�Ophenolic), 419 n(Ni�Obenzoylic).
UVeVis (lmax/nm, ε/M�1cm�1, CH3CN): 256(13556), 337(2782),
409(2388).LM (10�3 M, CH3CN, 298 K): 28 U�1cm2mol�1.

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.
Themicro-cell model BAS C3 Cell Stand andmodel KO264 consisted
of a platinum working electrode, platinum wire as auxiliary elec-
trode and a non-aqueous Ag/Agþ reference electrodewith 0.1 molL-
1 AgNO3 in acetonitrile as filling solution. Tetrabutylammonium
perchlorate (0.1 molL-1 solution in CH3CN) was used as the sup-
porting electrolyte. Cyclic voltammograms with scan speeds of
100e500 mVs�1 were run in 10�4 molL�1 CH3CN solution in a ni-
trogen atmosphere. Under these conditions, the ferrocenium/
ferrocene (fcþ/fc) couple shows a peak separation of 84mVwith E1/
2 of þ686 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 6-31þG* þ 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 HFmethod 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)2 using AutoDock4.2 software which

uses a free-energy scoring function based on the AMBER force field
[34]. The Co-Crystal structure of 1BNA-Ca2þ was downloaded from
RCSB database (www.rcsb.org/) with a resolution of 1.8 Å. After
removing the attached Ca2þ ion, energy minimization on 1BNAwas
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 � 40 � 40 Å
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 L2H and metal complexes 1 and 2. The
initial parameters for Ni were set as r ¼ 1.170 Å, q ¼ þ2.0 and van
derWaals 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 derWaals radii (1.9 Å 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 atomswould 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 þ 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)
Cl2 with L1H and L2H, respectively in 1:1 M ratio, were found to
have composition C58H48Se2O4N2Ni2Cl2 (1) and C60H52Se2O4N2-
Ni2Cl2 (2). Analytical data suggested that during the reaction 1,2-
bis(diphenylphosphinoethane) is displaced from Ni(dppe)Cl2 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, UVeVis, 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 U�1cm2mol�1 and 28 U�1cm2mol�1, 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 p/p* transitions for phenyl rings. Theweak
bands at 406 nm in both spectra are attributed to the n/p*
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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 [{C6H2(O) (4-CH3) (PhC ¼ NCH2CH2SePh)
(PhC ¼ O)}2Ni2Cl]þ and [{C6H2(O) (4-CH3)
(PhC ¼ NCH2CH2CH2SePh) (PhC ¼ O)}2Ni2Cl]þ ions, respectively,
which are devoid of a chloride ion from the molecular ion and
diphenylphosphenoethane moiety frommetal ion source. The base
peaks observed at m/z 500 and 514 in the spectra of 1 and 2 are
assigned to the fragments [C6H2(O) (4-CH3) (PhC ¼ NCH2CH2SePh)
(PhC ¼ O)]þ and [C6H2(O) (4-CH3) (PhC ¼ NCH2CH2CH2SePh)
(PhC ¼ O)]þ, respectively.

3.1.4. Infra-red spectral analysis
The disappearance of bands of n(OeH) stretching at around

3500 cm�1 in the IR spectra of complexes 1 and 2 suggests
involvement of phenolic proton with the chloride ion of the
Ni(dppe)Cl2 to form hydrochloric acid and thereby binding of the
phenolic O with Ni(II) ion.Spectra of both the complexes 1 and 2
show n(C]N) stretching frequencies (about 1527 cm1) which are
shifted to lower frequency by ~60 cm�1 with respect to those of the
corresponding free ligands (about 1597 cm�1). 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(II) ion. Further, the
appearance of a new band at around 1614 cm�1 in both spectra are
attributed to n(C]O), formed due to the hydrolysis of one imine
group of the ligands. In several cases the original multidentate
Schiff-base ligands present in themother solution hydrolyze during
the complexation reactions, resulting in the formation of partially
hydrolyzed species with the decrease in their denticity [39e45].
Since n(C]O) bands are shifted towards red frequency side by the
order of ~44 cm�1 as compared to 4-methyl-2,6-dibenzoylphenol
(1658 cm�1) suggest the coordination of benzoyl O with the Ni(II)
ion. The release of HCl and thus the partial hydrolysis of the ligand
during the process of complex formation between ligand L1H and
Ni(dppe)Cl2 is confirmed by the isolation of phenylseleno(ethyl)

amine hydrochloride and its single crystal X-ray crystallography.
Both the complexes exhibit the n(NieN) stretch between 509 and
517 cm�1 as a weak band. The bands around 465 cm�1 are attrib-
uted to n(Ni�Ophenolic) vibrations whereas those between 419 and
442 cm�1 are assigned to n(Ni�Obenzoylic) vibrations [46].

3.1.5. NMR spectral analysis
1H 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 31P NMR spectra of both the
complexes do not show any signal even up to 250 ppm. Surpris-
ingly, 31P 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)Cl2 is separated out as dppeO2.
This may be due to the fact that two P atoms of dppe which chelate
Ni(II) ion in Ni(dppe)Cl2 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
a P 1 21/n 1 space group and there are four ion pair units in the unit
cell. The SeeC(1) distance [1.925(2) Å] is slightly higher than the
sum of the Pauling single bond covalent radii for selenium (1.17 Å)
and sp2 hybridized carbon (0.74 Å). The SeeC(7) bond distance
[1.959(2) Å] is, however, longer than SeeC(1) distance. This is due
to the fact that radius of sp3 carbon is larger than that of the sp2

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(II) ions via N,O,O
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 formwith each having center of symmetry lies in
the center of Ni2O2 core. The two equivalent parts of coordination
unit viz. [{C6H2(O) (4-CH3) (PhC ¼ N(CH2)nSePh) (PhC ¼ O)}NiCl];
n ¼ 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
Ni2(m-phenoxide)2 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 Å (5.407 Å) which is 5.431 Å (6.409 Å) in complex 2 and left

Fig. 2. ORTEP diagram of phenylseleno(ethyl)amine hydrochloride, drawn at the 50%
probability level.
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uncoordinated. The trans NieN bond distances are of almost equal
length (1.992 and 1.997 Å) in complex 1 while in complex 2, the
bond lengths are slightly longer (2.022 Å and 2.059 Å). However,
NieO(benzoyl) being trans to each other are appreciably different
(1.973 and 1.938 Å) and shorter than NieN. All the four
NieO(phenoxy) distances are unequal (1.944, 1.954, 1.949 and 1.917 Å
in complex 1 and 1.945, 1.952, 1.976 and 1.897 Å in complex 2);
suggesting the distorted geometry. The Ni77eNi78 separation in
both the complexes 1 and 2 is slightly different (2.888 Å (1) and
2.963 Å (2)) which is appreciably longer than van derWaal’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(II) complexes [47]. The optimized molecular geometry is
completely free from intramolecular interaction. Ni77eO79eNi78
and Ni77eO80eNi78 angles in complexes 1 and 2 are 95.472�,
96.872� and 97.272�, 96.935�, respectively which are slightly
shorter than reported Ni2(m-phenoxide)2 complex [47]. Although

the six and four coordination complexes of nickel are dominating
over five coordination complexes but the square pyramidal com-
plexes of Ni(II) ion are also well documented [48e51]. 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(II) 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 [NBu4][ClO4] in CH3CN
solutionwith 100e500 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(II) ions i.e.:

Table 1
Crystal data and structure refinement for phenylseleno(ethyl)amine hydrochloride.

Empirical formula C8 H12Cl N Se

Formula weight 236.60
Temperature 295(2) K
Wavelength 1.54184 Å
Crystal system Monoclinic
Space group P 1 21/n 1
Unit cell dimensions a ¼ 5.73421(10) Å a ¼ 90�

b ¼ 7.82184(13) Å b ¼ 96.4586(17)�

c ¼ 22.1658(4) Å g ¼ 90�

Volume 987.87(3) Å3

Z 4
Density (calculated) 1.591 Mg/m3

Absorption coefficient 7.143 mm�1

F(000) 472
Crystal size 0.46 x 0.42 � 0.15 mm3

Theta range for data collection 6.00e77.48�

Index ranges �5 � h<¼7, �9 � k<¼9, �27 � l<¼27
Reflections collected 8643
Independent reflections 2088 [R(int) ¼ 0.0283]
Completeness to theta ¼ 67.50 99.8%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 1.00000 and 0.10834
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 2088/0/102
Goodness-of-fit on F2 1.070
Final R indices [I > 2sigma(I)] R1 ¼ 0.0276, wR2 ¼ 0.0763
R indices (all data) R1 ¼ 0.0281, wR2 ¼ 0.0767
Extinction coefficient 0.0010(3)
Largest diff. peak and hole 0.427 and �0.250 e.Å�3

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

SeeC(1) 1.925(2) NeH(0A) 0.8900

SeeC(1) 1.959(2) N-(0A) 0.8900
SeeC(7) 1.959(2) NeH(0B) 0.8900
NeC(8) 1.491(3) NeH(0C) 0.8900
C(7)eC(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(0A)-N-H(0B) 109.5
NeC(8)-C(7) 112.03(17) H(0A)-N-H(0C) 109.5
SeeC(7)-H(7B) 108.7 108.7 H(0B)eNeH(0C) 109.5
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The electron transfer reactions are quasi-reversible in nature as
evident by DEp 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, Kc, of 6.5 � 109 V and 1.2 � 1013 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 Kc ¼ 10(DE/0.059) 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, L2H 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 L2H 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 L2H.
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
L2H (�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 L2H additionally shows intermolecular
hydrogen bonding between its N atom and da6 DNA residue with a
bond length of 3.183 Å. 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 L1H and L2H with Ni(dppe)Cl2 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(II) ions through imino N,
phenolic O and benzoyl O with phenolic O bridging twometals and
leaving the selenium uncoordinated. Each Ni(II) is further termi-
nally bonded with a chlorine atom. Ni(II) in both the complexes 1
and 2 is five coordinated with square-pyramidal geometry and
having O3NCl coordination sphere. However, during the reaction
1,2-bis(diphenylphosphinoethane) moiety is displaced from
Ni(dppe)Cl2 and a chloride ion combines with phenolic proton to
form HCl. This is due to the fact that Ni(II) 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(II) ions which are considerably stable
inmixed valence state. Based on the analytical data, the structure of

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

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

A.K. Asatkar et al. / Journal of Molecular Structure 1221 (2020) 1287716



Fig. 6. Energetically favorable docked structure of the ligands L1H (a) and L2H (b), and complexesz 1 (c) and 2 (d) with the receptor 1BNA.

Fig. 5. Cyclic voltammograms of 0.1 mM solutions of complexes 1 (a) and2(b) in CH3CN/0.1 M NBu4ClO4 at platinum electrode vs Ag/0.1 M AgNO3 at 200 mV/s scan rate.
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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(II) 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-DNAwas 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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Table 3
Summarized interacting receptor residue, interaction mode and binding free energy.

S. No.
Compound name Target Receptor molecule Interacting receptor residues Type of interactions Binding free energy (kcal/mol)

1 L1H 1BNA da5, da6, da18, dt19, dg4 Hydrophobic �3.13
2 L2H 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

A.K. Asatkar et al. / Journal of Molecular Structure 1221 (2020) 1287718

https://doi.org/10.1016/j.molstruc.2020.128771
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref1
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref1
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref1
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref2
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref2
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref2
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref2
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref3
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref3
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref3
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref3
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref4
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref4
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref4
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref5
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref6
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref7
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref7
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref7
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref7
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref7
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref8
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref8
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref8
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref8
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref8
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref8
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref9
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref9
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref9
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref9
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref10
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref10
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref10
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref10
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref11
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref11
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref12
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref12
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref12
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref12
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref12
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref12
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref12
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref12
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref12
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref13
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref13
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref13
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref13
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref14
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref14
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref14
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref14
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref15
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref15
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref15
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref16
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref16
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref16
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref16
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref17
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref17
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref17
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref17
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref17
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref18
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref18
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref18
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref18
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref18
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref19
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref19
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref19
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref19
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref19
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref20
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref20
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref20
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref20
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref20
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref21
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref21
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref21
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref21
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref22
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref22
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref22
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref22
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref22
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref22
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref22
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref23
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref23
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref23
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref23
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref23
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref23
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref24
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref24
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref24
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref24
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref25
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref25
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref25
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref25
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref25
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref25
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref26
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref26
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref26
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref26
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref26
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref26
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref26
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref26
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref27
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref27


(II) and Pt (II) metal ions, Tetrahedron Lett. 45 (2004) 6745e6747.
[28] S. Nair, V.K. Verma, C.S. Verma, T.A. Jain, S.K. Tripathi, R. Singh, S.K. Gupta,

R.J. Butcher, Synthesis and structure of mononuclear copper (II) complexes
with acyclic Schiff-base ligands containing organotellurium substituents: a
comparative study with selenium analogs, J. Coord. Chem. 63 (2010)
4088e4103.

[29] D.D. Perrin, W.I.F. Armarego, D.R. Perrin, Purification of Laboratory Chemicals,
Pergamon Press, 1966.

[30] G.M. Sheldrick, A short history of SHELX, ActaCrystallographica Section A:
Foundations of Crystallography 64 (2008) 112e122.

[31] C.C.D. CrysAlis, Oxford Diffraction Ltd, 2007.
[32] P.J. Hay, W.R. Wadt, Ab initio effective core potentials for molecular calcula-

tions. Potentials for the transition metal atoms Sc to Hg, J. Chem. Phys. 82
(1985) 270e283.

[33] Gaussian 16, Revision C. 01, M.J. Frisch, G.W. Trucks, H.B. Schlegel,
G.E. Scuseria, M.A. Robb, J.R. Cheeseman, G. Scalmani, V. Barone,
G.A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A.V. Marenich, J. Bloino,
B.G. Janesko, R. Gomperts, B. Mennucci, H.P. Hratchian, J.V. Ortiz,
A.F. Izmaylov, J.L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini,
F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe,
V.G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, K. Throssell, J.A. Montgomery Jr., J.E. Peralta, F. Ogliaro,
M.J. Bearpark, J.J. Heyd, E.N. Brothers, K.N. Kudin, V.N. Staroverov, T.A. Keith,
R. Kobayashi, J. Normand, K. Raghavachari, A.P. Rendell, J.C. Burant,
S.S. Iyengar, J. Tomasi, M. Cossi, J.M. Millam, M. Klene, C. Adamo, R. Cammi,
J.W. Ochterski, R.L. Martin, K. Morokuma, O. Farkas, J.B. Foresman, D.J. Fox,
Gaussian, Inc., 2016. Wallingford CT.

[34] J. G.M. Morris, R. Huey, A. Olson, Using autodock for ligand-receptor docking
Current protocols in bioinformatics 24 (2008) 8e14.

[35] S. Sangeeta, K. Ahmad, N. Noorussabah, S. Bharti, M.K. Mishra, S.R. Sharma,
M. Choudhary, Synthesis, crystal structures, molecular docking and urease
inhibition studies of Ni (II) and Cu (II) Schiff base complexes, J. Mol. Struct.
1156 (2018) 1e11.

[36] I.P. Victoria, O. Boutureira, T.D. Claridge, B.G. Davis, Glycosyl diselenides as
lectin ligands detectable by NMR in biofluids, Chem. Commun. 51 (2015)
12208e12211.

[37] E.F. Pettersen, T.D. Goddard, C.C. Huang, G.S. Couch, D.M. Greenblatt,
E.C. Meng, E C, T.E. Ferrin, UCSF Chimerada visualization system for explor-
atory research and analysis, J. Comput. Chem. 25 (2004) 1605e1612.

[38] R.A. Laskowski, M.B. Swindells LigPlotþ, Multiple ligand-protein interaction
diagrams for drug discovery, J. Chem. Inf. Model. 51 (2011) 2778e2786.

[39] D.E. Fenton, G.P. Westwood, A. Bashall, M. McPartlin, I.J. Scowen, Partial hy-
drolysis of a Schiff-base tripodal ligand induced by copper (II) salts: crystal
structure of the product from reaction with copper (II) perchlorate, J. Chem.
Soc., Dalton Trans. (1994) 2213e2214.

