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_________________________________________________________________ 

ABSTRACT 

The performance of Theobromine (TB) in aluminium corrosion inhibition has been tested. The corrosion inhibition 

efficiency and the effects of iodide ions were assessed, using mass loss method. The results show that the inhibition 

efficiency increases with increasing concentration in TB, but decreases with increasing temperature. Adsorption of 

TB onto the aluminium surface was approximated by the modified Langmuir adsorption isotherm. The 

thermodynamic adsorption and activation functions were determined. The presence of iodide ions in the 

environment of the metal led to an increase in inhibition efficiency for temperatures lower than 313 K, but a 

decrease in corrosion inhibition is remarked for temperatures higher than the mentioned temperature. DFT 

calculations based on B3LYP/6-31G (d) led to global and local parameters. Some selected sets of these descriptors 

were correlated with corrosion inhibition efficiency. 

Keywords: Aluminium corrosion inhibition; Theobromine; Mass loss; Adsorption isotherm; DFT; Molecular 

descriptor; QSPR 

_____________________________________________________________________________ 

INTRODUCTION 

The key properties of aluminium are its light weight coupled with high strength, good conductivity for electricity 

and heat, particularly good corrosion resistance including resistance to water and chemicals. All those properties and 

its universal range of uses mean it can be found everywhere. Aluminium is a very reactive metal with high affinity 

for oxygen; the metal is highly resistant due to the inert and protective oxide film formed on its surface. Therefore, 

in some aggressive environments the metal is dissolved (corroded). 
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A variety of protection methods are used to enhance aluminium and its alloys corrosion resistance. Amongst the 

most common methods is the use of organic molecules to combat the dissolution of metals. These molecules [1-3] 

contain nitrogen, oxygen, sulphur and phosphorus with lone pairs as well as π-electrons which can interact with the 

metal, favouring the adsorption process. So, according to the literature, many molecules have been tested: azoles 

[4,5], amines [6,7], drugs [8-10], etc. 

The literature [11,12] mentioned that to enhance the performance of organic molecules on metal corrosion 

inhibition, the use of halide ions as Cl-, F- and I- is an effective means, since it improves the inhibiting force of 

organic inhibitors. 

Several DFT calculations [13-15] show a link between inhibition efficiency and structure/electronic properties of 

organic molecules, used as corrosion inhibitors. So, molecular descriptors as EHOMO (Energy of the Highest 

Occupied Molecular Orbital), ELUMO (Energy of the Lowest Unoccupied Molecular Orbital), ∆E (the energy gap), 

the global electronegativity (χ), the global hardness (η) and softness (σ) and local descriptors as Fukui functions(fk
+ 

or fk
-) and dual descriptors (Δfk

+ or Δfk
-) have been used to describe the mechanisms of corrosion inhibition based on 

the interactions between the metal and the organic molecules. 

QSPR (Quantitative Structure-Property Relationship) is a modelling approach applied in corrosion inhibition of 

metal. This approach [16] provides mathematical relations which indicate correlations between some sets of 

descriptors and the corrosion performance of a molecule. 

The objective of this paper is firstly to study the inhibition properties of Theobromine alone and in association with 

some iodide ions. Secondly, this work aims to determine the possible correlations between some sets of descriptors 

and the inhibition efficiency of the studied molecule. 

MATERIALS AND METHODS 

Aluminium Specimens 

The aluminium samples of purity 99.5% were in the form of rod measuring 10 mm in length and 2 mm in diameter.  

The Studied Molecule 

The structure of Theobromine (formula: C7H8N4O2) is given in Figure 1. 

 

 

 

Figure 1. Chemical structure of Theobromine 

 

Solutions 

Analytical grade, 37% HCl from Merck was used to prepare the blank of 1 M. Theobromine (purity ≥ 98%) from 

Aldrich Chemicals was used and solutions of concentrations range from 0.0001 M to 0.005 M were prepared. 
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Sodium iodide (formula: NaI, purity ≥ 99.5%) a water soluble iodide salt from Sigma Aldrich was used to prepare 

solutions of concentration 0.01M. 

Mass Loss Studies 

Aluminium of 99.5% purity was used for mass loss studies. The samples were polished with fine emery papers, 

cleaned with acetone, washed with double distilled water and dried in a desiccator. The samples were then weighed 

and immersed in 50 mL of an aerated 1.0 M HCl solution without or with the desire concentration of Theobromine. 

