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Abstract
Two empirically fitted parameters (m and C0) for the calculation of pKa values for thiols are provided for the first time, at 74 
levels of theory. The coefficients were obtained by least-squares fits of the difference in Gibbs energy between each acid and 
its conjugated base versus experimental pKa values. The reliability of this fitted parameters approach (FPA) was confirmed 
using an independent test set of molecules. It was found that deviations from experiments are systematically lower than 0.5 
pKa units, in terms of mean unsigned errors. In addition, all the tested levels of theory produced maximum absolute errors 
lower than 1 pKa unit. The parameters estimated here are expected to facilitate pKa calculations, using electronic structure-
based strategies, with uncertainties close to the experimental ones. Albeit the present study deals only with molecules of 
modest complexity, i.e., the reliability of the FPA for more complex systems remains to be tested, it seems to be a promising 
approach for obtaining pKa values of thiols in a fast and reliable way.

Keywords Acid constant · Deprotonation · Density functional theory · Acid–base equilibria

1 Introduction

Acid–base behavior is inherent in numerous naturally occur-
ring and synthetic chemical compounds. Since this behavior 
impacts other properties such as solubility and reactivity, it 
has important implications not only in chemistry but also in 
other science fields including biology, medicine, pharmacol-
ogy and food science. The acidity or chemical compounds 
are usually quantitatively expressed as pKa and allow antici-
pating the proportion of protonated and deprotonated species 
at any pH of interest. Therefore, accurate estimations of pKa 
values are crucial for understanding chemical behavior under 
different conditions and also for practical purposes.

Even though there are experimental techniques well tuned 
for pKa measurements, it may become a difficult task when 
the species of interest are very strong or very weak acids 
and also when they are short-living intermediates, or highly 
toxic species [1]. An alternative that has been extensively 
explored is to use theoretical approaches [1–25]. This option, 
although attractive, is still a non-easy endeavor, whose main 
disadvantage is the frequent lack of accuracy. In fact, rather 
large deviations from experimental measurements (about 2 
units of pKa) are currently accepted as reasonably accurate 
[26]. Therefore, searching for computational strategies able 
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of producing pKa estimations with much smaller errors, 
about 0.5 pKa units for example, remains an important and 
active area of research.

In the particular case of thiols, they are ubiquitous com-
pounds with important roles in chemistry, biochemistry and 
material sciences. For example, they exhibit antioxidant 
effects, are involved in redox signaling and regulation, and 
have been used in molecular electronics and nanoscience 
[27–32]. At the same time, acid–base equilibria significantly 
influence the reactivity and properties of thiols [33–39]. 
Therefore, knowing their pKa values is crucial to properly 
understand the chemical behavior of molecules with the thiol 
moiety.

Unfortunately, the experimental pKa values for the thiols 
of interest may not be available, and obtaining them from 
calculations may be a challenging task. The main difficulties 
regarding estimations of the pKas of thiols, from experimen-
tal measurements, arise from the fact that they are rather 
unstable [40, 41]. In addition, when interested on thiols of 
biological relevance, another problem appears. Their pKa 
values may be strongly influenced by the chemical surround-
ings. For example, albeit the pKa of cysteine residues is usu-
ally around 8.5 [42], it can be significantly shifted, depend-
ing on the protein (or peptide) environment, ranging from 
4.6 [43] to 9.9 [44].

Regarding pKa estimation from theoretical calculations, 
it has been recently proposed that implicit solvation mod-
els seriously underestimate the stabilization of thiolates in 
aqueous solution, when pKa calculations are made using the 
direct approach (DA) [45]. That is:

where ΔGAB
aq

= ΔG
aq
(A−) + ΔG

aq

(

H+
)

− ΔG
aq
(HA).

Thus, it was proposed to include explicit water molecules 
in the modeling of both the acid (HA) and its conjugated 
base  (A−). When using the continuum model alone, at the 
ωB97XD/6-31 + G(d,p) level of theory (for 45 thiols, with 
experimental pKa values ranging from 4 to 12) the mean 
unsigned error (MUE) was 7.77 pKa units. It was reduced 
to 4.53 and 0.43 pKa units, when including 1 (DA1) and 3 
(DA3) explicit water molecules, respectively [45].

