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ABSTRACT: Acid dissociation constants (pK,’s) are key phys-
icochemical properties that are needed to understand the structure
and reactivity of molecules in solution. Theoretical pK,’s have been
calculated for a set of 72 organic compounds with —OH and
—OOH groups (48 with known experimental pK,’s). This test set
includes 17 aliphatic alcohols, 25 substituted phenols, and 30
hydroperoxides. Calculations in aqueous medium have been carried
out with SMD implicit solvation and three hybrid DFT functionals
(B3LYP, ®B97XD, and M06-2X) with two basis sets (6-31+G(d,p)
and 6-311++G(d,p)). The effect of explicit water molecules on
calculated pK.s was assessed by including up to three water 5
molecules. pK.’s calculated with only SMD implicit solvation are

found to have average errors greater than 6 pK, units. Including one
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explicit water reduces the error by about 3 pK, units, but the error is

still far from chemical accuracy. With B3LYP/6-311++G(d,p) and three explicit water molecules in SMD solvation, the mean
signed error and standard deviation are only —0.02 + 0.55; a linear fit with zero intercept has a slope of 1.005 and R* = 0.97.
Thus, this level of theory can be used to calculate pK,’s directly without the need for linear correlations or thermodynamic cycles.
Estimated pK, values are reported for 24 hydroperoxides that have not yet been determined experimentally.

B INTRODUCTION

Organic compounds with hydroxyl (—OH) and hydroperoxyl
(—OOH) functional groups are abundant in nature. Alcohols
and phenols constitute a considerable fraction of the building
blocks in many biological systems and pharmaceutical
compounds, and are important components in organic and
inorganic synthesis.' > Similarly, organic hydroperoxides have
drawn appreciable attention because they are strong oxidants
and radical reservoirs, and they play important roles in
combustion, atmospheric chemistry, and biology.’™"* The
protonation state of the oxygen in alcohols, phenols, and
hydroperoxides affects their structural and physicochemical
properties.'* The extent of protonation/deprotonation in
solution is determined by the acid dissociation constant
(pK,). Hence, the knowledge of accurate pK,’s of alcohols,
phenols, and hydroperoxides is pivotal to understand their
chemical reactivity.

The pK,’s of a wide range of substituted alcohols and phenols
have been studied both experimentally’>™"® and theoret-
ically."”~*° Nevertheless, there are many more —OH containing
compounds that do not have experimentally determined pK,’s.
Contrary to the case for alcohols, there are far fewer
experimental studies of the pK,’s of hydroperoxides.'”'® To
our best knowledge, there are no systematic theoretical studies
of pK.’s of hydroperoxides in aqueous solution. Furthermore,
pK.’s of short-lived intermediates and compounds in complex
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chemical environments are difficult to measure, despite
technological advances in experimental techniques.’® Con-
sequently, there is always a need for computational methods for
estimating pK.’s.

On the theoretical side, considerable effort has been
dedicated to predicting the pK,’s of alcohols and phenols
from first principles.'” > One of the biggest challenges in
computing free energies in solution, particularly in water, is
accurately incorporating solvation effects for the neutral and
ionic species involved in proton-transfer processes.37_40
Although the use of explicit solvent can provide an accurate
description of solute—solvent interactions and dynamics, such
calculations are still expensive for chemically interesting
systems.37_43 A more cost-effective alternative is to use a
continuum solvation model such as COSMO, PCM, SMx (x =
1—8) or SMD, where the solvation effects are modeled with a
dielectric medium. For example, Shields and co-workers have
been quite successful in calculating pK,’s of a number of
carboxylic acids and substituted phenols using various
thermodynamic cycles to combine gas-phase CBS and Gn
energy differences with CPCM solvation.””**** Ho and co-
workers®”*® have shown that thermodynamic cycles are no
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Scheme 1. Organic Alcohols and Phenols Considered in This Study
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longer necessary with current implicit solvation methods, and
that pKs can be calculated directly by optimizing the
structures in solution. Some of the newer solvation models
are well calibrated against large test sets and yield balanced
treatments of the relative solvation energies of neutrals and
ions. However, implicit solvation models do not incorporate
specific short-range solute—solvent interactions such as hydro-
gen bonding, which can be particularly important in pK,
calculations.”” ~***7*® The necessity of explicitly addressing
such solute—solvent interactions is particularly important in
pK, calculations to achieve an accuracy of ApK, < 1 with
respect to experiment.37_40’47’48

