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ABSTRACT: A practical method for calculating the pKa’s of
selenols in aqueous solution has been developed by using density
functional theory with the SMD solvation model and up to three
explicit water molecules. The pKa’s of 30 different organoselenols, 16
with known experimental pKa’s, have been calculated by using three
different functionals (ωB97XD, B3LYP, and M06-2X) and two basis
sets (6-31+G(d,p) and 6-311++G(d,p)). Calculations using
ωB97XD and B3LYP with SMD solvation without explicit waters
are found to have errors of 3−6 pKa units; the errors with M06-2X
are somewhat smaller. One explicit water interacting with the
selenium reduces the calculated pKa’s by 1−2 pKa units along with
improving the slope and intercept of the fit of the calculated pKa’s to
experiment. The best results for SMD/M06-2X/6-31+G(d,p) are
with one explicit water (MSE = −0.08 ± 0.37 and MUE = 0.32 ±
0.37) whereas ωB97XD and B3LYP still have errors larger than 2 pKa units. The best results for ωB97XD and B3LYP with 6-
31+G(d,p) are obtained by using three explicit waters (MSE = 0.36 ± 0.24 and 0.34 ± 0.25, respectively) and a fit to experiment
yields a slope of 1.06 with a zero intercept. The errors for M06-2X/6-31+G(d,p) with three explicit waters are significantly larger
(−3.59 ± 0.45) because it overstabilizes the anions. On the basis of the molecules studied here, M06-2X/6-31+G(d,p) with one
explicit water and ωB97XD/6-31+G(d,p) and B3LYP/6-31+G(d,p) with three explicit waters and the SMD solvation model can
produce reliable pKa’s for the substituted selenols.

■ INTRODUCTION

Organoselenium compounds are essential compounds found in
most major forms of life and perform vital functions in various
biological processes. Selenocysteine, the selenium analogue of
cysteine, is known as the 21st amino acid and is incorporated in
various selenoproteins such as glutathione peroxidases,
iodothyronine deiodinase, selenophosphatase synthase, etc.1

Most of the selenoproteins are enzymes and are involved in
redox reactions and various catalytic activities.1−4 Because
selenium has a number of isotopes, selenoproteins have
applications in several biotechnological areas such as positron
emission tomography (PET), residue-specific radiolabeling,
protein crystallography, high-resolution NMR and EPR spec-
troscopy, protein folding studies, peptide conjugation, etc.1

Substituted selenols also have roles in various biochemical
functions as substrates for enzyme catalysis,5,6 as integral
component of antioxidants,4,7−10 and as selenium-substituted
nucleobases in RNA studies.11−15 Because selenols have low
pKa’s and the resulting selenolates are soft nucleophiles with
highly reactivity, organoselenols are useful precursors in organic
and biochemical synthesis.16,17 Dietary deficiency in selenium
can lead to various clinical problems including cardiovascular
disease, viral infections, thyroid and reproduction dysfunction,

asthma, carcinogenic effects, and neurodegenerative disor-
ders,10,18−21 whereas elevated levels of selenium lead to toxicity.
An important group of organoselenium compounds, organo-

selenols are similar to thiols in some of their physiochemical
properties but are distinct in other aspects. The higher
reactivity of selenium compared to that of sulfur and the
lower pKa’s of the selenols compared to those of the thiols are
some of the key factors for their importance and applicability in
relation to their thiol analogues. Knowledge of the reactivity of
selenols is essential to understand the chemistry of selenides,
selenoxides, diselenides, selenyl sulfides, selenocyanates, etc.
Only a few studies have reported experimental pKa’s of
biologically relevant selenols.17,22−29 Therefore, a reliable
method for calculating pKa’s by quantum chemistry would be
a valuable addition to our understanding of selenols.
Most of the computational work on selenium containing

molecules in the literature has focused on exploring the
reactivity of biologically relevant organoselenium compounds.
Despite the biologically importance of organoselenols,
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comparatively few computational studies have investigated their
chemistry. In a series of papers,30−33 Boyd and co-workers have
tested various density functionals to find a reliable method of
predicting the energetics and redox behavior of organoselenium
compounds including some selenols, both in the gas phase and
in solution. Nam and Nguyen34 calculated the relationship
between the bond dissociation enthalpy and spin density of
various substituted benzeneselenols in the gas phase. However,
these studies were not focused on acid dissociation constant
(pKa) calculations. Ali et al.35 calculated the pKa’s of some of
the selenol compounds that are relevant to the redox cycle of
bovine glutathione peroxidase GPx1. Their study used the
B3LYP and MP2 with IEFPCM and CPCM-COSMO-RS
implicit solvation to calculate the pKa’s by using a
thermodynamic cycle. With both implicit solvation models,
the calculated pKa’s had significant errors compared to the
experimental pKa’s. However, because the errors were found to
be systematic, they employed a simple linear correlation
method to obtain reasonable pKa’s. Byun and Kang36 calculated
the pKa of selenocysteine in various conformations by using a
thermodynamic cycle with the carefully selected B2PLYP-D/6-
311++G(d,p)//M06-2X/6-31+G(d) level of theory and SMD
solvation in the aqueous medium. Their study estimated the
pKa of selenocysteine to be 5.47, very close to the experimental
reference value of 5.43 ± 0.02. To the best of our knowledge,