After one hour exposure, the samples were retrieved from the solution, washed abundantly with water, dried and 

weighed using an analytical balance (precision: ± 0.1 mg). The experiments were carried at temperatures range from 

298-323K. The corrosion rate and the inhibition efficiency were respectively calculated using the following 

equations: 

W=∆m/St   (1) 

  ( )  
    

  
     (2) 

Where ∆m is mass loss, S is the sample total surface, t is the immersion time, and W0 and W are respectively the 

corrosion rate without and with theobromine. 

Quantum Chemical Calculations 

The optimization of the molecule of Theobromine was realised using Density Functional Theory (DFT) at the level 

B3LYP/6-31 G (d) with the Gaussian 09 Program [17]. The exchange correlation functional [18,19] is given by the 

equation below: 

EXC=a0 EX (HF)+a1 EX (LSD)+a2 EX (GGA)+a3 EC   (3) 

Where EX (HF) represents the Hartree exchange energy, EX (LSD) is the Dirac exchange energy and EX (GGA) is 

the gradient corrections to exchange energy B88 form and Lee-Yang- Parr (LYP) functional. 

The basis set 6-31G (d) is a Double Zeta (DZ) basis set where 6 denotes the number of Gaussians that represent each 

core basis function, and 3 and 1 represent the number of Gaussians for the split valence basis functions. This basis 

set adds d functions to second row elements (C, O, N, etc). 

RESULTS AND DISCUSSION 

Mass Loss Results 

Effect of concentration: The inhibition efficiency of Theobromine acquired from mass loss method in 1 M HCl 

solution for different concentrations of the inhibitor is given in Figure 2. 
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Figure 2. Inhibition efficiency of Theobromine for different concentrations and temperatures 

It is clear from Figure 2 that the inhibition efficiency of Theobromine increases when its concentration increases for 

all the studied temperatures. 

These results indicate that TB acts as an effective inhibitor for aluminium corrosion in 1 M HCl. This behaviour can 

be explained by the adsorption of the molecules onto the aluminium surface, isolating the metal surface from the 

corrosive environment. Similar results [8,20] are reported in the literature. 

Effect of the temperature: The evolution of the inhibition efficiency of TB versus the temperature is given by 

Figure 3. In this Figure, one can observe that the corrosion inhibition decreases with increasing temperature for all 

the studied concentrations. 

 

 

Figure 3. Inhibition efficiency versus temperature for different concentration in TB 

This evolution of the inhibition efficiency with temperature can be explained [21] by the weakening of the 

adsorption driving strength and/or by desorption of the inhibitor from the aluminium surface when the temperature 

increases. So, for Cinh=0.0001 M, the inhibition efficiency IE (%)=48.92 for T=298K and its value is IE (%)=8.92 

for T=323K. 

Adsorption Consideration 

The adsorption of organic molecules onto the surface of a metal [22] is considered as a substitutional adsorption 

process between the organic molecule in aqueous phase    (   ) and the water molecules    (   ) adsorbed onto 

the metal surface: 

   (   )      (   )     (   )      (   )   (4) 

Where   is the number of water molecules replaced by one organic molecule. 

To determine the adsorption mode, various isotherms (Langmuir, El-Awady, Temkin, Flory Huggins and 

Freundlich) were considered. Though the Langmuir isotherm (plots in Figure 4) was found to be the best, the 

deviation from the basic assumptions (slope different from unity) of the model shows that it cannot applied 

rigorously. 
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Figure 4. Langmuir isotherm adsorption plots for TB onto aluminium in 1 M HCl 

The problem is solved by Villamil adsorption isotherm [23], a modified Langmuir adsorption isotherm which is 

described by the equation below 

    

 
 

 

    
         (5) 

Where    is the effective covered surface fraction of the metal. Table 1 gives the Villamil adsorption parameters. 