Another strategy that has been successfully applied to 
predict pKa values of thiols, from calculations, is the fit-
ted parameters approach (FPA). It consists of obtaining a 
linear regression between some calculated value for the 
acid–base pair and the experimental pKas of a training set 
of molecules. The calculated value may be some energy dif-
ference between the acid and its conjugated base [46, 47], 
or the charge of the thiolate anion [48, 49]. The empirically 
fitted parameters, obtained this way, can—in turn—be used 

pKa =
ΔGAB

aq

2.303RT
,

to estimate the pKa values of the species of interest. MUE 
values for this approach have been found to systematically 
be lower than 0.5 pKa units, at some specific levels of theory.

The main drawbacks of using these two strategies (DA3 
and FPA) for estimating the pKa of thiols, especially when 
such values are necessary but not the main focus of an inves-
tigation are:

• The DA3 involves using the experimental solvation 
Gibbs energy of the proton. This value, albeit available, 
ranges from − 259 to − 264 kcal/mol [26]. Therefore, 
the calculated pKa would depend on the chosen value. 
In addition, including 3 explicit water molecules in the 
vicinity of the acid and its conjugated base would rise 
the necessity of performing which might become a wide 
conformational search.

• The FPA is a very laborious task that involves modeling 
a large number of acid–base pairs; each time a pKa is 
needed for a particular compound. Although there are 
some reports of fitted parameters, they were obtained at 
a particular level of theory. Therefore, researchers inter-
ested in using a level of theory for which these param-
eters have not been reported face the necessity of per-
forming numerous calculations—additional to their own 
investigation—to use the FPA.

However, the latter could be avoided, provided that 
empirically fitted parameters were available for several lev-
els of theory. That way, when a pKa is needed for a particular 
compound, using the corresponding parameters would allow 
to calculate such a value in a very simple way. Accordingly, 
the main goal of the present work is to perform the neces-
sary systematic investigation to provide a rather large list of 
parameters that can be later used to calculate pKa values of 
thiols. The fitted parameters are reported for the first time 
at 74 levels of theory. They are expected to facilitate further 
use of the FPA in the estimation of pKa values of thiols for 
which this property is not known.

2  Computational details

The electronic structure methods tested in this work include 
17 density functional theory (DFT) approximations: PBE, 
PBE0, LC-ωPBE, TPSS, TPSSh, B3LYP, cam-B3LYP, 
BHandHLYP, BMK, MPWB1K, M05-2X, M06-2X, 
M06, ωB97X, ωB97X-D, B2PLYP and B2PLYP-D; and 
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 implemented, i.e., with the specific 
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default basis sets originally designed for each step of the 
composite calculation.

Several DFT approximations were chosen because they 
are currently the most widely used electronic structure meth-
ods. This is probably because they provide an optimum com-
promise between accuracy and computational cost, espe-
cially as the size of the investigated systems increases. The 
number of DFT approximations currently available is rather 
huge; thus, it is not possible to cover 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. They correspond to different rungs of the Jacob’s 
ladder [50], except the first one, and comprise both pure 
and hybrid functionals. Among the latter, different varia-
tions have been considered including global, range separated 
and double hybrids. The set also includes DFT approxima-
tions with and without dispersion corrections, as well as 
non-parameterized and empirically parameterized methods.

All the electronic calculations were carried out with the 
package of programs Gaussian 09 [51]. Full geometry opti-
mizations (without imposing any symmetry constrains) and 
frequency calculations were performed for all the species 
involved in the studied acid–base equilibria, using the solva-
tion model based on density (SMD) [52]. It has been previ-
ously indicated that the partition functions obtained when 
using dielectric continuum solvent models are not reliable to 
calculate Gibbs energies in solution [53]. So far, there is only 
work demonstrating otherwise [54], in which it was shown 
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 comput-
ing 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.

2.1  Training and test sets

The training set (Table 1) includes 20 thiols, which were 
chosen to contain as many structural variations as possible. 
They include both aliphatic and aromatic species, and for the 
latter functional groups with diverse electron donating and 
electron withdrawing effects, at different ring sites. Their 
experimental pKa value ranges from 4.7 to 11.2.

The test set (Table 2) was chosen to be completely inde-
pendent from the training set, i.e., none of the molecules 
used to obtain the m and C0 parameters were included in the 
test set, which consists of 10 thiols. This set also includes 
a diversity of structural features. The selection of the thiols 
in the test set was made looking for deviations from experi-
mental values as large as possible; thus, the errors reported 
here can be considered as the upper limit. Consequently, it 
is expected that further use of the parameters proposed here 

leads to errors similar or lower than those obtained using 
the test set.