no other studies have reported a reliable method to estimate
the pKa’s of a larger group of selenols in the aqueous medium.
In the present study, we have calculated the pKa’s for a set of

30 organoselenols, 16 of which have known experimental pKa’s
in aqueous solution. Most of the compounds have some
biological significance. The pKa’s of these organoselenols have
been computed with an implicit-explicit solvation model using
SMD implicit solvation and up to three explicit waters. We
developed and used this approach for the calculation of pKa’s
for nucleobases and substituted thiols.37,38 The free energy
differences are calculated directly in solution without employing
a thermodynamic cycle. The advantages of a direct approach for
calculating pKa’s over using thermodynamic cycles are discussed
and reviewed in detail by Ho, Coote and co-workers.39−42 In
the study of thiol pKa’s, we carefully compared the performance
of numerous DFT functionals and SMD solvation with and
without explicit waters for calculating pKa’s. At least one explicit
water hydrogen bonded to the thiol/thiolate was needed to
capture some of the short-range solute−solvent interactions not
effectively treated by SMD. The best estimates of pKa’s for
thiols were obtained with selected functionals and three explicit
waters interacting with the sulfur atom undergoing proto-
nation/deprotonation. Because the basic physiochemical
properties of the organic selenols are similar to their thiol
analogues, the set of the functionals that performed well for

Figure 1. Organoselenols used in this study.
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thiols has been selected for this study. As discussed in the
literature, a more detailed treatment of short-range solvation
interactions such as hydrogen bonding can be obtained by
molecular dynamics simulations,43−45 but such calculations
require very careful calibration of the solute−solvent
interactions and are costly because of long simulation times.

■ METHOD
All calculations were performed with the development version
of the Gaussian series of programs.46 A test set of 30 substituted
organic selenols was used for the study16 have known
experimental pKa’s ranging from 3 to 8. In our previous paper,38

a wide range of functionals was tested to calculate the pKa’s of
45 substituted thiols and the results were compared with
experimental pKa’s. The three functionals that performed best
in that study (B3LYP,47−50 ωB97XD,51 and M06-2X52) were
chosen for the present work. Two basis sets (6-31+G(d,p) and
6-311++G(d,p))53−57 along with these three functionals and
the SMD58 polarizable continuum solvation model were used
to optimize the geometries in aqueous solution. All the
geometries were confirmed to be the minima on the potential
energy surface by harmonic vibrational frequency calculations
and had no imaginary frequencies. If a structure has more than
one conformer, the lowest energy conformers was used for the
pKa calculations (conformers within 1 kcal/mol have calculated
pKa’s within 0.5 units of the lowest energy conformer).
Preliminary calculations showed that it was difficult to optimize
geometries with the larger basis set (6-311++G(d,p)) when the
complex involved three explicit waters. Thus, only the 6-
31+G(d,p) basis set was used for optimizations with three
explicit waters.
The pKa of RSeH ⇌ RSe− + H+ is calculated by using

=
Δ *

K
G

RT
p

2.303a
aq

where ΔGaq* = Gaq,RSe−* + Gaq,H+* − Gaq,RSeH* . The free energies of
the selenols and selonates, Gaq,RSe−* and Gaq,RSeH* , with thermal
and entropy contributions at 298.15 K, were calculated directly
in aqueous solution. For the proton, Gaq,H+* is calculated as

* = ° + Δ * + Δ →
+ + +G G G Gaq,H g,H aq,solv,H

1atm 1M

where Gg,H+° = HgH+° − TSgH+° is obtained from Hg,H+° = 5/2RT =
1.48 kcal/mol and Sg,H+° = 26.05 cal/(mol·K). ΔGaq,solv,H+* =
−265.9 kcal/mol was taken from literature.59−62 ΔG1atm→1M =
1.89 kcal/mol is the correction that corresponds to the change
in standard state from 1 atm to 1 mol/L. The * denotes a
standard state of 1 mol/L and the o denotes a standard state of
1 atm.

