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Abstract Copper corrosion inhibition in 1M nitric acid solution using Doxycycline has been studied by mass loss 

method and DFT calculations. It was found that this compound acts as a good inhibitor for copper corrosion in the 

acid solution (the inhibition efficiency is 95.65% at T= 308K and C =10
-3

M). The inhibiting action of Doxycycline 

(DXC) was discussed in view of its adsorption on the metal surface. The adsorption was found to be spontaneous 

and follows the modified Langmuir adsorption isotherm known as Villamil’s isotherm. The results show that the 

inhibition efficiency IE (%) increases with increasing concentration in the studied molecule, but decreases slightly 

with increasing temperature. The thermodynamic adsorption and activation functions were also determined and 

discussed. Quantum chemical calculations at B3LYP/6-31G (d) level was further used to determine molecular 

parameters in order to ascertain any correlation between the inhibition efficiency and the molecular structure.
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1. Introduction  

Copper and its alloys are among the most used materials in the world. This is due to their excellent electrical and 

thermal conductivities. They are used in many applications such as electronics devices [1], integrated circuits [2], 

etc. Though copper is a relatively noble metal, in strongly oxidizing environments, the material is dissolved. This 

degradation of the material [3- 5] can be controlled by introducing some specific inorganic or organic compounds in 

the medium. Nowadays, organic inhibitors are preferred to inorganic ones because of increased awareness towards 

environmental pollution. So [6, 7], only non-toxic and biodegradable compounds are recommended. In the literature 

the use of many types of compounds such as azoles [8, 9], amines [10, 11], antibiotic drugs [12, 13], etc., is 

reported. The common feature of these molecules [14, 15] is that they contain heteroatoms such as nitrogen, sulphur, 

phosphorous and multiple bonds in their structures. Their action depends on the type of functional groups, the 

number and type of adsorption sites, the charge distribution in the molecule and the type of interaction between 

these compounds and the metallic surface. 

Recently, it has been reported in the literature [16-18] that to get insight into the properties of the organic molecules, 

quantum chemical calculations were very useful. So, the quantum chemical parameters such as the energy of the 

highest occupied molecular orbital (EHOMO), the energy of the lowest unoccupied molecular orbital (ELUMO), the 

energy gap (∆𝐸 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂 ), the dipole moment(𝜇), the total energy 𝐸𝑇 , the absolute electronegativity (𝜒), 

the absolute hardness (η), the absolute softness (σ), the fraction of electron transferred (ΔN)and the electrophilicity 

index (ω) which are the global descriptors related to the interactions between the surface atoms and the organic 

compounds were correlated to the inhibition efficiency. The local descriptors [19, 20] such as Fukui functions 

(𝑓𝑘
+,𝑓𝑘

−) and the dual descriptor ∆𝑓 𝑟 =  𝑓+(𝑟) − 𝑓−(𝑟) were also correlated with the capacity of the molecule to 
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protect metal surfaces. The global descriptors and the local ones [21] have been reported to be very useful in 

deriving the inhibition mechanisms. 

The aim of the present work is to study the properties of Doxycycline (DXC) as a potential inhibitor of copper 

corrosion in 1 M nitric acid solution by using mass loss technique and DFT calculations on the electronic 

parameters. We also intend to establish a relationship between the molecular structure and the inhibition efficiency. 

 

2. Material and methods 

2.1 Mass loss technique 

The copper samples were of chemical composition in percentage Pb: 0.005, Al: 0.006, Fe: 0.006, S: 0.002 and the 

remainder Cu: 99.8. Their dimensions were 10mm in length and 2.2 mm in diameter. They were polished with 

different grade emery papers up to 4/0 grade, cleaned with acetone, washed with doubly distilled water and dried. 

After being weighed, the samples were introduced in the solution test of 1 M nitric acid in the absence or presence 

of different concentrations in Doxycycline from Sinopharm Chemical Reagent Co, at different temperatures. The 

mass loss experiments were performed under total immersion in the test solution, opened to the air. The temperature 

was controlled by a water thermostat. After one hour immersion, the samples were retrieved from the solution, 

washed with a bristle brush under running water in order to remove the corrosion product, dried and weighed. The 

temperature and the concentration range, respectively from 308K to 328K and from 0.05mM to 1 mM. From the 

weight loss results, the corrosion rates 𝑊, the inhibition efficiency IE (%), and the degree of surface coverage θ 

were calculated using equations (1)-(3): 

𝑊 =
∆𝑚

𝑆×𝑡
                                                                   (1) 

𝐼𝐸 % =  
𝑊0−𝑊

𝑊0
 ∗ 100                                                (2) 

𝜃 =
𝑊0−𝑊

𝑊0
                                                               (3) 

Where ∆𝑚 is the mass loss (in g), 𝑆 is the total surface (in cm
2
), 𝑡 is the immersion time (in h), 𝑊0 and 𝑊 are 

respectively the corrosion rate without and with the tested molecule and θ is the surface coverage. 

