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The pKa’s of 17 species from-10 to 50 were calculated using the ab initio MP2/6-311+G(2df,2p) level of
theory and inclusion of solvent effects by the cluster-continuum model, a hybrid approach that combines
gas-phase clustering by explicit solvent molecules and solvation of the cluster by the dielectric continuum. In
addition, the pure continuum methods SM5.42R and PCM were also used for comparison purposes. Species
such as alcohols, carboxylic acids, phenol, acetaldehyde and its hydrate, thiols, hydrochloric acid, amines,
and ethane were included. Our results show that the cluster-continuum model yields much better agreement
with experiment than do the above-mentioned pure continuum methods, with a rms error of 2.2 pKa units as
opposed to 7 pKa units for the SM5.42R and PCM methods. The good performance of the cluster-continuum
model can be attributed to the introduction of strong and specific solute-solvent interactions with the molecules
in the first solvation shell of ions. This feature decreases the dielectric continuum contribution to the difference
in the solvation free energy between ions, making the method less susceptible to error because of the continuum
contribution to solvation. Because the method is not based on extensive parametrizations and it is shown to
fare well for several functional groups, the present results suggest that this method could be used as a general
approach for predicting reliable pKa values.

Introduction

The ionization of Brønsted acids and bases in aqueous
solution is a well-known chemical phenomenon that plays a
central role in much of chemistry and biochemistry. Acidity is
generally quantified by the equilibrium constantKa of the
prototype reaction 1 or more conveniently by the pKa of the
equilibrium constant.

Acidities of a wide variety of organic and inorganic com-
pounds have been studied over the years, and pKa’s have been
measured by different experimental methods.1 Yet, the accurate
experimental determination of pKa is not a trivial task in many
cases and may in fact pose a significant experimental challenge.
This is so for species such as reaction intermediates, very strong
acids, and very weak acids. Nevertheless, a priori knowledge
of pKa’s can be crucially important in situations such as those
encountered in the development of biologically active molecules.
Thus, it is of considerable interest to develop reliable theoretical
protocols that can be used to calculate this property and
complement experimental techniques. This is in general a very
ambitious and difficult objective to achieve, considering the fact
that the(2 kcal mol-1 benchmark criterion usually adopted
for theoretical calculations of thermochemical parameters, the
so-called chemical accuracy, amounts to an error of 1.47 pK
units!

Many reports describing empirical or ab initio approaches to
the problem of calculating pKa can be found in the literature.
For example, Jorgensen et al.2,3 pioneered the use of ab initio
methods coupled with free-energy perturbation to include the
effect of the solvent. The pKa’s of very weak acids such as CH3-

CN, CH3NH2, and CH3CH3 were calculated using intermolecular
potentials capable of reproducing the ion-water interaction. For
CH3CN, a pKa of 28.4 was calculated, which is in excellent
agreement with the most recent experimental and reliable value
of 28.9.4 For the other species, comparison is more difficult
because of uncertainties in the experimental data. Subsequent
theoretical studies adopted mainly continuum models to repre-
sent the solvent and to include explicitly the effect of the solvent
in the calculation. This is illustrated in the study of Karplus
and co-workers5 in which a continuum dielectric method based
on the solution of the Poisson equation was applied to calculate
absolute pKa values for some organic acids. This approach led
to relatively poor agreement with experimental data and
deviations approaching 8 pKa units. Tunon et al.6 obtained much
better agreement between theory and experiment by using the
polarizable continuum model (PCM) in the calculation of
protonation free energies of amines in aqueous solution, with a
deviation of∼2.5 kcal mol-1. Agreement is even better when
relative values are compared. Subsequently, an adjusted radius
was introduced for oxygen in the PCM model to account for
the acidity of alcohols.7 These calculations, when applied to
methanol, yield a deprotonation solution free energy that is
identical to the experimental data. However, the error increases
for other alcohols and reaches 2.8 kcal mol-1 for t-BuOH. The
apparently good results obtained with continuum models can
therefore be attributed to the use of an adequate atomic radius
and to the fact that the test molecules have the same functional
group. This latter feature contributes to a cancellation of errors
and to marked improvement in the final results.

