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Abstract 

Self-assembling molecular layers (SAMs) can serve as a densely packed film of monomers that 
can be easily crosslinked to form nanometer-thick polymer coatings with high protective 
properties. However, the properties of the resulting coatings are highly dependent on the 
preparation method used to apply the SAM to the surface. 

In this work, the influence of different SAM preparation steps (preparation of the oxide layer, 
self-assembly and drying) on the corrosion resistance of the coated samples, as well as the 
method of applying the molecules to the surface (immersion, spraying, brush application), was 
investigated. Elaidic acid, an unsaturated trans fatty acid, was applied to copper and 
crosslinked with gamma radiation. The properties of the coatings were studied by 
electrochemical methods, contact angle measurements, XPS, AFM and FTIR. The results show 
that the oxidation step is crucial for obtaining proper coatings, while the drying at elevated 
temperatures is not required. It has also been shown that the immersion of samples results in 
coatings with the best protective properties, while the application by brush can be an alternative 
method of application. On the other hand, spraying the elaidic acid results in a less uniform 
coating.  

Keywords: polymer nanocoatings; self-assembly; radiation crosslinking; ionizing radiation; 
corrosion protection; fatty acids 

1. Introduction 

Polymer coatings are thin polymer layers applied to metals for various reasons. They are 
primarily used for corrosion protection, but can also provide a wide range of specific surface 
properties. Polymer coating solutions are often expensive, so coatings are applied in thin layers, 
typically on the order of 1-100 μm thick. Polymer coatings are typically thicker than inorganic 
coatings, but they can better adjust to conform to the properties of the metal and follow 
deformations without cracking [1]. However, the proper adhesion of the polymer to the metal 
surface is crucial for the proper functioning of the coatings, but also their weak point. The 
surface must be thoroughly cleaned before applying the coating, and covering irregular or 



internal surfaces is difficult. Therefore, applying monomers to the surface by chemisorption 
and their subsequent crosslinking to form polymer coatings is a suitable way to solve this 
problem. 

Self-assembling molecular layers (SAMs) have been in the focus of research in recent decades 
because of their many advantages. They form spontaneously when a substrate is exposed to a 
solution or gas containing organic molecules with self-assembling properties and an affinity 
for the substrate material. The formed films are perfectly packed molecules that are 
chemisorbed on the surface, where the close and perfectly packed film is governed by van der 
Waals forces between the neighboring molecules [2–5]. One of the main advantages of SAMs, 
compared to conventional methods of metal protection is the significant reduction in the 
consumption of chemicals, resulting in less environmental pollution [6,7]. Due to their 
advantages, SAMs have potential applications in various fields such as corrosion protection, 
electronics, catalysis, sensors, biomedicine, and others [3]. Despite many advantages, the main 
drawback of SAMs is their chemical instability and degradability, or simple removal from the 
surface of the substrate [8–12]. Accordingly, many different methods have been investigated 
to improve the adsorption of SAMs [13]. 

Due to the close packing of the molecules, the SAM film can be used as a structure of 
monomers that can be crosslinked under suitable conditions. The resulting coating is a 
nanometer-thin polymer film that does not exhibit adhesion problems and is more resistant to 
external influences in comparison to the non-crosslinked molecular layer, thus having a longer 
lifetime. In addition, crosslinking improves the mechanical properties, thermal stability, 
chemical resistance, and other significant properties of the coating [14,15]. Crosslinked 
coatings are more stable and resistant to the penetration of external ions and molecules into the 
coating and prevent penetration into the metal itself.  

Chemical crosslinking refers to the process in which various agents are used to initiate 
crosslinking. Although it is an effective method, it has several limitations. Thus, chemical 
crosslinkers often remain as residues and may introduce toxic components into the material, 
which can limit its implementation [16]. Chemical crosslinking, while useful, presents a limited 
array of compounds for application, demands intricate compound design, and can be 
challenging to execute uniformly, necessitating meticulous control over the process to ensure 
success. [17]. In contrast to chemical crosslinking, crosslinking by radiation does not require 
the use of crosslinking agents, and consequently no chemical residues remain in the material. 
Radiation crosslinking is simple, fast and scalable, especially when just few nanometers of 
respective material need to be treated. Literature data show that just several researchers have 
worked on crosslinking of SAMs recently, mainly on aromatic molecules self-assembled on 
gold and crosslinked by electron irradiation. The most studied crosslinking of SAMs by various 
researchers is that of biphenyl-4-thiol SAMs on gold [17–24]. In addition, there are reports on 
the crosslinking of 5,5′-bis (mercaptomethyl)-2,2′-bipyridine [25] and triptycene [26] as well 
as on the preparation of graphene by electron irradiation-induced crosslinking of aromatic 
SAMs [27]. In general, it is shown that radiation-induced intermolecular crosslinking of 
aromatic SAMs by electron irradiation is possible [18,28–31]. On the other hand, a general 
conclusion is that irradiation of aliphatic SAMs causes only their deterioration [31,32]. Indeed, 



the aliphatic molecules are less stable, and accordingly crosslinking of their SAMs is more 
sensitive and depends on several conditions. In order to induce crosslinking and avoid 
deterioration of the long-chain molecules, it is important to use the appropriate irradiation 
conditions [33]. Indeed, we have shown previously that under carefully controlled irradiation 
conditions crosslinking of aliphatic SAMs is possible, both in air and in water [9,34,35]. 

