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Abstract: Two kinds of phosphates, triethyl phosphate (TEP) and triphenyl phospha-

te (TPP), were used to form self-assembled monolayers for the inhibition of the cor-

rosion of copper in 0.2 mol dm-3 NaCl solution. Electrochemical impedance spec-

troscopy (EIS) was applied to investigate the inhibition effects. The results showed

that their inhibition ability first increased with increasing immersion time in ethano-

lic solutions of the corresponding compounds. However, when the immersion time

was increased over some critical point, the inhibition effect decreased. For the same

immersion time, the inhibition effect of the TPP monolayer was more pronounced

than that of the TEP monolayer. Thus, ab initio calculations were used to interpret

the relationship between the inhibition effects and the structures of the compounds.

Keywords: copper, phosphates, self-assembled monolayers (SAMs), electrochemi-
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INTRODUCTION

The problem of metal corrosion is a significant research topic. Copper is wi-

dely used in the chemical and electronic industry due to its high thermal and elec-

trical conductivity and low cost. However, copper is an active metal which tends to

be corroded and oxygenated easily when exposed to air or water.1–3 Some kinds of

compounds can spontaneously adsorb on the metal surface and form the self-as-

sembled monolayers (SAMs). SAMs are the molecule-scale barrier against corro-

sion and oxidation. Most of the compounds forming SAMs contain nitrogen, sulfur

or oxygen.4 A lot of research has been done with n-alkanethiol SAMs.1,5–11 In our

group, the investigations involved carbazole, N-vinylcarbazole, several kinds of

Schiff bases and surfactants.12–15 Considering the extensive applications of aque-

ous environments, Lusk and Jennings16 investigated the SAMs formed by a series

of sodium S-alkyl thiosulfates, which are water-soluble inhibitors. This provided a
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new field of choice of inhibitors. To sum up, the SAM technique has remarkable

advantages. Thus, it has become the focus of many interrelated research fields.

In this study, it was found that two kinds of phosphates, triethyl phosphate

(TEP) and triphenyl phosphate (TPP), inhibited copper corrosion in chloride solu-

tion. They are the homologous series of compounds and their structural formulas are

shown in Fig. 1. The advantage of these compounds compared with traditional inhib-

itors is that they do not release strong, unpleasant odors and their toxicity is corre-

spondingly low. The purpose of this research was to exploit a series of new com-

pounds suitable for forming SAMs which have lower toxicity and a higher efficiency

for the inhibition of copper corrosion. The inhibition effects of these films were com-

pared by using electrochemical impedance spectroscopy (EIS). Simultaneously, ab

initio calculations were applied to examine the self-assembling mechanism at the

theoretical level and to explained the relationship between the inhibition effects and

the molecular structure.

EXPERIMENTAL

Chemicals

All the chemicals were used as received. The compounds, TEP and TPP, were dissolved in the

absolute ethanol (A.R.) to form 1 � 10-3 mol dm-3 ethanolic solutions. A sodium chloride solution,

0.2 mol dm-3, and a nitric acid solution, 7 mol dm-3, were prepared with tridistilled water.

Preparation of the electrodes

A copper rod of 5 mm diameter was embedded in epoxy resin, leaving only its cross-section to

serve as the working electrode. Prior to every experiment, the exposed surface was polished with sil-

icon carbide waterproof abrasive papers, grid 800 to 2000.

Formation of the self-assembled monolayers

The preparation of SAMs was carried out in the following way. The copper electrode was first

polished until its surface became smooth and mirror-like bright, rinsed with tridistilled water and

then etched in a 7 mol dm-3 HNO3 solution for about 20 s to obtain a fresh and oxide-free copper sur-

face.35 It was then rinsed with tridistilled water and absolute ethanol as quickly possible and imme-

diately immersed in an ethanolic solution containing the required compound to form SAMs. The

ethanolic solutions were deoxygenated by purging with nitrogen. After the designated time, the

SAMs-covered electrode was taken out and rinsed with absolute ethanol and tridistilled water to re-

move physically adsorbed molecules from the surface. Then it was dried in a steam of nitrogen. Fi-

nally the electrode was placed into an electrochemical cell for performing the electrochemical mea-

surements at room temperature (25 � 1 ºC).
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Fig. 1. Molecular structures of (A) TEP and (B) TPP.