Following some of these initial efforts, a number of reports
have appeared in the literature in the last 7 years tackling the
problem of calculating pKa’s.8-24 Some of these can be briefly
summarized. For example, Richardson et al.8 have used density
functional theory coupled to a dielectric continuum model to
calculate the pKa’s of different organic species. Although
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HA(aq) h H+(aq)+ OH-(aq) (1)
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reasonable results were obtained, they recognized that ion
solvation represents a difficult problem for continuum models.
In fact, the calculations reported in ref 8 point out that to obtain
reliable values of pKa an accurate procedure is needed to
calculate solvation free energies in addition to high-level ab
initio methods for the gas-phase contribution. By comparison,
Schuurmann et al.9 concluded that the main source of error in
the calculation of the pKa’s of a series of carboxylic acids
stemmed from inaccurate gas-phase free energies. Shields et
al.10,11 addressed this problem by using high-level ab initio
theory coupled with the CPCM continuum model, and this
method proved to yield accurate pKa’s (within 1/2 pKa unit) for
several carboxylic acids. A somewhat different and very difficult
problem was studied by Li et al.12 They focused on the problem
of calculating the pKa’s of the hydrated metallic cations Mn2+,
Mn3+, Fe2+, and Fe3+. Because of the nature of these systems,
a combination of discrete and continuum methods had to be
used to represent the solvent. For the highly charged cations,
the deficiency of the dielectric continuum is evident, and the
authors concluded that for these cases the second solvation shell
must be explicitly included.

Continuum models that use a fixed atomic radius for each
atom are clearly unable to predict accurate solvation free
energies of ions in aqueous solution.25 To overcome this
problem, Tomasi et al.26 proposed a new parametrization of the
PCM model in which atoms in different functional groups have
different atomic radii. This approach, named PCM-UAHF, led
to considerable improvement over the PCM model. However,
this method suffers serious drawbacks when it is used to
compute activation free energies because transition states do
not necessarily have well-defined functional groups. Further-
more, its good performance is limited to the restricted functional
groups used in the parametrization, and there is no certainty
that it would work for other systems. Thus, general theoretical
methods that are more reliable than pure continuum models are
needed to calculate the solvation free energy of ions. In short,
it is not possible to predict reliable pKa’s unless the correspond-
ing solvation free energies (∆Gsolv

/ ) can be accurately calcu-
lated.

Liquid simulation coupled with free-energy perturbation27,28

is an accurate approach to the calculation of∆Gsolv
/ . However,

it requires knowledge of intermolecular potentials including
many-body effects29,30and the use of various perturbation steps
and thus becomes a less practical approach. Recently, we have
proposed a cluster-continuum model to be used in calculating
the solvation free energy of ions.25 This is a hybrid method in
which the ion interacts explicitly with solvent molecules to form
a cluster, and the resulting super molecule is allowed to interact
with the dielectric continuum. We have shown that this approach
is superior to pure continuum models such as the PCM31 and
SM5.42R32 applied to the bare gas-phase ions and is capable
of predicting solvation free energies with a homogeneous
deviation from experimental data. Inclusion of explicit solvent
molecules eliminates a key deficiency of continuum models
when dealing with ions, namely, the strong and specific solute-
solvent interactions. Our method has also been applied to the
theoretical characterization of the free-energy profile of the OH-

+ methyl formate reaction in aqueous solution and resulted in
calculated reaction and activation free energies that are in
excellent agreement with experimental data.33 This is a par-
ticularly important result because reactions involving hydroxide
ion in aqueous solution are considered to be very difficult to
describe theoretically.34 In the present work, we have extended
the use of the cluster-continuum method to the challenging

problem of calculating the pKa’s of different organic species.
Our results show that this approach works very well and
suggests a very general method for calculating pKa’s that is not
based on any kind of extensive parametrization procedure.

Calculation of pKa

The theoretical calculation of pKa can be carried out by
following the direct definition shown in eq 1 or by using the
proton-transfer reaction (eq 2):

Both reactions involve the formation of charged species starting
from neutral molecules, a difficult problem for theoretical
methods. By comparison, reactions that conserve the number
of charged species are more suitable for accurate calculations
of changes in solvation free energies. Thus, we have opted to
use a proton-transfer reaction between the acid and the hydroxide
anion for our prototype process, as shown in eq 3,

that leads to the following equilibrium in eq 4:

Using the autoionization equilibrium for water,

and taking [H2O] ) 55.5 mol L-1, we can arrive at our final
expression for the pKa:

The reaction free energy in aqueous solution (∆Gsol
/ ) can then

be calculated through eq 7:

where∆Gg
/ is the gas-phase reaction free energy (1 mol L-1

standard state) relative to eq 3 and∆Gsolv
/ (X) is the solvation

free energy of species X according to the Ben-Naim definition.35

By combining eqs 6 and 7, the pKa is then obtained for the HA
acid of eq 3.