Table 1. Modified Langmuir adsorption isotherm parameters 

T(K) Equation R
2
 

 

Kads (M
-1

)      
  

kJmol
-1

 

     
  

kJmol
-1

 

     
  

Jmol
-1

K
-1

 
298 Cinh/θ=1.210Cinh+0.0002 0.999 6050.0 -31.51  

 

-78.41 

 

 

-157.7 

303 Cinh/θ=1.210Cinh+0.0004 0.999 3025.0 -30.29 

308 Cinh/θ=1.210Cinh+0.0005 0.997 2420.0 -30.22 

313 Cinh/θ=1.210Cinh+0.0010 0.990 1210.0 -28.91 

318 Cinh/θ=1.210Cinh+0.0011 0.989 1100.0 -28.26 

323 Cinh/θ=1.210Cinh+0.0012 0.994 1008.3 -27.47 

The calculated equilibrium constant      in Table 1 was obtained by using the following equation: 

     
       (         )  (6) 

Where   is the universal constant,   is the temperature and      is the water concentration solution in mol.L-1. 

The variation of free adsorption enthalpy      
  is negative, indicating a spontaneous adsorption process. All the 

calculated values are higher than -40 kJ.mol-1, but lower than -20kJ.mol-1, showing [24] that both physical and 

chemical adsorption processes are involved. 

The variation of the adsorption enthalpy      
  and that of the adsorption entropy      

  in Table 1 were determined 

by using the plot of      
  versus temperature (     

       
        

 ).The obtained values (     
  = -78.41 kJ 

mol-1) and (     
         Jmol-1K-1) from Figure 5, indicate respectively an exothermic adsorption process and a 

diminution of disorder probably due to the weakening of the adsorption driving force or the desorption of the 

adsorbed molecules of the inhibitor with increasing temperature. 
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Figure 5. Variation of free enthapy versus temperature 

In order to go insight the adsorption type we used Adejo-Ekwenchi and Dubinin Radushkevich isotherms. 

Adejo-Ekwenchi isotherm 

This isotherm [25] is described by the following equation: 

   (
 

   
)                     (7) 

Where     and   are the isotherm parameters and      is the adsorbate concentration. Figure 6 gives the plots 

related to the isotherm. 

The parameters related to the adsorption are listed in Table 2. 

Table 2. Adejo-Ekwenchi adsorption isotherm parameters 

T(K) Equation R
2
 b KAE 

298 log (1/1-θ)=0.2437 log Cinh+ 1.2258 0.933 0.2437 16.82 

303 log (1/1-θ=0.3302 log Cinh + 1.4029 0.968 0.3302 25.29 

308 log (1/1-θ)=0.3055 log Cinh + 1.2760 0.947 0.3055 18.88 

313 log (1/1-θ)=0.3037 log Cinh + 1.2146 0.903 0.3037 16.39 

318  log (1/1-θ)=0.2485log Cinh + 1.0029 0.926 0.2485 10.07 

323 log (1/1-θ)=0.2452 log Cinh + 0.9810 0.935 0.2452 09.57 

 

 

Figure 6: Adejo-Ekwenchi plots for TB adsorption onto aluminium in 1.0M HCl 

Analysing Table 2, one can see that the parameters b and KAE increase when going from T=298K to T=303K, 

showing [25] a chemisorption process. For T=303K to 323K, we note a decrease in the values of both b and KAE 

parameters showing [25] a physisorption process. These observations confirm the existence of both physisorption 

and chemisorption. 
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Dubinin Radushkevich Isotherm 

This adsorption [26] is used to distinguish between physical and chemical adsorption. The equation related to the 

theory is: 

            
     (8) 

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

      (  
 

    )
    (9) 

The constant   gives the mean adsorption energy,    which is the transfer energy of 1 mole of adsorbate from 

infinity (bulk solution) to the surface of the adsorbent: 

    
 

√  
     (10) 

Figure 7 gives the plots of this isotherm. 

 

 

Figure 7. Dubinin adsorption plots for TB onto aluminium 

Table 3 gives the parameters of the Dubinin Radushkevich isotherm. 

Table 3. Dubinin Radushkevich isotherm equations and parameters 

T(K) Equation R
2
        (kJ-2 mol2)    (     

  ) 

298 lnθ=-0.0051δ
2
-0.2188 0.994 0.80 0.0051 9.90 

303 lnθ=-0.0135δ2
- 0.0946 0.999 0.92 0.0146 6.08 

308 lnθ=-0.0149δ
2

-0.1945 0.994 0.82 0.0149 5.79 

313 lnθ=-0.0155δ
2

-0.3299 0.990 0.72 0.0155 5.68 

318 lnθ=-0.0161δ
2

-0.3800 0.999 0.68 0.0161 5.57 

323 lnθ=-0.0172δ2
-0.4037 0.999 0.67 0.0172 5.39 

 

These results confirm the weakening of the adsorption driving force (θmax increases for temperatures range from 

T=298K to T=303K, and the decreases for all the other studied temperatures) and the existence of both chemical 

adsorption (      kJmol-1) and physical adsorption (     kJmol-1). 

