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Metropolitana-Iztapalapa, Av San Rafael Atlixco No.186, Col.Vicentina, Mex́ico D.F. C.P.09340, Mex́ico
§Facultad de Química, Departamento de Física y Química Teoŕica, Universidad Nacional Autońoma de Mex́ico, Mex́ico D.F.04510,
Mex́ico

*S Supporting Information

ABSTRACT: Two empirically fitted parameters have been
derived for 74 levels of theory. They allow fast and reliable pKa
calculations using only the Gibbs energy difference between an
acid and its conjugated base in aqueous solution (ΔGs(BA)). The
parameters were obtained by least-squares fits of ΔGs(BA) vs
experimental pKa values for phenols, carboxylic acids, and amines
using training sets of 20 molecules for each chemical family. Test
sets of 10 molecules per familycompletely independent from
the training setwere used to verify the reliability of the fitting
parameters method. It was found that, except for MP2,
deviations from experiments are lower than 0.5 pKa units.
Moreover, mean unsigned errors lower than 0.35 pKa units were
found for the 98.6%, 98.6%, and 94.6% of the tested levels of
theory for phenols, carboxylic acids and amines, respectively. The parameters estimated here are expected to facilitate
computationally based estimations of pKa values of species for which this magnitude is still unknown, with uncertainties similar to
the experimental ones. However, the present study deals only with molecules of modest complexity, thus the reliability of the FP
method for more complex systems remains to be tested.

■ INTRODUCTION

Chemical compounds susceptible to be involved in acid−base
equilibria are ubiquitous in nature and in daily human life. They
are present not only within our body but also in our diet and in
many substances with pharmacological properties. The
tendency of these compounds to deprotonate is quantified by
their acid dissociation constants (Ka), which are frequently
expressed as pKa. The latter are defined as −log(Ka) and rule
the proportion of protonated and deprotonated species at a
particular pH. Thus, accurate estimations of pKa values are of
crucial importance for numerous areas of knowledge including
chemistry, biology, food science, medicine, and pharmacology.
Despite of the fact that there are several experimental

techniques that have been proven to be successful for
estimating pKas, for some compounds it may become a difficult
task. Some paradigmatic examples are very weak or very strong
acids, as well as short-living intermediates.1 Accordingly, a huge
amount of effort has been devoted to improving the accuracy of
pKa values obtained from theoretical approaches, based on
electronic structure methods.1−21 However, it still remains a
very challenging task. The difficulties, failures, and successes of

such strategies have been thoroughly reviewed by Ho and
Coote,22 who concluded that we are still far from achieving
ideal results. In fact absolute deviations smaller than 2 units of
pKa are currently accepted as reasonably accurate.22

Apparently, the largest contributions to the errors in pKa

calculations arise from two particular aspects of the computa-
tional protocols. The first one is that acid−base equilibria
involve charged species that usually are at the product side (HA
⇌ H+ + A−). Since errors arising from calculations, especially in
solution, are typically larger for ionic than for noncharged
species, the most significant errors do not cancel out when
energies of reactions are calculated. Consequently the accuracy
of such relative energies is not as predictable as for reactions
with species equally charged at both sides of the equilibrium.
The second main source of errors is the way in which the
solvent is modeled. The most frequently used strategy for this
purpose is using a dielectric continuum model (DCM), which
might not be good enough when short-range solute−solvent
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interactions are important, which is just the case of ions in
aqueous solution. In addition, there is a wide variety of DCM
approaches that can be used for modeling solvation. Thus, the
quality of the result may also depend on the DCM of choice.
However, there is an strategy that circumvents the main error

sources in pKa calculations,
23−32 which is here referred to as the

fitting parameters (FP) method. Generally speaking, it consists
of calculating an energy difference that involves the acid and its
conjugated base for a set of chemical compounds. Then this
data is used to obtain a linear regression with the corresponding
experimental pKas. This procedure allows obtaining two
empirically fitted parameters that canin turn be used to
estimate the pKa values of the species of interest, and should be
carried out separately for each family of chemical compounds.
In general, the pKa values calculated with the FP method are in
good agreement with the experimental data, the mean unsigned
errors (MUE), root-mean square errors (RMSE), and
maximum absolute errors (MAE) are usually below 0.5, 0.5,
and 1.0 pKa units, respectively.
Therefore, the FP method is a very appealing strategy that

