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The inhibition efficiency of 5,5 diphenyl 2-thiohydantoin (DPTH) against mild steel (MS) corrosion has been
investigated in 0.1 M HCl solution by using electrochemical techniques and quantum chemical calculations.
The electrochemical measurements indicate that the inhibition efficiencies increase with the increasing concen-
tration of DPTH. According to polarization measurements DPTH retards both anodic and cathodic reactions.
Thermodynamic parameters and activation energy (Ea) for theMS corrosion have been determined fromelectro-
chemical results and discussed. Furthermore, quantum chemical parameters of DPTH have been calculated to
explain the corrosion inhibition mechanism.
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1. Introduction

Carbon steel is widely used as a preferential material for the metal-
lurgical industries because of economical considerations. The disadvan-
tage of these materials is being prone to corrosion when they are
exposed to aggressive environments such as acids, bases and salts
[1,2]. Among these environments, the acidic solutions inmost industrial
processes are commonly used for pickling, industrial acid cleaning, and
acid descaling [3–6]. Unfortunately, iron and its alloys can be corroded
during these acidic applications, particularly with the use of hydrochlo-
ric acid and sulfuric acid [7,8]. Hence, the prevention against corrosion
of metals used in industrial applications is important to avoid the loss
of resources and money [9–11]. Several initiatives are made to prevent
the devastating effect of corrosion onmetals and alloys in acid solutions.
Corrosion control can be provided with the use of corrosion inhibitors,
which is one of the most effective methods [12]. Most corrosion inhibi-
tors are organic or inorganic chemicals reducing the deterioration of
metals when added in small quantities to the corrosive environment.
Among them, heterocyclic organic compounds containing sulfur,
phosphorus, oxygen, nitrogen, electronegative functional groups and
p-electron in triple or conjugated double bonds and aromatic rings are
the most effective and efficient inhibitors for the metals in the acidic
mediums due to their molecular structure [13–15]. The adsorption
of organic compounds mainly depends on its physicochemical proper-
ties such as its electronic structure functional groups, steric effects,
p-orbital character of donating electrons and electronic density of
e).
donor atoms [16]. The adsorption occurs due to the interaction of the
lone pair and/or p-orbital of the inhibitor with d-orbital of the metal
surface atoms resulting in the formation of a barrier film [17].

Thiohydantoin is sulfur analogs of hydantoins, which was formed
with one or both carbonyl groups replaced by thiocarbonyl groups
[18]. Among the known thiohydantoins, 2-thiohydantoins were used
as the corrosion inhibitors [19] as well as the development of metal cat-
ion complexation and polymerization catalysis [20]. Furthermore, DPTH
which is 2-thiohydantoin derivative was used as antioxidants [21] and
in cancer research [22].

DPTH molecule contains sulfur, oxygen, two nitrogen atoms and
phenyl groups. In the present study, the choice of DPTH is based on
the presence of electron clouds on the aromatic rings and electronega-
tive nitrogen and sulfur, oxygen atoms inducing greater adsorption of
the compound on the MS surface.

Our study aims to investigate the efficiency of DPTH as the corrosion
inhibitors in the hydrochloric acid mediums by using electrochemical
techniques and quantum modeling.

2. Experimental

2.1. Preparation of electrodes

The working electrode was a cylindrical rod having a certain chem-
ical composition cut from MS bar (wt); 0.17 C, 0.59 Si, 1.60 Mn, 0.04 P
and Fe (remainder). The metal rod's surface area except a portion of
0.50 cm2 was covered with polyester in order to work with a constant
surface area during all measurements. Prior to each application, the sur-
face of the working electrode was ended with the 1200 type after
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mechanically abraded by using different types of sand papers. Themetal
rod was dried with a filter paper after it was washed with bidistilled
water, ethanol, and bidistilled water, respectively. The same application
was repeated for each experiment.
2.2. Test solutions