Electron radiation has many advantages, but it is not as penetrating as gamma radiation. In 
addition, gamma radiation has a high penetrating power and enables homogeneous crosslinking 
of the entire material as well as the films that form on the inner surfaces of the objects [36].   

It is well known that the protective properties of a SAM largely depend on the method of 
application to the surface of a metal. In most cases, the molecules deposit on a metal oxide 
surface rather than on the bare metal itself. Self-assembly on the metal could be achieved by 
several methods, the simplest of which is the immersion technique. In some situations, 
however, it is not practical to apply the molecules by immersing an object in a solution; instead, 
it is more appropriate to apply them with a brush or by spraying. After self-assembly, drying 
at elevated temperatures further stabilizes the layer [37]. 

In this work, we studied the effects of several preparation steps and processes on the properties 
of the resulting polymer nanocoatings after their crosslinking. More specifically, the effects of 
the duration of each individual preparation step of a SAM before crosslinking, as well as the 
method of applying the molecules to the surface have been investigated. 

2. Experimental 

2.1. Pretreatment of copper samples  

The investigations were carried out on high purity copper (99.9%). Specimens were prepared 
by cutting to 0.5 cm thick samples from a copper rod of 1.0 cm in diameter. Samples were 
abraded on Metkon Forcipol 102 device with Galaxy diamond grinding discs (P180–320, 
P400–600 and P800–1000), polished with α–Al2O3 particles (l = 0.1 µm), washed under 
running tap water and degreased with ethanol in an ultrasonic bath for 10 to 15 minutes. 

2.2. Application of fatty acid on the surface of copper (SAM preparation) 

Elaidic acid (EA), trans-octadec-9-enoic acid, C18H34O2, (Figure 1) is an oleic acid trans isomer 
(trans-9-18:1) which was purchased from Sigma-Aldrich Chemie GmbH. EA is an unsaturated 
trans fatty acid with self-assembling properties and an affinity for metal surfaces. It was used 
to form a protective film of self-assembled molecular layers (SAMs) on the surface of copper. 
The molecules were applied to the surface by the immersion method from an ethanol solution 
containing 10-2 mol dm-3 EA (EA solution). 

 

  

Figure 1. Elaidic acid (EA), trans-octadec-9-enoic acid 



 

According to previous investigations [37], best protective properties of SAMs of fatty acids on 
metals are obtained if the procedure is performed through three steps:  

(1) an oxidation step – samples kept at 80 °C in furnace for 24 hours – an oxide film 
consisting of copper(I) oxide, Cu2O, is formed on the surface of copper; 

(2) an adsorption step – samples are immersed in the EA solution at 40 °C for 24 hours – 
EA molecules are adsorbed on the surface of the oxide film; 

(3) a drying step – samples are kept in furnace at 50 °C for 24 hours – adhesion of the EA 
molecules to the surface increases and the SAM stabilizes.  

Since this procedure exhibits SAMs with the best protective properties, it was used as a starting 
point for further improvement of the preparation procedure and crosslinking. SAMs prepared 
by this procedure exhibit the best properties, they were used for comparison and are referred 
to as SAM samples.  

The obtained SAMs were crosslinked by gamma irradiation to obtain polymer nanocoatings 
(PNCs). The above described three-step procedure for SAM preparation served as a starting 
point for optimization of each step with the aim to prepare the PNCs with the best protective 
properties. Test groups I, II and III focus on the optimization of the oxidation, adsorption and 
drying steps, respectively. The applied optimization conditions are shown in Table 1. 

 

Table 1. Optimization of the preparation procedure of SAMs for crosslinking 

Test group Oxidation, h Adsorption, h Drying, h Label 
 
I 

 
24 

 
24 

0 24/24/0 
5 24/24/5 

24 24/24/24 
 

II 
-  

24 
 

24 
0/24/24 

3 3/24/24 
24  24/24/24 
72 72/24/24 

 
III 

 
24 

0.33   
24 

24/0.33/24 
1 24/1/24 
5 24/5/24 

24  24/24/24 

 

In addition, alternative application methods of EA were investigated. Thus, EA molecules were 
applied to the copper surface by brushing and spraying. Samples to which fatty acids were 
applied by spraying were treated five times and samples were air dried for 10 minutes after 
each step. The samples to which the EA solution was applied by brush have been treated five 
times and air dried after each step for 10 minutes as well. After the application process, the 
samples were rinsed extensively with ethanol to remove excess EA molecules that were not 
chemisorbed onto the copper surface. 



2.3. Irradiation of samples 

After SAM preparation, samples were placed in glass vials and purged with nitrogen in order 
to remove oxygen. PNCs were obtained upon irradiation which was performed at the 
panoramic Co-60 gamma irradiation facility at the Ruđer Bošković Institute, at room 
temperature with a dose of 110 kGy and a dose rate of 19.1 kGy/h. Dose mapping of the 
irradiation facility has been performed experimentally using ionizing chamber and chemical 
dosimeters based on ethanol-chlorobenzene (ECB) dosimetry system and by Monte Carlo 
simulation calculations [38,39]. 

2.4. Characterization of samples 

The protective properties of the obtained coatings were tested by electrochemical methods with 
a three-electrode system in NaHCO3, Na2SO4 and NaNO3 aqueous solution, 0.2 g/L of each 
salt, simulating atmospheric conditions (corrosive solution).  

