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Abstract

A new class of corrosion inhibitors for iron demonstrated by group of cobalt complex com-
pounds, of the general formula [CoIII(Rdtc)cyclam](ClO4)2 (1)–(4) where cyclam is 1,4,8,11-tetraaza-
cyclotetradecane and Rdtc� refer to piperidine-, 2-, 3- or 4-methylpiperidine-dithiocarbamates,
respectively, has been studied. Investigation of inhibiting properties of the ligands themselves as well
as their corresponding complexes with Co(III) ion, was performed in 0.1 M HClO4 by potentiody-
namic polarization and EIS measurements. Cobalt complexes inhibit the corrosion of iron better
than the uncomplexed ligands. Polarization curves suggest that complexes and amino-ligands are
mixed-type and cathodic-type inhibitors, respectively. The impedance of the inhibited substrate
increased with increasing concentration of inhibitor. An equivalent circuit is suggested, based on
the analysis of EIS spectra. Using molecular modeling calculations, the complex compounds were
characterized in terms of their structural properties and inhibition activity.
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1. Introduction

Corrosion inhibition in acid is more effective if the inhibitor contains polar atom(s) in the
structure which function as adsorption centers on the metal surface [1–6]. They adsorb or
bridge with other solution component to form a protective layer. Besides, the presence of
nitrogen and sulphur as donor atoms in the structure has the specific ability to form stable
complexes tightly packed in the coordination sphere of metal ion [7,8]. This introduces a
new prospective class of compounds in terms of corrosion studies. A number of coordina-
tion compounds are of considerable interest in relation with a structural study of diverse
ligand influences but they have not been fully explored acting as corrosion inhibitors.

Dithiocarbamates readily form stable bis- and tris-complexes with transition and non-
transition metals [9,10]. They were found to act as corrosion inhibitors [11] despite the fact
that they are unstable in acids [12].

On the other hand, our interest in macrocyclic ligands and metal complexes result from
their unusual properties as well as their similarity to natural biologically active compounds
[13]. The chelate structure would imitate a stable environment around the metal center and
also, could play a significant role in the redox behavior [13,14] as well as the electrocata-
lytic activity for the oxygen [15], H2O2 [16], CO2 [17,18] and NO�3 [18] reduction reactions.
Macrocyclic ligands present one promising class of materials for application in corrosion
studies [19], with interest in structurally similar molecules that could be chemically more
efficient [20–22].

In that respect, macrocyclic 14-membered cyclam (1,4,8,11-tetraazacyclotetradecane)
has its remarkable complexing properties extended by introducing four asymmetric
amine nitrogen atoms and five isomeric forms, by virtue of trans or cis configurations
[23,24]. It could be forced into a folded form with additional exocyclic ligand [17,25–
31]. Combination with one suitable bidentate ligand, such as dithiocarbamates in octahe-
dral arrangement around the cobalt(III) ion, generates a new group of mixed-ligand
complexes [26,27]. Various aspects of such complexes include not only physical and struc-
tural studies [26–28], but also there has been wide interest in the complexes activity in
electrochemical prospective [16,17,30,32]. Even if corrosion inhibition by cobalt does
not have a large technological impact, the properties and chemistry of synthetic cobalt
materials might be informative and comparable with those of other, industrially impor-
tant systems [33].

Previous preliminary results [32] show that this class of compounds can act as corro-
sion inhibitors by affecting the reaction of hydrogen evolution. Among the corrosion
inhibitors of iron, the adsorption behavior of cyclam and heterocyclic amino com-
pounds, as well as their corresponding cobalt(III) complexes, of the general formula
[CoIII(Rdtc)cyclam](ClO4)2 (1)–(4) where Rdtc� refer to piperidine-, 2-, 3- or 4-methyl
piperidine-dithiocarbamates, respectively, were studied in 0.1 M HClO4 in relation to their
inhibiting properties. The correlation between the chemical structures of complex
compounds, their adsorption capability and inhibiting efficiency in respect to acidic corro-
sion of iron are discussed on the basis of the electrochemical impedance spectroscopy
(EIS), potentiodynamic and linear polarization data. In order to explain the role of such
complexes during corrosion process, the corresponding macrocyclic and heterocyclic
amines were investigated by both techniques. Within the frame of their structural prop-
erties and inhibition activity, complex compounds were also characterized on the basis
of molecular modeling data.
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2. Experimental

2.1. Materials

High purity grade commercial cyclam, cobalt(II) perchlorate hexahydrate, as well as
heterocyclic amines (piperidine, 2-, 3- and 4-methylpiperidine) from Aldrich Chemical
Co. were used without further purification.