[40] F. Avecilla, P. Ad~ao, I. Correia, J.C. Pessoa, Influence of polydentate ligands in
the structure of dinuclear vanadium compounds, Pure Appl. Chem. 81 (2009)
1297e1311.

[41] S. Naiya, B. Sarkar, Y. Song, S. Ianelli, M. Gb Drew, A. Ghosh, Carbonyl com-
pound dependent hydrolysis of mono-condensed Schiff bases: a trinuclear

Schiff base complex and a mononuclear mixed-ligand ternary complex of
copper (II), Inorg. Chim. Acta. 363 (2010) 2488e2495.

[42] S. Chattopadhyay, P. Chakraborty, M. Gb Drew, A. Ghosh, Nickel (II) complexes
of terdentate or symmetrical tetradentate Schiff bases: evidence of the in-
fluence of the counter anions in the hydrolysis of the imine bond in Schiff base
complexes, Inorg. Chim. Acta. 362 (2009) 502e508.

[43] S. Im Paris, Ü.A. Laskay, S. Liang, O. Pavlyuk, S. Tschirschwitz, P. L€onnecke,
M.C. McMills, et al., Manganese (II) complexes of di-2-pyridinylmethylene-
1,2-diiminedi-Schiff base ligands: structures and reactivity, Inorg. Chim. Acta.
363 (2010) 3390e3398.

[44] G.-J.M. Meppelder, T.P. Spaniol, J. Okuda, A binaphtolate titanium complex
featuring a linear tetradentate [OSSO]-bis (phenolato) ligand: synthesis and
partial hydrolysis to a homochiraldinuclear complex, J. Organomet. Chem. 691
(2006) 3206e3211.

[45] M. Czaun, S.M. Nelana, I.A. Guzei, C. Hasselgren, M. Håkansson, S. Jagner,
G. Lisensky, J. Darkwa, E. Nordlander, An investigation of Cu (II) and Ni (II)-
catalysed hydrolysis of (di) imines, Inorg. Chim. Acta. 363 (2010) 3102e3112.

[46] L. McAfee, Infrared and Raman spectra of inorganic and coordination com-
pounds. Part A: theory and applications in inorganic chemistry; Part B:
application in coordination, organometallic and bioinorganic chemistry,
(Nakamoto, Kazuo), J. Chem. Educ. 77 (2000) 1122.

[47] H.-S. Ke, L. Zhao, J. Tang, Synthesis, crystal structure and magnetic properties
of a phenoxo-bridged dinuclear nickel (II) complex, J. Coord. Chem. 64 (2011)
2020e2027.

[48] X. Zhang, B. Liu, A. Liu, W. Xie, W. Chen, Steric bulkiness-dependent structural
diversity in nickel (II) complexes of N-heterocyclic carbenes: synthesis and
structural characterization of tetra-, penta- and hexacoordinate nickel com-
plexes, Organometallics 28 (2009) 1336e1349.

[49] M. Veith, K. Valtchev, V. Huch, Tetraalkoxyaluminates of nickel (II), Copper (II)
and copper (I), Inorg. Chem. 47 (2008) 1204e1217.

[50] D.C. Fox, A.T. Fiedler, H.L. Halfen, T.C. Brunold, J.A. Halfen, Electronic structure
control of the nucleophilicity of transition Metal� thiolate complexes: an
experimental and theoretical study, J. Am. Chem. Soc. 126 (2004) 7627e7638.

[51] A. Kermagoret, P. Braunstein, Mono-and dinuclear nickel complexes with
phosphino-, phosphinito- and phosphonitopyridine ligands: synthesis,
structures and catalytic oligomerization of ethylene, Organometallics 27
(2008) 88e99.

[52] P. Ghosh, P. Mondal, R. Ray, A. Das, S. Bag, S.M. Mobin, G.K. Lahiri, Significant
influence of coligands toward varying coordination modes of 2,20-Bipyridine-
3,30-diol in ruthenium complexes, Inorg. Chem. 53 (2014) 6094e6106.

[53] J. Fan, A. Fu, L. Zhang, Progress in molecular docking, Quantitative Biology 7
(2019) 83e89.

[54] A.K. Asatkar, M. Tripathi, S. Panda, R. Pande, S.S. Zade, Cu(I) complexes of
bis(methyl)(thia/selena) salen ligands: synthesis, characterization, redox
behavior and DNA binding studies, Spectrochim. Acta Mol. Biomol. Spectrosc.
171 (2017) 18e24.

[55] P. Arthi, S. Shobana, P. Srinivasan, L. Mitu, A. Kalilur Rahiman Synthesis,
characterization, biological evaluation and docking studies of macrocyclic
binuclear manganese (II) complexes containing 3, 5-dinitrobenzoyl pendant
arms, Spectrochim. Acta Mol. Biomol. Spectrosc. 143 (2015) 49e58.

A.K. Asatkar et al. / Journal of Molecular Structure 1221 (2020) 128771 9

http://refhub.elsevier.com/S0022-2860(20)31096-6/sref27
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref27
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref28
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref28
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref28
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref28
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref28
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref28
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref29
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref29
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref30
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref30
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref30
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref31
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref32
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref32
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref32
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref32
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref33
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref34
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref34
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref34
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref35
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref35
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref35
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref35
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref35
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref36
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref36
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref36
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref36
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref37
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref37
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref37
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref37
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref37
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref38
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref38
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref38
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref38
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref39
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref39
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref39
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref39
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref39
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref40
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref40
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref40
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref40
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref40
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref41
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref41
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref41
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref41
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref41
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref42
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref42
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref42
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref42
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref42
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref43
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref43
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref43
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref43
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref43
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref43
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref44
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref44
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref44
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref44
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref44
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref45
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref45
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref45
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref45
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref46
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref46
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref46
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref46
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref47
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref47
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref47
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref47
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref48
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref48
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref48
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref48
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref48
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref49
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref49
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref49
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref50
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref50
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref50
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref50
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref50
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref51
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref51
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref51
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref51
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref51
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref52
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref52
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref52
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref52
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref52
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref52
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref53
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref53
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref53
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref54
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref54
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref54
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref54
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref54
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref55
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref55
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref55
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref55
http://refhub.elsevier.com/S0022-2860(20)31096-6/sref55


Journal Pre-proof

Experimental and computational studies on hydroxamic acids as
environmental friendly chelating corrosion inhibitors for mild
steel in aqueous acidic medium

Dakeshwar Kumar Verma, Akram Al Fantazi, Chandrabhan
Verma, Fahmida Khan, Ashish Asatkar, Chaudhery Mustansar
Hussain, Eno E. Ebenso

PII: S0167-7322(20)32502-2

DOI: https://doi.org/10.1016/j.molliq.2020.113651

Reference: MOLLIQ 113651

To appear in: Journal of Molecular Liquids

Received date: 21 April 2020

Revised date: 14 June 2020

Accepted date: 19 June 2020

Please cite this article as: D.K. Verma, A. Al Fantazi, C. Verma, et al., Experimental and
computational studies on hydroxamic acids as environmental friendly chelating corrosion
inhibitors for mild steel in aqueous acidic medium, Journal of Molecular Liquids (2020),
https://doi.org/10.1016/j.molliq.2020.113651

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2020 Published by Elsevier.

https://doi.org/10.1016/j.molliq.2020.113651
https://doi.org/10.1016/j.molliq.2020.113651
dewangan
Highlight



Jo
ur

na
l P

re
-p

ro
of

1 
 

Experimental and computational studies on hydroxamic acids as 

environmental friendly chelating corrosion inhibitors for mild 

steel in aqueous acidic medium 

Dakeshwar Kumar Verma
a
, Akram Al Fantazi

b
, Chandrabhan Verma

c
*, Fahmida Khan

d
, 

Ashish Asatkar
e
, Chaudhery Mustansar Hussain

f
 and Eno E. Ebenso

g
*  

a
Department of Chemistry, Govt. Digvijay Autonomous Postgraduate College, Rajnandgaon, Chhattisgarh, 

INDIA, 491441 
b
Department of Chemical Engineering, Khalifa University of Science and Technology, P.O. Box 2533, Abu 

Dhabi, United Arab Emirates 
c
Center of Research Excellence in Corrosion, Research Institute, King Fahd University of Petroleum and 

Minerals, Dhahran 31261, Saudi Arabia  
d
Department of Chemistry, National Institute of Technology Raipur, Raipur 492010, CG, India  

e
Department of Chemistry, Govt. Gundadhur Postgraduate College, Kondagaon, Chhattisgarh, INDIA  

f Department of Chemistry and Environmental Science,  New Jersey Institute of Technology, Newark, N J 07102, 

USA 
g
Department of Chemistry, School of Chemical and Physical Sciences and Material Science Innovation & 

Modelling (MaSIM) Research Focus Area, Faculty of Natural and Agricultural Sciences, North-West 

University, Private Bag X2046, Mmabatho 2735, South Africa 

 

Corresponding Address: chandraverma.rs.apc@itbhu.ac.in (CV) & Eno.Ebenso@nwu.ac.za 

(EEE) 

 

 

 

 

 

 

 

 

 

 

 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

2 
 

 

GRAPHICAL ABSTRACT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

3 
 

 

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 HCl.  

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 HCl 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=O 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=O 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, –NH2, –

NH–, –COOH, –CN, –O–, –NO2, –CONH2,  –COOC2H5 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 d-p 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 HCl, H2SO4, HNO3, NaCl and 

H3PO4 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 -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 HCl 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 HCl. 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 HCl. 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 HCl 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°C±1.  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 ml 

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 HCl (37% HCl MERCK) was used for the preparation of test electrolyte of 1 

M HCl 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 (ρ), surface coverage () and inhibition efficiency 

(%η) 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 (ρ) values for 

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

𝜌 =
∆𝑤

𝐴𝑡
(1) 
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where, ∆W, A and t represent the weight loss (in mg), the metallic surface area (in cm
2
) and 

immersion time (6h), respectively. Using corrosion rate (ρ) values, the inhibition efficiency 

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

%𝜂 = ﴾
𝜌1−𝜌2

𝜌1 ﴿ × 100                              (2) 

Where ρ
1 

and ρ
2 

represent the corrosion rate values for mild steel corrosion in 1M HCl 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 HCl 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 (Rs), a charge transfer resistance (Rct) and a constant phase element. The values of 

charge transfer resistance and inhibition efficiency (%η) at different concentrations of HAs 

were derived using following equation [28]: 

%𝜂 =
𝑅𝑐𝑡 (𝑖𝑛ℎ)−𝑅𝑐𝑡

𝑅𝑐𝑡 (𝑖𝑛ℎ)
×  100                                                                                    (3) 

In above equation, Rct(inh) and Rct 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
-1 

(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 (%η) 

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

%𝜂 =
𝑖𝑐𝑜𝑟𝑟−𝑖𝑐𝑜𝑟𝑟(𝑖𝑛ℎ)

𝑖𝑐𝑜𝑟𝑟
x 100                                 (4) 

where, icorr and icorr (inh), represent the values of corrosion current densities for MS corrosion in 

1M HCl 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 
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SEM-EDX analyses, MS surfaces are allowed to corrode freely in test electrolyte (1M HCl) 

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 (EHOMO and ELUMO) and different related indices were 

derived using following relationships [30]: 

HOMOIE E        (5) 

LUMOEA E        (6) 

1 1
( ) ( )

2 2
HOMO LUMOIE EA E E        (7) 

1





       (8) 

1 1
( ) ( )

2 2
HOMO LUMOIE EA E E        (9) 

2( )

Fe inh

Fe inh

N
 

 


 


     (10) 
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For the calculation of ΔN (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 (ΔN110) calculation. 

3. Result and discussion 

3.1. Weight loss measurements 

Effect of AHA, BHA and OHA concentration on MS corrosion in 1M HCl 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 d-p 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]: 
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𝐶


=

1

𝐾𝑎𝑑𝑠
+ 𝐶   (11) 

where, Kads represent adsorption-desorption constant. In the present study, Langmuir 

adsorption isotherm model was well fitted with correlation coefficient (R
2
) values close to 

unity. Using Kads values, the standard free energy of adsorption (∆Gads) values were calculated 

using following equation [32]: 

∆Gads = -RT ln (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 Kads and ∆Gads at different 

studied temperatures are presented in Table 3. High numerical values of Kads showed that 

AHA, BHA and OHA have strong ability to adsorb on metallic surface. Negative values of 

∆Gads revealed that AHA, BHA and OHA spontaneously adsorb on metallic surface using 

their electron rich centers. Literature survey reveals that ∆Gads value of -40 kJ mol
-1

 or more 

negative is consisted with chemisorption while its value of -20 kJ mol
-1

 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 ∆Gads 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 HCl 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 (%η), corrosion potential (Ecorr), corrosion 

current density (icorr), cathodic (c) and anodic (a) 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 (Ecorr) 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 HCl 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 HCl 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 HCl 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 (Cdl) for 

MS corrosion can be presented as follows [42]: 

𝐶𝑑𝑙 = 𝑌𝑜(𝜔𝑚𝑎𝑥)𝑛−1(13) 

where, n and Y0 represent the phase shift and exponent, respectively.  represents the angular 

frequency. Different EIS parameters are summarized in Table 5.  Increase in the value of Rct 

and decrease in the values of Cdl 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 HCl 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 

HCl. The XRD pattern shows three peaks at 2 = 37.2, 43.5, 44.7 and 54.8 which is 

resulted due to deposition of surface metallic oxides (Fe3O4 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 ELUMO (Lowest 

Occupied Molecular Orbital), EHOMO (Highest Unoccupied Molecular Orbital), dipole 

moment (), energy gap (∆E), electron transfer fraction (∆N), global hardness (η) and 

electronegativity () 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 EHOMO is 

consistent with high electron donating ability. Conversely, LUMO defines the part of 

inhibitor molecules responsible for electron acceptance and a lower value of ELUMO 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 EHOMO and lower values of ELUMO 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=O) 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 1.37Å 

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=O) functional group and 

unshared pair electrons of nitrogen. Intermolecular H-bonding between >C=O (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 1.96Å. In AHA Keto-II form (>C=O and –OH 

present in the opposite side), observed C-N bond length was 1.40 Å. Similarly, C-N and H-

bonding acquire the bond lengths of 1.38 Å and 1.93 Å, 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=O 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=O 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=O 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 
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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 -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 HCl 

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 HCl 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=O and –OH 

(hydroxyl) groups present in same side behave as chelating ligands.   
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Greenness : Non toxic to living
organisation and environment

Availibility to cover large surface
area of metal surface

Cost effective, Biodegredable,
Renewable and Non toxic

General requirements of
inhibitor

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

Solubility of inhibitor molecule

Inhibitor molecule should posses
bulky groups extended pi bonds

and active site

 

 

 

Figure 1: Schematic illustrations of basic requirrements of corrosion inhibitors. 
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Figure 2: Langmuir plots of Log C (ppm) vs Log (/1-) for adsorption of OHA, BHA and 

AHA molecules on MS surface in 1M HCl.  
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Figure 3: Potentiodynamic polarization curves for mild steel in molar concentration of 

hydrochloric acid (1 M HCl) and different concentrations (40-80 ppm) of (a) OHA, (b) BHA 

and (c) AHA at room temperature. 
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Figure 4: Nyquist plots for mild steel in molar concentration of hydrochloric acid (1 M HCl) 

and different concentrations (40-80 ppm) of (a) OHA, (b) BHA and (c) AHA at room 

temperature. 
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Figure 5: Bode ( log f vs log |Z| & phase angle (log f vs –phase) plots  for mild steel in 1 M 

HCl and different concentrations (40-80 ppm) of (a) OHA, (b) BHA and (c) AHA at room 

temperature 

 

 

Figure 6:Equivalent circuit model applied for fitting of the impedance spectra 
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Figure 7:SEM microphotographs of mild steel in molar concentration of hydrochloric acid (1 

M HCl) after 6h immersion period at 298 K (a) after immersion in 1 M HCl, (b) after 

immersion with 80 ppm OHA, (c) after immersion with 80 ppm BHA and (d) after immersion 

with 80 ppm AHA 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

33 
 

 

 

 

 

 

 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

34 
 

 

 
 

Figure 8:EDS spectra of mild steel coupons in molar concentration of hydrochloric acid (1 M 

HCl) (a) after immersion in 1 M HCl, (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. 9. XRD pattern of scratches sample of mild steel in 1 M HCl (a) after immersion in 1 M 

HCl, (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. 10. The optimized structure (left), HOMO (middle) and LUMO (right) for keto and enol 

forms of AHA respectively. 
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Fig. 11. The optimized structure (left), HOMO (middle) and LUMO (right) for keto and enol 

forms of AHA respectively. 
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Fig. 12. The optimized structure (left), HOMO (middle) and LUMO (right) for keto and enol 

forms of AHA respectively. 