Copper samples were placed in corrosion holders. The copper surface exposed to the corrosion 
solution was 0.5 cm2. A saturated calomel electrode (SCE) was used as a reference electrode 
and a platinum plate was used as a counter electrode. In the text, all potential values refer to 
the SCE electrode.  

Prior to electrochemical measurements, copper samples were immersed in the corrosive 
solution for 45 min to stabilize the open circuit potential (OCP). Polarization measurements 
were conducted in narrow (±20 mV OCP) and wide (±150 mV OCP) potential range with a 
potential scan rate of 0.166 mV/s. Electrochemical impedance spectroscopy (EIS) was 
performed at OCP in the frequency range from 100 kHz to 10 mHz with a 10 mV rms 
amplitude. All electrochemical measurements were performed at room temperature (cca. 
23°C). A PalmSens4 potentiostat/galvanostat/impedance analyzer was used for the 
electrochemical measurements. The preparation procedure was consistently applied to five 
samples using the same method. The parameters presented in the manuscript represent the 
mean values. 

The contact angles were measured using goniometer DataPhysics Contact Angle System OCA 
25. Measurements were performed by the sessile drop method (2µL of water) on samples of 
bare copper, SAM and irradiated samples under atmospheric conditions. Contact angles on 
each type of sample were measured at 10 points across multiple samples prepared using the 
same method. The values presented in the manuscript represent the mean of the 10 
measurements. 

Fourier transform infrared spectra (FTIR) were recorded using Bruker’s Tensor II equipped 
with an ATR module equipped with a diamond crystal at room temperature in the frequency 

range 400-4000 cm−1 and processed by Opus and Spectragryph software. Up to 5 spectra 
were recorded on each particular sample. 

The surface of the specimens was examined using the NT-MDT N'Tegra Prima atomic force 
microscope (AFM) in contact mode. Image analysis was performed using Gwyddion software.  



The X-ray photoelectron spectroscopy (XPS) analyses were carried out on the PHI-TFA XPS 
spectrometer produced by Physical Electronics Inc. equipped with Al-monochromatic source 
and hemispherical analyzer of electron energy. The analyzed area was 0.4 mm in diameter and 
the analyzed depth was about 3–5 nm. This high surface sensitivity is a general characteristic 
of the XPS method. The high-energy resolution spectra were acquired with energy analyzer 
operating at resolution of about 0.6 eV and pass energy of 29 eV. During data processing, the 
spectra were aligned by setting the C 1s peak at 284.8 eV, characteristic for C-C/C-H bonds. 
The accuracy of binding energies was about ±0.3 eV. Two places on every sample were 
analyzed. XPS method is not sensitive for H and He. XPS spectra were analyzed by Multipak 
software, version 9.9 from Physical Electronics Inc. company. High resolution spectra were 
fitted with Gauss-Lorentz functions and Shirley function was used for background correction. 
Quantification of surface composition was performed from XPS peak intensities taking into 
account relative sensitivity factors provided by instrument manufacturer [40]. 

3. Results and discussion 

Different application methods were investigated to determine the method to obtain polymer 
nanocoatings (PNC) with the best protective properties under atmospheric conditions. First, 
the immersion method was investigated by studying the influence of the different steps of SAM 
preparation (oxidation, adsorption and drying) before crosslinking. In order to optimize the 
overall process of PNC formation, the duration of each preparation step was studied by 
analyzing the properties and behavior of the obtained coatings under simulated atmospheric 
conditions. Finally, the alternative application methods were studied and compared with the 
immersion method: SAM formation by spraying or by brushing. 

3.1. Studies of the duration of individual preparation steps of a SAM for crosslinking 

The optimal duration of each preparation step was determined by electrochemical 
measurements of polymer-coated Cu samples, by Tafel extrapolation method using 
polarization curves obtained over a wide potential range (±150 mV). It should be noted that the 
corrosion process on coated samples is not solely governed by the activation energy, i.e. it is 
not under activation control which is the underlying assumption of the Tafel extrapolation 
method. Therefore, alternative methods must be used to accurately determine the corrosion 
current density. Nevertheless, the Tafel extrapolation method can provide a useful initial 
estimate and comparison between similar samples and was therefore used to compare the 
different preparation methods.  

The starting point for sample preparation was 24 hours of oxidation, 24 hours of adsorption, 
and 24 hours of drying, which were further modified and investigated. Thus, in the first set of 
experiments, only the duration of oxidation was varied (0, 3, 24 and 72 h), while adsorption 
and drying were kept at 24 h. Similarly, the duration of adsorption and drying was changed, 
while the other steps were kept at 24 h. Table 2 contains the corrosion parameters determined 
by the Tafel extrapolation method for different sets of experimental conditions. The individual 
procedures studied were labeled according to the duration of each preparation step, i.e., a 
sample labeled 0/24/24 would have no oxidation step (0h), while the adsorption and drying 
steps would last for 24 h.  



 

Table 2. Corrosion parameters determined with the Tafel extrapolation method for samples with 
different durations of the SAM preparation steps. 