Similarly, the reaction shown in eq 8 was used for the
ionization of BH+ acids,

with the pKa calculated according to eqs 9 and 10:

The use of these equations in calculating the pKa of any HA
or BH+ acid requires the computation of the gas-phase reaction

HA + H2O f A- + H3O
+ (2)

HA + OH- f A- + H2O ∆Gsol
/ (3)

[H2O][A-]

[HA][OH -]
) e-∆Gsol

/ /RT (4)

Kw ) [H+][OH-] ) 1.0× 10-14 (5)

pKa(HA) )
∆Gsol

/

(2.303)RT
+ 15.74 (6)

∆Gsol
/ ) ∆Gg

/ + ∆Gsolv
/ (A-) + ∆Gsolv

/ (H2O) -

∆Gsolv
/ (OH-) - ∆Gsolv

/ (HA) (7)

BH+ + H2O f B + H3O
+ ∆Gsol

/ (8)

pKa(BH+) )
∆Gsol

/

(2.303)RT
- 1.74 (9)

∆Gsol
/ ) ∆Gg

/ + ∆Gsolv
/ (H3O

+) + ∆Gsolv
/ (B) -

∆Gsolv
/ (BH+) - ∆Gsolv

/ (H2O) (10)
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free energy by high-level ab initio methods. The solvation
contribution can be calculated by several different procedures:
(i) Monte Carlo free-energy perturbation, (ii) continuum models,
or (iii) a hybrid discrete-continuum approach such as the
cluster-continuum model.25 In the last case, it is advantageous
to consider the ion that is explicitly solvated as being directly
involved in the proton-transfer reaction. Thus, in the cluster-
continuum model, the calculation of the pKa of an acid HA
makes use of the reaction given by eq 11:

The idea of this method is to represent the ion as a cluster
formed by the ion and an optimal number of solvent molecules
and then to solvate the cluster using a dielectric continuum.
This optimal number is chosen in such a way as to achieve
maximum calculated stability for the ion in solution. For the
hydroxide ion, the optimum number of water molecule corre-
sponds to three, as previously demonstrated.25 For many other
monovalent ions, the ideal number of solvent molecules varies
between two and three. On the right side of eq 11, the A- species
is again explicitly solvated with water molecules whereas the
solvation of the neutral HA is calculated by a dielectric
continuum model. Thus, on the basis of eq 11, the pKa of HA
can be obtained by eq 12:

and

As in eq 7,∆Gg
/ is the gas-phase reaction free energy (1 mol

L-1 standard state) relative to eq 11 whereas∆Gsolv
/ (X) is the

solvation free energy of species X calculated by a continuum
model.

For BH+ acids, we make use of the reaction given by eq 14:

The calculation of pKa is then obtained from eq 15

where the solution free energy is calculated by

In our present work, eqs 11-16 were used in the calculation
of pKa using the cluster-continuum model, and following the
procedure outlined in our original report,25 the continuum
contribution was calculated by the isodensity polarizable
continuum model (IPCM).36 In addition, for comparison, we
have tested the performance of pure continuum models such as
the PCM31 and the SM5.42R.32 In these cases, eq 3 and eqs

6-10 were used in calculating the pKa’s that refer to the bare
gas-phase ion solvated by a continuum.

Ab Initio Calculations

The structures of neutral molecules, ions, and ionic clusters
were obtained by full optimization at the HF/6-31+G(d,p) level
of theory, and the nature of the stationary points (minimum)
was confirmed by harmonic frequency calculations. Single-point
calculations at the MP2/6-311+G(2df,2p) level were made for
all optimized species to obtain reliable proton-transfer energies.
The data generated by ab initio methods were then used to
calculate the gas-phase thermodynamic properties by standard
statistical mechanics methods.37

The solvation of neutral species and ionic clusters by the bulk
solvent was calculated by the continuum IPCM method using
an isodensity of 0.0004 in conjunction with the MP2/6-31+G-
(d,p) wave function and a dielectric constant of 78.0. These
calculations were applied in the computation of pKa using the
cluster-continuum model, as explained in the previous section.
Furthermore, the pure continuum models PCM and SM5.42R
were also used in conjunction with the bare ions and neutrals
to calculate pKa. For the PCM method, we have used the atomic
radii internally stored in Gamess and the BEM routines including
correction for the escape charges. The HF/6-31+G(d,p) wave
functions were used in the PCM calculations. For the solvation
model of Truhlar et al.,32 we have made use of the SM5.42R/
HF/6-31G(d) method. The gas-phase ab initio calculations and
the continuum IPCM method were performed using the Gaussian
94 program38 whereas the calculations using PCM and SM5.42R
were made using the Gamess39 and Gamesol40 programs,
respectively.

