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is of cadmium(II) Schiff base
complexes towards corrosion inhibition on mild
steel†

Mriganka Das,‡a Amrita Biswas,‡b Bidyut Kumar Kundu,a Shaikh M. Mobin, a

G. Udayabhanub and Suman Mukhopadhyay *a

Three ligands L1 [N,N-dimethyl-N0-(1-pyridin-2-yl-ethylidene)-ethane-1,2-diamine], L2 [2-morpholino-N-

(1-(pyridin-2-yl)ethylidene)ethanamine] and L3 [(2-(piperidin-1-yl)-N-(1-(pyridin-2-yl)ethylidene)ethanamine)]

were introduced to prepare five Cd(II) Schiff base complexes [Cd(L1)2](ClO4)2 (1), [Cd(L
1)(Cyanoacetate)(OAc)]

(2), [Cd2(L
1)2(N3)4] (3), [Cd(L

2)(N3)2]n (4), [Cd2 (L3)2(N3)4]n (5) and the corrosion inhibition properties of these

complexes on mild steel upon treatment with 15% HCl have been examined where azide complexes have

shown corrosion inhibition properties as revealed by electrochemical impedance spectroscopy and

potentiodynamic polarization. Field emission scanning electron microscopy (FE-SEM) images show that the

mild steel surface was protected by cadmium complexes. Among azido complexes polymeric complexes

have higher inhibition activity which was further explained using density functional theory. So finally a new

bridge between nuclearity driven coordination inorganic chemistry and materials as well as corrosion

engineering was established by this observation.
1. Introduction

Inhibitors are generally used to minimize the metal loss from
corrosive environments. Metal nds wide application in several
industries, such as chemical and petrochemical industries.1,2 In
oil industries, corrosion is a major problem and it is controlled
by using different kinds of inhibitors. Several techniques (pipe
line cleaning, acid pickling, etc.) are used in industries where
utilization of acids make metals highly susceptible to corro-
sion.3–5 Inhibitors are widely used to minimize the metal loss
during such processes.6 Corrosion inhibition is a surface
phenomenon where the adsorption of the organic and inor-
ganic compounds on the metal surface serves as a means of
achieving the aim.7 There are various types of organic and
inorganic compounds which have been studied as inhibitors for
protecting metals against corrosion. In this scenario, Schiff
bases are studied extensively due to the presence of >C]N–
groups which allow the corresponding Schiff bases to get
adsorbed on the surface of mild steel and to form a monolayer
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on the surface spontaneously. Therefore, it can act as an effec-
tive corrosion inhibitor8,9 for mild steel,10–13 stainless steel,14,15

iron, nickel,16 copper,17 aluminum,18 and alloy,19 in various
aggressive solutions. The Schiff base ligands form stable
complexes closely packed in the coordination sphere of metal
ion to generate another class of compounds for corrosion
inhibition.20–22 The inhibitors work on the metal surface
through the adsorption mechanism. The adsorption of an
organic compound depends on the number of functional
groups taking part. The interaction of inhibitor molecules with
the metal surface is inuenced by several factors, such as
electron charge density, molecular size, geometry and number
of hetero atoms, such as N, O, S present in the molecule.23

In industry, cadmium plating offers an exceptional bonding
on the surface and is being increasingly used in aircra
manufacturing and is a preferred coating for the salt water
environment. Recently, Schiff bases are getting more attention
in the eld of corrosion inhibition of mild steel.24–26 With this
point of view researchers have been focusing on metal coordi-
nation complexes to quantify their corrosion inhibition prop-
erty.10,27,28 Apart from this the role of sodium azide as
a corrosion inhibitor is also well described in literature.29

However, to the best of our knowledge, there is only one report
where mild steel corrosion inhibition using cadmium coordi-
nation complexes have been explored.30 Although cadmium has
toxic effects on biological systems but as mentioned earlier that
cadmium based system can effectively inhibit corrosion onmild
steel, therefore we have selected this metal ion to explore the
effectiveness of the cadmium based coordination complexes
RSC Adv., 2017, 7, 48569–48585 | 48569
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and understand the underlying mechanism so that it can help
to develop more fruitful inhibitory systems in future. Further-
more, although toxic, effective inhibitor may get utilized in
closed systems with proper recovery of the toxic metal ion.
Taking account of all these facts, herein we have synthesized
and characterized ve cadmium Schiff base complexes and
explored their corrosion inhibition property on mild steel in
15% HCl solution. Most of the complexes show considerable
corrosion inhibition property while one polymeric cadmium
azide complex has shown the maximum inhibition efficiency,
which is quite good in comparison with other metal complex
reported earlier.10,11,13,20,27,31 The corrosion inhibition efficiency
was studied by electrochemical methods and protection of
metal surface by Cd(II) complexes was shown by FE-SEM images.
Nuclearity driven corrosion inhibition trend of Cd(II) complexes
was further corroborated by quantum chemical calculations.
2. Experimental section
2.1. Materials and methods

All the chemical reagents required were purchased from Sigma,
except HCl (purchased from Ranbaxy Fine Chemicals) and used
without further purication. Infrared spectra (4000–500 cm�1)
were recorded with a BRUKER TENSOR 27 instrument in KBr
pellets. Nuclear Magnetic Resonance (NMR) spectra were
recorded in AVANCE III 400 Ascend Bruker BioSpin machine at
ambient temperature. Mass spectrometric analyses were done
on Bruker-Daltonics, micro TOF-Q II mass spectrometer and
elemental analyses were carried out with a Thermo Flash 2000
elemental analyzer.
2.2. X-ray crystallography

Single crystal X-ray structural studies of 1–5 were performed on
a CCD Agilent Technologies (Oxford Diffraction) SUPER NOVA
diffractometer. Data for all the complexes were collected at
150(2) K except complex 4 which was taken 298(2) K using
graphite-monochromated Mo Ka radiation (la ¼ 0.71073 Å).
The strategy for the data collection was evaluated by using the
CrysAlisPro CCD soware. The data were collected by the
standard ‘phi-omega scan techniques and were scaled and
reduced using CrysAlisPro RED soware. The structures were
solved by direct methods using SHELXS-97 and rened by full
matrix least-squares with SHELXL-97, rening on F2.32 The
positions of all the atoms were obtained by direct methods. All
non-hydrogen atoms were rened anisotropically. The remain-
ing hydrogen atoms were placed in geometrically constrained
positions and rened with isotropic temperature factors,
generally 1.2Ueq of their parent atoms. The crystal and rene-
ment data are summarized in Table 1.
2.3. Synthesis of Schiff base ligands (L1, L2 and L3)

Three ligands L1 [N,N-dimethyl-N0-(1-pyridin-2-yl-ethylidene)-ethane-
1,2-diamine], L2 [2-morpholino-N-(1-(pyridin-2-yl)ethylidene)
ethanamine] and L3 [(2-(piperidin-1-yl)-N-(1-(pyridin-2-yl)ethylidene)
ethanamine)] were prepared following the procedure reported in
48570 | RSC Adv., 2017, 7, 48569–48585
literature.33,34 These were used for preparation of metal complexes
without further purication.

2.4. Synthesis of [Cd(L1)2](ClO4)2 (1)

0.19 g (1 mmol) of Schiff base ligand L1 dissolved in 10 mL of
methanol was added drop wise into a solution of 0.15 g of
Cd(ClO4)2 (0.5 mmol) in 5 mL of methanol. The mixture was
stirred for 1 hour at room temperature and ltered thereaer.
Colourless block-shaped crystals of 1, suitable for X-ray
diffraction, were formed aer 15 days on slow evaporation of
the ltrate in air. Yield: 78% (based on metal salt). Anal. calcd
(%) C22H34CdCl2N6O8: C, 38.08; H, 4.94; N, 12.11. Found (%): C,
37.98; H, 4.90; N, 11.77. 1H NMR (400.13MHz, 298 K, DMSO-d6):
d 8.43–8.29 (m, 6H, aryl), 7.72 (d, 2H, aryl), 3.95 (br. d, 4H,
CH2alk), 2.96 (br. d, 2H, CH2alk), 2.70 (s, 6H, CH3alk and 2H,
CH2alk), 2.17 (s, 12H, N(CH3)2).

13C NMR (100.61 MHz, 293 K,
DMSO-d6): d 169.7 (Cimine), 149.4 (Caryl), 148.1 (Caryl), 141.4
(Caryl), 128.0 (Caryl), 125.3 (Caryl), 58.2 (NCH2), 45.8 (NCH2), 45.5
(NCH3), 16.7 (CH3C). ESI-MS (m/z) 248.10 [Cd(L1)2]

2+, 595.16
[(Cd(L1)2)ClO4]

+.

