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Abstract: Alkylphosphonic acids are well known for their ability to form self-assembled monolayers
on hydroxide surfaces. A crucial step to understanding fundamentally how these surfaces are created
is the elucidation of the interaction process that leads to such interface creation. In this study, we
employed electrochemical impedance spectroscopy (EIS), Monte Carlo and molecular dynamics to
understand this process. The interaction with the Cu(111) surface of three different alkylphosphonic
acids (hexyl-, octyl- and decylphosphonic acids) is evaluated in an aqueous acidic and in an ethanol
solution by Monte Carlo and molecular dynamics simulations, while EIS measurements are used
to put in evidence the impact of the layer made in ethanol on copper protection. Nyquist diagrams
of copper samples modified with an alkylphosphonic monolayer showed a higher polarization
resistance that mitigates the copper corrosion in an aqueous acid medium. The phase—frequency
Bode plots had higher and broader phase maxima for a modified copper surface with phosphonic
moieties, which confirmed the ability of this organic layer to prevent copper corrosion.

Keywords: surface modification; alkylphosphonic acids; EIS; Monte Carlo; molecular dynamics;
corrosion

1. Introduction

Inorganic compounds such as chromate (CrO42~) have been used for many purposes
such as chrome plating, leather tanning, copy machine toner, etc. [1]. Chromic anodizing
has been applied for a long time in the aerospace industry due to its ability to protect
aluminum alloys with copper (AA2000) against corrosion and to improve paint adhesion
on their surfaces. Molybdate (MoO42") ions have shown protection abilities against zinc
and copper [2,3] corrosion in the presence of chloride ions and copper and mild steel
corrosion in artificial sea water [4].

Nevertheless, Cr(VI) compounds are very toxic because they cause severe damage
to the skin, respiratory and gastro-intestinal tract, liver, kidneys and immune system [1].
Molybdate ions are toxic for freshwater organisms [5], therefore, CrO42—, MoO42~ ions
have been banned for use as inhibitors because of the toxicity and environmental damage
they create [6]. Thus, lower toxicity, eco-friendly and nontoxic organic moieties such
as phosphonic acids are used as organic corrosion inhibitors [7-9]. In wet corrosion
environments, organic compounds which have heteroatoms such as oxygen, nitrogen
and phosphorus can exhibit excellent inhibition against the corrosion of coinage metals.
The capacity for the prevention of surface metal damage is based on the ability of their
heteroatoms to coordinate with the corroding metal atom through their electrons. Hence,
active corrosion sites on the metal surface are blocked, thereby, mitigating the rates of
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anodic and cathodic reactions which occur during the electrochemical process, preventing,
in this way, the corrosion of the metals. The nature of the solvent plays an important role in
the formation of such films. Thus, using suitable nonpolar solvents, the interaction between
the phosphonic acid group and the hydrophilic substrate can be amplified, in which
case the phosphonate monolayer is formed for a very short time [7,10,11]. Phosphonic
acid monolayers have been used as effective inhibitors on various substrates: Al [12-15],
Ti [16-19], Fe [20], Zn [21], Cu, mild steel, bronze [22] and even Ta and Nb in different
media due to their ability to form a complex with metal ions and reduce the corrosion
damage of these materials.

At room temperature, 1-30 mM of phosphonic acid provided up to 95 % inhibition
efficiency against the corrosion of copper in 0.1 M H,50O4 aqueous solution. Considering
the immense importance of copper in many industries (such as heat exchangers, electrical
boards and circuits), its protection against acid corrosion using highly effective and benign
corrosion inhibitors is paramount [10,23,24].

The alkyl chain of the different organic molecules that are used to modify material
surfaces has an impact on the quality of the deposited layer [25]. For this purpose, in
the present work, we investigate the efficiency of phosphonic acids (hexyl-, octyl- and
decylphosphonic acids, Figure 1) as corrosion inhibitors for copper in 0.1 M H,SOy4 solu-
tion at room temperature. Self-assembled monolayers (SAMs) of alkylphosphonics were
prepared only in ethanol solution due to their low solubility in water. The barrier effect
of the alkylphosphonic layers onto copper surface in aqueous sulfuric acid solution were
tested by electrochemical impedance spectroscopy (EIS) while we applied computational
methods to theoretically elucidate the inhibitor—substrate interaction on the atomic and
molecular levels in water and ethanol solution.