significantly improves the accuracy of pKa calculations,
compared to other methodologies. However, this method
presents a major inconvenience, a very laborious task should be
performed any time a pKa calculation is needed. Albeit, there
are several reports of fitted parameters, they were obtained with
a particular combination of electronic structure method and
basis sets. Therefore, researchers interested in using a level of
theory for which these parameters have not been reported, face
the necessity of performing numerous calculationsadditional
to their own investigationto use the FP method. This is a
rather frequent case since there are abundant chemical
problems that are significantly influenced by acid−base
equilibria. In addition, a systematic assessment on the potential
use of different levels of theory (electronic structure method/
basis set) to estimate pKa values using the FP method has not
been performed yet.
Accordingly, the main goal of the present work is to perform

such a systematic investigation and provide a rather large list of

parameters that can be later used to calculate pKa values. For
that purpose 20 electronic structure methods and 4 basis sets
were considered, which are among the most frequently used
ones. Their performance for the task at hand was analyzed
based on the corresponding MUE, RMSE, and MAE values,
and the corresponding fitted parameters are reported for the
first time. Two independent sets of chemical compounds were
used as training and test sets. Both include three families of
molecules: carboxylic acids, phenols, and amines. The reported
results are expected to promote further use of the FP method in
the estimation of pKa values of species for which this magnitude
is still unknown.

■ COMPUTATIONAL DETAILS

The FP method has been previously used in different ways. For
example, the linear regressions used to obtain the fitted
parameters have been performed using a variety of calculated
data, including pKa,

23 enthalpy,25 and Gibbs energies.24,30,31

The solvent effects have also been included using different
models such as COSMO,24,25 PCM,30 and SMD.31 Since
changing any of these aspects may modify the values of the
fitting parameters, and the possible combinations are almost
endlesswhen considering also the electronic structure
method and the basis setit is important to explain in detail
exactly how the FP method was carried out here.
All the electronic calculations were carried out with the

package of programs Gaussian 09.33 Full geometry optimiza-
tions, without imposing any symmetry constrains, and
frequency calculations were performed for all the species
involved in the studied acid−base equilibria using the solvation
model based on density (SMD).34 Geometry optimizations
were performed in solution because optimized geometries can
be significantly different from those obtained in gas phase,
particularly for phenolic compounds. At the same time, it has
been pointed out that the partition functions obtained when
using dielectric continuum solvent models are not reliable to
calculate Gibbs energies in solution.35 So far there is only work
demonstrating otherwise.36 In that work it was demonstrated

Table 1. Training Sets Used to Obtain the m and C0 Parameters and Experimental pKa Values

phenol pKa
exp carboxylic acid pKa

exp amine pKa
exp

phenol 9.997a formic 3.744a methylamine 10.632a

3-aminophenol 10.02a acetic 4.757a methoxyamine 4.62a

4-aminophenol 10.30b chloroacetic 2.862a 2-propen-1-amine 9.52a

2-chlorophenol 8.531a oxalic 1.250a aminoacetonitrile 5.15a

3-chlorophenol 9.125a methoxyacetic 3.570a dimethylamine 10.774a

4-chlorophenol 9.426a prop-2-enoic 4.258a morpholine 8.492a

o-cresol 10.31a trichloroacetic 0.660b piperidine 11.125a

m-cresol 10.095a trans-2-butenoic 4.686a trimethylamine 9.799a

p-cresol 10.269a 3-butenoic 4.342a 1-(2-propenyl)piperidine 9.68c

2-nitrophenol 7.230a benzoic 4.202a phenilamine 4.601a

3-nitrophenol 8.360a 4-nitrobenzoic 3.442a 1,4-benzenediamine 6.06a

4-nitrophenol 7.150a 2-methylbenzoic 3.906a 2-chloroaniline 2.653a

resorcinol 9.32b 4-methylbenzoic 4.370a 3-hydroxyaniline 4.27a

hydroquinone 9.85a 2-chlorobenzoic 2.925a 4-chloroaniline 3.979a

3-methoxyphenol 9.652a 4-chlorobenzoic 3.986a pyridine 5.2a

4-methoxyphenol 10.21a 4-aminobenzoic, pKa2 4.870a pyrazine 0.97a

4-hydroxy-benzonitrile 7.97a trifluoroacetic −0.2a benzylamine 9.34b

4-hydroxy-benzaldehyde 7.617a cyanoacetic 2.472a N-methylallylamine 10.11d

2,3-dichlorophenol 7.696a nitroacetic 1.68a 4-methoxypyridine 6.47a

4-nitrosophenol 6.33a 4-hydroxybenzoic 4.577a 4-aminotoluene 5.08a

aReference 38. bReference 39. cReference 40. dReference 41.
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that optimizing geometries with the SMD method, and using
the corresponding partition functions, is a correct approach for
averaging over solute degrees of freedom when computing free
energies of solutes in solution. That is why the SMD method
was chosen for the present work.
Local minima were identified by the absence of imaginary

