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to-cross-linking chalcones as
novel corrosion inhibitors for mild steel in acidic
medium: experimental, quantum chemical and
Monte Carlo simulation studies
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New chalcone derivatives namely (E)-(1-(5-(4-(3-(4-methylphenyl)-3-oxoprop-1-enyl)phenoxy)pentyl)-1H-

1,2,3-triazol-4-yl)methyl acrylate (CH-5), (E)-(1-(5-(4-(3-(4-methylphenyl)-3-oxoprop-1-enyl)phenoxy)

hexyl)-1H-1,2,3-triazol-4-yl)methyl acrylate (CH-6) and (E)-(1-(5-(4-(3-(4-methylphenyl)-3-oxoprop-1-enyl)

phenoxy)decyl)-1H-1,2,3-triazol-4-yl) methyl acrylate (CH-10) were synthesized and characterized by

Fourier transform infrared (FT-IR) and nuclear magnetic resonance (NMR) spectroscopic techniques.

Ultraviolet-visible (UV-vis) spectra of the synthesized compounds confirmed that the chalcones undergo

photo-cross-linking upon irradiation with UV-light. Potentiodynamic polarization measurements showed

that both the intact and photo-cross-linked chalcones are mixed-type corrosion inhibitors for mild steel in

aqueous hydrochloric acid. The EIS results showed an increase in charge transfer resistance with increasing

concentration of the inhibitors. The chalcone derivatives adsorb spontaneously on the mild steel surface

and their adsorption obeyed the Langmuir adsorption isotherm. The adsorption mode revealed the

possibility of competitive physisorption and chemisorption mechanisms. Scanning electron microscopy

coupled with energy dispersive X-ray spectroscopy (SEM-EDX) analyses confirmed that the chalcones

formed a protective film on the mild steel surface. The overall results showed that the photo-cross-linked

chalcones are better corrosion inhibitors than the intact chalcones. The results of quantum chemical

calculations and Monte Carlo simulation studies are in good agreement with experimental results.
1. Introduction

Mild steel (MS) is a popular alloy of iron with various applica-
tions in oil reneries, chemical and transportation industries
among others. This is due to its excellent mechanical strength
and relatively low cost compared to other metal alloys.1,2 Many
industrial activities such as acid pickling, chemical etching,
cleaning of oil renery equipment, oil well acidizing and acid
descaling involve the use of aqueous solutions of mineral acids
which constitute strong corrosive media for mild steel.3–5 In
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order to control metal dissolution associated with these
industrial activities, various types of inhibitors are usually
employed. It is well known that organic compounds containing
heteroatoms such as sulphur, nitrogen, oxygen and aromatic
rings display good inhibition properties for metal corrosion in
aggressive media.6–9 However, many of the existing organic/
inorganic corrosion inhibitors especially those that contain
heavy metals and phosphates are highly toxic and not eco-
friendly. As the quest for environmental friendly and/or non-
toxic anticorrosion agents increases, studies on the develop-
ment of new prospective efficient corrosion inhibitors that are
free of heavy metals and organic phosphates are becoming
sizeable.10–12

Chalcones are open-chain avonoid compounds that exhibit
interesting pharmacological activities.13,14 The inhibitive
actions of some chalcone derivatives on the corrosion of MS in
acidic environments have been reported by Li et al.15,16 However,
information on the corrosion inhibition properties and the
inhibition mechanism of many chalcone derivatives is still
fragmentary. Chalcone derivatives are also known to exhibit
excellent photo-cross-linking properties due to the presence of
RSC Adv., 2015, 5, 76675–76688 | 76675
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Fig. 1 Themolecular structures of the studied chalcones: CH-5, CH-6,
and CH-10.

Fig. 2 Schematic diagram for the synthetic route of the chalcones:
(n ¼ 4 (CH-5), n ¼ 5 (CH-6) and n ¼ 9 (CH-10)).
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a,b-unsaturated group, which undergoes [2p + 2p] cycloaddi-
tion reaction upon irradiating with UV light. Recently, our
research group has developed a new perspective on corrosion
inhibition of mild steel in acidic medium using triazole con-
taining photo-cross-linking polymers.17–19 1,2,3-Triazoles are
important class of ve-membered nitrogen containing hetero-
cycles with applications in various areas including organic
synthesis, pharmaceutics, agrochemicals and dye industries.
Their applications as corrosion inhibitors, photo-stabilizers and
photo-graphic materials have also been reported.20

The present work focuses on the introduction of triazole
moiety into chalcone derivatives. Triazole moiety possesses
excellent corrosion inhibition efficiency, while chalcone deriv-
atives exhibit good solubility, excellent processability, high
thermal stability and environmental friendliness.21–23 The work
aims at combining the aforementioned interesting properties of
these two families of compounds to produce some novel envi-
ronmental friendly chalcone–triazole derivatives as potential
corrosion inhibitors for MS in 1.0 M HCl solution. Electro-
chemical measurements, surface analyses, quantum chemical
calculations and Monte Carlo simulations studies were carried
out to investigate the adsorption and corrosion inhibition
characteristics of the studied compounds. It is noteworthy to
state that reports on adsorption and corrosion inhibition
properties of chalcones using a combination of electrochemical
techniques, quantum chemical calculations and Monte Carlo
simulations are not common in literature. More so, the set of
chalcone–triazole compounds used in this work are being
reported as corrosion inhibitors for mild steel in 1MHCl for the
rst time. The molecular structures of studied chalcones are
given in Fig. 1.
2. Experimental procedures and
computational details
2.1. Synthesis of the chalcone derivatives

The synthesis of the chalcone derivatives was carried out as
previously reported.17,24 A mixture of 4-hydroxybenzaldehyde
(0.015 mol) and 4-methylacetophenone (0.015 mol) was put in
30 mL methanol aer which potassium hydroxide (40%, 20 mL)
was added slowly with constant stirring. Aer 6 h the reaction
76676 | RSC Adv., 2015, 5, 76675–76688
mixture was poured in ice cold water (500 mL) to obtain a yellow
precipitate. The precipitate was ltered, washed several times in
distilled water and dried. The precipitate was reacted with
corresponding dibromoalkane in the presence of potassium
carbonate (using acetonitrile as solvent) to produce (E)-3-(4-(3-
bromoalkoxy)phenyl)-1-p-tolylprop-2-en-1-one, which was
further reacted with sodium azide in acetone to obtain (E)-3-(4-
(3-azidoalkoxy)phenyl)-1-p-tolylprop-2-en-1-one. The photo-
cross-linking inhibitors were synthesized from (E)-3-(4-(3-azi-
doalkoxy)phenyl)-1-p-tolylprop-2-en-1-one and propargyl acry-
late by click chemistry.17

