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Departamento de Qúımica, División de Ci

Autónoma Metropolitana-Iztapalapa, Av Sa

C.P. 09340, México D.F., Mexico. E-mail: ag

† Electronic supplementary information
estimations with the different approache
the intercept of the linear ts used in the F

Cite this: RSC Adv., 2016, 6, 112057

Received 22nd June 2016
Accepted 21st November 2016

DOI: 10.1039/c6ra16221e

www.rsc.org/advances

This journal is © The Royal Society of C
nical based approaches for
predicting pKa values of carboxylic acids:
evaluating the performance of different strategies†

Aida Mariana Rebollar-Zepeda and Annia Galano*

The performance of different computational protocols for predicting pKa values of carboxylic acids, in

aqueous solution, has been evaluated by comparison with experimental data. A set of 14 carboxylic acids

was used to that purpose, including both aliphatic and aromatic species, as well as molecules of different

chemical complexity. Two general strategies were explored, namely the reaction schemes design (RSD)

and the fitting parameters (FP) methods. Within RSD, the reaction scheme chosen to represent the

deprotonation process is the aspect influencing the most the agreement with the experiments. Other

aspects, with modest but not negligible influence, are the way in which the solvation energies are

calculated, and the used density functional theory (DFT) approach. The best results within the RSD

strategy were found for the EN3 reaction scheme and the PBE0 functional, which led to mean unsigned

errors (MUE) and root mean square errors (RMSE) equal to 0.87 and 1.02 pKa units, respectively.

However, the FP method over-performs RSD, with MUE and RMSE values below 0.35 pKa units for most

of the tested DFT approaches. Accordingly, the FP method is recommended for estimating pKa values of

carboxylic acids for which this information is still unknown, especially in combination with the PBE and

PBE0 functionals and the SMD solvent model.
Introduction

Acid dissociation constants (Ka) are important descriptors that
quantify the tendency of chemical species to donate a proton.
They are frequently expressed as pKa, which are dened as
�log(Ka) and rule the proportion of protonated and deproto-
nated forms at a particular pH. Thus, accurate estimations of
pKa values are of crucial importance for numerous areas of
knowledge including chemistry, biology, food science, medi-
cine, and pharmacology. Despite the fact that there are several
experimental techniques that have been proven to be successful
for that purpose, it sometimes becomes 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 efforts have been devoted to improve the accuracy of pKa

values obtained from theoretical approaches,1–21 albeit it still
remains as 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, mean absolute deviations
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smaller than 2 pKa units are currently accepted as reasonably
accurate.22

Apparently, the largest contributions to the errors in pKa

calculations are caused by two aspects involved in the compu-
tational protocols. The rst one is that acid–base equilibria
involve charged species that usually are at the product side
(HA # H+ + A�). Since errors arising from calculations, espe-
cially in solution, are typically larger for ionic than for non-
charged species, the most signicant errors do not cancel out
when energies of reactions are calculated. Consequently the
accuracy of such relative energies is no as predictable as for
processes where the charged species are present at both sides of
the equilibrium. The second main source of errors is the way in
which the solvent is modeled. Themost frequently used strategy
for mimicking solvation is using dielectric continuum models
(DCM), which might not be good enough when short-range
solute–solvent interactions are signicant. In addition there is
a wide variety of DCM that can be used for modeling solvation.
Thus, the quality of the result may also depend on the DCM
choice.

One way to deal with the rst issue is by designing reaction
schemes that maximize errors cancelation. For the second issue
a viable solutions is to include some explicit solvent molecules
in the vicinity of the solute, in conjunction with a DCM. The
reaction schemes design (RSD) approach is exible on how the
deprotonation process is formulated and allows simultaneously
using the hybrid solvent model. Thus, it seems to be an
RSC Adv., 2016, 6, 112057–112064 | 112057
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Scheme 1 Carboxylic acids studied in this work.
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appealing option to produce accurate calculated pKa values. It
has been previously demonstrated to be successful for predict-
ing pKas of chemical compounds belonging to the amine and
phenol families.23,24 Within this strategy, the most attractive
schemes are the experiment-independent ones. In addition, it
usually requires only a few explicit water molecules for the
hybrid solvent model, which guarantees that it can be carried
out at reasonable computational costs for relatively large-sized
systems. A drawback of the RSD strategy is that the best reac-
tion scheme may change from one family of chemical
compound to another. Therefore it is a “divide and conquer”
kind of strategy that needs to be tested separately for each
chemical group. This is mainly due to the fact that for each of
them the number and kind of charged species may be different,
and not necessarily at the same side of the equilibrium. For
example the best reaction scheme for the protonated amine
family is different from the best reaction scheme for neutral
phenols.23,24

