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ABSTRACT 
The acidity constants (pKa) of thirty four (34) α-substituted carboxylic acids in aqueous solution have 
been calculated using conductor-like polarizable continuum (C-PCM) solvation model. The gas-
phase energies at the Density Functional Theory (DFT-MPW1PW91) and solvation energies at 
HartreeFock (HF) are combined to estimate the pKa values which are very close to the experimental 
values where, and the root-mean-square error (rmse) is less than 0.9. In addition, the pKa values 
predicted by Multilinear Regression (MLR), Principle Components Regression (PCR) and Partial 
Least Square Regression (PLSR) methods showed an excellent correlation to the experimental values 
where the root-mean-square error (rmse)  decreases from 0.9 to 0.293, 0.326 and 0.319 respectively. 
Furthermore, the rmse of pKa values found less than 0.3 when the solvation models of some powerful 
electron withdrawing substituted acids are employed at the level of MPW1PW91 theory. The 
computation by different regression methods showed reasonably a better calculation of pKa values 
through the lower root-mean-square errors (rmse). 
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INTRODUCTION

1The activity and the ionizing ability of 
carboxylic acids are the direct function of 
the electronic properties and bonding order 
of the atoms that make up the carboxyl 
(COOH) moiety. The most significant 
chemical property of carboxylic acids in 
medicinal chemistry is their acidic nature. 
When considering the solution behaviour 
of a drug in the body, dealing with a dilute 
solution for which the Brӧnsted-Lowry 
acid-base theory is the most appropriate to 
explain and predict acid-base properties. 
The most important concept in medicinal 
chemistry is the acidic properties of drug 
molecules that influence lipophilicity, 
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solubility [1], protein binding and 
permeability, which in turn show the direct 
effect on absorption, distribution, 
metabolism and excretion [2-6], and 
potential incompatibilities between drugs. 
Procedural formulation for optimizing drug 
delivery [7] also benefits from the 
determination of the ionization constant 
(pKa). Pharmaceutical products and the 
formulation of useful dosage forms depend 
upon an understanding of drug dissociation 
and the extent of dissociation that will 
occur in the organism of the body.  Mono-, 
di-, and tri-carboxylic acids are sometimes 
key intermediates in a variety of metabolic  
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pathways [8].    
Numerous reports have been appeared 

in the literature describing computational 
methods of pKa calculations [9-12]. The 
most commonly used schemes couple 
quantum chemical calculations of gas-
phase deprotonation energy with 
continuum dielectric models to account for 
solvent effects. The coupling of Density 
Functional Theory (DFT) with a 
continuum solvent model has been shown 
[12] to provide a computationally viable 
and accurate pKacalculation. Several 
studies have been attempted to accurately 
calculate pKa of organic molecules but 
none of them have achieved chemical 
accuracy [13-18]. There are also many 
studies that use a variety of methods to 
accurately calculate the pKa values. For an 
instance, the relative pKa of carboxylic 
acids [19] have been calculated at HF and 
B3LYP methods in aqueous solution using 
Möller-Plesset Perturbation Theory (MP2) 
where most of the acids showed a good 
agreement to the corresponding 
experimental pKavalues, in some cases, 
large deviations exist, such as, unsigned 
errors of pKa from experimental values for 
BrCH2COOH, FCH2COOH and 
Cl2CHCOOH are 0.88, 1.47 and 2.03 pKa 
units where unsigned errors of these acids 
in this study are very small (0.03, 0.04 and 
0.06 for BrCH2COOH, FCH2COOH and 
Cl2CHCOOH). It would thus appear that 
more accurate methods are necessary for 
this problematic system. To address this 
problem, in the present work, the pKa of 
carboxylic acids has been successfully 
calculated using low cost method of 
MPW1PW91 gas phase energy in 
conjunction with appropriate models of 
solvation. 

However, in recent years, many 
improvements in computational chemistry 
have been observed, discrepancy still exist. 
The aim of our present study is to establish 
the theoretical pKa calculations and to 

compare the predicted pKas among a 
variety of methods and basis sets used in 
C-PCM solvation methods and, also 
comparison with pKas obtained by 
regression methods. 