frequencies. The electronic structure methods tested in this
work comprise 17 density functional theory (DFT) approx-
imations: PBE, PBE0, LC-ωPBE, TPSS, TPSSh, B3LYP, cam-
B3LYP, BHandHLYP, BMK, MPWB1K, M05-2X, M06-2X,
M06, ωB97X, ωB97X-D, B2PLYP, and B2PLYP-D; one wave
function method (MP2), one complete basis set method (CBS-
QB3), and one complex method for computing very accurate
energies (G3). The DFT and MP2 methods were used in
conjunction with the basis sets 6-31+G(d), 6-311+G(d), 6-
311+G(d,p), and 6-311++G(d,p). CBS-QB3 and G3 were used
as designed, i.e., with the specific default basis sets originally
conceived for each step of the composite calculation.
DFT approximations are particularly important since they are

currently the most widely used electronic structure methods.
This is because they represent an optimum compromise
between accuracy and computational cost, especially for
systems of medium to large size. There is a huge number of
DFT approximations available nowadays, thus it is not possible
to investigate them all. The subset used in the present study has
been chosen to include some of the most used ones and, at the
same time, a diversity of features. The chosen DFT methods
belong to different rungs of the Jacob’s ladder,37 except the first
one, and they comprise both pure and hybrid functionals.
Among the latter different variants have been considered
including global, range-separated and double-hybrids. The set
also includes DFT approximations with and without dispersion
corrections, as well as nonparameterized and empirically
parametrized methods.
The standard linear regression fit necessary to obtain the

empirical parameters (m and C0) for the FP method was
obtained using the training set of molecules shown in Table 1,
according to

= Δ +K m G Cp a
exp

s(BA) 0 (1)

,where ΔGs(BA) represents the difference in Gibbs free energy,
in aqueous solution, between each acid (A) and its
corresponding conjugated base (B):

Δ = −G G Gs(BA) s(B) s(A) (2)

ΔGs(BA) was calculated at 298.15 K and expressed in kilocalories
per mole. The training set includes 20 molecules for each
chemical family, namely phenols, carboxylic acids, and amines.

They were chosen to include as many structural variations as
possible. The phenols subset includes functional groups with
diverse electron donating and electron withdrawing effects, at
different ring sites. The carboxylic acids and amine subsets
include both aliphatic and aromatic species and also different
groups that modify their acidity. Their experimental pKa ranges
are 6.33−10.31, −0.2−4.87, and 0.97−11.125 for phenols,
carboxylic acids, and amines, respectively.
The two parameters (m and C0) were obtained separately for

each chemical family, at each level of theory (electronic
structure method/basis set). Then, they were used to test the
performance of the FP method, in each case, using the test set
of molecules shown in Table 2. To that purpose the calculated
pKa values were obtaining as

= Δ +K m G Cp a
calc

s(BA)
TestSet

0 (3)

The test set is completely independent from the training set,
i.e., none of the molecules used to obtain the m and C0
parameters were included in the test sets. The latter comprises
10 molecules per chemical family. In addition, a variety of
structural features have been included. This selection has been
made searching for increasing deviations from experimental
values, thus the errors found here are as large as possible.
Accordingly, it is expected that further use of the parameters
proposed here lead to errors similar to those arising from the
test set. All the individual values of ΔGs(BA) calculated for both
the training and the test sets can be downloaded from http://
www.agalano.com/deltaG.xlsx.
It is important to note that some of the molecules used here

are polyprotic, i.e., they present more than one acid site. Six of
them are diprotic molecules with two equivalent deprotonation
sites (resorcinol, hydroquinone, oxalic acid, fumaric acid, 1,4-
benzenediamine, and hydrazine). Accordingly, each of them has
two possible deprotonation sites with identical acidity. This
particular feature makes it crucial to consider acid dissociation
microequilibria in addition to the conventional macroscopic
view. This is because the free energies are calculated for
molecular species with specifically positioned ionizable protons
(i.e., the ionization microspecies).43 The corresponding
expression of Ka for phenols and carboxylic acids (H2A ⇌
H+ + HA−), as modeled in this work, would be