2.5. Synthesis of [Cd(L1)(cyanoacetate)(OAc)] (2)

Ligand L1 (0.5 mmol, 0.09 g) and Cd(OAc)2$2H2O (0.5 mmol,
0.13 g) were stirred in methanol (15 mL) for 30 min at room
temperature. A methanolic solution (10 mL) of piperadinium
salt of cyano acetic acid (1 mmol, 0.17 g) was added into it
thereaer and stirring was continued for 1 hour. Then it was
concentrated and ltered. The colourless block-shaped crystals
of 2, suitable for X-ray diffraction, were formed aer 6 days on
slow evaporation of the ltrate in air. Yield: 72% (based on
metal salt). Anal. calcd (%) C16H22CdN4O4: C, 43.01; H, 4.96; N,
12.54. Found (%): C, 42.80; H, 5.04; N, 12.00.1H NMR (400.13
MHz, 298 K, DMSO-d6): d 8.70 (d, J¼ 4 Hz, 1H, aryl), 8.21 (m, 2H,
aryl), 7.77 (m, 1H, aryl), 3.70 (s, 3H, CH3 (acetate)), 2.73–2.50
(6H, CH2alk), 2.33 (s, 6H, N(CH3)2), 1.79 (s, 3H, CH3alk).

13C NMR
(100.61 MHz, 293 K, DMSO-d6): d 177.0 (Ccyano-acetate), 167.1
(Cacetate), 165.9 (Cimine), 149.5 (Caryl), 148.1 (Caryl), 140.1 (Caryl),
127.2 (Caryl), 124.0 (Caryl), 117.8 (Ccyanide), 57.2 (NCH2), 45.5
(NCH2), 44.9 (CH2CN), 25.5 (CH3C), 21.8 (CH3C), 15.7 (CH3C).
ESI-MS (m/z) 471.16 [Cd(L1)(cyanoacetate)(OAc)]+Na+.

2.6. Synthesis of [Cd2(L
1)2(N3)4] (3)

Ligand L1 (0.5 mmol, 0.09 g) and Cd(OAc)2$2H2O (0.5 mmol,
0.13 g) were taken in methanol (15 mL) and stirred for 30 min at
room temperature. Aer that an aqueous solution (10 mL) of
sodium azide (1 mmol, 0.06 g) was added drop wise into it with
continuous stirring. The stirring was continued for 1 hour.
Then the solvent was evaporated to concentrate the solution
and it was ltered. Finally the colourless block-shaped crystals
of 3, suitable for X-ray diffraction, were formed aer 4 days on
slow evaporation of the ltrate in air. Yield: 82% (based on
metal salt). Anal. calcd (%) C22H34Cd2N18: C, 34.08; H, 4.42; N,
32.51. Found (%): C, 33.31; H, 4.28; N, 31.70.1H NMR (400.13
MHz, 298 K, DMSO-d6): d 8.38 (d, J¼ 4 Hz, 2H, aryl), 8.08 (m, 4H,
aryl), 7.69 (d, 2H, aryl), 3.54–3.42 (t, J ¼ 12 Hz, 8H, CH2alk), 2.36
(s, 6H, CH3alk), 2.17 (s, 12H, N(CH3)2).

13C NMR (100.61 MHz,
This journal is © The Royal Society of Chemistry 2017
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Table 1 Crystallographic data and structure refinement parameters for 1, 2, 3, 4 and 5

Complex 1 2 3 4 5

Empirical formula C22H34CdCl2N6O8 C16H22CdN4O4 C22H34Cd2N18 C13H19CdN9O C28H42Cd2N18

Crystal system Orthorhombic Triclinic Monoclinic Monoclinic Monoclinic
Space group Pna21 P�1 P21/n P21/c P21/c
Unit cell dimensions a (Å) 16.208(10) 8.438(10) 8.793(7) 11.520(2) 19.881(4)

b (Å) 14.134(10) 10.100(3) 15.677(13) 12.581(2) 10.893(2)
c (Å) 12.843(10) 11.303(2) 11.695(9) 11.804(2) 16.289(3)
a (�) 90 76.078(2) 90 90 90
b (�) 90 81.463(2) 107.422(9) 99.088(2) 100.828(2)
g (�) 90 89.501(2) 90 90 90

Volume (Å3) 2942.55(4) 924.30(3) 1538.3(2) 1689.45(5) 3465.10(12)
Wavelength (Å) 0.71 0.71 0.71 0.71 0.71
Calc. density (mg m�3) 1.566 1.605 1.674 1.69 1.64
Z (no. Of molecules in unit
cell)

4 2 4 4 4

Temperature (K) 150(2) 150(2) 150(2) 298(2) 150(2)
Absorption coefficient
(mm�1)

0.977 1.209 1.428 1.314 1.277

F(0 0 0) 1416 452 776 864 1728
Crystal size (mm3) 0.23 � 0.16 � 0.13 0.23 � 0.16 � 0.13 0.33 � 0.26 � 0.18 0.23 � 0.18 � 0.14 0.33 � 0.26 � 0.21
q ranges (�) 2.90–24.99 3.12–25.00 3.18–25.00 3.142–24.998 2.911–25.00
Limiting indices (h/k/l) �19,19/�16,16/�15,15 �9,10/�12,9/�13,13 �10,10/�18,18/�13,13 �13,11/�14,13/�14,14 �23,23/�12,12/�19,18
Reections collected 24 292 6664 10 003 11 513 32 482
Independent reections 5171 3247 2712 2967 6087
Max & min transmission 0.883 and 0.806 0.858 and 0.768 0.7831 and 0.650 1.000 and 0.435 1.000 and 0.799
Data/restraints/parameters 5171/1/358 3247/0/230 2712/0/193 2967/0/218 6087/0/435
Goodness-of-t (GOF) on F2 1.055 1.124 1.081 1.056 1.055
Final R indices [I > 2s(I)] R1 ¼ 0.023 R1 ¼ 0.017 R1 ¼ 0.082 R1 ¼ 0.078 R1 ¼ 0.022

wR2 ¼ 0.067 wR2 ¼ 0.045 wR2 ¼ 0.222 wR2 ¼ 0.225 wR2 ¼ 0.055
R Indices (all data) R1 ¼ 0.024 R1 ¼ 0.018 R1 ¼ 0.092 R1 ¼ 0.083 R1 ¼ 0.025

wR2 ¼ 0.067 wR2 ¼ 0.045 wR2 ¼ 0.230 wR2 ¼ 0.232 wR2 ¼ 0.058
Largest peak and hole
(e Å�3)

0.687 and �0.267 0.409 and �0.309 2.110 and �1.781 1.601 and �0.599 0.480 and �0.445
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293 K, DMSO-d6): d 169.1 (Cimine), 148.8 (Caryl), 147.5 (Caryl),
141.3 (Caryl), 128.2 (Caryl), 124.6 (Caryl), 79.3 (NCH2), 56.8 (NCH2),
44.4 (NCH3), 16.1 (CH3C). ESI-MS (m/z) 347.07 [Cd2(L

1)2(N3)2]
2+,

734.15 [Cd2(L
1)2(N3)3]

+.
2.7. Synthesis of [Cd(L2)(N3)2]n (4)

0.11 g of ligand L2 (0.5 mmol) and 0.13 g of Cd(OAc)2$2H2O (0.5
mmol) were mixed in methanol (15 mL) and stirred for 30 min
at room temperature. Then 10 mL aqueous sodium azide
(1 mmol, 0.06 g) was added into it slowly. The solution was
stirred for 1 hour more. Aer that the solvent was evaporated to
make it concentrate and then it was ltered. Finally the col-
ourless block-shaped crystals of 4, suitable for X-ray diffraction,
were formed aer 6 days on slow evaporation of the ltrate in
air. Yield: 76% (based on metal salt). Anal. calcd (%)
C13H19CdN9O: C, 36.33; H, 4.46; N, 29.33. Found (%): C, 37.10;
H, 4.28; N, 30.70.1H NMR (DMSO-d6) 8.80 (d, J ¼ 4 Hz, 1H, aryl),
8.29–8.24 (m, 2H, aryl), 7.87–7.85 (m, 1H, aryl), 3.80, 3.76 (d, 4H,
2CH2), 3.69 (s, 4H, 2CH2), 2.79–2.77 (t, 4H, NCH2), 2.69 (s, 3H,
CH3)