 

2.2 DFT approach 

The calculations in this work were performed using the hybrid functional B3LYP, a version of DFT functional that 

uses Becke’s three parameter functional  (B3) with a mixture of HF and DFT exchange terms associated with the 

gradient corrected correlation functional of Lee et al. [22]. The full geometry optimization was carried out at 

B3LYP/6-31 G(d) level of theory, using Gaussian 03 W [23]. 

The calculations were carried out in gas phase. The optimized minimum energy geometrical configuration of the 

molecule is given in Fig 1. 

 
Figure 1: Optimized structure of Doxycycline by 6-31 G (d) 
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2.2.1 Global descriptors 

Electronegativity (𝜒), chemical potential (𝜇𝑃), global hardness (𝜂), global softness (𝜎) and electrophilicity index (𝜔) 

are global reactivity descriptors, highly successful in predicting global chemical reactivity trends. 

The chemical potential 𝜇𝑃  [24] is linked with the electronegativity 𝜒 via the first derivative of the energy with 

respect to the number of electrons: 

𝜇𝑃 =  
𝜕𝐸

𝜕𝑁
 
𝑣(𝑟)

= −𝜒                                                        (4) 

In this relation (4), 𝐸 is the total energy, 𝑁 is the number of electrons and 𝑣(𝑟) is the external potential of the 

system. 

The hardness [25] which is defined as the second derivative of the energy with respect to the number of electrons at 

𝑣(𝑟) is a property linked to both the stability and the reactivity of the molecule. 

𝜂 =  
𝜕2𝐸

𝜕𝑁2 
𝑣(𝑟)

                                                           (5) 

Referring to Koopman’s theorem [26], the electronegativity (𝜒) and the global hardness (𝜂) can be written in terms 

of ionization potential (𝐼) and the chemical affinity (A) or either in terms of HOMO and LUMO energies: 

𝜒 =
(𝐼+𝐴)

2
≈ −

(𝐸𝐻𝑂𝑀𝑂 +𝐸𝐿𝑈𝑀𝑂 )

2
                                            (6) 

𝜂 =
(𝐼−𝐴)

2
≈ −

(𝐸𝐻𝑂𝑀𝑂 −𝐸𝐿𝑈𝑀𝑂 )

2
                                            (7) 

The global softness (𝜎) which is the reciprocal of the global hardness is then given by the equation below: 

𝜎 =
1

𝜂
=  

2

(𝐼−𝐴)
                                                         (8) 

The electrophilicity index (𝜔 ) [27], which measures the stabilization in energy when the system acquires an 

additional electronic charge from the environment is given by the following equation: 

𝜔 =
𝜇𝑃

2

2𝜂
=

(𝐼+𝐴)2

4(𝐼−𝐴)
           (9) 

Another important quantity linked to the reactivity is the fraction of electron transferred (Δ𝑁) [28], given by: 

Δ𝑁 =
𝜙𝐶𝑢−𝜒 𝑖𝑛 ℎ

2(𝜂𝐶𝑢 +𝜂𝑖𝑛 ℎ )
                                                          (10) 

Where 𝜙𝐶𝑢 is the copper’s work function, 𝜂𝐶𝑢  is the copper’s hardness, 𝜒𝑖𝑛ℎand 𝜂𝑖𝑛ℎare respectively the 

electronegativity and the hardness of the studied molecule.  

For the calculations, the following values have been used:  𝜙𝐶𝑢 = 4.52 𝑒𝑉 [29] and 𝜂𝐶𝑢 = 0 [30]. 

 

2.2.2. Local descriptors 

The Fukui functions and the dual descriptor are extensively applied to probe the local reactivity and site selectivity. 