Activation Parameters 

To determine the kinetic and thermodynamic dissolution parameters of the aluminium in the aggressive solution of 

1M HCl, we used Arrhenius and transition state equations: 

          
  

       
     (11) 
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   (
 

 
)     (

 

  
)  

   
 

      
 

   
 

       
    (12) 

Where    is the apparent activation energy,   is the universal gas constant,   is the frequency factor,   is the 

Planck’s constant,   is the Avogadro number,    
  is the change in activation entropy and    

  is the change in 

activation enthalpy. 

Activation Energy 

Figures 8 and 9 gives respectively the plots of      and log (W/T) versus    . 

 

Figure 8. Arrhenius plots for the Blank and different concentrations of TB 

All the plots are straight lines from which we deduced the parameters related to the activation process. Table 4 

contains all the activation parameters. 

 

 

Figure 9. Transition states plots for the blank and different concentrations in TB 

Table 4. Dissolution parameters of aluminium in Blank and in various solutions containing TB 

Concentration (M)    (     
  )    

  (       )    
  (         ) 

Blank  89.77 87.19 11.90 

0.0001 105.00 102.42 50.39 

0.0005 109.48 114.28 85.74 

0.0010 123.66 128.38 127.78 
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0.0050 131.10 128.52 125.48 

The apparent activation energy was calculated, using the plot ( 
  

      
) of the Arrhenius plot.    

  and    
  derived 

respectively from [   (
 

  
)  

   
 

      
] (intercept) and ( 

   
 

      
) (slope) of the transition states plots. 

Observing the apparent energy (  ) values, one can noticed that they are higher in presence of TB than that obtained 

for the blank, what indicates [27,28] that physical adsorption is predominant. 

All the values of the change in dissolution enthalpy (   
 ) are positive, indicating [29] that the dissolution of 

aluminium is an endothermic process. The change in entropy (   
 ) has a positive sign for the blank and for all the 

concentration in TB, suggesting [30] that the activated complex in the rate determining step is a dissociation rather 

than an association. Moreover, the positive sign of change in activation entropy, indicate an increase in disorder, 

probably [30] due to the desorption of the adsorbed species. 

Effects of the Presence of Iodide Anions 

The effect of iodide anion was studied. So, the samples were immersed in different solutions (blank, blank 

containing iodide anions, blank containing TB and iodide anions) during one hour. The different corrosion rates are 

given in Figure 10. 

 

 

Figure 10. Aluminium corrosion rate for different solutions 

From Figure 10, one can see that the presence of iodide anions reduce the corrosion rate for temperature range from 

T=298 K to T=313 K, probably [31] due to the adsorption of TB onto adsorbed iodide anions (synergistic effect) 

which form intermediate bridges between positively charged surface metal and the positive end of the organic 

molecule. In the case of temperatures higher than T=313K, the corrosion is enhanced, what could be explained by 

the weakening of the adsorption driving force. 

Quantum Chemical Studies 

Global reactivity parameters: DFT calculations in gas phase at B3LYP/6-31 G (d) led to the molecular quantum 

chemical and reactivity parameters. Figure 11 shows the optimized studied molecule and all the calculated 

parameters are collected in Table 5. 
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Figure 11. Optimized structure of Theobromine by B3LYP/6-31G (d) 

Table 5. Molecular and reactivity parameters of Theobromine by B3LYP/6-31G (d) 

Parameters Value 

EHOMO (eV) -6,042 

ELUMO (eV) -0,897 

  (eV) 5,145 

 ( ) 4,339 

I (eV) 6,042 

A (eV) 0,897 

χ (eV) 3,469 

η (eV) 2,572 

  (eV
)-1

 0,389 

   0,158 

  2,339 

Energie totale (Ha) -641,045 

The energy molecular parameters give very important information on the interactions between the molecule and the 

metal. So, EHOMO, the highest occupied molecular orbital energy [32,33] is often associated to electron donation; 

high value of this parameter indicates a good tendency to donate electron to an empty orbital with low energy of the 

other part of the interface (metal). In our case the value of (-6.042 eV) can be considered [34,35] as a high value 

when compared to values in the literature. 