13C NMR (100.61 MHz, 293 K, DMSO-d6): d 165.8 (Cimine),
149.2 (Caryl), 140.5 (Caryl), 132.3 (Caryl), 127.6 (Caryl), 124.2 (Caryl),
64.76–57.88 (4C, 2CH2morph), 53.44–44.36 (2C, 2CH2), 15.77
(1C, CH3)
This journal is © The Royal Society of Chemistry 2017
2.8. Synthesis of [Cd2(L
3)2(N3)4]n (5)

In 15 mL of methanol, ligand L3 (0.5 mmol, 0.12 g) and
Cd(OAc)2$2H2O (0.5 mmol, 0.13 g) were stirred for 30 min at
room temperature. An aqueous solution (10 mL) of sodium
azide (1 mmol, 0.06 g) was added into it thereaer and stirring
was continued for 1 hour. The reaction mixture was concen-
trated and ltered and then colourless block-shaped crystals of
5, suitable for X-ray diffraction, were formed aer 7 days on slow
evaporation of the ltrate in air. Yield: 74% (based on metal
salt). Anal. calcd (%) C28H42Cd2N18: C, 39.31; H, 4.95; N, 29.47.
Found (%): C, 39.81; H, 4.75; N, 30.60. 1H NMR (400.13 MHz,
298 K, DMSO-d6): d 8.34 (d, J¼ 4 Hz, 2H, aryl), 8.01 (m, 4H, aryl),
7.62 (d, 2H, aryl), 3.45–3.40 (t, J¼ 12 Hz, 8H, CH2alk), 2.32 (s, 6H,
CH3alk), 2.20–2.30 (m, 8H), 1.51–1.52 (m, 8H), 1.17–1.25 (m, 4H).
13C NMR (100.61 MHz, 293 K, DMSO-d6): d 167.1 (Cimine), 146.8
(Caryl), 145.5 (Caryl), 140.3 (Caryl), 126.2 (Caryl), 122.6 (Caryl), 45.3
(NCH2), 35.8 (NCH2), 24.0–30.0 (5C, 2CH2), 16.1 (CH3C).
2.9. Electrochemical experiments

The mild steel sheets [composition: 0.055% C, 0.52% Mn,
0.018% P, 0.005% S 0.052% Si, 0.044% Al, 0.021% Cr, 0.006%
Cu, 0.001% Nb, 0.001% Ti and balance Fe; thickness: 2 mm]
were collected from Tata Steel, Jamshedpur, India. Square
RSC Adv., 2017, 7, 48569–48585 | 48571
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shaped (1 cm2) mild steel samples were cut from this and used
for the electrochemical experiments. One face of this specimen
was sealed using Araldite, aer connecting it to a copper wire.
This square specimen of mild steel having 1 cm2 exposed area
was used as working electrode. In every experiment, metal
samples were polished with ne emery paper (grade upto 2000),
washed with distilled water, rinsed with acetone, dried and then
stored in desiccator prior to their use. All electrochemical
experiments were performed in a three-electrode cell, consist of
working, reference and the counter electrode. Here saturated
calomel electrode and platinum electrode were used as refer-
ence and counter electrode respectively. The three electrodes
were connected to the Electrochemical Workstation, CH
Instruments model CH660C. All tests were performed in 15%
HCl medium and unstirred condition at room temperature (298
� 1 K) in presence and absence of inhibitor (blank). Prior to
polarization, the system was le undisturbed for an hour, which
was sufficient to attain stable open circuit potential (OCP).

The potentiodynamic polarization curve was obtained at
a scan rate of 1 mV s�1 in the potential range, +250 mV to
�250 mV with respect to OCP. The corrosion current density
(Icorr) values were obtained by the Tafel extrapolation method
using the soware provided with the equipment.

Electrochemical Impedence Spectroscopy (EIS) experiments
were performed at open circuit potential at applied frequency
range 100 kHz to 10 mHz at 298 � 1 K by using AC amplitude
signal of 5 mV peak-to-peak.
2.10. Weight loss measurement

The clean mild steel coupons were dipped in 400 mL 15% HCl
taken in 500 mL beaker at 298 � 1 K. Mild steel coupons aer
exposure to corrosive solution were cleaned by washing in
running tap water and then by immersing in cleaning solution
(solution of 50 g SnCl2 and 20 g Sb2O3 per liter of conc. HCl).
The difference of specimen weight before and aer the
immersion is the corrosion weight loss. The corrosion rate (CR)
and percent of inhibition efficiency (hwt%) were calculated by
following equations

CRðmmpyÞ ¼ 87:6� DW

DAT
(1)

hwt ð%Þ ¼ W 0 �W

W 0
� 100 (2)

where, DW (mg) is the weight loss of mild steel (MS) specimens,
A is the total surface area of MS specimen (in cm2), T is the
immersion time (6 h), D is the density of MS (g cm�3),W0 andW
are the weight loss in the absence and presence of inhibitor.
2.11. Surface analysis

The surface was characterized by Field Emission Scanning
Electronic Microscope (FE-SEM). Micrographs were taken at
room temperature (298 � 1 K) aer 1 h and 6 h immersion of
polished metal coupon in 15% HCl solution with and without
inhibitor.
48572 | RSC Adv., 2017, 7, 48569–48585
2.12. Computational study

As per representative purpose, we have performed the density
functional theory (DFT) calculations for complex 3 and complex
4 to understand the nuclearity assisted corrosion inhibition
activity. All the calculations are carried out in gaseous phase35

using RB3LYP level of theory as implemented in the Gaussians
09 package.36 The structures of complexes were optimized using
LANL2MB basis set for all atoms following the similar protocol
reported in earlier literature for cadmium complexes.37 The
similar trend of calculated results were also obtained when 3-
21G basis set was used for C, N, H, O and LANL2DZ was used for
Cd atom.38,39 The Fukui functions were calculated using the
Dmol3 module. The Fukui function (fk) is the rst derivative of
the electron density r(r) with respect to the number of
electrons N, in a constant external potential n(r) and written as
follows.40

fk ¼
 
vr
�
~r
�

vN

!
nð~rÞ

(3)

Finite difference approximations have been used to get
Fukui function in favor of nucleophilic and electrophilic attacks
as,40

fk
+ ¼ qk(N + 1) � qk(N) [for nucleophilic attack] (4)

fk
� ¼ qk(N) � qk(N � 1) [for electrophilic attack] (5)

here, gross charge of the atom k is denoted by qk. The qk (N + 1),
qk (N) and qk (N � 1) are the charges of the anionic, neutral and
cationic species, respectively.
3. Results and discussion
3.1. Synthesis

Ligands L1, L2 and L3 were prepared by reported methods,
respectively.33,34 In compound 1, ligand to metal ratio was used
in 2 : 1 and cadmium perchlorate was used as a metal
precursor. In the case of compound 2, piperidinium salt of
cyanoacetic acid is used where cyanoacetate ion act as co-ligand
(Fig. 1). Compounds 3–5 have been prepared in a methanolic
solution of cadmium salt in presence of several ligands L1, L2

and L3 and aqueous NaN3 maintaining 1 : 1 : 2 ratio (Fig. 1),
where azide ion has been utilized as co-ligand.
3.2. Characterization

All the compounds were characterized by different spectro-
scopic techniques apart from elemental analysis. The structures
of the compounds were further determined by single crystal X-
ray crystallography. The IR spectra of compound 1–5 show
typical band for stretching vibration of C]N in the range of
1590–1600 cm�1.41 This indicates clearly that on complex
formation C]N stretching frequency shis in lower frequency
region with respect to parent ligand. Compound 1 shows
a strong band at 1091 cm�1 assigned to a non-coordinated
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Synthetic scheme for preparation Cd(II) complexes.
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ClO4
� ion.42 In the case of complex 2, a relatively small band is

observed at 2255 cm�1 which indicate the presence of nitrile
stretching of cyanoacetate. There are two types of bands for
azide ligands which have been observed around 2036 cm�1 and
2130 cm�1, respectively for two types of stretching frequency
viz., terminal azido and bridging azido in complex 3–5. For
metal azido complexes 3–5 the azide ion coordinates to the
metal center in different modes. Apart from the conventional
terminal connection of azide ion, there are several other
bridging modes exist (Fig. S1†)43 by which azide ion can get
ligated between two metal centers.