 

 

 

 

 

 

 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

40 
 

 

 
 

 
 

 

Fig. 13: Possible adsorption mechanism of a) AHA b) BHA and, c) OHA onto metal surface 

in 1 M HCl 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. 

No. 

IUPAC name Structures Analytical and spectral data 

1 N-hydroxyacetamide

(Acetohydroxamic acid) AHA 
H3C N

H

O

OH

 

C2H5NO2; Mol. wt.:75.07D; M. P.: 

88°C±1, IR (KBr): 3227.85, 2868.93, 

1659.64, 1449.79, 1376.02; 
1
HNMR 

(DMSO, , ppm): 8.72, 2.1, 2.2;  
13

CNMR (DMSO, , ppm): 173.9, 

38.8 

2 N-hydroxybenzamide

(Benzohydroxamic acid) BHA  

O

NH

HO  

C7H7NO2; Mol. wt.:231.20D; M. P.: 

128°C ±1, IR (KBr): 3298.05, 

2754.55, 1646.72, 1636.44, 1315.86; 
1
HNMR (DMSO, , ppm): 7.61, 7.8, 

2.60;  
13

CNMR (DMSO, , ppm): 

164.6, 128.81, 39.94 

3 
N 1,N2-dihydroxyoxalamide  
(Oxalohydroxamic acid) OHA 

C

NH

O

HO

HN

O
HO  

C2H4N2O4; Mol. wt.:120.06D; M. P.: 

161°C ±1, IR (KBr):3271.87, 

1654.81, 1442.14; 
1
HNMR (DMSO, 

, ppm): 10.2, 2.5;  
13

CNMR (DMSO, 

, ppm): 157.20 
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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 HCl.  

 

Inhibitor Conc. 

(ppm) 

Corrosion Rate, 

 ρ, (mg cm
-2 

h
-1

) 

Inhibition Efficiency (%IE) 

 

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

OHA Blank 

20 

40 

60 

80 

0.854 

0.085 

0.069 

0.049 

0.031 

1.562 

0.245 

0.201 

0.168 

0.122 

3.088 

0.631 

0.587 

0.513 

0.445 

4.665 

1.021 

0.880 

0.755 

0.704 

- 

90.04 

91.92 

94.26 

96.37 

- 

84.31 

86.56 

89.24 

92.19 

- 

79.57 

80.99 

83.39 

85.59 

- 

78.11 

81.14 

83.82 

84.91 

BHA Blank 

20 

40 

60 

80 

0.766 

0.098 

0.075 

0.050 

0.033 

1.585 

0.255 

0.214 

0.198 

0.172 

3.447 

0.744 

0.589 

0.502 

0.455 

4.878 

1.302 

1.213 

1.156 

1.103 

- 

87.20 

90.20 

93.47 

95.69 

- 

83.91 

86.49 

87.50 

89.14 

- 

78.41 

82.91 

85.44 

86.80 

- 

73.31 

75.13 

76.30 

77.39 

AHA Blank 

20 

40 

60 

80 

0.954 

0.131 

0.112 

0.087 

0.064 

1.445 

0.252 

0.213 

0.178 

0.153 

3.144 

0.568 

0.514 

0.495 

0.466 

4.551 

1.222 

1.178 

1.104 

0.998 

- 

86.26 

88.26 

90.88 

93.29 

- 

82.56 

85.26 

87.68 

89.41 

- 

81.93 

83.65 

84.25 

85.18 

- 

73.15 

74.12 

75.74 

78.07 

 

 

 

 

 

 

Table 3: Gibb’s free energies (∆Gads) and adsorption constants (Kads) values without and with 

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

steel in 1 M HCl.  
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Inhibitor Temp. (K) R
2
 Kads 

(L mol
-1

) 

∆Gads  

(kJ mol 
-1

) 

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 

HCl.  

 

Inhibitors 

 

Concentration 

 

Tafel polarisation parameters 
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 (ppm)  

Icorr 

(A/cm
2

) 

Ecorr  

(mV vs SCE) 

βa 

(mV dec
-1

) 

βc 

(mV dec
-1

) 
%η(PDP) %IE(WL) 

 

 

OHA 

Blank 86.31 -518 270.9 305.5 - - 

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 HCl.  
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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.  

Inhibitor Conc. (ppm) Rs (Ω) Rct (Ω cm
2
) Cdl (μF cm

-2
) %ηEIS %IEWL 

 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 
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Media Composition (wt %) 

Fe Cl O C S N P Cr 

Mild Steel (MS) 99.60 - 0.08 0.18 0.06 - 0.04 0.04 

MS in 1 M HCl 92.92 5.88 1.20 - - - - - 

MS in AHA + HCl solution 88.71 0.31 3.41 4.44 - 3.13 - - 

MS in BHA + HCl solution 87.15 0.40 3.30 5.04 - 4.11 - - 

MS in OHA + HCl solution 87.15 0.48 3.42 5.13 0.03 3.80 - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

AHA, BHA, OHA.  

Compound EHOMO 

(eV) 

ELUMO 

(eV) 

E 

(eV) 

IE EA η 

(eV) 

χ 

(eV) 

σ 

(eV) 

AHA 
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Keto-I -6.50 0.18 6.68 6.50 -0.18 3.34 3.34 0.299 

Keto-II -6.90 0.20 7.10 6.90 -0.20 3.55 3.55 0.281 

Enol-I -6.27 0.78 7.05 6.27 -0.78 3.52 3.52 0.284 

Enol-II -6.14 0.80 6.94 6.14 -0.80 3.47 3.47 0.288 

BHA 

Keto-I -6.47 -1.36 5.11 6.47 1.36 2.55 3.91 0.392 

Keto-II -6.84 -1.22 5.62 6.84 1.22 2.87 4.03 0.348 

Enol-I -6.11 -1.07 5.04 6.11 1.07 2.52 3.59 0.396 

Enol-II -6.02 -0.92 5.10 6.02 0.92 2.55 3.24 0.392 

OHA 

Keto-I -7.18 -1.78 5.40 7.18 1.78 2.70 4.48 0.370 

Keto-II -6.93 -0.86 6.06 6.93 0.86 3.03 3.89 0.330 

Keto-III -6.75 -1.76 4.99 6.75 1.76 2.49 4.255 0.401 

Enol-I -6.26 -1.12 5.14 6.26 1.12 2.57 3.69 0.389 

Enol-II -6.30 -0.82 5.48 6.30 0.82 2.74 3.56 0.364 

Enol-III -6.01 -1.06 4.96 6.01 1.06 2.48 3.53 0.403 
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Highlights 

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

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

(93.29%).  

3. HAs acted as mixed type corrosion inhibitors.  

4. Adsorption of HAs on metal-1M HCl interfaces followed the Langmuir adsorption 

isotherm model.  

5. 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 ∆G (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
WL	� Weight loss
EIS	� Electrochemical impedance spectroscopy
PDP	� Potentiodynamic polarization
OCP	� Open circuit potential
SEM	� Scanning electron microscopy
EDS	� Electron dispersion x-ray spectroscopy
QCC	� Quantum chemical calculation
DFT	� Density function theory,
XPES	� X-ray photoelectron spectroscopy
MDS	� Molecular dynamic simulation
XRD	� X-ray diffraction
FTIR	� Fourier transform infrared
AFM	� Atomic force microscopy
EDXA	� Energy dispersive x-ray analysis
GCMS	� Gas chromatography mass spectrophotometer
HE	� Hydrogen evolution
CTAB	� Cetyl Trimethyl Ammonium Bromide

1  Introduction

Corrosion arises as an electrochemical process due to a 
potential difference on the metal surface. Various cleaning 
processes like acid cleaning, scraping, oil-well cleaning 
and acid pickling processes require aggressive and corro-
sive media which causes damage on metallic surface [1–3]. 
To prevent the metallic loss, use of corrosion inhibitor is 
essential. NACE reported that the worldwide loss due to the 
corrosion is approximately 2.7 trillion dollars per year which 
is about 4.3% of total GDP (gross domestic product [4, 5]. 
The efficiency of any organic compound depends on its 
adsorption property onto the surface of metal. Heteroatoms 
(S, P, O, N) containing molecules have lone pair electrons 
that facilitate the deposition of molecules onto the metal 
surface having empty d orbitals. In this way, these organic 
compounds form a sheet/layer over the metal surface and 
protect from corrosion [6–10]. A large number of organic 
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 
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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, 
–CONH2, –COOH, –COOR, –COR, –COCl, –COBr, –COI, 
–S–S–, –SOR, –PO3, –PO4 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.

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 
∆G reveals strong interaction between metal and inhibitor 

Fig. 1   General characteristic of 
inhibitor molecules
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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 ∆G is ≤ 40 kJ/mol, whereas if the value of ∆G is ≤ 20 kJ/
mol, it is called a physisorption. The ∆G 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]:

where Kads is the adsorption constant; θ  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 

(1)Langmuir isotherm =
C

=
1

Kads

+ C

(2)Temkin isotherm = log
(

C
)

= logKads − g�

(3)Frumkin isotherm = log

(

�

(1−)C

)

= logKads − g�,

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 (AIZs) 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 Eint 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 

Fig. 2   The HOMOs, LUMOs and molecular electrostatic potential (MEP) structures of protonated AIZs (Copyright @ Elsevier 2017)
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Fig. 3   Top and side views of the final adsorption of the AIZs onto Fe (110) metal surface in corrosive solution (Copyright @ Elsevier 2017)
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inhibitor. Jia et al. investigated the inhibition properties of 
L-Cysteine derivatives namely NASHCYS, NACYS, NAS-
BCYS and CYS in 1 M HCl 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 H2SO4 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 HCl using PDP 
and WL techniques where inhibitor P2 reported as cathodic 
nature showed 92% IE at 10–3 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, NH4Cl, NaOH and 
HCl. 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 = –OCH3) 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 × 10–3 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 HCl 
and 1 N H2SO4, 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 IE of 

98.6% in 0.5 M H2SO4 [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, IE of 93.98% was 
exhibited by CLX at 303 K [58]. Silver NPs and C12P 
showed IE 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 HNO3 
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 
C × 10–4 ppm conc. (303 K) [63]. The inhibition efficiency 
of 69.40% was obtained for compound 1 at optimum con-
centration (11 × 10–4) [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]. 2A5MT 
displayed higher IE of 99.3% as compared to 2MT [68]. 
TH showed IE of 98% at 6 × 10–3 concentration [69]. WL, 
PDP and EIS analyses showed good agreement towards 
inhibition efficiency [70]. 2 ethylamine thiophene exhibited 
maximum inhibition efficiency of 98% (5 × 10–3 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, 
nature of adsorption and results 
of heteroatoms containing 
molecules for mild steel in 
aggressive media
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Table 1   (continued)
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Table 1   (continued)
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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 10–2 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 

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 IE 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 

Table 1   (continued)
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Table 2   Molecular structures, nature of adsorption and results of inhibitors for in aluminium in different Media.
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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 

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 

Table 2   (continued)
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Table 3   Structures, nature of 
adsorption and results outcomes 
of organic inhibitors for copper 
corrosion in acidic media
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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 

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.

Table 3   (continued)
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lEikndh;

vkt dksjksuk ok;jl] ftls phuh ;k oqgku ok;jl Hkh dgk tk jgk gS] us yxHkx iwjh ekuork dks viuh pisV esa ys fy;k gSA bl egkekjh ds dkj.k
ejus okyksa dh Hkkjh la[;k ds dkj.k bl ok;jl ls laØfer yksxksa esa gh ugha] tks yksx laØfer ugha gS] muesa Hkh •rjk c<+rk tk jgk gSA LokLF; lqfo/
k,a] egkekjh ds lkeus ckSuh iM+rh fn•kbZ ns jgh gSA ,sls esa vLirkyksa esa csM] vkbZlh;w] osaVhysVj dk rks vHkko gS gh] lkekU; LokLF; midj.kksa tSls
vkWDlhtu] nokb;ksa] LokLF; dfeZ;ksa vkfn dh Hkh Hkkjh fdYyr dk lkeuk djuk iM+ jgk gSA gkykafd ljdkj us csM] nokb;ksa] vkWDlhtu dh miyC/
rk lqfuf'pr djus gsrq ç;kl fd, gSa] ysfdu orZeku =kklnh ds le{k os ç;kl cgqr de gSA de T;knk ek=kk esa blh çdkj dh fLFkfr dk lkeuk vesfjdk]
baXySaM] bVyh] czkthy tSls ns'k igys ls gh dj pqds gSa ;k dj jgsa gSaA

Hkkjr esa Hkh bl çdkj dh =kklnh esa yksxksa dh etcwjh dk ykHk mBkdj equkiQk dekus okys yksxksa dh deh ugha gSA ge lqurs gSa fd nokb;ksa]
vkWDlhtu] vkWDlhehVj vkfn ds foØsrk gh ugha] cfYd vLirky Hkh equkiQk dekus dh bl gksM+ esa 'kkfey gks pqds gSaA turk ds ladV] bl equkiQk•ksjh
ds dkj.k dbZ xquk c<+ pqds gSaA bu ladVksa ls lek/ku dk ,d gh jkLrk gS fd tYn ls tYn bu LokLF; lqfo/kvksa dks iq[rk fd;k tk, vkSj bykt
gsrq lktks&lkeku vkSj nok;ksa dks i;kZIr ek=kk esa miyC/ djk;k tk,A

tgka rd nokb;ksa dh deh] mudh Åaph dherksa vkSj mlls T;knk equkiQk•ksjh dk loky gS] mlds ihNs ns'k ds O;kikfj;ksa dh tek•ksjh ls dgha
T;knk oSf'od cgqjk"Vªh; daifu;ksa dk ,dkf/dkj gSA isVsaV vkSj vU; ckSf¼d laink vf/dkjksa ds dkuwuksa ds dkj.k nokb;ksa vkSj ;gka rd fd LokLF;
midj.kksa vkfn esa Hkh bu daifu;ksa dk ,dkf/dkj LFkkfir gSA bu dkuwuksa ds pyrs bu nokb;ksa vkSj midj.kksa dk mRiknu dqN gkFkksa esa gh dsafær jgrk
gS] ftlls budh Åaph dhersa ;g daifu;ka olwyrh gSA gky gh esa geus ns•k fd jensflfoj uke ds Vhds dh dher 3000 #i, ls 5400 #i, Fkh
ftls Hkkjr ljdkj us fu;af=kr rks fd;k] ysfdu mlds lkFk gh mldh Hkkjh deh Hkh gks xbZA blds pyrs bu batsD'kuksa dh dkykcktkjh gks jgh gS vkSj
ejhtksa ls batsD'ku ds fy, 20 gtkj ls 50 gtkj :- dh dher olwyh tk jgh gSA ;gh gkyr vU; nokb;ksa dh gS] ftldh Hkkjh deh vkSj dkykcktkjh
py jgh gSA

,slk ugha gS fd Hkkjrh; daifu;ka bu nokb;ksa dks cukus esa vleFkZ gS] ysfdu pw¡fd oSf'od daifu;ksa ds ikl bu nokb;ksa dk isVsaV gS] os viuh ethZ
ls vU; daifu;ksa (Hkkjrh; ;k fons'kh) dks ykblsal ysdj bu nokb;ksa dk mRiknu djokrh gS vkSj bl dkj.k bu nokb;ksa dh Hkkjh dher olwyh tkrh
gSA