Process Duration, 
h 

ba,  
mV/dec 

-bc,  
mV/dec 

Ecorr,  
mV 

jcorr, 
µA/cm2 

Rp,  
kΩ 

 
Oxidation 
(x/24/24) 

0 37 289 8 0.985±0.089 29±2 
3 39 182 -2 0.450±0.053 63±11 

24 37 229 -8 0.843±0.125 32±1 
72 34 272 5 1.118±0.115 23±3 

       
 

Adsorption 
(24/x/24) 

 

0.33 24 366 35 0.751±0.047 27±3 
1 21 233 24 0.510±0.126 33±12 
5 39 217 -1 0.442±0.114 68±19 

24 37 229 -8 0.843±0.125 32±1 
       
 

Drying 
(24/24/x) 

0 38 190 2 0.172±0.064 163±53 
5 37 317 2 0.645±0.089 45±10 

24 37 229 -8 0.843±0.125 32±1 

 

In addition to the polarization resistance Rp, the value of the corrosion current density jcorr 
provides information about the protective properties of the sample, i.e., the lower jcorr is, the 
greater the protective properties are. According to the results in Table 1, the oxidation step is 
an important part of the preparation process when it lasts up to 24 h. After 3 hours of oxidation, 
the Rp is greater than the value obtained after 24 hours of oxidation. Also, the lowest jcorr is 
obtained after an oxidation period of 3 hours. According to obtained results, the optimum 
duration of the oxidation step is found to be 3 hours. 

The studies on the duration of the adsorption step showed that the highest Rp and the lowest 
jcorr are obtained after an adsorption duration of 5 hours. Thus, 5 hours is the optimum duration 
of the adsorption step. For longer adsorption, the corrosion parameters obtained indicate lower 
protective properties. 

It can be seen in Table 1 that with the duration of the drying step, the resistance decreases and 
the jcorr increases. The lowest jcorr and the highest Rp are obtained when the drying step is not 
performed at all.  

Despite the generally consistent corrosion potentials (Ecorr) in the range of -8 to 35 mV, they 
converged closely at 0±2 mV under the optimal conditions for each duration step. Likewise, 
the anodic and cathodic Tafel slopes (ba and bc) exhibited notable similarity under these 
optimized conditions. While ba remained relatively consistent across all samples and was 
consistently below 40, bc demonstrated greater variability. The lower corrosion currents 
resulted in reduced slopes, spanning from over 300 mV/dec to less than 200 mV/dec under 
optimal conditions. 



Therefore, it can be concluded that the optimal process that should be further investigated is 
the one with 5 hours of adsorption, 3 hours of oxidation. 

3.2. Studies on the combined effects of the duration of the individual preparation steps of 
a SAM 

Once the optimal duration of each separate preparation step for the formation of SAMs for 
crosslinking has been determined, the combined procedure was applied to the samples, in 
which the oxidation process lasted 3 hours, the adsorption process lasted 5 hours and the drying 
step was not applied (combination procedure). The protective properties of the coating with 
the combined procedure were additionally tested and compared to the coatings with optimal 
durations of the individual preparation steps. Polarization curves within the ±150 mV range 
from the open circuit potential in the corrosion solution were acquired and processed using the 
Tafel extrapolation method, following the previously outlined procedure. The resulting 
corrosion current densities and polarization resistance outcomes are depicted in Figure 2. 
Notably, all corrosion potentials hovered around 0 mV, with cathodic slopes approximately at 
200 mV/dec or slightly lower. 
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Figure 2. Corrosion parameters obtained using the Tafel extrapolation method for studies on the 
optimum duration of the individual preparation steps of a SAM. 

 

The results presented in Figure 2 show that the corrosion current densities are the highest 
among the compared methods, reaching the highest value of 1.16 μA/cm2 when the optimal 
duration of the individual preparation steps is combined in a single method (3/5/0). At the same 
time, the polarization resistance reaches its lowest value of 68 kΩ, indicating a weaker 
protective effect compared to the first method (24/24/24), where the values were 0.84 μA/cm2 
and 32 kΩ, respectively. It is noteworthy that the preparation method with 24 hours of oxidation 
and adsorption without drying step (24/24/0) showed the lowest corrosion current density of 
172 nA/cm2 and the highest polarization resistance of 163 kΩ. Consequently, this preparation 
method proves to be the optimal choice to obtain a PNC with excellent protective properties. 



3.3. Properties and behavior of the selected coatings under simulated atmospheric 
conditions 

To gain better insight into the behavior of the selected coatings under simulated atmospheric 
conditions, electrochemical impedance spectroscopy (EIS) was performed. The coated samples 
were compared with the non-irradiated samples coated with SAM. Figure 3 presents the 
Nyquist and Bode plots with the EIS data obtained on the samples with the studied coatings. 

 

 

Figure 3. EIS data obtained on different samples studied for the selection of the optimal preparation 
procedure: a) Nyquist diagram in large impedance range, b) Nyquist diagram in small impedance 
range, and c) Bode diagram. The symbols show experimentally obtained data, while the lines represent 
data fitted according to the electrical equivalent circuit given in Figure 4. 

 

It can be seen from the Nyquist plot that the largest semicircle, i.e., the largest impedance, is 
obtained for sample 24/24/0. As can be seen from the Bode plot, the maximum absolute 
impedance for this sample was 99 kΩ cm2. A slightly smaller semicircle in the Nyquist plot is 
observed for sample 24/5/24 with an absolute impedance of 89 kΩ cm2. Significantly smaller 
semicircles were obtained for 3/24/24 samples, where the absolute impedance was 36 kΩ cm2. 
The smallest semicircle and an absolute impedance of only 10 kΩ cm2 was obtained for the 
sample with the combined preparation procedure, 3/5/0. The EIS results confirmed the 
observations made by the Tafel extrapolation method.  