M1 M2 M3

Figure 1. Structures of M1: hexylphosphonic acid, M2: octylphosphonic acid and M3: decylphospho-

nic acid used as in.
2. Methods and Computational Details

2.1. Chemicals and Electrodes

Hexylphosphonic acid 95%, octylphosphonic acid 97%, and decylphosphonic acid
97%, SIGMA-ALDRICH were used as inhibition molecules of corrosion. Sulfuric acid 97%,
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pro analysis, MERCK, UN-No.1830 (Darmstadt, Germany) was used as the electrolyte for
the EIS measurements. Its concentration in whole measurements was 0.1 mol/dm3. All
solutions were prepared from analytic grade chemicals and bidistilled water.

The copper electrode was made from a wire with diameter d = 2.2 mm. Prior to
electrochemical measurements, metal surfaces were mechanically polished with emery
paper, cleaned with distilled water and degreased in ethanol, washed with distilled water
and finally dried in air. A saturated calomel electrode (SCE) and platinum electrode were
used as reference and auxiliary electrodes, respectively.

2.2. Electrochemical Measurements

EIS measurements were performed using an Autolab potentiostat (Metrohm Autolab,
Utrecht, The Netherlands) and employing a three-electrode cell assembly. This is a very
sophisticated, fast and precise technique which helps to investigate the corrosion processes
of a wide range of materials in certain corrosive environments. Information such as: surface
properties, electrode kinetics and mechanical aspect can be obtained from impedance
spectra [26-29]. The metal electrodes were allowed to stabilize their open circuit potential
(OCP) until the potential stabilization criteria of dE/dt limit 100 V/s was reached. The
initial applied frequency was 1 x 10° Hz, whereas finally frequency was 0.01 Hz. The
points per decade were 7, whereas the amplitude was 10 mV.

2.3. Monte Carlo/Molecular Dynamics

In this study, we employed Monte Carlo and molecular dynamics to better understand
at the molecular level the corrosion inhibition process. A Cu(111) model (periodic boundary
conditions) with dimensions: 15.336 x 15.336 x 15. A vacuum layer at the C axis was used
as a surface. The interaction with the Cu(111) surface of three different alkylphosphonic
acids (hexyl-, octyl- and decylphosphonic acids) both in an aqueous acidic solution and an
ethanol one was evaluated by Monte Carlo and molecular dynamics simulations [30-33].
The MD simulations with the Forcite Module (Materials Studio) were performed using
COMPASS II [31-36]. Prior to the use of MD simulations, the surfaces were optimized using
the Smart optimization algorithm with the energy convergence criteria of 10~ kcal/mol
and force criteria of 5 x 10~ kcal /mol/A.

3. Results and Discussion
Nyquist Plots

Nyquist plots obtained for the bare Cu electrode in aqueous H,SO,; 0.1 M in the
presence and the absence of phosphonic acids (hexyl-, octyl-, and decylphosphonic acids)
are shown in Figure 2a—c. Alkylphosphonic monolayers on the Cu electrode surface were
prepared by its immersion in ethanol 1 mM alkylphosphonic acid solution at different
times (0.25, 1, 3, 6 and 24 h). The EIS results showed that all three alkylphosphonic SAMs
on a copper surface had a much higher diameter of capacitive loop in the high frequency
region (-Z” values: 4200, 6500 and 5000 ) than the 300 Q) of the bare Cu electrode. Their
polarization resistance was increased due to the presence of the organic layer on the
Cu surface that enabled the metal corrosion to be decreased, compared with the bare
copper surface [37]. Almost all samples showed a straight line at low frequencies that
was attributed to the diffusion of dissolved oxygen to the unmodified or modified copper
surface [38,39].

The modulus—frequency Bode plots for the above shown EIS measurements are given
in Figure 3 and they confirmed the increase in the impedance of all copper samples modified
with alkylphosphonic layer compared to bare copper at the low frequency 0.01 Hz.