Among the above kind of existing bridging modes here we
observed mainly the m-1,3(end-to-end) and m-1,1(double-
bridged end-on) bridging coordination modes to generate
polynuclear metal complexes. All the coordination bond lengths
and bond angles of all complexes around the central cadmium
center are tabulated in Table 2.

3.3. Crystal structure of complex 1

Compound 1 crystallized in orthorhombic space group Pna21.
The cadmium atom is in the distorted octahedral environment
and coordinated by two tridentate Schiff base ligands (L1)
(Fig. S2†). Though there are some coordination angles [N1–
Cd1–N2 (70.39�); N2–Cd1–N3 (74.06�); N4–Cd1–N5 (73.70�); N5–
Cd1–N6 (70.57�) ] (Fig. S2†) deviating considerably from 90�,
however, this can be attributed to the chelating nature of Schiff
base ligand. The bond lengths between Cd atom and N-donor
centers are within the range of 2.284(3)–2.448(3) Å (Table 2),
quite similar to those which have been reported earlier.44 The
two pyridine rings in the complex cation are approximately
perpendicular to each other, making a dihedral angle of 88.57�.
The perchlorate anions are linked to the complex cation
through C–H/O hydrogen bonds and these hydrogen bonds
This journal is © The Royal Society of Chemistry 2017
are mainly responsible for the formation of a supramolecular
spiral chain-like structures (Fig. S2†). The packing structure
discloses that the monomeric units interacted with each other
through C21–H21C/O5, C4–H4/O7 and C4–H4/O6
hydrogen bonding to make a 1D chain along a axis. Two such
simultaneous 1D chains are further connected through C20–
H20B/O8, C19–H19A/O6 and C9–H9A/O5 hydrogen
bonding to make a 2D sheet-like structure in ab plane (Fig. S2†).
3.4. Crystal structure of complex 2

Compound 2 is a monomeric Cd(II) compound crystalized in the
space group P�1. Here central cadmium ion is situated in a seven
coordinated geometric environment which is relatively
uncommon.45 The seven coordination sites of Cd(II) ion is ful-
lled by one tridentate Schiff base ligand (L1), Two O-donor sites
of one cyano-acetic acid and two O-donor sites of one acetate
(Fig. S3†). The bond lengths between Cd atom and N-donor
centers are within the range of 2.23(1)–2.50(2) Å (Table 2) and
Cd–O distances are found to be in the range of 2.30–2.50 Å, quite
similar to those which have been reported earlier. However, one
particular Cd(1)–O(2) bond distance was found to be relatively
longer ca. 2.73 Å. Each monomeric unit is linked with each other
via C13–H13B/O3, C1–H1/O1 and C8–H8A/O4 hydrogen
bonding (Fig. S3†) to make a 1D chain like structure. Two such
simultaneous 1D chains are further connected through C8–
H8B/N4 hydrogen bonding to make a 2D sheet-like structure
(Fig. S3†).
3.5. Crystal structure of complex 3

Compound 3 is a symmetric dimeric Cd(II) compound crys-
talized in the space group P21/n. Each Cd2+ ion is located in an
octahedral geometric environment. The octahedral geometry of
RSC Adv., 2017, 7, 48569–48585 | 48573
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Table 2 Selected bond lengths (Å) and bond angles (�) of five
complexes

Complex 1
Cd(1)–N(5) 2.284(3) Cd(1)–N(2) 2.286(2)
Cd(1)–N(6) 2.359(3) Cd(1)–N(1) 2.359(3)
Cd(1)–N(3) 2.380(2) Cd(1)–N(4) 2.448(3)
N(5)–Cd(1)–N(6) 70.56(9) N(1)–Cd(1)–N(2) 70.39(9)
N(1)–Cd(1)–N(6) 88.39(9) N(2)–Cd(1)–N(3) 74.06(9)
N(3)–Cd(1)–N(6) 96.23(9) N(4)–Cd(1)–N(5) 73.70(10)
N(2)–Cd(1)–N(4) 94.41(9) N(1)–Cd(1)–N(4) 91.58(10)

Complex 2
Cd(1)–O(1) 2.238(14) Cd(1)–O(4) 2.302(15)
Cd(1)–N(2) 2.329(17) Cd(1)–N(1) 2.344(16)
Cd(1)–N(3) 2.431(16) Cd(1)–O(3) 2.506(16)
O(4)–Cd(1)–N(2) 96.49(6) N(1)–Cd(1)–N(2) 69.46(6)
O(1)–Cd(1)–N(3) 98.52(5) O(4)–Cd(1)–N(3) 85.26(5)
N(2)–Cd(1)–N(3) 73.26(6) O(1)–Cd(1)–O(3) 89.00(5)

Complex 3
Cd(1)–N(1) 2.231(12) Cd(1)–N(4) 2.299(7)
Cd(1)–N(8) 2.325(8) Cd(1)–N(4)#1 2.379(8)
Cd(1)–N(9) 2.380(9) Cd(1)–N(7) 2.412(10)
N(1)–Cd(1)–N(4) 91.4(4) N(1)–Cd(1)–N(7) 91.1(7)
N(4)–Cd(1)–N(4)#1 72.5(4) N(8)–Cd(1)–N(4)#1 86.5(3)
N(1)–Cd(1)–N(9) 98.3(7) N(4)–Cd(1)–N(9) 95.6(3)
N(8)–Cd(1)–N(9) 73.8(3) N(4)#1–Cd(1)–N(9) 94.6(4)
N(7)–Cd(1)–N(8) 68.1(3) N(4)#1–Cd(1)–N(7) 88.1(3)

Complex 4
Cd(1)–N(7) 2.228(15) Cd(1)–N(2) 2.299(14)
Cd(1)–N(6)#1 2.391(16) Cd(1)–N(4) 2.396(15)
Cd(1)–N(1) 2.404(15) Cd(1)–N(3) 2.453(14)
N(2)–Cd(1)–N(6)#1 87.55(6) N(7)–Cd(1)–N(6)#1 88.01(6)
N(6)#1–Cd(1)–N(3) 98.20(5) N(4)–Cd(1)–N(7) 89.77(6)
N(2)–Cd(1)–N(4) 94.19(5) N(2)–Cd(1)–N(3) 75.21(5)
N(6)#1–Cd(1)–N(1) 89.94(5) N(1)–Cd(1)–N(2) 69.28(5)
N(1)–Cd(1)–N(4) 87.74(5)

Complex 5
Cd(1)–N(10) 2.237(2) Cd(1)–N(7) 2.299(2)
Cd(1)–N(2) 2.322(2) Cd(1)–N(3) 2.404(2)
Cd(1)–N(1) 2.419(2) Cd(1)–N(4) 2.483(2)
Cd(2)–N(16) 2.194(2) Cd(2)–N(14) 2.317(2)
Cd(2)–N(6)#1 2.372(2) Cd(2)–N(15) 2.377(2)
Cd(2)–N(13) 2.382(2) Cd(2)–N(12) 2.578(2)
N(7)–Cd(1)–N(10) 95.48(10) N(2)–Cd(1)–N(10) 160.82(8)
N(2)–Cd(1)–N(7) 95.82(9) N(3)–Cd(1)–N(10) 119.86(8)
N(3)–Cd(1)–N(7) 91.34(8) N(13)–Cd(2)–N(16) 93.49(9)
N(13)–Cd(2)–N(14) 69.18(7) N(16)–Cd(2)–N(6)#1 96.48(10)
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each Cd(II) ion is fullled by one tridentate Schiff base ligand
(L1), one terminal azido ion and two bridging azido ions (Fig. 2).
Two bridging azido ions make a bridge between two Cd(II)
Fig. 2 Dimeric unit structure and supramolecular network structure of

48574 | RSC Adv., 2017, 7, 48569–48585
centers through a m-1,1 double bridged end-on fashion. Though
there are some coordination angles [N4–Cd1–N4 (72.5�); N7–
Cd1–N8 (68.1�); N8–Cd1–N9 (73.8�)] deviating considerably
from 90�, however, this can be attributed to the chelating nature
of Schiff base ligand and bridging nature of azido ion. The bond
lengths between Cd atom and N-donor centers are within the
range of 2.23(2)–2.41(1) Å (Table 2), similar to earlier report.44

Each dimeric unit is linked with each other via C4–H4/N3
hydrogen bonding (Fig. 2) to make a 1D chain like structure
along c-axis (Fig. 2).
3.6. Crystal structure of complex 4