Usually, the error introduced by using implicit solvation in
calculated free energies is quite systematic within a class of
chemical compounds (e.g, alcohols, thiols).”*™*"*"* Often,
the error arises because of a difference in the accuracy of
solvation energies for the neutrals and the protonated or
deprotonated forms. Several research groups have successfully
tackled the shortcomings of implicit solvation by using linear
fits of computed deprotonation energies to the pK.’s for a large
group of molecules. For example, Muckerman et al. have

4699

recently explored the correlation between the calculated pK,’s
for a number of organic alcohols and demonstrated that
implicit-only solvation has a systematic error, which can be
corrected by using the linear fit equation.”” Many other
researchers have also calculated the pK.’s of alcohols and
phenols using the linear-fit methods.”*~** The linear regression
equations can then be used to predict pK,’s of unknown
compounds within chemical accuracy.”®™*"*"** However,
different linear-fit equations are required for compounds with
different functional groups, sometimes even for compounds
within the same class.””*® For example, the pK,’s of protonated
aromatic amines vs aliphatic amines require different linear
regression equations to obtain reliable pK,’s despite having
same the —NH,* protonated group.””’” Furthermore, the
linear fitting equations depend on the level of theory used for
the electronic structure calculations, and even more on the
choice of continuum solvation model. In addition, a fairly large
set of compounds with accurate experimental pK.’s distributed
over a sufficiently wide range is required to obtain a reliable
linear-fit equation. Because of a lack of experimental data to
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Scheme 2. Organic Hydroperoxides Considered in This Study
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calibrate the correlations, it may not be possible to develop
suitable linear fits for all groups of interest.

Though linear regression may be sufficient to obtain
computational estimates of pK.’s, it is difficult to use this
approach to calculate the free energy profiles of reactions in
solution that involve protonation, deprotonation, or proton
coupled electron transfer. All of the compounds in a reaction
mechanism need to be calculated on an equal footing. This
requires direct calculations of free energies in solution without
scaling or linear fits.

The importance of including explicit solvent molecules while
calculating solvation free energies of charged species such as
oxy-anions has been dlscussed in the literature®®”” and pursued
by many researchers."”™** Some pK, studies included explicit
solvent molecules only for the charged species'”**’" whereas
the others” ™’ included explicit water molecules for both the
hydroxyl (—OH) and oxy-anion (—O7). Eckert et al.” used the
BP/TZPV level of theory with the COSMO-RS implicit
solvation model and added up to two explicit water molecules
to calculate the pK.s of a variety of organic compounds,
including five alcohols. Their study showed that the slope of the
linear free energy regression (LFER) correlation between the
experimental pK.’s and the calculated free energy change could
be systematically improved by including explicit waters.
However, the authors concluded that the performance of the
method was not general enough to be used for everyday
production work. Zhang® computed the pK,’s of some
aliphatic alcohols, substituted phenols and carboxylic acids by
including zero, one, and two water molecules along with the
COSMOS solvation model. Despite the use of explicit waters
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forming hydrogen bonds, the study still needed to use a linear
fit for calculating pK,’s and argued that including explicit waters
deteriorates the accuracy of the computed pK,’s. Cunningham
et al”' employed an implicit—explicit solvation approach,
similar to the present study, to calculate absolute pK, values for
substituted phenols with B3LYP/6-31+G(d) method and PCM
solvation. They used up to four explicit water molecules
forming hydrogen bonds with the OH group of phenol and O~
of phenolate along with the PCM solvation model to calculate
pK.’s in aqueous medium. Compared to the case when the
pK.’s are calculated with PCM only, including one and two
explicit waters improved the calculated pK,’s significantly. The
authors proposed a model to calculate pK,’s of substituted
phenols that include an empirical correction factor of —1.4 in
addition to two explicit water molecules and PCM solvation.
They also reported that with more than three explicit water
molecules, the calculated pK,’s had errors larger than the values
calculated with PCM solvation with no explicit water. However,
the study did not offer any further explanation about such
unexpectedly large deviations (mean deviation >$) in calculated
pK.’s with more than three explicit water molecules.