D;k gS lek/ku\
;g lgh gS fd bu nokb;ksa ds isVsaV bu daifu;ksa ds ikl gS ysfdu fiQj Hkh Hkkjr ljdkj orZeku egkekjh ls fuiVus gsrq ç;kl dj u dsoy bu

nokb;ksa ds mRiknu dks c<+k ldrh gS] cfYd dherksa esa Hkh Hkkjh deh dj yksxksa dks jkgr ns ldrh gSA xkSjryc gS fd isVsaV ls tqM+h bl çdkj dh
leL;k MCY;wVhvks cuus ls igys ugha FkhA ns'k esa ljdkj fdlh Hkh nokbZ ds mRiknu gsrq ykblsal tkjh dj mlds mRiknu dks lqfuf'pr dj ldrh
FkhA bl dkj.k Hkkjr dk nok m|ksx u dsoy Hkkjr esa cfYd fo'o Hkj esa lLrh nokb;ka miyC/ djk jgk FkkA 1995 esa fo'o O;kikj laxBu ds cuus
ds lkFk gh fVªIl (O;kikj lEcU/h ckSf¼d lEink vf/dkj) le>kSrk ykxw gks x;k FkkA bl le>kSrs esa lnL; ns'kksa ij ;g 'krZ yxkbZ xbZ Fkh fd og
isVsaV lesr vius lHkh ckSf¼d laink dkuwuksa dks cnysaxs vkSj mUgsa l[r cuk,axs (;kuh isVsaV /kjdksa daifu;ksa ds i{k esa cuk,axs)A bl le>kSrs ls igys
Hkh bldk Hkkjh fojks/ gqvk Fkk] D;ksafd ;g r; Fkk fd bl le>kSrs ds ckn nokb;ka egaxh gksxh vkSj tu LokLF; ij •rjs esa iM+ tk,xkA

,sls esa tkx:d tu laxBuksa vkSj nyxr jktuhfr ls Åij mBdj jktusrkvksa ds ç;klksa ls fo'o O;kikj laxBu vkSj vehj eqYdksa ds ncko dks
njfdukj djrs gq, Hkkjr us isVsaV dkuwuksa esa la'kks/u djrs gq, tu LokLF; ls tqM+h fparkvksa dk dkiQh gn rd fujkdj.k dj fy;k FkkA gkykafd çfØ;k
isVsaV ds LFkku ij mRikn isVsaV ykxw fd;k x;k vkSj isVsaV dh vof/ Hkh 14 o"kZ ls c<+kdj 20 o"kZ dj nh xbZ Fkh] ysfdu mlds ckotwn tsusfjd nokb;ksa
ds mRiknu dh NwV iqu%isVsaV dh eukgh] vfuok;Z isVsaV dk çko/ku] vuqefr iwoZ fojks/ vkfn dqN ,sls çko/ku Hkkjrh; isVsaV dkuwu esa j•s x, Fks] ftlls
dkiQh gn rd tu LokLF; laca/h eqíksa dk lek/ku gks ldkA ysfdu bu lcds ckotwn vesfjdk lesr vU; ns'kksa dh ljdkjksa us Hkkjr ij ;g ncko
cuk, j•k fd Hkkjr vius isVsaV dkuwuksa esa <hy ns vkSj vius ikl miyC/ çko/kuksa dk U;wure mi;ksx djsA

vfuok;Z ykblsal
la'kksf/r Hkkjrh; isVsaV vf/fu;e (1970) ds vè;k; 16 vkSj fVªIl çko/kuksa ds vuqlkj vfuok;Z ykblsal fn, tkus dk çko/ku gSA vfuok;Z ykblsal

ls vfHkçk; gS ljdkj }kjk tkjh ykblsal ;kuh vuqefr ftlds vuqlkj fdlh mRiknd dks Hkh isVsaV /kjd dh vuqefr ds fcuk isVsaV mRiknu dks cukus]
mi;ksx djus vkSj cspus dk vf/dkj fn;k tkrk gSA bldk eryc ;g gS fd orZeku esa dksfoM&19 ls laØfer O;fÙkQ;ksa ds fy, mi;ksx dh tkus okyh
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nokb;ksa ;kuh jensflfoj vkSj vU; nokvksa ds lanHkZ esa ;fn ljdkj vfuok;Z ykblsal tkjh dj ns rks Hkkjr dk dksbZ Hkh iQkekZ fuekZrk ljdkj }kjk fu/
kZfjr jkf'k (tks vR;ar de gksrh gS) isVsaV /kjd dks nsdj mu nokb;ksa dk mRiknu ns'k esa djdsA mudks bLrseky vkSj csp ldrk gSA

fo'ks"kKksa dk ekuuk gS fd isVsaV dkuwu dh /kjk;sa 92 vkSj 100 oSDlhu gsrq vfuok;Z ykblsal tkjh djus ds fy, mi;qÙkQ gSA ljdkj LosPNk (lwvkseksVks)
ls ̂ jk"Vªh; vkink* vFkok ̂ vR;f/d rkRdkfydrk* ds eísutj xSj O;olkf;d ljdkjh mi;ksx ds fy, bu /kjkvksa dk mi;ksx djrs gq, vfuok;Z ykblsal
tkjh dj ldrh gSA

xkSjryc gS fd ;s daifu;ka egkekjh ds c<+rs çdksi ls equkiQk dekus dh fiQjkd esa gS vkSj vesfjdk ljh•s ns'kksa dh ljdkjsa bu nokvksa vkSj oSDlhu
dh tek•ksjh ds ekè;e ls fodkl'khy vkSj xjhc ns'kksa ds 'kks"k.k dh rS;kjh dj jgh gSA gky gh esa Hkkjr esa oSDlhu mRiknu gsrq vko';d dPps eky
dh vkiwfrZ esa vesfjdk ljdkj us vM+axk yxk;k Fkk vkSj vius ikl tek dh oSDlhu dks Hkkjr lesr nwljs ns'kksa dks Hkstus ij jksd yxk nh FkhA ckn esa
varjjk"Vªh; vkSj ?kjsyw ncko ds dkj.k mUgsa ;g jksd gVkuh iM+hAfxfyMZ daiuh }kjk jensflfoj Vhds dh Hkkjh tek•ksjh ds lekpkj Hkh vk jgs gSaA ,sls
esa Hkkjr esa bu nokvksa vkSj oSDlhu mRiknu gsrq vfuok;Z ykblsal ykxw djuk vR;ar vko';d gks x;k gSA

gkykafd Hkkjr ljdkj us nf{k.kh vÚhdk ds lkFk feydj fo'o O;kikj laxBu esa Hkh fVªIl çko/kuksa esa NwV gsrq xqgkj yxkbZ gS] ysfdu vesfjdk]
;wjksi vkSj tkiku tSls ns'kksa us mlesa Hkh vM+axk yxk fn;k gSA ,sls esa ljdkj dks vius lkoZHkkSe vf/dkjksa dk mi;ksx djrs gq, ;s vfuok;Z ykblsal rqjar
nsus pkfg,] rkfd egkekjh ls =kLr turk dks daifu;ksa ds 'kks"k.k ls cpk;k tk ldsA xkSjryc gS fd fo'o O;kikj laxBu ds nksgk eaf=kLrjh; lEesyu
esa ckSf¼d lEink (fVªIl) ,oa tu LokLF; ls lacaf/r ,d jktuhfrd ?kks"k.kk LohÑr dh x;h ftlesa ljdkjksa ds bl lkoZHkkSe vf/dkj dks ekU; fd;k
x;k fd fdlh Hkh vkikrdky vFkok vR;f/d rRdkfydrk dh fLFkfr esa lnL; ns'kksa dks vf/dkj gS fd og fVªIl ds çnÙk ckSf¼d laink vf/dkjksa
dks njfdukj djrs gq, tu LokLF; dh j{kk dj ldsaA bl ?kks"k.kk }kjk lnL; ns'kksa dks ¶jk"Vªh; vkikrdky ;k vR;f/d rkRdkfydrk dh vU;
ifjfLFkfr;ksa dk fu/kZj.k djus ds fy, vuqefr nh x;h gS] fd ;g lkoZtfud LokLF; ladV gS¸A fnukad 30 vçSy 2021 dks ekuuh; lqçhe dksVZ us
Hkh dsaæ ljdkj ls iwNk gS fd dksjksuk ls lacaf/r nokvksa ds fy, vfuok;Z ykblsal ykxw djus gsrq ljdkj D;ksa ugha lksp jgh\
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ukjh vfLerk dk oSf'od Lo:iμe/q xqIrk 324

eqxy dky esa O;olkf;d f'k{kk (1526&1707)μusgk flag_ MkWú 'kf'k flag 329

^js.kq* ds uke cM+h cgqfj;k dk i=kμxk;=kh dqekjh 332

yksd lkfgR; esa vfHkO;ÙkQ yksd laLÑfr (vknh tutkfr ds lanHkZ esa)μlqJh mlqe tksMds 335
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NÙkhlx<+ fo/kulHkk pquko ifj.kke &2018 dk  jktuhfrd fo'ys"k.kμve`rs"k 'kqDyk_ jkgqy flag 534
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Lo;a lgk;rk lewg (SHG)% xzkeh.k efgykvksa ds fy, ojnkuμuafnrk jk; 547

mPp f'k{kk esa lwpuk ,oa lapkj rduhdh dh çklafxdrkμMkW- uhjt dqekj flag 551

orZeku le; esa jk"Vªh; lqj{kk dh pqukSfr;k¡μMkWú :ie feJk 554

ledkyhu efgyk dFkk&ys•u esa eS=ks;h iq"ik dh miyfC/;k¡μMkWú dapu ;kno 558

lks'ky ehfM;k ls mitrk ekuoh; ewY;ksa dk laØkfrdkyμçksú ekyk feJ 563

yksdeaxy dh i=kdkfjrk vkSj orZeku pqukSfr;kaμMkWú jkds'k dqekj nqcs 568

Kku ;qx ds lanHkZ esa vCnqy dyke dk 'kSf{kd fparuμdqekjh fizrh Hkkjrh 571

fcgkj jkT; esa e/qcuh ftyk ds varxZr jktuxj CykWd esa lu 2021 esa vyx vyx d{kk esa fofHkUu Jsf.k;ksa ds
ukeafdr cPps dk HkkSxksfyd vè;;uμtqyh dqekjh 574

Hkkjrh; lqj{kk n`f"V esa HkwVku dh Hkw & j.kuhfrd fLFkfr dk egRoμlrh'k dqekj 579

vk/qfud Hkkjr ds fuekZ.k esa jktkjke eksgu jk; dk ;ksxnkuμMkWú fç;adk flag 583

N0x0 ds dksjck ftys esa dks;yk •uu ls çHkkfor xzkeh.k leqnk; ds lekftd fodkl dk vè;;uμMkWú ½pk ;kno_ lquhy dqekj 587

lkfgR; niZ.k esa of.kZr dkO; ,oa dkO;iq#"k dk Lo:i fd çlkafxdrkμMkWú ujsUæ dqekj vk;Z 593

ledkyhu fgUnh dforkμMkWú cyjke xqIrk 596

lkBksÙkjh miU;klksa esa oSokfgd thouμçksú jes'k ds ioZrh 600

fdUuj dsfUær çeq• fgUnh miU;klksa dh Hkkf"kd ljapukμT;ksfr_ MkWú ohjsUæ flag ;kno 605
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çkS<+ O;fÙkQ;ksa ds ncko Lrj ijçs{kkè;ku ds çHkko dk vè;;uμMkWú fueZyk HkkLdj_ vfuy fo'uksbZ_ MkWú v'kksd HkkLdj 617

ljxqtk ftys ds mjk¡o efgyk;ksa rFkk cPpksa esa dqiks"k.k ,oa LokLF; dk fo'ys"k.kkRed vè;;u
(N0x0 jkT; ds ljxqtk ftys ds fo'ks"k lanHkZ esa)μ'kckuk ijohu_ Jherh MkWú jhpk ;kno 621

lwpuk dk vf/dkj vkSj lq'kklu (Hkkjrh; ifjçs{; esa fo'ys"k.kkRed vè;;u)μvkfnR; prqoZsnh 625
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NÙkhlx<+ jkT; esa lkoZtfud forj.k ç.kkyh dk ,d ç'kklfud vè;;uμMkWú Jherh jhuk etwenkj_ MkWú çeksn ;kno_ fclukFk dqekj 632

Hkkjr esa fdUujksa dh lkekftd fLFkfrμMkWú uljhu tku 636

iapkfLrdk; le;lkj % ,d vuq'khyuμMkWú iwtk jkBh 638

vleh;k xzkeh.k lekt esa uke?kj dk LFkkuμMkWú ftuk{kh pqrh;k 642

çsek[;kud dkO;ksa dh dFkk ds ekè;e ls lwiQh lk/uk dh vfHkO;fÙkQμMkWú jat; dqekj flag 645

y?kq vko';drk] y?kq ½.k o y?kq m|e ds ekè;e ls xjhc efgykvksa dk vkfFkZd fodklμMkWú :ch flUgk 647

xk¡/h n'kZu esa rÙoehekalh; fopkj% ,d nk'kZfud vè;;uμMkWú jhrq dqekjh 651

vk/qfud ;qx esa laxhr dk Lo:iμçhfr flag 654
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gosyh vFkok nsoky; laxhrμçeksn dqekj 663

jktLFkkuh Hk.krxhr vkSj mldk egkRE;μMkW- Jo.k jke 666

vkWuykbu ekè;eksa esa lwpukvksa dks •kstus çfØ;k% ,d fogaxkoyksduμMkWú xkSjh'kadj deZdkj_ MkWú o"kkZ jkuh 671

{ks=kh; fodkl esa lw{e] y?kq vkSj eè;e m|ksxksa dk ;ksxnku (tuin ckxs'oj ds fo'ks"k lanHkZ esa)μpUæ çdk'k flag 675

yksd lkfgR; esa jk"Vªh; psrukμMkWú çoh.k ns'keq• 680

pEikj.k esa uhy mRiknu ,oa fdlkuksa dh O;Fkkμfiadh dqekjh 685

ekè;fed fo|ky; ds f'k{kdksa ds liQy 'kS{kf.kd vH;kl % ,d vè;;uμMkWú ljkst 'kekZ_ MkWú çeksn tks'kh 688

jktdiwj dh fiQYeksa esa Hkkjrh; lekt dk fp=k.k % ^tkxrs jgks* fiQYe ds fo'ks"k lanHkZ esaμMkWú vkfnR; dqekj feJk 693

lekftd lekos'ku vkSj lrr~ fodkl ds fy, xq.kork f'k{kkμjksgrk'k dqekj 698
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egkRek xk¡/h vkSj Hkkjrh; jk"Vªokn%& ,d  leh{kkRed vè;;uμlat; dqekj ikloku 703

laLÑr NUn jpuk fo/ku esa ç;qDr gksuss okys lgk;d rÙokas dk foospuμiadt 'kekZ 706

mPp ekè;fed fo|ky; esa dk;Zjr vè;kidksa dh O;kolkf;d larqf"V dk vè;;uμMkWú oanuk_ fefFkys'k dqekj tSfeuh 710

Hkkjr esa j{kk ctV dh fu/kZj.k çfØ;k ,oa vkoaVuμjkgqy dqekj 715

dkedkth ,oa xSj dkedkth efgykvksa ds fo|kfFkZ;ksa ds miyfC/ vfHkçsj.kk dk rqyukRed vè;;uμJherh uwru nwcs_ MkWú r`"kk 'kekZ 718

NÙkhlx<+ esa Ñf"k foi.ku% leL;k o lek/kuμMkWú fxjtk 'kadj xqIrk 722

lalnh; çtkra=k vkSj xka/h; vo/kj.kkμMkWú fodkl ;kno 726

Hkwe.Myhdj.k ds ;qx esa Hkkjrh; ukjhμMkWú deys'k dqekj flag 729

eqxy LFkkiR; dyk% ,d fo'kq¼ çfrekuμçHkkr oekZ 731

fgUnh dk oSf'od foLrkj% jkedFkk ds lanHkZ esaμMkW- Ñ".k pan jYgk.k 734

eS=ks;h iq"ik ds vkSiU;kfld jpukvksa esa cqUnsy•.Mh laLÑfr dk çHkkoμgfj'pUæ ;kno_ MkW0 oUnuk 'kekZ 739

lkekftd ,oa 'kSf{kd :i ls fiNMs+ oxkZs ds ekuo vf/dkjksa ds laj{k.k ds fy;s jkT; ekuokf/dkj vk;ksx] mÙkj çns'k dh Hkwfedk %
,d lkekftd fofèkd vè;;uμdey fd'kksj 742

ujs'k esgrk dh dkO;&Hkk"kk n`f"VμMkW- dkeuk i.MÔk 746

'kh"kZd&ijns'kh jke oekZ ds miU;kl ^lwrd* esa lkekftd tkx`frμMkW- vfHkus"k lqjkuk_ dey dqekj cksnys 750