The test solution is chosen as a 0.1 M HCl(aq) which is the most-used
acid for degreasing, descaling, pickling, etc. The applications were
carried out in 0.1 M HCl solution in the absence and in the presence of
various concentrations (0.005 mM; 0.01 mM; 0.05 mM; 0.1 mM) of
DPTH given chemical structure in Fig. 1. DPTH and other chemicals
were purchased from Sigma-Aldrich (Adana, Turkey) products. All of
the application solutions were created from chemical reagents of ana-
lytical grade with distilled water, and they were used without extra pu-
rification. A freshly prepared solution was used for each application.
Experiments were carried out under static conditions and exposed to
the air. The temperature applications were performed at 25 °C (within
±1 °C) with temperature control of the cell.
2.3. Electrochemical measurements

Electrochemical measurements were carried out by using A CHI 604
model electrochemical analyzer (serial number: 6A721A) under com-
puter control. The cell which has a double-wall one-compartment
with three electrode configurations was used. While A platinum sheet
with 2 cm2 surface area was used as an auxiliary electrode, Ag/AgCl
(3 M KCl) electrode was used as the reference electrode. All potentials
in this study were conducted in accordance with this reference elec-
trode. All polarization plots were carried out potentiodynamically
with the scan rate of 0.001 V s−1 between potential ranges from
−0.80 V (Ag/AgCl) to−0.20 V (Ag/AgCl). The electrochemical imped-
ance spectroscopy measurements were carried out by applying alter-
nating current signal of 0.005 V peak-to-peak in the frequency range
of 100 kHz–0.003 Hz at open circuit potential. In the linear polarization
resistance (LPR) measurements, the potential was scanned with the
scan rate of 0.001 V s−1 from −0.010 V more cathodic potential than
open circuit potential to +0.010 V nobler direction. Polarization plots
were carried out in the absence and presence of 1.0 × 10−1 mM DPTH
at different temperatures (298–328 K) to investigate the mechanism
of inhibition and determine the activation energies of the corrosion
process. In order to obtain potential of zero charge of MS, the Nyquist
measurements of MS were obtained at various potentials in 0.1 M HCl
solution containing 0.1 mM DPTH.
Fig. 1. Chemical structures of DPTH.
2.4. Computational details

The theoretical study was performed using the Density Functional
Theory (DFT) with the B3LYP/6-311++G (d, p) basis set in Gaussian
09 and Gaussview 5.0 visualization programs [23]. The bond length,
bond angle, the highest occupied molecular orbital energy (EHOMO),
the lowest unoccupied molecular orbital energy (ELUMO), energy gap
(ΔE) between LUMO and HOMO, dipole moment, Mulliken and NBO
charges [24] of DPTH were calculated in water phase.

3. Results and discussion

3.1. Potentiodynamic polarization measurements

The potentiodynamic polarization curves of MS in 0.1 M HCl solu-
tions with various concentrations of DPTH are shown in Fig. 2. The cor-
rosion potential shifts towards negative direction with increasing DPTH
concentration. The cathodic current potential curves in Fig. 2 are seen to
be substantially parallel to each other as the inhibitor concentration in-
creases. It shows that the hydrogen evolution reaction is an activation
controlled reaction. The mechanism of the hydrogen evolution process
is not affected by the presence of DPTH [25,26]. However, the anodic
polarization curve does not display a broad linear Tafel region in the
applied potential range. In the anodic part of polarization curves, the
current density decreases in a wide-range potential by the addition of
the DPTH. In addition to this situation, the current versus potential
characteristics does not markedly change the presence of DPTH at
over-voltages higher than about −0.320 V (vs Ag/AgCl). This potential
is usually defined as desorption potential (Ed), whichmeans that the ad-
sorption mode of an inhibitor depends on the electrode potential [27].
The behaviors of DPTH may be the result of significant dissolution of
iron at potentials higher than Ed, leading to the desorption rate of
DPTH molecule higher than its adsorption rate. Thus, in this case, the
formation of a protectivefilm at themetal surface relies on the potential
[28].

The electrochemical parameters such as corrosion potential (Ecorr),
corrosion current density (icorr), and inhibition efficiency (η) were cal-
culated and given in Table 1. It is clear from Table 1 that the corrosion
current density decreaseswhile η is risingwith increasing inhibitor con-
centration and this indicates that DPTH adsorbs on the metal surface
and hence, occurs inhibition [29]. The η was calculated according to
the following equation:

η% ¼ icorr−i
0
corr

icorr

 !
� 100 ð1Þ
Fig. 2. Polarization curves of MS in 0.1 M HCl( ) containing various concentrations
(0.005 mM ( ), 0.01 mM( ), 0.05 mM ( ), 0.1 mM (▲)) of DPTH at 298 K.
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Table 1
Electrochemical parameters for MS determined from polarization measurements.