As can be seen from the diagrams in Figure 3, the impedance spectra for sample 3/5/0 clearly 
show two time constants, whereas the second time constant is not clearly distinguished for the 
other samples. Nevertheless, two time constants are necessary to adequately reproduce the 



experimental data of all samples studied. Therefore, the impedance spectra were analyzed using 
the equivalent electrical circuit (EEC) shown in Figure 4. The flattened shape of the capacitive 
loops in the Nyquist diagram in Figure 3a was represented by the Cole-Cole dispersion [41] of 
the time constant, Z=R/(1+(iωRC)n), where the Cole-Cole coefficient is 0<n≤1, R is expressed 
in Ω cm-2, and C is the pseudo capacitance that was calculated from the constant of the constant 
phase element (Q) using the relationship C=(QR1-n)1/n and is expressed in F cm−2 [42].  

 

 

Figure 4. Sketch of the 2RC equivalent electrical circuit (EEC) used for fitting the experimental EIS 
data and a simplified model of the polymer nanocoating (PNC) on the metal substrate in the corrosive 
media. 

 

The circuit consists of two RC couples in addition to the resistance of the electrolyte Re between 
the working electrode and the reference electrode. The working electrode represents the copper 
substrate covered by an oxide layer and PNC on top, as shown in Figure 4. The thickness of 
the different layers was determined previously by ellipsometry [9] and is presented in the 
figure. The oxide layer’s thickness was determined to be dOX=10 nm, while the PNC for sample 
24/24/0 has a thickness of dPNC=4.2 nm. Considering that the length of EA is 2.4 nm [43], this 
thickness shows that the surface is covered by one to two layers of molecules crosslinked to 
form a PNC. The first RC circuit represents the electrochemical reaction on the copper surface, 
where Rct is the charge transfer resistance and Cdl is the double layer capacitance, while the 
second RC circuit expresses the coating on the copper surface, represented by Rc, the resistance 
of the coating, and Cc, the capacitance of the coating. The 2RC circuit was used to fit the 
experimental EIS data of all the samples studied. The lines in Figure 3 are the calculated data. 
It can be seen that the models used adequately reproduce the experimental data. Table 3 shows 
the results of the regression calculations. 

 

Table 3. Results of fitting the experimental EIS data obtained in the corrosion test solution, with the 
equivalent circuit shown in Figure 4 on samples of bare copper (Cu), the non-crosslinked sample (SAM) 
and on the PNCs prepared according to different preparation procedures. 

Process Cdl,  
µF cm-2 

ndl Rct,  
kΩ cm2 

Cc,  
µF cm-2 

nc Rc,  
kΩ cm2 

Cu 20.5 0.64 8.0 124.8 0.83 5.7 



SAM 13.5 0.72 14.9 59.8 0.92 9.3 
24/24/0 6.0 0.86 34.6          32.9         0.59 64.0 
24/5/24 3.7 0.87 29.6 27.5 0.58 58.9 
3/24/24 18.8 0.68 17.4 316.0 0.85 9.3 

3/5/0 9.0 0.80 4.6 367.7 0.70 4.8          
 

It can be seen from the data in Table 3, that the sample 24/24/0 reaches a Rct value more than 
twice that of the non-crosslinked sample (SAM), while Rc is more than six times higher. 
Combined with the large decrease in both capacitances, this indicates an effective inhibitory 
effect of the coating on the redox process occurring at the electrode surface. A similar behavior 
is observed for sample 24/5/24, where the resistances as well as the capacitances are slightly 
lower compared to sample 24/24/0, but still show a significant protective effect compared to 
SAM. 

The oxide preparation step took only 3 hours for samples 3/24/24 and 3/5/0, but the adsorption 
step was much longer for sample 3/24/24 than for sample 3/5/0, 24 hours versus 5 hours. These 
two samples have the lowest resistances and the highest capacitances among the irradiated 
samples, with values comparable to those of the SAM and bare copper samples. Previous 
studies [37,43] have shown that a suitable oxide film must form on the surface of copper and 
its alloys for spontaneous adsorption of a fatty acid on the surface to occur. Thus, it can be 
assumed that the fatty acids on the surface of these samples are not strongly adsorbed because 
the carboxylate anion does not chemically interact with the copper metal cation on the surface. 
In the case of sample 3/5/0, the 5 hours were too short to deposit EA molecules on the surface 
of a partially formed oxide. Therefore, comparing the resistances obtained with those of pure 
copper, where RC refers to the oxide film, its natural protective coating, they are similar, if not 
even slightly lower. On the other hand, sample 3/24/24 showed higher resistances compared to 
bare copper (Cu) and was relatively similar to the non-irradiated SAM.  

In order to slow down the corrosion, it is important that the metal surface repels water from 
itself. Therefore, the hydrophobic properties of the surface are an important indication of the 
success of the corrosion protection. The hydrophobic properties of the selected coatings were 
investigated by contact angle measurements. Figure 5 shows the water droplets obtained on the 
surface and the measured contact angles.  