■ RESULTS AND DISCUSSION
The organoselenols used in this study are shown in Figure 1.
Three functionals (B3LYP, ωB97XD, and M06-2X) and two
basis sets (6-31+G(d,p) and 6-311++G(d,p)) were used to
optimize the geometry and calculate pKa’s in aqueous solution
with SMD solvation model. One and three explicit water
molecules were placed near the selenium atom forming
hydrogen bonds, as shown in Figure 2. For the one explicit
water case, the H atom of the water forms a hydrogen bond
with the Se atom (Se---HOH) of both the selenol and the
selenolate. In contrast to the thiols, the Se---H−OH hydrogen
bond in selenol is stronger than the Se−H---OH2 hydrogen
bond. When there are three explicit water molecules, two

waters form Se---HOH hydrogen bonds and the third water
forms a SeH---OH2 hydrogen bond. For selenolate, all three
water molecules form Se---H−OH hydrogen bonds. The
arrangement of explicit water molecules around the solute
has to be matched as closely as possible in the selenol/
selenolate pair to obtain the reliable pKa’s. The number of
hydrogen bonds must be consistent for the neutral and anionic
form to ensure that there is no bias in the calculated energy due
to a difference in the number of hydrogen bonds. For larger
systems with distributed charges or multiple sites for
deprotonation, this may require a larger number of explicit
water molecules.
Table 1 summarizes the average pKa’s and standard

deviations calculated by using the three different functionals
with the 6-31+G(d,p) and 6-311++G(d,p) basis sets and the
SMD solvation model with and without explicit waters. The
pKa values calculated with ωB97XD and B3LYP using the 6-
31+G(d,p) basis set and SMD solvation have errors of 4−6 pKa
units compared to experimental values. This deviation in the
calculated pKa’s is somewhat smaller than the 4−9 pKa unit
error found for thiols calculated at the same level of theory in
our previous study.38 The pKa values calculated with M06-2X/
6-31+G(d,p) and SMD implicit solvation have errors of only
1.39 ± 0.43 pKa units. With the larger 6-311++G(d,p) basis set,
the average error of calculated pKa’s changes by 1.2−1.8 pKa
units. The average deviations of the calculated pKa’s for
ωB97XD and B3LYP are still about 3−4 pKa units but the
mean signed error for M06-2X is only −0.45 ± 0.52. Adding
one explicit water molecule hydrogen bonded to Se improves
the calculated pKa’s by about 1−2 pKa units. This improvement
is not as large as observed for the thiols (about 4.5 pKa units).
With one explicit water, pKa values calculated with ωB97XD
and B3LYP are still off by 2.5−4.5 pKa units compared to
experimental values. M06-2X with the 6-31+G(d,p) basis set is
very close to experiment, with a mean signed error (MSE) of
−0.08 ± 0.37, but M06-2X calculations with the 6-311+
+G(d,p) basis and one explicit water overstabilize the anion,
resulting a larger deviation, −1.51 ± 0.52. Use of three explicit
waters hydrogen bonded with Se changes the calculated pKa by
about 3 units. The improvement is rather impressive for
ωB97XD and B3LYP with 6-31+G(d,p) basis set with a MSE of
0.36 ± 0.24 and 0.34 ± 0.25, respectively. In contrast, the
average deviation for M06-2X becomes worse with three
explicit waters (MSE = −3.59 ± 0.45).
Figure 3 shows plots of the calculated pKa’s with respect to

the experimental values for three different functionals with the
6-31+G(d,p) basis set (similar plots with the 6-311+G(d,p)
basis set are shown in Figure S1 of the Supporting
Information). With SMD and no explicit waters, the slope of

Figure 2. Arrangement of (a) one explicit water and (b) three explicit
waters hydrogen bonded to methaneselenol and methaneselenolate.
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the linear correlation line is largest for B3LYP and ωB97XD
(1.26−1.30) whereas the slope is smaller for M06-2X (1.13).
Both the slope and the intercept of the line improve when the
pKa’s are calculated with one explicit water and SMD solvation.
The improvement of the slope is greatest for ωB97XD (from
1.27 to 1.08) and M06-2X (from 1.13 to 0.99). With three
explicit waters, the slope of the line improves further and is
close to 1 with zero intercept for B3LYP and ωB97XD but gets
worse for M06-2X (from 0.99 to 1.18). For all the cases
discussed here, the R2 values are 0.89−0.95, indicating good
correlations. The substantial improvement in the slope as
explicit waters are added indicates that there are significant
deficiencies in the SMD implicit solvation model for selenols/

selenates, just as there are deficiencies in SMD solvation for
thiols/thiolates.38

Table 2 summarizes the pKa’s calculated at the ωB97XD/6-
31+G(d,p) level of theory for the compounds in Figure 1 that
have experimental values. The linear correlation diagram of the
calculated versus the experimental pKa values is shown in
Figure 3b. The errors are 5.49 ± 0.57 pKa units with SMD and
no explicit waters, 4.34 ± 0.35 with SMD and one explicit
water, and 0.36 ± 0.24 with SMD and three explicit waters. For
the thiols calculated at ωB97XD/6-31+G(d,p) with SMD and
three explicit waters, the MSE was −0.11 ± 0.50.38