Cinh(mM) Ecorr
(V, Ag/AgCl)

icorr
(mA cm−2)

Corrosion rate
(mm year−1)

η
(%)

Blank −0.511 0.376 8.719
0.005 −0.512 0.055 1.275 85
0.01 −0.513 0.028 0.649 93
0.05 −0.509 0.024 0.556 94
0.1 −0.508 0.019 0.440 95
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where icorr and i'corr are corrosion current densities in the absence and
presence of the inhibitor, respectively, obtained from extrapolation of
cathodic current-potential curves to corrosion potential.

Furthermore, it is seen from Fig. 2 that the current density decreases
in anodic and cathodic portionswith the increasingDPTH concentration
which indicates that the DPTH protective film suppresses the anodic
and cathodic reactions on the MS surface. On the basis of results,
DPTH for MS in 0.1 M HCl solution could be accepted as a mixed-type
inhibitor.
Fig. 3.Nyquist plot (a), bode (b) and phase angle (c) diagrams ofMS electrode obtained in
0.1 M HCl( ) solution containing various concentrations (0.005 mM( ), 0.01 mM( ),
0.05 mM( ), 0.1 mM(▲)) (a) of DPTH.
3.2. Electrochemical impedance spectroscopy measurements

Nyquist plots of MS in uninhibited and inhibited acid solutions con-
taining various concentrations of DPTH after 1 h of immersion time are
shown in Fig.3. Nyquist's plots consisting of one depressed semi-circular
shape in inhibited, and uninhibited acid solutions are seen in Fig. 3. This
indicates that the corrosion of the MS in the presence and absence of
inhibitor and mainly controlled by a charge transfer process [30]. By in-
creasing concentration of DPTH in 0.1MHCl solution, it causes a change
in both shape and size of the Nyquist plots. The one depressed semicir-
cular shape appearing in the Nyquist plots is attributed to the charge
transfer resistance and the diffuse layer resistance, at low frequencies
related to the adsorption of inhibitor molecules on the metal surface
and all other accumulated kinds at the metal/solution interface (inhibi-
tormolecules, corrosion products, etc.) [31]. In the evaluation of Nyquist
plots, the difference between real impedance at lower and higher fre-
quencies is commonly accepted as a charge transfer resistance. In this
study, the polarization resistance (Rp) is used instead of the charge
transfer resistance [32]. As in Fig. 3, the increasing Rp values with in-
creasing concentration of the DPTH indicates the formation of a protec-
tive film at the metal surface and a barrier for the mass and the charge
transfers [33].

A suitable equivalent circuit diagram is givenwhere Rs is solution re-
sistance, and CPE is a constant phase element in Fig. 4 fitting well with
the experimental results by analyzing the EIS data. The Nyquist plots
are not perfect semicircles as expected from the theory of EIS. Therefore,
it is necessary to use the constant phase element, CPE, instead of double
layer capacitance Cdl to give a more accurate fitting [34]. On the other
hand, the use of a CPE is required as a result of inhomogeneities like
the surface roughness/porosity, adsorption, or diffusion [35]. n is the
phase shift expressed as a degree of surface inhomogeneities. The fitted
data of impedance plots are given in Table 2. It can be seen from Table 2
that while Rp values obtained from EIS and LPR measurements increase
with the increasing concentration of DPTH, CPE values decrease. The
decrease in the CPE could be the result in a decrease in local dielectric
constant and/or an increase in the thickness of double layer due to the
adsorption of DPTH molecules at the metal/solution interface [36]. The
inhibition efficiency (η) values obtained from the LPR measurements
are comparable and in parallel with those obtained from the EIS
measurement. The inhibition efficiency (η) was calculated from the
polarization resistance using the following equation;

η %ð Þ ¼ R
0
p−Rp

R
0
p

 !
x100 ð2Þ

where Rp and R'p are the polarization resistance in the absence and pres-
ence of the inhibitor, respectively.