 
METHODS AND CALCULATION 
Thermodynamic cycle 
According to the definition of Brӧnsted 
acid in aqueous solution, it dissociates as 
follows:  

  aqaq
K

aq HAHA a      (1) 
 

The equilibrium constant of the reaction 
(1) is Ka of HA and pKa is -logKa. There is 
a simple relation between the standard 
Gibbs free energy changes of reaction (1), 


aqG and Ka. 

aaq KRTG log303.2       (2) 

aaq RTpKG 303.2        (3) 

RT
G

pK aq
a 303.2


  (4) 

 
Based on thermodynamic [20] cycle 

(Figure 1), Gibbs-free energy change, 
aqG  

of reaction (1) in aqueous solution is equal 
to the sum of gas-phase Gibbs free energy 
change, 

aqG  and change of solvation 
energies, 

solvG , i.e.,  

solvgasaq GGG       (5) 

 

In this work, 
gasG and 

solvG  are 


),(),(),( HAgasHgasAgasgas GGGG   (6) 


),(),(),( HAsolvHsolvAsolvsolv GGGG   (7) 
 
where, 

),( HAgasG , 
),( AgasG and 

),( HgasG are 

the gas-phase Gibb’s free energies and 


),( HAsolvG  , 
),(  AsolvG  and 

),(  HsolvG are 

the change of Gibb’s free energies of 
solvation for HA, A- and H+respectively.  

Generally, three sources of errors inpKa 
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calculations [21] are found. The first 
source of the errors is the model used to 
calculate thepKa, which generally involves 
a thermodynamic cycle shown in Fig. 1 
and the second and third major errors 
found from the calculations of 

aqG  and 

solvG  energies. In this work, gas-phase 

Gibbs free energies and the changes in free 
energy of solvation (aqueous) of neutral 
molecules (HA), and their anion (A-) have 
been calculated with minimal errors. The 
experimental gas-phase Gibbs free energy 
(-6.28 kcal/mol[22]) and the change in free 
energy of solvation (-264.00 kcal/mo[23]) 
of H+ in standard state (1 atm and 298.15 
K) were employed for the calculation of 
pKas of studied acids. 
 
COMPUTATIONAL DETAILS 
All the calculations were carried out on 
Intel core-i5 Fujitsu laptop computer with 
4–8 GB of memory and 60 GB of scratch 
disk space, using Gaussian03 (v6.0) 
program [24]. About 12 different 
combinations of methods (HF [25], 
B3LYP [26], MPW1PW91 [27], MP2 
[28]) and basis sets [6-311g(d,p), 6-
311+g(d,p), 6-311g(2d,2p), 6-
311+g(2d,2p) and 6-311++g(2d,2p)] were 
applied in trial calculations of gas-phase 
Gibb’s free energy changes to compare 
their relative accuracies with the 
experimental values and next the solvation 
model [30, 31] (C-PCM) at HF, B3LYP, 
MP2 and MPW1PW91 methods with small 
basis sets (6-31g(d) and 6-31+g(d)) were 
also employed in trial calculations of 
solvation energies to select the best 
combination (gas-phase and solvation 
energies) of methods to determine the pKa 
values of the set of α-substituted 
carboxylic acids. In the solvation model, 
the radii of the united atom topological 
model (UA0 and UAHF) and “scfvac” 
keyword have been chosen as 
recommended in the Gaussian03 user’s 

reference manual, and the rest of the 
parameters of the models have been kept 
as default [24] to obtain the free-energy 
changes of solvation of the studied 
molecules. 

Every structure was optimized in the 
gas phase at the respective level of theory, 
and the optimized structures were checked 
with all real frequencies then the gas phase 
Gibbs free energy changes, 

gasG  have 
been calculated. Next solvation energies in 
water were calculated at the level of 
Hartree-Fock [25] (HF) and Density 
Functional Theory [26, 27, 29] (DFT-
MPW1PW91) using conductor-like 
polarizable continuum solvation model 
[29, 30] (C-PCM). Small-sized basis set 
has been preferred considering the size of 
studied molecules, computational cost and 
proof for reliability of these basis sets. 
Before the calculation of solvation 
energies, HF/6-311+g(d)-UAHF and 
B3LYP/6-311+g(d)-UA0 levels of theory 
in C-PCM aqueous solution method were 
arbitrary chosen for the optimization of all 
studied molecules. Next the optimized 
structures were confirmed through 
vibrational frequency calculations with all 
real frequencies. These computational 
procedures (levels of theory, basis sets, 
solvation model, etc.) have been designed 
particularly for the prediction of reliable 
energies of the studied molecules and have 
been demonstrated to provide the accuracy 
within 1-2 kcal/mol when assessed against 
large test sets of thermo-chemical data [32, 
33].  

