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 The acid dissociation constant (pKa) is among the most frequently used 
physicochemical parameters and its determination is of interest to a wide range of 

research fields. Its values are essential for understanding many fundamental reactions in 

chemistry. These values reveal the deprotonation state of a molecule in a particular 
solvent. There is great interest in using theoretical methods to calculate pKa values for 

many different types of molecules. In this work, we used the QSPR approach: three 

parameters linear model is used for the calculation of the pKa values of three carboxylic 
acids namely Acetic acid, Benzoic acid and Lactic acid by using five sets of chemical 

descriptors. These descriptors are based on quantum mechanical treatments. They were 

derived by employing DFT performed at B3PW91 exchanged correlation functional 
with LanL2DZ basis set. The parameters tested for their ability to represent the 

variations observed in the experimental pKa(s) are atomic and molecular properties 

including Mulliken charge  𝛿 on the oxygen atom of the hydroxyl group, the LUMO 

and HOMO energies, the LUMO-HOMO energy gap  Δ𝐸  and the dipole moment 𝜇 . 
The mathematical equation relating pKa values to the sets of the studied parameters 
was established. The consistency between the experimental and calculated values was 

expressed by the correlation coefficients values (𝑅2) and that of the root mean square 
errors (RMSE). 
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INTRODUCTION 

 

Acid equilibrium constant pKa (Reijenga et al., 

2013) is an important physicochemical parameter of 

organic compounds; it is useful in a wide range of 

applications and research areas. The structure of an 

organic compound, in principle contains some 

informations which predetermine the chemical, 

biological and physical properties of that compound. 

The role played by proton transfer in these fields 

(Hansch et al., 1990; Shuurman and Market, 1998) 

makes the assessment of reliable pKa values, an 

attractive topic. 

Several methods are used for the determination 

of dissociation constants. Potentiometry (Tong and 

Whitesell, 1998) and UV-VIS absorption 

spectrometry (Babic’et al., 2007) are useful 

techniques for the determination of pKa values, due 

to their accuracy and reproducibility. Nowadays, 

some methods for dissociation constants 

determination, based on separation methods (Markus 

and Eichinger, 2003; Haixia et al., 2013) including 

high performance liquid chromatography (HPLC), 

capillary electrophoresis (CE) are used. 

Computational methods play an important role 

in many chemical disciplines ranging from drug 

discovery to materials science. There are many 

techniques that differ in terms of computational 

complexity, time requirements and so on. However 

the common requirement underlying all these 

methods is a formal description of the molecular 

structure. 

Gas phase acidities of a number of species 

(Catalan and Palomar, 1998) have been investigated 

using B3LYP method with 6-311+G (d) and 6-

311+G (3df, 3pd) basis sets and the obtained values 

correlate well with the experimental data. Good 

correlations (Choko et al., 1996) have been obtained 

between experimental pKa values of a wide range of 

organic compounds and their calculated gas-phase 

deprotonation enthalpies.  Several pKa prediction 

methods based on different approaches were 

developed including linear free energy relationship 

(LFER) method (Perrin et al., 1981)  applying the 

Hammett and Taft equation, quantum chemistry 
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methods  (Gross et al., 2002; Kreye and Seybold, 

2009) which have often been found to be the most 

accurate, perform geometry optimization at density 

functional theory (DFT) level. 

The way to benefit from quantum chemical 

calculations keeping lower computational costs is to 

use quantum chemical descriptors which have strong 

correlation with pKa, such as polarizability 

(Habibi,2006), HOMO and LUMO energies, 

HOMO-LUMO gap energy (Gross and Seybold, 

2001), partial atomic charge (Citra,1999; Dixon and 

Jurs,1993), group phylicity (Parthasarathi et al.,2006) 

etc. One of the common techniques that use 

descriptors in pKa prediction is quantitative structure 

activity relationship QSAR or quantitative structure 

property relationship QSPR in combination with 

partial least-squares (PLS) or multiple linear 

regressions (MLR).  