ELUMO, the lowest unoccupied molecular orbital [36] gives information on the ability of the molecule to accept 

electron. According to the literature, a molecule with a low value of ELUMO [37] can easily accept electron from an 

occupied orbital of a metal. So, in general [37], a good corrosion inhibitor should have a high EHOMO value, a low 

ELUMO value, and a low energy gap (              ). In this study the values (ELUMO=-0.897 eV and 

  =5.145 eV) shows that TB has good inhibition properties. The HOMO-LUMO diagrams are presenting by Figure 

12. 

 

Figure 12. LUMO-HOMO plots (ground state) and energy diagram of Theobromine 
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The dipole moment( ) is an index used for the prediction of the corrosion process. It measures the polarity in a bond 

and is related to electrons distribution in a molecule. Unfortunately, the literature [38] is inconsistent on the use of 

this parameter for corrosion inhibition. 

According to Koopman’s theorem [39,40], the negative value of EHOMO defines the ionization potential (I) expressed 

as follows: 

            (13) 

Similarly, the negative value of ELUMO corresponds to the electron affinity (A) which is another global reactivity 

parameter [41] is given by: 

              (14) 

The electronegativity is related to the chemical potential (  ) by the following equation: 

      (
  

  
)
 ( )

   (15) 

Where N is the number of electrons,  ( ) is the external potential of the system and   is the total energy. The 

electronegativity [42] which measures the power of an atom or a group of atoms to attract electrons towards itself 

can be written as: 

  
   

 
      (16) 

The global hardness ( ) and the global softness ( ) are two other reactivity parameters. The global hardness [43] 

which measures the resistance of an atom to charge transfer can be assessed by using the following equation: 

  
   

 
                      (17) 

The global softness [44], the reciprocal of the global hardness which measures the capacity of an atom or a group of 

atoms to receive electrons is given as follows: 

   
 

 
 

 

   
         (18) 

When a molecule and a metal [45] are in contact, electrons are transferred from the system with low 

electronegativity value to that of high electronegativity value. The fraction of electrons transferred is given by: 

   
     

 (     )
               (19) 

The indices M and i denote metal and inhibitor. 

The use of    [46] is conceptually wrong because electron-electron interaction must be taken into account; so the 

appropriate quantity is the work function   . Therefore, the formula is: 

   
     

 (     )
             (20) 

In this work, the theoretical values of    = 4.28 eV [47] and hardness    = 0 [48] have been used for the aluminium. 

The global electrophilicity index ( ) [49,50], another reactivity parameter which indicate the ability of a molecule 

to accept electrons is given as follows: 

  
  
 

  
                  (21) 
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A perusal of the literature shows that the calculated values of electronegativity (          ), hardness and 

softness (           and         (  )-1), fraction of electron transfer (        ) are indicative of the good 

inhibiting performance of Theobromine. 

Local Reactivity Parameters 

The inhibition of metal corrosion is governed by donation and acceptance of electrons, what involve the molecular 

nucleophilic or electrophilic characters. This information can be assessed by the local reactivity parameters as Fukui 

functions or the Dual descriptor. 

The Fukui [51,52] functions expressed using the limit difference approximation is given as follows: 

  
 ( )  (

   

  ( )
)
 

 

   (   )    ( )    (22) 

  
 ( )  (

   

  ( )
)
 

 

   ( )    (   )    (23) 

Where   
  and   

  are respectively nucleophilic and electrophilic Fukui functions,  (   ),   ( ) and   (   ) 

are the electronic population of atom   in cationic, neutral and anionic forms. 

The dual descriptor [53,54] which allows the determination of individual sites within the molecule with particular 

behaviour is given by the following equation: 

   ( )  (
   ( )

  
)
 ( )

     (24) 

The condensed form of the dual descriptor is given by the equation: 

   ( )    
 ( )    

 ( )     (25) 

All the local parameters are collected in Table 6. 