All chemicals and reagents used for the synthesis were
purchased from Merck and used without further purication.
The schematic diagram of the overall synthetic route is pre-
sented in Fig. 2.
2.2. Characterization techniques

The synthesized chalcone derivatives were characterized using
Fourier transform infrared (FTIR) and nuclear magnetic reso-
nance (NMR) spectroscopic techniques. NMR spectra were
recorded on BRUKER 500 MHz AVANCE III instrument using
dimethyl sulfoxide-D6 as solvent and tetramethylsilane as
internal standard. Fourier transform infrared (FT-IR) spectra
were obtained on Perkin Elmer Spectrum 1 model, using KBr
pellet method in the range 4000–400 cm�1 wavenumber.
This journal is © The Royal Society of Chemistry 2015
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2.2.1. Analytical data of the synthesized chalcone derivatives
CH-5 ((E)-(1-(5-(4-(3-(4-methylphenyl)-3-oxoprop-1-enyl)phe-

noxy)pentyl)-1H-1,2,3-triazol-4-yl)methyl acrylate). yield 76%; 1H
NMR (500 MHz, CDCl3) d ppm 1.52–158 (m, 2H), 1.70–1.76 (m,
2H), 1.84–1.94 (m, 2H), 2.45 (s, 3H) 4.06 (t, J ¼ 6.5 Hz, 2H), 4.41
(t, J ¼ 7.0 Hz, 2H), 5.33 (s, 2H), 5.88 (dd, J ¼ 10.5 Hz, 1H), 6.15
(dd, J ¼ 16.5 Hz, 1H), 6.47 (dd, J ¼ 16.0 Hz, 1H) 6.94 (d, J ¼ 8.5
Hz, 2H), 7.31 (d, J ¼ 8.0 Hz, 2H), 7.44 (d, J ¼ 16.0 Hz, 1H), 7.61
(d, J ¼ 8.5 Hz, 2H), 7.80 (d, J ¼ 15.5 Hz, 1H), 7.95 (d, J ¼ 7.5 Hz,
2H), 13C NMR (126 MHz, CDCl3) d ppm 21.60, 28.56, 28.91,
29.95, 52.32, 67.89, 114.85, 119.75, 127.37, 128.00, 128.57,
129.27, 130.18, 132.18, 135.92, 143.37, 144.29, 161.07, 190.09. IR
(KBr, cm�1) 738, 800, 811, 984, 1014, 1033, 1173, 1213, 1223,
1252, 1291, 1408, 1469, 1508, 1573, 1598, 1659, 1725, 2856,
2925, 3033, 3058, 3434.

CH-6 ((E)-(1-(5-(4-(3-(4-methylphenyl)-3-oxoprop-1-enyl)phe-
noxy)hexyl)-1H-1,2,3-triazol-4-yl)methyl acrylate). yield 77%;
1H NMR (500 MHz, CDCl3) d ppm 1.42 (m, J ¼ 7.5 Hz, 2H), 1.54
(m, J ¼ 7.0 Hz, 2H), 1.81 (m, J ¼ 7.0 Hz, 2H), 1.97 (m, J ¼ 8.0 Hz,
2H), 2.45 (s, 3H) 4.00 (t, J ¼ 6.5 Hz, 2H), 4.38 (t, J ¼ 7.0 Hz, 2H),
5.32 (s, 2H), 5.86 (dd, J¼ 10.5 Hz, 1H), 6.15 (dd, J¼ 16.5 Hz, 1H),
6.45 (dd, J¼ 17.0 Hz, 1H), 6.92 (d, J¼ 9.0 Hz, 2H), 7.31 (d, J¼ 8.0
Hz, 2H), 7.44 (d, J ¼ 15.5 Hz, 1H), 7.61 (d, J ¼ 9.0 Hz, 2H), 7.78
(d, J¼ 15.5 Hz, 1H), 7.94 (d, J¼ 8.0 Hz, 2H), 13C NMR (126 MHz,
CDCl3) d ppm 21.66, 25.50, 26.22, 28.90, 30.16, 50.29, 57.75,
67.75, 114.79, 119.75, 123.52, 127.66, 128.01, 128.29, 129.27,
130.18, 131.49, 135.92, 142.86, 143.37, 144.26, 161.03, 190.07. IR
(KBr, cm�1) 736, 801, 810, 916, 978, 1015, 1030, 1175, 1222,
1252, 1292, 1409, 1460, 1508, 1573, 1606, 1658, 1722, 2863,
2938, 3035, 3085, 3129, 3432.

(CH-10) ((E)-(1-(5-(4-(3-(4-methylphenyl)-3-oxoprop-1-enyl)phe-
noxy)decyl)-1H-1,2,3-triazol-4-yl)methyl acrylate). Yield 74%; 1H
NMR (500 MHz, CDCl3) d ppm 1.32–1.39 (m, 10H), 1.45 (m, 2H),
1.78 (m, J¼ 7.5 Hz, 2H), 1.90 (m, 2H), 2.43 (s, 3H), 3.99 (t, J¼ 6.5
Hz, 2H), 4.33 (t, J ¼ 7.5 Hz, 2H), 5.31 (s, 3H), 5.85 (dd, J ¼ 10.5
Hz, 1H), 6.13 (dd, J ¼ 10.5 Hz, 1H), 6.43 (dd, J ¼ 17.5 Hz, 1H),
6.92 (d, J ¼ 9.0 Hz, 2H), 7.29 (d, J ¼ 8.0 Hz, 2H), 7.42 (d, J ¼ 15.5
Hz, 1H), 7.58 (d, J¼ 8.5 Hz, 2H), 7.62 (s, 1H), 7.77 (d, J¼ 15.5 Hz,
1H), 7.92 (d, J ¼ 8.5 Hz, 2H), 13C NMR (126 MHz, CDCl3) d ppm
21.64, 25.95, 26.43, 28.92, 29.12, 29.25, 29.36, 30.21, 50.44,
57.74, 68.14, 114.90, 119.64, 123.71, 127.50, 128.01, 128.55,
129.26, 130.17, 131.47, 135.92, 142.82, 143.35, 144.36, 161.21,
166.03, 190.12. IR (KBr, cm�1) 724, 736, 797, 807, 833, 983, 1014,
1042, 1174, 1223, 1263, 1292, 1408, 1469, 1513, 1570, 1606,
1663, 1722, 2850, 2919, 3032, 3082, 3123, 3433.
2.3. Materials and aggressive solutions for corrosion
inhibition tests