 

 

Figure 5. Droplets of water on (a) pure copper; (b) non-crosslinked SAM; crosslinked samples (c) 
24/24/0 and (d) 3/5/0. 
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Figure 5 shows that the water droplet on untreated copper is clearly flattened compared to the 
other samples. If any form of EA coating is present on the surface, the water droplet is repelled 
from it and is consequently rounder. By comparing the obtained contact angles, we find the 
increase from 65 to over 90° when EA is applied to the surface, which indicated the progressive 
increase of the copper surface hydrophobicity. For samples with not crosslinked SAM, the 
contact angles obtained are 96°. After crosslinking, the values increase slightly more, to 99°, 
but the deviation also decreases. Irradiation thus further increases the hydrophobicity of the 
surface and the surface properties become more uniform. This applies both to the coatings with 
the best protective properties, 24/24/0, and to those with the least protection, 3/5/0. 

3.4. Comparison of the irradiated and unirradiated coatings 

The crosslinked 24/24/0 coatings were additionally studied by prolonged exposure to the 
corrosive solution and compared with the not crosslinked coatings (SAM). The Tafel 
extrapolation method imposes polarization of a great magnitude, thus modifying the surface 
state. For this reason, only a narrow potential scan around the open circuit potential (±20 mV 
OCP) was applied for the long-term exposure studies. Both types of samples were immersed 
in the corrosive solution and polarization measurements were taken every few days. The slope 
of the polarization curve was used to determine the polarization resistance Rp (dE/dj). Figure 6 
presents the determined Rp values as a function of time. 
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Figure 6. Polarization resistances (Rp) versus time (t) determined in the corrosive solution. 

 

It can be seen that the polarization resistances are generally an order of magnitude greater in 
the irradiated samples, which is to be expected as a consequence of the SAM layer crosslinking. 
In addition, the errors for the irradiated samples are significantly lower compared to the 
unirradiated samples. EA molecules do not cover the surface of the copper uniformly, so this 
scattering is observed. Irradiation leads to uniform crosslinking throughout the layers of 



molecules, and the crosslinked layers are subsequently the main source of protection for the 
copper. 

In both cases, the resistances increase in the first two days. After that, it can be assumed that 
the systems are stable, although the resistances still increase to some extent after 5 days. 
Thereafter, a clear decrease in Rp begins in the unirradiated sample, indicating the start of the 
degradation of the coating and its protective properties. This decrease continues until the 12th 
day, when the entire coating is removed from the surface and accelerated corrosion can occur 
unhindered, leading to the accumulation of large quantities of corrosion products that increase 
the actual surface area and consequently the resistance. On the other hand, the resistance of the 
irradiated sample remains stable throughout the period in which the study was carried out, 
indicating that the coating is in its original state. 

Figure 7 presents the AFM images obtained on not crosslinked SAM and on PNC. In the image 
analysis, the surface details were interpreted as density packed particles. Height of each particle 
is defined as the difference between maximum and minimum within the particle on the surface, 
while radius is the average for all directions. These size distributions fit well to normal 
distributions as shown in Figure 7. Crosslinking shifted the height distribution from 11±6 nm 
to 9±5 nm, while the average radius changed from 14±8 nm to 9±6 nm. Here, the latter number 
is the normal fit halfwidth. Note that reduction in sizes was more substantial in the particle 
radius. The reduction of both distribution widths after crosslinking could be interpreted as the 
film becoming more homogeneous and is expected to influence the surface wetting. 

   

 

Figure 7. AFM image of not crosslinked SAM (left) and of PNC (right) and respective size 
distributions (center). 

 

Table 4 presents the chemical composition on the surface of bare copper, not crosslinked SAM 
and crosslinked PNC surfaces. It may be seen that carbon and oxygen are the main elements 
present in all samples. The origin of C and O on the Cu sample is probably due to surface 
contamination by CO2 and/or adsorbed species from air, which may form thin surface oxide 
(carbonate) layer. Bare copper shows also presence of calcium (Ca 2p) and silicone (Si 2p) in 
relatively small amounts. These elements may originate from the polishing plates.  



 

Table 4. Surface composition obtained by XPS on bare copper (Cu), copper covered by not crosslinked 
SAM and crosslinked PNC, shown as atomic percent. 

Composition 
(at.%) 

C 1s O 1s Cu 2p Ca 2p Si 2p Cl 2p N 1s 

Cu 47.1±0.6 35.0±1.0 13.3±0.6 3.2±0.4 1.4±0.3 - - 
SAM 64.1±1.2 23.9±0.4 11.0±0.7 - - 0.6±0.1 0.6±0.1 
PNC 58.6±0.1 29.1±0.1 11.1±0.2 - - 0.8±0.1 0.4±0.1 

 

SAM and PNC samples contain more carbon and less oxygen than pure Cu, which indicate the 
presence of fatty acid coating. The presence of Cu on both samples indicates that the SAM 
coating layer is only a couple of nm thick so the XPS Cu 2p signal originate from the underlying 
metal-oxide. It should be noted that the analyses depth of XPS is 3-5 nm. Such thickness of the 
coatings was also confirmed by ellipsometry [9]. The carbon content on the SAM sample is 
larger than on the PNC sample, which is probably the result of partial degradation of molecules 
after gamma irradiation. The PNC samples were additionally washed by ethanol after 
irradiation in order to remove these molecules. Surface of SAM-coated samples do not contain 
Ca or Si, but chlorides (Cl 2p) and nitrogen (N 1s) have been detected. Chlorides are residues 
from the salts used for water filtration, while nitrogen was used for removing oxygen from the 
EA solution. 