The sodium salts of Rdtc� ligand were obtained following the procedure described else-
where [34]. The cobalt(III) complexes studied, Fig. 1, were prepared by direct synthesis
starting from Co(ClO4)2 Æ 6H2O, cyclam and corresponding NaRdtc Æ 2H2O, in molar ratio
1:1:1, as described [26,27]. After purification, the corresponding complexes of the general
formula [Co(Rdtc)cyclam](ClO4)2 [cis-S,S 0-dithiocarbamato(1,4,8,11-tetraazacyclotetra-
decane)cobalt(III) perchlorate], were crystallized in about 45% yield.

All compounds studied were put in the 0.1 M HClO4 (Fisher Scientific) at concentration
range 5 lM to 1 mM. The electrodes were immersed in these solutions for a half hour
before starting measurements.

2.2. Electrodes

A conventional electrolytic cell was used, as described elsewhere [35]. Electrochemical
experiments were performed using the three-electrode arrangement with a saturated calo-
mel electrode (SCE) as a reference electrode, platinum as a counter electrode and iron as
the working electrode. All reported potential values are on the SCE scale. Experiments
were carried out using pure iron (Puratronic 99.99%, Johnson Matthey Ltd.) as the elec-
trode material. Iron rod was mounted in Teflon to provide a surface area of 0.28 cm2. The
surface was abraded using emery papers of 180, 120, 0, 4/0 grit, polished with Al2O3

(0.5 lm particle size), cleaned in 18 MX water in an ultrasonic bath, and subsequently
rinsed in acetone and bidistilled water. Electrochemical experiments were carried out
Fig. 1. The structure of heterocyclic amines, macrocyclic ligand and corresponding cobalt(III) complexes (1)–(4).
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under static conditions at 25 �C in aerated solutions, with a fine Luggin capillary closely
placed to working electrode to minimize ohmic resistance effect.

2.3. Measurements

Measurements were performed on an EG&G Princeton Applied Research Potentiostat/
Galvanostat (PAR model 273) in combination with a Solarton 1250 frequency response
analyzer. These instruments were used for polarization and capacitance measurements
along with a computer for collecting data. The potentiodynamic current–potential curves
were obtained by changing the electrode potential automatically from �250 mVSCE to
+250 mVSCE versus open circuit potential (Eoc) at a scan rate of 0.5 mV/s. Linear polar-
ization resistance (LPR) experiments were done at �20 mV to +20 mV versus Eoc. EIS
measurements were carried out in the frequency range of 100 kHz to 40 mHz with ampli-
tude of 5 mV peak-to-peak, using a.c. signals at Eoc. The corrosion software used in this
study is model 352-252 version 2.23. The EIS software model 398 and Zview software
(Scribner Associates Inc., Southern Pines, NC) were used for impedance data analysis.

For molecular modeling, a quantum mechanical program Hyperchem 7 marketed by
Hypercube Inc., was used. Molecular orbital (MO) calculations are based on the
semi-empirical Self-Consistent Field (SCF) method. A full optimization of all geometrical
variables without any symmetry constraint was performed at the RHF (Restricted
Hartree–Fock) level using ZINDO/1 semi-empirical SCF–MO method. ZINDO/1 is based
on the Intermediate Neglect of Differential Overlap approximation (INDO) method [36]
and was created especially for computing properties of transition elements’ compounds.
3. Results and discussion

3.1. Potentiodynamic polarization and LPR measurements

Potentiodynamic polarization measurements have been used to investigate cobalt(III)
complexes of the general formula [Co(Rdtc)cyclam](ClO4)2 (1)–(4), in addition to free
amino-ligands, as possible corrosion inhibitors for iron in 0.1 M HClO4 at concentration
range 5 lM to 1 mM.

Table 1 shows the electrochemical parameters obtained for the complexes (1)–(4). It is
clear that at low concentrations (5 lM and 10 lM) these compounds promote the corro-
sion of iron, but as the concentration was increased (50 lM to 1 mM) they act as corrosion
inhibitors. Positive values of efficiency indicate corrosion inhibition, while negative protec-
tion indicates increased corrosion. The best inhibition efficiency was 93% at 1 mM. The
efficiency of the inhibitors in the corrosion of iron in 0.1 M HClO4 is calculated as follows:

I% ¼ i0
corr � icorr

i0
corr

� �
� 100 ð1Þ

where i0
corr and icorr are uninhibited and inhibited corrosion current densities, respectively.