The Fukui function [31] is defined as the derivative of the electronic density 𝜌(𝑟) with respect to the number 𝑁 of 

electrons: 

𝑓 𝑟 =  
𝜕𝜌 (𝑟)

𝜕𝑁
 
𝑣(𝑟)

                                                        (11)   

This function reflects the ability of a molecular site to accept or donate electrons. High values of  𝑓 𝑟  [31] are 

associated to a high reactivity at point 𝑟. Equation (11) which is associated with a finite difference approximation 

leads to two definitions of Fukui functions depending on total electronic densities: 

𝑓+ 𝑟 = 𝜌𝑁+1 𝑟 − 𝜌𝑁(𝑟)                                                   (12) 

𝑓− 𝑟 = 𝜌𝑁 𝑟 − 𝜌𝑁−1(𝑟)                                                    (13) 

In equations (12) and (13), 𝜌𝑁+1 𝑟 , 𝜌𝑁(𝑟)and 𝜌𝑁−1(𝑟)are respectively the densities at point 𝑟for the system 

with (𝑁 + 1), 𝑁 and (𝑁 − 1) electrons. 

𝑓+ 𝑟  measures the reactivity at the site 𝑟 toward nucleophilic attacks, while 𝑓− 𝑟  measures the reactivity at site 𝑟 

towards electrophilic attacks. 

Recently, a new descriptor [32, 33] has been introduced. This new index is defined in terms of the variation of 

hardness with respect to the external potential and is written as the difference between nucleophilic and electrophilic 

Fukui function, thus been able to characterize both reactive behaviours. This index is given by: 
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∆𝑓 𝑟 =  𝑓+ 𝑟 − 𝑓−(𝑟)                          (14) 

If ∆𝑓 𝑟 > 0, then the site is favoured for nucleophilic attack, whereas if ∆𝑓 𝑟 < 0, the site may be favoured for an 

electrophilic attack. 

 

3. Results and discussion 

3.1 Mass loss method 

3.1.1 Effect of concentration  

The variation of inhibition the efficiency versus the concentration in DXC for different temperature is shown in Fig. 

2. One can observe that the presence of DXC reduces the corrosion of the metal by acting as a physical barrier 

between copper and its environment.  The inhibition efficiency increases with the concentration in DXC: from 75% 

for 0.05 mM to 95.65% for 1 mM at T = 308K and from 63.8% for 0.05mM to 85.94% to 1 mM at 328K.    

3.1.2. Effect of temperature 

The evolution of the inhibition efficiency versus the temperature is presented in Fig. 3. 

 
Figure 2: Inhibition efficiency of DXC versus concentration in DXC for different temperature 

 
Figure 3: Inhibition efficiency of DXC versus temperature for different concentrations. 

It can be seen from Fig. 3 that the inhibition efficiency decreases slightly when the temperature increases, probably 

due to increase in disorder or to decreasing strength of adsorption (shifting the adsorption-desorption equilibrium 

towards desorption).  
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3.2 Adsorption isotherm 

In order to understand the interaction between DXC and the copper surface, adsorption isotherm has been used. The 

values of degree of surface coverage  𝜃  at different concentrations of DXC in 1M HNO3 for the temperature range 

(308-328K) were calculated. Attempts were made to fit   𝜃  values to various isotherms including, Langmuir, El 

Awady, Temkin, Freundlich, Flory Huggings. The correlation coefficient (R
2
) was then used to choose the best 

isotherm which was by far the Langmuir isotherm [34]: 
𝐶𝑖𝑛 ℎ

𝜃
=

1

𝐾𝑎𝑑𝑠
+ 𝐶𝑖𝑛ℎ                                                          (15) 

Where 𝐾𝑎𝑑𝑠  is the adsorption equilibrium constant and 𝐶𝑖𝑛ℎ  is the inhibitor concentration. The plots of  
𝐶𝑖𝑛 ℎ

𝜃
 versus 

𝐶𝑖𝑛ℎ  are given in Fig.4. 

 
Figure 4: Langmuir isotherm plots for DXC adsorption on copper in 1M HNO3 

Thought the correlation coefficient (R
2
) of the Langmuir adsorption isotherm is nearly equal 1, there are deviations 

from the hypothesis of the model. Therefore, the appropriate isotherm is the modified Langmuir adsorption isotherm 

named Villamil isotherm [35], which equation is: 
𝐶𝑖𝑛 ℎ

𝜃
=

𝑛

𝐾𝑎𝑑𝑠
+ 𝑛𝐶𝑖𝑛ℎ                                                           (16) 

Where 𝑛 is the slope value obtained for a plot in Fig. 4. 

 

3.3 Thermodynamic adsorption parameters 

Thermodynamic adsorption parameters such as change in the free adsorption enthalpy (∆𝐺𝑎𝑑𝑠
0 ), change in adsorption 

enthalpy (∆𝐻𝑎𝑑𝑠
0 ) and change in adsorption entropy (∆𝑆𝑎𝑑𝑠

0 )are very important in understanding the mechanism of 

adsorption process. 