 
RESULTS AND DISCUSSIONS 
Selection and justification of 
experimental data 
Initially, some reported experimental and 
theoretical values which are used in this 
work for comparison or as part of the 
calculations are needed to re-examine. The 
gas-phase energy and solvation energy of 
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H+ are very important in this study for the 
calculation of pKa values. The gas-phase 
free energy, 

),( Hgas
G of H+ cannot be 

determined quantum mechanically due to 
the unavailability of electrons in proton. 
The experimental value of -6.28 
kcal/mol[22] in the standard state (1 atm 
298.15 K) is used to calculate the pKas of 
the studied molecules. Free energy of H+ 
was taken from the standard equations of 
thermodynamics, and based on the Sackur-
Tetrode equation [34] where the deduced 
value was the same as can be found (-6.28 
kcal/mol) experimentally from the NIST 
database. The value of H° (H+) equal to 
5/2(RT) or 1.48 kcal/mol was deduced 
using the translational energy of 1.5RT 
combined with RTPV  and PVEH  . 
Finally, G°(H+) = -6.28 kcal/mol was 
obtained by putting the entropy value of 
TS (H+) (7.76 kcal/mol at 1 atm pressure 
298.15 K) which was already deduced 
from the Sackur-Tetrode equation and the 
value of H° (H+) (1.48 kcal/mol in the 
equation, TSHG  .  

However, to date, several theoretical 
and experimental values of 

),(  HsolvG have 

been reported: -264.0 [23], -264.6 [21, 22], 
-265.9 [35, 36] and -266.1 [37] kcal/mol. 
In addition, Coe and his co-workers [18] 
had used experimental ion-water clustering 
data to derive a value for 

),(  HsolvG of -

264.0 kcal/mol. In the present work, this 
experimental value of 

),(  HsolvG is also 

used to determine the pKavalues of α-
halogenated carboxylic acids in the 
standard state (1 atm pressure 298.15 K). It 
was supported that the correct standard 
state was 1 atm, so that changing to a 
standard state of 1M, the value of 


),( 

Hsolv
G was converted into -265.9 

kcal/mol[35, 36]. Further supported by 
Goddard and his co-workers [38], they 
included concentration terms to Zhan and 

Dixon’s high-level ab initio calculations 
[39] of the hydration free energy of the 
proton, their value is corrected to -
265.63±0.22 kcal/mol. 

 
Calculation of the pKa values 
In this study, we have presented a simple 
approach for the calculation of accurate 
pKa values of thirty four α-substituted 
carboxylic acids (mono-, di- or tri- 
substituents at α-position), which are 
shown in Table 1. A series of trial 
calculations were performed to select the 
best computational methods (basis sets, 
level of theory and solvation models) to be 
used in the pKa calculations of the set of α-
substitued carboxylic acids. The 
preeminent results of gas-phase Gibb’s 
free energy changes, 

gasG  of the acid 
dissociation calculated at MPW1PW91/6-
311+g(2d,2p) level of theory and the 
experimental [40, 41] gas-phase Gibb’s 
free energy changes at 298.15 K are also 
reported in Table 1. All the calculated gas-
phase Gibbs free energy changes were 
within the acceptance limit of experimental 
values and comparison of calculated gas-
phase Gibb’s free energy changes with 
experimental gas Gibb’s free energy 
changes show that only small deviations 
exist with a maximum of 0.59%. The 
aqueous solvation energy of each molecule 
and its anion calculated at HF and 
MPW1PW91 methods with 6-31g(d) and 
6-31+g(d) basis sets using C-PCM 
(conductor-like polarizable continuum 
model) solvation models are shown in 
Table 2. It is observed that the solvation 
energies calculated with 6-31g(d) basis set 
are comparatively better than that of 6-
31+g(d) for both ions and the estimated 
pKas are also shown in Table 2 where the 
residual errors were incorporated in 
parenthesis. Among the combinations of 
C-PCM solvation model at the level of  HF 
and MPW1PW91 theories with 6-31g(d) 
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and 6-31+g(d) basis sets, the 
pKascalculated at HF/6-31g(d)/C-PCM 
aqueous solvation method showed very 
good results with lower root-mean-square 
error (rmse) of 0.838.  