Table 3 lists the pKa’s calculated for 14 organoselenols in
Figure 1 that do not have experimental pKa’s. The table
includes the three methods that yield the best agreement for
the cases where the experimental pKa’s are known, namely
M06-2X with one explicit water, and ωB97XD and B3LYP with
three explicit waters using the 6-31+G(d,p) basis set. The pKa’s
calculated with these three methods are within 2 pKa units with
each other. For the compounds with known experimental pKa’s,
the values calculated with M06-2X with one explicit water are
often slightly lower than the experimental values, whereas the
values calculated with the ωB97XD and B3LYP functionals
with three explicit waters are usually slightly higher. This
suggests that an improved estimate of the pKa’s might be
obtained by taking an average of the values calculated by the
three methods. For the test set with known experimental pKa’s,
these estimated values are close to the experimental values with
a mean signed error of 0.21 ± 0.15 and the linear correlation
line has a slope of 0.96 and R2 value of 0.98. The estimated
pKa’s for the substituted organoselenols without experimental
values are given in Table 3 along with the standard deviations.

■ SUMMARY

The aim of this study has been to obtain a practical method for
calculating the pKa’s of selenols. The test set consists of 30
different organoselenols, 16 of which have known experimental
pKa’s. The pKa’s were calculated in aqueous solution by three
different functionals (ωB97XD, B3LYP, and M06-2X) and two
basis sets (6-31+G(d,p) and 6-311++G(d,p)) with SMD
solvation and one and three explicit water molecules. The
density functionals were selected from a larger set of functionals
on the basis of their performance in calculating the pKa’s of
thiols in our previous study.38 Without explicit waters,
ωB97XD and B3LYP with SMD solvation had errors of 3−6
pKa units. Smaller errors were found for the M06-2X functional
with the 6-31+G(d,p) and 6-311++G(d,p) basis sets (−1.39 ±
0.43 and 0.45 ± 0.52, respectively). However, the linear
correlations for the M06-2X calculations with experiment had
larger slopes (1.13), and nontrivial intercepts (0.66 and −1.16,
respectively). One explicit water interacting with the selenium
lowered the calculated pKa’s by 1−2 pKa units and improved
the slope and intercept of the correlation with experiment. The
best results for M06-2X were obtained with the 6-31+G(d,p)

Table 1. Averages and the Standard Deviations of the Errors in the Calculated pKa’s for Different Levels of Theory

functional basis set SMD SMD + 1 water SMD + 3 waters

ωB97XD 6-31+G(d,p) 5.49 ± 0.57 4.34 ± 0.35 0.36 ± 0.24
6-311++G(d,p) 4.21 ± 0.54 3.49 ± 0.55

B3LYP 6-31+G(d,p) 5.15 ± 0.59 3.49 ± 0.37 0.34 ± 0.25
6-311++G(d,p) 3.42 ± 0.50 2.76 ± 0.55

M06-2X 6-31+G(d,p) 1.39 ± 0.43 −0.08 ± 0.37 3.59 ± 0.45
6-311++G(d,p) −0.45 ± 0.52 −1.51 ± 0.52

Figure 3. Linear correlation of experimental pKa’s and values
calculated by using three different functionals, (a) B3LYP (b)
ωB97XD, and (c) M06-2X, and the 6-31+G(d,p) basis set with
SMD solvation and no explicit water molecules (blue squares), one
explicit water (red triangles), and three explicit water molecules (green
dots).
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basis set and one explicit water (MSE = −0.08 ± 0.37 and
MUE= 0.32 ± 0.37). With one explicit water, the ωB97XD and
B3LYP errors were 3−4 pKa units. The best results for
ωB97XD and B3LYP were obtained with the 6-31+G(d,p)
basis and three explicit waters. The calculated mean deviations
for these two functionals are 0.36 ± 0.24 and 0.34 ± 0.25,
respectively, with a slope of 1.06 when the intercept is set to
zero. M06-2X/6-31+G(d,p) has much larger errors with three
explicit waters (−3.59 ± 0.45) because it overstabilizes the
anions. The ωB97XD/6-31+G(d,p) level of theory with SMD
solvation and three explicit waters also produced the best
results for the substituted thiols (MSE = −0.11 ± 0.50).38 Even
though this study provides a reliable method for predicting

selenol pKa’s, this study and our previous work on pKa’s of
thiols38 suggest that improvements in the parametrization of
the SMD solvation model are necessary to obtain better
solvation energies for thiolates and selenolates without explicit
waters.
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