High-energy resolution XPS spectra C 1s of all samples were deconvoluted by fitting method 
into four peaks: C1 peak related with C-C/C=C/C-H bonds, C2 peak related with C-O/C-OH 
bonds, C3 peak related with C=O/O-C-O bonds, and C4 peak related with O=C-O and/or CO3 
bonds [40]. The binding energy and relative concentration of these peaks in total carbon XPS 
spectrum is given in Table 5.  

 

Table 5. Relative concentrations of different bonds of carbon atoms with respect to total carbon 
presence derived from the deconvolution procedure of the XPS spectra C 1s. 

Relative concentration 
(%) 

C1 
% / eV 

C2 
% / eV 

C3 
% / eV 

C4 
% / eV 

Cu 75.7 / 284.4 8.4 / 285.8 6.1 / 287.8 9.7 / 289.1 
SAM 85.5 / 284.5 6.7 / 285.8 1.5 / 287.2 6.3 / 288.1 
PNC 72.8 / 284.4 11.3 / 285.7 2.4 / 286.8 13.4 / 288.1 

 

The main C1 peak of carbon on pure Cu is probably due to the contamination mentioned above 
and C4 is partly due to carbon dioxide from the air reacting with moisture and copper to form 
copper carbonate. The SAM and PNC samples also show the largest contribution of C-
C/C=C/C-H (C1) bonds, which is due to the presence of aliphatic chains of EA molecules 
and/or partially due to adsorbed species (contamination) obtained during the sample handling 
to XPS spectrometer. Unfortunately, due to the limited energy resolution, it is not possible to 
identify the C=C bonds in the C1 peak, which would reflect the crosslinking degree in the PNC 



sample. The C-O/C-OH (C2) and O=C-O (C4) bonds of the PNC samples are relatively larger 
than those of the SAM sample. The relative increase of the C4 peak in PNC could be due to 
the additional oxidation of the carbon atoms during the radiation treatment. Due to the close 
position in the binding energy scale, the part of the C2 peak of the PNC sample could also be 
related to the formation of C=C bonds under radiation, but this cannot be fully confirmed from 
our data. Both increases in the PNC samples are presumed to be related to the degraded EA 
molecules that were not incorporated into the SAM prior to irradiation and consequently are 
not part of the polymer coating.  

3.5. Studies on the fatty acid application method 

In addition to the immersion method, the possibility of applying fatty acids to the copper 
surface by spraying or brushing was also studied in order to compare the efficiency. Spraying 
and brushing was applied on samples with 24 hours oxidation step and without any drying step, 
as found optimal in previous research [37]. The samples were compared with pure copper and 
with the PNC coating obtained by immersion with the optimal conditions determined (24/24/0). 
The corrosion parameters obtained from the polarization curves determined by the Tafel 
method are shown in Table 6. 

 

Table 6. Corrosion parameters obtained by Tafel extrapolation method for samples with different EA 
application methods (immersion, spraying and brush application).  

Sample ba, 
mV/dec-1 

-bk,  
mV/dec-1 

Ecor, 
mV 

jcor, 
μA/cm2 

Rp,  
kΩ 

η, 
 % 

Cu 71 214 -48 3.282±0.455 12±3 - 
Immersion 38 190 2 0.172±0.064 163±53 94.8 

Brush 26 194 0 0.276±0.030 74±25 91.6 
Spray 32 185 13 0.559±0.133 45±6 83.0 

 

It can be seen from the results that all three types of coatings provide significant protection for 
copper. However, the lowest corrosion current density was obtained when EA was applied by 
immersion. Protection efficiency, η, was calculated according to the following formula: 

𝜂 =
௝ి౫ି௝ುಿ಴

௝ి౫
100%                                                          (2) 

where 𝑗େ୳ is the corrosion current density of pure copper and 𝑗௉ே஼ is the corrosion current 
density of PNC formed by immersion, brush application or spraying. The calculated protection 
efficiencies showed that the greatest protection was obtained when EA was applied by 
immersion (95%), slightly less when it was applied by brush (92%), and the least when it was 
applied by spraying (83%). 

Testing of the protective properties of the coatings under simulated atmospheric conditions was 
performed using the EIS method. Figure 8 shows the Nyquist (a) and Bode (b) diagrams of the 
EIS spectra obtained for the samples to which EA was applied by immersion in the EA solution, 
by brush application or by spraying. The symbols represent experimentally obtained data, and 
the lines represent data modelled according to the 2RC EEC presented in Figure 4. 
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Figure 8. EIS data obtained for different samples studied for selecting the optimal application method 
of elaidic acid: a) Nyquist plot, b) Bode plot. The symbols show experimentally obtained data, while 
the lines represent data fitted according to the electrical equivalent circuits given in Figure 4. 

 
It can be seen that the largest semicircle in the Nyquist plot (Figure 8a) and consequently the 
largest absolute impedance of 99 kΩ cm2 in the Bode plot (Figure 8b) is observed for the 
samples immersed in the EA solution. Applying EA with a brush and spraying it on the copper 
surface results in a certain reduction of the impedance semicircles, with absolute impedance 
values of 52 kΩ cm2 and 26 kΩ cm2, indicating somewhat less effective protection of the 
coating compared to the immersion method. The highest absolute impedance value and phase 
angle maximum (Figure 8b) were obtained for the samples prepared by the immersion method. 
Coatings prepared by brush application and spraying have lower values of absolute impedance, 
and the curve of the samples obtained by spraying is shifted towards higher frequencies.  