The change in free adsorption enthalpy is given by the following equation: 

∆𝐺𝑎𝑑𝑠
0 = −𝑅𝑇 𝐿𝑛 (55.5𝐾𝑎𝑑𝑠 )         (17) 

The value of 55.5 is the molar concentration of water in the solution expressed in molarity units (mol.L
-1

). 

The three thermodynamic parameters are linked by the relation below: 

∆𝐺𝑎𝑑𝑠
0 = ∆𝐻𝑎𝑑𝑠

0 − 𝑇∆𝑆𝑎𝑑𝑠
0                                                  (18) 

Fig.5 gives the plot of ∆𝐺𝑎𝑑𝑠
0  versus 𝑇: ∆𝑆𝑎𝑑𝑠

0  (negative of the slope) and ∆𝐻𝑎𝑑𝑠
0  (intercept of the line with y axis). 
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Figure 5: ∆𝐺𝑎𝑑𝑠
0  versus Temperature for the adsorption of DXC on copper in 1M HNO3 

 

All the calculated parameters are given in Table 1. 

Table 1: Adsorption parameters of DXC on copper surface in 1 M HNO3 

T(K) 𝑲𝒂𝒅𝒔(𝑴−𝟏) ∆𝑮𝒂𝒅𝒔
𝟎 (𝒌𝑱𝒎𝒐𝒍−𝟏) ∆𝑯𝒂𝒅𝒔

𝟎 (𝒌𝑱𝒎𝒐𝒍−𝟏) ∆𝑺𝒂𝒅𝒔
𝟎 (𝑱𝒎𝒐𝒍−𝟏𝑲−𝟏) 

308 34126.7 -37.0  

 

5.565 

 

 

138.4 

313 35683.3 -37.8 

318 37433.3 -38.4 

323 38400.0 -39.1 

328 41379.2 -39.8 

 

The negative values of ∆𝐺𝑎𝑑𝑠
0  suggest that the adsorption of DXC on copper surface is a spontaneous process; the 

values are ranged from -39.8 to -37 kJ.mol
-1

, indicating [36] that the adsorption process is both physical and 

chemical adsorption. 

The positive value of ∆𝐻𝑎𝑑𝑠
0  [37] shows that the adsorption of the inhibitor is an endothermic process; this result 

may explain the fact that the adsorption constant and then the inhibition efficiency increases with increasing 

temperature. 

The change in adsorption entropy ∆𝑆𝑎𝑑𝑠
0  is positive, showing that disorder increases along the process due probably 

to the desorption of water molecules. 

In order to distinguish between physisorption and chemisorption, the isotherm of Dubinin-Radushkevich [38] has 

been used.  This isotherm is characterized by the equation below: 

𝑙𝑛𝜃 = 𝑙𝑛𝜃𝑚𝑎𝑥 − 𝑎𝛿2                                                     (19)  

Where 𝜃𝑚𝑎𝑥  is the maximum surface coverage and 𝛿 is the Polanyi potential which is given by: 

𝛿 = 𝑅𝑇𝑙𝑛  1 +
1

𝐶𝑖𝑛 ℎ
                                                       (20) 

In equation (20), 𝑅 is the perfect gas constant, 𝑇 is the absolute temperature, and 𝐶𝑖𝑛ℎ  is the concentration of the 

inhibitor expressed in gL
-1

. The plots of 𝑙𝑛𝜃 versus 𝛿2 is given in Figure 6. 
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Figure 6: Dubinin-Radushkevich plots for copper corrosion inhibition in presence of DXC 

The value of the parameter a in equation (19) leads to the mean adsorption energy 𝐸𝑚 for the related temperature. 

This energy which is the transfer energy of 1 mol of adsorbate from the infinity (bulk solution) to the surface of the 

adsorbent is defined as: 

𝐸𝑚 =
1

 2𝑎
                                                            (21) 

All the calculated values are collected in table 2. 

Table 2: Parameters of Dubinin-Radushkevich isotherm 

T(K) 𝑹𝟐 𝒂(𝒌𝑱𝟐𝒎𝒐𝒍𝟐) 𝜽𝒎𝒂𝒙 𝑬𝒎(𝒌𝑱𝒎𝒐𝒍−𝟏) 

308 0.983 0.0091 0.969 7.412 

313 0.900 0.0090 0.920 7.453 

318 0.988 0.0075 0.888 8.165 

323 0.956 0.0059 0.857 9.206 

328 0.964 0.0051 0.874 9.901 

 

In order to distinguish the range of temperatures for physisorption from that of chemisorption, we plot 𝐸𝑚versus 

temperature (Figure 7). 