Table 6: Mulliken atomic charges, Fukui functions and dual descriptor by B3LYP/6-31 G (d) 

Atom   (   )   ( )   (   )   
    

     

   

      

1 C 0.542911 0.475393 0.425998 -0.067518 -0.049395 0.018123 

2 C 0.305343 0.218518 0.191857 -0.086825 -0.026661 0.060164 

3 C 0.694809 0.626038 0.497913 -0.068771 -0.128125 -0.059354 

4 C 0.813881 0.773343 0.740799 -0.040538 -0.032544 0.007994 

5 C 0.283092 0.220853 0.060127 -0.062239 -0.160726 -0.098487 

6 C 0.251547 0.170965 0.062401 -0.080582 -0.108564 -0.027982 

7 N -0.722451 -0.723416 -0.707495 -0.000965 0.015921 0.016886 

8 H 0.407198 0.355862 0.307444 -0.051336 -0.048418 0.002918 

9 N -0.443978 -0.510076 -0.548614 -0.066098 -0.038538 0.027560 

10 O -0.393600 -0.516417 -0.595535 -0.122817 -0.079118 0.043699 

11 O -0.417549 -0.525936 -0.638330 -0.108387 -0.112394 -0.004007 

12 N -0.497026 -0.480928 -0.486200 0.016098 -0.005272 -0.021370 

13 N -0.549797 -0.577557 -0.555692 -0.027760 0.021865 0.049625 

14 C -0.369711 -0.317091 -0.294186 0.052620 0.022905 -0.029715 

15 H 0.256440 0.200180 0.178762 -0.056260 -0.021418 0.034842 

16 H 0.232835 0.200118 0.104643 -0.032717 -0.095475 -0.062758 

17 H 0.232829 0.168209 0.106840 -0.064620 -0.061369 0.003251 

18 C -0.351577 -0.322755 -0.299172 0.028822 0.023583 -0.005239 

19 H 0.241466 0.182819 0.141723 -0.058647 -0.041096 0.017551 
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20 H 0.241466 0.182810 0.167558 -0.058656 -0.015252 0.043404 

21 H 0.241872 0.199069 0.139159 -0.042803 -0.059910 -0.017107 

Analysing Table 6, one can see that according to the Fukui functions C (14) with the highest value of   
  is the 

electrophile attack centre whereas C (18) with maximum value of   
  is the nucleophilic attack centre. 

Regarding the dual descriptor, one can see that     has a positive sign for C (2) and a negative sign for C (5). 

Therefore C (2) is the nucleophile attack centre and C (5) is the electrophilic attack centre. 

According to the literature [55] state that although Fukui function has the capability to reveal nucleophilic and 

electrophilic regions in a molecule, the dual descriptor is the only descriptor which is able to unambiguously expose 

truly the nucleophilic and electrophilic regions. So, one can retain C (2) and C (5) as respectively the nucleophilic 

and the electrophile attacks centres. 

QSPR Approach 

The inhibition efficiency of organic compounds [56-58] is essentially dependent to their properties/descriptors 

parameters. QSPR, Quantitative Structure Property Relationship is a mathematical approach which attempts to relate 

the structure derived features of a compound to its biological or physicochemical activity. The chemical structure is 

represented at molecular level by some sets of descriptors that can mathematically be connected to experimental 

properties. 

In this work, attempts are made to correlate some sets of composite indexes (quantum chemical and reactivity 

parameters) with the experimental corrosion inhibition efficiency of Theobromine. We used the non-linear model of 

Lukovits et al. [59] which is given as follows: 

      ( )  
(     )  

  (     )  
                  (26) 

Where   and   are real constants determined by solving the system of simultaneous equations obtained from 

different values of the inhibitor concentration   . In this equation a quantum chemical parameter is represented by 

  . 

In our work taking the number of concentrations into account, we have tested many sets of three parameters. So, the 

equation becomes: 

  ( )  
(             )  

  (             )  
                    (27) 

The concentrations range from 100 μM to 5000 μM. All the calculations have been performed using the EXCEL 

software and only the sets of parameters that led to a correlation coefficient(      ) are presented. The calculated 

constants (A, B, D and E) of the different sets of parameters are collected in Table 7. 