Examination of calculated pKashowed 
that in most cases, the pKa values are 
reasonably close to the experimental 
values. For example, the calculated pKa of 
2-bromopentanoic acid (29) is 2.96 
whereas the experimental pKa is reported 
to be 2.97. About similar approximation is 
observed for 2, 2-diflouroethanoic acid 
(calculated pKa = 1.27 and experimental 
pKa = 1.24), 2-bromoethanoic acid 
(calculated pKa = 2.89and experimental 
pKa = 2.86) and 2, 2-dichloroethanoic acid 
(calculated pKa = 1.23 and experimental 
pKa = 1.29). In some cases, large 
deviations are observed where some 
negative values can be seen. These 
deviations were arisen from a higher 
number of halogens attached to the 
carboxylic acid and oxo group (=O) 
attached directly in the α-position, such as 
2, 2, 2-triflouroethanoic acid (calculated 
pKa = -1.85 and experimental pKa = 0.23) 
and 2-oxo-butanoic acid (calculated pKa = 
-0.65 and experimental pKa = 2.50). The 
root-mean-square error is 0.838 including 
those giving high deviations. Since the 
main source of deviation comes from the 
solvation energies, and the gas-phase 
energies should be also considered, so a 
stepwise multi-linear regression(MLR) 
was performed [42], and the following 
relation was found: 

Model-1 (MLR): 

-

ο
a gas

ο ο
(solv,HA) (solv,A )

pK (MLR) = 0.3832×ΔG - 0.2933×

ΔG + 0.3265× ΔG -102.8277
    (8) 

2 2
train

2
test pred

n = 29;r = 0.982;q = 0.976;p < 0.0001;F =
456.054;sd = 0.168;n = 5;r = 0.793

 

 
with standard deviation (sd) of 0.168 and 
squared correlation coefficient (r2) of 

0.982. The F-value of 456.054 indicates 
the robustness of the model and q2 of 0.976 
and 2

predr  of 0.710 confirm the validity of 
the regression model internally and 
externally.   

Next additional two regression models 
PCR (principle components regression 
where PC1, PC2 and PC3 are principle 
components) and PLSR (partial least 
squares regression) are included to verify 
the pKa values obtained by MLR method. 
All the regression models gave excellent 
results of pKa and in most cases; the pKa 
values are very close to each other among 
them.  

Model-2 (PCR): 
apK (PCR) = 0.1282× PC1+ 0.0641×

PC2- 0.0276×PC3- 40.5388
 

(9) 
2 2

train

2
test pred

n = 29;r = 0.891;F = 68.210;q =

0.860;sd = 0.313;n = 5;r = 0.641
 

 
Model-3 (PLSR): 

-

ο
a gas

ο ο
(solv,HA) (solv,A )

pK (PLSR) = 0.1398×ΔG + 0.0534×

ΔG - 0.0123×ΔG - 43.3755
 

(10) 
2 2

train

2
test pred

n = 29;r = 0.898;F = 73.247;q =

0.868;sd = 0.301;n = 5;r = 0.741
 

 
In the above models, 34 acids are 

considered, and they are divided into two: 
a training set of 29 acids and 5 acids that 
have been randomly chosen as a test set. 
The gas-phase free energies and solvation 
energy changes of neutral (HA) and anion 
(A-) species are considered in these 
analyses. Table 3 represents the predicted 
values of pKa obtained by Eqs. (4), (8), (9) 
and (10) as well as experimental values 
[43-46]. Significant improvement can be 
seen in these regressions (MLR, PCR and 
PLSR) compared with directly measured 
pKa values [47] obtained by Eq. (4) and the 
root-mean-square error (rmse) decreased 
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from 0.838 to 0.293, 0.326 and 0.319 for 
MLR, PCR and PLSR methods 
respectively. ThepKas predicted with 
MLR, PCR and PLSR showed a high 
correlation with experimental values 
through squared correlation coefficients 
(r2) of 0.982, 0.891 and 0.898. 