In the present study, we have calculated the pK,’s of alcohols,
phenols, and hydroperoxides in aqueous solution from first
principles. In previous publications,”” " we have shown that
the systematic error in calculated free energies attributable to
the implicit solvation model can be significantly reduced by
incorporating a small number of explicit solvent molecules. For
nucleobases and a wide range of substituted thiols and selenols,
we have used this protocol to directly calculate the pK,’s within
1 pK, unit without the need for linear fits or thermodynamic
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cycles. These studies suggest that the pK]s of compounds
without experimentally measured pK.s can be predicted
accurately via a careful selection of DFT methods and
appropriate number of explicit water molecules without fitting
any linear equations or thermodynamic cycles. In this study, we
aim to extend this protocol to compute the pK,’s of chemically
interesting, and biologically as well as pharmaceutically
important alcohols, phenols, and hydroperoxides. As in our
previous studies, the free energy of deprotonation is calculated
by a direct approach using the SMD solvation model with and
without explicit water molecules. We believe that this study
provides a practical and systematic way to directly calculate the
pK.’s of a wide range of alcohols, phenols, and hydroperoxides,
and to explore reaction mechanisms involving protonation,
deprotonation, and proton coupled electron transfer.

B COMPUTATIONAL METHODS

Calculations were performed with the development version of
the Gaussian series of programs.52 A total of 72 organic
compounds were used in this study: 17 organic alcohols and 25
phenols (Scheme 1), all with experimentally measured pK.’s,
and 30 hydroperoxides (Scheme 2), 6 with experimentally
measured pK, values. The compounds were selected on the
basis of their practical relevance, structural variance, availability
of accurate experimental pK.’s, and the range of the pK,’s. On
the basis of a more extenswe set of methods tested for the
calculation of pK,’s for thiols,”" we selected three hybrid density
functionals (B3LYP,”*™*° @B97XD,”” and M06-2X>"), two
basis sets (6-31+G(d,p) and 6-311++G(d,p))>"~ % and the
SMD™ implicit solvation model. Geometries were optimized in
aqueous solution. Harmonic frequencies were calculated to
confirm the structures were minima on the potential energy
surface and to obtain thermal and entropic contributions to the
free energies. The effect of explicit waters on the calculated
pK.’s was assessed by including one and three explicit water
molecules directly hydrogen-bonded to the site being
protonated/deprotonated. Typical arrangements of water near
the protonation/deprotonation site are shown in Figure la—c.
For the alcohols, phenols, and hydroperoxides with one explicit
water, the OH group provides a H atom to form a hydrogen
bond with the O of the explicit water molecule (R—OH---OH,
or R—-OOH---OH,) whereas in the deprotonated form the O~
forms a hydrogen bond with the H atom of the explicitly placed
water molecule (e.g, R—O7---H—OH). When there are three
explicit water molecules near the OH group, the O of one of
the three water molecules accepts H from the OH group of R—
OH and the other two donate H to form three hydrogen bonds
(ie, one R—OH--OH, and two R—O7--H—OH hydrogen
bonds). In the deprotonated form, R—O~ forms a hydrogen
bond with one hydrogen atom from each of the three explicit
water molecules (R—O7---H—OH). The arrangements of
explicit water molecules near R—OH and R—O~ were kept as
consistent as possible (i.e., similar conformations and the same
number of hydrogen bonds) to avoid any bias that may result in
unsystematic contributions to the calculated free energy (e.g,,
avoiding extraneous hydrogen bonds with neighboring groups
on the molecule). Conformers with the energy difference
within 1 kcal/mol are found to have pK.’s within about 0.5
units. For the molecule possessing more than one stable
conformer, the one with the lowest energy was used in the final
calculations.
The pK, for a reaction ROH = RO~ + H' is given by
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Figure 1. Arrangement of explicit water molecules near the OH and
O~ groups in (a) alcohols, (b) phenols, and (c) hydroperoxides. Some
of the key bond lengths are shown in green (in A).