EIS measurements

The cell for electyrochemical measurements was a traditional three-electrode glass cell. A na-

ked copper electrode or a copper electrode covered with SAMs was used as the working electrode;

the counter electrode was a platinum plate and the reference electrode was a saturated calomel elec-

trode (SCE). The reference electrode was led to the surface of the working electrode through a

Luggin capillary. The potentials reported in this paper are all referred to the SCE. The whole mea-

surement process was in a still electrolyte system at room temperature (25 � 1 ºC). The electrolyte,

NaCl solution, was opened to the air during each experiment.

EIS measurements were performed with an IM6 electrochemical measurement system (ZAHNER,

Germany electrochemical workstation). Before each measurement, the copper electrode either without

or with SAMs, was immersed in 0.2 mol dm-3 NaCl solution and equilibrated for 30 min. After this time,

the open-circuit potentials were almost invariable. This step provides a steady system for the whole ex-

periment. The sinusoidal potential perturbation was 5 mV in amplitude around the corresponding

open-circuit potential and the frequency ranged from 60 kHz to 20 mHz. The impedance data were fitted

in accordance with the corresponding equivalent circuits using fitting software.

RESULTS AND DISCUSSION

IES results

EIS is an electrochemical measurement technique which can directly measure

the solution resistance (Rs), the charge-transfer resistance (Rct), and the dou-

ble-layer capacitance (Cdl). From Rct and the corresponding formula, the film cov-

erage (�) on the electrode can be calculated. � reflects the assembly effect of the

film. Cdl can also be used to determine the quality of a film.1,8,17,18

As is shown in Fig. 2, the Nyquist impedance plot for naked copper appears in

the form of a straight-line, since the high frequency capacitive lop is poorly defined

due to a fast electrode reaction.24 The small semicircle in the high frequency region

is attributed to the time constant, (Rct Cdl), which is related to both Rct and Cdl.
17,18

The value of Rct is approximately equal to the diameter of the small semicircle. The

straight-line appearing in the low frequency region is called “Warburg imped-
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Fig. 2. Nyquist impedance spectrum of the naked copper electrodes in 0.2 mol dm-3

NaCl solution.



ance”. Bertocci et al.23 considered that copper corrosion in oxygenated chloride

solutions occurred at rates lower than the mass transfer limited oxygen diffusion

rate and that the reduction of oxygen to peroxide was the dominant cathodic pro-

cess. This means that the diffusion impedance in the Nyquist plots reflects the mass

transfer limited diffusion rate of CuCl2
– complexed species, while the anodic dif-

fusion process mainly involves the diffusion of soluble copper species (CuCl2
–)

from the surface of the electrode to the bulk solution.19–22 This plot can be ana-

lyzed with the equivalent circuit shown in Fig. 5 (A),25 where Rct stands for the

charge-transfer resistance, CPEdl is a constant phase element, W the Warburg im-

pedance and Rs is the solution resistance. Here, CPEdl is substituted for Cdl to give

a more accurate fit.26 In most cases, the capacitive loops are depressed semicircles

rather than regular semicircles, which is related to a phenomenom called the “dis-

persion effect”. The admittance of CPEdl is described as:

YQ = Y0 (j �)n (1)

where j is the imaginary root, � the angular frequency, Y0 the magnitude and n the

exponential term.27 The value of n is related to the surface roughness of the elec-

trode27 and it ranges from 0 to 1. The higher the value of n, the smoother is the elec-

trode surface. However, SAMs were found to contain molecule-sized defects28–30

and in reality it is impossible for the value of n to be 1.