MS specimens with the percentage by weight compositions of
Mn (0.340%), C (0.100%), Cr (0.220%) and Fe (99.34%) were
used for the corrosion inhibition studies. The MS coupons were
abraded using emery papers of various grit sizes (400 to 1200)
aer which the specimens were washed thoroughly with double
distilled water, degreased with acetone and dried at room
temperature. The blank acid solution (1 MHCl) was prepared by
dilution of analytical grade 37% HCl with double distilled
This journal is © The Royal Society of Chemistry 2015
water, while the aggressive solutions containing 5 to 15 ppm of
the chalcone derivatives (inhibitors) were prepared by rst
dissolving appropriate amount of the compounds in 3.0 mL
dimethylsulfoxide (DMSO) and then make up to 100 mL solu-
tion with 1.0 M HCl.

Photo-cross-linked chalcone derivatives were obtained by
keeping 3.0 mL DMSO solution of the chalcone derivatives
under high pressure (75 W) mercury lamp for 1 h. The
compounds were conrmed to have photo-cross-linked aer 1 h
by using UV-vis spectrophotometer as explained later in Section
2.4. Various concentrations (5–15 ppm) of the photo-cross-
linked chalcones used as corrosion inhibitors were also
prepared in 1.0 M HCl.
2.4. Photochemical properties

Absorbance spectra of the synthesized chalcones were recorded
on UV-1601 Shimadzu UV-vis spectrometer in the wavelength
range of 200–800 nm using chloroform as solvent. The chal-
cones were tested for their photo-cross-linking ability by xing
the chloroform solutions of the compounds at a distance of 10
cm from a high pressure (75 W) mercury lamp and irradiate at
regular time intervals with UV-vis spectrum being recorded
immediately aer each exposure. The chalcones were found to
have photo-cross-linked aer 1000 s.
2.5. Electrochemical techniques

Electrochemical measurements were carried out using CH
electrochemical analyzer model 604B with conventional three
electrode system. A square cut of MS coupon with surface area
of 1 cm2 was used as the working electrode. Platinum rod and
saturated calomel electrode (SCE) were used as the counter and
reference electrodes respectively. The surface of the MS used as
working electrode was mechanically polished as earlier
described in Section 2.3 above.

All the measurements were carried out in an aerated envi-
ronment with continuous stirring at 300 � 2 K. Potentiody-
namic polarization measurements were carried out between
�200 mV to �800 mV (vs. SCE) at the potential sweep rate of 0.5
mV s�1. Electrochemical kinetic parameters such as corrosion
current density (Icorr), anodic and cathodic Tafel slopes (ba and
bc respectively) were obtained by extrapolating the linear Tafel
regions of the polarization curves to corrosion potential (Ecorr).
Inhibition efficiency (IE%) was calculated using the equation:

IEð%Þ ¼ I 0 corr � Icorr

I 0 corr
� 100 (1)

where I0corr and Icorr are corrosion current densities in the
absence and presence of inhibitors respectively.25 Electro-
chemical impedance spectroscopy (EIS) measurements were
carried out in the frequency range from 100 kHz to 10 mHz at an
amplitude of 10 mV.26 The impedance spectra were tted into the
Rs(RctCPE) equivalent circuit to obtain the EIS parameters and the
inhibition efficiency (IE%) was calculated using the equation:

IEð%Þ ¼ Rct � R0
ct

Rct

� 100 (2)
RSC Adv., 2015, 5, 76675–76688 | 76677
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Fig. 3 FT-IR spectra of the synthesized chalcones: CH-5 (i), CH-6 (ii)
and CH-10 (iii).
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where R0
ct and Rct are charge transfer resistances in the absence

and presence of inhibitors respectively.27

2.6. Surface analysis

In order to investigate the formation of protective lm of the
inhibitors on the steel surface, MS specimens were immersed in
1.0 M HCl solution without and with 15 ppm chalcone deriva-
tives under the same conditions. The MS specimens used for
the surface analysis studies were freshly abraded as previously
discussed in Section 2.3 above. The MS specimens were
removed aer 2 h, washed with distilled water and air-dried.
Scanning electron microscopy (SEM) and energy dispersive X-
ray (EDX) spectrometry analyses of the MS surfaces were
carried out using the FEI Quanta 200 F.

2.7. Computational details

2.7.1. Quantum chemical calculations. Quantum chemical
calculations were performed to compute some parameters that
describe the trend of reactivity of the inhibitor molecules
towards adsorption on iron surface. Geometry optimizations
were carried out on the intact chalcones (CH-5, CH-6 and CH-
10) as well as their photo-cross-linked analogues (CH-5c, CH-
6c and CH-10c). The dimerized structures of the respective
chalcone derivatives resulting from their 2p + 2p addition
reaction aer UV-irradiation were used as the starting geome-
tries for the photo-cross-linked chalcones. All geometry opti-
mizations and quantum chemical calculations were performed
using density functional theory (DFT) and the 6-31+G (d, p)
basis set. The Becke's three parameter hybrid functional
together with the Lee–Yang–Parr correlation functional
(B3LYP),28 was selected for the calculations. Some of the
chemical parameters calculated include energy of the highest
occupied molecular orbital (EHOMO), energy of the lowest
unoccupied molecular orbital (ELUMO), global chemical hard-
ness and soness. The global chemical hardness (h) is a
measure of the resistance of an atom to a charge transfer.29 It is
calculated by using the equation:

h y �1/2(EHOMO � ELUMO) (3)

The chemical soness (s) describes the capacity of an atom
or group of atoms to receive electrons29 and is calculated as:

s ¼ 1/h y �2/(EHOMO � ELUMO) (4)

All calculations were carried out using the Gaussian09 for
Windows (G09W).30 Schematic structures were drawn using the
ChemOffice package in the UltraChem 2010 version while
optimized structures were visualized with the GaussView 5.0
program.