‘- AG}, ~ Ggro + Gagut — Gigron
P 2.303RT 2.303RT

where G ron and GaqRo_ are the standard free energy of
protonated and deprotonated species in the aqueous medium,
respectively. The free energy of a proton in aqueous solution is

calculated as

Gt = Gig + AGyr o + AGH™™ M

where, G ;. = H°H TSg + is the gas-phase free energy of the
proton at 298. 18K obtained by using Hg .= SRT/2 = 148
kcal/mol and S°H+ =26.05 cal/(mol-K). AGH = —265.9 kcal/

mol is the aqueous-phase solvation free energy of the proton,
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Table 1. Averages and Standard Deviation of Errors in Calculated pK,’s for Alcohols, Phenols, and Hydroperoxides

APKa = PKa,calculated - PKa,expen'ment

functional basis set SMD
B3LYP 6-31+G(dp) 6.62 + 2.41
6-311++G(d,p) 6.43 + 2.41
wBY7XD 6-31+G(d,p) 8.12 + 233
6-311++G(d,p) 7.85 + 2.38
MO06-2X 6-31+G(d,p) 646 +2.32
6-311++G(d,p) 6.23 + 2.55

SMD + 1 water SMD + 3 waters

3.68 + 1.0S —0.21 + 0.49
3.65 £ 1.27 —0.02 + 0.5
545 + 1.16 0.96 + 0.55
5.39 + 1.23 0.95 £ 0.72
3.23 £ 0.72 —1.19 + 0.53
3.12 +£ 0.98 —140 + 0.63

taken from the literature.””*>%*~% AG1™=M = RTlog(24.4)
= 1.89 kcal/mol is a correction term for the change in standard
state of 1 atm to 1 mol/L. The symbols * and ° denote the
standard state of 1 mol/L and 1 atm, respectively.

Bl RESULT AND DISCUSSION

The pK,’s of 17 alcohols, 25 phenols, and 30 hydroperoxides
have been investigated using three hybrid DFT functionals
(B3LYP, wB97XD, and MO06-2X) and two basis sets (6-
31+G(dp) and 6-311++G(d,p)) with the SMD solvation
model. The experimentally known pK,’s of organic alcohols and
phenols ranges from S to 16. The experimental data for the
hydroperoxides are rather meager. Standard tables ™' list
pK.’s for only 6 of the 30 hydroperoxides considered in this
study. The effect of hydrogen-bonded water molecules on the
calculated pK,’s has been assessed by including one and three
explicit water molecules coordinated to the R—OH/R—O~
group.

Table 1 summarizes the calculated pK, errors for the
alcohols, phenols, and hydroperoxides using various density
functionals with SMD solvation with zero, one, and three
explicit water molecules. One water hydrogen bonded to
ROH/RO™ accounts for the largest fraction of the effect of
explicit solvent; three waters complete the first solvation shell
around the site. The error in the calculated pK,’s using SMD
solvation with no explicit water molecules is rather large. For
B3LYP and M06-2X, the mean unsigned error (MUE) is 6.4—
6.6 pK, units whereas the MUE is even larger for @B97XD
(ApK, ~ 8). The magnitudes of these errors are similar to
errors calculated for thiols reported in our previous study.’!
Using a larger basis set has only a small effect on the calculated
pK.s (improves the pK,’s by only about 0.1—0.2 pK, units).
When one explicit water is included along with SMD solvation,
the MUE becomes smaller by about 3 pK, units. For B3LYP
and M06-2X, the inclusion of one water brings the calculated
error close to 3 pK, units whereas the error for ®B97XD is still
higher than S pK, units. Even though there is substantial
improvement in the calculated pK.’s, the error is still
significantly higher than 1 pK, unit. The improvement in the
computed pK.’s is greater when three explicit water molecules
are included. For B3LYP/6-31+G(d,p), the mean signed error
(MSE) is calculated to be —0.21 pK, units with a standard
deviation (SD) of 0.49 (MUE = 0.44 + 0.49). B3LYP with the
larger 6-311++G(d,p) basis set brings the MSE to —0.02 with
SD = 0.55 (MUE = 0.4S =+ 0.55). It is interesting to see that
although wB97XD was quite good for predicting pK,’s of thiols
(MSE = —0.11 + 0.50) and selenols (MSE = 0.36 + 0.24),”"'
it is found to have a MSE of 0.96 + 0.55 pK, units with three
explicit water molecules and 6-31+G(d,p) basis set. With three
explicit waters along with SMD solvation, M06-2X is found to
slightly overstabilize the anionic form of alcohols, phenols and
hydroperoxides (MSE —1.19 =+ 0.53). However, the
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calculated MSE using the M06-2X/6-31+G(d,p) is significantly
better than for thiols (MSE = —3.59 + 0.45) and selenols
(MSE = —3.21 + 1.04). It is very gratifying to see that, with
three explicit waters and SMD solvation, the mean unsigned
error (MUE) for all the three functionals and two basis sets
used in this study ranges from 0.4 to 1.4 pK, units (MSE from
—1.4 to +1.0 pK, units), indicating that an accuracy of +1.5 pK,
units could be achieved by using any of the functionals and
basis sets used in this study. The use of larger basis sets with
density functional methods or the use of compound methods
such as CBS and Gn for calculating energy differences may
improve the of pK, calculations, but the present protocol
already achieves a satisfactory level of accuracy and is
inexpensive and broadly applicable.