2.2  The fitted parameters approach (FPA)

The FPA 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 calcu-
lated data, including pKa [47], enthalpy [59], Gibbs ener-
gies [60–62] and charges on the anions [48, 49]. In addi-
tion, different continuum solvation models have been used, 
for example COSMO [59, 60], PCM [61] and SMD [62]. 
Changing any of these aspects would modify the values of 
the fitted parameters, and the possible combinations are 
almost infinite, when simultaneously considering the elec-
tronic structure method, the basis set and the solvent model. 
Therefore, it is important to explain in detail exactly how the 
FPA was carried out here.

The standard linear regression fit necessary to obtain the 
empirical parameters (m and C0) for the FPA was obtained 
from the training set of molecules shown in Table 1, accord-
ing to:

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

ΔGs(BA) was calculated at 298.15 K and expressed in kcal/
mol.

The two fitted parameters (m and C0) were obtained at 
each level of theory (electronic structure method/basis set). 
Then, they were used to evaluate the performance of the 
FPA, using the test set of molecules shown in Table 2. For 
that purpose, the calculated pKa values were obtaining as:

It seems worthwhile to mention that some of the mol-
ecules used here are polyprotic, i.e., they present more than 
one acid site. In such cases, only the deprotonation from the 
thiol group was considered. The experimental pKa values 
reported in Tables 1 and 2 then correspond to this group. 
In addition, one of them (ethane-1,2-dithiol) is a diprotic 
molecules with two equivalent deprotonation sites. Accord-
ingly, it has two possible deprotonation sites with identi-
cal acidity. Because of this particular structural feature, it 
is critical to consider the acid dissociation microequilibria 
in addition to the conventional macroscopic one. This is 
because the free energies are calculated for molecular spe-
cies with specifically ionizable protons (i.e., the ionization 

pKexp
a

= mΔGs(BA) + C0,

ΔGs(BA) = Gs(B) − Gs(A)

pKcalc
a

= mΔGTestSet
s(BA)

+ C0
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Table 1  Training sets used to obtain the m and C0 parameters, and the corresponding experimental pKa values

Structure Names Exp. pKa

ethanethiol 10.61a

propane-2-thiol 10.86a

1,1-dimethyl-1-propanethiol 11.21b

1-propene-2-thiol 
(2-mercaptopropene) 

7.86c

ethane-1,2-dithiol (pKa
a

ethane-1,2-dithiol (pKa

1) 9.00

2) 10.43a

2-mercaptoethanol 9.7a

2,2-bis(hydroxymethyl)-3-
mercaptopropanol 
(monothiopenta erythritol) 

9.89a

mercaptoacetic acid 
(thioglycolic acid) 

10.61a

2-ethoxyethanethiol 
(2-mercaptoethyl ether) 

9.38d

mercaptoacetic acid methyl 
ester 

7.99a

4-mercapto-N-
methylpiperidine 

10.35a

benzenethiol (thiophenol) 6.615a

4-methylbenzenethiol 
(p-methylthiophenol) 

6.820a

2-chlorobenzenethiol 
(o-chlorothiophenol) 

5.675a

2-aminebenzenethiol 
(o-aminethiophenol) 

6.59d

4-nitrobenzenethiol 
(p-nitrothiophenol) 

4.715a

4-methoxybenzenethiol 
(p-methoxythiophenol) 

6.775a

HS
SH

HS

HS

HS
SH

HS
S -

HS
OH

HS OH

OH

HO

OH

O

HS

HS
O

O

O

HS

NHS

HS

HS CH3

HS

Cl

HS

H2N

HS NO2

HS OCH3

4-acetylbenzenethiol 
(p-acetylthiophenol) 

5.330a

benzyl mercaptan 
(benzenemethanethiol) 
(benzylthiol) 

9.43b

HS
O

HS

a Reference [55]
b Reference [56]
c Reference [57]
d Reference [58]
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microspecies) [63]. The corresponding expression of  Ka for 
ethane-1,2-dithiol  (H2A ⇌  H+ + HA−) then would be:

where ΔGa is the Gibbs free energy of the acid dissociation 
equilibrium, considering any of the two equivalent depro-
tonation sites. From this equation, it becomes evident that:

This means that the correct calculated pKa value differs 
from that obtained using the conventional equilibrium con-
stant by log(2). However, in the present work the relevant 
calculated magnitude is ΔGs(BA), i.e., it is the one corrected 
when the FPA is used. The previous equation can be easily 
modified to obtain the necessary correction to ΔGa:

Ka = 2e−ΔGa∕RT ,

log
(

Ka

)

= log (2) −
ΔGa

2.303RT
.