2.7.2. Monte Carlo simulations. The Monte Carlo (MC)
search was adopted to compute the low conguration adsorp-
tion energy of the interactions of the intact chalcone derivatives,
CH-5, CH-6 and CH-10, and clean iron surface. Simulations of
the photo-cross-linked chalcones could not be achieved due to
their large sizes. Therefore, only the simulation results for the
interactions between the intact chalcone derivatives and iron
76678 | RSC Adv., 2015, 5, 76675–76688
surface are presented and discussed in this study. For the whole
simulation procedure, the Condensed-phase Optimized
Molecular Potentials for Atomistic Simulation Studies
(COMPASS) force eld was used to optimize the structures of all
components of the system of interest. The simulation was
carried out with Fe (110) crystal with a slab of 5�A in depth with
periodic boundary conditions in order to simulate a represen-
tative part of an interface devoid of any arbitrary boundary
effects. The Fe (110) plane was next enlarged to a (12 � 12)
supercell to provide a large surface for the interaction of the
inhibitors. Aer that, a vacuum slab with 50 �A thickness was
built above the Fe (110) plane. The cleavage of Fe crystal along
the (110) plane provides adequate representation of the Fe
surface with sufficient stability and moderate atom density.31–33

The Fe (110) plane has been successfully applied in literatures
to describe the interactions between inhibitor molecules and Fe
surface.31,32,34 All simulations were carried out using Materials
Studio 7.0 commercial soware licensed from Accelrys Inc. USA.
3. Results and discussion
3.1. Characterization of the synthesized chalcone derivatives

FT-IR spectra of the synthesized chalcone derivatives (CH-5, CH-
6 and CH-10) are shown in Fig. 3. The peaks at 2938 cm�1 and
2896 cm�1 can be assigned to the stretching vibrations of
aromatic and aliphatic C–H groups respectively. Stretching
bands of the ester C]O and a,b-unsaturated C]O were
observed at 1722 cm�1 and 1606 cm�1 respectively. The peak at
1508 cm�1 is attributed to the stretching mode of aromatic
C]C group and the band at 1175 cm�1 is attributed to the
stretching of the triazole ring formed by click-chemistry. The
C–C stretching and bending modes were observed at 1456 and
1072 cm�1 respectively while the band at 810 cm�1 is for the
bending vibration of C–H.35

The 1HNMR spectrum of the synthesized chalcone derivative
(CH-10) is shown in Fig. 4. Since the synthesized chalcone
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 1H NMR spectrum of CH-10.

Fig. 5 Absorption spectra of the chalcones showing changes in
absorption characteristics during UV-irradiation (CH-5 (a), CH-6 (b)
and CH-10 (c)).
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derivatives only differ in the aliphatic chain, the 1H NMR
spectra of the other chalcone derivatives (CH-5 and CH-6 not
shown) are similar to the one in Fig. 4 and the spectra data for
the three chalcone derivatives have been listed in Section 2.2.1.
The 1H NMR spectra for all the synthesized chalcones show
multiplets between 1.0 ppm and 2.5 ppm corresponding to the
splitting of the aliphatic protons. The doublet at 3.90 ppm is
assigned to the protons of the –O–CH2– group that forms part of
the aliphatic chain bridging the chalcone and triazole units,
while the one at 4.2 ppm is assigned to the –CH2– group directly
attached to the nitrogen atom of the triazole ring. All the
synthesized chalcone derivatives exhibit three doublets of
doublets which correspond to the acrylate unit. The chalcone
derivatives also showed two doublets at 7.42 (d, J¼ 15.5 Hz, 1H)
and 7.78 (d, J ¼ 15.5 Hz, 1H) ppm which are known to be
characteristic peaks of chalcone moiety with the coupling
constant (J) values that conrm the synthesized chalcones as
trans isomers.24

3.2. Photo-cross-linking properties of the chalcone
derivatives

The UV-vis absorption spectra of the chalcone derivatives before
and aer UV-irradiation are presented in Fig. 5. As shown in
Fig. 5, the wavelength of maximum absorbance (lmax) of all the
three chalcone derivatives is 320 nm irrespective of the co-
substituent, which suggests that the aliphatic chain linking the
chalcone moiety to the triazole unit does not affect the absorp-
tion spectrum.36 The UV-vis absorption characteristics of the
synthesized chalcone derivatives are due to the p / p* transi-
tion of the pC]C group. The intensity of the absorption peak at
320 nmdecreased rapidly uponUV-irradiation while the intensity
of the one at 279 nm increased gradually. This observation is
attributed to the formation of cyclobutane ring through (2p + 2p)
cycloaddition of the carbon–carbon double bond in the chalcone
unit. An isosbestic point is observed at 270 nm due to cis–trans
isomerization of the double bonds in the chalcones.37 The
absorption peak at 328 nm almost disappeared aer irradiation
This journal is © The Royal Society of Chemistry 2015
which also indicates that the chalcones have undergone photo-
cross-linking. The absorbance spectra in Fig. 5 also show that
CH-10 takes more time for photo-cross-linking than CH-5 and
CH-6. This implies that the substituents of chalcone derivatives
have signicantly effect on the rate of photo-cross-linking. The
rate of photo-cross-linking decreases with increase in the length
of the aliphatic spacer that links the chalcone and triazole units.
RSC Adv., 2015, 5, 76675–76688 | 76679
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As the spacer length increases, the distance between the chalcone
and triazole units increases which might decrease the rate of
photo-cross-linking.17
3.3. Potentiodynamic polarization measurements