3.3. Adsorption isotherm, activation energy and thermodynamic parameters

The interaction between the metal surface and the organic
molecules is expressed by adsorption isotherms. Adsorption of organic
Fig. 4. Electrical equivalent circuit model used for the modeling metal/solution interface
(Rp: polarization resistance, Rs: solution resistance, CPE: constant phase element).
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Table 2
Electrochemical parameters for MS electrode corresponding to the EIS and LPR data in 0.1
M HCl solution in the absence and presence of various concentrations containing DPTH.

Cinh (mM) EIS LPR

Rp (Ω cm2) CPE (μF cm−2) n η (%) Rp (Ω cm2) η (%)

Blank 24 1831 0.91 21
0.005 118 710 0.87 79 128 83
0.01 413 656 0.80 94 385 94
0.05 790 565 0.82 96 715 97
0.1 1010 339 0.80 97 989 97

Fig. 6. Polarization curves of MS in 0.1 M HCl (a) and 0.1 mM DPTH (b) at various
temperatures (298 K ( ), 308 K ( ), 318 K ( ), 328 K ( )).
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molecules on a metal surface is a substitution process between the
water molecules at the metal surface and DPTH molecules in the elec-
trolyte solution [37]. The adsorption of the inhibitors on theMS depends
on the degree of surface coverage (θ). The degree of surface coverage (θ)
at different concentrations of the inhibitors on the corrosion of MS was
calculated from EIS results (Table 2). The best fit among the tested var-
ious isotherms was obtained with the use of the Langmuir adsorption
isotherms (Fig. 5), which may be expressed by the following equation:

Cinh

θ
¼ 1

Kads
þ Cinh ð3Þ

where Cinh is inhibitor concentration, and Kads is equilibrium constant of
adsorption.

The plots of Cinh/θ versus Cinh show the expected linear relationship
for DPTH in Fig. 5. The Kads, obtained from linear equation of the straight
line is 7.4 × 103 for DPTH. The Langmuir isotherm indicates that one
monolayer of DPTH molecule is formed on the metal surface [38].

Based on the Langmuir isotherm, the standard free energy of adsorp-
tion (ΔG°ads) can be estimated by the following equation:

ΔGo
ads ¼ −RT ln 55:5Kadsð Þ ð4Þ

where R is the universal gas constant and T is the absolute temperature.
According to Eq. (4), ΔG°ads was calculated as−32.1 kJ mol−1 at 298 K,
which suggested that the adsorption of inhibitor molecules is not
merely physisorption and it may include a comprehensive adsorption
(physical and chemical adsorption). However, the adsorption of
inhibitor molecules on the metal surfaces cannot be accepted as
completely physical or chemical phenomenon. In fact, there is no clear
boundary between the physical and chemical adsorption. In general,
physisorption is recognized as the first step of chemical adsorption
[41]. Namely, besides physical adsorption, chemical adsorption can
also be possible for adsorption of DPTH molecules on MS surface.
ΔG°ads value obtained in this study indicates that the inhibitor adsorbs
on the metal surface both physically and chemically, but physisorption
is the predominant mode of adsorption [39–42].
Fig. 5. Langmuir adsorption plot for the MS electrode in 0.1 M HCl containing different
concentrations of DPTH.
Potentiodynamic polarization measurements were performed to
determine the activation energy of the corrosion process and the inhibi-
tion behavior of DPTH in the temperature range of 298–328 K in 0.1 M
HCl solution in the absence and presence of 0.1 mM DPTH (Fig. 6). As
seen from Fig.6, the current density values are increased with the in-
creasing temperature in the absence and presence of 0.1 mM DPTH in
0.1 M HCl solution. In acidic media, corrosion of metal usually acceler-
ates due to the higher dissolution rate of theMSwith the rise in temper-
ature. The decrease in the current density values in the presence of
DPTH might be due to the weakening of adsorbed inhibitor molecules
on the MS surface. The effect of temperature on corrosion rate can be
expressed by the Arrhenius equation:

icorr ¼ Aexp
−Ea
RT

� �
ð5Þ
Fig. 7. Arrhenius plots for the MS electrode in 0.1 M HCl (♦) and containing 0.1 mMDPTH
(■) solutions.
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Fig. 8. The plot of Cdl vs. applied potential in 0.1 M HCl containing 0.1 mM DPTH.
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where Ea is the activation energy of the corrosion process, T is the tem-
perature, R is the gas constant, A is the Arrhenius constant and icorr is
corrosion current density. Arrhenius plots of the logarithm of the
current density against reciprocal of temperature in the absence and
presence of 0.1 mM DPTH are shown in Fig. 7. The values of activation
energy in the absence and presence of the inhibitor were obtained
from the slope (Ea/R) of two straight lines and their values were deter-
mined as 29.1 kj mol−1 K−1, 55.7 kJ mol−1 K−1, respectively. The value
of Ea in the presence of the inhibitor is greater than in the absence of the
inhibitor. The increase of Ea in the presence of the inhibitor indicates
that the corrosion reaction decreased due to the adsorption of inhibitor
molecules on the MS surface [43,44].

The heat of adsorption (Qads) can be calculated according to the
following equation:

θ
1−θ

¼ AC exp −
Qads

RT

� �
ð6Þ

where R is the gas constant, A is constant, C is inhibitor concentration,
Qads is the heat of adsorption and equal to enthalpy of adsorption pro-
cess (ΔH°ads) with good approximation because pressure is constant, T
is the temperature, θ is the surface coverage of the inhibitor molecules.
A plot of log (θ/(1− θ)) versus 1/T shows a linear line. The slope of the
straight line is−Qads/R and equal to ΔH°ads value.ΔH°ads value was cal-
culated as−32.1 kJmol−1 K−1. TheΔH°ads indicates that the adsorption
of DPTH molecules is an exothermic process [45] and η decreases with
increasing temperature. This situation can be explained on the basis
that the adsorbed inhibitormolecules on theMS surface ismore desorp-
tion at higher temperature and the value of ΔH°ads is lower than
40 kJ mol−1 for physisorption process while for chemisorption it is
about 100 kJ mol−1 [46].

The entropy of adsorption process (ΔS°ads) concerning the adsorp-
tion of DPTH on MS was also calculated from the thermodynamic
basic equation:

ΔGo
ads ¼ ΔHo

ads−TΔSoads: ð7Þ

The ΔS°ads value obtained from Eq. (7) is −2.01 J mol−1 K−1. The
sign of ΔS°ads was found as negative, thus inhibitor molecules easily
moving in the bulk solution were adsorbed in an orderly manner onto
the MS, leading to a decrease in entropy [47,48].
3.4. Potential of zero charge

The process of adsorption is influenced by factors such as the nature
and surface charges on the metal, the type of aggressive electrolyte, the
chemical structure of inhibitor and the nature of its interaction with the
metal surface. The surface charge of metal is determined by the position
of corrosion potential Ecorr regarding the appropriate potential of zero
charge (PZC). The EIS data with the double-layer capacitance (Cdl) ver-
sus voltage (E) plots [49–52] was used to determine the PZC. Generally,
aminimumvalue on the Cdl versus the applied potential curve is consid-
ered as the PZC of the electrode, and then the surfacenet charge ofmetal
can be evaluated in a given aggressive medium according to the differ-
ence Er = Ecorr − PZC, where Er is the Antropov's “rational” corrosion
potential [51].

The dependence of Cdl on the applied potential of MS in 0.1 M HCl
with the addition of 0.1 mM DPTH after 1 h of immersion time is
given in Fig. 8. According to Fig. 8, PZC is theminimumpoint of parabola
and its potential value is−0.523 V (Ag/AgCl). According to the PZC, Er is
positive and its potential is−0.493 V (Ag/AgCl). For this reason, theMS
surface is positively charged at its corrosion potential.
3.5. Inhibition mechanism

The inhibition mechanism of inhibitor molecules was offered as;
the DPTH can also be adsorbed on the steel surface via electrostatic in-
teraction between the positively chargedmetal surface and the charged
inhibitor molecules in Cl− containing aggressive medium. The anodic
reactions;

Feþ Cl−↔ FeCl−ð Þads ð8Þ

FeCl−ð Þads↔ FeClð Þads þ e− ð9Þ

FeClð Þads↔FeClþ þ e− ð10Þ

FeClþ↔Fe2þ þ Cl−: ð11Þ

In acid solution, the DPTH is available in the form of protonated
(cations);