= −ΔK e2 G RT
a

/a (4)

while for amines (H2A
+ ⇌ H+ + HA):

= −ΔK e
1
2

G RT
a

/a

(5)

Table 2. Test Sets Used to Test the Performance of the FP Method and Experimental pKa Values

phenol pKa
exp carboxylic acid pKa

exp amine pKa
exp

3,4-dihydroxybenzoic acid, pka2 8.75a mercaptoacetic 3.68b glycine, methyl ester 7.66a

2-fluorophenol 8.705a dichloroacetic 1.35b 1-butanamine 10.640a

2-chloro-4-nitrophenol 5.45c phenylacetic 4.31a O-methylhydroxylamine 4.75c

2-(methylthio)phenol 9.53b fumaric, pKa1 3.02a dimethyl-N-propylamine 9.99b

4-hydroxy-3-methoxybenzaldehyde 7.396a fumaric, pKa2 4.38b 4-fluoroaniline 4.654a

4-hydroxy-3-methoxybenzoic acid, pKa2 9.39c 3,4-dihydroxybenzoic, pKa1 4.30a 3-methoxy-benzenamine 4.204a

1-(4-hydroxyphenyl)-ethanone 8.05a 4-methoxybenzoic 4.475a imidazole 6.993a

4-hydroxy-benzenemethanol 9.82c 4-hydroxy-3-methoxybenzoic, pKa1 4.31d hydrazine 7.98a

4-trifluoromethyl-phenol 8.675a dimethylpropanoic 5.032a ethylamine 10.673a

3-fluorophenol 9.206a 3-nitrobenzoic 3.449a N-methylaninline 4.832a

aReference 38. bReference 39. cReference 40. dReference 42.
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where ΔGa is the Gibbs free energy of the acid dissociation
equilibrium, considering any of the equivalent deprotonation
sites. From eqs 4 and 5, it becomes evident that

= ± −
Δ

K
G

RT
log( ) log(2)

2.303a
a

(6)

This means that the correct calculated pKa value differs from
that obtained using the conventional equilibrium constant by
±log(2). However, in the present work the relevant calculated
magnitude is ΔGs(BA), i.e., it is the one that needs to be
corrected when the FP method is used. Equation 6 can be easily
modified to obtain the necessary correction to ΔGa:

Δ = Δ ±G G RT2.303 log(2)a
corr

a (7)

,which, at 298.15 K, represents a correction of ±0.41 kcal/mol
to the calculated ΔGa. Since in the present study ΔGs(BA) is
used instead of ΔGa (and the Gibbs energy of the proton is
obtained from the linear fitting), this correction is made to the
calculated ΔGs(BA) values of the above-mentioned symmetric
diprotic molecules. For phenols and carboxylic acids, the
correction is negative, while for the amines it is positive. This is
because for the deprotonation of symmetric amines the starting
molecule was modeled using the monocation, i.e., the species
with only one protonated group.
In addition, there are other molecules in the used sets with

more than one pKa. The more similar the pKa values, the higher
the importance of considering acid dissociation microequilibria.
In the present study the polyprotic molecule with the closest
pKa values is the 4-aminobenzoic acid (2.41 and 4.87). These
values are 2.46 pKa units apart, which would represent a

correction to ΔGs(BA) equal to ±0.002 kcal/mol, at 298.15 K,
when using the ionization microequilibrium instead of the
conventional one. This value is much lower than the chemical
accuracy, thus it seems that the conventional approximation is
adequate in this case, and probably also for similar cases with
pKa differences ≤2 pKa units, or differences in calculated ΔGa
values ≤2.7 kcal/mol (they would need ΔG corrections
≤±0.006 kcal/mol, at 298.15 K). The interested reader can
check the microequilibrium treatment of polyprotic compounds
in more detail elsewhere.43

The main criteria for accuracy used here are mean unsigned
errors (MUE), maximum absolute errors (MAE), root-mean
square errors (RMSE), and the linear regression coefficients
(R2). Their target values are 0.5 pKa units, 1.0 pKa units, 0.5 pKa
units, and 0.9, respectively. The threshold values for MUE,
MAE, and RMSE are significantly below the 2 pKa units
currently accepted as reasonably accurate for pKa calculations