A number of methods, both experimental as 

theoretical, have been employed to calculate pKa 

values (Yang et al., 1986; Contreras et al., 1999; 

Perez et al., 2000). The correlation of theoretical and 

experimental data (Varekova et al., 2011) can allow 

the development of predictive models to determine 

pKa of compounds for which the experimental data 

are not available. 

The reaction in concern is the proton 

dissociation reaction of acids, 𝐻𝐴 ⇌ 𝐴− + 𝐻+, and 

the molecular acidity is denoted by pKa values as the 

negative logarithm, 𝑝𝐾𝑎 = −𝑙𝑜𝑔𝐾𝑎 of the 

equilibrium constant Ka of the reaction: 𝐾𝑎 =
 𝐴−  𝐻+  𝐻𝐴  . In Thermodynamic, the equilibrium 

constant Ka is related to the standard Gibbs free 

energy change Δ𝐺0of the reaction:Δ𝐺0 =
2.303RTpKa, where 𝑅 is the perfect gas constant and 

𝑇 is the temperature in Kelvin. This free energy 

change can be computationally simulated by using 

ab-initio and DFT methods through a thermodynamic 

cycle, which is often not computationally demanding 

but also numerically inaccurate (Huang et al., 2012) 

because of the errors introduced in the implicit 

solvent model and proton hydratation calculations. In 

the literature, reasonable correlations between 

theoretical descriptors and gas phase acid-base 

equilibrium constants of organic compounds have 

been reported for amines (Yang et al., 1986; 

Contreras et al., 1999), for alcohols and thiols (Perez 

et al., 2000a) and for haloacetic acids (Perez et al., 

2000b). 

In the study herein, one of the pKa modeling 

approaches, the QSPR (Quantitative Structure 

Property Relationship) method is used to construct a 

quantitative model based on five sets of the 

molecular descriptors of the studied compounds and 

the experimental pKa values. The molecular 

descriptors parameters calculations were performed 

in gas phase using Gaussian 03W at B3PW91 level 

with LanL2DZ basis set. 

 

2. Experimental: 

2.1 Chemicals and reagents: 

All chemicals used were of analytical grade and 

were purchased from Merck. Table 1 presents the 

acids and their conjugated bases salts. 

  
Table 1: Studied Acids and their conjugated bases salt. 

Acid Bases  salt 

Lactic acid (Purity = 90%) Sodium lactate (Purity = 50%) 

Benzoic acid (Purity = 99.9%) Sodium benzoate (Purity = 100%) 

Salicylic acid (Purity = 98%) Sodium salicylate (Purity = 99.5%) 

  

All the acids and their salts were kept in vacuum 

desiccators before their utilization. Benzoic and 

salicylic acids and their salts are white powders 

whereas lactic acid and its salts are liquids. All these 

chemical products were purified according to 

conventional methods (Armarego and Chui, 2003) 

before any kind of use. Table 2 gives the name, the 

structure and the formula of each studied acid. 

 
Table 2: Structures and formulas of the studied carboxylic acids. 

 
Name 

 
Structure 

 
Formula 

 

 
 

 

Lactic acid 

 

 

 

 

 
 

 

𝐶3𝐻6𝑂3 

 

 

 
 

Benzoic acid 

      

 

 

 
 

 

 

𝐶7𝐻6𝑂2 
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Salicylic acid 

 

 

 

 

 

𝐶7𝐻6𝑂3 

 

Three solvents of chemicals composition in 

weight of water/ethanol (100/0; 83.7/16.3; 20/80) 

were prepared using double distilled water with 

conductivity lower than 10
-6

S.cm
-1

. Ethanol was 

double distilled in presence of picric acid according 

to a method reported in the literature (Weissberger et 

al., 1985). For each of the three kinds of solvents, 

five solutions with the same concentrations in 

carboxylic acid and its conjugated alkaline salt 

ranging from 3.10
-3

M to 1.6x10
-2

M were prepared in 

order to obtain buffer mixtures. 