Current densities (icorr) were determined by extrapolation of the anodic and cathodic
Tafel lines as seen in Fig. 2. Fig. 2a represents positive inhibition effect of the complexes
(1)–(4) at 1 mM, while Fig. 2b shows the catalytic effect of these compounds at 5 lM. The
decrease in the corrosion rate in the inhibiting range is associated with a shift of both
cathodic and anodic branches of the polarization curves towards lower current densities,



Table 1
Electrochemical polarization parameters for iron and different concentrations of the complexes (1)–(4) as
corrosion inhibitors in 0.1 M HClO4

Compound Concentration
(lM)

icorr

(lA/cm2)
�Ecorr

(mV)
bc

(mV/dec)
ba

(mV/dec)
C.R
(mm/y)

I

(%)

Blank – 216 520.8 278 108 2.5 –

Complex (1) 5 409 579.6 248 161 4.7 –
10 241 575.9 234 139 2.8 –
50 121 546.8 1498 114 1.4 40

100 87 522.5 174 102 1.0 57
500 30 517.0 128 83 0.3 86

1000 24 538.0 196 107 0.2 88

Complex (2) 5 249 580.7 197 144 3.6 –
10 172 574.9 201 139 2.0 15
50 73 527.3 157 102 0.8 64

100 26 558.3 121 86 0.3 87
500 15 536.0 135 76 0.2 93

1000 14 483.2 210 80 0.1 93

Complex (3) 5 555 577.6 269 181 6.4 –
10 491 573.7 268 174 5.7 –
50 79 534.4 160 101 0.9 61

100 34 526.7 143 87 0.4 83
500 18 489.8 204 71 0.2 91

1000 15 512.3 141 67 0.1 93

Complex (4) 5 412 578.5 236 168 4.8 –
10 524 583.5 262 178 6.0 –
50 116 548.0 207 116 1.3 43

100 57 540.2 133 102 0.6 72
500 22 495.4 218 68 0.3 89

1000 16 512.2 157 69 0.2 92

(1) [Co(pipdtc)cyclam](ClO4)2; (2) [Co(2-mepipdtc)cyclam](ClO4)2; (3) [Co(3-mepipdtc)cyclam](ClO4)2; (4) [Co(4-
mepipdtc)cyclam](ClO4)2.
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together with a mainly negative shift in Ecorr, suggesting that these complexes act as mixed-
type inhibitors. The values of bc changes significantly with increased concentration of
inhibitor, showing the influence on the hydrogen evolution reaction.

In order to compare efficiency data of the investigated complexes (1)–(4), the group of
corresponding amino-ligands i.e., cyclam as the basic macrocycle and heterocyclic amines
as an integral part of Rdtc� ligand, were analyzed by the same techniques.

The electrochemical parameters for iron in 0.1 M HClO4 in presence of various concen-
trations of cyclam, piperidine and its methyl derivatives (Fig. 1) are presented in Table 2. It
is evident that the inhibition of cyclam is negligible (24–52%) at low concentrations 5 lM
and 10 lM. As the concentration increases inhibitor efficiency rises to a best efficiency of
89% at 1 mM. In case of methyl derivatives of piperidine, inhibitive action also increased
with a highest value at 1 mM. The negative shift in Ecorr (Table 2) suggests that this class
of amines has a stronger effect on the cathodic hydrogen evolution reaction. Fig. 3a shows
an example at 500 lM for these amino-compounds.

The inhibiting effect of inhibitors studied, including amino-ligands and complexes
(1)–(4), provide a model of their inhibiting action as it is presented in polarization curves



Fig. 2. Anodic and cathodic Tafel polarization curves for iron and in the presence of the complexes (1)–(4) in
0.1 M HClO4: (a) 1 mM and (b) 5 lM.
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at Fig. 3b. Uncoordinated ligands show quite high inhibitor efficiency and low corrosion
rate (Table 2) but comparing with coordinated compounds (Table 1) the effectiveness is
more pronounced. The magnitude of the inhibition effect for the (1)–(4) complexes was
about 93%, which is higher than that obtained for non-complexed amino-ligands i.e.,
69–86% range. Nevertheless the magnitude of the corrosion current densities was much
lower than that obtained for pure iron and amino-ligands (Tables 1 and 2).