Results and Discussion

The pKa values (from-10 to 50) of 17 species including
different functional groups were calculated in our study. The
calculated thermodynamic data for the proton-transfer reactions
are listed in Tables 1 and 2. Results for pKa’s calculated by the
cluster-continuum model, the PCM method, and the SM5.42R
method are listed in Table 3 along with the respective
experimental values. The performance of each theoretical model
is displayed in Figures 1-3 as graphs correlating theoretical
and experimental pKa values. The much higher accuracy of the
cluster-continuum model is easily observed and leads to a root-
mean-squared error (rms error) of 2.2 pKa units whereas the
SM5.42R and PCM methods have rms errors in the vicinity of
7 pKa units. The largest error of the cluster-continuum method
occurs for CH3NH3

+ and amounts to 4.6 pKa units. By
comparison, the SM5.42R and PCM methods reach their largest
error of 14 pKa units with NH4

+ and 15 pKa units with CH3-
NH3

+. For CH3CH3 and CH3NH2, no reliable experimental pKa’s
are available. However, Jorgensen and Briggs3 have estimated
the pKa’s of CH3CH3 and CH3NH2 using free-energy perturba-
tion and have obtained values of 52( 2 and 33.3, respectively,
which are in excellent agreement with the values of 50.6 and
32.2 that are predicted by the cluster-continuum model.
However, the SM5.42R method predicts 53.0 and 42.8 for these
two compounds whereas the PCM method predicts 47.8 and
32.6, respectively.

As mentioned above, accurate calculations of pKa’s also
require good-quality gas-phase proton-transfer energies besides
accurate calculations of solvation free energies. Indeed, an
important source of error in the cluster-continuum model is
the inaccuracy of the MP2/6-311+G(2df,2p) method for car-
boxylic acids, as shown in Table 1. The error for the proton-

HA + OH-(H2O)3 f A-(H2O)n + (4 - n)H2O ∆Gsol
/

(11)

pKa(HA) )
∆Gsol

/

(2.303)RT
+ 15.74+ (3 - n) log [H2O] (12)

∆Gsol
/ ) ∆Gg

/ + ∆Gsolv
/ (A-(H2O)n) + (4 - n)∆Gsolv

/ (H2O) -

∆Gsolv
/ (OH-(H2O)3) - ∆Gsolv

/ (HA) (13)

BH+(H2O)n + (4 - n)H2O f B + H3O
+(H2O)3 ∆Gsol

/

(14)

pKa(BH+) )
∆Gsol

/

(2.303)RT
- (4 - n) log [H2O] (15)

∆Gsol
/ ) ∆Gg

/ + ∆Gsolv
/ (H3O

+(H2O)3) + ∆Gsolv
/ (B) -

∆Gsolv
/ (BH+(H2O)n) - (4 - n)∆Gsolv

/ (H2O) (16)
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transfer reaction between the carboxylic acids and the hydroxide
ion amounts to 4 kcal mol-1 for HCOOH and 3 kcal mol-1 for

CH3COOH. If we use the experimental gas-phase proton-transfer
reaction values listed in Table 1, the pKa’s predicted by the
cluster-continuum model would be 4.1 and 4.8 for HCOOH
and CH3COOH, respectively. These corrected values are in
excellent agreement with the experimental data, with deviations
of less than 0.4 pKa units.