Another strategy that circumvents the main error sources in
pKa calculations is the tting parameters (FP) method.25–35 It is
based on using a standard linear regression t for the calculated
energy difference (between each acid and its conjugated base)
and the corresponding experimental pKa values. The two tted
parameters obtained from this regression are, in turn, used to
calculate the pKa of the molecules of interest. Within this
strategy most of the errors in energy calculations are absorbed
into the tting parameters. In addition, it was demonstrated
that in the particular case of the FP method, including explicit
water molecules leads to larger errors than using only DCM.29

This method presents the same disadvantage that RSD, i.e.,
each family of compound needs to be treated separately which
means that a separate t is necessary in each case.

In the present work the RSD and FP strategies are tested
when used in conjunction with two different DCM approaches
for a set carboxylic acids. In addition, two different ways of
obtaining solvation energies have been tested. The inuence of
the electronic structure method chosen for the calculations has
also been investigated, within the density functional theory
(DFT) framework, to assure that they are computationally
feasible for relatively large molecules. The main purpose of this
investigation is to identify the computational strategies most
suitable for accurately predicting pKa values of carboxylic acids,
at reasonable computational costs. By comparisons with the
available experimental data, the strategies leading to deviations
#1 pKa unit are identied and recommended for obtaining
reliable pKa values from theoretical calculations.

Computational details

Full geometry optimizations and frequency calculations were
performed for all the species involved in the studied acid–base
equilibria without imposing any symmetry constrains. The
electronic structure method tested in this work are the DFT
approximations BLYP, B3LYP, BHandHLYP, PBE, PBE0, PW91,
BMK, TPSS, and M05-2X. All of them were used in conjunction
with the 6-311++G(d,p) basis set, and the local minima were
identied by the absence of imaginary frequencies. All the
112058 | RSC Adv., 2016, 6, 112057–112064
electronic calculations were carried out with the packages of
programs Gaussian 03 (ref. 36) and Gaussian 09.37

Two RSD strategies were tested. They differ in the DCM of
choice and in how the solvation energy is obtained. For RSD1
the stationary points were rst modeled (geometry optimiza-
tions and frequency calculations) in gas phase, and solvent
effects were included a posteriori by single point calculations
using the polarizable continuum model, specically the
integral-equation-formalism (IEF-PCM).38–41 Relative Gibbs free
energies in solution (DGs) are then computed using the Hess
law and thermodynamic cycles, as the sum of the corresponding
gas-phase free energy (DGs) and the free energy of solvation
(DGsolv). More details on this procedure can be found else-
where.23,24 For the RSD2 strategy, on the other hand, all the
geometry optimizations and frequency calculations were per-
formed in solution using the SMD continuummodel,42 thus the
DGs values, for each species, are directly obtained.

The set of carboxylic acids studied in this work are shown in
Scheme 1, while the reaction schemes used in both RSD strat-
egies are shown in Table 1. In the particular case of scheme A, it
involves the proton and it is known that computational
methods poorly reproduce the solvation energies of this
particular species. Therefore the DGg(H

+) and DGsolv(H
+) values

have been derived from experiments. In this work we have used
DGg(H

+) ¼ �4.39 kcal mol�1, and DGsolv(H
+) ¼ �265.89 kcal

mol�1, based on the recommendation of Camaioni and
Schwerdtfeger,43 which in aqueous solution leads to DGs(H