22

and close to deviations arising from using different
experimental techniques.
In addition, the Gibbs energy of the proton ΔGs(H

+)
obtained from the FP method has also been estimated and
compared with the experimental data. For a conventional
deprotonation reaction (HA ⇌ H+ + A−), the expression to
directly calculate pKa values is

=
Δ

K
G

RT
p

ln(10)a
s

(8)

where ΔGs is the Gibbs energy of the deprotonation reaction,
in aqueous solution, and can be expressed as

Figure 1. Mean unsigned errors (MUE), in pKa units, obtained for the test sets of phenols (A), carboxylic acids (B), and amines (C). The dashed
line represents the target value.
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Δ = Δ + Δ +G G G (H )s s(BA) s (9)

In addition, the linear regression fit used to obtain the m and C0
parameters is equivalent to including a scaling factor (sf) that
corrects for the systematic errors of any computational method
(for similar deprotonation reactions, i.e., for each chemical
family). Therefore, eq 1 can be rewritten as

=
Δ

+
Δ +

K
f G

RT
f G
RT

p
ln(10)

(H )
ln(10)a

exp
s

s(BA)
s

s

(10)

which means that

=m
f

RT ln(10)

s

(11)

=
Δ +

C
f G H
RT

( )
ln(10)0

s
s

(12)

Rearranging eqs 11 and 12, it is possible to estimate the scaling
factor and the value of ΔGs(H

+), for each level of theory used
in this work, according to

=f mRT ln(10)s
(13)

Δ = =+G
C RT

f
C
m

(H )
ln(10)

s
0

s
0

(14)

The ΔGs(H
+) values obtained this way where compared with

that derived from experiments. Such experimental values were
calculated as

Δ = + Δ+ + +G G G(H ) (H ) (H )s g solv (15)

where Gg(H
+) and ΔGsolv(H

+) are the gas-phase free energy
and the free energy of solvation of the proton.
However, while the Gg(H

+) value is well established,
measured values of ΔGsolv(H

+) significantly vary, depending
on the conditions of the particular experiment carried out. The
variations are rather large, with the reported ΔGsolv(H

+) values
ranging from −259 to −265.89 kcal/mol. These values, as well
as all the data reported here, correspond to 1 M standard state.
Because of the variation in ΔGsolv(H

+), the ΔGs(H
+) values

derived from experiments range from −263.4 to −270.28 kcal/
mol, with the latter been the recommended by Camaioni and
Schwerdtfeger.44 Thus, this range was used as the experimental
reference for the calculated ΔGs(H

+) values.

■ RESULTS AND DISCUSSION

The linear regression coefficients (R2) for all the tested levels of
theory are reported in Tables S1, S2, and S3 (Supporting
Information) for the training sets of phenols, carboxylic acids,
and amines, respectively. All of them were found to be higher
than 0.9, ranging from 0.92 to 0.99. Thus, the linear
relationship between the calculated ΔGs(BA) values and the
experimental pKas was confirmed for all the investigated
chemical families, and for all the tested levels of theory.
The MUE and RMSE values are reported in Tables S4−S6

and S1−S3, respectively (Supporting Information). They are
also shown in Figures 1 and 2 to facilitate rapid analyses. The
most important finding is that all the MUE are below the target

Figure 2. Root-mean square errors (RMSE), in pKa units, obtained for the test sets of phenols (A), carboxylic acids (B), and amines (C). The dashed
line represents the target value.
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value (0.5 pKa units), except for amines using MP2/6-
311+G(d), and that all the RMSE are below the same target
value, except for amines with the same level of theory and with
MP2/6-31+G(d). In these cases MUE is equal to 0.54 pKa

units, and RMSE values are 0.59 and 0.68. In general, the
results for carboxylic acids are better than those obtained for
the other two chemical families. It is interesting to note that
most of the MUE and RMSE values obtained with the tested
DFT methods are similar to those arising from using high
theory levels (CBS-QB3 and G3). Therefore, pKa estimations
with equivalent accuracy can be achieved using less computa-
tionally expensive methods. Most of the tested functionals also
produce better results than MP2, which has significantly higher
computational costs. Thus, using this method for the task at
hand is not recommended.
The MUE and RMSE values obtained with the G3 method