The kinetics of anodic and cathodic reactions on MS surfaces in
1.0 MHCl solution without and with different concentrations of
intact chalcones (CH-5, CH-6 and CH-10) and photo-cross-
linked chalcones (CH-5c, CH-6c and CH-10c) were studied
using potentiodynamic polarization measurements. The
resulting polarization curves are shown in Fig. 6. It can be seen
from Fig. 6 that the polarization curves shied to either more
cathodic or anodic region in the presence of the inhibitors
compared to the blank acid system. This implies that the
inhibitors adsorbed on mild steel surface thereby changing the
electrochemical nature of the surface. More so, the polarization
curves shied to lower current density regions in the presence
of the inhibitors (both intact and photo-cross-linked chal-
cones). One apparent feature of the polarization curves in Fig. 6
is that the polarization curves in the presence of the intact
chalcones are similar to that of the blank acid system, which
implies that the intact chalcones inhibit mild steel corrosion
only by blocking some active sites on the steel surface without
changing the actual mechanism of the corrosion reaction.27

However, in the presence of the photo-cross-linked chalcones,
the anodic arms of the polarization curves exhibit different
features attributable to change in mechanism, which is more
pronounced for CH-10 than CH-5 and CH-6. This implies that
Fig. 6 Potentiodynamic polarization curves of MS in 1.0 M HCl without a
CH-10 (iii)).

76680 | RSC Adv., 2015, 5, 76675–76688
apart from reducing the corrosion rate, the photo-cross-linked
inhibitors also alter the mechanism of anodic dissolution.
Though, the actual mechanism cannot be ascertained. It can
also be assumed that the extent of change in the anodic
dissolution mechanism is proportional to the photo-cross-
linking ability of the studied chalcones.

Electrochemical kinetic parameters such as Ecorr, Icorr, ba and
bc obtained by the extrapolation of the straight Tafel regions of
the polarization curves to the Ecorr are presented in Table 1. It is
observed from Table 1 that the shi in Ecorr for all the inhibitors
is far less than 85 mV, which suggests that the studied chalcone
derivatives (both intact and photo-cross-linked) are mixed-type
inhibitors.27 That is, the inhibitors reduce both the rates of
anodic mild steel dissolution and cathodic hydrogen evolution
reactions of mild steel in 1 M HCl. The values of the anodic and
cathodic Tafel slopes do not reveal a predominant anodic or
cathodic inhibition, which also supports the fact that the
inhibitors are mixed-type in their activities. The inhibition
efficiencies increase with increasing concentration for both the
intact and photo-cross-linked chalcones. The inhibition effi-
ciency (IE) of 99% was achieved with 15 ppm of the photo-cross-
linked chalcone (CH-10c), but 15 ppm of the intact chalcone
(CH-10) gives 96% of inhibition efficiency. The photo-cross-
linked chalcone derivatives generally give higher IE than the
intact chalcone derivatives because they have undergone
structural modication which has increased their molecular
size/volume compared to their corresponding intact chalcone
derivatives. This implies that the photo-cross-linked chalcone
nd with various concentrations of the inhibitors (CH-5 (i), CH-6 (ii) and

This journal is © The Royal Society of Chemistry 2015
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Table 1 Tafel polarization parameter values for the corrosion of MS in 1.0 M HCl in presence and absence of inhibitors

Inhibitor
Concentration of
inhibitor (ppm)

Icorr
(mA cm�2)

�Ecorr
(mV vs. SCE)

bc
(mV per decade)

ba
(mV per decade) q IE (%)

Blank 0 2945 0.487 4.67 6.03 — —
CH-5 5 269 0.445 8.51 11.04 0.909 90.9

10 173 0.483 9.267 5.35 0.941 94.1
15 113 0.517 8.35 4.89 0.962 96.2

CH-5c 5 225 0.451 8.53 9.76 0.923 92.3
10 35 0.459 7.12 15.99 0.988 98.8
15 21 0.461 9.04 11.71 0.993 99.3

CH-6 5 174 0.486 7.93 11.06 0.941 94.1
10 127 0.482 8.10 12.13 0.957 95.7
15 122 0.499 8.80 5.76 0.958 95.8

CH-6c 5 132 0.495 8.66 6.62 0.957 95.5
10 127 0.508 9.12 4.46 0.955 95.8
15 35 0.495 7.12 15.99 0.988 98.8

CH-10 5 108 0.496 7.07 10.67 0.963 96.3
10 106 0.500 7.17 10.39 0.964 96.4
15 107 0.519 8.72 4.20 0.964 96.4

CH-10c 5 111 0.516 8.08 4.55 0.962 96.2
10 93 0.527 8.31 4.40 0.968 96.8
15 27 0.495 8.72 5.56 0.991 99.1
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molecules will exhibit a wider coverage area over the metal
surface than the corresponding intact chalcone molecules.17–19

3.4. Electrochemical impedance spectroscopy (EIS)

The Nyquist plots for MS in 1.0 M HCl solution in the presence
and absence of various concentrations of the inhibitors are
Fig. 7 Nyquist plots of MS in 1.0 M HCl without and with various conce

This journal is © The Royal Society of Chemistry 2015
shown in Fig. 7. The Nyquist plots show single semicircles which
implies that the dissolution of mild steel in 1 M HCl without or
with various concentrations of the studied inhibitors is
controlled by single charged transfer process.38 The depression of
the Nyquist semicircles is oen associated with the frequency
dispersion of interfacial impedance arising from inhomogeneity
ntrations of the inhibitors (CH-5 (i), CH-6 (ii) and CH-10 (iii)).