+) ¼
�270.28 kcal mol�1. These values, as well as all the data re-
ported here, correspond to 1 M standard state. Schemes A and D
are the most widely used nowadays. The reaction scheme
labeled here as D, is commonly referred to as the isodesmic
This journal is © The Royal Society of Chemistry 2016
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Table 1 Reaction schemes and the corresponding expressions to directly calculate pKa values from DGs

Label Reaction scheme pKa ¼

A HA # H+ + A� DGs

RT lnð10Þ
B HA + H2O # H3O

+ + A� DGs

RT lnð10Þ � log½H2O�
C1 HA + 2H2O # H3O

+ + A�(H2O) DGs

RT lnð10Þ � 2 log½H2O�
C2 HA + 3H2O # H3O

+ + A�(2H2O) DGs

RT lnð10Þ � 3 log½H2O�
C3 HA + 4H2O # H3O

+ + A�(3H2O) DGs

RT lnð10Þ � 4 log½H2O�
D HA + Ref� # A� + HRef DGs

RT lnð10Þ þ pKaðHRefÞ
E1 HA + OH�(3H2O) # A�(H2O) + 3H2O DGs

RT lnð10Þ þ 14þ 3 log½H2O�
E2 HA + OH�(3H2O) # A�(2H2O) + 2H2O DGs

RT lnð10Þ þ 14þ 2 log½H2O�
E3 HA + OH�(3H2O) # A�(3H2O) + H2O DGs

RT lnð10Þ þ 14þ log½H2O�
F1 HA + 4H2O # H3O

+(3H2O) + A� DGs

RT lnð10Þ � 4 log½H2O�
F2 HA + 5H2O # H3O

+(3H2O) + A�(H2O) DGs

RT lnð10Þ � 5 log½H2O�
F3 HA + 6H2O # H3O

+(3H2O) + A�(2H2O) DGs

RT lnð10Þ � 6 log½H2O�
F4 HA + 7H2O # H3O

+(3H2O) + A�(3H2O) DGs

RT lnð10Þ � 7 log½H2O�
CN1 HA(H2O) + H2O # H3O

+ + A�(H2O) DGs

RT lnð10Þ � log½H2O�
CN2 HA(H2O) + 2H2O # H3O

+ + A�(2H2O) DGs

RT lnð10Þ � 2 log½H2O�
CN3 HA(H2O) + 3H2O # H3O

+ + A�(3H2O) DGs

RT lnð10Þ � 3 log½H2O�
FN1 HA(H2O) + 4H2O # H3O

+(3H2O) + A�(H2O) DGs

RT lnð10Þ � 4 log½H2O�
FN2 HA(H2O) + 5H2O # H3O

+(3H2O) + A�(2H2O) DGs

RT lnð10Þ � 5 log½H2O�
FN3 HA(H2O) + 6H2O # H3O

+(3H2O) + A�(3H2O) DGs

RT lnð10Þ � 6 log½H2O�
EN1 HA(H2O) + OH�(3H2O) # A�(H2O) + 4H2O DGs

RT lnð10Þ þ 14þ 4 log½H2O�
EN2 HA(H2O) + OH�(3H2O) # A�(2H2O) + 3H2O DGs

RT lnð10Þ þ 14þ 3 log½H2O�
EN3 HA(H2O) + OH�(3H2O) # A�(3H2O) + 2H2O DGs

RT lnð10Þ þ 14þ 2 log½H2O�
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View Article Online
method, the proton exchange method, or the relative method;
while scheme A is usually referred to as the direct method. In
scheme D, acetic acid was used as HRef for all the investigated
molecules but itself (for which HRef ¼ formic acid).

For the reaction schemes including explicit water molecules
they were located to maximize interactions with the solute (at
the protonation/deprotonation site of interest) and to avoid
interactions among them. Thus they were included as indi-
vidual molecules. Albeit it has been previously proposed that
using solvent clusters may lead to smooth convergence of the
solvation free energy with respect to the cluster size,44 this
aspect was not investigated in the present work due to the large
amount of studied systems. For the same reason full confor-
mational searches were impracticable. Thus, variations from
This journal is © The Royal Society of Chemistry 2016
the data reported here might be expected if different confor-
mations are used.45 However, they should be small since the
deprotonated species were constructed from the protonated
ones, i.e. using similar conformations. On the other hand, using
hydrogen-bonded clusters of similar size on the le- and right-
hand sides of a reaction cycle may result in larger cancelation of
systematic errors in the calculation of free energies.44 Therefore,
this aspect probably deserves further investigation.