çsepan ds dFkk&lkfgR; esa lkekftd ifjfLFkfr;ksa dh vfHkO;fDrμvfuy dqekj ik.Ms; 753

Hkkjr esa Ldwyh f'k{kk% vleku igw¡p ,oa lkekftd vlekurk dk iqu#RiknuμvH;kuan 757

Jhen~Hkxon~xhrk esa ;ksx=k;leUo;μMkWú e/q ckyk flUgk 760

ledkyhu oSf'od lqj{kk vkSj lkefjd ifjn`'; % Hkkjrh; fons'k uhfr ds lanHkZ esaμMkW- lq/hj dqekj 764

^dk;Z larqf"V vkSj f'k{k.k ds çfr n`f"Vdks.k ds laca/ esa f'k{kd dh çHkko'khyrk dk vè;;u*μMkWú vfer dqekj 768

ik.MqfyfifoKkuL; lajpukReda Lo:ie~μMkW- vfuy çrki fxfj 773

ns'k dh vktknh esa lriqM+k vpay dh tutkfr;ksa dh Hkwfedkμv:.k dqekj xksaMkus_ MkW- egsUæ fxjh 776

vkpk;Z gtkjh çlkn f}osnh ds fucU/ksa esa ykfyR;μMkWú jk/k Hkkj}kt 782

t;iqj ftys esa fxjrs Hkwty Lrj dk Ñf"k mRikndrk ij çHkko (2011 ls 2020 ds lUnHkZ esa)μvthr flag_ MkW- jktsUæ çlkn 788

eè;dkyhu dfo;ksa }kjk HkfDr ,oa laxhr dk çpkjμçeksn dqekj_ MkW0 Kkus'k pUæ ik.Ms; 795

jktuSfrd fLFkfr;kWa ,oa lkeUrokn ds cnyrs psgjs_ ^<kbZ ?kj*μMkWú eerk iUr 798

iwT; vkpk;Zçoj ia0 cyoUrjk; Hkêð ^Hkkojax th* dh egku~ Ñfr ^Hkkojax&ygjh* dh mikns;rkμçhfr flag_ MkW0 Kkus'k pUæ ik.Ms; 801

Hkkjr foHkktu dh =kklnh vkSj fgUnh dFkk lkfgR;μçhfr nsoh ekS;kZ 804

iqjkus x;k ftyk ds {ks=k esa uDlyokyh xfrfof/ vkSj fgalk% ,d ,sfrgkfld vè;;uμlfpu dqekj 806

^lkxj lhekar* dh egkdkO;kRedrkμçksú nkeksnj feJ 811

efgyk,a] muds ekuokf/dkj ,oa foMEcuk,aμrkjk jke 816

Hkkjrh; vFkZO;oLFkk esa fMftVy Hkqxrku dk egRoμMkWú xqykc iQykgkjh 819

lgjlk ftyk esa fyaxkuqikr lkef;d ,oa LFkkfud forj.k dk HkkSxksfyd vè;;uμMkWú /uat; dqekj 822

dkedkth rFkk xSjdkedkth efgyk miHkksÙkQkvksa esa çkslsDM iSdsTM HkksT; i¼kFkks± ds Ø; iSVuZ dk vè;;u% iVuk 'kgj ds lanHkZ esa
μdqekjh lq"kek JhokLro_ çksú (MkWú) vatq JhokLro 828

jhfrdkyhu lkfgR; esa czt Hkk"kk dk ;ksxnkuμlqjs'k pUæ iky 831
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eqfj;k tutkfr dk ijEijkxr f'k{kk dsUæ% ?kksVqy
MkWú cUlks uq:Vh

('kks/ funZs'kd)] lgk;d çkè;kid bfrgkl] bfrgkl vè;;u'kkyk] ia- jfo'kadj 'kqDy fo'ofo|ky;] jk;iqj (N-x-)

iqjksfgr dqekj lksjh

'kks/kFkhZ (lgk;d çkè;kid bfrgkl)] 'kkl- xq.Mk/wj Lukrdks- egkfo|ky;] dks.Mkxk¡o (N-x-)

lkjka'k
tutkrh; laLÑfr;ksa dh çphure vkSj ekSfyd laLFkk,¡ mudh fo'ks"krk, gSa] ?kksVwy muesa ls ,d gSaA ;g eqfj;k tutkfr dh ,d ,slh laLFkk gS] tks

laLÑfrd n`f"Vdks.k ls cgqr egRoiw.kZ gSaA ;qod&;qorh;ksa dh çxfr ds fy, tutkrh;k¡ fdrus ltx gSa rFkk mudh prqeZq•h vfHko`f¼ ds fy, os D;k&D;k
djrs jgrsa gS] bldh tkudkjh gesa bl laLFkk ds ,sfrgkfld vè;;u ,oa orZeku Lo:i ls HkyhHkk¡fr çkIr gksrk gSaA ?kksVqy vfookfgr yM+ds ,oa yM+fd;ksa
dk ,d ,slk laxBu gS] ftldk dk;Z mUgsa vius lekt dh laLÑfr ls ifjp; djkuk rFkk viuh laLÑfr ds vuq:i muds ekufld fodkl dks lqfuf'pr
djuk gSaA tutkfr ijEijk dks ,d ih<+h ls nwljh ih<+h rd igqpkus okyh ;g laLFkk vius ;qod&;qofr;ksa dks lkekftd Hkwfedk fuHkkuk fl•krh gSA blds
ekè;e ls os viuh laLÑfr dks ikjaxr cukrs gq, mlds vk/kjHkwr dk;Z&fl¼kUr }kjk laxBu dks lqn`<+rk çnku djrs gSaA ;gh dkj.k gS fd ?kksVqy esa çnÙk
çf'k{k.k ls tutkfr thou esa tks çHkkodkjh lgdkfjrk dk fodkl gqvk gS] og fdlh nwljs laxBu esa laEHko ugha gSA eqfj;k tutkfr esa çpfyr ijEijkxr
f'k{kk dk dsUæ ?kksVqy vkt Hkh dgha&dgha ns•us dks feyrk gSaA ?kksVwy ,d ikB'kkyk gSa] tgkW¡ ;qod&;qorh;ksa dks lekt ds çfr nkf;Ro] dÙkZO;&fu"Bk]
LoPNanrk] vuq'kklu] lsok] lkeqnkf;d thou vkSj pfj=k fuekZ.k dk çf'k{k.k fn;k tkrk gSA blesa nl o"kZ ds mij vk;q ds lHkh vfookfgr
yM+ds&yM+fd;k¡ ,df=kr gksdj u`R; laxhr ds }kjk euksjatu djrs gSaA ;gk¡ ds ;qod dks psfyd vkSj ;qorh dks eksfV;kjh dgk tkrk gSA

'kCn dqath% lgHkkfxrk] psfyd] eksfV;kjh] dqekjx`g] oukS"kf/;ksa] lkSan;Z] vf}rh;] lkaLÑfrd] /kfeZd] vkSj ckSf¼dA

vè;;u dk mnn~s';%& eqfj;k lekt dk ijEijkxr f'k{kk dsUæ&?kksVqy dk ,sfrgkfld vè;;u dj mls çdk'k esa ykuk 'kks/kFkhZ dk eq[; mnn~s';
gSA

vè;;u i¼fr%& çLrqr vè;;u cLrj dh eqfj;k tutkfr dk ;qokx`g&?kksVqy ij dsfUær gSA tgk¡ eqfj;k tutkfr ds ;qod&;qofr;ksa dks ijEijkxr
lkekftd ,oa lkaLÑfrd f'k{kk çnku dh tkrh gSA çLrqr vè;;u çkFkfed ,oa f}rh;d L=kksrksa ij vk/kfjr gSA blds vfrfjÙkQ ia- lqUnjyky 'kekZ xzaFkkxkj]
jk;iqj esa fofHkUu iqLrdksa dk vè;;u fd;kA

Hkwfedk
vkfndky ls tc ekuo lH;rk dk fodkl gqvk] rc ls f"k{kk ekuo thou dk ,d egRoiw.kZ vax jgk gSA fcuk f"k{kk ds ekuo dks vlH; le>k

tkrk gSA vkfndky esa ;qodksa dks xk¡o rFkk 'kgj ls nwj fojku ou esa tkdj ½f"k&eqfu;ksa ds lkfuè; esa jgdj f'k{kk çkIr djuk gksrk FkkA bls xq:dqy
f'k{kk Hkh dgk tkrk gSA bl f'k{kk dsUæ esa tgk¡ ;qokvksa dks lkekftd] jktuhfrd] vkfFkZd ,oa /kfeZd f'k{kk çnku dh tkrh Fkh ogha blds lkFk&lkFk
mUgsa vkRe j{kk o pkfjf=kd fuekZ.k dh f'k{kk Hkh nh tkrh FkhA bl çdkj dh lEiw.kZ f"k{kk ls ekuo dk uSfrd fodkl gksrk FkkA blh çdkj dh f'k{kk
Hkkjr ds tutkrh; leqnk;ksa esa vkfndky ls çnku dh tk jgh gSA ftls fofHkUu tutkfr;ksa esa fHkUu&fHkUu ukeksa ls tkuk tkrk gSa] tSls& vaxkeh ukxk
tutkfr esa ^fdpqdh*] xkjks tutkfr esa ^uksdikars*] eq.Mk rFkk gks tutkfr esa ^fxfVvksjk*] mjk¡o tutkfr esa ^/qedqfj;k*] HkksfV;k tutkfr esa ^jax&cax*]
xksaM ,oa eqfj;k tutkfr esa ^?kksVqy* ;k ^xksVqy* vkfnA1 ?kksVqy okLro esa uS"; fcgkj ds ^dqekjx`g* gSa] ftls vaxzsth esa ^MkfeZVjh* rFkk teZu Hkk"kk esa
^tqxfyXl gkÅl* dgrs gSaA2

;gk¡ ;g Li"V dj nsuk lehphu gksxk fd eqfj;k tutkfr dh laLFkk ?kksVqy dk okLrfod uke xksVqy gSA ;g xksaMh Hkk"kk dk la;qÙkQ 'kCn ^xks$Vqy*
ds esy ls cuk gqvk gSA tgk¡ xks ;kfu xksaxk vFkkZr~ nq%• vkSj Dys"k fuokj.k 'kfÙkQ] ftls fo|k dgk tkrk gS vkSj Vqy ;kfu fB;k ;k Bkuk vFkkZr~ LFkyA
bl rjg xksVqy dk vFkZ xksaxk LFky vFkkZr~ fo|k LFky gSA3

eqfj;k tutkfr dh laLFkk ?kksVqy lkekftd] lkaLÑfrd] /kfeZd] vkSj ckSf¼d f'k{kk dk dsUæ gS vkSj blhfy, fo'o dh lokZf/d fodflr ,oa
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lqlaxfBr laLFkk gSA4 bl f'k{kk dsUæ ds ekè;e ls O;fÙkQ ds O;fÙkQRo dk fodkl dj mls uSfrdrk dk ikB i<+k;k tkrk gSA cLrj vapy esa fuokljr
eqfj;k tutkfr oLrqr% xks.M tutkfr dh mi"kk•k ekuh tkrh gSA buds rhu Hksn gSa& jktk eqfj;k] >ksfj;k eqfj;k vkSj ?kksVqy eqfj;kA jktk eqfj;k] cLrj
fj;klr dh jkt/kuh txnyiqj {ks=k ds vklikl ik;h tkrh gS] ftudk jktk o jktegy ds lkFk ?kfu"B laca/ FkkA laHkor% blh dkj.k os jktk eqfj;k
dgyk;sA >ksfj;k eqfj;k dk fuokl {ks=k yksg.MhxqM+k o dksVikM+ {ks=k ds vklikl ik;k tkrk gSA tcfd ?kksVqy eqfj;k eq[;r% ukjk;.kiqj] varkx<+ o
dks.Mkxk¡o {ks=k esa fuokljr gSaA ?kksVqy ?kj dk çpyu bl {ks=k ds eqfj;k tutkfr;ksa ds eè; vf/d gksus ds dkj.k laHkor% bUgsa ?kksVqy eqfj;k dgk tkrk
gSA

?kksVqy ,d çdkj dk ;qokx`g gS] tgk¡ vfookfgr ;qod&;qofr;k¡ lkekftd&lkaLÑfrd ,oa uSfrd f'k{kk çkIr djrs gSaA bl x`g dh LFkkiuk dk mís';
fofHkUu çdkj dh nSfud thou esa vkus okyh dfBukbZ;ksa o leL;kvksa dk lg;ksx dh Hkkouk ls lkeuk djuk FkkA ;g ,d ,slk ;qokx`g gS tgk¡ eqfj;k
tutfr ds ;qod&;qofr;k¡ jkf=kdky esa euksjatu Hkh djrs gSA bl çdkj bl laLFkk ds ekè;e ls mUgsa muds dÙkZO;ksa dk cks/ djk;k tkrk gSA5

vkfnoklh eqfj;k tutkfr ds vuqlkj cLrj esa ?kksVqy x`g dk tUenkrk fyaxksa isu gSA eqfj;k tutkfr dh ,slh ekU;rk gS fd fyaxksa isu us vius
thoudky esa lsey o`{k ds uhps eqfj;k ;qod&;qofr;ksa dks lkekftd] lkaLÑfrd ,oa ckSf¼d f"k{kk çnku dh] ftls dkykUrj esa ?kksVqy dh laKk nh xbZA

?kksVqy&x`g
?kksVqy dh LFkkiuk ls iwoZ loZçFke ?kksVqyx`g ds eè; esa ,d ydM+h dk LrEHk fof/or fljgk ,oa xk¡o ds eqf•;k ds }kjk LFkkfir fd;k tkrk gS]

ftlesa ml xk¡o esa fuokljr eqfj;k tutkfr ds çR;sd xks=k dk fpUg vafdr fd;k tkrk gSA tSls&dfPNe] cdjk] dj¡xk] cks/ eNyh] ukx] ck?k] ou
HkSalk vkfnA6

?kksVqy dh cukoV çR;sd xk¡o esa vyx&vyx gksrh gSA ;g vf/dka'kr% pkj nhokjksa ls f?kjk ,d gkyuqek dejk gksrk gS] ftlesa J`axkj ds lkeku
vkSj ok|;a=k j•s tkrs gSaA dejs ds ckgj ,d cM+k vkgkrk gksrk gS] ftls ydM+h dh ckM+h cukdj ?ksj fn;k tkrk gSA bl vkgrs ij tykÅ ydM+h j•h
tkrh gS] tks o"kZ Hkj tykus ds dke vkrk gSA mÙkQ çdkj dh ,d vke lajpuk ?kksVqy dh gksrh gSA7

dqN xk¡oksa esa ?kksVqy dk fuekZ.k xk¡o ds ckgj •qys eSnku esa fd;k tkrk gSa] ftlesa çk;% rhu fgLls gksrs gSa& igyk vk¡xu] nwljk cjkenk vkSj rhljk
gkyuqek dejkA vk¡xu ds eè; esa ,d •ack gksrk gS vkSj u`R; djus ds fy, i;kZIr ek=kk esa •qyh txg gksrh gSA cjkens okys Hkkx esa rhl&pkyhl
psfyd&eksfV;kfjuksa (;qod&;qofr;ksa) ds jgus vkSj vyko tykus dh O;oLFkk gksrh gSA gkyuqek dejs esa u`R; laca/h xgus] lkSUn;Z&çlk/u ds lkeku vkfn
vkHkw"k.kksa ds vykok ok|;a=k] dqYgkM+h] gafl;k] Vafx;k] lwik] Vqduk] ck¡l fufeZr Vksdfj;k¡ vkfn j•s tkrs gSaA ?kksVqy dk iwjk {ks=k ydM+h ds gkrs ls f?kjk
gksrk gS] ftlds chp esa ,d NksVk&lk njoktk cuk fn;k tkrk gS] ftldk mi;ksx vkus&tkus ds fy, fd;k tkrk gSA cjkens vkSj dejs dh nhokjsa ydM+h]
ck¡l ds •waVs ;k <k¡psa ij feêðh dh fyikbZ dj cukbZ tkrh gSA nhokj ij xkscj] NqbZ feêðh ;k pwuk dh iksrkbZ dh tkrh gSA ?kksVqy dk Nr ck¡l vkSj •ijsy
;k ?kkl&iQwl ;k taxyh cM+s iÙkksa dk cuk gksrk gS] tks ydM+h dh etcwr vk/kj LraHk ij fVdk jgrk gSA