The phase—frequency Bode plots are also shown in Figure 3. The phase angle maxima
for bare copper was 43° while it increased and became broader for the modified copper
surfaces (65.5°; 67.5° and 65° for hexyl-; octyl-and decyl phosphonic layer, respectively).
The broadening in the phase angle is due to surface coverage of the copper surface with
alkylphosphonic layer. These results are in agreement with those obtained when a copper
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surface was treated with amino acids: serine, cysteine and methionine in aqueous acid
solution [39].

a) mCu 40.25h *1h *3h e6h +24h b) mCu 40.25h =1h +3h e6h +24h
9000 .
8000 . 10,000 s
i ) x ¢ 8000 = °
6000 X x * * e ’

€ 5000 X x ® g 6000 e %%, x

4000 .."'x:’, x".o' N o xXXx, & ei‘wﬁ‘c

x
3000 & “X ) %A’( N 'x"xw'. 4000 ox g * 'Xxmxx
o* m X0, A% X st000¢ ox 5 R
2000 | & o i W
1000
o 0
-1000 4000 9000 14,000 19,000 0 5000 10,000 15,000 20,000 25,000
2'(Q) ' (Q)
) mCu 40.25h <1h «3h ¢24h
12,000 .
10,000 x
8000 *
a x
= 6000 x
N
4000
2000
0
0 5000 10,000 15000 20,000 25,000
z'(Q)

Figure 2. (a—c) Nyquist diagrams for Cu electrode in acid aqueous solution of HySO4 0.1 M, unmodi-
fied and modified with self-assembled monolayer of (a) hexyl-, (b) octyl- and (c) decylphosphonic
acids immersed in their solutions with concentration 1 mM in ethanol with different immersion times.

Corrosion inhibition in all cases (Table 1) was not dependent on the immersion time
of the electrode in ethanol solution with a phosphonic acid concentration of 1 mM. The
inhibition efficiency of using the phosphonic acids mentioned above in the case of a copper
electrode was calculated by using the equation:

R, — R
% IE = "% « 100
RP

where: [E—inhibition efficiency (%), Ry—polarization resistance of modified electrode,
Ro—polarization resistance of unmodified electrode. Based on the results, it can be seen
that such molecules are promising inhibitors by reaching up to 95% of corrosion inhibition.
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Figure 3. EIS data represented by Bode and phase angle variation vs. log frequency diagrams for
Cu electrode in aqueous solution of H,SO, 0.1 M, unmodified and modified with self-assembled
monolayer of (a) hexyl-, (b) octyl-, and (c) decylphosphonic acids immersed in their solutions with
concentration 1 mM in ethanol with different immersion times.
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Table 1. The values of polarization resistance and inhibition efficiency of corrosion at Cu electrode

modified with phosphonic acids.

Cu/Molecule R; () Q) N R () %IE
Blank 44.32 2.95 x 10° 0.70 835.64
Hexylphosphonic acid 50.55 6.3 x 10° 0.8 11071 92.4
Octylphosphonic acid 44 6.87 x 10° 0.81 16655 95
Decylphosphonic acid 44.67 2.558 x 10° 0.76 12320 93.2

Equivalent electric circuit model or the so-called Randles circuit [23,24] used for fitting
of experimental impedance data is given in Figure 4, where:

R

W R,

Figure 4. Equivalent electrical circuit model where Rs—electrical resistance of electrolyte, Cq—
electrical double layer, R.t—the resistance of the electrical transfer charge, W—Warburg impedance.

Rs—shows electrolyte resistance, Cq—capacity of electric double layer or known
as element constant phase which shows the behavior of a non-ideal interface of metal-
electrolyte capacity, whereas W shows the Warburg impedance and R.; shows the charge

transfer resistance of the interface.
The following EIS, Figure 5, plot shows the fitting results of the data using the equiva-

lent circuit provided in Figure 4.
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Figure 5. Nyquist plot of the data for Cu electrode in acid aqueous solution of HySO4 0.1 M, modified
with self-assembled monolayer of octylphosphonic acid (6 h) together with the fit resulting from the

Randles circuit in Figure 4.

Furthermore, the Monte Carlo simulation enabled us to obtain the information about
how the adsorption of the phosphonic molecules happens on the surface of the Cu (111)
electrode in the aqueous sulfuric media (Figure 6) and in the presence of ethanol (Figure 7).
The Monte Carlo results showed that these molecules were flat adsorbed onto the copper
surface with the maximum adsorption energy of —72.4 kcal/mol (octylphosphonic acid).
The same adsorption geometry (except for decyl phosphonic acid, which is perpendicu-
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larly adsorbed) was observed also when the adsorption media consisted of ethanol (the
adsorption energies were higher than in the previous adsorption media).

Figure 6. Top/side view of the equilibrium adsorption configuration of the alkyphosphonic acids’
adsorption onto Cu(111) surface computed in aqueous acidic media (one alkylphosphonic acid + 47
water molecules + 8 hydronium ions + 4 sulphate ions) as obtained using the Monte Carlo simulation.