For the FP strategies the molecules m1 to m10 were used as
the training set to obtain the empirical parameters m and C0,
from a standard linear regression t, according to:

pKexp
a ¼ mDGs(BA) + C0, (1)
RSC Adv., 2016, 6, 112057–112064 | 112059
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where DGs(BA) represents the difference in Gibbs free energy, in
aqueous solution, between each acid (A) in the training set and
its corresponding conjugated base (B):

DGs(BA) ¼ Gs(B) � Gs(A), (2)

It was calculated at 298.15 K and expressed in kcal mol�1.
The two parameters (m and C0) were used to calculate the pKa

values of the carboxylic acids m11 to m14 (test set) as:

pKcalc
a ¼ mDGTestSet

s(BA) + C0 (3)

This strategy was carried out using SMD to mimic the
solvent, without including any explicit water molecule.

The accuracy of both approaches, RSD and FP, was estimated
by comparisons with the experimental pKa values of the studied
carboxylic acids. The deviation from experiments was expressed
as mean unsigned errors (MUE) and root mean square errors
(RMSE). All output les and each calculated pKa value are
published on Figshare (https://gshare.com/collections/
Supplementary_Material_for_pKa_
calculations_of_Carboxylic_Acids/3566835).
Results and discussion

The MUE obtained for the investigated set of carboxylic acids
using the RSD1 and RSD2 approaches are all summarily shown
in Fig. 1. In addition, the values of those combinations (reaction
scheme/DFT approximation) with at least oneMUE lower than 2
pKa units are reported in Table 2. All the rest were ruled out as
reliable for calculating pKa values of carboxylic acids. Fig. 1
clearly shows that the reaction scheme used for representing
the acid–base equilibria inuences the agreement with the
Fig. 1 Mean unsigned errors (MUE) obtained for pKa values calculated
with the RSD strategy: (A) RSD1 and (B) RSD2.

112060 | RSC Adv., 2016, 6, 112057–112064
experiments to a larger extent than the DFT of choice, regardless
of the way in which the solvation energies are calculated.
However, the three calculation aspects explored here (reaction
scheme, strategy for calculating the solvation energy and DFT
approach) inuence the quality of the pKa calculations for
carboxylic acids. In general the schemes with all charged
species at the same side of the equilibrium (for example all the
C and F schemes) are those leading to the largest errors. This is
probably because for them the cancelation of errors is smaller
than that arising from schemes with species of identical charge
at both sides of the equilibrium (schemes D and all the E ones,
for example).

When using the RSD1 approach, the reaction schemes that –
in general – lead to the best agreement with the experimental
data are A, D and E2, albeit none of the obtainedMUE values are
lower than 1 pKa unit. For reaction scheme A, six DFT
approaches produce MUE < 2, with the lowest values corre-
sponding to the functionals M05-2X (1.03), BMK (1.24) and TPSS
(1.26). For reaction scheme E2 only three DFT approaches lead
to MUE < 2, i.e., M05-2X (MUE¼ 1.39), B3LYP (MUE¼ 1.61) and
PBE0 (MUE¼ 1.62). On the other hand, when using the reaction
scheme D, all the obtainedMUE values are below the 2 pKa units
threshold. The best results in this case were obtained with BMK
(1.28), PBE0 (1.40) and PBE (1.41).