?kksVqy x`g

?kksVqy ds inkf/dkjh
?kksVqy ds lkekU; lnL; ;qod ,oa ;qofr;ksa dks psfyd rFkk eksfV;kjh dgk tkrk gSA ?kksVqy ds eqf•;k dks fljnkj dgk tkrk gS] tks vR;Ur gh

lEekuuh; in gksrk gSA blds vkns'kksa dk ikyu djuk lHkh lnL;ksa dk ije drZO; ekuk tkrk gSA bldk pquko ?kksVqy ds lnL;ksa dh jk; ij ekSf•d
:i ls o"kZ esa ,d ckj fd;k tkrk gSA ,d O;fÙkQ dbZ ckj bl in ds fy, pquk tk ldrk gSA bls ?kksVqy ds lnL;ksa dh vlgefr ;k fookfgr gks tkus
ij inP;qr fd;k tk ldrk gSA

fj;klr dky ls cLrj esa ç'kklfud dk;ks± ds fy, ijxuk O;oLFkk dks viuk;k x;k Fkk] tks vkt Hkh fo|eku gSA cLrj ds jktk }kjk ijxuk çeq•
ek¡>h dh fu;qfÙkQ dh tkrh FkhA bl ek¡>h dks dk;Z esa lg;ksx djus gsrq pkydh dh fu;qÙkQ FksA blds vfrfjÙkQ xzkeh.k O;oLFkk ds varxZr iVsy] iqtkjh]
fljgk] xk;rk] dksVokj vkfn dh fu;qfÙkQ dh tkrh FkhA blh çdkj ?kksVqy dks lapkfyr djus ds fy, Hkh fofHkUu inkf/dkfj;ksa&ek¡>h] ljnkj] iVsy]
dksVokj vkfn dh fu;qfÙkQ dh tkrh gSA8
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MkW- f'kodqekj frokjh9 ds vuqlkj ?kksVqy esa vusd inkf/dkjh gksrs gSa] ftUgas inkuqlkj dk;Z djuk gksrk gSA tSls psfyd esa nhoku] ljnkj] eqjoku]
dksVokj] pyku] eq¡'kh] teknkj] pkydh ,oa oiQsnkjA nhoku dk dk;Z ?kksVqy ds lnL;ksa ds dk;Zdykiksa ij fuxjkuh j•uk gksrk gSA eqjoku ,oa dksVokj]
;qod&;qofr;ksa dh mifLFkfr lqfuf'pr djrs gSaA eq¡'kh ?kksVqy dk fglkc&fdrkc j•rs gSaA pkydh] rEckdw ;k vU; •k| inkFkZ lHkh dks cjkcj feys
bldk è;ku j•rs gSaA oiQsnkj] ?kksVqy lkiQ&lqFkjk jgs bl ckr dk è;ku j•rs gSaA blh çdkj eqfr;kjh esa csykslk] <qykslk] frjksdk] fujkslk] fi;klk] tkudks
rFkk ekydks inkf/dkjh gksrs gSaA csykslk] ;qofr;ksa dh eqf•;k gksrh gS rFkk buds eè; dk;Z foHkktu dk dke djrh gSaA fi;klk] tkudks o ekydks }kjk
?kksVqy dh lkiQ&liQkbZ dh tkrh gS rFkk ifÙk;ksa ds iÙky ,oa nksus cukus dk dk;Z djrh gSaA

?kksVqy ds psfyd&eksfV;kfju dk ny

?kksVqy lnL;ksa dh lkekftd&lgHkkfxrk
?kksVqy esa lkekftd lgHkkfxrk dks fo'ks"k egRo esa j•dj dk;Z laikfnr fd;k tkrk gSA blds fy, fo'ks"k fu;e cuk;s tkrs gSa] tks ekSf•d gh gksrs

gSaA ekSf•d gksus ds ckotwn buds fu;e vR;Ur dBksj ,oa l[r gksrs gSa] ftlds dkj.k bu fu;eksa dk mYya?ku ugha fd;k tkrk gSA vyx&vyx fu;e
rksM+us ij vyx&vyx lkekftd n.M ds çko/ku gksrs gSaA

psfyd vkSj eqfV;kjh dHkh&dHkh crkSj ?kksVqy dk;Z djus tkrs gSA vxj esgekuksa dk dksbZ ny iM+kslh xk¡o ls u`R; ds fy, vk tk, rks mudh vkoHkxr]
•kus&ihus rFkk vU; O;oLFkk ds fy, ?kksVqy ds lnL; gh ftEesnkjh fuHkkrs FksA blds vfrfjÙkQ •srksa esa mx vk, taxyh ikS/s lkiQ djus] iQly dkVus
;k VwVh esM+ tksM+us esa enn djrs gSaA bl dk;Z ds cnys mUgsa 'kke dk Hkkst fn;k tkrk gSA10

?kksVqy ds inkf/dkfj;ksa }kjk dk;Z dk foHkktu fd;k tkrk gSaA dk;Z dk foHkktu ;qod&;qofr;ksa dh vk;q vkSj ?kksVqy esa mudh xzsfMax ij vk/kfjr
gksrk gSA ?kksVqy ds çR;sd lnL; dks bl ckr dh tkudkjh gksrh gS fd dkSu&lk ;qod ;k ;qorh dkSu&lk dk;Z djsxkA tc dHkh Hkh xk¡o ;k lekt dks
budh lsokvksa dh vko';drk gksrh gSa tSls& tUe] fookg] e`R;q laLdkj vkfn lkekftd dk;Z ds vykok Ñf"k etnwjh ;k lkewfgd&lgHkkfxrk ds dk;Z]
esa bu ;qokvksa dk lg;ksx fu%'kqYd fy;k tkrk gSA11

?kksVqy dk /kfeZd&lkaLÑfrd dk;Z
eqfj;k tutkfr esa o"kZ Hkj dksbZ u dksbZ /kfeZd ioZ dk vk;kstu gksrk jgrk gSaA bl tutkfr esa çR;sd ioZ dks cM+s mRlkg ls eukus dh ijaijk vkfndky

ls pyh vk jgh gSaA bu ioks± dks eukus esa ?kksVqy ds lnL;ksa dh lgHkkfxrk vfuok;Z gksrh gSa D;ksafd ioZ ds fy, vko';d O;oLFkk bUgha lnL;ksa dks
djuh gksrh gSaA eqfj;k tutkfr }kjk euk;s tkus okys ioZ tSls& tk=kk] fn;kjh] vkek•kbZ] uok•kbZ] gjsyh rFkk eM+bZ&esys vkfn gSaA bu ioks± dks tutkfr;ksa
}kjk lkewfgd :i ls eukus dh ijEijk gSa] bl dkj.k buds vk;kstu vkSj O;oLFkk dh lEiw.kZ ftEesnkjh ?kksVqy ds lnL;ksa dh gksrh gSA

tutkfr;ksa esa laxhr ,oa dyk dks ltx cuk;s j•us esa vusd lkekftd ,oa /kfeZd ioks± dk egRoiw.kZ ;ksxnku gksrk gSA ,sls voljksa ij çR;sd
tutkrh; ifjokj dk lnL; laxhr ,oa u`R; esa Hkkx ysrk gSA bu dk;ks± esa L=kh] iq:"kksa dh rjg gh cjkcj dk vf/dkj j•rh gSaA eqfj;k tutkfr ds
;qokx`g&?kksVqy esa u`R; ,oa laxhr dk çf'k{k.k fn;k tkrk gSA12

vkfnoklh eqfj;k lekt dqikj ikjh fyaxksa nsork dks ?kksVqy laLÑfr dk laLFkkid ekurh gSA muds vuqlkj fyaxksa nsork u`R;&laxhr ds nsork gSa] ftUgksaus
vkfnokfl;ksa dks u`R;&laxhr fl•k;kA fyaxksa nsork 18 ok|;a=kksa dks ,d lkFk ctkus esa fuiq.k Fks] os dyk ds nsork FksA mUgksaus gh crk;k fd dc fdl
ok|;a=k dks ctk;k tk;sxk] fdl ok| ds lkFk dkSu lk xhr xk;k tk;sxkA13

u`R;&laxhr ?kksVqy dk çk.k gSA çR;sd jkr ?kksVqy dk vk¡xu ;qod&;qofr;ksa ds u`R;&laxhr ls eq•j gksrk gSA ?kksVqy esa gksus okys çeq• u`R;ksa esa ddlkM+
u`R;] xkSj u`R;] ekanjh u`R;] gqydh ikVk] xsM+h u`R;] dksykax] ekvksikVk vkfnA
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ddlkM+ u`R;               ekanjh u`R; dh os"kHkw"kk

eqfj;k fpfdRlk i¼fr
vkfne lekt dh fpfdRlk i¼fr esa jksx] vLoLFkrk ;k vU; chekjh dk mipkj ijEijkxr i¼fr;ksa ds vk/kj ij fd;k tkrk gSaA buds ijEijkxr

mipkj dh çfØ;k esa lkekU;r% tknqbZ ,oa /kfeZd deZdk.M rFkk oukS"kf/;ksa dk mi;ksx fd;k tkrk gaSA buds tknqbZ] >kM+&iQwd ;k /kfeZd mipkj esa
ea=k] iwtk ikB] çkFkZuk ,oa cfy çFkk dk ç;ksx fd;k tkrk gSaA blds vfrfjÙkQ xk¡o ds oS| }kjk ukM+h&/M+du] Ropk ds jax rFkk vk¡• dks ns•dj Hkh
bykt fd;k tkrk gSaA blds lkFk gh xk¡o esa oukS"kf/;ksa rFkk tM+h&cqfV;ksa ds lgkjs Hkh gîóh tksM+ dh fpfdRlk fd;k tkrk gSaA xk¡o dh nkbZ }kjk çlo
dk dk;Z djk;k tkrk gSA mÙkQ dk;Z ds fy, fljgk] xqfu;k ;k vU; fpfdRldksa }kjk fdlh çdkj dk 'kqYd ugha fy;k tkrk cfYd blds cnys jksxh
}kjk ukfj;y] 'kjkc] eqxkZ ;k vU; HkksT; inkFkZ fn;k tkrk gSaA bl çdkj buds ijEijkxr fpfdRlk i¼fr esa xk¡o ds fy, vko';d çkFkfed mipkj
miyC/ gksrk gSaA xk¡o ds cM+s&cqtqxZ oS| ;k fljgk&xqfu;k }kjk ?kksVqy ds lnL;ksa ls oukS"kf/;k¡] tM+h&cqVh ;k vU; vko';d lkexzh eaxk;k tkrk Fkk]
ftlls bu ;qokvksa dks mldk Kku gks tkrk FkkA ijUrq ?kksVqy ds âkl gksus ds dkj.k mudh ijEijkxr fpfdRlk i¼fr dks uqdlku gqvk gSa vkSj ijEijkxr
fpfdRlk&Kku tks ih<+h&nj&ih<+h lapkfjr gks jgh Fkh] mlesa vojks/ mRiUu gks x;k gSaA

?kksVqy dh dk"B dyk
eqfj;k tutkfr ds yksx viuh vko';drkqu:i çR;sd dk"B oLrq dk fuekZ.k Lo;a djrs gSaA ijEijkxr :i ls eqfj;k tutkfr ydM+h dh cuh oLrqvksa

dks viuh thou i¼fr esa lekfgr djrh jgh gS blfy, eqfj;k tuthou esa dk"B fufeZr çR;sd oLrq esa lkSan;Z vkSj vaydj.k dk lkj ifjyf{kr gksrk
gSA bl dyk esa fofHkUu :ikdkjksa dks viuh dyk çn'kZu dh lqfo/k vkSj Lora=krk gS blfy, dk"B ij eqfj;k dh Le`fr vkSj LoIu Hkh vafdr gksrs gSA
cLrj dh dk"B f'kYidyk eqfj;k tutkfr dh vkfne dyk dk vf}rh; mnkgj.k gSA14

?kksVqy ds •Ecs Hkh eqfj;k tutkfr dh tkrh; Le`fr ds vkfne vfHkçk;ksa ds vuq:i x<+rs gSaA ?kksVqy esa bl dyk dh f'k{kk nh tkrh FkhA tgk¡ fofHkUu
çdkj ds i'kq&if{k;ksa dh vkÑfr;k¡] dqYgkfM+;k¡ vkSj rhj&/uq"k cuk, tkrs FksA dqYgkM+h vkSj rhj&/uq"k ij xje yksgs ls vkÑfr;k¡ mdsjh tkrh gSaA budh
dk"B dyk dh ,d vU; fo'ks"krk ydM+h dh daf?k;ksa dk fuekZ.k gSA da?kh eqfj;k tutkfr esa çse dk çrhd ekuk tkrk gSA eqfj;k ;qod viuh çsfedk
dks Lo;a vius gkFkksa ls bl ydM+h dh dykRed da?kh dks cukdj HksaV djrk gSA tks ;qod viuh çsfedk dks ftruh lqanj vkSj dykRed da?kh HksaV
djrk gS] og mlls mruk gh vf/d çse djus dk çrhd ekuk tkrk gSA ;g ijaijk vkfndky ls pyh vk jgh gSA15

       

      ydM+h dk da?kh           ydM+h dh da?kh lfgr ds"k&J`axkj

?kksVqy dk iru
vk/qfud lH;rk ds ifj.kkeLo:i 'kgjh vkd"kZ.k dh otg ls tutkfr;k¡ vU; lH; dgh tkus okyh tkfr;ksa ls lEidZ LFkkfir dj viuh ijEijk

,oa jhfr&fjoktksa dk cfg"dkj dj jgh gS] ftldk çHkko ;qokx`gksa ij Hkh iM+k gSA os tutkfr;k¡ ftUgksaus ;qokx`gksa dk cfg"dkj dj fn;k gS] os vius dks
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vU; tutkfr;ksa dh vis{kk lH; ekuus dk nkok djrh gSaA dqN tutkfr;ksa esa rks vc ?kksVqy xqM+h ds èoalko'ks"k gh utj vkrs gSaA yksxksa us bu laLFkkvksa
ds udkjkRed i{k dks ysdj bruh vf/d dVq vkykspuk dh] ftlds dkj.k blds vfLrRo ij gh ç"ufpUg yx x;kA vc rks ;s yxHkx foyqIrçk;
gks xbZ gSaA tcfd bl laLFkk ds dqN ,sls çdk;Z Fks] tks lekt ds fy, vR;f/d egRoiw.kZ FksA bu laLFkkvksa dk cfg"dkj djus ds ctk; buesa ifjorZu
,oa lq/kj dh vko";drk gS] ftlls budk lewg vf/d laxfBr ,oa lqO;ofLFkr gks ldrk gSA16

mi;ZqÙkQ foospu ls ?kksVqyksa ds mRifÙk ,oa fodkl ds lEcU/ esa dsoy vVdyas gh yxkbZ tk ldrh gSA ijUrq bl çdkj dh laLFkk vkfne tutkfr;ksa
ds thou dk egRoiw.kZ vax gSA fdlh Hkh lkekftd laLFkk dk egRo mldh thoUrrk gS vkSj ?kksVqy vkt Hkh tutkrh; ;qod&;qofr;ksa dks muds thou
jgL; ls voxr djkrs vk jgs gSaA ?kksVqy esa u dsoy dke lEcU/h çf"k{k.k çkIr gksrk gS vfirq ogk¡ tutkfr;ksa dh :fpiw.kZ dykRed çfrHkk dk fodkl
gksrk gSA17