Compound 4 forms a 1D coordination polymeric zig-zag chain
along c-axis. Two crystallographically same cadmium centers
(Cd1) alternate along the chain (Fig. 3). Each cadmium atom is
coordinated in distorted octahedral fashion by three nitrogen
donors from tridentate chelating Schiff base ligand (L2), one
terminal azido ion and two nitrogen donors from two bridging
(crystallographically different) azido ligand. These two azido
ligands are responsible to make this coordination polymer
making a bridge between two crystallographically same
cadmium centers via a m-1,3 end–end fashion. Two such 1D
coordination polymeric chains are further connected via C2–
H2/O1 hydrogen bonding to make a 2D sheet-like structure
(Fig. 3).
3.7. Crystal structure of complex 5

Compound 5 forms again a 1D coordination polymeric zig-zag
chain along c-axis. The smallest unit of this polymeric
complex is a dimer unit which contains crystallographically two
different cadmium ions. Each cadmium atom is coordinated in
distorted octahedral fashion by three nitrogen donors from
tridentate chelating Schiff base ligand (L3) and three azido
ligand (Fig. 4). Two different kind of azido ligand makes the
bridge in m-1,3 end to end fashion between two adjacent
cadmium pairs to form the 1D-coordination polymeric
structure.
3.8. Electrochemical studies

Electrochemical studies have been carried out to measure the
corrosion inhibition property of the above said complexes.
Initially, we have tested the corrosion inhibition property of
complex 1 which was not showing signicant inhibition prop-
erty with comparison of parental ligand L1 and other precursor
moieties. Therefore we have introduced another coligand in
complex 3.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Coordination polymeric structure and 2D supramolecular network of complex 4.

Fig. 4 1D coordination polymeric structure of complex 5.
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metal Schiff base complex in the form of cyanoacetate to study
the corrosion inhibition property in complex 2. Unfortunately,
this complex was also showing very little activity. Therefore it
has been planned to introduce azide as a coligand which is
having many N atoms which can act as donor sites. Interest-
ingly, in that case, the synthesized complex 3 has shown the
considerable corrosion inhibition property. Encouraged by this
results we tried to employ different Schiff base ligands to
explore the best possible combination for this kind of activity.
Ligand L2 and L3 provided us complex 4 and 5 respectively,
which have shown good corrosion inhibition in 15% HCl
medium. The enhanced corrosion inhibition property in 3–5
may be due to the greater availability of N absorbing sites in
azide molecules. Cd complexes diminish the corrosion process
which was revealed by the polarization and impedance studies.
These studies were performed aer stabilization of open circuit
potential (OCP).
3.9. Open circuit potential

The variation of open circuit potential (Eocp) with time for mild
steel in 15% HCl without and with the addition of different
concentrations of Cd(II) complexes is shown in Fig. S4.† The
gures clearly indicate that stable OCP values were attained aer
1 h of immersion, both in the absence and presence of the
inhibitors. A concentration-dependent positive shi of corrosion
potential with respect to the blank was observed on the addition
of Cd(II) complexes into the corrosive medium. This indicates
a probable impact on both anodic and cathodic polarization.46
3.10. Potentiodynamic polarization measurements

The polarization curves for mild steel electrode in 15% HCl
solution were performed without and with inhibitors (Cd
This journal is © The Royal Society of Chemistry 2017
complex 3, 4 & 5) at various concentrations. The effect of
different concentrations of Cd complexes in corrosion
inhibition is shown in Fig. 5. The Tafel curves were gener-
ated aer 1 hour of immersion in the test solution as
a combination of anodic and cathodic polarization curves.
All potentiodynamic polarization parameters such as corro-
sion current density (icorr), corrosion potential (Ecorr), anodic
(ba) and cathodic (bc) Tafel slopes acquired from these
curves and the calculated inhibition efficiency (hpol (%))
values are listed in Table 3. The icorr values were obtained by
extrapolation of liner section of both Tafel curves. The
following eqn (7) has been used to calculate the efficiency
(hpol (%))

hpol ð%Þ ¼ i0corr � icorr

i0corr
� 100 (6)

where, i0corr and icorr are corrosion current densities (mA cm�2)
without and with inhibitor. The order of inhibition efficiency of
those Cd complexes is 4 > 5 > 3.

There is no signicant trend observed in the shi of Ecorr
values as well as ba & bc values on the addition of inhibitor
with respect to that without inhibitor. In the present study, it
was observed that all inhibitors in 15% HCl solution
exhibited anodic as well as cathodic inhibition effect i.e.
‘mixed type with predominantly anodic inhibitor47,48 as the
difference of Ecorr values between blank and in presence of
inhibitors lies within �85 mV vs. SCE with shiing of Ecorr
towards more anodic region. The inhibition efficiency
depends on several aspects like interaction mode, adsorp-
tion center, structure and size.31 The corrosion inhibition
efficiency was increased with the increasing concentration
of inhibitor and the maximum efficiencies were shown at
0.1 g L�1 as listed in Table 3.
RSC Adv., 2017, 7, 48569–48585 | 48575
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Fig. 5 Polarization curves for mild steel in 15% HCl solution with and without various concentrations of inhibitors 3, 4 and 5.

Table 3 Electrochemical parameters of potentiodynamic polarization studies with and without inhibitor in 15% HCl at 298 � 1 K

Inhibitor Concentration (g L�1) Ecorr (mV vs. SCE) ba (mV dec�1) bc (mV dec�1) icorr mA cm�2 hpol (%)

Blank �468.0 248.4 �274.4 1053.0
Complex 3 0.025 �403.8 186.5 �367.6 394.8 62.50

0.05 �423.5 199.2 �281.8 329.3 68.72
0.075 �404.5 161.7 �284.6 221.2 78.99
0.1 �401.1 155.3 �286.9 161.6 84.65

Complex 4 0.025 �409.9 172.5 �224.3 333.3 68.34
0.05 �412.6 165.7 �358.4 235.7 77.61
0.075 �425.2 166.7 �301.4 91.2 91.34
0.1 �426.1 161.5 �310.2 65.2 93.80

Complex 5 0.025 �409.2 173.0 �312.5 374.0 64.48
0.05 �397.1 165.5 �329.3 279.2 73.48
0.075 �412.6 137.0 �272.7 127.9 87.85
0.1 �423.5 159.1 �313.0 92.3 91.23
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3.11. Impedance studies

The corrosion of mild steel was also studied with the help of EIS
technique. The Nyquist plots of mild steel sample with and
without inhibitors (Cd(II) Schiff base complexes) in 15%
hydrochloric acid medium are shown in Fig. 6. This shows
a single capacitive loop in the frequency range 100 kHz to 10
mHz, which arises from the one time constant in impedance
spectroscopy. In higher frequency range assigned with the
48576 | RSC Adv., 2017, 7, 48569–48585
charge transfer resistance and lower frequency was attributed to
lm resistance which was formed by inhibitor layer.49,50 In our
case in presence of inhibitor a very thin lm was formed on the
metallic surface throughout the adsorption process. Nyquist
plots for mild steel in uninhibited solution are semi-circular in
nature, but in the presence of inhibitors, the shape of the
semicircle is depressed due to the frequency dispersion and
microscopic roughness of the electrode surface.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/C7RA08633D


Fig. 6 Nyquist plots for mild steel in 15% HCl in the absence and presence of different concentrations of all three inhibitors 3, 4 and 5 at 298� 1 K.
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The semi-circular Nyquist plot of uninhibited solution
indicates that the corrosion process of mild steel was controlled
by the charge transfer resistance. But the depressed semi-
circular Nyquist plot in the presence of inhibitors is consid-
ered as the polarization resistance (Rp) between the metal and
outer Helmholtz plane. In this case, polarization resistance (Rp)
containing all the resistances between metal and solution
interfaces were included. Those are mainly charge transfer
resistance (Rct), lm resistance (Rf), accumulation resistance
(Ra), diffuse layer resistance (Rd) etc.51 The shape and size of
depressed semicircle was gradually increased with the addition
of inhibitor up to 0.1 g L�1 concentrations. This increase in the
diameter of the semicircle shows that the Rct was increasing
with increasing concentration of inhibitors. This phenomenon
dened the protective layer formation on the metal surface and
the consequent reduction in the metal dissolution. Further-
more, Bode plots can give more information in case of more
intricate systems. The Bode plots of the synthesized inhibitors
are presented in Fig. 7. To compare corrosion resistance of
different samples, one important parameter i.e., low-frequency
impedance modulus Zmod can be used.24 Increase in Zmod

demonstrates better protection performance as reported
earlier.52 Fig. 7 showed that Zmod increased as a function of the
concentration for the synthesized inhibitor.
This journal is © The Royal Society of Chemistry 2017
The phase angle plots for the mild steel in the presence and
absence of inhibitors in 15% HCl are given in Fig. 8. These also
reinforce the inferences from Nyquist and Bode plots.