The agreement with the experimental data improves for the
RSD2 approach, compared to RSD1. This is reected in both
the MUE values and the number of combinations (reaction
scheme/DFT approximation) with MUE < 2. Contrary to what
was already discussed for RSD1, several MUE values lower than
1 pKa unit were obtained with the RSD2 approach. In this case
the best agreement with the experimental data arises from
using the reaction schemes A, D, E3 and EN3. Six DFT
approaches lead to MUE < 2, when using scheme A, with the
lowest values corresponding to BMK and M05-2X (0.98 in both
cases), which are also the only two MUE values lower than 1
pKa unit for this scheme. For the reaction scheme E3, ve of
the tested DFT approaches led to MUE < 2, while only two
produce MUE < 1. They are BMK (MUE ¼ 0.84) and PBE0
(MUE ¼ 0.85). For the reaction scheme EN3, MUE values lower
than 2 and 1 pKa units were found for 4 and 3 DFT approaches,
respectively. The best agreement with the experimental data
was obtained for PBE0 (MUE ¼ 0.87) and B3LYP (MUE ¼ 0.93).
Similarly to what was found for the RSD1 approach, when
using the RSD2 approach all the MUE values obtained with the
reaction scheme D are below the 2 pKa units threshold.
However, the MUE obtained with RSD2 and PBE0 is lower than
1 pKa unit (0.92).

In addition, since large particular errors in pKa estimations
are highly undesirable, the root mean square errors (RMSEs)
were also estimated to give more weight to large deviations from
the experimental data (Table 3). Only the best performing
schemes (RSD1 with A, D and E2 schemes; and RSD2 with A, D,
E3 and EN3) were included in this analysis, since the others are
already ruled out as reliable for calculating pKa of carboxylic
acids based on MUE values. The trends logically remains the
same than those corresponding to MUE, but the number of
reaction scheme/DFT approximation with values lower than 2
This journal is © The Royal Society of Chemistry 2016
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Table 2 Combinations reaction scheme/DFT approximation with at least one MUE value lower than 2 pKa units

B3LYP BLYP BH&HLYP BMK M05-2X PBE PBE0 PW91 TPSS

RSD1
A 1.32 2.40 2.44 1.24 1.03 1.83 1.64 2.14 1.26
B 3.25 4.37 3.67 3.08 4.67 1.45 2.87 1.78 1.85
D 1.65 1.48 1.53 1.28 1.36 1.41 1.40 1.64 1.58
E1 2.81 2.84 3.71 4.45 4.60 1.95 2.81 2.63 2.46
E2 1.61 2.44 2.26 2.43 1.39 2.81 1.62 3.04 2.07
CN1 4.34 5.02 4.66 4.35 5.11 1.94 4.13 2.09 2.56

RSD2
A 1.47 1.27 2.35 0.98 0.98 1.15 1.858 1.17 2.04
D 1.34 1.39 1.22 1.18 1.54 1.90 0.92 1.39 1.29
E1 4.14 3.27 5.42 6.75 4.75 1.06 3.65 1.05 2.38
E2 1.44 1.17 3.02 3.83 4.44 1.35 1.67 1.21 0.88
E3 1.80 2.74 1.12 0.84 1.07 3.02 0.85 2.81 2.51
EN1 5.96 5.37 7.24 8.87 5.93 1.71 4.88 1.08 3.78
EN2 3.25 2.43 4.84 5.94 4.28 0.84 2.89 0.92 1.65
EN3 0.93 0.99 2.53 2.58 2.75 2.05 0.87 2.22 1.06

Table 3 RMSE values for the best performing reaction schemes

B3LYP BLYP BH&HLYP BMK M05-2X PBE PBE0 PW91 TPSS

RSD1
A 1.79 2.70 3.03 1.73 1.54 2.15 2.17 2.57 1.68
D 2.85 2.00 1.93 1.61 2.69 2.47 2.01 2.67 2.68
E2 2.32 3.27 2.50 2.64 1.83 3.49 2.24 3.68 2.92

RSD2
A 1.70 1.49 2.69 1.20 1.31 1.37 2.05 1.39 2.25
D 1.79 1.77 1.59 1.52 1.86 2.10 1.20 1.82 1.69
E3 3.30 3.03 1.35 1.03 1.32 3.13 1.16 2.95 2.67
EN3 1.12 1.27 2.67 2.69 4.18 2.17 1.06 2.35 1.24