RSC Adv., 2015, 5, 76675–76688 | 76681
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Table 2 Electrochemical impedance parameter values for the
corrosion of MS in 1.0 M HCl in presence and absence of inhibitors

Inhibitor

Concentration
of inhibitor
(ppm)

Rct
(U cm2) fmax

Cdl

(mF cm2) q

IE
(%)

Blank 0 16.8 32.8 498.80 — —
CH-5 5 89.4 54.5 6.53 0.812 81.2

10 199.5 58.2 2.74 0.916 91.6
15 415.9 62.4 1.23 0.959 95.9

CH-5c 5 222.6 61.2 2.34 0.925 92.5
10 280.8 62.5 1.81 0.940 94.0
15 932.9 69.5 4.91 0.981 98.1

CH-6 5 115.8 53.6 5.13 0.855 85.5
10 230.9 55.9 2.47 0.927 92.7
15 250.8 60.4 2.10 0.933 93.3

CH-6c 5 160.7 59.7 3.32 0.895 89.5
10 270.6 60.5 1.95 0.938 93.8
15 410.3 62.5 1.24 0.959 95.9

CH-10 5 170.6 52.4 3.56 0.902 90.2
10 210.1 55.4 2.74 0.920 92.0
15 311.9 63.6 1.61 0.946 94.6

CH-10c 5 300.5 62.5 1.69 0.944 94.4
10 332.7 64.6 2.77 0.949 94.9
15 470.9 67.2 1.01 0.964 96.4
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of the electrode surface due to roughness and/or other interfacial
phenomena.39,40

The impedance spectra were tted to the Rs(RctCPE) equiva-
lent circuit and the impedance parameters obtained from the
tting are presented in Table 2. The values of the double layer
Fig. 8 Langmuir adsorption isotherm plots for CH-5 (i), CH-6 (ii) and C

76682 | RSC Adv., 2015, 5, 76675–76688
capacitance (Cdl) were calculated from the Rct values using the
equation:

Cdl ¼ 1

ð2pfmaxRctÞ (5)

where fmax is the frequency value at which the imaginary
component of the impedance is maximum (�Zmax). The results
in Table 2 show that the Rct values increase with increasing
concentration of the inhibitors and the Cdl values for the
inhibitor-containing systems are generally lower than that of
the acid blank, which suggest that the inhibitor adsorb on the
steel surface thereby forming a protective layer on the steel
surface and reducing the rate of charge transfer process. Simi-
larly, the corrosion inhibition efficiency increases with increase
in concentration of the inhibitors with the photo-cross-linked
chalcones having higher inhibition efficiencies than the intact
chalcones. The results show that the inhibition efficiencies
obtained from the impedance study are in good agreement with
those from polarization measurements.
3.5. Adsorption isotherm

Adsorption of a corrosion inhibitor on metal surface can occur
through physisorption or chemisorption mechanism or a
competitive form of both mechanisms. In general, phys-
isorption is considered to be an exothermic process while
chemisorption is an endothermic process. Aer adsorption, an
inhibitor retards the rate of the cathodic and/or anodic elec-
trochemical corrosion reaction. The mode of interaction
between an organic compound and a metal surface can be
deduced from adsorption isotherms. The experimental data
H-10 (iii).

This journal is © The Royal Society of Chemistry 2015
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Fig. 9 SEM images of MS surface: (a) polished (b) in 1.0 M HCl without
inhibitor (c) in 1.0 M HCl with 15 ppm intact inhibitor (CH-5), and (d) in
1.0 M HCl with 15 ppm photo-cross-linked inhibitor (CH-5c).

Paper RSC Advances

Pu
bl

is
he

d 
on

 0
4 

Se
pt

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 N
or

th
-W

es
t U

ni
ve

rs
ity

 -
 S

ou
th

 A
fr

ic
a 

on
 2

9/
09

/2
01

7 
08

:2
7:

10
. 

View Article Online
obtained from both potentiodynamic polarization and EIS
measurements were tested with different adsorption isotherms
including Temkin, Langmuir, Frumkin and Freundlich
isotherms. Langmuir adsorption isotherm was adjudged to give
the best t based on the correlation coefficient (R2) values. The
linear form of the Langmuir adsorption isotherm given by the
equation:

C

q
¼ 1

Kads

þ C (6)

was used where Kads is the equilibrium constant of the
adsorption process and C is the inhibitor concentration. The
plots C/q against C for the intact and photo-cross-linked chal-
cones are shown in Fig. 8. The slight deviations of the slopes of
the Langmuir plots from unity are due to the interactions
between the adsorbed molecules on the metal surface as well as
change in the heat of adsorption with increasing surface
coverage.41 The adsorption equilibrium constant, Kads is related
to the change in Gibbs free energy of adsorption (DGads) as:

DGads ¼ �RT ln(55.5Kads) (7)

where R is the gas constant (8.314 J K�1 mol�1), T is the absolute
temperature and 55.5 is the concentration of water solution.
Thermodynamic parameters for the adsorption process
obtained from Langmuir adsorption isotherm are given in
Table 3. The negative values of DGads imply that the adsorption
of the chalcones on mild steel surface is a spontaneous process.
Generally, the values of DGads up to �20 kJ mol�1 are attributed
to physisorption while those around �40 kJ mol�1 or more
negative are associated with chemisorption process.42,43 The
DGads values obtained in this study are between �39.8 kJ mol�1

and �26.6 kJ mol�1 which imply that adsorption may involve
competitive physisorption and chemisorption.
3.6. SEM-EDX studies

The formation of protective layer of inhibitors on MS surface
was conrmed by SEM micrographs. The SEM images of the
Table 3 Adsorption parameters determined for chalcones investi-
gated as inhibitor of mild steel corrosion in 1.0 M HCl

Method Inhibitor

Langmuir
isotherm

DGads

(kJ g�1)
Kads

(kJ g�1) � 103R2 Slope

EIS CH-5 1.000 0.948 �26.6 0.7
Tafel 1.000 1.009 �29.3 2.9
EIS CH-5c 0.999 0.989 �28.9 1.8
Tafel 1.000 0.969 �29.0 1.9
EIS CH-6 0.999 1.023 �28.4 1.5
Tafel 0.999 0.996 �32.6 7.7
EIS CH-6c 1.000 1.006 �28.8 1.7
Tafel 1.000 1.037 �39.8 3.0
EIS CH-10 1.000 1.031 �29.5 2.3
Tafel 1.000 1.037 �39.8 1.4
EIS CH-10c 0.999 1.026 �31.5 5.0
Tafel 0.999 0.994 �30.6 3.5

This journal is © The Royal Society of Chemistry 2015
freshly polished MS specimen and MS specimens in 1.0 M HCl
without and with the studied inhibitors are shown in Fig. 9. The
surface morphology of freshly polished MS specimen (Fig. 9a)
show smooth and pit-free surface. The image in Fig. 9b shows
that the MS specimen in 1.0 M HCl solution without the
inhibitors is highly damaged and characterized with a lot of pits
due to direct acid attack. However, the effect of the inhibitors
can be seen from Fig. 9c (CH-5) and Fig. 9d (CH-5c) in which the
MS surfaces are not as damaged as in the case of the blank acid
system. This implies that the studied inhibitors formed
protective lm on the steel surface thereby protecting it from
direct acid attack.