The impedance studies on double layer capacitance in
inhibited solutions have shown deviation from ideal behavior.
This scattering has been attributed to roughness and other in-
homogeneities of the mild steel electrode and also due to
anion adsorption. The uncharacteristic capacitance can be
represented by a constant phase element (CPE),10 and the
impedance (ZCPE) can be expressed by eqn (7):

ZCPE ¼ 1

Y0ð jwÞn (7)

where, Y0 is the quantity of CPE, j is the imaginary unit (j2¼�1),
n is the phase shi parameter that belongs to 0 < n < 1, and w is
the angular frequency in Hz. The depressed semicircle can be
explained by this n value. The value in the range 0.5 to 1, implies
that the semi-circle is depressed at higher frequency ranges.
The n value is a measure of the in-homogeneity or roughness of
the solid surface.53 The impedance parameter (Rs, Rct, Rp, Rf, n,
Y0 & Cdl) are evaluated with the equivalent circuit tting
program. The EIS plots analyzed by soware CHI instrument
soware and obtained the required data.54 The equivalent
circuit, in the absence of inhibitor, is shown in Fig. 9.
RSC Adv., 2017, 7, 48569–48585 | 48577
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Fig. 7 Bode plot of mild steel in 15% HCl without and with various concentrations of inhibitors.
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Here, the resistance is considered as charge transfer resis-
tance and include all other ions or any kinds of corrosion
product. The equivalent circuit is changed for the system in the
presence of inhibitor as shown in Fig. 10. In this behavior of
metallic electrode, the parallel network: charge transfer
resistance-double layer capacitance is established in presence
of inhibitor.

The corrosion inhibition efficiency was calculated using the
charge transfer resistance (Rct) value using the following
formula eqn (8):

himp ð%Þ ¼ Rp � R0
p

Rp

� 100 (8)

where, R0
p and Rp are polarization resistances of mild steel in the

absence and presence of the inhibitor respectively. The Rp

values are observed to be linearly proportional to the concen-
trations of inhibitor molecules. The maximum inhibition effi-
ciency 93.89% was found for Cd complex 4 at 0.1 g L�1

concentration and other two Cd complexes 3 and 5 showed
efficiency at this concentration of 84.95% and 91.88% respec-
tively (Table 4). The double layer capacitance (Cdl) values were
calculated from CPE parameter values Y0 and n, using the eqn
(9),

Cdl ¼ Y0
1/n + Rct

(1�n)/n (9)
48578 | RSC Adv., 2017, 7, 48569–48585
where, Y0 and n are magnitudes of CPE and deviation parameter
(�1 # n # 1, which is dependent on surface morphology).

The Cdl values, generally, are inversely proportional to the
adsorbent concentration on the metal surface.

Thus both the results obtained from PC and EIS methods are
showing similar kind of efficiency trend among these three
complexes. The higher efficiency of polymeric complexes (4 and
5) than dimeric complex 3 may be due to the higher availability
of adsorbing N-donor sites as more number of azides were
attached in the polymeric complexes. Among the two polymeric
complexes, complex 4 is showing slightly higher inhibition
efficiency, may be because of the presence of non-coordinated O
donor adsorbing site.
3.12. Adsorption isotherm

The adsorption isotherms gives noteworthy information about
the interaction happening between the inhibitors molecules
and metal surfaces. In 15% HCl medium, mild steel is sur-
rounded by polar water molecules and other ions present.
Therefore the adsorption of inhibitor molecules occur through
substitution of water molecules which were previously attached
to the metal surface via mainly two categories of adsorption
processes. First one is chemisorption, where donor–acceptor
type of irreversible interactions take place via forming a coor-
dinate bond between metal surface and inhibitor molecule. The
second one is physisorption, here the inhibitor molecules
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Phase angle plots of mild steel in 15% M HCl solutions without and with various concentrations of inhibitor.

Fig. 9 Equivalent circuits used to fit EIS data of mild steel in HCl
medium without inhibitor.

Fig. 10 Equivalent circuits (with inhibitor) used to fit the EIS data of
mild steel in HCl medium.
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adsorb on the concerned metallic surfaces by the electrostatic
interaction. Adsorption of inhibitor molecules also indicates
that the interaction force between metal-inhibitor is greater
than that of metal-water. The surface coverage (q) was calculated
from the R0

p and Rp values by the following eqn (10):

q ¼ Rp � R0
p

Rp

(10)
This journal is © The Royal Society of Chemistry 2017
The obtained data were tested for Langmuir adsorption
isotherm, which can be represented by the eqn (11),

C

q
¼ 1

Kads

þ C (11)

where, Kads is the adsorption–desorption equilibrium constant
and C is adsorbent concentration. For 3, 4 and 5, straight lines
were obtained from the plots of C/q vs. C with a high correlation
coefficient (r2) value of 0.998, 0.998 and 0.996 for 3, 4 and 5
respectively at 298 � 1 K (Fig. 11). The values of Kads in associ-
ation with the standard Gibbs free energy of adsorption
DG0

ads was obtained from the Langmuir adsorption isotherm by
the following eqn (12),

Kads ¼ 1

Cðsol:Þ
exp

�
DG0

ads

RT

�
(12)

where, R is the universal gas constant, T is the absolute
temperature and C(sol.) is the conc. of water (1000 g L�1). The
values of Kads is represented here in g�1 L, thus in this equation
the conc. of water is taken in g L�1 (1000 g L�1) in place of 55.5
mole L�1.40,54 In general when the obtained DG0

ads values of
inhibitor lies in the order of �20 kJ mol�1 or even lower (more
positive), it satises the electrostatic interaction between
inhibitor and metal surface (physisorption type). The
DG0

ads values around�40 kJ mol�1 or higher (more negative) are
associated with coordinate bond formation (chemisorption
RSC Adv., 2017, 7, 48569–48585 | 48579
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Table 4 Impedance data for corrosion of mild steel in 15% HCl in absence and presence of different concentration of different inhibitor at 298�
1 K

Inhibitor
Conc.
(g L�1)

Rs
(U cm2)

Rct
(U cm2)

Rf

(U cm2)
Rp
(U cm2) c2 N

Y0
(mF cm�2)

Cdl

(mF cm�2) nf
Yf
(mF cm�2)

Cf

(mF cm�2)
himp

(%)

Blank 1.05 17.28 0.8047 405.9 121.7
Comp. 3 0.025 2.07 50.23 0.03 50.26 3.56 � 10�3 0.9999 43.2 43.2 0.6835 386.4 2.09 65.61

0.05 1.32 71.43 0.04 71.47 1.09 � 10�2 0.9635 55.5 45.1 0.5684 547.8 0.17 75.82
0.075 1.13 103.81 0.08 103.89 9.43 � 10�3 0.9606 37.0 29.4 0.5271 393.1 0.03 83.36
0.1 0.28 114.84 3.80 118.64 4.71 � 10�4 0.9999 7.35 7.3 0.7539 173.6 15.91 85.43

Comp. 4 0.025 1.21 66.01 0.06 66.07 8.43 � 10�3 0.9999 24.0 24.0 0.5723 465.3 0.20 73.84
0.05 1.19 101.81 0.06 101.87 9.19 � 10�3 0.9999 26.9 26.9 0.6052 311.4 0.25 83.03
0.075 1.09 186.19 0.09 186.28 1.08 � 10�2 0.9999 17.1 17.1 0.5655 294.0 0.09 90.72
0.1 1.02 283.04 0.07 283.11 1.20 � 10�2 0.9999 16.2 16.2 0.5925 221.2 0.11 93.89

Comp. 5 0.025 1.18 61.10 0.04 61.14 1.56 � 10�2 0.9659 66.7 54.9 0.5763 497.7 0.18 71.73
0.05 1.15 89.49 0.06 89.55 1.52 � 10�2 0.9765 32.8 28.5 0.5074 652.5 0.04 80.70
0.075 0.99 189.00 0.14 189.14 1.32 � 10�2 0.9999 12.0 12.0 0.5198 399.4 0.04 90.86
0.1 1.23 213.02 0.09 213.11 7.30 � 10�3 0.9999 13.4 13.4 0.6062 231.7 0.22 91.89