DPTHþHþ↔DPTHHþ: ð12Þ

It is known that the chloride ions have a small degree of hydration,
and due to specific adsorption, they should be first adsorbed on the pos-
itively charged metal surface which is determined from PZC results.
They could form a negative excess charge towards its solution side
and favormore adsorption of the positively charged inhibitormolecules
in solution. Hence, in the case of the inhibitor present, the cationic
DPTHH+ molecules can be easily adsorbed on MS surface via
electrostatic interaction with the adsorbed Cl− ions which form
interconnecting bridges between the positively charged MS surface
and cation of DPTH [52,53]. In addition to the above physical adsorption,
the adsorption of DPTH molecules can occur directly through sharing
lone pair electrons in hetero atoms and/or p electrons in phenyl rings
with the unoccupied d orbital of iron atoms to form coordinate covalent
bond (chemisorption).

Furthermore, the protonated inhibitor molecules may affect the ca-
thodic reaction. In acid solution, the cathodic hydrogen evolution reac-
tion may be given as follow:

Feþ Hþ↔ FeHþ� �
ads ð13Þ

FeHþ� �
ads þ e−→ FeHð Þads ð14Þ

FeHð Þads þHþ þ e−→FeþH2: ð15Þ

The DPTHH+ molecules may adsorbed at cathodic sites of mild steel
in competition with hydrogen ions that reduce to H2 gas [54].

Image of Fig. 8


Fig. 9. SEM images of MS surface after 120 h immersion in 0.1 M HCl solution in the absence (a) and presence of 0.1 mM DPTH (b).
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3.6. SEM analysis

Fig. 9 shows the surfacemorphology of theMS in the absence and in
the presence of 0.1 mMDPTH in 0.1MHCl solution after 120 h at 298 K.
The MS electrode is immersed in 0.1 M HCl solution in the absence of
DPTH (Fig. 9a). It can be seen that some cracks, spheres and pits form
on the MS surface due to attack of corrosive solution. The MS surface
in the presence of the inhibitor (Fig. 9b) is well protected, and it has a
smooth surface. The corrosion of MS is prevented due to the protective
adsorption film formed on the MS surface. Therefore, it can be conclud-
ed that DPTH shows a good inhibition performance for the corrosion of
MS in acidic solution.
Table 4
The calculated Mulliken and NBO charges of DPTH.

Atoms Mulliken NBO

C1 0.32194 0.47810
C2 −0.11142 0.84061
C3 0.87873 0.06680
N4 0.05248 −0.69409
H5 0.34667 0.48414
H6 0.39937 0.49180
N7 −0.15397 −0.76376
O8 −0.31764 −0.60726
C9 0.41365 −0.07525
C10 −0.35298 −0.21498
C11 −0.36592 −0.22028
C12 −0.32477 −0.24261
H13 0.20572 0.26304
C14 −0.52821 −0.24062
3.7. Theoretical calculations

The optimized structure parameters of DPTH are given in Table 3.
The calculated values were compared with literature [55,56]. The C1
N4 bond length was 1.324 Å. Aleksander Roszak et al. [55] determined
the value as 1.326 Å. The variation in the bond lengths of C1 N7 and
C1 N4 may have more to do with increase electron density around C3
and N4 due to electron donating effect of the phenyl group. The C1
S31 bond length was 1.734 Å, the C2 O8 bond length was also 1.202 Å
which was usual for thiocarbonyl and carbonyl groups [53,55]. The N4
C1 N7 bond angle was 107.856°, which was higher than C2 C3 N4
bond angle (almost 99°) on account of the phenyl groups on C3. Analy-
sis of Table 3 shows that the calculated bond lengths and angles are
consistent with literature [55]. The thiohydantoin ring geometry of 5-
benzyl-2-thiohydantoin was investigated by Deval et al. [56] the CS
bond length was 1.635 Å and C = O was 1.206 Å for optimized mono-
mer molecule and values were almost parallel with experimental
results [57].

The Mulliken and NBO charges are given in Table 4. The total nega-
tive Mulliken charge was −5.097. The highest negative charge was
located on S31 atom which was almost −0.8. The total negative NBO
Table 3
The bond length and bond angle of DPTH in water phase.