    

2.2 Apparatus: 

Tacussel Research pH-meter with combined 

glass electrode and calomel-satured electrode was 

used. The accuracy of the instrument was ± 0.01 pH 

unit. 

  

2.3 Potentiometric Measurement: 

The combined electrode system was stored in 

water when it is not used and soaked for 15 to 20 

minutes in water – ethanol mixture before pH 

measurements. The pH measurements were carried 

out at 298K. The temperature was controlled by 

water circulation through a jacket from a thermostat 

and maintained within ±0.1K. The stabilization 

criterion was 0.01pH within 120s. Triplicate pH 

measurements of each of the solutions were 

performed. The pH values obtained lead to the pKa 

values using the following equations: 

 

𝑝𝐾𝑎 = 𝑝𝐻 +
𝑆 ′𝑍𝑖

2 𝐼

1+𝐴′𝑎𝑖 𝐼
                                                                 

𝐼 =
1

2
 𝐶𝑖

𝑖

𝑍𝑖
2 

𝑆 ′ =
1.8245 .106

 휀𝑇 3 2                                        

𝐴′ =
50.29

 휀𝑇 1 2 
 

 

Where: 

𝐼 is the ionic strength, 𝐶𝑖   and Zi are respectively 

the concentration and the charge of the anion i 

derived from the acid; S’ and A’ are constants 

connected to the temperature and  휀  is the dielectric 

constant of the medium. 𝑎𝑖  is a dimensional 

parameter of the anion which is taken equal to 5Å 

(Box et al., 2007). 

 

3. Theoretical studies: 

3. 1Computational details: 

The derivation of theoretical molecular 

descriptors proceeds from the chemical structure of 

the studied compounds. The descriptors were 

determined after the geometry optimization of each 

molecule using DFT calculations with Gaussian 03 

W at B3PW91 level with the LanL2DZ basis set (a 

pseudopotential basis set). The theoretical descriptors 

are molecular or atomic descriptors including 

𝐸𝐿𝑈𝑀𝑂 (the energy of the lowest unoccupied 

molecular orbital), 𝐸𝐻𝑂𝑀𝑂 (the energy of the highest 

occupied molecular orbital), Δ𝐸, the HOMO-LUMO 

energy gap, 𝜇, the dipole moment  and 𝛿 the charge 

 on the oxygen of the hydroxyl group. 

 

3.2 QSPR model building: 

Since the ionic strength has nearest no effect on 

the pKa values (Figure 1), we have chosen to 

construct a linear mathematical relation without this 

parameter.
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Fig. 1: PKa versus Ionic strength in the different studied media. 

 

QSPR model with three descriptors were 

constructed using five sets of descriptors. The 

general equation of the model is given by the 

multiple linear regression equation below: 

𝑝𝐾𝑎 = 𝐴𝐷1 + 𝐵𝐷2 + 𝐶𝐷3 + 𝐸  

 

Where: 

𝐷𝑖  is the descriptor i (i ranges from 1 to 3) 

A, B, C and E are the linear regression 

coefficients. 

So, using four experimental pKa values, we 

obtained a system of four equations with four 

unknowns (A, B, C and E).The solutions of these 

systems were computed using Excel 2007 program. 

 

RESULTS AND DISCUSSION 

 

We have studied solutions with three solvents of 

chemical composition in weight of water-ethanol 

(100/0; 83.7/16.3; 20/80). The constants of these 

hydroorganic solvents are listed in table 3. 

 
Table 3: Constants of  the hydroorganic solvents. 

                        Ethanol weight 

      Constant 

 

0 

 

16.3 

 

80 

휀 78.5 69.70 35.30 

S’ 0.5099 0.6095 1.6911 

A’ 0.3288 0.3489 0.4903 

 

The choice of the descriptors used in the model 

is based on literature considerations (Srivastava et 

al., 2014): 

- The HOMO energy is directly related to the 

ionization potential and characterizes the 

susceptibility of the molecule toward attack by 

electrophiles while the energy of the LUMO is 

directly related to the electron affinity and 

characterizes the susceptibility of the molecule 

towards attack by nucleophiles; 

- The HOMO-LUMO gap, i.e. the difference 

in energy between the HOMO and LUMO is an 

important stability index; large HOMO-LUMO gap 

implies high stability for the molecule in the sense of 

its lower reactivity in chemical reactions. 