The EDX spectra were used to determine the elements
present on MS surface before and aer the exposure to the
aggressive solutions without and with the studied inhibitors.
The results of the EDX spectra shown in Fig. 10 are for the
freshly polished MS surface and MS surface exposed to 1.0 M
HCl solution in absence and presence of the inhibitors. The
EDX spectra give atomic composition of the MS and the results
are tabulated in Table 4. Freshly polished MS specimen
(Fig. 10a) was smooth without chlorine content. However, the
EDX spectrum of the MS specimen in 1 M HCl blank solution
showed intense chlorine peaks due to the adsorbed chloride
ions on the steel surface.44 In the presence of inhibitors, the
EDX spectra showed peaks for nitrogen atoms. This is due to the
presence of nitrogen atom in the inhibitor molecule which is
adsorbed on the MS surface. Also, the carbon peak is signi-
cantly increased due to the carbon atoms present in the
adsorbed inhibitor species. The photo-cross-linked chalcone
derivative (CH-5c) showed lower chloride ion adsorption indi-
cating that the photo-cross-linked chalcone derivatives exhibit
better corrosion inhibition potentials than the intact chalcones.
RSC Adv., 2015, 5, 76675–76688 | 76683
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Fig. 10 EDX spectra of MS surface: (a) polished (b) in 1.0 M HCl without inhibitor (c) in 1.0 M HCl with 15 ppm intact inhibitor (CH-5), and (d) in 1.0
M HCl with 15 ppm photo-cross-linked inhibitor (CH-5c).

Table 4 Percentage atomic contents of elements on mild steel
surface obtained from EDX analysis

Medium

Composition

Fe O C Cl Mn Cr N

Mild steel (a) 99.34 — 0.10 — 0.34 0.22 —
Mild steel in
1.0 M HCl (b)

76.32 9.83 — 13.12 0.32 0.41 —

CH3-5 90.95 2.37 3.86 0.64 1.05 0.12 1.01
CH3-5c 90.50 2.27 4.91 0.57 1.0 0.13 0.61
CH3-6 93.58 1.90 2.36 0.61 1.05 0.10 0.40
CH3-6c 93.00 2.05 2.83 0.51 1.02 0.15 0.45
CH3-10 91.90 2.07 3.37 0.58 1.23 0.19 0.66
CH3-10c 94.15 1.84 1.95 0.37 1.09 0.13 0.47
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3.7. Quantum chemical results

The optimized geometries of the studied chalcone derivatives
are shown in Fig. 10. All the quantum chemical data that are
used for comparison with experimental results relate only to the
76684 | RSC Adv., 2015, 5, 76675–76688
lowest-energy conformer of each of the chalcone derivatives.
The chemical reactivity of the chalcones was investigated by
analyzing the frontier molecular orbitals. According to the
frontier molecular orbital theory, chemical reactivity is strongly
determined by the interaction of the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the interacting species.45 The HOMO graph-
ical surfaces of the studied compounds are shown in Fig. 11. In
all the structures, the HOMO (Fig. 11) is strongly delocalized on
ring A and the double bond corresponding to the sites with the
highest electron density.

Other quantum chemical parameters were computed to have
more insight in the reactivity and selectivity of the chalcone
dimers. The frontier molecular orbital energies (i.e., EHOMO and
ELUMO) provide information on the reactivity of chemical
species. The EHOMO is oen associated with the electron
donating ability of a molecule46–48 and a higher EHOMO energy
value indicates higher tendency of the molecule to donate
electron(s) to the appropriate acceptor molecule with low energy
and empty/partially lled molecular orbital. The results in
This journal is © The Royal Society of Chemistry 2015
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Fig. 11 HOMO graphical surfaces of the isolated and dimerised
(photo-cross-linked) chalcones.
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Table 5 show that the values of the EHOMO for the photo-cross-
linked chalcones are higher than those of the intact chalcones
indicating that the photo-cross-linked chalcones have greater
electron donating ability than the isolated chalcones. Therefore
on interaction with the metal surface, the photo-cross-linked
chalcones have greater tendency to donate electrons to the
surface of the metal and therefore would have the better
adsorption and greater inhibition potential. This result is in
agreement with the experiment ndings.

Absolute hardness (h) and soness (s) are properties that also
facilitate the analysis of the molecular reactivity and selectivity.
The relationship between these quantum chemical quantities
and corrosion inhibition is oen based on the Lewis theory of
acid and bases and Pearson's hard and so acids and bases.49

The band gap, DE (i.e., the energy difference between the ELUMO

and EHOMO) also provides information about the reactivity of the
studied molecules. A hard molecule has a large DE while a so
molecule has a small DE. So molecules therefore could easily
offer electrons to an acceptor system what makes them more
reactive than hard molecules. In this regard, adsorption could
occur at the region of the molecule where, s has the highest
Table 5 The calculated molecular properties for the studied isolated cha
(d, p) results in vacuo

Quantum chemical
parameters

Intact chalcones

CH-5 CH-6

EHOMO (eV) �5.846 �5.814
ELUMO (eV) �1.902 �1.88
DE (eV) 3.944 3.935
m (debye) 3.554 5.830
Hardness (h) 1.972 1.967
Soness (s) 0.507 0.508

This journal is © The Royal Society of Chemistry 2015
value.50 The values of s reported in Table 5 show that the isolated
chalcone derivatives have higher values of s than the respective
photo-cross-linked dimeric chalcone derivatives, which suggests
that the values of s do not correlate with the trend of the exper-
imental inhibition efficiency.