It is noteworthy that the calculated pKas 
obtained by Eq. (4) with HF/6-31g(d)/C-
PCM solvation model for studying acids 
except tri-halogenated acids (19, 25, 31) 
and 2-oxo-butanoic acids (34) showed a 
very good agreement with the 
experimental values where deviation exists 
less than 0.61 pKaunits (residual errors of 
pKaare shown in Table 2 in a parenthesis). 
The rmse of 0.838 comes mainly from tri-
halo substituted acids (19, 25 and 31) and 
2-oxo-carboxylic acids (34) where 
deviations found more than 2.50 pKa units. 
On contrary, these powerful electron 
withdrawing substituted acids (19, 25 and 
31) and 2-oxo-carboxylic (34) acids 
showed an excellent result at 
MPW1PW91/6-31+g(d)/C-PCM solvation 
model where root-mean-square error 
(rmse) was 0.231. Next these four acids are 
separated and the rmse for the studied 
acids (except tri-halo and 2-oxo-substituted 
carboxylic acids) decreases from 0.838 to 
0.299.  Finally the rmse of thirty four α-
substituted carboxylic acids decreases from 
0.838 to 0.292 and squared correlation 
coefficient (r2) of 0.941 indicates an 

excellent calculation of pKas which are 
shown in Table 4. The correlations of pKas 
between experimental and predicted values 
are shown in Fig. 2. 

 
CONCLUSION 
The predicted pKas of thirty four α-
substituted carboxylic acids by MLR, PCR 
and PLSR methods using gas-phase 
energies calculated at MPW1PW91/6-
311+g(2d,2p) levels of theory and 
solvation energies at HF-6-31g(d)/C-PCM 
model are very close to the experimental 
values whereas directly measuredpKas in 
some cases show large deviations with the 
root-mean-square error (rmse) of 0.838. In 
the mean while, predicted pKaby 
regression methods showed comparatively 
better results with lower root-mean-square 
errors (0.293, 0.326 and 0.319). The large 
deviations are mainly originated from the 
tri-halogenated acids as well as 2-oxo-
carboxylic acids (19, 25, 31 and 34) and 
the better pKas of these four acids are 
found at MPW1PW91/6-31+g(d)/C-PCM 
solvation model. It is observed that the 
values in the calculation of pKas are 
sensitive to the level of theory in 
comparison with the solvation models at 
which the solvation energies were 
calculated. It is also clear that high level of 
theory is always not necessary for the 
calculation of reliable pKas.  
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Table 1. Gas-phase Gibbs free energy of each molecule (HA) and its anion (A-) together with 
Gibbs free energy changes of reaction (1), 

gasG  in the gas phase calculated at 
MPW1PW91/6-311+g(2d,2p) level of theory 

 

Comp 
ID Structural Formula 

Hartree/particle  kcal/mol % of 
errors 

HAG  
AG   )(calGgas

  (exp)
gasG  

1 HCH2COOH -229.073255 -228.519965  340.92 341.5±2 0.17 
2 CH3CH2COOH -268.363263 -267.810859  340.36 340.4±2 0.01 
3 CH3(CH3)CHCOOH -307.652783 -307.101652  339.56 339.0±2 -0.17 
4 CH3(CH3)2CCOOH -346.942264 -346.393126  338.31 338.0±2 -0.09 
5 HOCH2COOH -304.282539 -303.734136  337.85  -  - 
6 CH3(OH)CHCOOH -343.577597 -343.028922  338.02  -  - 
7 NH2CH2COOH -284.408176 -283.864205  335.07 334.7±2 -0.11 
8 HSCH2COOH -627.288633 -626.750692  331.29  -  - 
9 CH3SCH2COOH -666.577284 -666.036382  333.15  -  - 
10 C2H5SCH2COOH -705.868082 -705.327110  333.19  -  - 
11 C3H7SCH2COOH -745.158378 -744.617138  333.36  -  - 
12 CH3OCH2COOH -343.558246 -343.011665  336.71 336.0±2 -0.21 
13 C2H5OCH2COOH -382.854279 -382.307287  336.97 335.0±2 -0.59 
14 C3H7OCH2COOH -422.144214 -421.597353  336.89  - -  
15 NCSCH2COOH -719.520359 -719.006494  316.18  -  - 
16 O2NCH2COOH -433.579665 -433.060810  319.31  -  - 
17 FCH2COOH -328.314745 -327.777455  330.88 331.3±2 0.46 
18 F2CHCOOH -427.572195 -427.044377  324.94 323.9±2 -0.31 
19 F3CCOOH -526.839225 -526.324345  316.82 316.5±2 -0.10 
20 ClCH2COOH -688.706405 -688.173726  327.99 329.2±2 0.37 
21 CH3(Cl)CHCOOH -728.000753 -727.46597  329.31 330.6±2 0.40 
22 CH3CH2(Cl)CHCOOH -767.290636 -766.756166  329.11 330.9±2 0.53 
23 Cl2CHCOOH -1148.341766 -1147.819787  321.27 322.3±2 0.30 
24 CH3(Cl2)CCOOH -1187.630412 -1187.109674  320.49  -  - 
25 Cl3CCOOH -1607.967079 -1607.456525  314.10  -  - 
26 BrCH2COOH -2802.778559 -2802.24762  326.89 327.8±2 0.26 
27 CH3(Br)CHCOOH -2842.072948 -2841.539197  328.66 329.4±2 0.23 
28 CH3CH2(Br)CHCOOH -2881.362732 -2880.829285  328.47 330.1±2 0.51 