Fig. 11 Langmuir adsorption isotherm of all inhibitors on mild steel
surface in 15% HCl medium.
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type).2 However, adsorption of the inhibitor molecules on the
metallic surfaces cannot be considered as purely chemical or
physical phenomenon.2 Apart from chemisorption, inhibitor
molecule is also adsorbed on the metallic surfaces via
physisorption.55,56

The obtained DG0
ads values of our synthesized inhibitors are

�27.96 kJ mol�1, �28.35 kJ mol�1 and �28.20 kJ mol�1 for
complex 3, 4 and 5 respectively. The above range of DG0

ads values
designate the contribution of physisorption along with chemi-
sorption. Thus it can be concluded that inhibitor molecules
were adsorbed on the metallic surface following a mixed type
adsorption phenomenon.
3.13. Weight loss measurement

The results obtained from different electrochemical measure-
ments are veried by the weight loss measurement. The effect of
inhibitors at various concentrations is shown in Fig. S5 and
Table S1.† The inhibition efficiency (hwt%) increased with
increase in inhibitor concentrations. Table S1† shows that at
48580 | RSC Adv., 2017, 7, 48569–48585
0.1 g L�1 complex 4 shows maximum inhibition efficiency. All
the trends of inhibition efficiencies obtained from weight loss
measurement are quite comparable with the results obtained
from other electrochemical experiments. The higher efficiency
of complex 4 may be due to the fact that it covered the metal
surface efficiently and thus retarded the dissolution of mild
steel.54
3.14. Surface morphology study

The surface morphology of the mild steel sample in 15% HCl
solution in the absence and presence of inhibitors of optimum
concentration (0.1 g L�1) is shown in Fig. 12. Signicant
corrosion damage can be clearly observed when metal was kept
immersed in 15% HCl solution for 1 h and 6 h respectively
without inhibitor (Fig. S6† and Fig. 12). From both the images it
was quite clearly visible that the surface roughness of mild steel
increases in acidic medium with time in absence of inhibitor
molecule. However, in the presence of inhibitors, uniformity
and smoothness of metal surface improved remarkably with
time (Fig. 12 and Fig. S6†). So it can be concluded that corrosive
attack is considerably reduced by the inhibitor molecules in
comparison with blank, indicating high-efficiency protective
lm on the mild steel surface are formed by these cadmium
Schiff base complexes.
3.15. Stability study in acidic media and on steel surface

There are several examples of corrosion inhibition of mild steel
in acidic medium using coordination complexes including
metal Schiff base complexes.27,28,57,58 In spite of previous reports
which support the intactness of entire coordination complexes
in the application medium, dissimilarities in the inhibition
efficiency of our synthesized complexes indirectly indicate that
this inhibition is not due to the formation of fragmented
species of complexes in the medium. Furthermore, ESI-MS, UV-
Vis and FTIR results in case of complex 3 before and aer
treatment with 15% HCl also clearly show the integrity of the
complex in 15% HCl medium. Complex 3 was chosen for this
This journal is © The Royal Society of Chemistry 2017
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Fig. 12 FE-SEM images of mild steel in 15% HCl solution at 298 � 1 K, polished: before immersion; blank: in the absence of inhibitors and
presence of inhibitor 3, 4, & 5 at 0.1 g L�1 after 6 h of immersion.
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study due to its xed molar mass because of its dimeric nature.
If complex 3 (0.1 g L�1) get destroyed in the acidic medium then
it may form new species like free ligands (0.04 g L�1), azide ions
(0.02 g L�1), cadmium chloride (0.04 g L�1) or precursor of
ligands i.e., ketone (0.03 g L�1) and amine (0.02 g L�1). Thus,
this xed molar mass of complex 3 is an essential tool to
understand about the species which is responsible factor for
corrosion inhibition in acidic medium.

ESI-MS spectra of a single crystal of complex 3 in water had
m/z peak at 347.07 for [Cd2(L

1)2(N3)2]
2+. Aer addition of 15%

HCl, the m/z peak was observed at 347.1 which demonstrate the
stability of complex in acidic medium (Fig. S7, ESI†). Further-
more solid state and solution (15% HCl) state UV-Vis spectra, as
well as IR spectra, indicate the stability of the complex in acidic
medium (Fig. S8 and S9, ESI†). Almost similar XRD pattern
obtained for the powder form of complex 3 and the thin lm
made aer treatment with 15% HCl indicate the intactness of
crystalline structure of the complex in the medium (Fig. S10,
ESI†). The deviation in peak intensity ratio arises may be due to
the temperature effect on preparation of thin lms.

Still, electrochemical studies of ligand L1, azide (NaN3),
cadmium chloride, 2-acetyl pyridine and N, N-dimethyl ethylene
diamine were preformed taking the same conc. (0.1 g L�1) of all
to quantify the effect on corrosion inhibition if destruction of
complex 3 occurs in acidic medium. All the data (Tables S2, S3
and† Fig. S11–S14, ESI†) show less inhibition efficiency for the
constituents compared to complex 3. Furthermore cadmium
chloride salt is corrosive in nature which was reported in an
earlier report.59

Furthermore to scrutinize the composition of adsorbed
inhibitor molecule, we performed the EDX analysis of the metal
surface aer 1 h of immersion in the acidic medium containing
complex 3 (representative purpose). From the Fig. S15† it is
clearly evident the presence of all elements of the inhibitor
molecule on the mild steel surface. Thus it may be concluded
that the whole metal complex is responsible for anti-corrosive
lm formation on the iron surface.
This journal is © The Royal Society of Chemistry 2017
These phenomena clearly indicate the potential role of the
Cd complexes in corrosion inhibition.
3.16. Quantum chemical calculations

On the basis of the HSAB (hard–so–acid–base)60,61 and the
frontier-controlled interaction concepts,61,62 the bonding capa-
bilities of the inhibitors towards the metal atom, Fe, can be well
explained. According to HSAB principle, hard acids prefer to co-
ordinate to hard bases and so acids prefer to co-ordinate to
so bases. Metal atoms like Fe which are known as so acids
when binds with hard molecules it provides a larger HOMO–
LUMO gap compared to binding a somolecule where a smaller
HOMO–LUMO gap is expected.63–65 For representative purpose
to compare inhibitory activity between polymeric complexes
and dimeric complex only one polymeric complex 4 and one
dimeric complex 3 have been taken for quantum chemical
calculations and that suggests that the HOMO–LUMO gap for
complex 4 is smaller than that of complex 3which indicates that
complex 4 is soer than complex 3 (Table 5). The order of this
band gap values is similar with the optical band gap values
obtained from UV/Vis experiment. Hence complex 4 has higher
binding tendency than complex 3 towards Fe. Similarly using
the concept of MO (molecular orbital) theory: since the
cadmium complexes (inhibitor) is the electron pair donor and
the Fe atom is the electron pair acceptor, the energy difference
of the HOMO (LUMO is nothing special) of the complexes and
the LUMO (HOMO is nothing special) of the Fe (i.e.�0.12376 eV
reported in literature66) must be considered. The theory
proposes that the overlap between the LUMO (Fe) and the
HOMO (complex) is a foremost feature in bonding; the lower
the HOMO–LUMO energy difference the higher the HOMO–
LUMO overlap and the stronger the inhibitor–Fe interaction.66

Another way to compare inhibition competence with
constraints of molecular structure is to compute the fraction of
electrons transferred from inhibitor to metal surface. According
to Koopman's theorem,67 EHOMO and ELUMO of the inhibitor
molecule are related to the ionization potential (I) and the
RSC Adv., 2017, 7, 48569–48585 | 48581
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Table 5 Calculated quantum chemical parameters of the inhibitor molecules

Basis set Inhibitor EHOMO (eV) ELUMO (eV) DE (eV)
ELUMO(Fe) �
EHOMO(inh) (eV) c (eV) h (eV) DN

LANL2MB Comp. 3 �7.140 �4.513 2.626 7.016 5.826 1.313 0.446
Comp. 4 �7.086 �4.528 2.558 6.962 5.807 1.279 0.466

3-21G Comp. 3 �4.445 �2.070 2.375 4.322 3.257 1.187 1.575
Comp. 4 �2.465 �0.242 2.223 2.342 1.353 1.111 2.540
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electron affinity (A), respectively. The ionization potential and
the electron affinity are dened as I¼�EHOMO and A¼�ELUMO.
The absolute electronegativity (c), global hardness (h) and
soness (s) of the inhibitors molecule are approximated as [c¼
(I + A)/2], [h ¼ (I � A)/2] and [s ¼ 1/h].68,69 From the calculated
result (Table 5) it was very clear that soness of complex 4 is
higher than complex 3 which supports the previous explana-
tion. Pearson method70 was utilized to calculate the fraction of
electrons transfer (DN) from the inhibitor to metallic surface
using the following eqn (13).71

DN ¼ cFe � cinh

2ðhFe þ hinhÞ
(13)

There are various report for the use of the theoretical value of
cFe¼ 7 eV and of hFe ¼ 0 eV to calculate DN in many literature in
recent time.61,72 The tabulated data (Table 5) shows that the DN
values for both the inhibitors are positive and less than 3.6
which means both have capability to donate its electron to the
metallic surface. It was also observed that the order of electron
transfer is higher in the case of polymeric complex 4 than
dimeric complex 3 which also conrms that complex 4 has the
greater tendency to donate electrons and therefore the higher
affinity to bind onto the metal surface.