The SM5.42R and PCM models apparently fare poorly in
describing the solvation of ions with the charge localized on
oxygen atoms, and this leads to obvious consequences in the
calculation of pKa. This is clearly noticeable in Table 3 where
the SM5.42R method predicts erroneous pKa’s for the respective
acids, with the exception of HCOOH. The PCM method works
better but predicts erroneous pKa’s for HCOOH, CH3COOH,
and CH3CHO. The same poor performance of the continuum
models occurs with H2S and CH3SH. However, our cluster-
continuum approach works very well for these systems. The
largest error occurs for phenol, but this is partly due to inaccurate
calculation of the gas-phase energetics. This is verified by the
fact that a pKa of 8.2 is obtained by using the experimental
gas-phase proton-transfer free energy. Likewise, systems with
charge located on nitrogen are not well described by the
continuum models. The very weak base NH3 has an extrapolated
pKa of 33, and our cluster-continuum model predicts a value

TABLE 1: Calculated Free Energies of the Gas-Phase and Aqueous Solution Proton-Transfer Reactions from HA to OH- and
from BH + to H2Oa

HA/BH+ MP2/6-311+G(2df,2p)
∆Gg

/

(theor)
∆Gg

/

(exptl)b
(∆∆Gsolv)c

(SM5.42R)
(∆∆Gsolv)c

(PCM)
(∆Gsol

/ )d

(SM5.42R)
(∆Gsol

/ )d

(PCM)

CH3OH -6.80 -8.53 -8.9 21.71 10.68 13.18 2.15
EtOH -10.45 -12.69 -12.4 26.60 13.76 13.91 1.07
HCOOH -47.70 -49.93 -45.8 34.32 21.48 -15.61 -28.45
CH3COOH -43.86 -45.98 -43.0 35.76 20.04 -10.22 -25.94
HCL -60.69 -55.62 -56.0 26.78 15.76 -28.84 -39.86
PhOH -42.14 -43.14 -41.8 44.83 27.81 1.69 -15.33
H2S -41.06 -38.38 -39.3 20.08 17.38 -18.30 -21.00
CH3SH -34.88 -32.76 -33.5 25.27 19.24 -7.49 -13.52
NH3 14.97 12.46 12.8 18.66 4.63 31.12 17.09
CH3NH2 14.35 11.10 25.86 11.92 36.96 23.02
CH3CHO -24.58 -25.27 -25.1 34.05 22.35 8.76 -2.92
CH3C(OH)2 -24.81 -26.97 34.39 20.70 7.42 -6.27
CH3CH3 31.51 27.26 27.3 23.58 16.45 50.84 43.71
NH4

+ 41.09 38.76 38.0 -4.48 -4.16 34.28 34.60
CH3NH3

+ 51.92 49.56 48.9 -15.04 -11.55 34.52 38.01
CH3OH2

+ 15.20 15.48 15.5 -12.23 -11.01 3.25 4.47
EtOH2

+ 20.06 20.59 20.3 -17.98 -15.84 2.61 4.75

a Equations 3 and 8. Units of kcal mol-1. b Experimental data taken from ref 41.c ∆∆Gsolv represents the free-energy contribution calculated by
the continuum method.d See eqs 7 and 10.

TABLE 2: Calculated Free Energies of the Gas-Phase and
Aqueous Solution Proton-Transfer Reactions Shown in
Reactions 11 and 14a

HA/BH+ nb MP2/6-311+G(2df,2p) ∆Gg
/ (∆∆Gsolv)c (∆Gsol

/ )d

CH3OH 3 -2.05 -1.69 2.08 0.40
EtOH 3 -3.31 -2.72 3.18 0.46
HCOOH 2 -11.47 -19.38 -3.03 -22.42
CH3COOH 2 -8.29 -16.85 -3.50 -20.35
HCle 2 -18.31 -26.58 -9.90 -36.48
PhOH 3 -20.16 -18.01 6.35 -11.66
H2S 2 0.85 -7.99 -8.09 -16.08
CH3SH 2 5.86 -3.62 -5.96 -9.58
NH3 2 36.92 27.70 -8.16 19.54
CH3NH2 2 36.43 26.97 -6.87 20.09
CH3CHO 3 -5.05 -2.28 5.29 3.01
CH3C(OH)2 2 6.88 -1.75 -2.03 -3.79
CH3CH3 2 62.1 51.24 -6.03 45.22
NH4

+ 3 15.72 16.45 1.95 18.39
CH3NH4

+ 2 8.43 16.90 8.73 25.64
CH3OH2

+ 2 -12.43 -5.10 7.50 2.40
EtOH2

+ 2 -10.56 -3.33 2.42 -0.91

a Units of kcal mol-1. b Number of water molecules in the cluster.
c ∆∆Gsolv represents the free-energy contribution calculated by the IPCM
method.d See eqs 13 and 16.e Includes an anharmonic correction.