Figure 2 shows the linear correlation between the

experimental pK.’s and the values calculated by B3LYP/6-
307 y = 1.780x - 2.785
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Figure 2. Linear correlations of experimental pK,’s and calculated
pK,’s using the B3LYP/6-311++G(d,p) level of theory with SMD
solvation model with no explicit water (red circles), one explicit water
(blue triangle), and three explicit waters (green square).

311++G(d,p) for the alcohols, phenols, and 6 of the peroxides.
Similar correlation diagrams for other functionals are shown in
Figure S1 in the Supporting Information. As shown in Figure 2,
there is a good correlation between the experimental and
computed pK,’s (with and without explicit water molecules)
with the linear regression coefficients (R?) of 0.97. The linear
fits for zero, one, and three explicit water molecules have slopes
of 1.78, 1.37, and 1.00, respectively. For SMD without explicit
waters, the slope of the linear fit line is significantly larger than
the theoretical value of 1. Including one explicit water improves
the slope by 0.4. Including three explicit waters improves the
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Table 2. Experimental pK,’s” and Calculated pK,’s Using the B3LYP/6-311++G(d,p) Level of Theory for Substituted Alcohols

and Phenols

0 water 1 water 3 waters
SN compound pK, (exp)? pK, ApK, pK, ApK, pK, ApK,
1 CH;0H 15.54 24.98 9.44 20.42 4.88 14.88 —0.66
2 CH;CH,0OH 15.90 2525 9.35 20.75 4.85 15.84 —0.06
3 CH,CH,CH,0H 16.10 25.38 9.28 21.35 5.25 16.06 —0.04
4 (CH,),~CH-OH 17.10 25.77 8.67 21.46 4.36 17.40 0.30
S (CH,;),—C—OH 16.00 26.36 10.36 21.57 5.57 16.91 091
6 CH,CHCH,OH 15.52 24.27 8.75 20.40 4.88 15.77 0.25
7 HOCH,CH, CH, OH 15.10 24.86 9.76 19.97 4.87 15.66 0.56
8 CH,(OH)CH,CH,CH,OH 15.10 25.09 9.99 2091 5.81 14.62 —048
9 CH2(OH)CH,CH(OH)CH, 14.90 24.94 10.04 2121 631 15.98 1.08
10 CH,;0CH,CH,0OH 14.80 23.58 8.78 19.93 S5.13 15.63 0.83
11 HCCCH,OH 13.55 21.61 8.06 18.07 4.52 13.67 0.12
12 CF;CH,0OH 12.43 18.58 6.15 15.99 3.56 11.85 —0.58
13 CCL,CH,0OH 12.02 17.63 S.61 14.96 2.94 11.61 —0.41
14 CF,C(CH,) ,OH 11.60 19.27 7.67 16.49 4.89 11.76 0.16
15 C¢H;—CH,0OH 15.40 24.31 891 19.87 4.47 16.07 0.67
16 C¢H,,OH 16.84 26.37 9.53 21.25 441 17.57 0.73
17 C¢H;—CH(OH)—C¢H, 13.54 22.68 9.14 19.25 S.71 14.03 0.49
Phenols
18 H- 9.98 14.43 4.45 12.57 2.59 9.77 —0.21
19 m-NH,— 9.87 15.11 5.24 13.02 3.15 10.31 0.44
20 p-NH,— 10.30 16.37 6.07 14.05 3.75 10.73 0.43
21 m-CH;— 10.08 14.87 4.79 12.71 2.63 9.20 —0.88
22 p-CH;3;— 10.14 15.23 5.09 13.21 3.07 9.51 —0.63
23 m-HO— 9.44 14.09 4.65 12.30 2.86 9.05 -0.39
24 p-HO—- 9.96 15.57 S.61 13.44 3.48 10.17 0.21
25 m-Cl— 8.78 12.55 3.77 11.03 225 9.02 0.24
26 p-Cl— 9.14 13.32 4.18 11.63 2.49 9.10 —0.04
27 m-CH;0— 9.65 14.38 4.73 12.52 2.87 9.45 -0.20
28 p-CH;0— 10.20 16.25 6.05 13.54 3.34 10.69 0.49
29 m-CHO— 8.00 12.80 4.80 11.19 3.19 8.16 0.16
30 p-CHO— 7.66 9.50 1.84 8.57 091 7.15 —0.51
31 m-CH;S— 9.53 13.96 4.43 12.29 2.76 9.36 -0.17
32 p-CH3S— 9.53 14.50 497 13.03 3.50 10.21 0.68
33 m-CN— 8.57 11.99 342 10.53 1.96 7.97 —0.60
34 p-CN— 7.95 10.25 2.30 9.17 122 6.64 -1.31
35 m-HOCH,— 9.82 14.18 4.36 12.80 2.98 9.96 0.14
36 p-HOCH,— 9.83 14.98 $.15 13.26 3.43 9.42 —0.41
37 m-CgHg— 9.59 14.29 4.70 12.32 2.73 9.73 0.14
38 p-CeHs— 9.51 13.83 4.32 12.34 2.83 8.85 —0.66
39 m-COO— 9.94 14.98 5.04 12.78 2.84 9.75 —0.19
40 p-COO— 9.39 13.75 4.36 12.20 2.81 9.31 —0.08
41 m-CH;CO— 9.19 13.63 4.44 11.47 2.28 8.51 —0.68
42 p-CH;CO— 8.05 10.46 241 9.63 1.58 7.28 -0.77
mean signed error (MSE) 6.34 3.65 —-0.02
mean unsigned error (MUE) 6.34 3.65 0.45
standard deviation (STDEV) 241 1.27 0.55