Table 4 Parameters m and C0, linear correlation coefficient (R2),
mean unsigned error (MUE), and root mean square errors (RMSE) for
the pKa values calculated with the FP method

m C0 R2 MUE RMSE

B3LYP 0.231 �59.8 0.840 0.32 0.40
BLYP 0.223 �57.5 0.864 0.26 0.30
BHandHLYP 0.260 �68.3 0.870 0.41 0.46
BMK 0.273 �71.5 0.841 0.29 0.34
M05-2X 0.257 �66.7 0.762 0.31 0.39
PBE 0.227 �58.7 0.792 0.23 0.27
PBE0 0.240 �62.8 0.788 0.26 0.29
PW91 0.223 �57.5 0.768 0.28 0.32
TPSS 0.224 �58.3 0.792 0.29 0.31

Paper RSC Advances

Pu
bl

is
he

d 
on

 2
2 

N
ov

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 F
A

C
 D

E
 Q

U
IM

IC
A

 o
n 

28
/1

1/
20

16
 0

3:
54

:4
2.

 
View Article Online
pKa units decreases. Based on RMSE, for RSD1 they are A (M05-
2X, TPSS, BMK, B3LYP), E2 (M05-2X), and D (BMK, BHandH-
LYP), with the latter showing the largest reduction on successful
approaches. For RSD2, albeit all the RMSE values are higher
than 1 pKa unit, there are several combinations with RMSE <
1.3. They are A (BMK), D (PBE0), E3 (TPSS) and EN3 (PBE0,
B3LYP, TPSS and BLYP). In addition the asymmetric 95%
condence limits46 were estimated (Tables S1 and S2, ESI†). It
was found that the lower limit differ from the best guess by
more than the upper limit for all the tested reaction scheme/
DFT approximation pairs.

The results obtained with the FP method are presented in
Table 4. For all the tested DFT approaches the standard linear
regression t correlation coefficients (R2) were found to be
around 0.8. The error bars for both the slope (m) and the
intercept (C0) are provided in Table S3 (ESI†). The agreement of
the calculated pKa values with the experimental data is very
good, with MUE < 0.45, and RMSE < 0.47, in all the cases.
Moreover, six DFT approaches produce MUE < 0.3 and RMSE <
0.35. They are PBE (MUE ¼ 0.23, RMSE ¼ 0.27), PBE0 (MUE ¼
0.26, RMSE ¼ 0.29), BLYP (MUE ¼ 0.26, RMSE ¼ 0.30), PW91
(MUE ¼ 0.28, RMSE ¼ 0.32), TPSS (MUE ¼ 0.29, RMSE ¼ 0.31),
and BMK (MUE ¼ 0.29, RMSE ¼ 0.34). It is also interesting to
This journal is © The Royal Society of Chemistry 2016
note that the values of the m parameter are very similar with all
the tested DFT approaches, ranging from 0.223 to 0.273. On the
contrary, there is a signicant variation in the values of C0 (from
�57.488 to �71.478).

To better understand the dissimilar dependence of pKa

values, calculated using the FP method, a more detailed anal-
ysis is provided next. For the conventional deprotonation
RSC Adv., 2016, 6, 112057–112064 | 112061
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reaction (HA # H+ + A�), the expression to directly calculate
pKa values from DGs is:

pKa ¼ DGs

RT lnð10Þ ; (4)

where DGs can be expressed as:

DGs ¼ DGs(BA) + DGs(H
+) (5)

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

pKexp
a ¼

sfDGsðBAÞ
RT lnð10Þ þ

sfDGsðHþÞ
RT lnð10Þ (6)

This means that:

m ¼
sf

RT lnð10Þ ; (7)

and

C0 ¼
sfDGsðHþÞ
RT lnð10Þ (8)

Using eqn (7) and (8) is now possible to estimate the scaling
factor and the value of DGs(H

+) for each DFT approach used in
this work, according to:

sf ¼ mRT ln(10) (9)

DGsðHþÞ ¼ C0RT lnð10Þ
sf

¼ C0

m
(10)