MkW- gfj'kpUæ mçsrh18 ds vqulkj tutkrh; ifjokj vius lnL;ksa dks f'k{kk çkIr djus dh O;oLFkk Lo;a ls djrs gSaA ;g ,d lkekftd&lkaLÑfrd
vfHkdj.k ds :i esa vius nkf;Ro dk fuoZgu djrk gSA eqfj;k tutkfr ds leku ukxk] HkksfV;k] eq.Mk] mjk¡o vkfn tutkfr;ksa esa ;qokx`gksa ds ekè;e
ls ;qod&;qofr;ksa dks f'k{kk çnku dh tkrh gS] ftlls mudk lkekthdj.k rFkk ekufld ,oa lkaLÑfrd fodkl gksrk gSAa

eqfj;k ?kksVqy ,d ,slh laLFkk gSa] tgk¡ ;qod&;qofr;k¡ vius Hkkoh thou ds fy, rS;kj gksrs gSaA os ;gk¡ ,d lkFk jgdj] ,d&nwljs dh Hkkoukvksa]
fopkj/kjkvksa vkSj fo'oklksa dks le>rs gSaA ;gha ij bUgsa vius ijEijkxr lkekftd&lkaLÑfrd thou ewY;ksa dk O;ogkfjd çf'k{k.k fn;k tkrk gSA ?kksVqy]
cLrj ds tutkrh; thou dh /M+du LiUnu gSA ;g ,d ,slh leUo;dkjh laLFkk gS] tks u dsoy muds lkaLÑfrd i`"BHkwfe dks lcy cukrh gS cfYd
lektxr ,oa O;ofÙkQxr mUufr dk }kj Hkh •ksyrh gSaA19

oLrqr% ?kksVqy ,d lkaLÑfrd laLFkk gS] tks lkekftd fu;eksa ds varxZr o;Ld gks jgs ;qodksa vkSj ;qofr;ksa dks vko';d f'k{kk çnku djrh gSA20

bl çdkj bl ^^?kksVqy^^ laLFkk ds ekè;e ls eqfj;k tutkfr vius ;qod&;qofr;ksa dks lkekftd fu;eksa vkfn ls ifjfpr djkrk gSA fofHkUu çdkj ds
O;olk;] jhfr&fjokt] laxhr&u`R; vkfn dh tkudkjh blh laLFkk ds ekè;e ls çnku dh tkrh gSA

fu"d"kZ
vr% ̂ ^?kksVqy** uked ;qokx`g tSlh laLFkk ds ekè;e ls eqfj;k tutkfr vius ;qod&;qofr;ksa dks lkekftd&lkaLÑfrd fu;eksa vkfn ls ifjfpr djkrk

gS vkSj mUgsa ,d uSfrd ftEesnkjh ds lkFk lkekftd O;fÙkQRo çnku djrk gSA blds vfrfjÙkQ mUgsa fofHkUu çdkj ds O;olk;] jhfr&fjokt] u`R;&laxhr
vkfn dh tkudkjh Hkh blh laLFkk ds ekè;e ls çnku dh tkrh gSa] tks ih<+h nj ih<+h lapkfjr ,oa çlkfjr gksrh jgrh gSA orZeku esa bl tutkrh; laLFkk
dks vfLrRo esa yk;s tkus ds ç;kl lekt ,oa jkT; 'kklu ds Lrj ij fd;k tk jgk gSA jkT; 'kklu }kjk cLrj ds ?kksVqy xqM+h fuekZ.k gsrq xzke Lrj ij
çLrko fy;k tk jgk gS rFkk blds fuekZ.k ds fy, 'kkldh; jkf'k Hkh LohÑr dh tk jgh gSA bu laLFkkvksa ds ekè;e ls tutkrh; laxhr] dyk ,oa
ok|;a=kksa dks lajf{kr fd;k tk ldrk gSA tutkrh; laLÑfr dks thfor j•us esa cLrj dh ?kksVqy laLFkk vR;ar mi;ksxh fl¼ gksxhA
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fj;klrdkyhu cLrj esa eqfj;k tutkfr dh iz’kklfud O;oLFkk  

ADMINISTRATIVE SYSTEM OF MURIA TRIBE IN PRINCELY BASTAR 

 
'kks/k funsZ’kd MkW- cUlks uq:Vh lgk;d izk/;kid bfrgkl v/;;u’kkyk ia- jfo’kadj 'kqDy fo’ofo|ky;] jk;iqj¼N-x-½ 

'kks/kkFkhZ iqjksfgr dqekj lksjh lgk;d izk/;kid bfrgkl 'kkl- xq.Mk/kwj Lukrdks- egkfo|ky;] dks.Mkxk¡o ¼N-x-½ 

                                                                       

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.  

 

lkjka’k %& 

tutkfr;ksa dh fLFkfr rFkk mudh jktuhfrd lajpuk {ks=h; i{k dks iznf'kZr djrh gSA tutkrh; 

iapk;r] xzke iapk;r vFkok xzke iz/kku dk fu.kZ; tutkfr;ksa ds fy, dkuwuh fu.kZ; ds leku gksrk gSA izR;sd 

tutkrh; xzkeksa es avius ekeyksa dh foospuk djus ds fy, viuh jktuhfrd dk;Z iz.kkyh gksrh gSA izR;sd 

tutkrh; leqnk; dk viuk laxBu gksrk gS] ;g laxBu ,sls {ks=ksa eas tgka ij ckº; nqfu;k¡ dk izHkko vf/kd gS 

vis{kkd`r detksj gksrk gS fdUrq nqxZe {ks=ksa esa ;g vR;f/kd etcwr gksrk gSA vk/kqfud lekt dh Hkk¡fr vkfne 

lekt esa Hkh iz'kklu laxBu ik;k tkrk gSA iz'kklu lekt ds O;ogkjksa dk fu;a=.k djrs gSaaA eqfj;k tutkfr 

dk ikjEifjd U;k; O;oLFkk oa'k] xks= ijEijk] {ks=h;rk ,oa /kkfeZd fo'oklksa ij vk/kkfjr gksrk gSA ikjEifjd 

eqfj;k U;k; O;oLFkk ds varxZr xzke lcls NksVh bdkbZ gksrh gSA fj;klr dkyhu cLrj esa ijEijkxr dkuwuksa dk 

ikyu djuk izR;sd O;fDr viuk drZO; le>rk FkkA buesa ls dqN in ,sls gSa] tks orZeku yksdrkaf=d O;oLFkk 

esa dk;Zjr gSaA blh dkj.k bu ijEijkxr iz’kklfud O;oLFkk dk vkfne eqfj;k lekt esa fo’ks"k egRo gSA 

 

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

 

'kCn dqath %& iapk;r] laxBu] ijEijkxr] vkfne] eqf[k;k] xk¡;rk] fj;klr] yksdrkaf=d] lgHkkfxrkA 

v/;;u dk mn~ns’; %& izLrqr v/;;u dk mn~ns’; fj;klrdkyhu cLrj dh ijEijkxr iz’kklfud O;oLFkk dks 

izdk’k esa ykuk gSA bl O;oLFkk dk egRo vkfne dky ls orZeku rd cuk gqvk gSA 

v/;;u i)fr %& izLrqr v/;;u cLrj dh eqfj;k tutkfr dh ikjaifjd iz’kklfud O;oLFkk ij dsfUnzr gSA 

izLrqr v/;;u izkFkfed ,oa f}rh;d L=ksrksa ij vk/kkfjr gSA blds vfrfjDr ia- lqUnjyky ’kekZ xzaFkkxkj] jk;iqj 

rFkk 'kkldh; dkdrh; LukrdksÙkj egkfo|ky;] txnyiqj esa fofHkUu iqLRkdksa dk v/;;u fd;kA 

 

Hkwfedk %& 

fdlh Hkh ’kklu&iz’kklu esa ogk¡ dh iz’kklfud iz.kkyh] ml 'kklu&iz’kklu gsrq jh<+ dh gM~Mh gksrh gSA 

izkphu jktra=h; iz.kkyh ls ysdj orZeku dh iztkra=h; 'kklu iz.kkyh rd blds egRo dks udkjk ugha tk 

ldrkA 'kklu dk vk/kkj LraHk lnSo gh iz’kklfud iz.kkyh ;k dk;Zikfydk jgh gSA 'kklu ds fu.kZ;ksa dks tu 

lkekU; rd igqapkus dh egRoiw.kZ ftEesnkjh ’kklu ds bUgha vaxksa dks gh fuHkkuh gksrh gSA 

dewangan
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Highlight
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cLrj lfn;ksa ls vk/kqfud lekt dh O;oLFkk ls dVk jgk gS ,oa Lora=rk ds mijkUr Hkh vkt rd] ;fn 

dgk tk; fd ;gka dh izkphu tutkrh; jktuhfrd laLFkk,¡ LFkkfir gS] rks 'kk;n dksbZ vfr’;ksfDr ugha gksxhA 

cLrj dh 'kklu iz.kkyh] ftldk tutkfr;ksa ij fo’ks"k izHkko gS] jktra=h; iz.kkyh gh gSA bl 'kklu iz.kkyh esa 

jktk] bZ’oj dk izfrfuf/k rFkk cLrj dh vjk/; nsoh ek¡ nars’ojh dk izeq[k iqtkjh gksrk gSA cLrj dh jktrkaf=d 

O;oLFkk] ftldk lh/kk lEcU/k /keZ ls Fkk] ds lqpk: :i ls lapkyu gsrq fofHkUu /kkfeZd inkf/kdkjh fu;qDr fd, 

x, Fks] ftudk dk;Z jktk ds /kkfeZd vkns’kksa dk ikyu djuk gksrk FkkA ftuesa ek¡>h] pkydh] xk¡;rk] iVsy] 

dksVokj rFkk vVigfj;k tSls in Fks] ftudk vfLrRo vkt Hkh ;nkdnk cLrj esa ns[kus dks feyrk gSA dkykarj 

esa bUgha inkf/kdkfj;ksa }kjk jktuhfrd xfrfof/k;ksa dks Hkh lapkfyr fd;k tkus yxk] tSls yxku olwyh] dkuwu 

,oa 'kakfr O;oLFkk] fodkl dk;Z vkfnA bl izdkj ;s in vkSj budh laLFkk,¡ jktuhfrd ,oa /kkfeZd :i ls cLrj 

ds xk¡oksa dks fu;af=r djrh Fkh vkSj ftudk izHkko cLrj ds xk¡oksa esa ijEijkxr :i ls vkt Hkh fo|eku gSaA 

xzke lHkk,¡ LFkkuh; fooknksa dk fuiVkjk ijaijkxr :i ls djrh FkhaA ;|fi vc ;s ek= /kkfeZd dk;Z rd lhfer 

gks x, gSa] ijUrq xk¡oksa ds egRoiw.kZ fu.kZ;ksa esa budh lykg ,oa lgHkkfxrk vfuok;Z gksrh gSA bu inkf/kdkfj;ksa 

rFkk muds dk;ksaZ dk Li"V mnkgj.k gesa izfro"kZ 75 fnuksa rd vk;ksftr gksus okys cLrj n’kgjk esa ns[kus dks 

feyrk gSA bl izdkj vkt Hkh vk/kqfud lH;rk dh lkekftd&/kkfeZd ,oa jktuhfrd laLFkk,¡ mUgsa Hkhrj rd 

izHkkfor ugha dj ik;h gSA 

jktk %& fj;klr dky esa cLrj ds 'kkld vius dks jktk&egkjktk dgrs FksA cLrj ds vkfnokfl;ksa esa muds 

izfr vikj J)k ,oa vknj gSA os jktk dks nsorqY; ekurs gSa rFkk mls cLrj dh vjk/; nsoh ek¡ nars’ojh dk 

eq[; iqtkjh gksus ds dkj.k mldk izfrfuf/k ds :i esa egRo nsrs gSaA 

cLrj fj;klr ds jktk dk in vkuqoaf’kd FkkA lk/kkj.kr% jktk dk T;s"B iq= firk dk mÙkjkf/kdkjh 

gksrk Fkk] ijUrq mÙkjkf/kdkj ds la?k"kZ dk mnkgj.k Hkh gesa izkIr gksrk gSA jktk fj;klr ds eq[; U;k;kf/kdkjh Fks] 

ftldk viuh iztk ij iw.kZ vf/kdkj FkkA
1
 ijEijkxr :i ls jktk dks e`R;qn.M  

nsus ;k e`R;qn.M izkIr O;fDr dks {kek iznku djus dk vf/kdkj FkkA U;k; O;oLFkk esa jktk ds vfrfjDr mlds 

ekaMfyd ,oa v/khuLFk deZpkjh gksrs FksA jktk dks mlds dk;Z esa lgk;rk nsus ds fy, nhoku ,oa mlds 

v/khuLFk deZpkjh gksrs FksA
2
 bl izdkj cLrj ds jktk fj;klr ds lHkh ekeyksa dk vafre fu.kkZ;d gksrk FkkA 

 

nhoku %& cLrj fj;klr esa jktk ds 'kklu izca/k dh O;oLFkk dks lqpk: :i ls lapkfyr djus ds fy, nhoku 

dh fu;qfDr jktk }kjk dh tkrh FkhA nhoku dks iwjs jkT; dh 'kklu O;oLFkk ds fy, egRoiw.kZ vf/kdkj izkIr 

gksrs FksA bl dkj.k tc jktk detksj gksrk Fkk rks nhoku gh iwjs jkT; dh 'kklu O;oLFkk dk lapkyu djrs FksA 

 lu~ 1854 esa cLrj fj;klr ds fczfV’k loksZPprk ds varxZr vkus ls iwoZ ;g Hkksalyksa dk djn jkT; FkkA 

Hkkslysa okf"kZd dj izkIr djus rd gh cLrj fj;klr ls viuk laca/k lhfer j[krs Fks vkSj ;gk¡ dh iz’kklfud 

O;oLFkk ij dksbZ gLr{ksi ugha djrs FksA ijUrq fczfV’k lÙkk ds v/khu vk tkus ds ckn cLrj jktk dh fLFkfr esa 

ifjorZu gks x;k vkSj jktk vc ukeek= dk gh jktk jg x;kA jktk dh fofHkUu 'kfDr;k¡ nhoku dks gLrkarfjr 

gks xbZ] D;ksafd vc nhoku dh fu;qfDr esa fczfV’k 'kklu us gLr{ksi djuk izkjaHk dj fn;k vkSj /khjs&/khjs fczfV’k 

'kklu }kjk mlh O;fDr dks nhoku cuk;k x;k] tks muds fy, ykHknk;d FkkA
3
   

 dkykUrj esa ijEijkxr :i ls nhoku dh fu;qfDr jktk dh bPNk ij fuHkZj u jgdj fczfV’kdky esa 

vaxzsth 'kklu dh lgefr vkSj vuqefr ij fuHkZj jg x;hA bl izdkj ls ijEijkxr vkfne O;oLFkk ij fczfV’k 

gLr{ksi us cLrj ds vkfnokfl;ksa dks Hkze esa Mky fn;kA fczfV’k 'kklu }kjk nhoku dh fu;qfDr esa gLr{ksi us 

cLrj esa fonzksg ,oa vkUnksyuksa dks vkØksf’kr djus dk dke Hkh fd;k] ftlds dkj.k lu~ 1876 dk eqfj;k 

vkUnksyu ,oa lu~ 1910 dk egku Hkwedky vkUnksyu tSls egku vkUnksyuksa us cLrj dh tutkfr;ksa dks 

vkUnksfyr fd;kA 

 

ek¡>h %& ek¡>h fdlh ,d ijxuk dk eqf[k;k gksrk gSA budk dk;Z vius ijxuk esa fj;klr ds vkns’kksa dk ikyu 

djokuk FkkA ;g jktuhfrd] lkekftd] vkfFkZd ,oa /kkfeZd dk;ksZa dh ns[kjs[k djrk FkkA fj;klrdky esa xk¡oksa 

dks lewgksa esa ck¡Vk x;k FkkA xk¡oksa ds izR;sd lewg dks ijxuk vkSj izR;sd ijxuk izeq[k dks ek¡>h dgk tkrk FkkA 
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izR;sd ijxuk dh ,d ijxuk iapk;r gksrh Fkh tks xk¡oksa ds ekeyksa dh ,d vihyh; vnkyr dk dk;Z Hkh djrh 

FkhA
4
 

izR;sd ijxuk dh lajpuk /kkfeZd vkSj iz’kklfud nks lekukUrj O;oLFkk ds vuqlkj gksrh gSA bl dkj.k 

izR;sd ijxuk esa nks ek¡f>;ksa dh fu;qfDr dh tkrh gSA /kkfeZd vkSj lkekftd ijxuk izeq[k dks nso&ek¡>h vkSj 

iz’kklfud izeq[k dks ijxuk&ek¡>h dgk tkrk gSA ;g in fj;klrdky ls oa’kkuqxr gSaA nso&ek¡>h dk pquko 

loZlEer gksrk gS] ftls ijxus esa fuokljr yksxksa }kjk pquk tkrk gS tcfd ijxuk&ek¡>h dh fu;qfDr esa iz’kklu 

dk Hkh fu.kZ; gksrk gSA ,d ijxus ds varxZr yxHkx 40&50 xk¡o vkrs gSaA ijxus ds varxZr fdlh Hkh 

okn&fookn dk fu.kZ; bu nksuksa ek¡f>;ksa dh v/;{krk esa lkewfgdrk ds vk/kkj fd;k tkrk gSA
5
 