ΔGcorr
a

= ΔGa − 2.303RT log (2)

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 sym-
metric diprotic molecule.

The main criteria for accuracy used here are mean 
unsigned errors (MUEs), maximum absolute errors 
(MAEs), root mean square errors (RMSEs) 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. 
These threshold values are significantly lower than the 2 
pKa units currently accepted as reasonably accurate for 
pKa calculations [26] and close to deviations arising from 
using different experimental techniques.

Table 2  Test sets used to test the performance of the FPA and experimental pKa values

Structure Names Exp. pKa

1-butanethiol (butyl 
mercaptan) 

10.66b

2-methylpropane-2-thiol 11.22a

2-propene-1-thiol 
(allyl mercaptan) 

9.96b

mercaptoacetic acid ethyl 
ester 

7.95c

4-chlorobenzenethiol 
(p-chlorothiophenol) 

6.135a

3-nitrobenzenethiol 
(m-nitrothiophenol) 

5.241a

DL-2-mercaptopropanoic 
acid (hiolactic acid) 

10.70a

2-mercaptopropionylglycine 
(2-sulfanyl(propanoylamino) 
acetic acid) 

8.87a

2-amino-3-
sulfhydrylpropanoic acid 
(cysteine) 

8.36a

2-methylthiobenzenethiol 
(o-methylthiothiophenol) 

5.754a

HS

HS

HS

O

O

HS

HS Cl

HS

NO2

HS
OH

O

SH H
N

O

OH

O

H2N

O

OH

SH

HS

S

a Reference [55]
b Reference [56]
c Reference [58]
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3  Results and discussion

As explained in the previous section, the fitted parameters 
were obtained from a linear regression of the experimen-
tal pKa values versus the calculated ΔGs(BA). This magni-
tude was chosen because it produces better results than the 
charges on the thiolate. The recommended level of theory for 
the charge-based FPA is to use charges from natural popula-
tion analysis (NPA) and M06-2X/6-311G level of theory, 
modeling the solvent with the conductor-like polarizable 
continuum model (CPCM) [48]. When using such approach, 
the values of MUE and RMS were found to be similar as 
those obtained from using ΔGs(BA), and the same functional 
(M06-2X) combined with any of the basis sets tested in the 
present work (Table 3). However, the MAE value yielded by 
the charge-based FPA was found to be significantly larger 
and R2 slightly lower than the corresponding values arising 
from using the ΔGs(BA)-based FPA. Thus, albeit the charge-
based FPA is easier to use (it can be obtained from calcula-
tions of only one species for each acid–base pair, i.e., the 

thiolate anion, while the ΔGs(BA)-based FPA requires calcu-
lations of both the acid and its conjugated base) the ΔGs(BA)-
based FPA seems to be a better choice, since it yields more 
accurate results. Accordingly, within the present text the 
FPA acronym refers to the ΔGs(BA)-based FPA.

The most important findings regarding the FPA are that 
all R2, MUE and MAE values are within the correspond-
ing target thresholds (Tables 1S to 3S, ESI). The R2 values 
range from 0.95 to 0.98, while the MUE and MAE values 
range from 0.29 to 0.48 and from 0.57 to 0.96 pKa units, 
respectively.

The lowest MUE values were obtained for the calcula-
tions performed with the LC-ωPBE (MUE ~ 0.30 pKa units) 
and the ωB97X (MUE ~ 0.35 pKa units) DFT approaches 
(Fig. 1 and Table 2S of ESI), while the largest MUE value 
arises from using PBE. In general, the basis set size has only 
a minor influence on the deviations from the experimental 
values for all the tested DFT approaches. This is probably 
because all the tested basis sets include diffuse functions on 
non-H atoms, which are crucial to properly describe anionic 
species. The most significant effect of the basis set size was 
found for MP2, in particular when the smallest basis set is 
used. In addition, the LC-ωPBE and ωB97X outperform the 
CBS-QB3 and G3 methods (MUE ~ 0.40 and 0.37 pKa units, 
respectively), which are significantly more computationally 
expensive.