29 CH3 
CH2CH2(Br)CHCOOH -2920.649944 -2920.116980  328.16  -  - 

30 Br2CHCOOH -5376.483998 -5375.963879  320.10 321.53±2 0.44 
31 Br3CCOOH -7950.177169 -7949.669354  312.38  -  - 
32 NCCH2COOH -321.304950 -320.780980  322.52 323.7±2 0.36 
33 CH3COCH2COOH -381.687265 -381.153842  328.45  -  - 
34 CH3CH2(O=)CCOOH -381.676571 -381.147512  325.71  -  - 
1 Hartree/particle = 627.5095 kcal/mol 
 α-substituents are indicated with bold 
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Table 2.pKa values were calculated using gas-phase Gibb’s free energies ( 
gasG ) at 

MPW1PW91/6-311+g(2d,2p) level of theory in conjunction with C-PCM aqueous  solvation 
energies ( 

solvG ) at HF and MPW1PW91 methods using 6-31g(d) and  6-31+g(d) basis sets 

Comp. 
ID 


gasG  

hf/6-31g(d)  mpw1pw91/6-31+g(d) 

pKa (exp.) 
solvG  pKa (cal.)  


solvG  pKa (cal) 

HA A- HA A- 

1 340.92 -7.49 -77.55 5.03 (-0.27)  -7.37 -73.63 7.81 (-3.05) 4.76 
2 340.36 -7.18 -76.11 5.45 (-0.58)  -7.47 -72.48 8.32 (-3.45) 4.87 
3 339.56 -6.94 -75.04 5.47 (-0.59)  -6.87 -71.29 8.17 (-3.29) 4.88 
4 338.31 -6.39 -72.98 5.66 (-0.61)  -6.30 -68.53 8.86 (-3.81) 5.05 
5 337.85 -16.08 -84.41 4.05 (-0.22)  -16.28 -80.70 6.91 (-3.08) 3.83 
6 338.02 -14.23 -82.56 4.17 (-0.30)  -14.41 -79.01 6.91 (-3.04) 3.87 
7 335.07 -14.24 -81.35 2.90  (-0.55)  -14.72 -77.76 5.89 (-3.54) 2.35 
8 331.29 -10.95 -73.04 3.81 (-0.14)  -10.87 -69.62 6.26 (-2.59) 3.67 
9 333.15 -10.79 -74.54 3.96 (-0.24)  -10.58 -70.95 6.43 (-2.71) 3.72 