 
Figure 7: Mean adsorption energy versus temperature for DXC onto copper 

The magnitude of 𝐸𝑚  [39], gives information about the type of adsorption: 𝐸𝑚values less than 8 kJ mol
-1

 indicate 

physical adsorption, while that higher than 8 kJ mol
-1

 suggest chemisorption. Using the equation in Figure 7, we 
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derived the domains where each type of adsorption is predominant (𝑇 < 314.9 𝐾 for physisorption and 𝑇 >

314.9 𝐾 for chemisorption). 

 

3.3 Thermodynamic activation parameters 

To study of the effect of the temperature on the corrosion inhibition process, the experiments have been carried out 

at different temperatures in the absence and presence of various concentration of (DXC). The activation energy for 

the corrosion process was calculated using the Arrhenius equation: 

𝑙𝑜𝑔𝑊 = 𝑙𝑜𝑔𝐴 −
𝐸𝐴

2.303𝑅𝑇
                             (22) 

Where 𝑊 is the corrosion rate, 𝐸𝑎 is the apparent activation energy, R is the universal gas constant, T is the absolute 

temperature and A is the frequency factor. 

To access the values of the variations of enthalpy and entropy, the transition state equation has been used: 

𝑙𝑜𝑔  
𝑊

𝑇
 = 𝑙𝑜𝑔  

𝑅

ℵℎ
 +

∆𝑆𝑎
∗

2.303𝑅
−

∆𝐻𝑎
∗

2.303𝑅𝑇
                                         (23) 

Where ℵ is the Avogadro number, ℎ is the Planck’s constant, ∆𝑆𝑎
∗ and ∆𝐻𝑎

∗ are respectively, the variation of 

activation entropy and enthalpy. 

Figure 8 and 9 display respectively the plots of  𝑙𝑜𝑔𝑊 and 𝑙𝑜𝑔  
𝑊

𝑇
  versus  

1

𝑇
  

 
Figure 8: Arrhenius plots for different concentrations of DXC 

 
Figure 9: Transition states plots for different concentrations of DXC 
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The Arrhenius plots of logW against (1/T) gives a straight line with slope (−
𝐸𝑎

2.303𝑅
) and intercept 𝑙𝑜𝑔𝐴; the plots of 

𝑙𝑜𝑔  
𝑊

𝑇
  versus  

1

𝑇
  also give a straight line with slope(−

∆𝐻𝑎
∗

2.303𝑅
) and intercept of [𝑙𝑜𝑔  

𝑅

ℵℎ
 +

∆𝑆𝑎
∗

2.303𝑅
]. The obtained 

values of the activation parameters are tabulated in Table 3. 

Table 3: Activation parameters for copper corrosion without and with DXC in 1 M HNO3 

 Ea (kJmol
-1

) ∆𝑯𝒂
∗  (kJmol

-1
) ∆𝑺𝒂

∗  (Jmol
-1

K
-1

) 

Blank 52.6 50.0 -194.1 

0.05 mM 66.1 63.5 -192.3 

0.1 mM 68.2 65.6 -192.2 

0.5 mM 68.6 65.9 -192.3 

1 mM 76.7 74.1 -191.1 

 

The values of 𝐸𝑎  for the corrosion process, both in the absence and presence of DXC, are greater than 20𝑘𝐽𝑚𝑜𝑙−1, 

suggesting [39] that the entire process is controlled by surface reaction. We also note that the values 𝐸𝑎  in 1M HNO3 

containing DXC are higher than that in the uninhibited solution, indicating [40] that the adsorption is predominantly 

physical adsorption (physisorption). 

Inspection of data in Table3, also reveal that the activation parameters (∆𝐻𝑎
∗ and ∆𝑆𝑎

∗) of copper dissolution in the 

presence of DXC are higher than that in the nitric acid solution without the inhibitor. The positive sign of the 

variation of the activation enthalpy reflects [41] the endothermic nature of copper dissolution, indicating that the 

dissolution of the metal in presence of DXC is difficult.  

The variation of the activation entropy is negative, showing [42] that the rate-determining step for the activated 

complex is an association rather than dissociation, meaning that a decrease disorder takes place on going from 

reactants to the activated complex. 

 

3.4 Quantum chemical studies 

The calculated molecular parameters, including 𝐸𝐻𝑂𝑀𝑂 (the energy of the highest occupied molecular orbital), 𝐸𝐿𝑈𝑀𝑂  

(the energy of the lowest unoccupied molecular orbital), the energy gap (∆𝐸), the dipole moment𝜇, the 

electronegativity𝜒, the hardness 𝜂, the softness 𝜎, the electrophilicity index  𝜔 and the total energy 𝐸𝑇  of the 

molecule are listed in Table 4. 