As we have proposed due to more heteroatom availability the
polymeric complexes have greater tendency to interact with Fe
surface, thus to investigate this phenomenon theoretically, we
employed molecular electrostatic potential (MEP) mapping
which provides a visual method to comprehend the location of
the electrophilic attack, nucleophilic attack and the electro-
static potential zero regions.73 In these maps, different values of
the MEP were demonstrated with the help of different colors,
which are red, yellow, green, light blue and blue. The red and
yellow colors, appropriate for the negative parts of the MEP, are
associated to electrophilic reactivity, blue colors appropriate for
the positive parts to the nucleophilic reactivity and the green
color signies the ESP zero region. In case of this compounds, it
is clear that here red or yellow sites are mainly observed over
azido N atoms. Thus Azido N atoms are a main responsible
factor to interact with the metal surface. These remarks further
conrmed by Mulliken charges on the reactive N atoms. The
Mulliken charges on azido N atoms are more negative in
complex 4 than complex 3 which is also a supportive indication
of greater inhibition efficiency of polymeric complexes.

This phenomenon is further corroborated with the Fukui
indices analysis which is an important strategy to nd out
48582 | RSC Adv., 2017, 7, 48569–48585
which atoms in the molecule mainly participate in this donor
acceptor type of interactions. Fukui indices analysis. Fukui
indices analysis can sensibly determine the local reactivity as
well as the corresponding nucleophilic and electrophilic
behavior of the molecule.40 The higher value of fk

+ suggests
acceptance of electron from the metal surface and higher value
of fk

� suggests higher donation ability of inhibitor molecules.40

The calculated Fukui indices are presented in Table S4.† And
the results indicate that N and C atoms of azide and acetyl
pyridine moiety are the most susceptible sites for electron
acceptance or donation. It was observed a relatively high fk

�

values which was observed for the atoms like N(4), N(42), N(2),
N(40), N(3), N(41), N(7) and N(45) indicate that N atoms of azide
has higher affinity to donate electrons to the steel surface.
Besides this a relatively higher fk

+ values associated with N(4),
N(42), C(13), C(51), C(15) and C(53) atoms in complex 3 indicate
terminal N atoms of azide and C atoms lies in the pyridine ring
are responsible for accepting electron from the mild steel
surface. From the table it was also clearly seen that Cd(1) and
Cd(39) have tendency to accept electron from steel surface.
Similarly the N atoms located in the azide part of complex 4 are
more capable to donate electron while the C atoms lies on the
acetyl pyridine ring favors more acceptance of electron from
metallic surface. The presence of more number of heteroatoms
in complex 4 than complex 3 gives more preference towards
nucleophilic as well as electrophilic attack2 and this observation
indirectly supports the higher inhibition efficiency of complex 4
than complex 3. So overall the expected prediction of localized
attack is quite comparable with the observable results obtained
from Fukui indices calculation.
3.17. Inhibition mechanism

There are certain physicochemical criteria which dictate the
adsorption process of any molecule on the surface like; chem-
ical nature of functional groups involved, the electron density of
donor atoms and aromaticity, molecular shape, and size.74,75

Any inhibitor molecule may adsorbed on the metal surface via
electrostatic type interactions, donor–acceptor interactions,
coordinate bonding interaction or combination of all.10,76,77

When a particular organic molecule act as a ligand in a metal
complex system, in the presence of other co-ligands like azide
the tendency for adsorption may increase due to binding
through available lone pairs of co-ligand and unused donating
sites of ligands. The large size and molecular weight also play
a part towards greater inhibitory efficiency.35 Taking into
consideration these information and DG0

ads values obtained
This journal is © The Royal Society of Chemistry 2017
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from experimental results it can be predictable that adsorption
was taken place through physisorption along with chemisorp-
tion pathway. Although there is no such huge difference in the
DG0

ads values (�27.96 kJ mol�1, �28.35 kJ mol�1 and
�28.20 kJ mol�1 for complex 3, 4 and 5 respectively) between
different substances but still from the observed valued it can be
presumed that more negative DG0

ads values were obtained with
increase of the availability of heteroatoms in case of cooordi-
nation polymeric substances (complex 4 and 5). Complex 4
posses most negative DG0

ads value may be due to presence of
more number of heteroatom including one non coordinated O-
donor atom. Presence of these hetero atoms facilitate both
electrostatic as well as coordinate bonding type interactions
with the surface. Thus combination of both physisorption along
with chemisorption was observed in our systems. Theoretical
observation also indicate the overall higher efficiency of poly-
meric substances and Fukui indices value corelate the active
participation of N aoms of azide towards interaction with mild
steel surface.

4. Conclusions

The corrosion averting capabilities of the prepared cadmium
Schiff base complexes were studied towards mild steel corro-
sion in HCl solution. The following outcome can be
summarized:

(1) For target-oriented synthesis, rstly Schiff base ligand L1

[N,N-dimethyl-N0-(1-pyridin-2-yl-ethylidene)-ethane-1,2-diamine]
has been taken as of prime importance where three cadmium
complexes have been synthesized. The corrosion inhibition
property of cadmium(II) complexes has been scrutinized in step
by step manner. Complex 1 where no co-ligand is involved was
not found to be signicantly active towards corrosion inhibition.
Also aer employing cyanoacetic acid as a co-ligand in complex
2, no such improvement has been observed in corrosion inhi-
bition property which may be due to its monomeric nature and
a lesser number of adsorbing site.

(2) To improve adsorbing site azide ion as a co-ligand has
been introduced in complex 3 and structurally adsorbing site
has been increased along with the nuclearity of the compound
due to bridging nature of the co-ligand. The results are that the
azido bridge dimeric complex 3 has shown remarkable corro-
sion inhibition property towards mild steel.

(3) Aer discovering the utility of azide ion as co-ligand
towards inhibition property we have contemplated to use the
other Schiff base ligands L2 [2-morpholino-N-(1-(pyridin-2-yl)
ethylidene)ethanamine] and L3 [(2-(piperidin-1-yl)-N-(1-
(pyridin-2-yl)ethylidene)ethanamine)] to prepare well designed
polymeric complex 4 and 5 which have shown very high corro-
sion inhibition properties due to the presence of increased
number of adsorbing sites and this high inhibition efficiency is
quite good with respect to the other inorganic systems13,27 as
well as organic inhibitors.78

Thus considering the similar trend of activity among
different substances obtained from different experimental as
well as theoretical results, it can be concluded that increasing
adsorbing sites by increasing nuclearity could be one of the key
This journal is © The Royal Society of Chemistry 2017
factors to develop corrosion resistance polymeric metal
complexes which are worth for further investigation.
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2012, 54, 251–259.

19 S. Thirugnanaselvi, S. Kuttirani and A. R. Emelda, Trans.
Nonferrous Met. Soc. China, 2014, 24, 1969–1977.

20 M. Mishra, K. Tiwari, A. K. Singh and V. P. Singh, Inorg.
Chim. Acta, 2015, 425, 36–45.

21 S. A. Soliman, M. S. Metwally, S. R. Selim, M. A. Bedair and
M. A. Abbas, J. Ind. Eng. Chem., 2014, 20, 4311–4320.

22 K. R. Ansari and M. A. Quraishi, J. Ind. Eng. Chem., 2014, 20,
2819–2829.
RSC Adv., 2017, 7, 48569–48585 | 48583

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/C7RA08633D


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 3

/1
7/

20
25

 2
:1

4:
45

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
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