 

Table 7. Results obtained by fitting the experimental EIS data obtained on samples with different 
application methods, with the EEC presented in Figure 4.  

Sample Cdl,  
µF cm-2 

ndl Rct,  
kΩ cm2 

Cc,  
µF cm-2 

nc Rc,  
kΩ cm2 

Immersion 6.0 0.86 34.6 32.9 0.59 64.0 
Brush 11.1 0.70 12.1 55.8 0.61 39.7 
Spray 2.8 0.84 2.7 25.7 0.61 22.9 

 
All samples were fitted using the 2RC circuit (Figure 4) and the results are presented in Table 
7. The Rct value of the coatings obtained by spraying is the lowest at 2.7 kΩ cm2, indicating 
low corrosion resistance. By applying EA to the copper surface with a brush, the Rct value 
increases to 12.1 kΩ cm2, but the increase in resistance is also accompanied by a higher 
capacitance (11.1 µF cm-2). By immersing the samples in the EA solution, the highest charge 
transfer resistance (34.6 kΩ cm2) was obtained at a capacitance lower than that obtained by the 
brush method (6.0 µF cm-2), indicating that a layer with good protective properties is stable on 
the surface. For the spray method, the coatings have the lowest coating resistance value, 
indicating the lowest protective properties. When the fatty acid is applied with a brush, the 
coating’s resistance increases, but the highest coating capacitance value (55.8 µF cm-2) is also 



obtained, indicating that there is an uneven layer with poor protective properties on the surface. 
The best protection was obtained with coatings formed by immersion of copper samples in the 
EA solution, with a coating resistance of 64 kΩ cm2 and the lowest capacitance of 32.9 µF cm-

2. At the sites where the molecules are well adsorbed on the copper surface, they are crosslinked 
by radiation into the polymer coating. However, at the sites where the molecules were not well 
adsorbed, instead of crosslinking, local degradation of the reactive molecules could take place, 
as evidenced by higher capacitance values at lower coating resistance. 

Figure 9 presents the values of the contact angles obtained on the different samples. It could be 
seen that the application by brush and spraying gave slightly lower contact angle values of 84° 
and 85°, respectively, compared to the immersion application. The deviation was in the case of 
application by spraying higher, indicating a less homogeneous layer is present on the surface. 
 

 

 

Figure 9. Drops of water on samples crosslinked upon application of EA by the (a) immersion; (b) 
brush and (c) spray method. 

 

In order to confirm that the conclusions made from the electrochemical measurements are 
related to the EA film present on the surface, additional FTIR measurements were performed. 
Figure 10 presents the ethylene stretching region of the FTIR spectra obtained on not 
crosslinked SAM obtained by the immersion method and irradiated samples formed by the 
immersion method (24/24/0), applying EA by brush and spraying. It can be seen that all 
resulting spectra are similar. Additionally, not crosslinked SAMs obtained by brush and 
spraying were measured, but since the results showed no significant difference, they are not 
presented. Presence of an ordered molecular film on the surface of a metal can be observed in 
the FTIR spectrum in the ethylene stretching region. A well-ordered film is characterized as 
alkyl chains in trans configuration, with characteristic peaks at wavenumbers ≤2918 cm−1 
related to CH2 asymm and ≤2850 cm−1 related to CH2 symm stretching. Indeed, all samples showed 
these vibrations, which indicate the presence of coating film on the surface, with no alterations 
after irradiation. 
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Figure 10. FTIR-ATR spectra of not crosslinked SAM obtained by the immersion method, and 
crosslinked samples (PNC) obtained by immersion, spraying, and brush. 

 

4. Conclusions 

The protective properties of polymer nanocoatings (PNCs) formed by crosslinking a self-
assembled molecular layer (SAM) of elaidic acid (EA) on a copper surface by gamma 
irradiation depend largely on the preparation method of the SAM. To obtain a compact polymer 
protective layer on copper, the EA molecules have to be orderly organized on the surface before 
crosslinking. For proper self-assembly, an oxide layer must be formed on the surface of copper 
by heating at 80 °C. The EA SAM could be organized properly by immersion of copper in an 
EA ethanol solution. The results indicated that the best protective properties are obtained when 
copper is (1) oxidized at 80 °C for 24 hours, subsequently (2) immersed in EA solution for 24 
hours at room temperature and finally (3) gamma irradiated. 

The studies showed that in addition to immersion of the copper samples in the EA ethanol 
solution, application by brushing or spraying is also possible, although in both cases the contact 
angles of the resulting PNCs showed that the coatings were less hydrophobic (84° and 85°) 
compared to the immersion method (99°). The protective properties, expressed as efficiency, 
are high when applied by immersion (95%) or by brushing (92%), while significantly lower 
values were obtained when spraying (83%). The obtained variations in the contact angles of 
the sprayed samples indicate a less homogeneous layer on the surface. Overall, the study has 
shown that the optimal method for applying EA to the surface of smaller pieces is the 
immersion method, while larger pieces that cannot be immersed should be treated by applying 
SAM with a brush.  
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