- The polarity of a molecule is well known to 

be important for various physicochemical properties. 

The dipole moment 𝜇 is the most often used quantity 

to describe polarity of a molecule. 

- The electrical charge 𝛿 of an atom in a 

molecule is important in many chemical reactions 

and physicochemical properties of compounds. Thus 

charge based descriptors have been widely employed 

as chemical reactivity indices or as measures of weak 

intermolecular interactions. Many quantum chemical 

descriptors are derived from partial charge 

distribution in a molecule or from the electron 

densities on particular atoms. 

The calculated molecular descriptors are 

recorded in table 4. 

 
Table 4: Computed  molecular descriptors of the three carboxylic acids. 

 𝐸𝐿𝑈𝑀𝑂  (𝑒𝑉) 𝐸𝐻𝑂𝑀𝑂  (𝑒𝑉) Δ𝐸(𝑒𝑉) 𝜇 (𝐷) 𝛿 (𝑒) 

Salicylic acid  -1.7495 -6.7780 5.028 3.4987 -0.5111 

Lactic acid -0.9185 -7.7996 6.881 2.7625 -0.4572 

Benzoic acid -1.8768 -7.4604 5.583 2.2513 -0.4933 

 

0
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The coefficients relating the pKa to the descriptors  𝐷1 , 𝐷2𝑎𝑛𝑑  𝐷3  are listed in table 5.  

 
Table 5: gives the computing coefficients (A, B, C and E) relating the pKa to the descriptors.  

 Ethanol weight A B C E 

 

Set 1: Δ𝐸, 𝜇, 𝛿 
 

0 2.06 -1.03 -69.19 -39.15 

16.3 2.24 -1.35 -80.97 -44.73 

80 3.04 -1.88 -111.83 -111.83 

 

Set2: ELUMO , 𝐸𝐻𝑂𝑀𝑂 , Δ𝐸 
 

0 4332.52 -4331.00 -4330.74 -3.54 

16.3 5083.90 -5083.50 -5082.15 -5.44 

80 7022.84 -7022.37 -7020.50 -5.83 

 

Set3:ELUMO , 𝐸𝐻𝑂𝑀𝑂 , μ 
 

0 50.37 73.50 -46.31 751.31 

16.3 58.77 86.16 -54.35 880.36 

80 81.11 119.09 -75.08 1216.84 

 

Set4: ELUMO , Δ𝐸, 𝜇 
 

0 121.81 -72.25 -45.50 738.71 

16.3 142.55 -84.73 -53.44 865.60 

80 196.87 -117.08 -73.82 119.43 

 

Set5: EHOMO , Δ𝐸, 𝜇 
 

0 125.15 50.87 -46079 759.16 

16.3 146.65 59.44 -54.98 890.72 

80 202.53 82.03 -75.95 1231.13 

 

The representations of experimental pKa values versus calculated ones are given by figures 2 (A, B, C, D, 

and E). 

               
Fig. 2: A. pKa calc versus pKa exp for set 1. 

                                       
Fig. 2: B. pKa calc versus pKa exp for set 2. 

pKacalc = 1.0112pKaexp - 0.0564
R² = 0.9999
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Fig. 2: C. pKa calc versus pKa exp for set 3. 

                
Fig. 2: D. pKa calc versus pKa exp for set 4. 

              
Fig. 2: E. pKa calc versus pKa exp for set 5. 