Table 4: Molecular properties of Doxycycline (DXC) calculated by B3LYP/6-31G (d) 

Parameter Value Parameter Value 

𝐸𝐻𝑂𝑀𝑂  (𝑒𝑉) -5.662 𝜂(𝑒𝑉) 1.847 

𝐸𝐿𝑈𝑀𝑂  (𝑒𝑉) -1.968 𝜎(𝑒𝑉)−1 0.549 

Δ𝐸 (𝑒𝑉) 3.694 𝜇(𝐷) 6.809 

𝐼(𝑒𝑉) 5.662 Δ𝑁 0.191 

𝐴(𝑒𝑉) 1.968 𝜔(𝑒𝑉) 3.990 

𝜒 (𝑒𝑉) 3.815 𝐸𝑇(𝐻𝑎) -1564.021 

 

The framework of Density Functional Theory (DFT) [43] is correlated to a number of chemical concepts. Recently, 

this calculation method [44] has been used to analyse the interactions between organic molecules with heteroatoms 

and metallic surface in corrosion process. 

According to the frontier molecular orbital theory (FMO), chemical reactivity [45] depends on the interaction 

between HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) levels and 

the reacting species. So, the reactive ability is closely related to the HOMO and LUMO orbitals. Higher 𝐸𝐻𝑂𝑀𝑂 value 

means a higher electron-donating ability, while lower 𝐸𝐿𝑈𝑀𝑂  signifies higher tendency to receive electrons. In our 
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case, the higher value of 𝐸𝐻𝑂𝑀𝑂  (-5.662 eV) and the lower value of 𝐸𝐿𝑈𝑀𝑂 (-1.968 eV) when compared to values in 

the literature [46, 47], can explain the adsorption on the metallic surface. 

The energy gap (∆𝐸 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂 ) is an important reactivity parameter. Low value of ∆𝐸 signifies better 

adsorption and higher inhibition efficiency. In our case (∆𝐸 = 3.694 𝑒𝑉) can be considered [48, 49] as a low value 

when compared to values in the literature. Figure 10 gives HOMO and LUMO of Doxycycline. 

 
HOMO                                                         LUMO 

Figure 10: HOMO and LUMO of Doxycycline 

The dipole moment 𝜇which is another important reactivity parameter, results from non-uniform distribution of 

charges on the different atoms in a molecule. It is the measure of the polarity of a polar covalent bond. In general 

[50], there is no significant relationship between the dipole moment values and the inhibition efficiency, since some 

authors [51, 52] state that the lower value of dipole moment favours accumulation of the inhibitor onto the metallic 

surface, while according to many others [53, 54] the inhibition efficiency increases with increasing values of dipole 

moment. 

The ionization potential (𝐼) and the electronic affinity (A) are another indicators of reactivity; their values are 

respectively (5.662) and (1.968). This low value of (I) and high value of (A) when compared to values in the 

literature [39, 55], indicate the capacity of the molecule both to donate and accept electrons. 

The molecular stability and reactivity of a molecule is also measured by the absolute hardness (𝜂) and softness (𝜎). 

The chemical hardness [56] measured the resistance towards the deformation or polarization of the electron cloud of 

atoms, ions or molecules, under small perturbation of chemical reaction. DXC has a low hardness value (𝜂 =

1.847 𝑒𝑉) and high softness value (𝜎 = 0.549). According to the literature [57, 58], an inhibitor with a low value of 

hardness and a high value of softness is expected to have high inhibition efficiency, confirming our experimental 

results. 

The positive sign of the number of electrons transferred (ΔN) [59, 60] is an indicator of the tendency of a molecule 

to donate electrons to the metal. The higher the Δ𝑁 value, the greater is the tendency of the molecule to donate 

electrons to the unfilled orbital of the metal ions (𝐶𝑢2+: 1s
2
2s

2
2p

6
3s

2
3p

6
d

9
). In our caseΔ𝑁 = 0.191, showing that 

DXC can donate electrons to copper ions. 

Another important descriptor of reactivity, introduced recently in the literature [61] is the electrophilic index which 

measures the propensity of chemical species to accept electrons: a high value of electrophilicity index describes a 

good electrophile, while a small value of electrophilicity indicates a good nucleophile. In our study, 𝜔 = 3.990 𝑒𝑉, 

shows that the neutral form of DRX has a good capacity to accept electrons from copper. 