are systematically lower than those obtained with CBS-QB3,
regardless of the chemical family, i.e., phenols, carboxylic acids,
or amines. Comparing the results obtained with ωB97X and
B2PLYP, with their counterparts ωB97XD and B2PLYP-D, it
can be concluded that including dispersion has no significant
effect on the accuracy of pKa calculations, when the FP method
is used. Amines were identified as the chemical family leading
to the largest MUE and RMSE values. This is rationalized based
on the fact that this family is particularly diverse. It includes
aromatic, aliphatic and allylic species, heterocyclic compounds,
and imidazoles. In addition the acid site can correspond to
primary, secondary, or tertiary amines. However, despite of
such wide structural diversity, all the tested methodsexcept

for MP2/6-311+G(d)yield MUE and RMSE values lower
than the threshold. Moreover, 94% of the obtained MUE and
RMSE are lower than 0.35 and 0.45 pKa units, respectively, for
amines. For phenols and carboxylic acids, on the other hand,
this number is 98.6%. In general all the DFT approaches are
adequate to be used in conjunction with the FP method.
However, it should be noted that the computational costs of
B2PLYP and B2PLYP-D are significantly higher than those of
the other tested functionals. Thus, as the size of the investigated
system increases they might become rather expensive.
Regarding the influence of the basis set, MP2 was the most

sensitive electronic structure method, while for the DFT
approaches such influence is only small. However, it should be
noted that all the basis sets used here include diffuse functions.
This feature is expected to be crucial in pKa calculations, where
there are anions involved. This is because such species have
more spread out electron densities than neutral species, thus
diffuse functions must be added to treat them properly. Since,
for the anionic species studied here, the negative charge is
mainly located on O or N atoms, including diffuse function on
non-hydrogen atoms is enough to properly describe the
systems of interest. This is demonstrated by the fact that the
results obtained with the basis sets 6-311+G(d,p) and 6-311+
+G(d,p) are almost identical. The only exception is MP2, which
is known for having a strong dependence with the basis set size.
On the other hand, including polarization functions on the H

atom has almost negligible effects on the MUE and RMSE
values obtained for phenols and carboxylic acids, when using
DFT methods. On the contrary, a significant effect was found

Figure 3.Maximum absolute errors (MAE), in pKa units, obtained for the test sets of phenols (A), carboxylic acids (B), and amines (C). The dashed
line represents the target value.
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for amines with most of the tested functionals. Curiously, for
some DFT approximations the effect was contrary to the
expected one, i.e., for this chemical family the MUE and RMSE
values obtained with the 6-31+G(d) and 6-311+G(d) basis sets
are lower than those obtained with basis sets 6-311+G(d,p) and
6-311++G(d,p). This is rather surprising since adding p
polarization functions to hydrogen atoms, which are relevant
to acid equilibria, was expected to systematically improve the
results. The methods showing the expected trend are MP2 and
the DFT approximations TPSS, TPSSh, B2PLYP, and B2PLYP-
D. Thus, apparently, for the DFT approaches that are up to the
fourth rung of the Jacob’s ladder nonhybrid and hybrid
functionals with low amount of exact exchange are the ones
with the expected behavior.
Albeit MUE and RMSE values are probably the most widely

used, andarguablythe most important descriptors of
accuracy, MAE values are also relevant. In the context of the
present work they indicate how divergent from the
experimental data can be a particular calculated pKa. The
MAE values are reported in Tables S4−S6 (Supporting
Information) and are schematically shown in Figure 3.
Logically, most of the trends for this descriptor are in line
with those corresponding to MUE and RMSE values. Only two
values were found to be above the MAE threshold (1 pKa unit)
and all correspond to MP2 calculations. In addition, a high
proportion of the tested approaches produce MAE values lower
than 0.7 pKa units (97.3%, 100%, and 60.8% for phenols,
carboxylic acids, and amines, respectively).
The Gibbs energy of the proton in aqueous solution,

ΔGs(H
+), obtained from the FP method are reported in Tables

S7−S9 (Supporting Information) and shown together with the
experimental range in Figure 4. The calculated ΔGs(H

+) are

strongly influenced by the chemical family for which the FP
method was applied. The largest deviation from the values
derived from experiments was found for phenols. For this
family of compounds the only values that are in the upper limit
of the experimental range are those obtained with the G3 and
CBS-QB3 methods, and with MP2 combined with the two
largest basis sets. On the contrary, for carboxylic acids most of
the calculated ΔGs(H