Table 2
Electrochemical polarization parameters for iron and different concentrations of amines as corrosion inhibitors in
0.1 M HClO4

Compound Concentration
(lM)

icorr

(lA/cm2)
�Ecorr

(mV)
bc

(mV/dec)
ba

(mV/dec)
C.R
(mm/y)

I

(%)

Blank – 216 520.8 278 108 2.5 –

1,4,8,11-Tetraaza
cyclotetradecane (cyclam)

5 149 522.8 453 105 1.7 24
10 97 522.2 327 97 1.1 52
50 78 525.0 227 101 0.6 74

100 38 538.0 232 86 0.4 81
500 29 544.7 283 101 0.3 86

1000 22 550.7 221 112 0.2 89

Piperidine (pip) 5 80 527.5 272 88 0.9 59
10 76 534.8 254 99 0.8 61
50 63 532.5 240 95 0.7 68

100 46 547.9 281 98 0.5 77
500 33 547.5 261 97 0.4 83

1000 26 527.8 270 98 0.3 86

2-Methyl piperidine (2mp) 5 90 538.3 261 99 1.0 54
10 81 547.8 261 95 0.9 58
50 75 539.4 231 94 0.8 62

100 55 555.4 226 103 0.6 72
500 36 528.1 254 84 0.4 81

1000 34 538.8 222 93 0.4 82

3-Methyl piperidine (3mp) 5 99 538.3 263 99 1.2 49
10 95 514.8 210 106 1.1 51
50 89 522.6 259 102 1.0 56

100 78 536.3 232 115 0.9 61
500 56 525.9 242 76 0.7 72

1000 53 533.0 254 92 0.6 74

4-Methyl piperidine (4mp) 5 122 532.5 269 90 1.4 37
10 101 518.2 283 98 1.2 48
50 92 531.4 279 97 1.1 53

100 83 526.4 241 97 1.0 57
500 65 528.3 265 96 0.8 67

1000 60 531.7 262 89 0.7 69
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Regarding the polarization curves regions with the non-linear Tafel slopes, a slow scan
through a small potential range of ±20 mV at Eoc was performed by using the linear polar-
ization resistance (LPR) method. Electrochemical parameters obtained from polarization
resistance (Rp) in 0.1 M HClO4 in the presence of macrocyclic ligand cyclam, amine 2-
methylpiperidine and corresponding complex (2), as representative examples are given
in Table 3. I versus E curves show a linear current response, where slope and intersection
gives Rp and Ecorr values, respectively. Corrosion current density (icorr) was calculated
from Eq. (2) for charge transfer controlled reaction kinetics for the case of small corrosion
potential perturbation [37], where ba and bc are the anodic and the cathodic coefficients,
respectively.

icorr ¼
babc

2:303ðba þ bcÞ

� �
� 1

Rp

� �
ð2Þ



Fig. 3. Anodic and cathodic Tafel polarization curves for iron in 0.1 M HClO4 and in the presence of (a) 500 lM
amines and (b) 1 mM 2-methylpiperidine, cyclam and complex (2).
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The values of Rp show that polarization resistance increased with increasing inhibitor con-
centration. The values calculated from LPR measurements (Table 3), for which the corre-
lation coefficients are above 97% (R2 = 0.966–0.999), are in agreement with those of Tafel
data (Tables 1 and 2).

3.2. Electrochemical impedance spectroscopy

A typical set of Nyquist plots for iron in inhibited 0.1 M HClO4 is shown in Figs. 4 and
5. The curves obtained with inhibitors are significantly different. Generally, the impedance
of the inhibited substrate increased with increasing concentration of inhibitor.