The total energy calculated by DFT at B3LYP/6-31 G(d) level is also a beneficial parameter. The total energy of a 

system [62] is the unique functional of charge density. The minimum value of the total energy functional is the 

ground state energy, giving by the variational principle: 

𝐸 𝜌 = 𝑚𝑖𝑛𝑛 [𝐹 𝑛 +  𝑑3𝑟𝑉𝑒𝑥𝑡 (𝑟)𝜌(𝑟)]                                  (24) 

Where F[n], 𝑉𝑒𝑥𝑡 (𝑟) and 𝜌(𝑟) are respectively a universal functional, the external potential and the electronic 

density. In our study, the total energy of DXC is equal to -1564.021 Hartree, which certainly explain the good 

inhibition properties observed in experimental data. 
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Local reactivity of DXC is analysed by means of condensed Fukui functions (𝑓𝑘
+𝑜𝑟 𝑓𝑘

−) and the dual descriptor 

(∆𝑓𝑘 = 𝑓𝑘
+ − 𝑓𝑘

−), which allow one [63] distinguish each part of the molecule on the basis of its distinct chemical 

behaviour. The function 𝑓𝑘
+ measures the change of density and it indicates reactivity with respect to nucleophilic 

attack (when the molecule gains electrons), whereas 𝑓𝑘
− indicates the reactivity with respect to electrophilic attack 

(when the molecule loss electrons). The dual descriptor [64] is able to correctly predict the site reactivity (most 

probable nucleophilic or electrophilic attack site). The Fukui functions and dual descriptors of DXC are presented in 

Table 5. 

Table 5: Fukui functions and dual descriptors of DXC 

Atom qN+1 qN qN-1 fk
+
 fk

-
 Δfk=fk

+
-fk

-
 

1  C -0.219886 -0.199385 -0.202047 -0.020501 0.002662 -0.023163 

2  C  0.323576 0.306452 0.344447 0.017124 -0.037995 0.055119 

3  C 0.012171 0.01462 0.009486 -0.002449 0.005134 -0.007583 

4  C 0.048709 0.115134 0.053714 -0.066425 0.06142 -0.127845 

5  C -0.136315 -0.124967 -0.117653 -0.011348 -0.007314 -0.004034 

6  C 0.347697 0.34885 0.386343 -0.001153 -0.037493 0.03634 

7  C -0.186745 0.023322 -0.122224 -0.210067 0.145546 -0.355613 

8  C  0.362797 0.306405 0.362776 0.056392 -0.056371 0.112763 

9  H 0.095822 0.116182 0.161441 -0.02036 -0.045259 0.024899 

10  H  0.106431 0.132043 0.173407 -0.025612 -0.041364 0.015752 

11  C 0.346688 0.394501 0.405936 -0.047813 -0.011435 -0.036378 

12  C 0.244663 0.329758 0.28778 -0.085095 0.041978 -0.127073 

13  C 0.009885 -0.056696 0.028587 0.066581 -0.085283 0.151864 

14  O -0.62354 -0.605312 -0.619198 -0.018228 0.013886 -0.032114 

15  H 0.386634 0.403965 0.420229 -0.017331 -0.016264 -0.001067 

16  O -0.522634 -0.461233 -0.414164 -0.061401 -0.047069 -0.014332 

17  O -0.582082 -0.613698 -0.516097 0.031616 -0.097601 0.129217 

18  H  0.375367 0.433493 0.443151 -0.058126 -0.009658 -0.048468 

19  O -0.483509 -0.526899 -0.34852 0.04339 -0.178379 0.221769 

20  O -0.635445 -0.601904 -0.593332 -0.033541 -0.008572 -0.024969 

21  H 0.393819 0.44035 0.425674 -0.046531 0.014676 -0.061207 

22  C  -0.291786 -0.173988 -0.31763 -0.117798 0.143642 -0.26144 

23  H 0.166166 0.171591 0.232869 -0.005425 -0.061278 0.055853 

24  C  -0.147853 -0.168724 -0.178773 0.020871 0.010049 0.010822 

25  H  0.184505 0.166754 0.248098 0.017751 -0.081344 0.099095 

26  C -0.03755 0.129871 0.037155 -0.167421 0.092716 -0.260137 

27  O -0.656356 -0.618198 -0.548842 -0.038158 -0.069356 0.031198 

28  H  0.519345 0.404983 0.54341 0.114362 -0.138427 0.252789 

29  C 0.440862 0.50649 0.49524 -0.065628 0.01125 -0.076878 

30  O -0.434316 -0.427238 -0.389806 -0.007078 -0.037432 0.030354 

31  N -0.800788 -0.791584 -0.801691 -0.009204 0.010107 -0.019311 

32  H 0.321395 0.349313 0.378158 -0.027918 -0.028845 0.000927 

33  H 0.323981 0.349282 0.359148 -0.025301 -0.009866 -0.015435 

34  N -0.365779 -0.367762 -0.347634 0.001983 -0.020128 0.022111 
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35  C  -0.316408 -0.31007 -0.353867 -0.006338 0.043797 -0.050135 