Figure 7. Top/side view of the equilibrium adsorption configuration of the alkyphosphonic acids’
adsorption onto Cu(111) surface computed in ethanol (1 alkylphosphonic acid molecule + 20 ethanol
molecule) as obtained using the Monte Carlo simulation.
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The adsorption energy distributions of the alkylphosphonic acids on the Cu (111)
surface was achieved by using the Monte Carlo calculations in aqueous and ethanol
solution, as shown in Figures 8 and 9 and Table 2.

The MC results indicate that the adsorption interaction of the phosphonic carbon chain
when this chain is shorter is more pronounced with the surface than the lateral interaction
with other neighboring phosphonic acid molecules. When the alkyl chain is longer, the
effect of lateral interaction is more pronounced and planar adsorption of the molecule
prevails, therefore, it tends to be positioned toward the surface.
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Figure 8. The adsorption energy of hexyl-, octyl- and decylphosphonic acids on the Cu (111) surface
in aqueous medium.
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Figure 9. The adsorption energy of hexyl-, octyl- and decylphosphonic acids on the Cu (111) surface
in ethanol medium.
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Table 2. The adsorption energy of hexyl-, octyl-and decylphosphonic acids on the Cu (111) surface in
aqueous medium and ethanol.

Molecule Adsorption Energy [kcal/mol] ~ Adsorption Energy [kcal/mol]

(Water) (Ethanol)
Hexylphosphonic acid =71 —74
Octylphosphonic acid —72 —82
Decylphosphonic acid —67 -79

Although the MC can be used to evaluate the sorption properties of molecules onto
the surface, MD is able to capture the dynamics of the adsorption process. The lowest
energy configuration as obtained by MD (Figure 10) provides evidence of the tilted adsorp-
tion configuration of the phosphonic acids onto the copper surface with the head group
(phosphonic group) positioned on the surface.

50
40

30

g

20

10

001 2 3 45 6 7 8 9 10 11 12 13 14 15
riA]

Figure 10. The final geometry of the MD simulation // forcefield = Condensed-phase Optimized
Molecular Potentials for Atomistic Simulation Studies, NVT canonical ensemble at 298 K //. The
time step for MD was 1 fs with a total simulation time of 500 ps, system temperature was maintained
using a Berendsen Thermostat (0.1 ps decay constant). For the data analysis, 500 ps of trajectory
frames were used.

The radial distribution function (RDF) presents a useful method to estimate the bond
distances between the surface and the adsorbent. When the bond distances are in range
from1 A up to 3.5 A, this is indicative of chemisorption [40,41]. The RDF values of the
alkylphosphonic acids in our MD simulations relative to Cu (111) surface as shown in
Figure 10 are in the spike at 2.5 A, supporting a chemisorption of these molecules onto the
surface.

An indirect measure of the stability of the formed interface between the phosphonic
acid and copper surface is the bond dissociation energy (BDE) [41—44]. The BDE values
for the grafted phosphonic on the monohydroxylated icosahedral 13-atom copper cluster
ranged between 32.53 and 39.46 kcal/mol. When compared to thiols, grafting phosphonic
acids to the surface created more stable layers than thiol-derived self-assembling mono-
layers (SAM) [BDE | Au-S-(CH;)5-COOH | = 31.59 kcal/mol] [45] but is lower that of aryl
groups on borophene [46].

4. Conclusions

The EIS results of the adsorption of phosphonic acids onto a copper (111) surface
showed very good metal corrosion protection with an inhibition efficiency up to 95%.
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The adsorption geometries and energies of the three alkylphosphonic acids on this
substrate in the case of aqueous acidic media and ethanol were computed using Monte
Carlo and molecular dynamics. The Monte Carlo results show that these molecules are flat
adsorbed onto the copper surface with the maximum adsorption energy of —72.4 kcal/mol
(octylphosphonic acid), the same adsorption geometry (except decylphosphonic acid which
is perpendicularly adsorbed) is also observed when the adsorption media consist of ethanol
(the adsorption energies are higher than in the previous adsorption media). The molecular
dynamics calculations show that the orientation of the molecules with their head group
(phosphonic acid) oriented perpendicularly toward the surface. The RDF curves (spikes at
about 2.5 A) show a close distance interaction for all the alkyphosphonic acids with the
Cu(111) surface.
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