Table 3
Polarization resistance data of iron in 0.1 M HClO4 in the presence of amines and corresponding complex
compound

Compound Concentration
(lM)

Rp

(X cm2)
�E(begin)

(mV)
�E(end)

(mV)
�Ecorr

(mV)
icorr

(lA/cm2)
C.R
(mm/y)

1,4,8,11-Tetraaza
cyclotetradecane (cyclam)

5 704 584.5 544.5 565.2 110 1.3
10 743 542.5 502.5 524.9 104 1.2
50 995 542.5 502.5 525.0 78 0.9

100 1309 564.5 524.5 545.3 59 0.7
500 2457 558.0 518.0 539.2 32 0.3

1000 3189 567.0 527.0 548.3 24 0.2

2-Methyl piperidine (2mp) 5 836 547.0 507.0 529.2 93 1.1
10 976 554.0 514.0 536.5 79 0.9
50 1248 552.0 512.0 534.2 62 0.7

100 1663 568.0 528.0 549.3 47 0.5
500 2021 584.5 544.5 565.1 38 0.4

1000 2690 551.0 511.0 532.4 29 0.3

Complex (2) 5 559 581.3 600.5 560.5 139 1.6
10 792 575.7 595.0 555.0 98 1.1
50 1272 529.0 547.5 507.5 61 0.7

100 3023 558.5 578.5 538.5 26 0.3
500 4135 534.6 554.5 514.5 18 0.2

1000 4795 536.9 556.0 516.0 16 0.1
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Impedance spectra for iron in 0.1 M HClO4 in the presence of different concentrations
of inhibitors were similar in shape. The appearance of two semicircles in the impedance
diagram was common to most of the compounds studied. The impedance diagrams
obtained are not perfect semicircles and this difference has been attributed to frequency
dispersion [38,39]. At Fig. 4a, Nyquist plot curves show that impedance response of iron
in 0.1 M HClO4 changes considerably on addition of cobalt(III) complexes (1)–(4).

The charge transfer resistance (Rct) values are calculated from the difference in the
impedance at lower and higher frequencies [40]. At higher values of Rct, which arise with
higher concentration of complexes, inhibition efficiency increases. Inhibition efficiency cal-
culated from EIS measurements is given by Eq. (3)

I% ¼ 1=R0
ct � 1=Rct

1=R0
ct

� 100 ð3Þ

where R0
ct and Rct are the charge transfer resistance values without and with inhibitor,

respectively.
The impedance parameters derived from these investigations are given in Tables 4 and

5. It is found that at concentrations 5 lM and 10 lM the complexes (1)–(4) have a accel-
erating effect (Fig. 4b and Table 4), while by increasing the concentration from 50 lM to
1 mM the inhibition efficiency of these complexes increased (Fig. 4a and Table 4). Similar
behavior is noticed in case of cyclam (Fig. 5a and Table 5). For piperidine and its deriv-
atives the inhibition efficiency increases at all concentrations (Fig. 5a and Table 5). The
inhibiting effect of investigated compounds including amino-ligands and complexes (1)–
(4) is presented as a representative example of the Nyquist plot at Fig. 5b.



Fig. 4. Nyquist plots for iron and the complexes (1)–(4) in 0.1 M HClO4: (a) 1 mM and (b) 5 lM.
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Double-layer capacitance (Cdl) was calculated from the following Eq. (4)

f ð�Z 00maxÞ ¼
1

2pCdlRct

� �
ð4Þ

where �Z 00max is the maximum imaginary component of the impedance.
The double-layer capacitance at the Fe/HClO4 interface decreases with increased inhib-

itor concentration (Tables 4 and 5). Decrease in Cdl, which can result from a decrease in
local dielectric constant and/or an increase in the thickness of the electrical double layer,
indicates that the inhibitors are adsorbed on the surface at both anodic and cathodic sites
[41].

Inhibition efficiencies obtained from DC polarization and EIS measurements are
in good agreement (Tables 1–5 and Figs. 2–5). In the case of all complexes, negative



Fig. 5. Nyquist plots for iron in 0.1 M HClO4 and in the presence of: (a) 500 lM amines and (b) 1 mM 2-
methylpiperidine, cyclam and complex (2).
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protection at low concentrations suggests that metal-inhibitor interactions are very simi-
lar. At low concentrations, the complex compounds (1)–(4) act as accelerators or as poor
inhibitors in case of amino-ligands. Corrosion acceleration rate at lower inhibitor concen-
tration is known in the literature [42–45]. One explanation is that the metal surface is not
completely covered and reaction can occur on small-uncovered areas. It is worth noting
that the structural similarities in case of the complexes (1)–(4) (Fig. 1) and differences in
efficiency arise from the amine part of bidentate Rdtc� ligand.