The dipole moment (m) is another index that is oen used for
the prediction of the direction of a corrosion inhibition process.
It is the measure of polarity in a bond and is related to the
distribution of electrons in a molecule.51 Inhibitors with high
dipole moment tend to form strong dipole–dipole interactions
with the metal, resulting in strong adsorption on the surface of
the metal and therefore leading to greater inhibition effi-
ciency.52 However, a survey of literature shows that in most
cases, experimental inhibition efficiencies do not always
correlate with dipole moments.52 The results reported in Table 5
suggest that the trend in the dipole moment does not follow the
trend of the observed inhibition efficiency.

Therefore, of all the quantum chemical parameters, only the
energy of the EHOMO may account for explaining the difference
in the inhibition efficiency between the isolated chalcone
derivatives and the photo-cross-linked chalcone derivatives.
This is not a surprising phenomenon considering that an
attempt to correlate individual quantum chemical parameters
to the experimental inhibition efficiencies of the inhibitors do
not always reveal an optimal correlation.53 In such cases, it is
oen useful to resort to the quantitative structure property
relationship (QSPR) in which several quantum chemical
parameters form a composite index that is then correlated to
the experimentally determined inhibition efficiency.54 However,
that approach has not been tested here because of the few
number of inhibitor molecules considered in this study. The
results of the quantum chemical calculations reported here
have therefore provided information about the possible sites on
the studied molecules that could be involved in an electrophilic
attack as well as identied the fact that apart from EHOMO, all
other estimated quantum chemical parameters cannot be
utilized individually to explain the trend of the experimental
inhibition efficiency.
3.8. Monte Carlo simulations

Fig. 12 shows a typical plot of energy distribution for CH-10 with
Fe (110) surface during energy optimization process. Also
Fig. 13 depicts a typical adsorption energy prole as CH-10
lcones and the dimeric (photo-cross-linked) chalcones B3LYP/6-31+G

Dimeric (photo-cross-linked) chalcones

CH-10 CH-5c CH-6c CH-10c

�5.762 �5.517 �5.605 �5.554
�1.846 �1.545 �1.618 �1.543
3.916 3.973 3.986 4.011
4.938 4.302 6.699 4.122
1.958 1.986 1.993 2.005
0.511 0.504 0.502 0.499

RSC Adv., 2015, 5, 76675–76688 | 76685
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Fig. 12 Typical energy profile plots for CH-10/Fe (110)/system
obtained during 5 cycles of the Monte Carlo simulation process.

Fig. 13 Typical adsorption energy profile for CH-10 interaction with
Fe (110) surface.

Fig. 14 Snapshots of the most stable low energy configuration for the
adsorption of (a) CH-5, (b) CH-6 and (c) CH-10 on Fe (110) surface.

Table 6 Adsorption energies of CH-5, CH-6 and CH-10 on Fe (110)
surface (all results in kcal mol�1)

Systems Adsorption energy

Fe (110)/CH-5 �9.44
Fe (110)/CH-6 �12.14
Fe (111)/CH-10 �14 to 84

RSC Advances Paper

Pu
bl

is
he

d 
on

 0
4 

Se
pt

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 N
or

th
-W

es
t U

ni
ve

rs
ity

 -
 S

ou
th

 A
fr

ic
a 

on
 2

9/
09

/2
01

7 
08

:2
7:

10
. 

View Article Online
interacts with Fe. The most stable low energy adsorption
congurations of the inhibitors on Fe (110) surface using Monte
Carlo simulations are depicted in Fig. 14(a–c). The bond
distances between the closest heteroatoms of the inhibitors and
Fe (110) surface at equilibrium were as follows: CH-5–Fe inter-
action: (Fe–O¼ 2.700�A); CH-6–Fe interaction: (Fe–O¼ 3.919�A);
CH-10–Fe interaction: (Fe–O ¼ 2.900�A). These bond distances,
which are greater than the average Fe–O bond length suggest
that the adsorption of the studied inhibitors on iron surface is
predominantly through electrostatic interactions between the
inhibitors and Fe, i.e. physical adsorption. Though, this does
not totally preclude the possibility of chemisorption as the
experimental data revealed the possibility of competitive phys-
isorption and chemisorption mechanisms. It is clear also from
Fig. 14 that CH-10 adsorbed in a totally at manner on Fe
76686 | RSC Adv., 2015, 5, 76675–76688
surface, which enhances its surface coverage on the metal when
compared to CH-5 and CH-6.

The values for the adsorption energies obtained as output
from MC simulation are listed in Table 6. It is quite clear from
Table 6, that the adsorption energies of the inhibitors on iron
surface decreased in the following order CH-10 > CH-6 > CH-5. It
is generally acknowledged that the primary mechanism of
corrosion inhibitor interaction with steel is by adsorption. So
the adsorption energy can provide us with a direct tool to rank
This journal is © The Royal Society of Chemistry 2015
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inhibitor molecules. High negative adsorption energy indicates
the system with the most stable and stronger adsorption.55–57

This ordering is the same as the experimental determined
inhibition efficiencies for the investigated chalcones. The result
also shows the effect of increasing chain length on the perfor-
mance of the chalcones investigated.
4. Conclusions

In conclusion, new chalcone derivatives with photo-cross-
linking characteristics were successfully synthesized by click-
chemistry and characterized using FTIR and NMR spectro-
scopic techniques. The synthesized chalcones undergo photo-
cross-linking upon irradiation with mercury lamp and this
was conrmed by the UV-vis absorption spectra. Potentiody-
namic polarization measurements showed that the chalcone
derivatives are mixed type corrosion inhibitors. EIS measure-
ments revealed that the chalcone derivatives form protective
lm on mild steel surface thereby reducing the rate of charge
transfer process. The inhibition efficiencies increase with
increase in concentration of the chalcones. The photo-cross-
linked chalcones show higher inhibition potentials that their
corresponding intact chalcones. Adsorption of the chalcones on
MS surface obeyed the Langmuir adsorption isotherm and the
values of DG revealed the possibility of competitive phys-
isorption and chemisorption processes. Among the quantum
chemical properties, the energy of the HOMO provides a better
explanation for the higher inhibition efficiency of the photo-
cross-linked chalcone derivatives compared to the intact chal-
cones. The Fe–O bond distances obtained from Monte Carlo
simulation studies also suggested that the adsorption of the
studied chalcones on Fe surface is mainly physisorption. The
results obtained from the theoretical studies provide good
corroborative explanations of the experimental results.
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