A series of Nyquist impedance plots of copper electrodes with SAMs of TEP and

TPP in 0.2 mol dm–3 NaCl solution are shown in Figures 3 and 4, respectively. When

the electrode surface was covered with a film, the value of Rct increases rapidly. In Fig.

3(C), the plot displays only one capacitive loop and it can be analyzed with the simple

equivalent circuit in Fig. 5(B). In fact, SAMs formed at the electrode surface can act as

a barrier layer between the electrode and the solution and efficiently hinder the attack

of the substrate by chloride ions. The disappearance of the Warburg impedance may

imply the formation of better films coated on the electrodes.

All the EIS data can be fitted according to the related equivalent circuits in Fig. 5.

The results were listed in Table I. � can be calculated from the following formula:31

(1 – �) = Rct
0 / Rct (2)

where Rct
0 is the charge-transfer resistance of the naked electrode and Rct is the

charge-transfer resistance of a copper electrode covered with SAMs. The increase

of � can reflect the increase of the number of the molecules adsorbed on Cu and the

improvement of the inhibition effect.

As can be seen from Table I, the charge-transfer impedance of the naked elec-

trode has the lowest value, while that of SAMs-covered copper are higher to some

extent. With increasing immersion time, the value of Rct increased. On increasing

the immersion time from 1 h to 12 h, the value of � of the TEP-covered and

TPP-covered copper electrodes increased from 81.0 % to 93.8 % and from 85.4 to
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96.5 %, respectively. This implies that the films formed on the electrodes became

denser. This phenomenon can be understood as following: the longer the immer-

sion time, the more molecules cover the copper surface and the inhibition effect is

better. However, when the immersion time was increased to 24 h, � decreased in-

stead of increasing, which is caused by the "steric effect". Namely, if the number of

the adsorbed molecules increases beyond a certain value, the tail groups crowd
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Fig. 3. Nyquist impedance spectra of TEP-cov-
ered copper electrodes in 0.2 mol dm-3 NaCl
solution. The copper electrode was immersed

in the ethanolic TEP solution for different
times: (A) 1 h; (B) 4 h; (C) 12 h; (D) 24 h.

Fig. 4. Nyquist impedance spectra of TPP-cov-
ered copper electrodes in 0.2 mol dm-3 NaCl
solution. The copper electrode was immersed

in the ethanolic TPP solution for different
times: (A) 1 h; (B) 4 h; (C) 12 h; (D) 24 h.



each other which may cause a rearrangement of the TEP and TPP molecules. As a

result, it is easier for corrosive chloride ions to attack the copper substrate through

the interspaces between the tail groups of the adsorbed molecules. Comparing the

values of � for TEP with those for TPP, it was found that, for the same immersion

time in the compound-containing solutions the value of � for TPP was generally

larger than those for TEP. Judging from the structures of the two molecules in Fig.

1, the tail groups of TPP molecule are much larger than those of the TEP molecule.

When the TPP molecules adsorbed onto a metal surface, the larger tail groups can

coat a wider area of the metal surface. Thus the inhibition effect is related to the

special structure of the adsorbed molecules.

TABLE I. The fitting results of the impedance spectra shown in Figs. 2–4 in accordance with the re-

lated equivalent circuit shown in Fig. 5

Compounds
Immersion

time/h
Rs/� cm2 Rct/� cm2

CPEdl
�/%

Y0/10-6
�

-1 cm-2 sn n (0–1)

Naked 0 2.89 138 3790 0.49 0

TEP 1 1.26 728 277 0.69 81.0

4 3.67 1412 330 0.65 90.2

12 1.44 2218 52.9 0.81 93.8

24 1.08 936 231 0.71 85.3

TPP 1 1.21 943 502 0.64 85.4

4 4.47 1159 215 0.66 88.1

12 3.99 3958 75.5 0.74 96.5

24 4.11 2011 85.7 0.72 93.1

Quantum chemical calculations

In order to examine the self-assembling mechanism of TEP and TPP mole-

cules on a copper surface, ab initio calculations were performed. By using the den-

sity functional theory method combined with all electron bases under the local den-

sity approximation, the Mulliken charge distributions on the TEP and TPP mole-

cules were obtained (see Fig. 6).
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Fig. 5. (A) The equivalent circuit to fit the EIS for copper displaying a Warburg impedance; (B)
The simple equivalent circuit to fit the EIS for copper displaying one capacitive loop.