Table 4
Impedance data for the corrosion of iron in the presence of different concentrations of the complexes (1)–(4) as
corrosion inhibitors in 0.1 M HClO4

Compound Concentration (lM) Rct (X cm2) 103 (1/Rct) (1/X cm2) Cdl (lF/cm2) I (%)

Blank – 518 1.93 30.7 –

Complex (1) 5 405 2.47 39.3 –
10 448 2.23 35.5 –
50 1298 0.77 12.3 6

100 1451 0.69 6.9 64
500 1956 0.51 5.2 73

1000 4211 0.24 2.4 88

Complex (2) 5 468 2.13 34.0 –
10 731 1.37 21.8 29
50 1558 0.64 10.2 67

100 5340 0.18 1.9 90
500 7731 0.13 1.3 93

1000 11070 0.90 0.9 95

Complex (3) 5 307 3.26 51.8 –
10 388 2.57 41.0 –
50 1479 0.67 10.8 65

100 3476 0.28 2.9 85
500 5243 0.19 1.9 90

1000 6544 0.15 1.5 92

Complex (4) 5 352 2.84 45.2 –
10 360 2.77 44.2 –
50 1395 0.72 11.4 63

100 1688 0.59 5.9 69
500 2590 0.38 3.9 80

1000 5179 0.19 1.9 90

(1) [Co(pipdtc)cyclam](ClO4)2; (2) [Co(2-mepipdtc)cyclam](ClO4)2; (3) [Co(3-mepipdtc)cyclam](ClO4)2;
(4) [Co(4-mepipdtc)cyclam](ClO4)2.
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3.3. Adsorption isotherm

The adsorption of organic molecules provides information about the interaction among
the adsorbed molecules themselves as well as their interaction with the electrode surface.
The mechanism of inhibition on corrosion of iron in 0.1 M HClO4 with cobalt complexes
(1)–(4), heterocyclic amines and macrocyclic ligand cyclam proceeds by simple adsorption
mode. If this assumption is valid, the apparent corrosion rate of the inhibited iron elec-
trode is proportional to the surface area not covered by these compounds. The degree
of surface coverage (h) for different concentrations of these compounds has been evaluated
from EIS measurements [46]. The surface coverage is treated graphically for fitting a suit-
able adsorption isotherm using the Langmuir isotherm:

Cinh

h
¼ 1

Kads

þ Cinh ð5Þ

The tests of the fit adsorption data to the Langmuir equation are based on linearity of the
Langmuir plot i.e., Cinh/h versus Cinh and provide significant correlation coefficient 0.98,



Table 5
Impedance data for the corrosion of iron in the presence of different concentrations of amines as corrosion
inhibitors in 0.1 M HClO4

Compound Concentration
(lM)

Rct

(X cm2)
103 (1/Rct)
(1/X cm2)

Cdl

(lF/cm2)
I

(%)

Blank – 518 1.93 30.7 –

1,4,8,11-Tetraaza
cyclotetradecane (cyclam)

5 746 1.34 21.3 30
10 1187 0.84 13.4 56
50 2197 0.45 7.2 76

100 3236 0.31 3.1 84
500 4700 0.21 2.1 89

1000 6480 0.15 1.5 92

Piperidine (pip) 5 1257 0.79 12.7 59
10 1399 0.72 11.4 63
50 1606 0.62 9.9 68

100 2458 0.41 4.1 79
500 3496 0.28 2.9 85

1000 3856 0.26 2.6 87

2-Methyl piperidine (2mp) 5 1127 0.89 14.1 54
10 1258 0.79 12.7 59
50 1349 0.74 11.8 62

100 1819 0.55 5.5 71
500 2780 0.36 3.6 81

1000 3043 0.33 3.3 83

3-Methyl piperidine (3mp) 5 1016 0.98 15.7 49
10 1062 0.94 15.0 51
50 1257 0.79 12.7 58

100 1395 0.72 7.2 63
500 2068 0.48 4.8 75

1000 2188 0.46 4.6 76

4-Methyl piperidine (4mp) 5 837 1.19 19.0 38
10 1017 0.98 15.6 49
50 1125 0.89 14.1 54

100 1233 0.81 8.2 58
500 1669 0.60 6.0 69

1000 1940 0.52 5.2 73
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Fig. 6. The equilibrium adsorption constant (Kads) for the (1)–(4) complexes and amino-
ligands is about Kads (complex) = 2.43Kads (amine), respectively. The results indicate that
the adsorption coefficient for the Co(III) complexes on Fe are larger then that for non-
complexed amino-ligands, or that complex compounds are more strongly adsorbed on
iron surface. These results are consistent with the corrosion inhibition efficiency of these
compounds. They are in accordance with a model in which inhibitor molecules are in di-
rect competition with each other on the surface e.g., the more efficient one is adsorbed
preferentially on the surface, which is related to the strength of the bonds formed with
the surface atoms.