TABLE 3: Comparison between Calculated and Experimental pKa Values

HA/BH+ experimentala
cluster-continuum

model SM5.42R PCM

CH3OH 15.5 16.03 25.40 17.32
EtOH 15.9 16.08 25.93 16.52
HCOOH 3.75 1.03 4.30 -5.11
CH3COOH 4.76 2.57 8.25 -3.27
HCl -6.1 -9.25 -5.40 -13.47
PhOH 9.99 7.19 16.98 4.50
H2S 7.05 5.69 2.33 0.35
CH3SH 10.33 10.46 10.25 5.83
NH3 33 31.82 38.55 28.27
CH3NH2 32.21 42.83 32.61
CH3CHO 16.73 17.95 22.17 13.60
CH3C(OH)2 13.31 14.71 21.18 11.14
CH3CH3 50.63 53.00 47.78
NH4

+ 9.25 11.73 23.38 23.61
CH3NH3

+ 10.66 15.30 23.56 26.11
CH3OH2

+ -2.05 -1.73 0.64 1.53
EtOH2

+ -1.94 -4.16 0.17 1.74

rms errorb 2.2 7.2 7.3

a Values taken from ref 42.b Root-mean-square error.
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of 31.8. By comparison, the continuum SM5.42R and PCM
models display high deviations from experimental data in
opposite directions, with pKa’s of 38.6 and 28.3, respectively.
Again, the stability of our hybrid model becomes very notice-
able.

The fact that the cluster-continuum method outperforms pure
continuum models can be attributed to the explicit introduction
of strong and specific solute-solvent interactions in the first
solvation shell around the ions. This results in a relatively small
contribution of the dielectric continuum to the variation of the
solvation free energy (∆∆Gsolv) in the cluster-continuum model
when compared with the much larger effect in the SM5.42R
and PCM methods, as shown in Tables 1 and 2. Whereas the
SM5.42R and PCM methods display∆∆Gsolv’s as high 45 and
28 kcal mol-1, respectively, the∆∆Gsolv contribution in the
cluster-continuum model does not exceed 10 kcal mol-1. As a
consequence, the differential solvation in the hybrid model is
mainly introduced by the explicit solvent molecules resulting
in more accurate solution-phase reaction free energies.

The failure of the cluster-continuum model in predicting an
accurate pKa for CH3NH3

+ can be traced to the continuum part
of the calculation, specifically, the IPCM method. For cations,
the isodensity surface used in this method yields a smaller cavity
than required and overestimates the dielectric continuum
contribution to the solvation free energy. This could be corrected
by using fixed atomic cavities such as those used in the PCM
method. Thus, application of this hybrid method in conjunction
with the PCM rather than the IPCM would probably lead to
more reliable differences in solvation free energies. Likewise,
higher-level ab initio calculations (MP4 or CCSD(T) level)
should help in improving the gas-phase energetics calculation
and yield a more accurate approach to the calculation of pKa’s
in aqueous solution.

It is important to emphasize that the advantage of our hybrid
approach is that it does not require the extensive parametrization
that is used in many of the pure continuum models. This
becomes unnecessary in the cluster-continuum method because
the solute-near-solvent molecule interactions are explicitly
considered. Furthermore, the performance of our method has
been tested for several functional groups, and the model has
been shown to be very stable and to yield very creditable pKa

values. Thus, we believe that this method can be extended to a
wide variety of systems and should be able to predict reliable
pKa’s. We also find that pure continuum models are not reliable
when applied to different types of systems, and even the highly
parametrized PCM-UAHF26 is probably accurate only for
systems containing the functional groups used in the param-
etrization.

Conclusions

The cluster-continuum model and the pure continuum
SM5.42R and PCM methods were applied to the pKa calcula-
tions of several organic species having different functional
groups. Our calculations show that the hybrid model is superior
to the pure continuum methods, having an rms error of 2.2 pKa

units as opposed to 7 pKa units for the SM5.42R and PCM
methods. These results show that inclusion of the explicit solvent
molecules leads to considerable improvement over pure con-
tinuum models, a fact that can be attributed to the introduction
of specific solute-solvent interactions.

Figure 1. Correlation between experimental pKa values and calculated
values obtained from the cluster-continuum method.

Figure 2. Correlation between experimental pKa values and calculated
values obtained from the SM5.42R method.

Figure 3. Correlation between experimental pKa values and calculated
values obtained from the PCM method.
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