10 333.19 -11.21 -75.08 3.90 (-0.16)  -11.05 -71.49 6.41 (-2.67) 3.74 
11 333.36 -10.43 -74.24 4.07 (-0.30)  -10.27 -70.59 6.62 (-2.85) 3.77 
12 336.71 -12.09 -80.45 3.19 (0.35)  -12.04 -76.33 6.17 (-2.63) 3.54 
13 336.97 -12.01 -80.35 3.39 (0.21)  -12.07 -76.44 6.30 (-2.70) 3.6 
14 336.89 -11.28 -79.55 3.38 (0.27)  -11.34 -75.62 6.31 (-2.66) 3.65 
15 321.55 -12.46 -64.36 4.14 (-0.56)  -12.11 -60.42 6.77 (-3.19) 3.58 
16 319.31 -17.84 -70.4 2.02 (-0.34)  -16.34 -66.50 3.78 (-2.10) 1.68 
17 330.88 -11.01 -74.15 2.74 (-0.08)  -10.69 -70.10 5.47 (-2.81) 2.66 
18 324.94 -10.39 -69.60 1.26 (0.02)  -10.06 -65.76 3.84 (-2.60) 1.24 
19 316.82 -7.95 -63.29 -1.85 (2.08)  -7.62 -59.86 0.42 (-0.19) 0.23 
20 327.99 -10.07 -70.26 2.78 (0.08)  -9.64 -66.42 5.28 (-2.42) 2.86 
21 329.31 -9.32 -70.99 2.67 (0.16)  -8.98 -66.34 5.83 (-3.00) 2.83 
22 329.11 -7.63 -68.63 3.01 (-0.13)  -7.30 -64.92 5.49 (-2.61) 2.88 
23 321.27 -9.62 -65.22 1.23 (0.06)  -9.19 -61.73 3.47 (-2.18) 1.29 
24 320.49 -7.79 -62.05 1.64 (0.20)  -8.27 -58.50 4.59 (-2.75) 1.84 
25 314.10 -5.79 -57.42 -1.12  (1.77)  -5.44 -54.46 0.79 (-0.14) 0.65 
26 326.89 -10.52 -69.48 2.88 (-0.02)  -10.05 -65.34 5.57 (-2.71) 2.86 
27 328.66 -9.14 -69.17 3.39 (-0.39)  -8.72 -65.43 5.83 (-2.83) 3.00 
28 328.47 -7.44 -67.68 3.10  (-0.16)  -7.31 -64.12 5.61 (-2.67) 2.94 
29 328.16 -7.86 -67.98 2.96 (0.01)  -7.45 -64.23 5.41 (-2.44) 2.97 
30 320.10 -10.32 -64.62 1.32 (0.16)  -9.88 -60.65 3.91 (-2.43) 1.48 
31 312.38 -6.16 -56.28 -1.27 (1.93)  -5.84 -53.47 0.55 (0.11) 0.66 
32 322.52 -14.75 -70.04 2.37 (0.07)  -14.10 -66.15 4.74 (-2.30) 2.44 
33 328.45 -12.58 -71.90 3.76 (-0.18)  -11.49 -67.91 5.89 (-2.31) 3.58 
34 325.71 -8.40 -71.00 -0.65 (3.15)  -7.55 -66.37 2.12 (0.38) 2.50 

rmse - - - 0.838  - - 2.639 - 

All the values of 
gasG  and 

solvG are in kcal/mol 

The values in parenthesis are residual errors of pKa between experimental and calculated 
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Table 3. Calculated pKafor α-substituted carboxylic acid on the best combination of gas-
phase energies at MPW1PW91 /6-311+g(2d,2p) method and solvation energies at HF/6-
31g(d) as well as at different regression methods 