Piperidinum cations are capable of adsorption through electrostatic interactions, shar-
ing the lone pair electron between nitrogen and iron [47]. According to the dimensions and
structure of cyclic amine it seems that the particles are adsorbed in a flat orientation [48].



Fig. 6. Langmuir adsorption plots of iron in 0.1 M HClO4 with 1 mM of amino-ligands and complexes (1)–(4).
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For the coordinated molecule (Fig. 1) the typical conformational flexibility of a large 14-
membered ring, with cobalt ion inside the cavity, is predicted by the folded cis-V con-
former of cyclam [23,24]. Bidentate Rdtc� ligand, which lies in positions out of the plane
of its donor atoms [28], make possible additional interaction by the delocalized part of the
�NCS2 group. Also, it seems that the Rdtc� ligand itself has stabilizing chelate effect,
which results in the more efficient inhibition of the complexes (1)–(4) in comparison to
the free ligands (Tables 1–5).

3.4. Equivalent circuit analysis

Experimental plots have a depressed semicircular shape in the complex impedance
plane, with the center under the real axis. This behavior is typical for solid metal electrodes
that show frequency dispersion [49]. Electrical equivalent circuits are generally used to
model the electrochemical behavior and to calculate the parameters of interest.

There are two ways to describe the EIS spectra for the inhomogeneous films on the
metal surface or rough and porous electrodes. One is the finite transmission line model
[50] and the other is the filmed equivalent circuit model, which is usually proposed to study
the degradation of coated metals [51,52]. It has been suggested that the impedance spectra
for the metal covered by organic inhibitor films are very similar to the failed coating metals
[53]. Therefore, in this work the filmed equivalent circuit model is used to describe the
inhibitor-covered metal/solution interface, Fig. 7.

When there is a non-ideal frequency response, it is common practice to employ distrib-
uted circuit elements in an equivalent circuit [54]. The most widely used is the constant
phase element (CPE), which has a non-integer power dependence on the frequency. Often
a CPE is used in a model in place of a capacitor to compensate for non-homogeneity in the
system. For example, a rough or porous surface can cause a double-layer capacitance to



Fig. 7. Equivalent circuit model for the studied inhibitors.
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appear as a CPE with an n value between 0.9 and 1 [55]. Its impedance is described by the
expression:

ZCPE ¼
1

Y
ðixÞ�n ð6Þ

where Y is a proportional factor, i is
ffiffiffiffiffiffiffi
�1
p

, x is 2pf and n is a phase shift [54]. For n = 0,
ZCPE represents a resistance with R = Y�1, for n = 1 a capacitance with C = Y, for n = 0.5
a Warburg element and for n = �1 an inductance with L = Y�1.

Fig. 7 shows the electrical equivalent circuit employed to analyze the impedance plots.
Both the film properties (Qf,Rf) and the Faraday impedance (Rct,Qdl) determine the
impedance of the system: Rs is the electrolyte resistance, Rct is charge transfer resistance
that corresponds to the corrosion reaction at metal/solution interface, Rf is transfer resis-
tance of electrons through the monolayer that reflects in protective properties, and CPE
(Qf,Qdl) are constant phase elements modeling the capacitance. Excellent fit with this
model was obtained with our experimental data presented as Nyquist and Bode-phase
plots of iron corrosion in 0.1 M HClO4 at Ecorr in the presence of cyclam and complex
(3) as the representative examples (Figs. 8 and 9). It is observed that the fitted data match
the experimental, with an average error of about 2% all through.

The diameter of the capacitive loops and the charge transfer resistance obtained in
0.1 M HClO4 solution increases more with the complex inhibitors than for the amino-
ligands (Tables 4 and 5). The larger Rct and the lower capacitance indicate on more com-
pactly packed layer, and the increase in n exponent of CPE suggesting the increase and
higher homogeneity of interface during adsorption in the presence of complex compounds
(Figs. 8 and 9) [56]. The high frequency part of the impedance and phase angle describes
the behavior of an inhomogeneous surface layer, while the low frequency contribution
shows the kinetic response for the charge transfer reaction.