+) are within the experimental range, and
some of them are close to the value recommended by Camaioni
and Schwerdtfeger.44 Amines show an intermediate behavior,
with the agreement depending on the used electronic structure
method.
It is interest to note that the expected trend with the basis set

size is fulfilled for the calculated ΔGs(H
+) values. In general, as

the basis set increases so does the agreement with the
experimental ΔGs(H

+). Such agreement can also be taken as
an indication of how accurate may be a pKa calculation using
the direct method (eq 8). Therefore, it is anticipated that G3,
CBS-QB3, MP2/6-311+G(d,p), and MP2/6-311++G(d,p)
levels of theory, might produce reasonably accurate pKa values
for the three investigated families of compounds when using
the direct method. This is provided that this method is used
modeling the solvent with SMD. On the contrary, poor
agreement with the experimental values is expected for phenolic
compounds when their pKas are calculated with the direct
method, regardless of the used level of theory.
Figure 4 also demonstrate that the optimal value of ΔGs(H

+),
required for accurately predicting pKa values, is significantly
different for each level of theory and for each chemical family.
Accordingly, using the direct method with the experimental
ΔGs(H

+) value, for example −270.28 kcal/mol, would
frequently lead to rather large errors. This is compensated by

Figure 4. Calculated ΔGg(H
+) values (kcal/mol) obtained from the FP method for phenols (A), carboxylic acids (B), and amines (C). The dashed

lines represent the experimental range, with the black one corresponding to value recommended by Camaioni and Schwerdtfeger.44

Journal of Chemical Information and Modeling Article

DOI: 10.1021/acs.jcim.6b00310
J. Chem. Inf. Model. 2016, 56, 1714−1724

1720

http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.6b00310/suppl_file/ci6b00310_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.6b00310/suppl_file/ci6b00310_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.6b00310/suppl_file/ci6b00310_si_001.pdf
http://dx.doi.org/10.1021/acs.jcim.6b00310


the FP method, which is why it is such an appealing
computational protocol for pKa calculations. Moreover,
currently it is probably the most reliable way to computation-
ally estimate pKa values, within the electronic structure based
strategies, at least for molecules of modest complexity.
From a pure theoretical point of view, arguments against

empirically parametrizing the calculation of chemical properties
might be provided. However, from a pragmatic point of view, it
is important to have reliable estimation of chemical properties,
especially when they can be hard to acquire from experiments.
In addition, there are many chemical fields where computa-
tional tools are being used to designed new molecules with
potential practical applications. Thus, the necessity of

estimating pKa values of molecules that have not even
synthesized yet is increasingly frequent. The FP method is a
very promising computational tool for that purpose, albeit
further validations are still necessary. For example, the
performance of this method still needs to be tested for other
families of compounds and for molecules of increasing
complexity. The values obtained of the m and C0 parameters
proposed here are presented in Tables 3, 4, and 5 for phenols,
carboxylic acids, and amines, respectively.
These parameters, were obtained using a large enough

training set and their reliability was assessed using the pKa

values calculated with them, for an independent test set of
molecules. It seems worthwhile to insist on the fact that using

Table 3. Empirically Fitted Parameters (m and C0) for Calculating pKa Values of Phenols

6-31+G(d) 6-311+G(d) 6-311+G(d,p) 6-311++G(d,p)

m C0 m C0 m C0 m C0

MPWB1K 0.299 −76.603 0.305 −78.215 0.302 −78.493 0.303 −78.564
M05-2X 0.313 −80.020 0.313 −79.435 0.316 −81.497 0.317 −81.693
M06-2X 0.315 −80.680 0.314 −80.073 0.318 −82.209 0.318 −82.349
M06 0.285 −71.924 0.289 −72.746 0.290 −74.064 0.291 −74.411
B3LYP 0.284 −71.669 0.284 −71.465 0.285 −72.933 0.286 −73.092
cam-B3LYP 0.306 −77.994 0.306 −77.676 0.309 −79.509 0.309 −79.644
BMK 0.265 −66.137 0.269 −67.173 0.270 −68.221 0.270 −68.350
BHandHLYP 0.302 −77.406 0.301 −77.230 0.304 −79.183 0.305 −79.473
PBE 0.267 −66.340 0.278 −69.341 0.280 −70.833 0.281 −71.053
PBE0 0.292 −74.192 0.294 −74.605 0.296 −76.202 0.297 −76.472
TPSS 0.280 −70.720 0.280 −70.559 0.282 −71.926 0.282 −72.194
TPSSh 0.269 −67.830 0.285 −72.120 0.286 −73.542 0.287 −73.765
LC-ωPBE 0.328 −85.041 0.325 −83.818 0.327 −85.680 0.328 −85.839
ωB97X 0.328 −84.464 0.326 −83.859 0.332 −86.633 0.332 −86.819
ωB97XD 0.312 −80.511 0.313 −80.509 0.317 −82.746 0.318 −82.998
B2PLYP 0.301 −76.171 0.303 −76.676 0.305 −78.854 0.305 −78.867
B2PLYP-D 0.298 −75.527 0.302 −76.540 0.305 −78.702 0.306 −79.128
MP2 0.363 −93.670 0.352 −90.368 0.358 −94.844 0.363 −96.222
CBS-QB3 0.350 −92.353
G3 0.342 −90.268