Bond length (Å) Water phase Reference*

C1 N4 1.324 1.326
C1 N7 1.360 1.464
C1 S31 1.734 1.648
C2 N7 1.384 1.392
C2 O8 1.202 1.216

Bond angle (o)
N4 C1 N7 107.856 106.790
N7 C1 S31 124.893 124.460
N7 C2 O8 126.536 126.700
C2 C3 N4 99.721 99.930
charge was −2.581. The NBO charges distribution showed that the
highest negative charge was located on N7 atom. It should be noted
that inhibitor molecules adsorb mainly through electrostatic interac-
tions between the negatively charged atoms and the positively charged
metal surface (physisorption) [58]. The higher negative charge was lo-
cated on thiohydantoin ring, therefore adsorption may occurred on N7
and S31 terminal of thiohydantoin ring in DPTH. According to literature
[55], hydrogen bond should form between O and the H atom binding
with N atom and molecules connected by hydrogen bonds should
form ribbon-like infinite sheets. After forming first adsorption layer, it
may form other layers by accumulation of DPTH with hydrogen
bonds. For detailed information, the stabilization energy E(2) was deter-
mined by the NBO calculations with the second-order Fock matrix
whichwas carried out for each donor (i) and acceptor (j), in order to un-
derstand intramolecular bonding and interaction among bonds. The E(2)

values of nS31→σ ∗ C1N4was 13.40 kcal mol−1, nS31→ σ ∗ C1N7was
14.31 kcal mol−1 and nO8 → σ ∗ C2 N7 was 1.41 kcal mol−1 in water
H15 0.21850 0.25133
C16 −0.44021 −0.22905
H17 0.21264 0.25687
H18 0.21680 0.25781
H19 0.18412 0.25619
C20 0.82943 −0.07784
C21 −0.30344 −0.21961
C22 −0.32634 −0.22313
C23 −0.39982 −0.24214
H24 0.19790 0.25813
C25 −0.32168 −0.24150
H26 0.20793 0.26303
C27 −0.47615 −0.23343
H28 0.21610 0.25636
H29 0.21059 0.25653
H30 0.18272 0.25537
S31 −0.87271 −0.41057

Image of Fig. 9
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phase. The maximum energy delocalization occurred between
nS31→ σ ∗ C1 N7 which was affected from configuration of molecule.

The HOMO and LUMO energy values give further insights which are
related with the electron donating and accepting ability of a molecule,
respectively. The donation forms normal covalent bonds and accepting
forms the back donation covalent bonds [59]. The EHOMO was
−6.668 eV in water phase analysis, which indicates a tendency of the
molecule to donate electrons to the appropriate acceptor. The low
ELUMO value (−1.794 eV) demonstrated that the electron accepting
ability of the molecule was higher. The energy gap between LUMO
and HOMO (ΔE) was 4.875 eV. It reflects the higher inhibition efficiency
of DPTH because the lower ΔE causes the, improvement on the reactiv-
ity of the molecule, which facilitates adsorption [60,61]. Furthermore,
the higher dipole moment (5.152 Debye) proved that the dipole–
Fig. 10. The optimized structure of DPTH (a) and HOMO (b), LUMO (c) orbitals.
dipole interaction of DPTH and metal surface was higher. The fraction
of electrons (ΔN) transferred from DPTH was 0.745 in water phase.
The value was high enough when compared with literature [9,62–64].
It supported the high inhibition efficiency of DPTH. Furthermore, the lo-
calization of HOMO and LUMO orbital correlates it. The spread of orbital
is not even on the entire molecule. In Fig. 10, it was seen that main
locations of orbital were on the S, N and O atoms as expected in the
literature [51].

Theoretical results showed that DPTH was most probably adsorbed
on S31 atom to MS surface and it may connect with other DPTH mole-
cules via hydrogen bonds in aqueous solution. Therefore, calculations
which were obtained in water phase were correlated with the experi-
mental results.