 

The representations of pKacalc = f (pKaexp) yields 

straight lines and correlation coefficients values 
(𝑅2 > 0.993) (figures 2 A to E) indicating a good 

correlation between calculated and experimental 

pKacalc = 1.0037pKaexp - 0.0093
R² = 0.9999
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values of pKa. Analyzing the results, one can 

observe that we have good correlation between 

calculated and experimental pKa for all the sets (set1, 

set3, set4, set5) containing the dipole moment. These 

results can highlight the important role played by the 

dipole moment in the dissociation reaction of the 

carboxylic acids. In this QSPR model, one can 

observe the negative coefficients relating the dipole 

moment 𝜇 to the pKa. When 𝜇 increases, the pKa 

decreases (the Ka increases): the acid dissociation is 

facilitated (figure 3). So the pKa of the studied acids 

can be ranged in the following order: pKa (Salicylic 

acid) < pKa (Lactic acid) < pKa (Benzoic acid). 

 

 
Fg. 3: Experimental values of pKa versus dipole moment. 

 

We note that the pKaexp value increases with 

increase percentage of the organic modifier as 

mentioned in literature (Kelen and Sanli, 2009). This 

behavior can be explained by the fact that the 

hydrogen atom of the hydroxyl group participates to 

hydrogen bonds in the solvent (water or water-

ethanol). In fact, when an hydrogen atom is bonded 

to a strongly electronegative atom, a charge 

separation occurs. The molecule, though it is 

electrically neutral, has a partial positive charge 

(indicated as  𝛿+) on one side and a partial negative 

charge (𝛿−) on the opposite charge. The hydrogen 

atom is the positive end of the molecule. It interacts 

with the negative end of neighboring species, 

forming a “bridge” between the two species. 

Hydrogen bond is a directional bond which is stable 

only when the hydrogen atom is aligned with the two 

electronegative atoms. Moreover, water is more polar 

than ethanol so when the percentage of the modifier 

increases, less and less bonds are broken so the value 

of the Ka decreases, meaning an increasing value of 

the pKa’s value. 

For the other descriptors (ELUMO, EHOMO and 

ΔE), we have not found a direct relation between the 

evolution of the descriptor and that of the 

experimental pKa when considering the studied 

molecules but as it can be seen in figures 2, the 

conjugated effects of the descriptors lead to the pKa 

value according to the mathematical equation. 

The equation of the model shows that the 

LUMO energies have an important effect on the pKa 

values. The coefficients affecting the LUMO energy 

in the equation are high and positive (sets 2, 3 and 4) 

indicating that pKa increases with increasing values 

of electron affinity (weak values of LUMO energy: 

EA = -ELUMO > 0); so high values of LUMO energies 

give an increasing trend to the dissociation of the 

acids. 

HOMO energy is related to the pKa values by a 

negative coefficient in set 2 and by a positive one in 

sets 3 and 5. So in set 2, one can observe that when 

the HOMO energy decreases the pKa increases 

meaning that Ka decreases: the HOMO varies in the 

same way as the acid dissociation. But in sets 3 and 5 

where the coefficients are positive, the pKa decreases 

for weak values of HOMO energy; thus when the 

ionization energy (IE = -EHOMO) increases, we have 

an increasing trend of Ka (the dissociation of the 

acids increases). 

The evolution of ∆E with the acid dissociation is 

also depending on the sign of the coefficient relating 

it to the pKa in the equation of the model: a negative 

coefficient (sets 2, 3, and 4) leads to an evolution in 

the same way as Ka whereas a positive coefficient 

(sets 1 and 5) leads to an opposite evolution with Ka. 

The significant character of the correlations 

between the pKa and the sets of quantum descriptors 

is based on the correlation coefficients values (R
2
) 

R² = 0.980

R² = 0.995
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and the sum of square errors (SSE) which is defined  

by the relation below: 

𝑆𝑆𝐸 =   𝑝𝐾𝑎𝑒𝑥𝑝
𝑖 − 𝑝𝐾𝑎𝑐𝑎𝑙𝑐

𝑖  
2

𝑁

𝑖=1

 

To choose the best set of quantum descriptors 

we have analyzed the values of the slopes (absolute 

value of the deviation from the unity) of the straight 

lines and that of the intercepts (figures 2). Table 6 

gives the values of the sum of square errors (SSE) for 

all the sets in consideration. 

 
Table 6: Absolute values of slopes deviations, absolute values of intercepts and sums of square errors (SSE). 