Table 4. Empirically Fitted Parameters (m and C0) for Calculating pKa Values of Carboxylic Acids

6-31+G(d) 6-311+G(d) 6-311+G(d,p) 6-311++G(d,p)

m C0 m C0 m C0 m C0

MPWB1K 0.345 −91.274 0.349 −92.266 0.347 −93.017 0.347 −93.123
M05-2X 0.360 −94.513 0.360 −94.101 0.356 −94.380 0.357 −94.622
M06-2X 0.361 −95.155 0.376 −98.630 0.357 −95.033 0.358 −95.120
M06 0.314 −82.101 0.328 −85.970 0.330 −87.368 0.326 −86.411
B3LYP 0.337 −88.582 0.341 −89.657 0.343 −91.387 0.343 −91.399
cam-B3LYP 0.341 −89.049 0.345 −90.158 0.345 −91.268 0.344 −91.194
BMK 0.344 −90.158 0.344 −89.932 0.340 −90.095 0.342 −90.599
BHandHLYP 0.348 −91.988 0.348 −91.988 0.350 −93.812 0.350 −93.858
PBE 0.323 −84.597 0.340 −89.087 0.346 −91.883 0.347 −92.136
PBE0 0.351 −92.737 0.357 −94.106 0.360 −96.221 0.365 −97.737
TPSS 0.319 −84.104 0.324 −85.339 0.326 −86.890 0.325 −86.709
TPSSh 0.322 −84.934 0.336 −88.881 0.340 −90.992 0.340 −91.075
LC-ωPBE 0.377 −99.898 0.377 −99.742 0.379 −101.521 0.379 −101.724
ωB97X 0.366 −96.619 0.371 −97.807 0.371 −99.160 0.371 −99.157
ωB97XD 0.361 −95.530 0.366 −96.990 0.366 −98.307 0.368 −98.617
B2PLYP 0.349 −91.420 0.359 −94.236 0.358 −95.463 0.359 −95.830
B2PLYP-D 0.345 −90.420 0.354 −92.894 0.347 −92.658 0.348 −92.775
MP2 0.376 −97.830 0.396 −103.808 0.401 −107.958 0.403 −108.537
CBS-QB3 0.390 −104.497
G3 0.392 −105.646
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these parametersfor molecules of modest complexityis
expected to produce calculated pKa values in excellent
agreement with the experimental ones, with deviations lower
than 0.5 pKa units for the three studied chemical families using
all the tested methods except MP2.

■ CONCLUSIONS

The parameters m and C0 that allow fast and reliable pKa

calculations, based on electronic structure methods, using the
FP method are provided for the first time for phenols,
carboxylic acids, and amines, at 74 levels of theory. The
coefficients were obtained by least-squares fits of ΔGs(BA) vs
experimental pKa values using training sets of 20 molecules for
each chemical family. The reliability of the FP method was
confirmed using test sets of 10 molecules per family, that are
not included in the training sets.
It was found that, except for MP2, deviations from

experiments are lower than 0.5 pKa units. 94% of the obtained
MUE and RMSE are lower than 0.35 and 0.45 pKa units,
respectively, for amines. For phenols and carboxylic acids, on
the other hand, this number is 98.6%. In addition, a high
proportion of the tested approaches produce MAE values lower
than 0.7 pKa units (97.3%, 100%, and 60.8% for phenols,
carboxylic acids, and amines, respectively).
The parameters estimated here are expected to facilitate pKa

calculations, using electronic structure based strategies, with
uncertainties close to the experimental ones for phenols,
carboxylic acids, and amines. It should be noted, however, that
the present study deals only with molecules of modest
complexity, thus the reliability of the FP method for more
complex systems remains to be tested.
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