Table 7. Calculated constants of the different sets of parameters 

Set of parameters A B D E 

(ELUMO, ΔE, μ) -2155.36981 -48.374282 -1065.21409 2937.48866 

(ELUMO, ΔE, ω) -4521.78335 -326.17065 -798.24162 -510.79777 

(ELUMO, EHOMO, μ) -1743.29097 0.00108 -1111.70251 3259.95732 

(ELUMO, ΔE ,η) -1347.45136 -157.58537 1173.30871 -3415.63289 

(EHOMO, ΔE ,μ) -440.21334 319.48565 -1959.15943 4197.27566 

(EHOMO, ΔE ,η) -209.34866 -26.23130 1641.57548 -5352.05314 
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(χ, μ η) -795.36388 -489.61694 2170.92735  -700.05424 

(χ, μ ,ω) 215.36118 -286.75700 -0.002420 497.165870 

The calculated inhibition efficiencies versus experimental efficiencies plots are shown in Figures 13A-13H. In order 

to determine the best set of parameters, we used three statistical parameters: 

The sum of square errors: 

    ∑ [            ]
  

      (28) 

 

Figure 13A. Correlation between calculated and experimental inhibition efficiencies for (ELUMO, ΔE, μ) 

 

Figure 13B. Correlation between calculated and experimental inhibition efficiencies for (ELUMO, ΔE, ω) 

 

IEcalc(%) = 1.7816IEexp(%) - 39.224 
R² = 0.8274 

0

20

40

60

80

100

0 20 40 60 80 100

IE
ca

lc
(%

) 

IEexp(%) 

IEcalc (%) = IEexp (%)- 30.693 
R² = 0.8105 

0

20

40

60

80

100

0 20 40 60 80 100

IE
ca

lc
 (%

) 

IEexp (%) 



Beda RHB et al.   J. Chem. Pharm. Res., 2019, 11(12):73-91 

87 
 

 

Figure 13C. Correlation between calculated and experimental inhibition efficiencies for (ELUMO, EHOMO, μ) 

 

 

Figure 13D. Correlation between calculated and experimental inhibition efficiencies for (ELUMO, ΔE, η) 

 

 

Figure 13E. Correlation between calculated and experimental inhibition efficiencies for (EHOMO, ΔE, μ) 
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Figure 13F. Correlation between calculated and experimental inhibition efficiencies for (EHOMO, ΔE ,η) 

 

 

Figure 13G. Correlation between calculated and experimental inhibition efficiencies for (χ, μ η) 

 

 

Figure 13H. Correlation between calculated and experimental inhibition efficiencies for (χ, μ, ω) 
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The root mean square error (RMSE): 

     √∑
|            |

 

 
       (29) 

The mean percent deviation (MPD) 

    
 

 
∑ |

            

     
| 

       (30) 

All the calculated parameters are listed in Table 8. 

Table 8. Statistical parameters of the sets 

Set of Parameters R2 SSE RMSE MPD 

(ELUMO, ΔE, μ) 0.8274 1083.25 4.033 0.261 

(ELUMO, ΔE, ω) 0.8105 1196.73 4.077 0.263 

(ELUMO, EHOMO, μ) 0.8315 1062.30 4.020 0.260 

(ELUMO, ΔE ,η) 0.8658 938.98 3.875 0.248 

(EHOMO, ΔE ,μ) 0.8320 1059.99 4.019 0.260 

(EHOMO, ΔE ,η) 0.8880  916.85 3.736 0.236 

(χ, μ η) 0.8293 1013.27 4.027 0.261 

(χ, μ ,ω) 0.9483 1144.68 3.557 0.229 

Referring to R2 (0.9483), RMSE (3.557) and MPD (0.229), it is clear that the best set of parameters is (χ, μ, ω). 

CONCLUSION 

The results show that Theobromine is a good inhibitor for the corrosion of aluminium in 1 M HCl at the studied 

temperatures. The inhibition efficiencies, increase with increasing concentration of TB and decreasing temperature. 

The thermodynamic parameters obtained support both physical and chemical adsorption, but physical adsorption is 

predominant. The molecule adsorbs on aluminium according to Villamil (modified Langmuir) isotherm. The 

thermodynamic adsorption functions show that the adsorption is a spontaneous and exothermic process; the 

thermodynamic activation functions indicate an exothermic dissolution process. The presence of iodide ions affects 

positively the inhibition efficiency in a range of temperatures. From the dual descriptor, it is found that C (2) is the 

nucleophilic attack centre, whereas C (5) is the electrophilic attack centre. The sets of quantum descriptors studied 

show that there are good correlations (R2>0.8) between the inhibition efficiency and the molecular descriptors. The 

set of three (χ, μ, ω) was found to be the best on the basis of R2, RMSE and MDP values. 
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