“References 15—18.

slope by an additional 0.4, for a total of 0.8 compared to the
slope for implicit-only. Zhang also observed similar improve-
ments in the slope of the linear fit when one and two explicit
waters were included.”” The improvement in the MUE is
proportional to the improvement in the slope.

A list of experimental pK,’s along with the calculated values
at the B3LYP/6-311++G(d,p) level of theory using SMD
implicit solvation model with and without explicit water
molecules are presented in Table 2. The pK.’s calculated with
only the implicit solvation model have large errors (MSE = 6.34

4703

+ 2.41). The errors become smaller when one explicit water is
included in the calculation (MSE = 3.65 + 1.27). When three
explicit water molecules are included, the calculated pK’s are
very close to the experimental values with MSE = —0.02 + 0.55
(MSE = 0.23 + 0.54 for the alcohols and —0.19 + 0.49 for
phenols). The scatter in the calculated pK,’s also improves
significantly from SD = 2.41 for SMD solvation only to SD =
0.55 for SMD solvation with three explicit water molecules.
The largest positive and negative errors are +1.08 and —1.31,
respectively.
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Table 3 shows a list of estimated pK, values for various
organic hydroperoxides with B3LYP/6-311++G(d,p) and

Table 3. Experimental pK,’s” and Calculated pK,’s of Some
Substituted Organic Hydroperoxides with the B3LYP/6-
311++G(d,p) and ®B97XD/6-311++G(d,p) Levels of
Theory and SMD Solvation with Three Explicit Waters