Their values are reported in Table 5. The sf values are similar
and about 0.3, which supports the idea that sf is mainly ruled by
the chemical nature of the family of compounds for which the
acid–base equilibria is investigated. On the other hand, DGs(H

+)
not only depend on the chemical family but also on the electronic
structure method of choice and, in principle can be used to
identify which of them leads to a better agreement with the
Table 5 Scaling factors (sf) and Gibbs free energies of the proton in
aqueous solution (DGs(H

+), kcal mol�1) obtained for the deprotonation
reactions of carboxylic acids with different DFT methods

sf DGs(H
+)

B3LYP 0.315 �259.0
BLYP 0.304 �257.9
BHandHLYP 0.355 �262.8
BMK 0.372 �261.8
M05-2X 0.351 �259.5
PBE 0.310 �258.6
PBE0 0.327 �261.5
PW91 0.304 �257.8
TPSS 0.306 �260.1
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experiment. It should be noted, however, that this is in addition to
the known inuence of the solvent model in the DGs(H

+) value.47

However, the measured values of DGsolv(H
+) signicantly

vary, depending on the conditions of the particular experiment
carried out. The variations are rather signicant, with the re-
ported DGsolv(H

+) values ranging from �254 to �265.89 kcal
mol�1.22,31 Consequently, the DGs(H

+) values derived from
experiments range from �258.4 to �270.3 kcal mol�1. The
values obtained here range from �257.8 to �262.8 kcal mol�1.
All the DFT approaches, except BLYP, produce DGs(H

+) values
within the experimental range, with BHandHLYP, PBE0 and
BMK leading to the best agreement with the value recom-
mended by Camaioni and Schwerdtfeger.43 Among these three
functionals PBE0 is the one leading to the lowest MUE and
RMSE, thus it is recommended for being used in combination
with the FP method to obtain accurate pKa values for carboxylic
acids.

Analyzing the gathered data altogether it can be stated that
the MUE and RMSE values found when using the FPmethod are
signicantly lower than any of those obtained with the RSD
strategies. They are also lower than 0.5 pKa units. This indicates
that the FP method is a better choice than RSD to estimate pKa

values of carboxylic acid for which this information is not
available. However, it has two main drawbacks: (i) it strongly
depend on experimental data, and (ii) it requires to perform
extra calculations for a training set of molecules, using the same
calculation methods (DFT approach, basis set, and solvent
model) that are used for themolecules of interest. An alternative
to overcome these two disadvantages, for carboxylic acids, is
using the RSD2 strategy in conjunction with the E3 or EN3
reaction schemes and the PBE0 functional. Albeit it was found
that this strategy leads to higher MUE and RMSE values than
the FP method, the discrepancies with the experiments are still
below, or very close to, 1 pKa unit.

Conclusions

The reliability of pKa values of carboxylic acids, calculated with
different approaches, was assessed by comparisons with the
experimental data. It was found that within the reaction
schemes design strategy, it is better to calculate solvation
energies directly with SMD than using thermodynamic cycles
and PCM. In particular, we recommend using this way of
calculating solvation energies in conjunction with the E3 or EN3
reaction schemes and the PBE0 functional. This combination
leads to mean unsigned error (MUE) and root mean square
error (RMSE) values equal to 0.87 and 1.02 pKa units,
respectively.

The performance of the tting parameters method was
better than that of the reaction schemes design strategy. The
agreement of the calculated pKa values with the experimental
data in this case is very good, with MUE < 0.45, and RMSE <
0.47, in all the cases. Moreover, six DFT approaches produce
MUE < 0.3 and RMSE < 0.35. Among these functionals PBE
(MUE ¼ 0.23, RMSE ¼ 0.27) and PBE0 (MUE ¼ 0.26, RMSE ¼
0.29) are the ones leading to the smallest deviations from the
experimental values. According to the gathered data, we
This journal is © The Royal Society of Chemistry 2016
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recommend using the tting parameters method for esti-
mating pKa values of carboxylic acids for which this infor-
mation is still unknown, especially in combination with PBE
or PBE0 and the SMD solvent model.
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