3.8. Comparison of similar molecules in literature

4,5-Diphenyl-1H-imidazole-2-thiol (DIT), 3,5-diphenyl-4H-1,2,4-
triazole (DHT) and 2-Thiohydantoin (2-THD) structures are given in
Fig 11 to compare with DPTH. These are chosen as similar to DPTH
due to the phenyl groups and heteroatoms like N, O, S found in their
structure. It is observed that the inhibition efficiency of thesemolecules
was over 90% as in DPTH. DIT from these molecules has been evaluated
as a corrosion inhibitor in 1 M HCl (Fig. 11 a). Its inhibition efficiency
was determined as 91% by weight loss technique in the presence of
1.0 × 10−2 M DIT in 1 M HCl. In a similar way to DPTH, the high inhibi-
tion efficiency of DIT was attributed to aromatic π-electrons and un-
shared electrons pairs on the nitrogen and sulfur atoms interacting
with vacant d-orbitals of iron as well as physical adsorption [65,66].
Comparison of the quantum chemical parameters of the DPTH with
DIT showed that; DIT has lower dipole moment than DPTH, which is
4.904 Debye. The high value of dipole moment implies the strong ad-
sorption ofmolecule at the electrode surface, so DPTH has higher inhibi-
tion efficiency than DIT. The HOMO and LUMO energies of DIT are
−1.381 eV and −1.026 eV, respectively and these orbitals are placed
on S and N atoms.

DHT given in Fig. 11b shows 98.5% inhibition efficiency in 1 M HCl
from EIS results. The inhibition efficiency for DHT can be explained
with intramolecular hydrogen bonding among DHT molecules from
the XPS studies. This event is related to increase of the binding energy
and on the basis of donor–acceptor interactions between the unshared
electrons pairs on the nitrogen atoms, the π-electrons of the phenyl
groups and the vacant d orbitals of metal surface atoms. Additionally,
X-ray photoelectron spectroscopy (XPS) showed that inhibition of cor-
rosion by DHT is due to the formation of a chemisorbed film on the steel
surface [66]. The pictorial representation of the HOMO and LUMO or-
bitals of DHT was located phenyl groups and N atoms. The DPTH has
larger HOMO surface than DHT and the total negative Mulliken charge
of DHT is lower than DPTH, which is −1.872. The highest negative
charge is located on N atom and the value is −0.63. The theoretical
calculation of DHT supports XPS results.

The corrosion performance of 2-thiohydantoin (2-THD) has been in-
vestigated in 0.1MHCl (Fig. 11 c) [19] and it has been observed fromEIS
results that DPTH has nearly the same inhibition efficiency as 2-THD
(1.0 × 10−2 M) at 100 times lower concentration, in the same acid solu-
tion. DPTH has two phenyl groups which are different from 2-THD. It is
determined that the adsorption on the MS surface of both molecules is
the chemisorption as well as predominantly physical adsorption. The
highest negative charge of 2-THD is located on N atom, which is
−0.91 and molecule may adsorbed on electrode surface by unshared
electron pair of amine group. The high inhibition efficiency of DPTH at
low concentration can be explained by the contribution to adsorption
on MS surface of π electrons in phenyl groups of DPTHmolecules com-
pared to 2-THD. It is described by two shapes of adsorption, through
the free lone pairs on nitrogen and sulfur atoms as well as π-electrons
of the phenyl rings and protonated species from sulfur atom of DPTH
and 2-THD form cations which are electrostatically attracted to the

Image of Fig. 10
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pre-adsorbed Cl−1 anion on the MS surface. In addition, DPTH mole-
cules may also be stabilized by the intramolecular hydrogen bonds
[54]. The increase in inhibition efficiency for DPTH can be due to intra-
molecular forces [19].

4. Conclusion

The following results can be plotted from this work:

1) The corrosion rate ofMS in 0.1MHCl, decreases upon the addition of
the minimal concentration of DPTH (0.005–0.1 mM) and inhibition
efficiency increases with increasing DPTH concentration.

2) The DPTH acts as a mixed type inhibitor, it suppresses both anodic
and cathodic reactions, adsorption of DPTH increases with decreas-
ing temperature.

3) The DPTH has high dipole moment which allows strong interaction
with electrode surface and the highest negative charge is located
on N and S atoms of DPTH, therefore adsorption may occur on
N-heterocyclic ring by electrostatic interactions.

4) The location of the frontier molecular orbitals (HOMO and LUMO)
andNBO analysis indicate that DPTHmay be connected by hydrogen
bondswhich form ribbon-like infinite sheets and adsorb through the
active centers N and S atoms and π electrons.
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