wB97XD/
B3LYP/6-311++G(d,p) 6311+G(d,p)
SN PK, (exp)* Pk, ApK, pK, ApK,
1 11.6 10.29 —-1.31 12.16 0.56
2 11.5 11.22 —-0.28 11.88 0.38
3 11.8 11.34 —0.46 12.22 0.42
4 11.8 10.60 —-1.20 12.85 1.05
R 12.8 12.56 —-0.24 12.93 0.13
6 12.8 12.22 —0.58 13.05 0.25
7 11.11 12.58
8 10.54 11.99
9 6.53 8.53
10 8.42 10.37
11 6.38 8.74
12 7.20 9.74
13 1141 12.96
14 11.46 12.09
1§ 11.51 12.45
16 11.57 13.24
17 10.41 12.50
18 11.37 11.26
19 8.89 9.92
20 8.34 9.68
21 11.64 11.73
22 12.59 13.92
23 11.92 12.17
24 9.09 10.05
25 11.36 12.25
26 9.44 10.43
27 8.09 9.84
28 6.47 7.32
29 11.66 13.31
30 791 9.44
mean signed error —0.68 0.46
(MSE)
mean unsigned error 0.68 0.46
(MUE)
standard deviation 0.46 0.32
(STDEV)

“Reference 18.

®B97XD/6-311++G(d,p) with SMD solvation and three
explicit water molecules. The results for other methods with
zero, one, and three explicit waters in SMD solvation are given
in the Supporting Information. For the 6 hydroperoxides with
experimentally measured pK,’s, the errors in the values
calculated with SMD solvation and no water molecule are
larger than S pK, units. Including one explicit water reduces the
error by 2—2.5 pK, units. As in the case of alcohols and
phenols, including three explicit waters further reduces the
error by about 3 pK, units. It would be desirable to have more
experimental data to see if this holds for a boarder, more
representative test set. In keeping with the pK,’s calculated for
alcohols and phenols, the values calculated with B3LYP/6-311+
+G(d,p) using SMD and three explicit waters have slightly
smaller errors (MUE 0.68) than those calculated with
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B3LYP/6-31+G(d,p) (MUE = 1.04). With ®B97XD and SMD
plus three explicit waters, the calculated MSE are 0.41 and 0.46
pK, units for the 6-31+G(d,p) and 6-311++G(d,p) basis sets,
respectively. The pK,’s estimated with SMD and three explicit
waters are found to be a little smaller than the experimental
values with B3LYP/6-311++G(d,p) (MSE = —0.68) and a bit
larger with @B97XD/6-311++G(d,p) (MSE = 0.46).

B SUMMARY

This study presents a reliable protocol for calculating the pK,’s
of organic alcohols, phenols, and hydroperoxides in aqueous
solution. A total of 72 compounds were calculated, including 17
alcohols and 25 phenols with experimentally known pK,’s and
30 hydroperoxides (6 with experimentally known pK,’s). Three
hybrid DFT functionals (B3LYP, ®B97XD, and M06-2X) with
two different basis sets (6-31+G(d,p) and 6-311++G(d,p)) and
SMD implicit solvation with zero, one, and three explicit waters
were used to calculate the pK.’s. The pK,’s of the alcohols,
phenols, and peroxides calculated with only implicit solvation
have large errors (greater than 6 pK, units) and have a large
slope and intercept in the experimental vs calculated linear
correlations. Including one explicit water forming a hydrogen
bond reduces the error by about 3 pK, units and improves the
slope and intercept; however, the calculated values are still far
from chemical accuracy (MSE > 3 pK, units). Three explicit
water molecules with SMD solvation improves the calculated
pK.’s by an average of 7 pK, units compared to the SMD only
results. With three explicit waters, the B3LYP functional
performs the best. The MSE for the B3LYP/6-31+G(d,p)
method is only —0.21 + 0.49, which is improved slightly by
using a larger basis set (MSE = —0.02 + 0.55 for 6-311+
+G(d,p)). This study suggests that B3LYP with a reasonable
basis set and the SMD solvation model with three explicit
waters can be used to calculate reliable pK,’s for alcohols,
phenols, and peroxides. The mean signed error in the pK,’s
calculated with the @B97XD functional is 1.0 pK, units whereas
for M06-2X the MSE is —1.2 to —1.4 units. It is very rewarding
to see that with three explicit waters and SMD solvation, the
error for all the three functionals and two basis sets used in this
study ranges from 0.4 to 1.4 pK, units for MUE and —1.4 to
+1.0 pK, units for MSE. This indicates that an accuracy of +1.5
pK, units can be achieved with any of the functionals and basis
sets used in this study. However, care must be taken in placing
the explicit water molecules to avoid any unsystematic energy
contributions. We believe that this study provides a well-
defined and reliable method for predicting the pK, ’s of
alcohols, phenols, and hydroperoxides with good accuracy and
low computational cost.
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