36  H 0.196258 0.138828 0.234105 0.05743 -0.095277 0.152707 

37  H 0.103808 0.152358 0.17364 -0.04855 -0.021282 -0.027268 

38  H 0.110093 0.170468 0.166486 -0.060375 0.003982 -0.064357 

39  C -0.305813 -0.321147 -0.338456 0.015334 0.017309 -0.001975 

40  H 0.096581 0.167085 0.17788 -0.070504 -0.010795 -0.059709 

41  H  0.062093 0.108405 0.114564 -0.046312 -0.006159 -0.040153 

42  H 0.236639 0.174011 0.224676 0.062628 -0.050665 0.113293 

43  C -0.170684 -0.204628 -0.167249 0.033944 -0.037379 0.071323 

44  H 0.104419 0.118704 0.147389 -0.014285 -0.028685 0.0144 

45  C  -0.452943 -0.449099 -0.474034 -0.003844 0.024935 -0.028779 

46  H  0.184724 0.171126 0.192236 0.013598 -0.02111 0.034708 

47  H 0.156024 0.143665 0.168041 0.012359 -0.024376 0.036735 

48  H 0.126422 0.150188 0.203703 -0.023766 -0.053515 0.029749 

49  O -0.677762 -0.656601 -0.625253 -0.021161 -0.031348 0.010187 

50  H  0.35465 0.400664 0.420238 -0.046014 -0.019574 -0.02644 

51  C -0.074472 -0.040343 -0.078517 -0.034129 0.038174 -0.072303 

52  H  0.147365 0.193996 0.217886 -0.046631 -0.02389 -0.022741 

53  C -0.168661 -0.193515 -0.198267 0.024854 0.004752 0.020102 

54  H 0.10479 0.106504 0.152755 -0.001714 -0.046251 0.044537 

55  C  0.104321 0.125719 0.092137 -0.021398 0.033582 -0.05498 

56  H 0.192625 0.147911 0.270468 0.044714 -0.122557 0.167271 

The results reported in Table 5 reveal that most probable site for nucleophilic attack (site of highest value of 𝑓𝑘
+) is 

H (28) atom in the LUMO region. The electrophilic attack site (site of highest value of 𝑓𝑘
−) is C (7) atom in the 

HOMO region. These results are supported by the values of the dual descriptor ∆𝑓. 

 

3.5 Corrosion inhibition mechanism 

The experimental results show that: 

o DXC can give electrons to copper (∆𝑁 = 0.191) (chemisorption) 

o DXC can receive electrons from copper via 𝐶𝑢2+ (𝜔 = 3.99 𝑒𝑉) (chemisorption) 

o In 𝐻𝑁𝑂3, DXC is protonated: 𝐷𝑋𝐶 + 𝐻+ → [𝐷𝑋𝐶𝐻]+ 

[𝐷𝑋𝐶𝐻]+ interact (electrostatic interaction) with 𝑁𝑂3
− adsorbed on the metallic surface covered by Cu

2+
. 

The proposed schematic interaction mechanism is given by Figure 11. 

[𝑫𝑿𝑪][𝑫𝑿𝑪𝑯]+[𝑫𝑿𝑪][𝑫𝑿𝑪𝑯]+   [𝑫𝑿𝑪][𝑫𝑿𝑪𝑯]+  [𝑫𝑿𝑪][𝑫𝑿𝑪𝑯]+[𝑫𝑿𝑪][𝑫𝑿𝑪𝑯]+ 

 

 

 Copper surface                                      

Figure 11: Schematic mechanism of copper corrosion inhibition by DXC 

       : Cu
2+

 ion                  : NO
3-

 ion                      : chemisorption                 : physisorption 
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4. Conclusion 

Doxycycline acts as a good inhibitor for copper corrosion in 1.0M HNO3. The inhibition efficiency increases with 

increasing concentration of DXC, but decreases when temperature rises. The adsorption of DXC onto copper obeys 

the Villamil isotherm. The thermodynamic functions of adsorption and activation reveal a spontaneous adsorption 

and indicate both type of adsorption (physisorption and chemisorption). The quantum chemical calculations support 

experimental results. 
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