Similar trends in performance arise from analyzing 
the MAE (Fig. 2 and Table 3S of ESI) and RMSE values. 
However, for the latter, not all the DFT approaches yield 
values below the target limit (Fig. 3 and Table 4S of ESI). 
MPWB1K, M06, PBE and TPSS produced RMSE values 
slightly above 0.5 pKa units, with at least one of the used 
basis sets. Thus, we recommend to avoid using these four 
methods for calculating the pKa of thiols with the FPA, 
whenever possible. On the other hand, we recommend using 

Table 3  Mean unsigned error (MUE, in pKa units), maximum abso-
lute error (MAE, in pKa units), root mean square error (RMSE, in pKa 
units) and the linear regression coefficients (R2) obtained using differ-
ent approaches

MUE MAE RMSE R2

NPA charges, CPCM, M062X/6-311G 0.38 1.10 0.47 0.95
ΔGs(BA), SMD, M062X/6-31 + G(d) 0.38 0.74 0.46 0.97
ΔGs(BA), SMD, M062X/6-311 + G(d) 0.36 0.65 0.43 0.97
ΔGs(BA), SMD, M062X/6-

311 + G(d,p)
0.39 0.67 0.45 0.96

ΔGs(BA), SMD, M062X/6-
311 ++G(d,p)

0.42 0.65 0.47 0.97

Fig. 1  Mean unsigned errors (MUEs), in pKa units, obtained for the test sets of thiols. The horizontal line marks the target value
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LC-ωPBE and ωB97X. LC-ωPBE has the best performance 
among the tested methods, including CBS-QB3 and G3. The 
performance of ωB97X is better than that of CBS-QB3 and 
similar to that of G3, but the computational cost is signifi-
cantly lower for ωB97X than for G3.

The empirically fitted parameters (m and C0) for calculat-
ing pKa values of thiols, at different levels of theory, are pro-
vided in Table 4. They were obtained using a large enough 
training set, and their reliability was assessed by comparing 
the pKa values calculated with them, for an independent test 
set of molecules, with the corresponding experimental val-
ues. Using these parameters for calculating the pKa values 
of thiols (of modest complexity) is expected to produce data 
in excellent agreement with that derived from experimental 
measurements.

It might be argued, from a purist theoretical point of 
view, that using empirically fitted parameters in theoretical 

calculations is not the best way to proceed. On the con-
trary, from a pragmatic point of view, what really matters 
is to have reliable estimation of chemical properties, espe-
cially when they can be hard to obtain from experiments. 
Moreover, there are numerous chemical areas of research 
that currently involve the computational design of new 
molecules with intended practical applications. Accord-
ingly, the necessity of estimating pKa values of molecules 
that have not even synthesized yet is increasingly frequent. 
The FPA is a very promising computational tool for that 
purpose, although further validations are desirable. For 
example, the performance of this method for molecules 
of increasing complexity remains untested.

Fig. 2  Maximum absolute errors (MAEs), in pKa units, obtained for the test sets of thiols. The horizontal line marks the target value

Fig. 3  Root mean square errors (RMSEs), in pKa units, obtained for the test sets of thiols. The horizontal line marks the target value
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4  Conclusions

Two empirically fitted parameters (m and C0) for the calcula-
tion of pKa values for thiols are provided for the first time, 
at 74 levels of theory. The coefficients were obtained by 
least-squares fits of ΔGs(BA) versus experimental pKa values 
using a training set of 20 thiols. The reliability of this fitted 
parameters approach (FPA) was confirmed using an inde-
pendent test set, which includes 10 molecules.

It was found that deviations from experiments are system-
atically lower than 0.5 pKa units, in terms of mean unsigned 
errors (MUEs). In addition, all the tested levels of theory 
produced maximum absolute errors (MAEs) lower than 1 
pKa unit.

The parameters estimated here are expected to facilitate 
pKa calculations, using electronic structure-based strategies, 
with uncertainties close to the experimental ones. Albeit the 
present study deals only with molecules of modest complex-
ity, i.e., the reliability of the FPA for more complex systems 
remains to be tested, it seems to be a promising approach 
for obtaining pKa values of thiols in a fast and reliable way.
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