It is well-known that the more negative the atomic partial charges of the adsorbed

centre are, the easier is the donation of electrons from the atom to the unoccupied or-

bital of the surface atoms of the metal. The atomic partial charges of the TEP molecule

are shown in Fig. 6. The oxygen atom at the end of the TEP molecule has a partial

charge of –1.192 e and the atomic partial charges of the three carbon atoms in the three

–CH3 groups are –1.233 e, –1.234 e and –1.235 e. Although the atomic partial charges

on the carbon atoms are more negative than that of the oxygen atom at the end of the

TEP molecule, there are three hydrogen atoms bonded to each carbon atom, which

makes the reaction of the carbon atoms with the copper surface more difficult. Con-

cerning the TPP molecule, the atomic partial charge of the oxygen atom at the end of

the TPP molecule is –1.164 e, which is much more negative than any other atom of the

molecule. Hence, it is suggested that both the TEP and TPP molecule react with the

copper surface via the oxygen atom at the end of the molecule.
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Fig. 6. The total atomic charges of (A)
TEP and (B) TPP, obtained by ab initio

calculations.



Furthermore, according to the Fukui frontier orbital approximation,32 the

most active and the first reactive molecular orbitals are the highest occupied mo-

lecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO),

which are generally called the frontier Molecular Orbitals (MO). It is known that a

metal can accept electrons from the HOMO of an electron donor into its LUMO

and, simultaneously, the metal can donate its electrons to the LUMO of the com-

pound. The former condition plays the dominant role during the reaction. Vo-

sta33,34 pointed out that the higher the HOMO energy of the compound molecule,

the stronger is the bonding between the compound and the surface atoms of a

metal. By the quantum chemical calculations, it was found that the HOMO ener-

gies of the TEP and TPP molecule are –10.516 eV and –10.010 eV and their

LUMO energies are –3.744 eV and –5.904 eV, respectively. This results indicates

that TPP molecules adsorb onto a copper electrode more easily than TEP mole-

cules do. This conclusion is in accordance with the experimental results.

CONCLUSION

With increasing immersion time of Cu in a TEP-containing or a TPP-containing

ethanolic solution, more molecules assembled on the copper surface and the value of �

became larger and the inhibition effect initially became better. The highest inhibition

efficiencies of TEP and TPP SAMs in 0.2 mol dm–3 NaCl solution were 93.8 % and

96.5 %, respectively. However, there was a critical value of the immersion time be-

yond which the value of � decreased. The different tail groups of the compounds can

result in a change in the barrier properties. The inhibition effect of TPP is better than

that of TEP under the same assembling conditions. The ab initio calculations provided

a theoretical explanation for the inhibition effect of TEP and TPP SAMs.
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Samoure|eni monoslojevi dva fosfatna jediwewa, trietil-fosfata (TEP) i tri-

fenil-fosfata (TPP), su kori{}eni kao inhibitori korozije bakra u rastvoru 0,2 mol

dm-3 NaCl. Efekat inhibicije je ispitivan metodom spektroskopije elektrohemijske

impedancije (SEI). Rezultati su pokazali da sa pove}awem vremena urawawa electrode u

rastvor pomenutih jediwewa u etanolu raste stepen inhibicije, ali samo do nekog kri-

ti~nog vremena, nakon kojeg stepen inhibicije po~iwe da opada. Pri istom vremenu

formirawa monosloja, TPP je pokazao ve}i inhibicioni efekat nego TEP. Veza izme|u

inhibicionog efekta i strukture jediwewa je obja{wean ab initio prora~unom.

(Primqeno 28. januara, revidirano 20. maja 2005)
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