3.5. Effect of time

The methods used to determine the values considered to this point do not provide the
time of immersion of the sample. Longer time experiments were carried out. EIS measure-
ments were used to determine the effect of time on the corrosion rate of iron in 0.1 M
HClO4 in presence of the complexes. Fig. 10 shows 45 h immersion time effect.

It is observed that these inhibitors adsorbed quickly on the electrode surface since the
maximum of inhibition came on immersion. Corrosion rates that measured in the presence
of inhibitors were about one-sixth to one-fourth of the corrosion rates without inhibitor.
After 5 h of immersion of iron electrode in 0.1 M HClO4 without inhibitor (Fig. 10) the
corrosion rate was high but decreased with time, which might be due to formation of a
layer on the surface. With the complex compounds inhibition effect remains constant.



Fig. 8. (a) Nyquist plot and (b) Bode-phase plots of iron corrosion in 0.1 M HClO4 in presence of 500 lM cyclam

at Ecorr.
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3.6. Molecular modeling

Optimization of a number of variables, bond lengths and angles, without any symmetry
constraint was performed at the RHF level using ZINDO/1 semi-empirical SCF–MO
method. According to this method and crystal data known [28], molecules are in a



Fig. 9. (a) Nyquist plots and (b) Bode-phase plots of iron corrosion in 0.1 M HClO4 in presence of 1 mM
complex (3) at Ecorr.
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distorted octahedron geometry with typical conformational flexibility of a large ring sys-
tem with a minimum steric constrains and with significant delocalization along the �NCS2

group of the Rdtc� ligand. Fig. 11 shows ZINDO/1 optimized structures for the cis-
[Co(pipdtc)cyclam]2+ (1) and cis-[Co(2-mepipdtc)cyclam]2+ (2) complexes.

The presence of methyl group on the Rdtc� ligand intensifies ligand field strengths and
amine basicities, and thus affects the inhibitor efficiency. In fact, presence of an electron-



Fig. 10. Time dependence of corrosion rate for the iron in 0.1 M HClO4 and in the presence of 1 mM complexes
(1) and (3).

Fig. 11. ZINDO/1 optimized structures for the complexes: (a) cis-[Co(pipdtc)cyclam]2+ (1) and (b) cis-[Co(2-
mepipdtc)cyclam]2+ (2).
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releasing group supposes to be in relation with increased inhibitor efficiencies because of
increased electronic density on the nitrogen atom. Just so delocalized bonds of the �NCS2
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group slightly decreased for methylpiperidine dithiocarbamates comparing to piperidine;
for C6–S bond is 1.362, 1.366 and 1.372 Å for 2-, 3- and 4-methyl derivatives, respectively,
and 1.374 Å for piperidine; for C6–N5 bond is 1.738, 1.739 and 1.749 Å for 2-, 3- and 4-
methyl derivatives, respectively, and 1.750 Å for piperidine.

The total energy (Etot) obtained after process of the geometry optimization with respect
to the all nuclear coordinates for complex (1) (Fig. 11a) is lower (605 kJ mol�1) then for
the other three complexes (�626 kJ mol�1).

These facts can be used to show that the small differences in inhibiting behavior of the
complexes (1)–(4) (Tables 1 and 4) are a consequence of their electronic and structural
effects along with conjugation of double bonds through the �NCS2 group of dithiocarb-
amato ligand. The adsorption of these inhibitors to the metal surface goes through the
coordinate-type link formed due to electron transfer. It means that the greater adsorption
and inhibition efficiency of those compounds comes from greater electron density of the
adsorption center.
4. Conclusions

• The coordination complexes of Co(III) significantly decrease the rate of corrosion of
iron in 0.1 M HClO4, generating inhibition efficiency around 93%. Amino-ligands are
good, but less effective then the cobalt complex inhibitors.

• Inhibition activity increases with increasing concentration of all compounds
investigated.

• The inhibition efficiency increases in the order of complexes (2) > (3) > (4) with coordi-
nating 2-, 3- and 4-methylpiperidine dithiocarbamato ligand.

• Tafel behavior indicates that complexes and amino-ligands are mixed-type and catho-
dic-type inhibitors, respectively.

• The Langmuir adsorption isotherm provides a suitable description of the adsorptive
behavior of all amino-ligands as well as corresponding cobalt complexes.

• The results discussed in terms molecular modeling data will direct further investigation
in corrosion studies to elucidate the behavior of other complexes with organic chelate
ligands.
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