  

 𝑆𝑙𝑜𝑝𝑒 − 1  
 

 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡    𝑝𝐾𝑎𝑒𝑥𝑝
𝑖 − 𝑝𝐾𝑎𝑐𝑎𝑙𝑐

𝑖  
2

𝑁

𝑖=1

 

Set 1 0.0112 0.05640 0.0040 

Set 2 0.0169 0.02740 0.1855 

Set 3 0.0037 0.00930 0.0026 

Set 4 0.0200 0.12610 0.0262 

Set 5 0.0009 0.00004 0.0119 

 

Set 5 have the smallest values of  𝑆𝑙𝑜𝑝𝑒 − 1  
and  𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 ; even if the sum of square errors 

value is not the smallest one, its value is low. We can 

then consider this set as the best of the group of sets. 

The performance and the validation of the model 

(using the best set) are evaluated by mean percent 

deviation (MPD) and root-mean square error 

(RMSE), which are defined as follows: 

𝑀𝑃𝐷 =
1

𝑁
  

𝑝𝐾𝑎𝑒𝑥𝑝
𝑖 − 𝑝𝐾𝑎𝑐𝑎𝑙𝑐

𝑖

𝑝𝐾𝑎𝑒𝑥𝑝
𝑖

 

𝑁

𝑖=1

 

𝑅𝑀𝑆𝐸 =   
 𝑝𝐾𝑎𝑒𝑥𝑝

𝑖 − 𝑝𝐾𝑎𝑐𝑎𝑙𝑐
𝑖  

𝑁

𝑁

𝑖=1

 

Where 𝑝𝐾𝑎𝑒𝑥𝑝
𝑖  and 𝑝𝐾𝑎𝑐𝑎𝑙𝑐

𝑖  are experimental 

and calculated values of pKa with the model and N 

denotes the number of data points. Table 7 contains 

parameters for the calculation of MDP and RMSE.

 

 
Table 7: Parameters for the derivation of means percent deviation (MPD) and roots mean square errors (RMSE). 

 Ethanol 

weight 
𝑝𝐾𝑎𝑒𝑥𝑝

𝑖  𝑝𝐾𝑎𝑐𝑎𝑙𝑐
𝑖  

 
(𝑝𝐾𝑎𝑒𝑥𝑝

𝑖 − 𝑝𝐾𝑎𝑐𝑎𝑙𝑐
𝑖 )

𝑝𝐾𝑎𝑒𝑥𝑝
𝑖

  
 𝑝𝐾𝑎𝑒𝑥𝑝

𝑖 − 𝑝𝐾𝑎𝑐𝑎𝑙𝑐
𝑖  

𝑁
 

 

Benzoic Acid 

0 4.19 4.15 0.0095 0.0044 

13.6 4.68 4.73 0.0107 0.0055 

80 7.10 7.10 0 0 

 

Salicylic Acid 

0 2.99 2.98 0.0033 0.0011 

13.6 3.19 3.24 0.0157 0.00550 

80 5.05 5.05 0 0 

 

Lactic Acid 

0 3.85 3.81 0.0104 0.0044 

13.6 3.98 4.04 0.0151 0.0067 

80 6.05 6.05 0 0 

 

In the table N = 9, so MPD = 0.0072 and RMSE 

= 0.1661: these lower values indicate high 

correlation between the experimental and the 

theoretical values. 

 

Conclusion: 

Through this study one can draws the following 

conclusions:  

- DFT method B3PW91/LanL2DZ associated 

to QSPR method lead to a mathematical equation 

which allows making correlation between 

experimental and theoretical values of acid 

dissociation constant of the studied acids. 

- The correlation coefficients (R
2
) are high, 

indicating a good correlation between experimental 

and theoretical pka values. 

- The mean percent deviation (MPD) and the 

root mean square errors (RMSE) values are low what 

shows that the model is a suitable approach for the 

pKa determination of the studied acids. 

- There is a real relation between molecular 

descriptors and the acid dissociation constant (pKa). 
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