MkW- jkedqekj csgkj
6
 ds vuqlkj] xzke iapk;rksa esa gq, fu.kZ;ksa ds fo:) ;fn fdlh dks vihy djuh gksrh 

Fkh] rks og ijxuk iapk;r esa vihy dj ldrk FkkA xzke iapk;rsa [kqyh vkSj fu"i{k vnkyr gksrh FkhA bl 

ijxuk iapk;r dk izeq[k ek¡>h gksrk Fkk] ftls jktnjckj esa cSBus dk xkSjo izkIr FkkA 

 

pkydh %& fj;klrdkyhu cLrj esa fczfV’k iz’kklu ls iwoZ xk¡oksa ls jktLo olwy djus dk dk;Z pkydh ds }kjk 

gksrk FkkA blds varxZr vusd xk¡o gqvk djrs FksA ;g vU; fj;klr ds inkf/kdkfj;ksa dks ,d xk¡o ls nwljs xk¡o 

rd ys tkus ,oa ogk¡ ds fuokfl;ksa ls ifjfpr djkus dk dk;Z djrk FkkA
7
 ;g in oa’kkuqxr gksrk Fkk vkSj 

fj;klrdky esa lkekftd ,oa /kkfeZd O;oLFkk dks cuk, j[kus gsrq jktuhfrd :i ls bl in dk l`tu gqvk 

FkkA pkydh dks xk¡o ;k xzkeh.k O;oLFkk dk eqf[k;k dgk tkrk FkkA jktLo dk Hkqxrku jkT; dh eq[; [kk| 

dksljk ;k dksnks ds ek/;e ls dh tkrh FkhA pkydh }kjk ,d= jktLo vUu ds :i esa tehankj dks iznku fd;k 

tkrk FkkA
8
 bl izdkj fj;klrdkyhu cLrj esa pkydh ,d egRoiw.kZ rFkk vf/kdk’kr% oa’kkuqxr in FkkA budk 

dk;Z jktk ,oa ek¡>h ds e/; lwpukvksa dk vknku&iznku djuk FkkA ;g ek¡>h ds dk;Z esa lg;ksx Hkh djrk FkkA 

 

eqf[k;k %& cLrj ds izR;sd xk¡o esa ,d /keZfujis{k vkSj /kkfeZd vf/kdkfj;ksa dh ,d laLFkk Fkh] ftldk ,d 

eqf[k;k gqvk djrk Fkk] ftls xzke iz/kku Hkh dgk tk ldrk gSA izR;sd xzke esa blh xzke iz/kku dh v/;{krk esa 

,d iapk;r gqvk djrh Fkh] tks jkT; dh iqjkuh iz’kklfud iz.kkyh dk ,d vo’ks"k gSA
9
 izR;sd xzke eqf[k;k ds 

ikl gkFk esa idM+us dh ,d vPNh ydM+h gksrh Fkh] ftlesa Åij dh vksj ihry ;k yksgs dh ik¡p&lkr eqanfj;k¡ 

yxh gksrh FkhA tc eqf[k;k pyrs Fks] rks ;g ctus yxrh FkhA
10
 budh vkokt lqudj yksx ;g le> tkrs Fks 

fd xzke&eqf[k;k dgha tk jgs gSaA ;fn mUgsa fdlh izdkj ls eqf[k;k ls ckr djuh gksrh Fkh] rks os ;g vkokt 

lqudj ,d= gks tkrs FksA  

okY;kZuh ,oa lkglh
11
 ds vuqlkj] iz’kklu dh lcls NksVh bZdkbZ xzke FkhA bu xzke iapk;rksa ds ek/;e 

ls gh xzkeh.k vkilh okn&fooknks dk fuiVkjk fd;k djrs FksA  

,y- fQalVu us viuh fjiksVZ esa fy[kk gSa& ^^iapk;rksa dk fu.kZ; Li"V vkSj fu"i{k gksrk Fkk] blls xjhckas 

dks cgqr ykHk igq¡pk vkSj os O;FkZ ds eqdnesckth ls eqDr gks tkrs FksA** tsufdal dh fjiksVZ vuqlkj&^^iapk;rksa esa 

fu;fer iz.kkyh dk vHkko Fkk] rFkkfi os U;k; ds {ks= esa lgdkfjrk ls dk;Z djus dk ,d izf’k{k.k LFky FkkA^^
12
 

ijUrq cLrj esa fczfV’k 'kklu ds izkjaHk gksus ds lkFk gh cLrj dh vkfne ijEijkxr iapk;rksa ,oa xzke 

rFkk ijxuk izeq[kksa dk eku&lEeku de gksrk pyk x;k ftlds dkj.k bu leqnk;ksa esa iz’kklu ds izfr vlarks"k 

dk vkjaHk gqvkA
13
 

 

iVsy %& xzkeh.k lajpuk esa iz’kklfud inkf/kdkjh iVsy gksrk gSaA ;g xk¡o rFkk jktra= vkSj orZeku esa 

yksdrkaf=d iz’kklu ds chp dh dM+h gksrk gSA ;g xk¡o ds lkekftd] /kkfeZd vkSj iz’kklfud dk;Z ds izfr 

mÙkjnk;h gksrk gSA ;g in oa’kkuqxr gS] tks fj;klrdky ls pyk vk jgk gSA iz’kklfud dk;Z ds varxZr xzkeh.kksa 

ls jktLo ,d= djus dk dk;Z bldh izeq[k ftEesnkjh gksrh gSA blds lg;ksx ds fy, xk¡o esa dksVokj dh 

fu;qfDr dh tkrh gSA
14
 

bl izdkj fj;klrdkyhu cLrj dh xzkeh.k O;oLFkk esa iVsy dk in vR;ar egRoiw.kZ FkkA ;g xzke ls 

jktLo olwy dj ek¡>h o pkydh ds ek/;e ls fj;klr dks fHktokrk FkkA bls xzke ds NksVs&NksVs fookfnr 

ekeyksa dks lqy>kus dk vf/kdkj Hkh izkIr FkkA 
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xk¡;rk %& fj;klrdkyhu cLrj esa ;g xzkeh.k O;oLFkk dk ,d egRoiw.kZ in FkkA bls ekVh xk¡;rk ;k Hkwe 

xk¡;rk dgk tkrk gSA bldk eq[; dk;Z xzke ds /kkfeZd dk;ksZa dk lEiknu djuk gksrk gSa] tSls& xzke ds 

nsoh&nsork dh vjk/kuk rFkk lsok&vthZ djukA xk¡o ds /kkfeZd dk;ksZa ds lEiknu esa blds egRo ds dkj.k bls 

xzke dh cSBdksa esa Hkh eq[; LFkku izkIr gksrk gSA izkphudky esa xk¡o dh ljgn ds varxZr fdlh uohu O;fDr dks 

clus ls igys xk¡;rk ls vuqefr ysuh gksrh Fkh] blds }kjk fpfUgr Hkwfe ij gh og O;fDr viuk fuokl cuk 

ldrk FkkA ;g ijaijk vkt Hkh xzkeh.k bykdksa esa ik;h tkrh gSA
15
  

fxzXlu
16
 ds vuqlkj] xk¡o dk izeq[k /kkfeZd O;fDr Hkwe&xk¡;rk ;k isjek gksrk gSA bls xk¡o dk ekVh 

iqtkjh Hkh dgk tkrk gSA ;g xk¡o esa lHkh /kkfeZd dk;ksZa] R;kSgkjksa o ioksZa esa cfy iwtk djus esa eq[; Hkwfedk vnk 

djrk gSA 

;|fi orZeku le; esa vc tehuksa dh [kjhnh&fcØh gksuh yxh gSa] ftlds dkj.k budk egRo de gks 

x;k gaS] ijUrq cLrj dh tutkfr;ksa ds e/; budh egRrk vkt Hkh de ugha gqbZ gSaA xk¡o esa tc fdlh O;fDr 

dh e`R;q gks tkrh gS] rc xk¡;rk ds }kjk gh fpfUgr Hkwfe ij e`r O;fDr dks nQuk;k tkrk gSA bl izdkj 

fj;klrdkyhu cLrj esa ;g xzkeh.k /kkfeZd O;oLFkk dk ;g ,d egRoiw.kZ in FkkA ftldk eq[; dk;Z xzke ds 

nsoh&nsork dh vjk/kuk djuk Fkk] ijUrq blds lkFk&lkFk ;g xzke ds cSBdksa esa Hkh eq[; Hkwfedk fuHkkrs FksA 

pwafd cLrj esa tutkfr;k¡ vkfndky ls vius nsoh&nsork dh vjk/kuk djrs vk jgs gSa] ftu ij mudh vVwV 

vkLFkk gSaA blh dkj.k muds nsoh&nsork dh iwtk djus okys xk¡;rk vFkkZr~ iqtkjh ds izfr Hkh mudh vVwV 

vkLFkk gSA blfy, xk¡;rk }kjk crk;s x;s ekxZ dks os bZ’oj dk vkns’k le>dj ikyu djrs FksA 

 

dksVokj %& fj;klrdkyhu cLrj esa ;g ,d egRoiw.kZ in FkkA ;g xk¡o esa 'kkafr O;oLFkk LFkkfir djuk rFkk 

jktk ;k fj;klr }kjk ykxw fdlh dkuwu dks xk¡oksa esa ikyu djokus esa budh egRoiw.kZ Hkwfedk FkhA vijk/kh dks 

idM+dj mls jktk ;k fj;klr ds U;k;ky; esa is’k djuk dksVokj dk eq[; dk;Z FkkA buds ek/;e ls 'kkafr ,oa 

U;k; O;oLFkk cuk;s j[kus esa lgk;rk izkIr gksrh FkhA xzkeh.k O;oLFkk ls lacaf/kr fdlh Hkh rht&R;kSgkj] esys] 

cktkj vkfn dh lwpuk vU; xk¡oksa dks nsus ds fy, eq[; Hkwfedk esa dksVokj gh gksrk gSA ;|fi orZeku O;oLFkk 

esa budk egRo de gks x;k gS] ijUrq fQj Hkh dksVokj] xk¡o dh 'kkafr O;oLFkk cuk;s j[kus esa viuh egRoiw.kZ 

Hkwfedk vnk dj jgs gSaA 

izR;sd ekfj;k xk¡o esa /keZfujis{k vkSj /kkfeZd vf/kdkfj;ksa dk ,d iSuy gksrk gSA ftlesa ,d eqf[k;k] 

ftls isMk dgk tkrk gS rFkk mlds lgk;d dandh vkSj dksVokj gksrk gSA dksVokj dk eq[; dk;Z iapk;r ds 

QSlyksa ;k fu.kZ;ksa dh lwpuk iqfyl dks nsukA dksVokj }kjk vius vf/kdkj {ks=kUrxZr lHkh tUe vkSj èR;q dh 

lwpuk Hkh iqfyl dks nh tkrh FkhA
17
 

 

vVigfj;k %& bl in ij xk¡o ds fdlh ,sls O;fDr dh fu;qfDr dh tkrh Fkh] tks f)Hkkf"k;k rFkk vfrfFk lsok 

esa rRij gksA ;g xk¡o esa fdlh vfrfFk dk O;oLFkkid gksrk Fkk vFkkZr~ blds }kjk xk¡o esa fdlh ckgjh O;fDr ds 

vkus ij mldks ekxZnf’kZr djus dk dk;Z fd;k tkrk FkkA lkFk gh ;g vfrfFk ds Bgjus o mlds Hkkstu vkfn 

ds O;oLFkk dh ftEesnkjh Hkh fuHkkrk FkkA vkVigfj;k] dgus ls gh Li"V gS fd ;g O;fDr fnu ds vkBksa igj 

vFkkZr~ 24 ?kaVs lsok ds fy, fu;qDr FkkA 

 

milagkj %&  

;|fi orZeku yksdrkaf=d iz.kkyh esa mudk egRo de gks x;k gS] ijUrq fQj Hkh cLrj ds vkfnokfl;ksa 

esa izkphu ijEijkvksa vkSj jktuhfrd laLFkkvksa ds izfr vknjHkko vkt Hkh ns[kus dks feyrk gSA bldk Li"V 

mnkgj.k cLrj esa izfro"kZ yxHkx 75 fnuksa rd vk;ksftr gksus okys cLrj n’kgjk esa gesa ns[kus dks feyrk gSA 

bl vk;kstu esa cLrj ds tutkrh; ,oa muds }kjk izkphudky ls LFkkfir jktuhfrd laLFkkvksa tSls& eka>h] 

pkydh] iVsy] xk;rk] dksVokj vkfn dh egRoiw.kZ Hkwfedk gksrh gSA muds fcuk ;g vk;kstu laHko ugha gS] blh 

dkj.k orZeku yksdrkaf=d ljdkjksa us Hkh muds egRo dks Lohdkj djrs gq, mUgsa fo'ks"k laj{k.k ,oa lqfo/kk;sa 

iznku dh gSA” 
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 orZeku esa cLrj dk fodkl vusd ifj;kstukvksa ds ek/;e ls fd;k tk jgk gSA 'kklu dh lfØ; 

Hkwfedk Hkh bl ckr dks n’kkZrh gS fd og cLrj dks fodflr ns[kuk pkgrh gS] ijUrq LFkkuh; Lrj ij ;kstukvksa 

vkSj ifj;kstukvksa ds fØ;kUo;u esa ijs’kkfu;ksa dk lkeuk djuk iM+ jgk gSA bu ijs’kkfu;ksa dks ogk¡ ds ijEijkxr 

inkf/kdkfj;ksa o xzkeh.kksa dh lgHkkfxrk ds ek/;e ls gh gy fd;k tk ldrk gS D;ksafd LFkkuh; leL;kvksa vkSj 

mlds fujkdj.k esa mudh Hkwfedk gksus ls LFkkuh; Lrj ij gh cgqr lkjh leL;kvksa dk gy fudkyk tk ldrk 

gSA lkFk gh xzkeh.kksa dh iw.kZ lgHkkfxrk Hkh izkIr gksus ls mudh n’kk o fn’kk dks fodkl dh eq[;/kkjk ls tksM+k 

tk ldrk gSA blh mikns;rk dks n`f"Vxr j[krs gq, cLrj dks fodflr djus 'kklu }kjk fur u;s ;kstukvksa 

dk 'kqHkkjEHk fd;k tk jgk gSA  

 pwafd cLrj ds tutkfr;ksa dh ;s izkphu laLFkk,¡ /keZ ,oa vkLFkk ls tqM+h gqbZ izkphu laLFkk,¡ gS blfy, 

tutkfr;ksa esa] tks fd vkfne /keZ ,oa vkLFkkvksa esa fo’okl djrs gSa] muds fodkl ds fy, muds }kjk LFkkfir 

laLFkkvksa ds ek/;e ls gh tufgr ,oa fodkl ds dk;Z fd, tkus pkfg, rkfd vk/kqfud lanHkZ esa vkfne laLFkkvksa 

dks ekU;rk izkIr gks vkSj cLrj tSls fiNM+s {ks= dk fodkl Hkh gks ldsA bu vkfne ,oa tutkrh; laLFkkvksa dks 

ekU;rk nsdj gh cLrj laHkkx dk ,d ftyk&dks.Mkxk¡o] NRrhlx<+ lfgr iwjs Hkkjr ns’k esa viuk uke jkS’ku dj 

jgk gSA ;gk¡ ds dysDVj vknj.kh; Jh uhydaB Vsdketh us bu vkfne ,oa tutkfr; laLFkkvksa vkSj mUgsa 

lapkfyr djus okys in/kkfjr tutkfr;ksa dks ekU;rk vkSj lEeku fnykdj mUgsa tuleL;k fuokj.k f’kfoj o 

'kklu ds vU; fodklkRed xfrfof/k;ksa esa lg;ksxh cuk;kA ftlds dkj.k Hkkjr ljdkj ds uhfr vk;ksx }kjk 

vkdka{kh ftyksa dh ebZ 2019 dh fodkl jSafdax esa NÙkhlx<+ dk dks.Mkxk¡o ftyk 'kh"kZ ij jgkA 

 

lanHkZ  lwph %& 
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