Comp 
ID 

pKa aErrors bErrors cErrors dErrors 
Cal MLR PCR PLSR Exp 

Training set         
1 5.03 4.69 4.82 4.84 4.76 -0.27 0.07 -0.06 -0.08 

2 5.45 4.86 4.73 4.76 4.87 -0.58 0.01 0.14 0.11 

3 5.47 4.83 4.62 4.65 4.88 -0.59 0.05 0.26 0.23 

4 5.66 4.86 4.43 4.47 5.05 -0.61 0.19 0.62 0.58 

5 4.05 3.79 4.07 4.03 3.83 -0.22 0.04 -0.24 -0.20 

6 4.17 3.92 4.16 4.13 3.87 -0.30 -0.05 -0.29 -0.26 

8 3.81 3.49 3.24 3.25 3.67 -0.14 0.18 0.43 0.42 

9 3.96 3.66 3.53 3.54 3.72 -0.24 0.06 0.19 0.18 

10 3.90 3.62 3.53 3.53 3.74 -0.16 0.12 0.21 0.21 

11 4.07 3.73 3.57 3.58 3.77 -0.30 0.04 0.20 0.19 

12 3.19 3.48 4.07 4.04 3.54 0.35 0.06 -0.53 -0.50 

13 3.39 3.59 4.10 4.08 3.6 0.21 0.01 -0.50 -0.48 

14 3.38 3.60 4.12 4.10 3.65 0.27 0.05 -0.47 -0.45 

16 2.02 1.78 1.19 1.18 1.68 -0.34 -0.10 0.49 0.50 

17 2.74 2.98 3.22 3.20 2.66 -0.08 -0.32 -0.56 -0.54 

19 -1.85 0.24 1.31 1.27 0.23 2.08 -0.01 -1.08 -1.04 

20 2.78 2.87 2.80 2.80 2.86 0.08 -0.01 0.06 0.06 

21 2.67 2.92 3.04 3.04 2.83 0.16 -0.09 -0.21 -0.21 

22 3.01 3.12 3.05 3.07 2.88 -0.13 -0.24 -0.17 -0.19 

24 1.64 2.01 1.76 1.77 1.84 0.20 -0.17 0.08 0.07 

25 -1.12 0.49 0.94 0.93 0.65 1.77 0.16 -0.29 -0.28 

26 2.88 2.84 2.61 2.61 2.86 -0.02 0.02 0.25 0.25 

27 3.39 3.21 2.92 2.93 3.00 -0.39 -0.21 0.08 0.07 

28 3.10 3.13 2.96 2.98 2.94 -0.16 -0.19 -0.02 -0.04 

29 2.96 3.03 2.90 2.92 2.97 0.01 -0.06 0.07 0.05 

30 1.32 1.76 1.62 1.62 1.48 0.16 -0.28 -0.14 -0.14 

31 -1.27 0.31 0.66 0.66 0.66 1.93 0.35 0.00 0.00 

32 2.37 2.22 1.79 1.79 2.44 0.07 0.22 0.65 0.65 

33 3.76 3.25 2.74 2.75 3.58 -0.18 0.33 0.84 0.83 
Test set          

7 2.90 3.19 2.85 2.71 2.35 -0.55 -0.84 -0.50 -0.36 
15 4.14 3.03 2.66 2.70 3.58 -0.56 0.55 0.92 0.88 
18 1.26 2.01 2.37 2.10 1.24 -0.02 -0.77 -1.13 -0.86 
23 1.23 1.81 1.83 1.83 1.29 0.06 -0.52 -0.54 -0.54 

34 -0.65 1.98 2.63 2.58 2.50 3.15 0.52 -0.13 -0.08 

rmse - - - - 0.838 0.293 0.326 0.319 
r2  0.982 0.891 0.898 - - - - - 

pKa (Cal) values were calculated directly using Eq. 4 through thermodynamic cycle shown in Fig. 1 
pKa (MLR) values were calculated using Eq. 8 
pKa ( PCR) values were calculated using Eq. 9 
pKa (PLS) values were calculated using Eq. 10 
aErrors, bErrors, cErrors and dErrors are residual errors for Cal, MLR, PCR and PLSR respectively 
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Table 4. Calculated and experimentalpKaswith residual errors 

Comp ID pKa(cal) pKa(exp) Residual 
Errors 

Class-A    
1 5.03 4.76 -0.27 
2 5.45 4.87 -0.58 
3 5.47 4.88 -0.59 
4 5.72 5.05 -0.67 
5 4.05 3.83 -0.22 
6 4.17 3.87 -0.30 
7 2.90 2.35 -0.55 
8 3.81 3.67 -0.14 
9 3.96 3.72 -0.24 

10 3.90 3.74 -0.16 
11 4.07 3.77 -0.30 
12 3.19 3.54 0.35 
13 3.39 3.6 0.21 
14 3.38 3.65 0.27 
15 4.14 3.58 -0.56 
16 2.02 1.68 -0.34 
17 2.74 2.66 -0.08 
18 1.26 1.24 -0.02 
20 2.78 2.86 0.08 
21 2.67 2.83 0.16 
22 3.01 2.88 -0.13 
23 1.23 1.29 0.06 
24 1.64 1.84 0.20 
26 2.88 2.86 -0.02 
27 3.39 3.00 -0.39 
28 3.10 2.94 -0.16 
29 2.96 2.97 0.01 
30 1.32 1.48 0.16 
32 2.37 2.44 0.07 
33 3.76 3.58 -0.18 

Class-B    
19 0.42 0.23 -0.19 
25 0.79 0.65 -0.14 
31 0.55 0.66 0.11 
34 2.12 2.50 0.38 

rmse - - 0.292 
r2   0.941 

Class-A: All mono and di-substituted acid (at α-position) 
Class-B: Tri-halo and 2-oxo substituted acid (at α-position) 
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Fig. 1. Thermodynamic cycle used to calculate 
aqG of reaction (1) from its components. 

 

 
 

Fig. 2.Correlation between experimental and predicted pKas. 
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